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H I G H L I G H T S
c Glycerol/biodiesel gravity separation was measured by optical and MRI techniques.
c Smaller droplets flowed counter to the predominant droplet flow.
c Model of polydisperse droplets captured main features of sedimentation.
c Counter flow of small droplets was modelled using a dispersion coefficient.
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a b s t r a c t

This paper presents both experimental measurements and numerical modelling on the separation of

glycerol from biodiesel. Glycerol is a natural by-product of biodiesel production and removal of glycerol

droplets from biodiesel is required to attain fuel quality standards. Experimental observations on the

separation kinetics for sedimentation and creaming of droplet dispersions as a function of time and

dispersion volume fraction are presented using both optical techniques and magnetic resonance

imaging (MRI). Optical contrast between the biodiesel and glycerol enabled droplet behaviour to be

followed optically and it was noticed that because of a droplet size distribution, smaller drops often

flowed counter-current to the main direction of droplet flow. Droplet size distributions were measured

using droplet size apparatus, but instability in the droplet sizes due to break up and coalescence

resulted in uncertainties in the data. A numerical model was developed extending earlier work of, Davis

and Russel. Multiple population droplet sizes were found to be necessary in order to describe the

experimentally observed concentration profile evolution. The model also included an axial dispersion

coefficient which accounted for the experimentally observed counter-current flow of some droplets. In

general the model predictions were able to match experimental data with reasonable accuracy.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

This paper is concerned with the separation of glycerol from
biodiesel. It was found this two component system was well
suited to both optical and MRI studies and also the experimental
time scales for separation of minutes was a convenient time range
for experimental measurements. The system therefore provided
a useful platform to carry out both controlled experimental
sedimentation and creaming studies, where microstructure
events could be followed and also where advanced sedimentation
modelling could be tested.
ll rights reserved.
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Biodiesel is a renewable fuel for diesel engines, composed of
the esters of long chain fatty acids that are derived from vegetable
oils or animal fats, usually by the transesterification reaction.
Transesterification occurs when triglyceride compounds found in
oils are reacted with an alcohol such as methanol in the presence
of a catalyst (Ma and Hanna, 1999). The overall structural
equation of transesterification is shown in Fig. 1.

The result of transesterification is a two-phase dispersion of
glycerol-rich droplets in a continuous biodiesel-rich phase, the
glycerol-rich phase making up 10–20% of the total product by
volume. The continuous phase biodiesel generally has a yellow
colour and this enables the brown glycerol phase to be easily
optically identified both as droplets and as a separated phase.
Both phases contain significant impurities including residual
methanol, catalyst (such as sodium methoxide), unreacted tri-,
di- and mono-glycerides, and soaps (formed in side reactions).
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Fig. 1. The overall transesterification reaction that converts the triglycerides of oils and fats in the esters of biodiesel. R1, R2 and R3 represent the fatty acid chains that are

typically between 16 and 22 carbons long. Glycerol is a by-product of this reaction. (Ma and Hanna, 1999).

Fig. 2. Layers that form in the batch sedimentation of a liquid/liquid dispersion

(adapted from Hartland and Jeelani, 1987).
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Zhou and Boocock (2006) provided the compositions of each
phase for the transesterification of soybean oil. Glycerol/biodiesel
systems are also very amenable to MRI studies because the signal
from the glycerol phase can be easily distinguished from that of
the biodiesel due to the chemical shift between the two compo-
nents (see Callaghan, 1991, for a review of MRI theory).

After the transesterification reaction has reached equilibrium,
the product must undergo further processing to remove impu-
rities from the biodiesel (Van Gerpen, 2004). Glycerol, the greatest
impurity by mass, must be removed from biodiesel because any
glycerol in the fuel can collect at the bottom of fuel tanks, cause
damage to injection systems and leave deposits in the fuel filters
and engines (Mittelbach and Remschmidt, 2004). The European
Union standard for biodiesel quality (EN 14214, 2003) specifies
the maximum amount of glycerol permissible in biodiesel at
0.02% by weight. The glycerol-rich phase, being denser than
biodiesel, sediments out of the biodiesel-rich phase under gravity
when mixing is stopped. Centrifugation and distillation have been
employed to accelerate glycerol separation (Van Gerpen, 2004)
and extraction into ionic salts has also been suggested (Abbot
et al., 2007). However, gravity separation is a cost-effective and
energy efficient method that remains widely used (Van Gerpen,
2004).

The gravity separation of glycerol from biodiesel is a commer-
cially relevant and scientifically convenient system to study and
follows a similar general pattern to other oil/water systems. The
sedimentation of liquid/liquid dispersions has been extensively
studied in the past (a review is provided by Frising et al. (2006)).
Typically, sedimenting dispersions form four major layers, illu-
strated in Fig. 2 (Barnea and Mizrahi, 1975a). Similar layers have
been observed for dispersions of droplets rising due to buoyancy
within a continuous phase, a process referred to as creaming

(Jeelani et al., 2005). The layers are:
�
 A clear layer of continuous phase that contains no droplets.

�
 A sedimentation zone, where the droplets sediment and the

dispersion has a uniform concentration. A sedimenting interface

forms at the top of the sedimentation zone.

�
 A dense-packed zone, a packed bed of droplets where inter-

drop coalescence takes place. As a result of inter-drop coales-
cence, droplet sizes are larger towards the bottom of the layer.

�
 The sediment layer, where the droplets have coalesced to form

a continuous phase.

The experiments reported in this paper investigated the
separation of the products of transesterification at various con-
centrations of the glycerol-rich phase using both optical and
magnetic resonance imaging (MRI) methods. Many previous
optical studies have tracked the movement of the sedimenting
and coalescing interfaces with time (for example, Barnea and
Mizrahi, 1975a; Jeelani and Hartland, 1985; Nadiv and Semiat,
1995; Jeelani et al., 2005). However, most of these studies did not
measure the droplet concentration throughout the entire depth of
the dispersion. Such data can be obtained by MRI, which has been
previously used to measure droplet concentration for water/oil
systems (Jiang et al., 2007) and solid particle sedimentation
(Acosta-Cabronero and Hall, 2009). In the present study, MRI
was used to measure droplet concentration as a function of depth
in the dispersion and time. In addition higher magnification
optical interrogation enabled sedimentation mechanisms to be
identified.

Modelling of the sedimentation of liquid dispersions has been
carried out by Jeelani and Hartland (1985), Hartland and Jeelani
(1987), and Hartland and Jeelani (1988). These models include
empirically obtained variables that determine the droplet sedi-
mentation velocity and rate of coalescence at the coalescing
interface. In contrast, Henshke et al. (2002) attempted to derive
a coalescence rate. However, studies of individual droplets have
shown that the time required for a droplet to coalesce when in
contact with an interface varies widely for different droplets
under identical conditions and is not predictable (Gillespie and
Rideal, 1955; Lang and Wilke, 1971). Another limitation of the
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liquid–liquid sedimentation models is that they assume constant
concentrations throughout the sedimentation zone of the disper-
sion and so cannot predict changes in concentration with time or
position. Furthermore, they are all based on a single droplet size.
Models that consider polydisperse sizes for solid particles have
been developed (Smith, 1966; Greenspan and Ungarish, 1982) but
have not been compared with data from real droplet dispersions.
An interesting work is that of Revay and Higdon (1992) who used
numerical Monte Carlo techniques to model spheres of the same
size, but polydisperse in density. For the systems in the current
work, however, polydispersity in size rather than density is the
concern.

In this paper a mathematical model for the sedimentation
process has been developed, based on earlier work by Davis and
Russel (1989), who considered sedimentation of a monodisperse
colloidal system with the inclusion of a Brownian diffusion
coefficient. The model has been extended in this paper to include
a polydisperse droplet size distribution and the diffusion coeffi-
cient has been replaced with an axial dispersion coefficient,
identified with a different mechanism for the movement of non-
colloidal glycerol and biodiesel droplets.

The experimental results and modelling presented in this
paper are of general relevance to the understanding of sedimen-
tation and creaming of non-colloidal droplets and the data is of
specific relevance to design for gravity driven separation of
glycerol from biodiesel.
2. Experimental methods and protocol

2.1. Production of glycerol and biodiesel

Biodiesel-rich and glycerol-rich phases were produced using
refined rapeseed oil (supplied by Holland UK), methanol (Fisher
Scientific) and sodium methoxide (30% in methanol, Fisher
Scientific), following a procedure similar to that suggested by
Freedman et al. (1984). The sodium methoxide solution was
diluted in methanol to form a working solution of 4.5 wt% sodium
methoxide in methanol. Transesterification was carried out in an
800 ml stirred batch reactor, equipped with a variable speed
overhead stirrer and a 6-blade Rushton impellor. Heating was
provided by a heating jacket around the reactor, which was
attached to a Haake C1 water heater/circulator unit with tem-
perature control to within 70.5 1C. 500 ml rapeseed oil was
poured into the reactor and heating was provided at 50 1C. The
oil was stirred at 800 rpm and once it had reached 50 1C, 125 ml
of the 4.5 wt% sodium methoxide solution was added. The molar
ratio of methanol to rapeseed oil was 6.2:1 and the weight of
sodium methoxide catalyst was 1% of the rapeseed oil weight. The
reaction was carried out in batch for 60 min. Following the
Fig. 3. Apparatus used for high resolution video recording of biodiesel/glycerol disper

separation cell in position with the light source and camera.
reaction, the products were cooled to 25 1C by circulating cold
water in the heating jacket while mixing the products for 20 min.
Mixing was stopped and the product was transferred to a
separating funnel where the biodiesel and glycerol-rich phases
separated over a 2 h period before being bottled for storage. A
blend of the biodiesel and glycerol-rich phases was made in the
desired volume fraction immediately prior to any sedimentation
or creaming experiment by shaking the phases vigorously by
hand, producing a two phase droplet dispersion.

2.2. Experimental method for optical imaging of the separation

process

A 4 ml sample was held a glass cuvette, 10 mm wide, for video
recording. Separation was recorded using a charge-coupled device
(CCD) colour video camera (Qicam Fast 1394) with a zoom lens,
linked to a desktop computer. The sample was illuminated from
behind by a halogen light source and the light was diffused
through a white PVC sheet in order to produce a background
which was reasonably homogeneous and of suitable intensity.
This method provided macroscopic images of the separating
dispersion, as shown in Fig. 7.

In order to observe the behaviour of individual droplets it was
necessary to produce high resolution images of the separating
dispersions. The apparatus used to do this is illustrated in Fig. 3. A
CCD colour camera (Qicam Fast 1394) with a zoom lens was again
used, giving a maximum resolution of 3 mm per pixel However,
instead of a using a cuvette to hold the liquid, a narrow cell of
width 1 mm was constructed by attaching two glass microscope
slides onto a metal plate, as shown in Fig. 3. The cell was
illuminated from behind using a halogen light source with a
ground glass diffusing filter. The light was projected at an oblique
angle, as shown in Fig. 3, so that some of the incident light was
scattered by the droplets. This made the droplet edges more
visible than if the incident light was in the same plane as the
camera. Dispersions were formed by measuring amounts of
biodiesel and glycerol into a glass vial to the 2 ml mark. The vial
was shaken manually at approximately 4 Hz for 30 s. A sample
was removed from the vial by pipette and injected into the cell.
Videos were recorded at 4 frames/s.

2.3. Experimental method for measuring droplet size distributions in

glycerol/biodiesel dispersions

Droplet size distributions (DSDs) in glycerol/biodiesel disper-
sions were measured using a QICPIC particle imaging system with
LIXELL flow-through cell (Sympatec Ltd, www.sympatec.com). A
schematic of the apparatus is shown in Fig. 4. The system
measured droplet sizes by photographing the droplets as the
sions during sedimentation. (a) Front view of the separation cell. (b) Side view of



Fig. 4. (a) Configuration of the dilution vessel, QICPIC imaging system and pump for the measurement of glycerol droplets dispersed in biodiesel. (b) Configuration for the

measurement of biodiesel droplets dispersed in glycerol.

Fig. 5. Example QICPIC image of glycerol droplets dispersed in biodiesel.
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droplets flowed through a cell of width 0.5 mm. The original
dispersions needed to be diluted to obtain clear images. Dilution
of the samples took place in a dilution vessel, which was a vertical
tube with an inner diameter of 50 mm. Samples were loaded into
the dilution vessel from a 10 ml pipette. The dilution vessel was
used in two configurations, which are shown in Fig. 4(a) and (b),
depending on whether glycerol or biodiesel was the dispersed
phase. In both configurations the outlet of the dilution vessel was
connected directly to the LIXELL flow-through cell in which the
droplet size measurement took place. A peristaltic pump on the
outlet of the flow-through cell provided suction on the liquid,
which flowed at 130 ml/min.

A high speed camera recorded photographs of the droplets at
50 frames/s. Illumination was provided by a pulsed laser light
source with an illumination time of 1 ns per photograph to
minimise blurring.

An example image taken during QICPIC measurements of
glycerol droplets dispersed in biodiesel is shown in Fig. 5. The
resolution of the images was 3.3 mm per pixel. Image processing
software automatically made measurements of the droplet Feret
diameter, which is the distance between two parallel lines that
bound a droplet. Twenty separate Feret diameter measurements
were taken at equal intervals around the circumference of each
droplet and the mean of these measurements was recorded. This
reduced the effect of any irregularities in the droplet shape. For



A. Abeynaike et al. / Chemical Engineering Science 79 (2012) 125–137 129
each run the number of droplets measured was typically in the
hundreds of thousands, but varied from 30,000 to 1.4 million.

It should be noted that the DSD measured by the QICPIC do not
necessarily match the DSD during sedimentation or creaming
exactly. Experimental conditions – particularly the droplet con-
centration and flow conditions – are different for the two
situations, and this can result in differences in DSD, as discussed
in Section 3.2.

2.4. Magnetic resonance imaging (MRI) of glycerol concentrations

during separation

MRI imaging has now been used extensively for studying
imaging and concentration profiles of two phase flowing systems,
following, for example, results reported by d’Avila et al. (2003),
and Shapley et al. (2003). In the sedimentation work described in
the present paper, a Bruker 400 MHz NMR spectrometer was used
to quantify the volume fraction of the glycerol-rich phase during
the separation of glycerol/biodiesel dispersions at 20%, 50% and
80% glycerol by volume. Three trials were run at each volume
fraction. Details of the technique used in this research are given
below but the reader is pointed towards the text book of
Callaghan (1991) for a more detailed description of MRI micro-
imaging methods. Initial calibration was performed by measuring
the NMR spectra of biodiesel and glycerol phases separately. The
resulting spectra are shown in Fig. 6(a). Although the phases were
not pure, each phase produced a consistent spectrum as long as
its composition remained the same. The single peak in Region A of
the glycerol-rich phase spectrum was selected as an indicator
of the volume fraction of the glycerol-rich phase, because it
was relatively well isolated from the other peaks in the spectra.
However, close to this peak was a small peak in the biodiesel-rich
Fig. 6. (a) NMR spectra of the glycerol-rich phase and biodiesel-rich phase,

measured separately. (b) NMR spectra of a mixture of 20% glycerol dispersed in

80% biodiesel. In a mixed dispersion, the separate glycerol and biodiesel peaks

broaden and merge.
phase spectrum. Although these peaks appear to be slightly
separate from each other, on mixing the two phases together
the peaks are broadened and merged together, as can be seen in
Fig. 6(b). This broadening of the peaks was caused by the multiple
interfaces present within the dispersion resulting in local sus-
ceptibility gradients. The frequency region selected, however, was
broad enough to excite virtually all liquid affected by these
susceptibility gradients. The effect of planar interfaces at the top
and bottom of the sample are discussed below in Section 3.3.

The use of a narrow band (long duration) frequency selective
pulse can be used to manipulate (and acquire) only frequencies in
Region A; whilst this signal is dominated by the glycerol, there is
still contamination from the biodiesel peak in this region. To
separate these two peaks, relaxation editing was used. The
magnetisation from a sample recovers exponentially over time
as nuclei ‘‘relax’’ to their equilibrium state and each different peak
in the spectra may relax at a different rate. Relaxation editing
exploits the difference in relaxation rates for the peaks from the
glycerol and biodiesel phases to suppress the unwanted biodiesel
peak. The magnetisation of the nuclei was first inverted into a
state opposite to equilibrium by using an inversion (1801) pulse.
The resulting magnetisation from this procedure follows a relaxa-
tion curve given by:

M¼M0½1�2 expð�t=T1Þ� ð1Þ

where M is the magnetisation at time t, M0 is the equilibrium
magnetisation, and T1 is a time constant of relaxation. Due to the
inversion pulse, the signal intensity was initially negative and
relaxed to a positive value. As can be seen from Eq. (1), the
magnetisation at a time of T1 ln(2) is zero. The relaxation constant
for glycerol, T1g, was less than the relaxation constant for
biodiesel, T1b. Therefore, at time T1b ln(2) – the biodiesel nulling
time – the biodiesel peak had zero magnetisation but the
magnetisation for the glycerol peak was non-zero and propor-
tional to the glycerol concentration. All signal measurements
were acquired at the biodiesel nulling time T1b ln(2) after the
inversion pulse so that the biodiesel peak was in effect removed
from the signal and only the glycerol peak remained. The T1

relaxation times of the biodiesel and glycerol peaks selected by
the frequency selective pulse were not observed to vary signifi-
cantly throughout the experiment and as such were not signifi-
cant sources of error.

Spectral editing and relaxation editing were both applied to
isolate the glycerol peak in Region A from the other peaks in the
spectra. Applying a gradient in the magnetic field allowed the
glycerol volume fraction to be spatially resolved in one dimension
through the sample (Callaghan, 1991). The final sequence used for
the spatially resolved glycerol profiles consisted of an inversion
pulse and nulling period followed by a spin echo frequency
encoded acquisition. A broad band excitation pulse was used
with a frequency selective refocusing pulse so that only signal
from the glycerol peak in Region A was imaged. The volume
fraction of biodiesel was not directly measured, though it may be
inferred by subtracting the glycerol volume fraction from 1. The
measured intensity of the glycerol peak was given in arbitrary
units. To convert the units into glycerol volume fraction, the first
measurement of each sample, at time t¼0, was assumed to have a
uniform volume fraction throughout the entire depth of the
sample, which was known from the composition of the mixture.
Measurements at all other times greater than 0 were scaled
according to this first measurement.

Biodiesel and glycerol were measured in the required propor-
tions into cylindrical glass vials, 11 mm in diameter, to give a total
liquid depth of 20 mm. The vials were sealed and shaken
vigorously by hand, up and down at a rate of approximately
4 Hz with an amplitude of approximately 400 mm. After 30 s of
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shaking, the vial was placed inside the spectrometer and mea-
surements were begun. The time between cessation of shaking
and the first measurement being taken was approximately 25 s.
Measurements were subsequently made every 8.4 s in the case of
20% glycerol, and 3.1 s for 50% and 80% glycerol. 512 spatial
points over a field of view of 30 mm were acquired giving a
spatial resolution of 59 mm. A nulling time of 570 ms was found to
remove the biodiesel peak with a relaxation time of 1 s. The
glycerol peak in Region A had a T1 relaxation time of 217 ms.

2.5. Modelling the separation process

A sedimentation model was developed, based on a model
published by Davis and Russel (1989) to describe the sedimenta-
tion of colloidal dispersions with a single particle size. Davis and
Russel considered that the flux of colloidal particles was caused
by gravity sedimentation and also by diffusion due to Brownian
motion. By performing a volume balance on a control volume of
fluid, using a method similar to Kynch (1952), they found the
volume fraction of particles f was related to time t and depth x by
Eq. (2):

@f
@t
þ
@

@x
uðfÞf
� �

¼
@

@x
DðfÞ

@f
@x

� �
ð2Þ

where m(f) is the droplet velocity and D(f) is the diffusion
coefficient. The velocity, m(f), is given by the Richardson–Zaki
correlation for hindered settling:

u¼ utð1�fÞn ð3Þ

where ut is the terminal velocity of a single particle falling in an
infinite fluid (Richardson and Zaki, 1954). Eq. (3) gives the
hindered settling velocity, accounting for the fact that the settling
velocity of particles in a dispersion is less than ut because the
surrounding droplets restrict the flow of the continuous phase.
The index n was given by Richardson and Zaki (1954) as 4.65 for
laminar flow conditions. It was assumed that the effect of the cell
walls on the sedimentation was negligible because the ratio of
droplet diameter (measured in Section 3.2) to cell width was 0.01
(see Coulson et al., 1991 p 178). The terminal velocity ut is given
by Stokes’ law for falling spheres:

ut ¼ d2
ðrd�rcÞg=18mc ð4Þ

where d is the droplet size, rd and rc are the densities of the
dispersed and continuous phases, respectively and mc is the
viscosity of the continuous phase (Coulson et al., 1991). The
terminal velocity ut is positive for droplets sedimenting down-
wards. When rdorc the droplets rise through the continuous
phase and Eq. (4) gives a negative value for ut.

The movement of a particle due to diffusion is also hindered by
the presence of surrounding droplets in the same way that
sedimentation is hindered in a dispersion. The Richardson–Zaki
correlation has therefore been applied to the flux due to diffusion
by using the factor (1�f)n to modify the rate of diffusion, so that:

DðfÞ ¼D0ð1�fÞn ð5Þ

where D0 is the diffusion coefficient. Substituting Eq. (3) and
Eq. (5) into Eq. (2) yields:

@f
@t
þut

@

@x
fð1�fÞn
� �

¼D0
@

@x
ð1�fÞn

@f
@x

� �
ð6Þ

For modelling glycerol/biodiesel separation the droplet size is
sufficiently large that Brownian diffusion may safely be ignored.
However the experimentally observed counter-current flow of
droplets reported in this paper for the polydisperse biodiesel or
glycerol larger droplets justifies the inclusion of D0 as an axial
dispersion coefficient and this was therefore included within the
model. The hindrance factor, given in Eq. (5), was also included to
restrict the counter-current flow as the droplet concentration
increased, as would be expected to happen. Furthermore, it was
mathematically convenient to include the hindrance factor in the
form of Eq. (5) as this ensured that when the droplet concentra-
tion approached unity (i.e., when a coalesced sediment layer
formed), the movement of droplets tended to zero.

Eq. (6) only accounts for a single terminal velocity, ut, and
therefore only a single droplet size d. A significant addition in this
paper is the inclusion of a population of droplet sizes which is
necessary for the system investigated in this paper and also a
common occurrence for many other droplet systems. For multiple
droplet sizes to be considered, it was necessary to solve the
sedimentation equation for each droplet size, separately. The
hindrance factor (1�f)n is dependent on the total volume
fraction of all droplet sizes because the settling of a droplet is
influenced by the presence of all the droplets surrounding it.
Therefore, Eq. (7) was used to model the separation of dispersions
with multiple droplet sizes (polydisperse droplets):

@fi

@t
þuti

@

@x
fið1�fT Þ

n
� �

¼D0
@

@x
ð1�fT Þ

n @fi

@x

� �
ð7Þ

where fi is the volume fraction of droplets of a particular
diameter di, uti is the terminal velocity of a single droplet of
diameter di (given by Stokes law, Eq. (4)) and fT, the total volume
fraction of droplets, is given by:

fT ¼
X

fi ð8Þ

To model the sedimentation of multiple droplets sizes, Eq. (7)
was solved separately for each droplet size. All the separate
versions of Eq. (7) were coupled by the common variable fT.
While theoretically any number of droplet sizes could be mod-
elled using Eq. (7), in practice up to eight droplet sizes were
modelled.

A liquid depth of 20 mm was modelled to replicate the
conditions studied experimentally using MRI and visual analysis.
The model operated over a spatial domain from the liquid surface
at x¼0 to the bottom of the liquid at x¼20 mm. The boundary
condition used at both the liquid surface and bottom was the
condition of zero net flux of droplets. The zero net flux condition
can be imposed by setting the flux due to sedimentation equal to
the flux due to the dispersion coefficient. The zero net flux
boundary condition was given by:

uti fið1�fT Þ
n

� �
¼D0ð1�fT Þ

n @fi

@x
ð9Þ

The model equations were solved numerically using the
COMSOL Multiphysics (version 3.3a) finite element package. The
spatial domain was divided into 960 elements of equal size. A
fixed time-step was not set, but appropriate time-steps were
determined by the programme.
3. Results and discussion

3.1. Optical images of the separation process

Optical images of the overall separation at concentrations of
20%, 50% and 80% glycerol-rich phase by volume are shown in
Fig. 7. For a dispersion with 50% glycerol-rich phase, there was a
sharp visible boundary, the sedimenting interface, that started at
the top of the dispersion and moved downwards over time,
following the pattern of sedimentation illustrated in Fig. 2. At
20% glycerol, however, a sharp sedimenting interface did not
exist. Instead, there was a gradation in colour between the darker
area at the bottom of the cuvette and the lighter area at the top.
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This agrees with an observation by Barnea and Mizrahi (1975a)
that for dilute dispersions a sharp sedimenting interface did not
appear. At 80% glycerol-rich phase, the phases inverted so that
biodiesel droplets were dispersed in a continuous glycerol-rich
phase, creaming to form a biodiesel layer at the top of the
dispersion. The creaming occurred much more slowly than the
separation by sedimentation at 20% and 50% glycerol. It was only
after 900 s that a biodiesel layer could be clearly seen. The slower
separation was a result of the continuous glycerol-rich phase
being more viscous, so that the upward velocity of the biodiesel
droplets was reduced.

The mechanisms for the separation behaviour shown in Fig. 7
can be identified from higher resolution images shown in
Figs. 8–10, These reveal the different behaviour of the droplets
at different volume fractions of glycerol-rich phase. In a disper-
sion containing 20% glycerol-rich phase by volume, shown in
Fig. 8, most of the droplets sedimented downwards. However,
many small droplets were carried upwards by the continuous
biodiesel phase, which was displaced upwards by the sediment-
ing droplets. As small droplets have low sedimentation velocities,
Fig. 8. A series of images showing a sedimenting dispersion containing 20% glycerol-rich

side of each image shows a glycerol droplet sedimenting downwards. The white circle on

of the continuous biodiesel phase. The dotted lines provide a reference point for posit

Fig. 7. Video images of separation in dispersions containing 20%, 50% and 80%

glycerol-rich phase by volume. At 20% glycerol no sharp sedimentation front

formed; instead there was a gradation in glycerol concentration through the

sedimentation zone. At 50% glycerol there was a very clear sedimentation front. At

80% glycerol, biodiesel droplets rose through a continuous glycerol-rich phase,

resulting in a much slower separation.
they were easily advected by the upward flux of the biodiesel
phase. Such behaviour was predicted by Barnea and Mizrahi
(1975b). This counter-current flow of droplets partly explains
why a sharp sedimentation front was not observed for a 20%
glycerol dispersion.

In a dispersion with 50% glycerol-rich phase by volume, the
glycerol droplets behaved differently, as shown in Fig. 9. The
droplets were larger than in the 20% glycerol dispersion. The
apparent shift in the droplet size distribution was probably due to
inter-drop coalescence, which was more likely to happen at 50%
glycerol than at more dilute dispersions. Some droplets did move
upwards, but they were large enough to sediment quickly once
they rose to a region of low droplet concentration, allowing them
to ‘‘catch up’’ with the other sedimenting droplets. There was
much physical interaction between the droplets, which were in
contact with one another, allowing momentum to be transferred
between them. Consequently all the droplets appear to have
sedimented at approximately the same velocity. This would
explain why a sharper sedimenting interface was observed for
the 50% dispersion in Fig. 8. The sedimenting interface is evident
in Fig. 9(b), which shows the same 50% glycerol dispersion as
Fig. 9(a), but 4 min later. The droplets in Fig. 9(b) were so closely
packed that they sedimented almost in unison to form a sharp
sedimenting interface.

At 80% glycerol-rich phase by volume, shown in Fig. 10, the
droplet movement was similar to that at 20% glycerol, with
droplets moving in both directions. In this case, however, the
droplets were biodiesel and the predominant flow of droplets
was upwards, while some smaller biodiesel droplets flowed
downwards.
3.2. Measurements of droplet sizes in glycerol/biodiesel dispersions

The droplet size data are presented in the form of volume
distributions. The plots in Figs. 11–14 show the average droplet
size distribution of the 3 or more measurements taken in each
experiment. The mean sizes quoted are the average of the volume
mean diameters from the repeated measurements. The errors
quoted are half the range of the volume mean diameters from the
repeated measurements.
3.2.1. Effect of glycerol volume fraction on the sizes of glycerol

droplets dispersed in biodiesel

Fig. 11 shows the glycerol droplet size distributions for the
samples shaken manually in a vial, for dispersions containing 20%
and 50% glycerol-rich phase by volume. The droplet sizes at 50%
glycerol were greater than at 20% glycerol. The mean droplet size
phase by volume, after 5 min of sedimentation. The white circle on the right-hand

the left-hand side shows a small glycerol droplet moving upwards due to the flow

ion.



Fig. 10. Images of a dispersion containing 80% glycerol-rich phase by volume after 5 min. At this concentration, biodiesel droplets rise in the continuous glycerol phase.

Circled are two droplets, one of which rises as normal; the other moves downwards in the flow of the continuous glycerol phase. The dotted line provides a reference point

for position.

Fig. 9. Two sets of images showing sedimenting dispersions containing 50% glycerol-rich phase by volume. The dotted lines provide a reference point for position. (a) The

dispersion after 1 min of sedimentation. Two droplets are highlighted by white circles, one of which moves downwards and the other moves upwards. (b) The same

dispersion after 5 min of sedimentation, when the droplets are closely packed and sediment en masse, with little relative movement between them. The sedimenting

interface is clearly visible.
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at 50% glycerol was 11977 mm while the mean at 20% glycerol
was 69710 mm.
3.2.2. Effect of holding period on the sizes of glycerol droplets

dispersed in biodiesel

Fig. 12 shows the effect of introducing a holding period into
the experimental procedure. Dispersions were mixed in a stirred
batch reactor, described in Section 2.1, at 1200 rpm. After a
sample was extracted from the stirred batch reactor, it was held
in the pipette for a certain time, the holding period, before being
injected into the dilution vessel. For a dispersion with 20%
glycerol-rich phase, the mean glycerol droplet size increased from
8279 mm for a 0 s holding period to 117712 mm for a 60 s
holding period (Fig. 12(a)). For a dispersion with 50% glycerol-rich
phase the increase in mean droplet size was greater: from
125710 mm for a 0 s holding period to 20675 mm for a 60 s
holding period (Fig. 12(b)).

The holding period had a significant effect on the sizes of
glycerol droplets, demonstrating that inter-drop coalescence took
place. The sedimentation rate of droplets in a dispersion of
glycerol droplets in biodiesel would therefore be affected by



Fig. 12. Glycerol droplet size distributions of dispersions containing (a) 20%

glycerol-rich phase and (b) 50% glycerol-rich phase, with holding periods from

0 s to 60 s. Each point represents the average of four measurements. The holding

periods caused the droplets to grow in size due to inter-drop coalescence.

Fig. 13. Biodiesel droplet size distributions for samples taken from dispersions

containing 80% glycerol-rich phase. One measurement was taken.

Fig. 11. Glycerol droplet size distributions of dispersions at 20% and 50% glycerol-

rich phase, manually shaken in a vial. Each point represents the average of four

measurements.
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inter-drop coalescence. The effect of coalescence was greater in a
dispersion containing 50% glycerol, compared with 20% glycerol.
At the higher volume fraction of glycerol there was a greater
likelihood for droplets to collide and coalesce.

The droplet size measurement method included several steps
during which droplet break-up or coalescence may have altered
the droplet sizes, thus affecting the measurement. For glycerol
droplets dispersed in biodiesel, the viscosity ratio md/mc¼8.2.
Grace (1982) showed that for this viscosity ratio, droplet break-
up would not occur under laminar flow conditions. It is likely
that some coalescence between droplets will have occurred but
coalescence would have been reduced when the droplets were
diluted prior to measurement.
3.2.3. Droplet size distributions of biodiesel droplets dispersed in

glycerol

Fig. 13 shows the droplet size distributions for dispersions
containing 80% glycerol-rich phase, where biodiesel was the
dispersed phase. The holding period did not have a significant
effect on the droplet sizes, except after a 15 min holding period,
when the droplet sizes were noticeably larger. The droplet size
distributions were much broader than those for glycerol droplets
in biodiesel. This may be because of droplet break-up at the tip of
the pipette during sample extraction and injection into the
dilution vessel. Some biodiesel droplets were likely to have been
broken up by shear at the pipette tip. For an estimated flow-rate
of 1 ml/s through the 2 mm diameter pipette tip, the maximum
capillary number Ca¼11 and the viscosity ratio md/mc¼0.12.
According to Grace (1982) these conditions lead to droplet
break-up, increasing the number of smaller droplets in the
dispersion, thus broadening the spread of the droplet size dis-
tributions. The measured size distributions are therefore not
wholly representative of the size distribution in the stirred batch
reactor.

3.3. Magnetic resonance imaging (MRI) measurements during

separation

The experimentally obtained MRI concentration profile results
are plotted in Fig. 14(a), Fig. 15(a) and Fig. 16(a), alongside
matching results from the simulations. All plots show the time
evolution of the glycerol concentration plotted on the vertical y

axis in terms of vertical position which is plotted horizontally on
the x-axis of the graphs. In general, the plots all show glycerol
concentrations decreasing at the top of the dispersion and
increasing at the bottom. The experimental data will be discussed
in this section and the matching modelling data will be discussed
in Section 3.4.

Fig. 14(a) shows the MRI concentration profiles for a disper-
sion containing 20% glycerol-rich phase by volume. Initially (at
30 s) the glycerol is essentially uniform, although MRI end effects
(discussed below) slightly distort data at both the top and bottom
of the sample. As time proceeds glycerol droplets sediment to the
bottom of the cuvette and the concentration of glycerol progres-
sively increases at the bottom. The sedimenting droplets do not
form a particularly sharp interface. The absence of a sharp
sedimenting interface is due to the wide range of droplet sizes
(and therefore droplet velocities) in the dispersion, as well as the
counter-current flow of smaller droplets that was observed in
Section 3.1. After 100 s separation is essentially complete with



Fig. 14. (a) MRI results for a separating dispersion containing 20% glycerol-rich phase in biodiesel, glycerol being the dispersed phase. The shaded regions encompass

results from three repeat trials. (b) Simulation results, using Eq. (7), for a separating dispersion containing 20% glycerol. The value of D0 was 10�7 m2/s. The droplet sizes

used are given in Fig.17(a).

Fig. 15. (a) MRI results for a separating dispersion containing 50% glycerol-rich phase in biodiesel, glycerol being the dispersed phase. The shaded regions encompass

results from three repeat trials. (b) Simulation results, using Eq. (7), for a separating dispersion containing 50% glycerol. The value of D0 was 10�7 m2/s. The droplet sizes

used are given in Fig.17(b).
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very low glycerol concentration at the top and a high glycerol
concentration at the bottom.

Fig. 15(a) shows the MRI time evolution of glycerol concentra-
tion for a dispersion with 50% glycerol-rich phase. The profiles are
similar to that of the 20% dispersion, but the shape of the
sedimenting interface is somewhat sharper than that observed
at 20% glycerol. In both cases sedimentation is occurring. How-
ever, in the 50% case the droplets were larger due to coalescence
(as shown in Section 3.2.2) and there was physical interaction
between droplets (seen in Fig. 9(b)), causing the droplets to
sediment with similar velocities which resulted in the
sharper sedimenting interface.

Fig. 16(a) shows the MRI result for the 80% glycerol dispersion,
in which biodiesel droplets rise within a glycerol-rich matrix.
Here the creaming kinetics are greatly reduced due to the higher
viscosity of the continuous phase. However, the separation
behaviour is similar to that at 20% glycerol (Fig. 14(a)), as there
is no sharp boundary between the dispersion of biodiesel droplets
and the clear zone of glycerol-rich phase beneath.

There are discrepancies in all the MRI data that occur at the
top and bottom of the samples for all volume fractions of glycerol.
In particular, there are peaks in the data near the top of the
dispersions, and the glycerol concentration appears to drop off
towards the bottom. These unexpected readings do not reflect the
real physical state of the dispersion but are artefacts of the
method caused by the liquid–gas and liquid–solid planar inter-
faces at the top and bottom of the sample, respectively. The
susceptibility differences at the interfaces introduce inhomogene-
ities in the magnetic field that shift the resonant frequencies of
species, thus giving greater errors near these interfaces. However,
as we are mainly interested in the concentration changes within
the sedimentation zone, the discrepancies at the extremities do
not greatly affect the comparison between the MRI results and the
model predictions.



Fig. 16. (a) MRI results for a separating dispersion containing 80% glycerol-rich phase, with biodiesel as the dispersed phase. The shaded regions encompass results from

three repeat trials. (b) Simulation results, using Eq. (7), for a separating dispersion containing 80% glycerol. The value of D0 was 10�8 m2/s. The droplet sizes used are given

in Fig.17(c).

Table 1
Constants used in Eq. (4), Eq. (5) and Eq. (7) of the

sedimentation model. The measurement of viscos-

ities and densities are described in Sections 3.2 and

3.3.

Parameter description Value

Viscosity of biodiesel 6.5 mPa s

Viscosity of glycerol 53 mPa s

Density of biodiesel 880 kg/m3

Density of glycerol 1090 kg/m3

Richardson–Zaki index 4.65

Acceleration due to gravity 9.81 m/s2
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3.4. Modelling the separation process

3.4.1. Values used for the model parameters

The results from modelling the separation process by using Eq.
(7) are given in Fig. 14(b), Fig. 15(b) and Fig. 16(b), alongside the
corresponding MRI measurements. Several physical properties
were required for the model, given in Table 1. Viscosities were
measured using an ARES rotational rheometer with a Couette cell
(see Macosko, 1994, for a complete description of the method).
Interfacial tension was measured using a Krüss K12 Processor
Tensiometer by the du Noüy ring method (du Noüy, 1925).
Densities were measured by hydrometer. Each simulation incor-
porated up to 8 droplet sizes, which were obtained by discretising
the measured droplet size distributions from Section 3.2. The
discretised droplet size distributions used in the simulations are
given in Fig. 17. The values for the axial dispersion coefficient D0,
which are provided with Fig. 14(b), Fig. 15(b) and Fig. 16(b), were
not measured experimentally but were adjusted to provide an
approximate fit to the MRI measurements. The effect of D0 on the
model results is described in Section 3.4.2, below.

3.4.2. Sensitivity of the model to D0

To determine the sensitivity of the model to D0, the axial
dispersion coefficient, Eq. (7) was solved for a dispersion contain-
ing a single droplet size (50 mm) with an initially uniform droplet
volume fraction of 20% for three different values of D0. The
solutions are shown in Fig. 18. At the lowest value of D0 there is
a relatively sharp sedimenting interface moving downwards with
time. When D0 is increased the sedimenting interface broadens.
This effect of the diffusion coefficient D0 was exploited to
reproduce the broad gradients in concentration that were
observed visually and in MRI measurements.

3.4.3. Discussion on the simulation results

Fig. 14(b) shows the simulation result for a dispersion with
20% glycerol-rich phase by volume. The simulation results repro-
duce the smooth concentration gradients that were seen in the
MRI measurements. The gradients were the result of incorporat-
ing both the polydisperse droplet size distribution and the
dispersion coefficient.
Fig. 15(b) shows the simulation result for a dispersion contain-
ing 50% glycerol-rich phase by volume. The model in this case
incorporated a DSD representing droplets that had grown over a
holding period of 60 s, as in Fig. 12(b). The simulation result
showed the sharp sedimenting interface that was seen experi-
mentally. The larger size of the droplets in the 50% dispersion
meant that the dispersion coefficient had a much smaller effect on
the sedimenting droplets. Using the DSD of droplets that had
grown over a 60 s holding period in the model provided a closer
match to the experimental data than using the DSD of droplets
that had not been allowed additional time to grow. This shows
that coalescence plays an important role in increasing the size of
droplets, resulting in higher sedimentation velocities.

Fig. 16(b) gives the simulation result for a dispersion contain-
ing 80% glycerol-rich phase by volume. In this case, the biodiesel-
rich droplets had a negative velocity indicating creaming rather
than sedimentation. The model is a poor match to the MRI results,
but shows that in principle the creaming of biodiesel-rich dro-
plets may be modelled in the same way as the sedimentation of
glycerol-rich droplets.

The model results show that by incorporating a flux of droplets
moving counter to the direction of sedimentation, the broad
gradients of concentration seen experimentally were reproduced.
This confirms that the counter-current flux of small droplets seen
in high resolution images caused the macroscopic concentration
gradients seen both visually and by MRI. Such a counter-current
flux has not been previously modelled for non-colloidal systems.



Fig. 17. Discretised DSDs used to simulate the sedimentation. (a) For a dispersion

with 20% glycerol-rich phase, based on the measured DSD given in Fig. 11 for a

manually shaken dispersion. The simulation result for this DSD is presented in

Fig. 14(b). (b) For a dispersion with 50% glycerol-rich phase. This DSD represents

droplets that had grown over a 60 s holding period, based on the measured

distribution given in Fig. 12(b). The simulation result for this DSD is presented in

Fig. 15(b). (c) For a creaming dispersion containing 80% glycerol-rich phase, based

on the measured distribution given in Fig. 13. The simulation result for this

droplet size distribution is presented in Fig. 16(b).

Fig. 18. Results of the separation model for dispersions of glycerol droplets (20%

volume fraction) with a single size of 50 mm and dispersion coefficients ranging

from 10�8 to 10�7 m2/s.
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The counter-current flux of droplets was modelled using a Fickian
diffusion model with a hindrance factor. This simple model used
an empirically determined dispersion coefficient, D0, and is only
an approximation of the counter-current flux. A more sophisti-
cated model might consider the velocity of the continuous phase,
which carries the smaller droplets, in order to calculate the
counter-current flux of droplets more rigorously. However, the
current model still provides a method of accounting for the
counter-current flux, which has not been done in previous
sedimentation models, and shows that this flux affects the
macroscopic nature of the sedimentation.

A major limitation of the separation model is that it does not
take account of either inter-drop or interfacial coalescence. The
droplet size measurements in Section 4.2 show that the droplet
size distribution changes due to inter-drop coalescence. The
present sedimentation model assumes an unchanging droplet
size distribution, although an attempt to incorporate the effect
of inter-drop coalescence was made in the case of a dispersion
with 50% glycerol. Interfacial coalescence is also an essential part
of the separation process as it allows the droplets to form a
continuous sediment layer. The sedimentation model presented
here did not accurately represent the sediment layer, which
should have a volume fraction of 1. In the model results a volume
fraction of 1 was not achieved in the sediment layer because the
model assumes the droplets to be discrete at all concentrations.
Previous models have accounted for coalescence (Jeelani and
Hartland, 1985; Hartland and Jeelani, 1988) but rely on assumed
coalescence rates, which are very difficult to predict (Gillespie
and Rideal, 1955). As a reliable measure of the coalescence rate
was not obtained, coalescence was left out of the sedimentation
model in the current work.

Although the model did not provide an exact match with the
MRI measurements, it reproduced the main characteristics of
sedimentation at various droplet concentrations with only one
adjustable parameter, the dispersion coefficient. The model has
also demonstrated the major role played in the sedimentation
process by polydispersity in the droplet size distribution, counter-
current flow of the droplets and inter-drop coalescence. Consider-
ing the complexity of the droplet behaviour in sedimenting
dispersions, this is deemed to be a satisfactory result.

3.5. Conclusions

Experimental data and matching sedimentation modelling
have been developed which describe gravity sedimentation and
creaming of biodiesel/glycerol dispersions. Both the optical and
MRI experimental data have shown differences from the classic
sharp sedimenting interface anticipated for monodisperse dro-
plets. High magnification optical observations have shown that a
counter-current flux of smaller drops can act when there is a
polydisperse distribution of droplet sizes and this counter-current
flux can result in producing a gradient in concentration rather
than a sharp interface. The MRI experimental data provides a
quantitative measurement of sedimentation concentration profile
development where high level modelling can be tested.

A numerical model was developed based on the earlier work
by Davis and Russel (1989). This model included an axial disper-
sion coefficient that in this paper was associated with the local
counter-current flow of small droplets. The dispersion coefficient
was essentially a fitted parameter, but all other parameters were
measured independently. The model also took into account
polydispersity in the droplet sizes but did not allow for changes
in droplet size due to inter-drop coalescence. The coalescence of
droplets to form a continuous sediment layer was also not
included in the model and it would be difficult to introduce this
feature. Within the sedimentation zone, the dispersion the model
can be matched to the MRI data with reasonable precision for the
sedimentation of glycerol droplets in biodiesel and it captured the
key features observed experimentally. In doing so, the model



A. Abeynaike et al. / Chemical Engineering Science 79 (2012) 125–137 137
confirmed that a counter-current flux of droplets resulted in a
broad concentration gradient throughout the sedimentation zone.

This paper has shown that the glycerol/biodiesel system is
amenable to both optical and MRI studies for gravity sedimenta-
tion or creaming. The fundamental mechanisms of separation
have been identified for non-colloidal droplets and the system has
been modelled using the basis of a model that was developed for
sub-micron particles. Polydispersity and a counter-current flux of
droplets were found to be key factors in the separation process
and can be expected to play a significant role in other separation
processes and liquid–liquid systems.
Nomenclature

B Magnetic field strength (T)
B0 Base magnetic field strength of an MRI spectrometer (T)
Ca Capillary number, mc

_gd=s (dimensionless)
d Droplet diameter (m)
di Diameter of droplets in size range i (m)
D0 Dispersion coefficient/diffusion coefficient (m2/s)
g Acceleration due to gravity (m/s)
gx Magnetic field gradient in the x direction (T/m)
M Magnetisation (arbitrary units)
M0 Initial magnetisation (arbitrary units)
n Richardson–Zaki index (dimensionless)
t Time (s)
T1 Time constant of magnetisation relaxation (s)
T1b Relaxation constant for biodiesel phase (s)
T1g Relaxation constant for glycerol-rich phase (s)
u Sedimentation velocity (m/s)
ut Terminal sedimentation velocity in an infinite fluid

(m/s)
x Vertical position within a liquid/liquid dispersion (m)

Greek symbols

_g Shear rate (s�1)
mc Continuous phase viscosity (Pa s)
f Dispersed phase volume fraction
fi Dispersed phase volume fraction for droplets of size di

fmax Maximum packing volume fraction of the dispersed
phase

fT Total dispersed phase volume fraction of all
droplet sizes

rc Continuous phase density (kg/m)
rd Dispersed phase density (kg/m)
s Interfacial tension (N/m)
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