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In this paper, the transesterification reaction of waste cooking oil (WCO) with
methanol using KOH as catalyst to produce biodiesel was performed in a micro-
reactor (1 mm ID) using a cross-flow inlet configuration. The effects of different
variables such as, methanol-to-oil molar ratio, temperature, catalyst
concentration, and residence time on biodiesel yield, as well as the associated
flow patterns during the transesterification reaction were investigated and the
relationship between flow characteristics and mass transfer performance of the
system was examined. The work reveals important aspects and the links between
the hydrodynamic behaviour and the mass transfer performance of the intensified
reactors. It was found that high yield (>90%) of biodiesel can be achieved in one-
stage reaction using cross-flow micro-reactors for a wide range of conditions,
i.e., methanol-to-oil molar ratio: 8–14, catalyst concentration: 1.4%–1.8% w/w,
temperature: 55°C–60°C, and residence times: 55–75 s.
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1 Introduction

In recent years, the development of alternative and environmentally friendly fuels has
received increased attention as a result of the limited fossil fuel resources and the need to
reduce greenhouse gas emissions (Agency, 2018). The global energy mix, however, is still
dominated by fossil fuels, where oil, coal, and natural gas account for around 84% of the
global energy and 75% of the global greenhouse gas emissions (Ritchie et al., 2020). Biofuels,
that are produced from bio-based materials, are an eco-friendly, renewable energy source,
and while other renewable alternatives are still under development, they present one of the
best candidates to replace fossil fuels. Despite their uptake, there are still challenges
associated with production costs, availability, and ethical considerations as biofuel crops
compete for arable land with food crops. From the different biofuel products, biodiesel has
emerged as one of the most promising options to meet our energy challenges, especially in
the transportation sectors (Knothe et al., 2015; Hajjari et al., 2017). The majority of the
current commercial biodiesel production is carried out via a transesterification reaction
between the triglycerides in the biomass and an alcohol in the presence of an acid or base
catalyst (Noureddini and Zhu, 1997; Kumar and Sharma, 2016; Pontes et al., 2016).
Production of biodiesel is a multi-parametric process, and several variables are involved.
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TABLE 1 Continuous biodiesel production from vegetable and waste cooking oil using micro-reactors and conventional reactors.

Equipment Two-phase
system

Molar
ratio

Catalyst
(wt%)

Residence
time (s)

T
(°C)

Ester
yield (%)

Ref

Edible oil

Microchannel reactor (1.5 mm) Refined
soybean oil

8.5:1 1.17 14.9 59 99.5 Dai et al. (2014)

Methanol KOH

T-shaped mircoreactor (0.8 mm ID) Soybean 9:1 1.2 26 60 89 Rahimi et al. (2014)

Methanol KOH

Zigzag microchannel reactor (0.24–0.9 mm) Soybean oil 9:1 1.2 28 56 99.5 Wen et al. (2009)

Methanol KOH

T-shaped microtube reactor (0.4–1 mm) Sunflower oil 23.9:1 4.5 100 60 ~100 Guan et al. (2009a)

Methanol KOH

T-shaped microreactor (1.5 × 0.2 mm) Sunflower oil 5.1:1 0.9 60 60 95.8 Santana et al. (2016)

Ethanol NaOH

Packed-microchannel reactor (0.5 × 1 mm) Refined palm oil 24:1 4.5 534 65 ~100 Chueluecha et al.
(2017)

Methanol CaO

Tubular reactor filled with stainless steel spheres.
300–1,000 μm

Soybean oil 6:1 4.5 100 60 ~100 Santacesaria et al.
(2012)

Methanol KOH

Two T-micromixer designs (35 mm × 1500 μm x
200 μm with and without static elements)

Sunflower oil 9:1 1 12 50 99.5 Santana et al. (2017)

Ethanol NaOH

Micromixer design configurations with circular
obstructions

Sunflower oil 9:1 1 12 50 ~100 Santana et al. (2018)

Ethanol NaOH

T-shaped micromixer (1 mm) Palm oil 12:1 1.5 120 60 ~80 Wang et al. (2020)

Methanol NaOH

Narrow channel tubular reactors (1–3 mm) Sunflower oil 6:1 1 120 60 99.8 Baydir and Aras
(2022)

Methanol KOH

Waste cooking oil

Y-micromixer (400 μm × 400 μm) Waste
cooking oil

25:1 KOH 120 55 98 Tanawannapong et al.
(2013)

Ethanol

Multi-microreactor (50 channels x 0.8 mm) Waste
cooking oil

9.4:1 KOH 120 62.4 98 Guan et al. (2010)

Methanol

T-shaped microchannel Waste
cooking oil

9:1 KOH 5 65 92 Kashid and Agar
(2007)

Methanol

Batch methods

Stirred tank reactor Waste biomass 6:1 Sulfuric acid 480 (min) 50 >90 Louhasakul et al.
(2018)

Methanol

Stirred tank reactor Palm olein oil 12:1 Ca based 120 (min) 60 93 Viriya-empikul et al.
(2012)

Methanol
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In addition, the simultaneous presence of different phenomena, such
as mixing, heat and mass transfer, phase equilibrium changes, and
main and side reactions, makes the production of biodiesel complex,
which has to be precisely controlled (Qiu et al., 2010).

In the last decade, intensified approaches have been suggested as
promising alternatives to batch processing (Kant Bhatia et al., 2021;
Bashir et al., 2022). Small channel flow reactors in particular have
high heat and mass transfer rates, because of the high surface area/
volume ratios and the thin films that form which reduce the
diffusion distances (Banerjee et al., 2019). As a result, residence
times can be decreased and side reactions can be avoided, thus
increasing the biodiesel yield (Tsaoulidis and Angeli, 2015;
Tsaoulidis and Angeli, 2016). Furthermore, it has been shown
that the liquid phases can be promptly separated at the end of
the small channels by exploiting their different wettabilities with the
channel walls or membranes (Tsaoulidis et al., 2013). Most of the
works on biodiesel production in small channels are summarized in
six recent reviews (Franjo et al., 2018; Madhawan et al., 2018; Tiwari
et al., 2018; Banerjee et al., 2019; Natarajan et al., 2019; Thangarasu
et al., 2022), and focus mainly on either first (edible oil-crops) or
second (non-edible crops) generation feedstocks as shown in
Table 1.

The effect of alcohol-to-oil molar ratio was found to be one of
the most important parameters for the conversion to biodiesel,
irrespective of the microchannel type and configuration (Guan
et al., 2009a; Wen et al., 2009; Dai et al., 2014; Rahimi et al.,
2014). For a reversible reaction, and unless the products are
removed from the process in situ, an excess of alcohol (methanol
or ethanol) is required. In most of the studies, the increase of the
biodiesel yield was linear when the methanol-to-oil molar ratio
increased from 3:1 to 9:1, while it decreased at higher moral ratios.
The decrease is attributed to different reasons, such as, methanol
acting as an emulsifier that could cause a part of glycerol to remain in

the biodiesel phase (Leung and Guo, 2006) or changes in the flow
patterns. However, depending on the type and concentration of
catalyst, different molar ratios have been reported to result in
maximum yield (Table 1). The effect of temperature (Sun et al.,

FIGURE 1
Schematic representation and photographs of the test rig.

FIGURE 2
Viscosity of waste cooking oil as a function of temperature.

TABLE 2 Experimental conditions for the production of biodiesel.

Parameters Range

Methanol-to-oil molar ratio 6–18

Catalyst concentration (% w/w) 0.6–2.4

Temperature (°C) 40–60

Residence (reaction) time (s) 30–90

Total flow rate (cm3/h) 12–420
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2008) has also been widely investigated. Most of the investigations
were focused on temperatures below the normal boiling point of
alcohol (methanol in most of the cases). The temperature also affects
the viscosity of the oil and the interfacial tension between the oil and
the methanol. In small channels, flow patterns are highly dependent
on the physical properties of the two fluids, and temperature changes
will result in changes in the flow patterns (Tsaoulidis et al., 2013).
Moreover, at elevated temperatures the rate of saponification could
also be accelerated, which will hinder the formation of biodiesel.
Different mixing configurations have been investigated, including
the common Y- and T-junctions to more complex ones such as
omega, tesla, and zig-zag inlets (Martinez Arias et al., 2012).
Geometric modifications in the channels affect the direction of
flow, create disturbances and form vortices which increase the
mass transfer and the rate of biodiesel synthesis (Santana et al.,

2017). From the different patterns that form during two-phase flow
in small channels, plug/segmented flow has two orders of magnitude
higher interfacial area to volume ratio than parallel flow, enables the
easy separation of the products at the end of the channel, offers high
radial and reduced axial mixing, resulting in uniform residence
times, and can easily be modelled (Jensen, 2017).

Although intensified reactors for biofuel production from crops
showed higher yields in shorter residence times compared to
conventional ones, the ethical considerations still remain. Waste
cooking oil (WCO) is a very promising alternative that does not
affect the food chain directly. It has been estimated that around
29 million tons of waste cooking oil are generated per year (Supple
et al., 2002; Patil et al., 2012). Most recently, Paiz et al. (2022) (Paiz
et al., 2022) performed an experimental parametric study on
biodiesel synthesis from WCO using ethanol and KOH in a

FIGURE 3
Flow pattern transition in a micro-reactor coil during transesterification of WCO to biodiesel. (Methanol-to-oil molar ratio, 12; Temperature, 60°C;
catalyst concentration, 1.4 %w/w, residence time, 1 min; Qtot=60 cm3/h). (A–E) correspond to the flow pattern observed to each specific section of the
reactor indicated by colour.

FIGURE 4
Flow pattern map of WCO-methanol two-phase flow at the initial part of the channel using a cross-flow mixer at 60°C (Catalyst concentration at
1.4% w/w). In “separated flow” image, (A–D) subscripts show the evolution from plug to separated flow.
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microreactor (Y-mixer, 400 μm× 400 μm) that was integrated with a
heat exchanger. They reported a biodiesel conversion of 98% in
2 min, at experimental conditions of 55°C, 25:1 ethanol-to-oil molar
ration, and 1.9 wt% KOH. Mohadesi et al. (2019) (Mohadesi et al.,
2019) investigated the production of biodiesel from waste cooking
oil in a design consisting of 50 microreactors of 0.8 mm ID each.
According to their findings, the system operated at optimum
conditions of 9.4:1 methanol-to-oil molar ratio, 1.16 wt% KOH,
120 s residence time, and 62.4°C temperature to produce biodiesel of
~98% methyl ester. Aghel et al. (2017) (Aghel et al., 2018) reported
the effects of different co-solvents (n-hexane and tetrahydrofuran)
on the transesterification of waste cooking oil in a 0.8 mmmicrotube
using a T-shaped inlet. They used kettle limescale as a heterogeneous
catalyst, and achieved ~97% biodiesel purity (Faty acid methyl ester,
FAME%) in 10 min. Elkady et al. (2015) (Elkady et al., 2015)
produced biodiesel from waste vegetable oil using a “KM-
micromixer” of 0.2 mm ID with 1 wt% NaOH as catalyst and
investigated the effect of different parameters in the presence of a
co-solvent (tetrahydrofuran). Mazubert et al. (2014) (Mazubert
et al., 2014) investigated the waste cooking oil transformation in
a microstructured “flow reactor”™ provided by Corning and
obtained 96% ester yield in 1.4 min at 97°C. Tanawannapong
et al. (2013) (Tanawannapong et al., 2013) studied the effects of
different parameters on the reduction of the acid value of WCO by
esterification reaction (acid-catalysed) in a T-shaped microtube
reactor, followed by a second transesterification reaction for
constant conditions of KOH concentration 1 wt%, reaction
temperature of 65°C and reaction time of 5 s, and obtained
biodiesel with ~92% methyl ester content. Guan et al. (2009)
(Guan et al., 2010) used a simulant waste cooking oil by mixing
sunflower oil with water or oleic acid, and investigated the
conversion to biodiesel, production of soap due to the presence
of water, and changes in flow patterns. Biodiesel yield reached 89%
at 252 s in different microchannels ranging from 0.46 to 0.96 mm
internal diameter.

Current research mainly focuses on the development of
heterogeneous catalysts to develop environmentally friendly
biodiesel production processes, whilst in terms of intensification
most of the work is focused on the use of vegetable oils. The
potential of process intensification in microchannels in

conjunction with the utilization of WCO needs further studies, to
identify the effect of flow transitions on the reaction kinetics and on
biodiesel yield (Maddikeri et al., 2012). The development of a
continuous sustainable process that will reduce production costs,
increase product uniformity for large-scale production, and utilise
waste biomass is yet anticipated. Based on the research performed so
far, it becomes apparent that biodiesel production in small channels is
largely affected by the flow patterns before and during the formation
of the new products, which are difficult but crucial to control. In this
work, the effects of different parameters on the flow pattern formation
and subsequently on the biodiesel yield of a viscous waste cooking oil
are investigated, usingKOH as a catalyst. A cross-flowmixer is used to
obtain regular plug flow patterns with high interfacial area to volume
ratio that will enhance interfacial mass transfer. The cross-flow mixer
is also compared against a commonly used T-junction inlet. Biodiesel
yield is investigated for a wide range of parameters, including
temperature, methanol-to-oil molar ratio, residence time, catalyst
concentration and mixing intensity.

2 Materials, experimental setup, and
procedure

2.1 Materials

Processed waste cooking oil (WCO) was obtained from
Greenergy. The acid value was 0.02 mg KOH/g, the
saponification value was 194 mg KOH/g and the density was
912 kg/m3. Methanol (purity >99.5%), potassium hydroxide,
heptane, and internal standard methyl heptadecanoate
(purity >99.5%) were purchased from Sigma-Aldrich.

2.2 Experimental set up and methodology

A schematic of the test rig is shown in Figure 1. The polar
solution was first prepared by dissolving a specified amount of
the catalyst (KOH) into methanol, whilst prior to each
experiment the methanol/KOH solution was degassed.
Degassing was performed to avoid the formation of bubbles

FIGURE 5
Interfacial area-to-volume ratio as a function of methanol-to-oil
flow rate ratio during plug flow (Qtot=60 cm3/h).

FIGURE 6
Biodiesel yield as a function of methanol-to-oil molar ratio and
catalyst concentration (constant temperature 60°C, constant
residence time 70 s).
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at high temperatures, which would disturb the flow pattern and
affect mass transfer. The amount of catalyst used was calculated
based on the waste cooking oil feed rate. Two high-precision
pumps (Harvard PHD Ultra) were used to feed separately the
methanol/KOH and the waste cooking oil into the small channel
reactor. The two phases were introduced in the reactor through
a cross-shaped mixer with all branches having the same internal
diameter of 1 mm, which was also equal to the diameter of the
main test section. The mixer and the test section were made of
FEP. The mixer and the test section, which was coiled (Figure 1),
were immersed in a temperature controlled (within ±0.1°C)
water bath. The viscosity of the waste cooking oil was
affected by changes of the temperature and the results are
shown in Figure 2. The viscosity was measured using a
rheometer (Anton Paar, MCR 302). The residence time was
controlled by changing the length of the reaction channel,
rather than adjusting the flow rates of the two phases, to
ensure that mixing intensity and flow patterns remained the
same at different residence times. The end of the reactor was
placed in an ice bath to cease the reaction and the products were
collected in a phial and the phases (crude biodiesel phase and
glycerol) were separated by gravity (Figure 1). The biodiesel
samples were washed with warm water to remove any residuals,
and then dried, before they were analysed. For the visualization
experiments the flow patterns were obtained at different points
along the microreactor coil using a CMOS high-speed camera
(Phantom V1212) with maximum resolution of 1,280 × 800 at
12,600 fps, equipped with a magnification lens (×12, LEICA
Monozoom 7 optical system). High-speed images were used to
estimate surface area to volume ratio during plug flow from the
geometric characteristics of the plugs and slugs formed (Di
Miceli Raimondi et al., 2008).

2.3 Analytical methods

The fatty acid methyl ester (FAME) content in the biodiesel
samples at the end of the reactor was analysed by gas
chromatography (Agilent 6,890 Series GC), using a fused

silica capillary column (Stabilwax, 30 m × 0.25 mm ×
0.25 μm) and a flame ionization detector (FID). Methyl
heptadecanoate was used as the internal standard for the GC.
The percentage of methyl ester content (FAME) in the samples
was expressed following standard procedure (EN 14103)
(T.C.C.T. 307, 2011).

FAME %( ) � ∑A( ) − AI

AI
· CI · VI

m
· 100 (1)

where ∑A is the total peak area, AI is the peak area of the
internal standard (methyl heptadecanoate), CI is the fixed
concentration of the internal standard solution (mg/mL), VI

is the volume of the internal standard solution used (mL), and m
is the mass of sample (mg). For each set of conditions, the FAME
content was measured a number of times to ensure that the
standard deviation of 4 consecutive measurements was
below 3%.

The biodiesel recovery was defined as the ratio of the mass of
washed and dried biodiesel phase (after the separation from
glycerol) to the initial mass of WCO used.

Biodiesel recovery %( ) � mass of biodiesel phase obtained
mass of WCOused

× 100

(2)
The biodiesel yield was then defined as follows:

Biodiesel yield %( ) � FAME %( ) × Biodiesel recovery %( ) (3)

2.4 Experimental design

The production of biodiesel from waste cooking oil depends on
various parameters and their interactions. The effects of the main
operational variables, such methanol-to-oil molar ratio, reaction
temperature, residence time, catalyst concentration, and mixing
intensity were investigated. The lower and upper limits of the
experimental parameters are summarized in Table 2. The
experiments were conducted 3 times for each set of conditions
and an average value was used.

3 Results and discussion

One of the most significant variables affecting the
transesterification reaction is the methanol-to-oil molar ratio.
Since transesterification of waste cooking oil is essentially
reversible in nature, the removal of products after formation can
help reduce the amount of excess alcohol required for the reaction
equilibrium to remain shifted towards the product formation
(Pontes et al., 2016). In small channels, changes of the molar
ratio can also affect the flow pattern. When two immiscible
liquids, such as methanol and waste cooking oil, flow in a
microchannel, the flow patterns formed can vary from separated
to dispersed. Segmented (plug) flow in particular, enhances mass
transfer, has large specific interfacial areas and can occur for a wide
range of flowrates. This pattern is therefore ideal for the first step of

FIGURE 7
Biodiesel yield as a function of methanol-to-oil molar ratio and
residence time (constant temperature 60°C, constant catalyst
concentration 1.4% w/w).

Frontiers in Chemical Engineering frontiersin.org06

Tsaoulidis et al. 10.3389/fceng.2023.1144009

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2023.1144009


the transesterification reaction betweenmethanol and waste cooking
oil, which is the mass transfer limited step (Kashid et al., 2005;
Kashid and Agar, 2007; van Steijn et al., 2007; Tsaoulidis and Angeli,
2016). In the current system, methanol is the dispersed phase and
moves as droplets with size larger than the diameter of the channel,
separated by the WCO continuous phase.

In Figure 3 the transition is shown from the WCO and methanol
phases to the biodiesel and glycerol ones along the microreactor coil.
Changes on the flow pattern during the course of the reaction are
expected since the initial reactants will eventually convert to products of
different properties (viscosity and interfacial tension). However, it is very
important to obtain initial regular plug flow patterns with high interfacial
area to volume ratio especially in the beginning of the channel, where the
mass transfer limited reaction of initial WCO and methanol (indicated
with the red line in Figure 3A) takes place. The FAME that is produced in
the first reaction step is soluble in both reactants and acts as a co-solvent,
which enhances miscibility. The glycerol that forms later is almost
insoluble to FAME and to WCO, but soluble to methanol. As the
plugs progress, small ones coalesce (Figure 3B). In addition, the
compositions of the phases change, and this seems to affect the plug
shape and size. The plugs can coalesce (Figures 3B–D) and later can break
again, giving smaller plugs and daughter droplets (Figure 3E). The

diglycerides and monoglycerides that are produced during the
reaction serve as emulsifiers to stabilize the surface of these glycerol/
methanol plugs (Boocock et al., 1998; Darnoko and Cheryan, 2000).
Similar flow behaviour was observed also in systems where sunflower oil
was used; in those systems a homogeneousmixture was transformed to a
dispersed flow of fine droplets which gradually aggregated to form larger
ones (Guan et al., 2009b).

In Figure 4, the different flow configurations ofWCO andmethanol
as a function of total flow rate, Qtot (sum of QWCO and QMeOH), and
methanol-to-oilmolar ratio at a constant temperature of 60°C, are shown.
These flow patterns correspond to the initial part of the micro-reactor
coil. At low total flowrates, plug flow forms for the whole range of
methanol-to-oil molar ratios. By increasing the total flow rate, a jet forms
at the mixing zone which then develops to separated flow further
downstream. In the separated flow pattern, the mixing intensity
within each phase as well as the interfacial area decreased, thus
decreasing the overall mass transfer. An intermittent pattern was also
observed where the flow consisted of short and elongated plugs (irregular
flow). In Figure 5, the surface area to volume ratio as a function of the
molar ratio and two representative cases at high and lowmethanol-to-oil
molar ratio during plug flow are shown. At high molar ratio the number

FIGURE 8
Biodiesel yield as a function of (A)methanol-to-oil molar ratio and temperature (constant residence time 70 s, constant catalyst concentration 1.4%
w/w) and (B) residence time and temperature. (Constant molar ratio 10, constant catalyst concentration 1.8% w/w).

FIGURE 9
Biodiesel yield as a function of residence time and catalyst
concentration. (Constant molar ratio 10, constant temperature 60°C).

FIGURE 10
Effect of total flow rate on the biodiesel yield. (Molar ratio 10,
temperature 60°C, residence time 1 min, catalyst concentration 1.6%
w/w).
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of dispersed segments was increased, which resulted in increased
interfacial area available for mass transfer. For example, by increasing
themethanol-to-oilmolar ratio from6 to 12 the interfacial area to volume
ratio increased from 1,300m2/m3 to 2,400 m2/m3.

In Figure 6, the biodiesel yield is plotted as a function of methanol-
to-oil molar ratio and catalyst concentration at constant temperature
(60°C) and residence time (70 s). As the molar ratio increases to
intermediate values, biodiesel yield increases and then decreases again
for highermolar ratios. The effect of catalyst concnetration, however, has
a more complex effect; at low molar ratio, biodiesel yield increases by
increasing catalyst concentration, but as the molar ratio increases,
biodiesel yield increases and then decreases with catalyst
concentration. It can be seen that at the lower limit of both
parameters, i.e., methanol-to-oil molar ratio (6) or catalyst
concentration (0.6% w/w), there is a positive effect on biodiesel yield
when keeping one parameter constast and increasing the other. At low
methanol-to-oil molar ratios, biodiesel yield did not exceed 80%
regardless of catalyst concentration. At the highest methanol-to-oil
molar ratio used, the catalyst concentration did not improve the
biodiesel yield significantly. At the lowest catalyst concentration of
0.6% w/w, the biodiesel yield for the different molar ratios varied
between 50% and 60%, indicating that the effect of the molar ratio is
weak. The increase in biodiesel yield is more pronounced by increasing
the catalyst concentration from0.6% to 1.4%w/w, whilst further increase
to 2.4% w/w showed only a slight improvement on biodiesel yield. As
shown in Figure 4, at high molar ratios, more methanol segments are
formed initially, which means that the interfacial area available for mass
transfer is increased; this seems to improve the biodiesel yield. However,
it was also observed that along the channel length, two or more
consecutive plugs coalesce and form bigger plugs (Figure 3B), and as
a result, the mass transfer efficiency decreases. In addition, the increased
amount of methanol combined with the increased amount of catalyst
acting as emulsifier, which promoted the mixing of the products
i.e., glycerol and biodiesel (Boocock et al., 1998). This hinders the
separation of the two phases and increases the amount of free
glycerol in biodiesel above the acceptable levels (0.02% w/w).

To investigate the effect of methanol-to-oil molar ratio on biodiesel
production at different residence times, reaction temperature and
catalyst concentration were kept constant at 60°C and at 1.4% w/w,
respectively, where the highest biodiesel yields were achieved for a wide
range of methanol-to-oil molar ratios (Figure 6). As can be seen in
Figure 7, by increasing the residence time the biodiesel yield increased
for all methanol-to-oil molar ratios. However, at short residence times
the biodiesel yield cannot reach values higher than 70%. Yields higher
than 90% were achieved for intermediate values of molar ratios and
residence times higher than 70 s.

The transesterification process is an endothermic reaction andwill be
affected by the temperature (Xiao et al., 2010). The flow pattern was also
affected by the temperature. At low temperatures, the regular plug flow
pattern shown in Figure 3Awas established for a longer part of the reactor
coil. This is attributed to the fact that the temperature affects the viscosity
of the WCO (see Figure 2), and the flow configuration, whilst the lower
temperature did not improve the reaction rate and thus the formation of
the products. Thus, at low temperature the transition from two-phase to
single phase and reverse (Figures 3C–E) was not observed. The effect of
temperature was investigated in the range of 40°C–60°C and is shown in
Figures 8A, B. In general, it can be seen that the biodiesel yield increases
significantly by increasing the temperature from 40°C to 60°C. For a
constant residence time, the highest biodiesel yield (>90%) was obtained
for temperatures beyond 50°C, and for molar ratios ranging from 10 to
15. For a constantmolar ratio, it can be seen in Figure 8B that the effect of
residence time is less pronounced as the temperature increases. For
temperatures higher than 50°C, biodiesel yield higher than 80% can be
achieved for residence times longer than 40 s.

The effects of residence time and catalyst concentration on biodiesel
yield at a constant temperature andmolar ratio are shown in Figure 9. It
can be seen that for the conditions shown the residence time does not
have as significant impact as the catalyst concentration. At catalyst
concentration 0.6% the residence time has almost no effect, while the
biodiesel yield does not exceed 55%. By increasing the catalyst
concentration, the effect of residence time becomes more apparent,
where longer residence times result in higher biodiesel yield. For catalyst

FIGURE 11
Evolution of plug flow in the cross-flow mixer (A–D) and in the T-junction (E–H).
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concentrations between 1.2% and 2% w/w, the biodiesel yield is in the
range of 80%–90% for residence times up to 50 s, while at longer
residence times, the biodiesel yield reached values higher than 90%.

The effect of themixing zone configuration on the biodiesel yield was
also investigated and shown in Figure 10 for different total flowrates. To
investigate the effect of the mixing zone the cross-flow mixer was
compared with the widely used T-junction at the same conditions. In
bothmixers the side branches had the same diameter (1 mm) as themain
channel. For both configurations, the WCO was introduced from the
branch that is on the same axis as themain channel (Figure 11). As can be
observed from Figure 10, the biodiesel yield is higher when the cross-flow
mixer is used for the whole range of total flowrates investigated. At low
flow rates, up to 60 cm3/h, bothmixing zones produced plug flow pattern
that was stable along the tube. However, with the cross-flow mixer,
smaller plugs were formed compared to the T-junction, which resulted in
higher interfacial area-to-volume ratio and therefore higher overall mass
transfer. By increasing the flow rate, for both mixers a decrease in the
biodiesel yield was observed. This was attributed to the change of the flow
pattern as indicated in Figure 4 from plug to separated flow. With the
cross-flow mixer, plug flow formed at flow rates up to 120 cm3/h, whilst
in the T-junction a stable plug flowwas observed for flow rates only up to
70 cm3/h. Beyond those flowrates, a jet was formed, which initially
resulted in plug flow but progressively the jet propagated along the
channel resulting in a separated flow pattern (Figure 4C) where mass
transfer rates are reduced. Similar observations were made by
Borovinskaya et al. (2018), who investigated the patterns of ethanol -
soybean oil two-phase flow using a T-junction.

4 Conclusion

In this work biodiesel was produced by transesterification of waste
cooking oil with methanol/KOH solutions using a micro-reactor. The
effects of methanol-to-oil ratio, temperature, catalyst concentration, and
residence time on biodiesel yield (conversion efficiency) were
investigated. The explanations were further enhanced using
hydrodynamic observations. In addition, the effect of mixing intensity
was also investigated. It would be difficult to give a clear verdict on the
best combination of the experimental variables to achieve the highest
biodiesel yield, since the totalflow that affects the flow rates should also be
factored in the parametric studies. The highest biodiesel yield (96.4%)was
obtained at 80 s, for methanol-to-oil molar ratio 10, and catalyst
concentration 1.4% w/w. In general, the experimental data showed
that the biodiesel yield could reach levels above 90% for, methanol-to-
oil molar ratio: 8–14, catalyst concentration: 1.4%–1.8% w/w,
temperature: 55°C–60°C, and residence times: 55–75 s. It was found
that biodiesel yield increases and then decreases when the methanol-to-
oil molar ratio and the catalyst concentration increase. The yield increases
with the temperature and the residence time. Control of the flow pattern

could increase biodiesel yield significantly, since it was observed that
biodiesel yield was affected by the flow pattern. To achieve increased
throughput that can meet industrial demands, scale out (or numbering
up) should be combined with increased channel size (scale-up), as
otherwise it would result to reactor designs that include a large
number of very small channels and high pressure drops.
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