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bstract
Biodiesel, an alternative diesel fuel made from renewable sources, is produced by the transesterification of oil or fat with alcohol. In order to
onitor the progress of this reaction, in situ viscosity measurements were taken using an acoustic wave solid state viscometer. This novel concept

s reported from the proof-of-concept stage to a pilot plant installation. The viscometer was able to monitor the reaction until the end-point was
eached, and could therefore be adapted in the future for process control in a batch transesterification reactor for biodiesel production.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Biodiesel is becoming well-known as an environmentally
riendly fuel due to its non-toxic and biodegradable charac-
eristics. It has reduced engine emissions of sulphur oxides,
articulate matter and hydrocarbons and, in terms of the car-
on cycle, it is a carbon neutral fuel [1]. Furthermore, biodiesel
an be produced from renewable resources, such as vegetable oil,
nimal fats and waste cooking oil. In Europe and North America,
he demand for biodiesel has steadily increased along with gov-
rnment subsidies to promote renewable and alternative fuels. In
ay 2006 the Federal Government of Canada set a target of 5%

iofuel content in Canada by 2010. Currently, petroleum fuel
till dominates the market due to its favourable economics. The
verage price per gallon of diesel in the USA in June 2006 was
2.98. B20 (20% biodiesel plus 80% diesel) was $2.92, and B100
100% biodiesel) was $3.76 [2]. However, the dedication of lab-
ratory and industrial investigators to increase the efficiency
f biodiesel production will result in a greater availability of
iodiesel; and prices will, therefore, become increasingly com-
etitive. Thus, the use of biodiesel may soon supplement or

ossibly replace diesel oil in some applications such as marine
ngines and domestic heating.

∗ Corresponding author. Tel.: +1 604 822 1243; fax: +1 604 822 6003.
E-mail address: nellis@chml.ubc.ca (N. Ellis).
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Biodiesel is produced by converting triglycerides to alkyl
sters. This reaction step has the largest effect on the quality
nd quantity of the final product. An unsuccessful reaction step
or the alkali catalyzed transesterification reaction is most likely
aused by a high water or free fatty acid contents and results in a
artial or incomplete conversion of the triglycerides, thus adding
omplexity to the purification step. It is therefore advantageous
o be able to monitor the transesterification reaction until the
nd-point.

Conversion and quality analyses of biodiesel are commonly
one by chromatographic methods [3,4]. These methods are
uitable for laboratory scale analysis, providing detailed compo-
ition of the products. However, some of the draw backs are high
ost, extensive sample preparation and no real time indication.

Size exclusion chromatography (SEC) and Fourier-
ransformed infrared spectroscopy (FTIR) were used to monitor
eaction yields in a study by Zagonel et al. [5]. This allowed the
irect monitoring of conversion rates inside the transesterifica-
ion vessel, though no details were given on how this was done.

Knothe [6] monitored the transesterification of model com-
ounds using NIR spectroscopy with a fibre optic probe. One of
he challenges in this method was that the peaks of interest were
ot resolved from others such as that of methanol. In the acid
atalyzed transesterification reaction, alcohol-to-oil ratio can be

s high as 30:1 [7] in order to drive the equilibrium shift toward
he product side. Monitoring such a reaction would be difficult
ue to the broad peaks presented by the alcohol. In a subse-
uent study, Knothe [8] used NIR to quantitatively monitor the

mailto:nellis@chml.ubc.ca
dx.doi.org/10.1016/j.cej.2007.06.034
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Nomenclature

ASTM American Society for Testing and Materials
AV acoustic viscosity
C carbon
DG diglyceride
FAME fatty acid methyl ester
k reaction rate (dm3 mol−1 min−1)
KOCH3 potassium methoxide
M methanol
MG monoglyceride
TG triglyceride
w mass fraction of component j
WVO waste vegetable oil
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converted to a third FAME and glycerol in a same manner (Reac-
tion (4)). The reaction rate constants (listed in Table 1) for each
step examined by Komers et al. [16] are shown for the following

Table 1
Rate constants for each transesterification step in Eqs. (2)–(4)

Forward
k1 (dm3 mol−1 min−1) 5.005
k2 (dm3 mol−1 min−1) 4.929
k3 (dm3 mol−1 min−1) 29.67

Reverse
3 −1 −1
η viscosity of pure component j (mPa s)

ransesterification reaction by correlating the NIR data with 1H
uclear magnetic resonance spectroscopy (NMR) results. The
tudy used neat vegetable oil as feedstock, which is relatively
ree from contaminants. Thus, the application of this method to
onitor conversion of waste vegetable oil (WVO) would require

urther investigation.
Another study utilized a flexible fuel composition sensor

o determine the composition of biodiesel/diesel blends [9].
lthough the study only focused on the testing and determi-
ation of different biodiesel, diesel, and biodiesel/diesel fuel
lends, the analytical methods could be extended to an in situ
easurement in a reactor. Two sensors were discussed in the

rticle: the optical fuel composition sensor; and the dielectric
uel composition sensor. The dielectric sensor was found to
e more reliable since it was less sensitive to phase changes
nd the presence of water compared to the optical sensor. The
ielectric sensor was basically a circuit with two resistors and
capacitor that reflects the difference in the dielectric constant
f fuels flowing between concentric cylinders. Due to its easy
mplementation, this is a feasible option which could be further
nvestigated.

In industrial transesterification processes, a considerable
mount of information can be gained through the continuous
onitoring of the viscosity of a reaction mixture. In situ vis-

osity measurements in other applications have been reported
10,11]. Kleinschmidt [10] studied methods that would enable
he viscosity of resin melts to be measured continuously in stirred
essels during manufacture. The instrument utilizes a vibrating
lade of magnetostrictive material to measure the viscosity. In
itu measurements were correlated with results from an off line
nstrument. Cullen and O’Donnell [11] evaluated viscometers
or use in process monitoring of complex fluids in the food
ndustry. The study focused on the suitability and limitations

f these instruments for a range of food process applications.

A correlation between the methyl ester content and the vis-
osity of a biodiesel mixture has been reported [12]. However to
ate, there has been no study in which the viscosity of biodiesel S
Journal 138 (2008) 200–206 201

as been measured in situ; nor has there been a study in which the
iscosity of a reaction mixture containing glycerol – a biproduct
f biodiesel production – has been monitored. We report here a
ovel method of continuously monitoring the transesterification
eaction to its end-point by measuring changes in the viscosity
f the reaction mixture. The acoustic wave solid state viscome-
er allows in situ measurement of the viscosity as the methyl
ster conversion takes place in a reactor. The applicability of
his method has been tested from bench top scale to pilot plant
cale.

. Background

Biodiesel (alkyl ester) is commonly produced by the trans-
sterification of a lipid feedstock. As indicated in Eq. (1),
ransesterification is the reversible reaction of a fat or oil (both
f which are composed of triglycerides and free fatty acids) with
n alcohol to form fatty acid alkyl esters and glycerol. It can be
lkali-, acid-, or enzyme-catalyzed; however, enzyme catalysts
re rarely used as they are less effective [13]. The reaction can
lso take place without the use of a catalyst under conditions
n which the alcohol is in a supercritical state [14,15]. Cur-
ently the majority of the commercialized technology resides
n transesterification using alkali catalyzed reaction.

(1)

he reaction mechanism for the alkali catalyzed transesterifica-
ion was formulated in three steps [13]. The first step involves
he triglyceride molecule being attacked by an anion from
he methanol to form a fatty acid methyl ester (FAME) and
iglyceride (Reaction (2)). This is followed by the diglyceride
ndergoing the same mechanism to form the second FAME and
onoglyceride in Reaction (3). Finally, the monoglyceride is
k4 (dm mol min ) 3.545
k5 (dm3 mol−1 min−1) 2.987
k6 (dm3 mol−1 min−1) 0.7932

ource: [16].
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ig. 1. Simulated concentration profile of glycerol (G), tri-glyceride (TG), di-
lyceride (DG), mono-glyceride (MG) and fatty acid methyl ester (FAME)
uring transesterification.

quations:

G + M
k1
�
k4

DG + FAME (2)

G + M
k2
�
k5

MG + FAME (3)

G + M
k3
�
k6

G + FAME (4)

small amount of water present in the feed, or an esterification
eaction of free fatty acid in the feed producing water may cause
oap formation through saponification reaction which reduces
he conversion of FAME.

Based on the kinetic study by Komers et al. [16], rate con-
tants for each transesterification step can be used to simulate the
eaction. A simulation program based on MATLAB 6.1 was used
o generate the results shown in Fig. 1. The concentration profile
f all components reaches a plateau at equilibrium, in agreement
ith Komers et al. [16]. The curves indicate the time series of the

omposition in the reaction mixture; furthermore, the progress
f the transesterification can be followed by monitoring the vis-
osity of the mixture in the reactor based on the compositional
hange. This is because the reactants and the products have dif-
erent viscosities. By assuming that the mixture behaves ideally
i.e., that the interactions between each of the components are

mall enough to be neglected – the Grunberg–Nissan equation
17] can be simplified such that the total viscosity of the mixture
s equal to the product sum of mass fraction and natural loga-
ithm viscosity of each component in the mixture, as shown in
q. (5) [18].
n ηmix =
∑

wj ln ηj (5)

n two previous studies, the Grunberg–Nissan type of correla-
ion equation has been applied, in a similar way, to mixtures of

a
r
w
a

ig. 2. Viscosity change of biodiesel mixture calculated by Irving equation.

iodiesel with or without petroleum diesel [9,18]. Prior to the
ransesterification reaction, the viscosity of the mixture would
ave similar values to triglycerides alone (e.g. 15 mPa s depend-
ng on the quality of WVO) because the weight fraction of
riglycerides is the highest at initial stages. Once, the reaction
as reached steady state, the overall viscosity value will have
ropped to an average reading of 6.2 mPa s [19]. A simulated
using the simplified equation) plot of the viscosity of a biodiesel
ixture undergoing transesterification is shown in Fig. 2. The

rogress of the reaction is clearly indicated by the decreasing
iscosity of the mixture; the viscosity reaches a plateau once
he reaction has attained steady state. The feasibility of this

onitoring technique is proven by installing an online real-time
iscometer in the pilot plant reactor.

. Experimental

Three types of experiments were conducted to validate the
oncept of using viscosity measurements to monitor the extent
f transesterification during biodiesel production. First, a rotary
iscometer was used to continuously monitor the viscosity as the
atalyst and alcohol mixture was added to the feed at a pre-set
emperature. The sensor functioned both as a reactor and a mixer
n the transesterification reaction. Secondly, an in situ viscome-
er was calibrated and applied to a bench top scale experiment.
inally, the in situ viscometer was mounted inside a pilot plant
cale 300 L batch reactor.

.1. Rotary viscometer experiment

The transesterification reaction was continuously monitored
sing a Haake 500 rotary viscometer with an NV sensor (oper-
ting range of 1.5–2000 mPa s) at 60 ◦C. The sensor also served
s the reaction vessel, and the rotation of the inner sensor bell
rovided the agitation required for the reaction to proceed. The
uilt in water jacket allowed the reaction vessel to be maintained

t a constant temperature. Preliminary testing indicated a linear
elationship between shear stress and shear rate for vegetable oil,
aste vegetable oil and their biodiesel mixtures, confirming that

ll were Newtonian fluids within the temperature range studied.
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acoustic viscosity without any moving parts [20]. It is tiny (the
size of a matchbox), fast, durable, less expensive and is amenable
to installation in a pilot scale process.
ig. 3. Comparison of change in shear stress of reaction mixture with time for
ifferent feedstock oil.

A mixture of methanol and potassium hydroxide as alkali cat-
lyst resulting in KOCH3, is prepared in advance and injected
nto the bottom of the sensor with a custom made long tip
yringe. As the transesterification reaction proceeded, the com-
osition inside the sensor continuously changed due to the
hange in weight fraction of each component until it reached
quilibrium. Shear stress data was logged every 24 s for 20 min.
arious oils were used as feedstock including canola, corn,
eanut, olive and waste vegetable. As shown in Fig. 3, for all
he oils, the shear stress is reduced with time until a plateau is
eached. The triglycerides of the vegetable oils examined are
ainly composed of fatty acids of C16:0, C18:0, C20:0, C22:0,
24:0, C18:1, C22:1, C18:2, and C18:3. (The first number is the
arbon number of the fatty acid; the second number is the number
f double bonds within the fatty acid.) Different vegetable oils
ave unique combinations of these hydrocarbon chains. The sim-
lar reaction curves displayed by different vegetable oils imply
hat a mixture of vegetable oils should bear a similar trend when
eacting with KOCH3. WVO is a combination of several kinds
f vegetable oils, and have shown a similar pattern.

Based on repeated experiments under the same reaction con-
itions, the viscosity of each pure vegetable oil feed is plotted
gainst the viscosity of its corresponding biodiesel product
Fig. 4). No direct relation was found between the viscosity
f feed oil and biodiesel product. The viscosity of WVO is
ikely to vary from batch to batch because it is a mixture of
everal vegetable oils. When used as a feedstock, viscosities of
he resultant biodiesel mixture will also vary batch to batch. In
uch cases, the absolute value of the biodiesel mixture viscosity
annot give any useful indication as to the extent of the trans-
sterification reaction. However, by measuring shear stress with
ime, the plateau of the shear stress curve gives a good indication
hat the end-point has been reached.
Fig. 5 shows the typical response curve from the Haake vis-
ometer when the transesterification reaction has failed. The

VO sample was reacted with the catalyst alcohol mixture
ithout the initial removal of water. Thus, it is suspected that

F
a

ig. 4. Typical change in shear stress of reaction mixture for failed reaction:
mL WVO, 1.4 mL KOCH3, T = 60 ◦C.

aponification occurred resulting in minimal decrease in vis-
osity. This was confirmed visually whereby a clear phase
eparation between FAME and glycerol was not observed. In
hese experiments, the in situ viscometer allowed direct moni-
oring of reactions to their end-point and also revealed a failed
eaction.

.2. In situ viscosity measurement

Several commercially available process viscometers were
onsidered for the in situ monitoring of transesterification reac-
ions. The main factors included cost, reliability, temperature
ensing, and possible extension of probe for pilot plant installa-
ion. All but one sensor that we found were of the conventional
ange and probe type where the viscosity of fluid is measured by
otating probes that measure the shear. One sensor by BiODE
known currently as Gardco) called ViSmartTM measures the
ig. 5. Viscosity comparison of pure feedstock oil and their biodiesel mixture
fter transesterification reaction.
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droplets of glycerine adhered to the surface of the sensor; this
became a non-issue with vigorous mixing. It is, however, an
issue worth considering when placing the sensor in the pilot
scale reactor.
ig. 6. Comparison of viscosity measurement using ViSmart and values reported
y manufacture for standard solution.

The sensor is a semiconductor built to continuously measure
iscosity and temperature and can determine the viscosity of a
iquid instantaneously using as little as 100 mL [21]. A quartz
scillator in the device generates resonance waves which travel
hrough the liquid film to an acoustic sensor that detects the
mount of waves that are absorbed by the media. Data is out-
utted through an extension cord to a handheld device with LCD
creen. Data can also be logged to a computer or a controlling
evice.

Acoustic viscosity is a function of the absolute (dynamic)
iscosity, the density of fluid, and the frequency of vibration.
hrough the means of acoustic viscosity, process engineers can
onitor the process more effectively without considering the

nter-dependence of density and viscosity of the mixture Thus,
hen comparing viscosity measurements made with the acoustic
ave viscometer to measurements made with other viscometers,
easurements with other viscosity instruments require an extra

tep of measuring the density of a sample.
The sensor was calibrated for viscosity and temperature

esponses on a bench top scale. As shown in Fig. 6, viscosity
easurements were compared against Canon Certified Stan-

ards and indicated an off set ranging between 38.3 and 47.4%
wing mostly to the high shear rate of the sensor. However,
ll the viscosity measurements between 5.2 and 13.3 mPa s
ithin the measured temperature (20.0–70.0 ◦C) showed good

eproducibility as indicated by the low standard deviations
f 0.08–0.35 mPa s. Temperature calibration was conducted in
ater against thermometer readings. Offset readings of −1.57 to
.20 ◦C were observed for temperatures ranging between 15.0
nd 70.0 ◦C with standard deviations of 0.38 and 0.95 ◦C. Thus
he sensor can monitor the changes in viscosity and temperature
f the standards; moreover, the ability to monitor transesterifi-

ation was demonstrated as follows.

Continuous monitoring of acoustic viscosity during transes-
erification of canola oil and waste vegetable oil was conducted at
0 ◦C. Fig. 7 indicates a typical change in acoustic viscosity and

F
w

ig. 7. Viscosity and temperature profile during transesterification reaction for
anola feed.

emperature against time. Data were logged at 1 Hz for 1 h. The
rend of the viscosity curve is similar to the one in the simulation
lot shown in Fig. 2 where a huge drop in viscosity is indicated
hen the KOCH3 was mixed with the canola oil. When the reac-

ion reached equilibrium, the viscosity remained at a fairly low
onstant value. The temperature curve shows the temperature is
aintained at 60 ◦C with small fluctuations. The drop of temper-

ture was due to the addition of KOCH3, which was kept at room
emperature before addition to the canola oil, and to the slightly
ndothermic nature of the transesterification reaction. Due to the
esponse of the temperature control, the temperature may have a
light fluctuation during the reaction process. However, the fluc-
uations of the temperature do not have a significant effect on
he viscosity change. When observing the physical appearances
f the mixture after the settling process, the separation between
he crude biodiesel and glycerol was clearly observed.

Waste vegetable oil contains higher concentration of fatty
cids, water and impurities than pure canola oil does. These
aterials make the conversion more difficult due to side reac-

ions. However, for the complete reaction of WVO to biodiesel,
he acoustic wave sensor was able to monitor the reaction as
ndicated in Fig. 8. An occasional problem was observed when
ig. 8. Viscosity and temperature profile during transesterification reaction for
aste vegetable oil feed.
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ature, a significant drop in temperature was observed after the
Fig. 9. Gas chromatogram of WVO biodiesel from complete reaction.

The products of the transesterification reactions were ana-
yzed using a Hewlett-Packard 5890 with a flame ionization
etector and a DB-5 capillary column (15 m × 0.32 mm ID).
he temperature program was as follows: initial temperature
f 45 ◦C was held for 1 min, and then increased at a rate of
◦C/min to 300 ◦C and held for 15 min. The injector and detec-

or temperatures were 290 and 310 ◦C, respectively, with no
erivitization of the samples. The GC analysis confirmed that

he reaction mixture contained mostly methyl ester with minor
eaks representing mono-, di- and tri-glycerides, as shown in
ig. 9.

a
i
p

Fig. 10. Large scale biodiesel production scheme at Un
Journal 138 (2008) 200–206 205

.3. Pilot plant installation

The University of British Columbia currently has a biodiesel
roduction facility that has the capacity to produce 300 L a day
rom waste vegetable oil (WVO). Fig. 10 shows the overall
roduction scheme used in the UBC Biodiesel Project. Waste
egetable oil is collected from food outlets on campus and stored
n 200 L drums. Firstly, the WVO is filtered through a screen to
emove any particulates. Secondly, water is removed from the

VO by boiling it under a vacuum pressure of ∼80 kPa at 60 ◦C.
eanwhile, methanol and KOH are mixed together at the ratio of

2 L methanol plus 450 g KOH to form KOCH3. After the water
s removed, the WVO feed is poured into the reactor along with
he KOCH3 to start the transesterification reaction. The temper-
ture is kept at 60 ◦C and the reaction takes approximately 1 h.
nce the reaction is completed, the reaction mixture will con-

ist of methyl esters (biodiesel), glycerol, and excess methanol.
fter studying the characteristics of the acoustic wave viscome-

er at a bench top scale, we investigated the installation in the
ilot plant. A rod with the sensor was installed through the top
f the reactor. The materials were resistant to a wide range of
H values and prevented the leakage of gas vapours. The mix-
ng blade did not interfere with the sensor and the design was
uch that measurements were independent of sensor location.
epeated experiments were carried out with 150 L of WVO,
nd 30 L of methoxide (30 L methanol and 0.6 kg KOH). Vis-
osity measurements were taken every 10 min for the 150 min
uration. Due to the difficulty in controlling the reactor temper-
ddition of methanol and catalyst. Despite the continual drop
n temperature, the mixture’s viscosity decreased until hitting a
lateau as shown in Fig. 11. Thus, the transesterification reac-

iversity of British Columbia (adapted from [22]).
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ig. 11. Viscosity and temperature profile during transesterification reaction for
aste vegetable oil feed in the pilot plant reactor.

ion was successfully monitored in a pilot scale reactor using an
coustic wave viscometer. By this in situ method, viscosity can
ow be a parameter for process control allowing more efficient
onversion process.

. Conclusions

The progress and end-point of the transesterification reaction
uring biodiesel production was successfully monitored using in
itu viscosity measurements on three different scales. Using the
otary viscometer, the sensor cup served as both the reactor and
ixer. Continuous monitoring of the viscosity as it decreased

o a plateau in the viscosity curve revealed the progress of the
eaction as it reached its end-point. Experimental data supported
hat an unsuccessful transesterification reaction will not display
uch a unique pattern. A commercially available acoustic wave
iscometer, ViSmartTM, was then calibrated and tested in situ
n a bench-top reactor. GC analysis of the final product revealed
onversion of triglyceride to methyl ester (biodiesel) once the
lateau in the viscosity curve was reached. Finally, in situ mon-
toring by the acoustic wave viscometer in the UBC Biodiesel
ilot plant has shown its effectiveness in following the trans-
sterification reaction of waste vegetable oil into biodiesel and
lycerine.
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