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Abstract
Methyl esters of fatty acids are widely used as biodiesel, a sustainable replacement for petro-diesel.
The conventional biodiesel process produces crude glycerol, which constitutes about 10wt% of the
total products. This has led to a surplus of crude glycerol due to global increase in biodiesel use,
necessitating increased research into sustainable processes that could convert the crude glycerol into
higher value-added products. This study investigates biodiesel processes for continuous
transesterification of triglycerides to methyl esters, coupled to conversion of the glycerol by-product
into solketal, a value-added product, via reaction with acetone in situ. The study was carried out using
one-stage and two-stage catalytic transesterification of triacetin and methanol in mesoscale oscillatory
baffled reactors (meso-OBRs). The two-stage process involved two meso-OBRs in series packed with
AmberlystTM resin catalysts: a basic AmberlystTM A26-OH in the first stage to catalyse
transesterfication of triacetin with methanol, and an acidic Amberlyst TM 70-SO3H in the second stage
to catalyse the coupling of glycerol and acetone to form solketal. One-stage triacetin transesterification
and glycerol coupling with acetone was carried out in a meso-OBR packed with the acidic
AmberlystTM 70-SO3H resin. In the two-stage process, the triacetin was converted to 99.1±2.0%
methyl acetate and 98.0±1.3% glycerol after 25min residence time in the first reactor and the glycerol
was reacted with acetone in the second reactor to achieve 76.5±2.8% solketal conversions after 35min.
The single-stage process achieved 48.5±2.7% solketal conversion after 30min. The meso-OBR was
operated continuously to achieve high quality steady states and consistent triacetin conversions. The
triglyceride transesterification with reactive coupling of glycerol with acetone produces less crude
glycerol by-product. This process strategy could be optimised for future biodiesel production.
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1.0 Introduction
Fatty acid methyl esters are the main constituents of biodiesel, a product that is widely used as
alternative to petro-diesel. These esters are mostly produced via transesterification of triglycerides with
methanol using acid and base catalysts, in a process which produces 10wt% crude glycerol as a byproduct (Figure 1). The most commonly applied method for biodiesel production is the base-catalysed
homogeneous process using alkali-metal hydroxides and methoxides [1-3], particularly sodium
methoxide [3]. The biodiesel produced by this method is majorly a mixture of fatty acid methyl esters
(FAME). These alkali catalysts are commonly used because of their high catalytic activity which leads
to high biodiesel yield at a short reaction time compared to acid-catalysed processes [4].

Figure 1: Transesterification reaction for biodiesel production
However, the use of homogeneous catalysts comes at a great cost. It necessitates various operating and
capital costs downstream, arising from the inability to recover the catalyst for further use and the large
amount of water and energy required for the washing and drying of the biodiesel. The crude glycerol
by-product from the conventional process commands low market prices because of contamination by
salts formed from the catalyst neutralisation. Heterogeneous catalysis of biodiesel production [5, 6]
would address many of these problems. It would eliminate or minimise the cost of the downstream

processing steps associated with the use of homogeneous catalysts. The crude glycerol produced
through heterogeneous catalysis would be of higher quality and command a higher market price,
adding to the profitability of commercial biodiesel. Another huge advantage of heterogeneous catalysts
is the removal of the costs of continual catalyst replacement. This is a “greener” strategy for
productions of valuable chemicals, including biodiesel.
Studies on heterogeneous catalysis of biodiesel production reactions have shown that anion (OH-)
exchange resins [7-9] and cation (–SO3H) exchange resins [10-12] are promising catalysts. Catalysis
of batch transesterification of triolein with ethanol at 20:1 molar ratio and 50˚C using 4g of OH- ion
exchange resins (PA306) was used to achieve over 98% yield of fatty acid ethyl esters after 5h reaction
time without catalyst deactivation[7]. Another study also showed that 70% FAME yield was achieved
after 0.18h residence time for continuous methanolysis of coconut oil with OH- anion exchange resin
at 6:1 methanol to oil molar ratio and 60˚C, without catalyst deactivation after 10 cycles [8]. No
catalyst deactivation was reported for transesterification of soybean oil with methanol with 3g of OHanion exchange resin (BRI), where reactions at 150:1 methanol to soybean oil molar ratio and 80˚C
was used to achieve 97.3% FAME yield after 4h reaction time [9]. One of the cation-exchange resins
that have been reported for catalysis of triglyceride transesterification is PTSA –SO3H. The PTSA –
SO3H resin was used to catalyse batch transesterification of babaçu oil to obtain 98% FAME yield
after 8h reaction time at 30:1 methanol to oil molar ratio, ~65˚C and 7wt% of the catalyst [12].

These studies on ion-exchange resins catalysts clearly demonstrate that they potentially have
significant advantages in terms of operational stability over other catalysts, notably doped and undoped
metal oxides[13], and could be tailored towards heterogeneous catalysis of biodiesel production.
Therefore, it is envisaged that the use of hydroxide and sulphonic acid functionalised resin catalysts
for biodiesel production will produce glycerol of high market value, increasing the commercial
viability of biodiesel production.

Although glycerol produced using heterogeneous catalysts is of higher quality than the crude glycerol
from the homogeneously catalysed process, currently it seems that co-production of glycerol of high
purity has little economic advantage on biodiesel plants. This is because glycerol oversupply has
significantly reduced the glycerol price [14]. The huge rise in global glycerol production has caused
surplus of glycerol, from only 200,000 tonnes in the year 2003, to over 2 million tonnes in 2011; and
this is predicted [15] to rise to over 6 million tonnes in 2025. The negative impact of glycerol
oversupply on the glycerol market has been enormous. A study [15] has shown that crude glycerol has
effectively become a waste product, as the price has crashed to ~ €0 per tonne, whereas the market
price for refined glycerol (99.5% Kosher grade) has decreased from €4000 per tonne in the year 2000,
to about €450 per tonne in 2010. These trends demonstrate that a paradigm shift in biodiesel processing
technology is necessary to ensure sustainability of the biodiesel industry.
Various studies have been carried out on transformation of glycerol into valuable products, such as
glycerol carbonate [16-18] and solketal [19-22]. Glycerol carbonate has applications as a curing agent
in cement and concrete building, solvent for active medical ingredients in various pharmaceutical
formulations, an electrolyte in lithium and lithium-ion batteries, and in production of various polymers
and plastics [23, 24]. Solketal is one of most useful derivatives of glycerol, produced via acid-catalysed
condensation of glycerol with acetone (Figure 2). Solketal has applications as a fuel additive [25, 26],
surfactant and flavouring agent [19]. As a fuel additive, solketal can be utilised by blending in biodiesel
[25], or gasoline [26]. The use of solketal as an additive for biodiesel allows for modifications in the
current biodiesel processing technology, by producing biodiesel that already contains a solketal fuel
additive.

Figure 2: The acid-catalysed reaction of glycerol and acetone to form solketal.
This study was carried out using oscillatory baffled reactors (OBRs) as a process development reactor
platform, partly to ensure that mass transfer effects are negated. The liquid-liquid reaction in
homogeneous biodiesel processing becomes instead a three-phase liquid-liquid-solid reaction when
using heterogeneous catalysts, and this requires strong mixing to ensure mass transfer independence.
Process intensification reactors are at the heart of current drive for Green Chemistry processes,
allowing for a more efficient utilisation of raw materials, energy efficiency and safer operation through
smaller volume of reactors and lower system footprints [27]. Other “intensified” reactors that have
been studied for biodiesel production reactions include microwave reactors [28, 29], ultrasonic reactors
[30-32] spinning disc reactors [33] and micro-reactors [34-36].The advantages of OBRs [6, 37-39] are
ease of scale up, reproducibility of experiments, compatibility with homogeneous and heterogeneous
catalysts, and potentials for operations in batch and continuously as a plug flow reactor. Mixing in the
OBR is independent of net flow and controlled by an oscillatory flow, allowing reactions that require
residence times up to hours to be operated in a continuous mode with a greatly reduced ratio of length
to diameter. The effectiveness of mixing and radial transport in OBRs are controlled by the net flow
Reynolds number (Ren) and the oscillatory Reynolds number (Reo) [38].
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Where:
f: oscillatory frequency (Hz), xo: centre-to-peak amplitude of oscillation (m)
µ: dynamic viscosity of the reactant mixture (Pa.s), ρ: density of the reactant mixture (kg/m3),
D: internal diameter of the baffled tube (m)

This study investigates biodiesel processes for integrated triglyceride transesterification to form methyl
esters, and in-situ conversions of the glycerol by-product into solketal via reactive coupling with
acetone (Figure 3).

Figure 3: Reaction scheme for integrated triglyceride transesterification and acetalisation of glycerol.
This new process produces biodiesel and solketal which are both combustible fuels and would require
no downstream separations after recovery of excess methanol and acetone. Triacetin was used as a
representative triglyceride due to its fast reaction rate which allows for rapid screening of the proposed
reactions. The study investigates possible routes for achieving simultaneous conversions of glycerol
to solketal in biodiesel plants using basic (-OH-) and acidic (-SO3H) ion exchange resin catalysts. The
ion-exchange catalysts were selected for these reactions because of their reported catalytic stability as
heterogeneous catalysts. Small scale OBRs (meso-OBRs) were used because of their small volume (a
few millilitres), which allows significantly smaller amounts of reagents to be used and minimises the
amounts of waste generated.

2.0 Materials and Methods
2.1 Materials
Materials used in the experiments were triacetin (99%, Sigma-Aldrich), anhydrous methanol (99.8%,
Sigma-Aldrich), methyl acetate (99%, Sigma-Aldrich), glycerol (99%, Sigma-Aldrich), solketal (98%,
Sigma-Aldrich), toluene (99.9%, Sigma-Aldrich) and 2-propanol (99.9%, Sigma-Aldrich). The
hydroxide (AmberlystTM A26-OH) and sulphonic acid (AmberlystTM 70-SO3H) functionalised styrenedivinylbenzene copolymer catalysts were obtained from the Dow Chemical Company, Netherland.
Physical and chemical properties of the AmberlystTM resin catalysts used could be found in the product
datasheets and have been reported elsewhere [40, 41].

2.2 Experimental Procedures
The AmberlystTM resins were packed in a variety of meso-OBRs and screened individually for
catalysis of triacetin transesterification (AmberlystTM 70-SO3H and AmberlystTM A26-OH) and
glycerol reaction with acetone (AmberlystTM 70-SO3H). The meso-OBRs used has been previously
reported [42]. The reactors were jacketed, integrally baffled glass tubes of about 770mm length, 8mm
outer diameter, 5mm inner diameter and periodic constrictions of 2.5mm diameter along the length of
the tube at 7.5mm spacing (Figure 4).

Figure 4: Configuration of the reactors [42]. (a) Integrally baffled meso-OBR and the schematics of
the internal configuration, (b) diagrammatic view of the meso-OBR used in the reaction: jacketed
meso-OBR (1), oscillation line (2), Feed lines (3 & 4), product/sampling point (5), hot water in (6),
and hot water out (7).
One of the meso-OBRs was fully packed with the ~500µm beads of the AmberlystTM 70-SO3H resin,
and the second meso-OBR with the ~600µm beads of the AmberlystTM A26-OH resin. The catalysts
had been conditioned by washing 5 times with 20mL of anhydrous methanol before packing. The base
and top of the packed meso-OBRs were sealed with 5mm discs of stainless steel wire mesh (#60) of
160 µm wire diameter and 263µm apertures to constrain the catalyst beads from leaving the reactor.
Each reactor was then assembled with the base, connected through Swagelok fittings to three Confluent
syringe pumps (Eurodyne Ltd). One of these pumps was used to provide the oscillations at 4.5Hz
frequency and 4mm amplitude, and the other two to provide the net flows of triacetin and methanol as
shown in Figure 5.

Figure 5: Set-up for the screening: (1) packed bed of AmberlystTM resin, (2) sampling point,
(3) syringe pumps, heating water – (4) inlet, (5) outlet (6) exit product.

The syringe pump used for oscillation was connected to the base of the reactor, and the fluid mixing
inside the reactor provided by adjusting the speed of the piston movement (frequency) and the
oscillation amplitude (center-to-peak) of the pump [39]. The syringe pumps were controlled via a PC
interface. The pumps were initialised and set at the required mixing intensity (amplitude and
frequency) and reactants net flow rates prior to each experiment.

The volumes of the reactors after packing (with 9g of AmberlystTM 70-SO3H, or 8g of AmberlystTM
A26-OH) were 8.3mL and 9.2mL, respectively, and the volume of the reactor without packing was
15.2mL. The reaction temperature was maintained by the circulation of heated water through the
jackets of the meso-OBRs using a temperature-controlled water bath (Ecoline, LUADA E100). All
the reactions were performed at 50°C to reduce formation of vapour/gas phase inside the reactor due
to the low boiling points of acetone (56°C) and methyl acetate (57°C).

Triacetin and methanol (and acetone) feeds were dispensed from reservoirs maintained at the reaction
temperature of 50°C inside the water bath. Steady state performances of the packed meso-OBRs were
evaluated for the triacetin transesterification using methanol to triacetin molar ratio of 6:1 and
residence times of 0.5min – 30min for the AmberlystTM A26-OH, and methanol to triacetin molar ratio
of 30:1 and residence times of 2.5min – 60min for the AmberlystTM 70-SO3H. Prior to each experiment,
continuous circulation of methanol over the AmberlystTM resin packed bed was carried out to swell
catalysts and make the pores network accessible to the reactants [43, 44]. All the experiments were
carried out at oscillation conditions of ≥ 4 mm amplitude and ≥ 4.5 Hz (Reo ≥ 160) where the reaction
was clearly mixing independent (Figure 6). Incidentally, the Figure 6 below illustrates well the fact
that the interaction of baffles and fluid oscillation leads to an earlier onset of mixing independence.
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Figure 6: Mixing independent regions for transesterification at 50°C, 6:1 methanol to triacetin molar
ratio and 1min residence time using 8g AmberlystTM A26-OH resin catalyst packed in meso-OBR and
un-baffled tubular reactor (Ren = 24).

2.3. Simultaneous triacetin transesterification and conversion of glycerol to solketal (one-stage)
Triacetin transesterification over the meso-OBR packed with 9g AmberlystTM 70-SO3H (as shown in
Figure 5) and simultaneous conversion of glycerol by-product to solketal through reactive coupling
with acetone was investigated. The experimental conditions were methanol-acetone-triacetin molar

ratio of 6:4:1, 50˚C temperature and residence times of 2.5min – 30min. An acetone to glycerol molar
ratio of 4:1 was used, based on 1:1 stoichiometry of triacetin and glycerol in a complete
transesterification. A set of experiments was conducted to investigate the direct reactions of glycerol
with acetone using the meso-OBR packed with AmberlystTM 70-SO3H. The glycerol used was diluted
in methanol at 1:1 volume ratio to reduce its viscosity and ease the flow through the PVM syringe
pumped line, and to examine any interference of methanol in the proposed integrated biodiesel process.
The experiments were performed at a 4:1 acetone to glycerol molar ratio as reported elsewhere [45]
using residence times of 2.5min – 30mins and 50°C reaction temperature.

2.4 Two-stage triacetin transesterification and in-situ conversion of glycerol to solketal
A two-stage process for triacetin transesterification and in situ conversion of the glycerol by-product
to solketal was investigated using two interconnected meso-OBRs packed with AmberlystTM A26-OH
catalyst (1st reactor) and AmberlystTM 70-SO3H catalyst (2nd reactor), as shown in the Figure 7.
Continuous transesterification at a methanol to triacetin molar ratio of 6:1 was carried out in the
presence of the AmberlystTM A26-OH catalyst in the 1st reactor to form methyl ester and glycerol,
followed by an online reactive coupling of the glycerol with acetone over the AmberlystTM 70-SO3H
catalyst (2nd reactor) to form solketal. The net flows of the feed correspond to 6:4:1 methanol-acetonetriacetin molar ratio. This process was screened at 50˚C and residence times of 5 – 35min. About
0.5mL of sample was collected through the sampling units at the outputs of the 1st and 2nd reactors for
each residence time

5

Figure 7: Experimental set-up for catalytic dual bed: (1) AmberlystTM A26-OH bed; (2) AmberlystTM
70-SO3H bed; (3) syringe pumps: oscillation (3), methanol (3a), triacetin (3b), acetone (3c), hot water
- inlet (4); outlet (5), (6) sampling unit.

2.5 Sample Collections and Analysis
Approximately 0.5mL of sample was collected each time. All the samples were taken in 2mL vials
and stored at -20 ˚C for GC analysis. The gas chromatography method used in the analysis of the
triacetin reaction was adopted from an existing study [46], with some modifications in the GC
conditions. The modified GC method was applied for determinations of triacetin, methyl acetate,
glycerol and solketal in samples, using 2-propanol as a solvent for all the preparations. Calibration
curves for the analysis were prepared with known concentrations of triacetin, methanol, methyl acetate,
glycerol and solketal, using toluene as the GC internal standard. Stock solutions for these analytes
were prepared to the concentrations of 500mg per millilitre of 2-propanol for each component. The
toluene internal standard was mixed with 2-propanol to the concentration of 1:16 (v/v) toluene to 2propanol volume ratio, corresponding to about 48mg/mL. Various volumes of the stock solutions were
measured into 5mL vials using micropipettes, followed by the additions of a 0.5mL of the 1:16 (v/v)
toluene internal standard solution, to achieve analyte/toluene weight fractions in the range of 0 –

8wt/wt. 1mL of 2-propanol was added to each vial to keep the GC signals within the detection limit.
About 0.5µL of each mixture was manually injected into the GC using 5µL SGE GC syringe.

Separations of various components in the calibration mixture and the triacetin reaction samples were
achieved using Varian CP Wax capillary (BPX70) column and ramped oven temperature programme.
The oven initial temperature of 50°C was held for 10minutes, ramped at 30°C/min to 180°C and held
for 10minutes, and then ramped at 30°C/min to 210°C and held for 14.67min. Calibration curves for
various components (R2 > 0.99) were generated by the correlations of the peak areas of the FID signals
(mV.s) with the known concentrations of the chemical species in the mixtures.
The reaction samples were analysed using the calibration data and the above oven temperature
programme. Approximately 50.0 – 100.0mg of sample was carefully weighed in a 2mL vial using
A&D HR-200 weighing balance (±1mg). This was followed by addition of 0.5mL of the 1:16 (v/v)
toluene internal standard solution, dilution of the sample mixture with 1mL of 2-propanol and shaking
to obtain a homogeneous solution. About 0.5µL of the prepared sample was manually injected into
the GC using the 5µL SGE GC syringe. Amounts of triacetin, methyl acetate, glycerol and solketal in
the samples were quantified based on the calibration curves using Equation (3). Conversions of the
triacetin, methyl acetate, glycerol and solketal were calculated based on the Equations (4) – (7).
A
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Where:
Ra: Response factor (the inverse of the slope of the calibration curve) for the analyte, Wa: weight
fraction of the analyte in the sample; Ms: mass of the sample (mg); Aa: Peak area of the analyte (mV.s);
Cis: concentration of the internal standard solution (mg/mL); Ais: Peak area of the internal standard
(mV.s); Vis: volume of the internal standard used (mL).

3.0 Results and Discussions

3.1 Steady States Performance of the Packed Meso-OBRs
Figure 8 shows the steady state triacetin conversions for transesterifications in meso-OBR at 50°C
using 6:1 methanol to triacetin molar ratio with AmberlystTM A26-OH catalyst at ramped residence
times of 0.5min – 30min (Figure 8(a)), and 30:1 methanol to triacetin molar ratio with AmberlsytTM
70-SO3H catalyst at ramped residence times of 2.5min – 60min (Figure 8(b)). The results clearly
showed that a step-change occurred between residence times, and that steady states were achieved for
all the ramped residence times investigated. This agrees with an existing study on triglyceride
transesterification in meso-OBR using homogeneous base-catalysed [37, 39], and this demonstrates
that the flows inside the AmberlystTM catalyst packed meso-OBR system were in the plug flow regime
at the experimental conditions, resulting in a tight control of residence time and effective mixing.
Steady states were achieved quickly in the packed meso-OBRs with little variation in triacetin
conversions at induction times in the range of 1.2 – 1.4 times residence time. The time spent by a
continuous flow reactor in start-up stage is an important factor, as short start-up time reduces the
amount of feedstock required, and the wastes generated at the induction stage. The induction times
obtained for the AmberlystTM packed meso-OBR were consistent with 1.5 times residence reported for
a meso-OBR in homogeneous base-catalysed transesterification of rapeseed oil [39].
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Figure 8: Multi-steady states triacetin conversions for transesterification in meso-OBR at 50°C using:
(a) 6:1 methanol to triacetin molar ratio, AmberlsytTM A26-OH resin and ramped residence times of
0.5min – 30min; (b) 30:1 methanol to triacetin molar ratio, AmberlsytTM 70-SO3H resin and ramped
residence times of 2.5min – 60min.

Generally, the AmberlystTM A26-OH packed meso-OBR achieved higher rates of triacetin conversion
as shown in Figure 8(a), than the AmberlystTM 70-SO3H in Figure 8(b). The triacetin conversions for
the AmberlystTM A26-OH increased from 32.0± 0.9% at 0.5min residence time, 80.8 ± 1.4% at 2.5min,
92.7 ± 0.8% at 5min, 97.9 ± 0.5% at 10min, to 98.8 ± 1.4% at 20min, for the continuous multi-steady
states ramp at 6:1 methanol to triacetin molar ratio and 50˚C reaction temperature. For the AmberlystTM
70-SO3H system, the triacetin conversions were 28.5± 0.4% at 2.5min residence time, 36.9 ± 0.5% at

5min, 59.6 ± 0.4% at 10min, 82.8 ± 0.6% at 20min, 95.2 ± 0.1% at 30min and 99.8 ± 0.1% at 60min,
for the continuous multi-steady states ramp at 30:1 methanol to triacetin molar ratio and 50˚C reaction
temperature. The small variance in the triacetin conversions at the steady states is an indication of plug
flow behaviour and good mixing in the meso-OBR. There was no reduction in the triacetin conversions
in any of the AmberlystTM packed meso-OBRs on prolonged use, showing that these AmberlystTM
resin catalysts have high degree of catalytic stability and reusability, in agreement with existing studies
[7-9, 12].
Catalytic activities of the AmberlystTM resins used in this study were compared with other ionexchange resin catalysts in terms of their turnover frequency (TOF). TOF is defined as turnover
number (TON) per unit time, while TON is the mole of a reactant converted to product per mole of
active sites of the catalyst. Due to the cumulative nature of TON, a better comparison of catalytic
activities for heterogeneous catalysts can only be obtained by evaluations of their TOF, usually
calculated at the initial reaction rates. TOF of AmberlystTM A26-OH catalyst for the triacetin
transesterification was 61.2x10-3 s-1, more than a factor of 12 higher than 5.0x10-3 s-1 for the
AmberlystTM 70-SO3H catalyst. As expected, the triacetin reaction proceeds slower with the
AmberlystTM 70-SO3H catalyst (Figure 9), a trend that has been observed for homogeneous acid and
base catalysts. According to previous studies [47, 48], homogeneous base-catalysed triglyceride
transesterification proceed at higher reaction rates than acid catalysts, about 4000 times faster [47].

Table 1: Turn over frequency of some catalysts
Catalysts

TOF (10-3 s-1)

Reference

AmberlystTM A26-OH

61.2a

This study

AmberlystTM 70-SO3H

5.0a

This study

Amberlyst-15

1.9b – 6.4c

[46]

Nafion NR50

2.4b – 58.6c

[46]

a: calculated using the active sites from elemental analysis (nitrogen and sulphur), 2.59mmol/g for
AmberlystTM 70-SO3H and 4.21mmol/g for AmberlystTM A26-OH.
b: obtained using active sites in swollen states.
c: obtained using active sites from NH3 chemisorption
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Figure 9: Average steady states triacetin conversions for transesterification at 50°C and various
residence times, for a meso-OBRs packed with AmberlystTM A26-OH at 6:1 methanol to triacetin
molar ratio, and a meso-OBR with AmberlystTM 70-SO3H at 30:1 methanol to triacetin molar ratio.
As shown Table 1, the TOF for the AmberlystTM 70-SO3H catalyst in this work compares well with
that of other –SO3H functionalised polymers. For instance, TOF in the range of 1.9 – 6.4 x10-3 s-1 for
Amberlys-15 and 2.4 – 58.6 x10-3 s-1 for Nafion NR50 have been reported [46]. The active sites of the
AmberlystTM A26-OH and AmberlystTM 70-SO3H used in this study were obtained from nitrogen and
sulphur contents analysis, respectively. The high TOF of the Nafion NR50 compared to other –SO3H

ion-exchange could be attributed to strong sulphonic acid sites present in the perfluorinated Nafion
NR50 resin polymer support. Currently, no TOF has been reported for AmberlystTM A26-OH in
triglyceride (triacetin) transesterification, hence the findings here cannot be compared with any
existing study.

3.2 Effects of Water on AmberlystTM A26-OH and AmberlystTM 70-SO3H Packed Meso-OBRs
Although water is not a by-product of transesterification, a robust catalytic system that could tolerate
small amounts of water in the feedstock is desirable. Most importantly, water is a by-product of the
reaction of glycerol and acetone. Therefore, it is necessary to ensure that the reactively-formed water
does not adsorb permanently on the active sites of the heterogeneous catalyst. Figure 10 shows the
results of the investigation on the effects of water on the AmberlystTM catalysts for triacetin
transesterification with anhydrous methanol, water-laden methanol and controlled water spiking.
Figure 10(a) shows that the AmberlystTM A26-OH system was not water-tolerant, as any addition of
water permanently deactivated its basic active sites. For instance, the steady state triacetin conversion
decreased from 98.3 ± 1.1% with anhydrous methanol, to 92.7 ± 1.0% after spiking with 0.5mL of
distilled water, in a continuous triacetin transesterification using a meso-OBR packed with
AmberlystTM A26-OH at 50°C, 10min residence and 6:1 methanol to triacetin molar ratio. When the
anhydrous methanol flow was switched to water-laden methanol (2.5vol% water), the triacetin
conversion drastically reduced to 22.8 ± 1.3%, from the “new” steady state conversion of 92.7 ± 1.0%
achieved after spiking with 0.5mL. The AmberlystTM A26-OH never recovered its full catalytic activity
even after the methanol flow was switched back to anhydrous methanol, as only 27.4 ± 1.0% triacetin
conversion was achieved.
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Figure 10: Robustness of the meso-OBR platform for rapid screening of effects of water on continuous
triacetin transesterification in meso-OBR at 50°C and 10min residence using, (a) Amberlyst TM A26
and 6:1 methanol/triacetin molar ratio, (b) AmberlystTM 70 and 30:1 methanol/triacetin molar ratio.

In sharp contrast to the AmberlystTM A26-OH system, investigations of effects of water on the
AmberlystTM 70-SO3H showed that this catalyst was tolerant to water (Figure 10(b)). Steady state
triacetin conversion of 62.8 ± 1.8% was obtained before spiking with 0.5mL of water, and 61.5 ± 0.7%
after the water spiking, for transesterification over the AmberlystTM 70-SO3H packed meso-OBR at
50°C, 10min residence and 30:1 methanol to triacetin molar ratio. The largest effects of the water
spiking were observed at about 60min running time, corresponding to 10min (one residence time) after
the water spiking with triacetin conversion of 26.9%. The AmberlystTM 70-SO3H system recovered its
catalytic activity at 2 residence times after water spiking, which was slightly longer than the induction
times of 1.2 - 1.4 residence times for the AmberlystTM 70-SO3H packed reactor. This suggests a
competitive but reversible adsorption of water on the -SO3H active sites of the catalyst.

The triacetin conversions for the AmberlystTM 70-SO3H system dropped from the average values of
62.8 ± 1.8% to 38.4 ± 0.6% when the anhydrous methanol flow was switched to methanol containing

2.5vol% water. However, the AmberlystTM 70-SO3H catalyst entirely recovered its catalytic activity
after the water-laden methanol flow was switched back to anhydrous methanol, achieving steady state
triacetin conversion of 61.6 ± 1.0%. This demonstrates that water does not permanently deactivate the
AmberlystTM 70-SO3H catalyst in triglyceride transesterification, consistent with previous study by the
authors on the effects of water on the catalyst during carboxylic acid esterification [42]. This catalyst
could be used in reactions where wet feedstock or reactively-formed water could be encountered, such
as in esterification process and acetalisation reaction of glycerol and acetone. Ideally, such reactions
require water-tolerant acid catalysts to prevent catalyst deactivation. One of the advantages of
continuous screening in transesterification reactions where water could be encountered is that in-flow
of fresh methanol into the meso-OBR helps to prevent any accumulation of water on the catalyst
surface [6, 42]. This is unlike batch experiments, where any water added into the system remained in
the reaction mixture and in contact with the catalyst.

The observed permanent deactivation of the AmberlystTM A26-OH catalyst by water was unexpected,
as it was believed that continuous in-flow of fresh methanol into the packed bed of AmberlystTM A26OH would remove water adsorbed on the catalyst surface. Mechanism for the AmberlystTM A26-OH
deactivation by water has not been reported. Elemental analysis for carbon, nitrogen and sulphur
(CNS) was performed on the fresh and spent AmberlystTM resins to investigate any change in their
compositions during reactions. Nitrogen content of the AmberlystTM A26-OH resin decreased from
5.9wt% (~ 4.21mmol/g) in fresh catalyst to 5.5wt% (~ 3.93mmol/g) after deactivation by methanol
containing 2.5vol% water, while the carbon contents increased from 64.2wt% to 66.1wt%. On the
contrary, the AmberlystTM 70-SO3H showed no change in composition for the fresh and spent catalysts,
as the carbon and sulphur contents remained consistent at 43.2wt% and 8.3wt% (~ 2.59mmol/g),
respectively. There was no substantial change in the nitrogen content of the AmberlystTM A26-OH to
account for the degree of deactivation observed, therefore, the deactivation process was not due to loss

of active sites by leaching. The increase in the carbon content of the deactivated AmberlystTM A26OH resin suggest that the catalyst was being poisoned through irreversible reactions with an organic
intermediate formed during water spiking. A possible mechanism for the permanent deactivation could
be poisoning by acetic acid formed via aqueous hydrolysis of triacetin and methyl acetate. This leads
to replacement of the OH- ions on the AmberlystTM A26-OH resin with acetate ions (CH3COO-),
leading to an increased carbon content of the deactivated catalyst.

3.3 Reactive Coupling of Glycerol and Acetone to Produce Solketal during Transesterification
Figure 11 shows the glycerol-acetone reaction at 4:1 acetone to glycerol molar ratio (Figure 11(a)),
and the one-stage process for continuous triacetin transesterification at methanol-acetone-triacetin
molar ratio of 6:4:1 (Figure 11 (b)), using a meso-OBR packed with AmberlystTM 70-SO3H catalyst at
50˚C temperature and residence times of 2.5min – 30min. The direct glycerol condensation was used
to evaluate the activity of the AmberlystTM 70-SO3H for acetalisation reaction. As shown in the Figure
11 (a), the glycerol conversion to solketal increased rapidly from 46.9 ± 2.7% at 5min to 74.0 ± 1.8%
at 20min residence time, and afterwards improved gradually. For instance, the solketal formation was
80.6 ± 2.1% at 30min residence time. The solketal conversion in this study compares well, with 86%
yield reported for glycerol-acetone reaction at 6:1 molar ratio using Amberlyst-35 after 15min reaction
time [49], and solketal conversions of 75.5% - 80.7% that were achieved after 30min reaction time
using Ar-SBA-15 catalyst [50]. Findings in this study showed that reactive coupling of glycerol and
acetone can be carried out in the presence of methanol, consistent with reports elsewhere [51, 52].
Therefore, an integrated biodiesel process – producing fatty acid methyl esters and solketal through
reactive coupling of glycerol with acetone is feasible in biodiesel plants. Removal of the reactivelyformed water from the system may be required to overcome equilibrium limitations and shift the
reaction towards more solketal formation.
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Figure 11: Plots of conversions versus residence time for reactions using AmberlystTM 70-SO3H
packed meso-OBR at 50°C: (a) direct acetalisation of glycerol at 4:1 acetone to glycerol molar ratio
to produce solketal; (b) triacetin transesterification and reactive glycerol-acetone coupling at
methanol-triacetin-acetone molar ratio of 30:1:4, to form methyl ester and solketal.

The one-stage process for triacetin transesterification at methanol-triacetin-acetone molar ratio of
6:1:4 over the AmberlystTM 70-SO3H packed meso-OBR at 50°C achieved 95.3 ± 2.0% triacetin to
methyl esters and 48.5 ± 2.7% solketal conversions after 30min reaction time (Figure 11(b)). The
conversions of triacetin to glycerol at 30min residence time was 88.0 ± 2.8% without acetone, and this
was reduced to 32.1 ± 2.6% through reactive coupling with acetone. Lower solketal conversion in the
one-stage process compared to the direct glycerol-acetone reaction could be attributed to the use of
large excess of methanol (methanol-triacetin-acetone of 30:1:4) which reduces the concentrations of
the acetone and glycerol, and consequently their lower reaction rates in the system. The one-stage
process has an advantage that both the acetalisation and transesterification reactions are carried out
simultaneously in one reactor. However, this process requires large excess of methanol and would take
longer time due to the slower rate of acid-catalysed transesterification.

Figure 12 shows the results of the two-stage process for continuous reactions of triacetin, methanol
and acetone. The triacetin was reacted with methanol at 6:1 molar ratio over AmberlystTM A26-OH
catalyst in the 1st reactor, followed by online reactive coupling of the glycerol by-product with acetone
over AmberlystTM 70-SO3H catalyst in the 2nd reactor. There was a rapid triacetin transesterification
in the 1st reactor (Figure 12(a)), achieving 97.7 ± 2.3% triacetin to methyl acetate and 91.7 ± 1.5%
glycerol conversions at 10min residence time. Further increase in the reaction time to 25min resulted
in near complete conversion of the triacetin to methyl ester (99.1 ± 2.0%) and glycerol (98.0 ± 1.3%).
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Figure 12: Two-stage transesterification process: (a) 1st stage transesterification at 6:1 methanol to
triacetin molar ratio and 60°C using AmberlsytTM A26-OH packed meso-OBR; (b) 2nd stage online
reactive coupling of glycerol from the 1st reactor with acetone at a methanol-triacetin-acetone molar
ratio of 6:1:4 and 50°C using a meso-OBR packed with AmberlsytTM 70-SO3H.
The output streams of the 2nd reactor showed rapid in-situ conversions of the glycerol to solketal
(Figure 12 (b)), with solketal formation increasing linearly from 39.4 ± 1.4% at 2.5min to 76.5 ± 2.8%

at 35min residence time. Glycerol co-production was reduced from 98.0 ± 1.3% conversion in the 1st
reactor to 23.6 ± 2.1% in the 2nd reactor (about 76% reduction in glycerol by-product) after 35min
through reactive coupling with acetone. There was no indication at this reaction time that the solketal
formation was approaching equilibrium. This strongly suggests that methanol could mitigate the
effects of reactively-formed water on the thermodynamic equilibrium of the solketal formation
reactions. A study has shown that use of methanol could have the potential in reducing the cost of
solketal production from glycerol-acetone reaction [52]. The higher rates of solketal formation in the
two-stage process (76.5%), as compared to the one-stage in (48.5%), are probably due to the
application of lower methanol molar ratio for the triacetin transesterification in the 1st reactor. Also,
the use of AmberlsytTM A26-OH catalyst in the 1st reactor achieved higher rates of glycerol formation
compared to the AmberlsytTM 70-SO3H. These resulted in higher concentration gradients for the
glycerol and acetone in the 2nd reactor, hence the increased rates of solketal production. As shown in
Figure 12 (b), no substantial conversions of triacetin to methyl ester occurred in the 2nd reactor,
consequently, the triacetin and methyl ester conversions from the output streams of the 1 st and 2nd
reactors were similar. This was attributed to the lower rate of the acid-catalysed transesterification.
The two-stage process is more resource-efficient, as it requires less methanol than the one-stage.
Another advantage of the two-stage process is the possible reduction in reaction time due to the higher
rates of base-catalysed triglyceride transesterification. The solketal conversion achieved in the twostage process (76.5 ± 2.8%) compares well with 80.6 ± 2.1% for the direct glycerol-acetone reaction
using the AmberlystTM 70-SO3H packed meso-OBR.

The processes investigated in this study could fundamentally change the conventional biodiesel
production strategy. They have the potential to reduce the cost of biodiesel processing through
contemporaneous productions of solketal from glycerol. The methyl esters produced when operating
at high conversions would contain approximately 10wt% solketal, which could be left as biodiesel fuel

additive. Use of solketal as an additive reduces biodiesel’s viscosity [25], and leads to reduced gum
formation and 2.5 points enhancement in octane number when blended at 1 – 5 vol% in gasoline [26].
Considering the use of heterogeneous catalysts in both stages, this process would therefore require
very little downstream purification.

4.0 Conclusion
A biodiesel process for contiunous transesterifcation of triglycerides to form methyl esters, whilst
simultaneously converting the glycerol by-product into a useful product (solketal) using acetone is
described. The study considered two-stage and one-stage catalytic process routes. In the two-stage
process, two interconnected meso-OBRs packed with amberlyst resin catalysts were used: a basic
AmberlystTM A26-OH in the 1st reactor to catalyse transesterfication of triacetin with methanol, and
an acidic AmberlystTM 70-SO3H in the 2nd reactor to catalyse the online coupling of glycerol and
acetone to form solketal. Triacetin was converted to 99.1 ± 2.0% methyl acetate and 98.0 ± 1.3%
glycerol after 25min residence time in the 1st reactor. This was followed by online reactive coupling
of the glycerol with acetone in the 2nd reactor to achieve solketal conversions of 76.5 ± 2.8 % at 35min
residence times, reducing the glycerol content of the output stream by about 76%. In the one-stage
process, triacetin transesterification and glycerol condensation with acetone were achieved in a mesoOBR packed with the AmberlystTM 70-SO3H. The single-stage reaction of triacetin and methanol in
the presence of acetone achieved lower solketal conversion, e.g. 48.5 ± 2.7% at 30min residence time.
This study demonstrates that triglyceride transesterification could be modified to produce methyl esters
and solketal, minimising the co-production of glycerol. The processes investigated here could be
optimised to provide future biodiesel production strategy.

The AmberlystTM resins are stable and can be reused as heterogeneous catalysts for triglyceride
transesterification. However, the AmberlystTM A26-OH system was not water-tolerant, as water

caused permanent deactivation of its basic active sites. The steady state triacetin conversion decreased
from 98.3 ± 1.1% with anhydrous methanol, to 27.4 ± 0.6% after reactions with methanol containing
2.5vol% water, for continuous triacetin transesterification using a meso-OBR packed with
AmberlystTM A26-OH at 50°C, 10min residence and 6:1 methanol to triacetin molar ratio. The
AmberlystTM 70-SO3H catalyst was found to be tolerant to water. The steady state triacetin conversions
for this catalyst remained consistent before (62.8 ± 1.8%) and after (61.6 ± 1.0%) water spiking, for
transesterification over the AmberlystTM 70-SO3H packed meso-OBR at 50°C, 10min residence and
30:1 methanol to triacetin molar ratio.

The meso-OBR platform allowed a wide range of experimental conditions to be investigated
continuously in a single experiment, through multi-steady state screening. This rendered process
development faster than would be the case when using batch reactions where separate experiments
must be conducted to compare initial rates under different conditions. Most other continuous screening
platforms would not be able to accommodate the relatively large AmberlystTM resin beads. Use of the
meso-OBRs in process development saved time and substantially reduced the amount of feedstock
required and the waste generated.
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