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Abstract

We present a strategy for intensified biodiesel production in a novel metallic microdevice.
Additive manufacturing using Selective Laser Melting (SLM) was employed to build the
metallic device consisting of multiple micro reactors monolithically integrated with
multiple micro heat exchangers. This device allows high conversion rate of biodiesel
production with concomitant use of the rejected heat from external source to enhance the
reaction temperature and, thereby, its output.

The biodiesel production was carried out using soybean oil, ethanol and NaOH as the
catalyst. The influences of the reaction temperature and the residence time in the biodiesel
production was examined. Biodiesel yield increased with the reaction temperature and a
rate of conversion of 99.6% was achieved with a reactor residence time of less than 35
seconds. The work opens up a pathway to exploit waste heat to intensify biodiesel
production and contribute significantly to global sustainability.
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1. Introduction
Concerns about the cost of petroleum and reduction of its reserves, in addition to,
perhaps even more dire, the associated environmental problems have motivated a very
frantic search for suitable alternative fuel sources such as biodiesel.1-4 Biodiesel is an
alternative to the petrochemically sourced diesel because they are typically
biodegradable, non-toxic and presents low carbon and sulfur content and when burned
emits less particulate and unburned hydrocarbon emissions.1,5,6 In addition, biodiesel is
considered a source of renewable energy that can totally or partially replace diesel
produced from petroleum because biodiesel has energetic properties similar to diesel.6
Biodiesel is commonly produced commercially by the transesterification reaction of a
vegetable oil, frying oil or animal fat with short chain alcohols such as methanol or
ethanol, using catalysts that can be basic, acidic or enzymatic.2,3,7 The commercial
transesterification process is performed in conventional batch reactors at high residence
times (from one hour to several hours).4,8-10 The high residence time in this process led to
the development of studies to reduce it and consequently increase the process
efficiency.4,11-17
Several types of reactors are being developed aimed at improving the efficiency of
biodiesel production. Among these reactors we can highlight those based on microscale
fluidic features such as microchannels, microcylinders, microgrooves etc., which are also
called micro reactors. Micro reactors appear as a promising alternative technology to
improve efficiency in biodiesel production by reducing reaction times. These reactors are
composed of microchannels with transversal sections presenting different geometries and
with hydraulic diameters smaller than 1 mm. These devices can achieve rapid reaction
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rates due to the short diffusion distances and high surface area/volume ratio, which
improves (‘intensifies’) heat and mass transfer.6,14-24
The high efficiency of the biodiesel synthesis obtained via transesterification reaction
using micro reactor technology was demonstrated by several authors, where high
conversion rates were reached even in extremely low residence times.3,7,10,13-17,25-32
The alcohols that are most frequently used in the transesterification process are
methanol and ethanol because of their low cost, availability and their physical and
chemical properties.33 Most of the studies that perform the synthesis of biodiesel through
the transesterification reaction in micro reactors use methanol as alcohol3,7,10,13,14,17,24-26,28,
while a few studies use ethanol.27,29-31 Methanol, aside from being toxic, is usually
produced from petrochemical materials, while ethanol is produced from biomass.34 Thus,
biodiesel produced from ethanol is completely derived from renewable sources.27,34,35 In
addition, Brazil is one of the largest ethanol producers in the world36 Due to these
characteristics, ethanol was chosen to be used in the present study.
Commonly, in biodiesel transesterification reaction three types of catalyst can be used:
basic, acidic and enzymatic.2,4,16 Homogeneous basic catalysts, such as sodium hydroxide
(NaOH) and potassium hydroxide (KOH), are more commonly used because the
transesterification reaction is generally faster, less expensive and more complete with
these bases than with the acidic catalysts such as sulfuric acid, phosphoric acid and
hydrochloric acid.35,37 Enzymatic catalysts can prevent the formation of soap (carboxyl
acid), obtained through the saponification reaction of a vegetable oil (triglyceride) in the
presence of a base (for example: a basic catalysts), when there is moisture in the biodiesel
production process. However, commercial use of enzymes is limited due to longer
reaction times and higher cost.2 Based on these considerations in this work the
homogeneous basic catalyst sodium hydroxide (NaOH) was used.
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Generally, increasing the production of biodiesel, or any other chemical, when using
conventional batch reactors would entail enlarging the reactor dimensions which can be
a complex, costly and time-consuming process. An alternative consists of assembling
various micro reactors in a micro or minichemical plant.38-46 This approach requires
smaller floor space and energy consumption and opens up the possibility of a portable
biofuel production capability. However, the approach has not been easy to realize due
primarily to the limitations of the materials and/or manufacturing processes used so far
to build the micro reactors; this has limited the required proof of concept and/or
parametric analyses at the laboratory bench scales.
In addition to size reduction, as is well known, increasing the reaction temperature
improves reaction efficiency. In general, the thermal intensification of micro reactors is
done using thermal baths,3,7,10,45 ovens27 or even by exploiting Joule heating through
electrical resistors.30,41,46,47 In the present work, in addition to targeting a micro reactor
assembly that is more portable and closer to an industrial application, we aim to substitute
the thermal baths, ovens and/or electrical resistor with an integrated micro heat exchanger
unit, interfaces directly with the micro reactor device. This allows utilizing waste heat
from any external source to increase the reaction temperature and, thereby, its output
while simultaneously enabling significant improvement of overall, systemic energy
efficiency of the biodiesel synthesis process. It is well known that low grade heat (<100
o

C) is rarely useable in industrial processes. Our integration of the micro heat exchangers

and micro reactors offers an excellent opportunity for low grade heat recovery,
particularly because the desired temperatures for enhancing the transesterification
reaction in biodiesel synthesis is <60 oC. The waste heat recovery process will benefit
from metallic microdevices.
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Furthermore, with an eye on the industrial application, the metallic microdevices also
features a number of excellent practical advantages such as mechanical durability, high
thermal conductivity and chemical stability. The most commonly used techniques for
producing microchannels on metallic substrates are based on subtractive manufacturing:
micro milling, electrical discharge and laser ablation, where the sealing step is awkward,
especially when dealing with many layers assembled together.48 In this context, additive
manufacturing (also called 3D printing) is an appealing alternative for building
microdevices with complex geometries at high resolutions and in relatively short
manufacturing times. In addition, the whole fabrication can be performed on a single
substrate, avoiding the need of sealing and joining steps. This feature offers an excellent
advantage in terms of numbering-up, i.e., scaling the benefits of individual micro reactors
and channels for maintaining the process intensification efficiencies. Similar to the recent
work of Lopes et al.,46 where due consideration was given to numbering up mini reactors,
in this work, we will pay focused attention to this issue.
In recent literature, we can find a number of examples of the micro reactors
manufactured by 3D printing.49-54 However, most of them made of polymeric materials4951

and some in metallic ones.52-54 In fact, despite the polymeric substrate and the reduced

number of reactors (only four), Lopes et al.46 were first to use 3D printing to manufacture
a microchemical plant. To the best of our knowledge, no prior work has reported additive
manufacturing of metallic material to build a microchemical plants. In the metal additive
manufacturing, the Selective Laser Melting (SLM) technique stands out since it is a fast
technique that produces parts with relatively higher dimensional accuracy, lower
roughness and greater geometric complexity. A distinctive advantage of SLM to build
devices containing long and complex microchannels structures in comparison to the other
additive manufacturing technologies, such as DLP, FDM, EBM, SLS etc., is that the metal
6

powder that also function as support material can be removed efficiently, clearing the
microchannels and allowing the fluid to flow.
In this work it is presented the construction and characterization of an innovative
microfluidic device for biodiesel production built completely in metal using additive
manufacturing. The device consists of multiple micro reactors stacked and intercalated
with multiple micro heat exchangers monolithically integrated, i.e., this integration (in a
form of a metallic block) occurs without using any assembling resources such as glue,
screws, wire, etc. Each micro reactor layer contains microchannels where the continuous
flow reactions take place. We propose this novel microfluidic device to demonstrate the
feasibility of parallelized, high-throughput production of biodiesel while simultaneously
facilitating the use the rejected heat from an external source to enhance the reaction
temperature. This device was named as Micro Monolithic Integrated Reactor and Heat
Exchanger (µMIRHE). The majority of device performance assessment presented focuses
on tuning the device geometry, dimensions and its influence on the efficiency of biodiesel
production. The effects of residence time and reaction temperature on biodiesel
production were also analyzed thoroughly.

2. Design and manufacture of the µMIRHE
2.1.Configuration of the micro reactor
The µMIRHE consists of 10 micro reactors and 11 micro heat exchangers (Fig 1), both
based on microchannels having square section of 400 x 400 µm. Figure 1a shows a
schematic external view of the complete reactor device and Figure 1b illustrates the
arrangement of microchannels of the micro reactors and the micro heat exchangers,
detailing the entire internal structure region that will be occupied by the fluids (in blue
7

the water region, and in yellow the biodiesel reactants region). Figures 2a and 2b present
in detail the design and dimensions of each micro reactor and each micro heat exchanger,
respectively. The microchannel in each micro reactor has a length of 432 mm, and each
microchannel in the heat exchanger is 34 mm long (c.f. Fig. 2a and 2b). The µMIRHE
device is connected to the fluid driver units through three input and two output
connections. All of these five connections consist of two parts: pins and Y shaped
plenums. The pins split into microchannels inside the plenums. Also, these five
connections dispense liquids as the following manner: two of them feeds the respective
reactants (alcohol and oil) to the mixing entrance of each micro reactor, one feeds the
heated liquid to the entrance of each micro heat exchanger, one for biodiesel output and
finally the last one for the exit of the heating liquid.
Our primary objective in this work was to establish a proof-of-concept for a metallic
microdevices which not only demonstrates process intensified biodiesel production but
also demonstrates the feasibility of numbering up and exploitation of waste heat reuse in
the process intensification process. To this end, it is worth highlighting that a reduced
channel cross-sectional area and/or a more complex 3D structure of the channel might in
fact an enhanced molecular diffusive effect. However, it is quite difficult or, in many
cases, impossible to obtain clean microchannels in devices built without sealing
techniques. Any reduction in dimension or increment in the geometric complexity of the
channel design is offset by limitations on the fabrication process: the non-sintered
powder, that serves as an inner support during the fabrication, needs to be completely
removed from the channels in the cleaning (final) step of the fabrication in order to
accommodate fluid flow. The dimension and precision of microchannels is closely related
to the characteristics of SLM printer such as laser power, laser spot diameter, type of
metal powder employed (physical/chemical properties and particle size), rastering model,
8

powder layer thickness, etc. Therefore, based on the available printer and for the optimal
ease of cleaning the support material from inside the channel, a 400 µm ´ 400 µm (square
cross-section) micro reactor was chosen.

Figure 1. Schematic view of the complete µMIRHE showing: (a) the external view of the
device and (b) the internal structure of the micro reactors, the micro heat exchangers and
the connections (pins and plenums).

In the µMIRHE micro reactors are arranged in parallel and interleaved by the micro
heat exchangers forming a monolithically integrated system that contributes to reduce
thermal contact resistance, improving reuse of rejected heat from other processes thus
enabling heating of the transesterification reaction. Finally, the flat design of the device
and positions of the inlet and outlet ports took into consideration the assembly possibility
of the devices to form a portable microplant in future. The illustration in Figure 3 shows
a combination of 100 units of µMIRHE which contains 1000 micro reactors and 1100
micro heat exchangers could be conceived. Although clearly not achieved in this work,
the illustration in Figure 3 clearly shows the possibility of future potential for numberingup the devices presented in this work.
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Figure 2. Schematic views (a) of the micro reactors layer and (b) of the micro heat
exchanger layer.

31 cm
oil
24 cm

water
alcohol

33cm
Figure 3. Illustrative drawing for a possible assembly, for the scaling up production of
biodiesel, comprising 100 units of µMIRHE (1000 micro reactors and 1100 micro heat
exchangers).

2.2. Microfabrication and Characterization of the µMIRHE
The µMIRHE was fabricated in collaboration with the Three-Dimensional
Technologies Division of the Renato Archer Information Technology Center –
CTI/Campinas/SP, using the Mlab Cusing-R that is an additive manufacturing equipment
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that operates with the Selective Laser Melting (SLM) technique and utilizes an Ytterbium
fiber laser of 100 Watt to selectively melt successive metallic powder layers. Figure 4
shows the final µMIRHE fabricated in Chromium-Cobalt alloy, where the chemical
composition in mass is: Co (60,5%), Cr (28%), W (9%), Si (1,5%), other elements <1 %:
Mn, N, Nb, Fe, and it is free from nickel, beryllium and gallium. The final µMIRHE
fabricated weighs only 123 g and occupies a volume of 15.875 cm³.

Figure 4. Photo of the µMIRHE manufactured in Chromium-Cobalt utilizing the SLM
additive manufacturing technique (weighs only 123 g)

A non-destructive characterization of the µMIRHE was performed in collaboration
with the Digital Image Processing Laboratory /PUC-Rio utilizing a Zeiss X-ray
microtomograph model Xradia Versa 510 model. The imaging procedure allowed the
device to be imaged in the three directions under a 360º rotation, and the spatial resolution
obtained was 25 µm.
Figure 5a shows four planes corresponding to four different positions of the device in
which the microtomographic images were taken. Figure 5b shows the four planes in the
illustrative drawing of the interior of the channels, region that will be occupied by the
fluids (in blue the hot water circuit, and in yellow the biodiesel reactants region). Figures
5c-f compare these microtomographic images with their respective CAD digital images.
11

Figures 5c, 5d, 5e and 5f correspond respectively to the following structures: 3 input
connections (plane 1); plenums (plane 2); access channels of both the micro reactors and
the micro heat exchangers (plane 3); and finally, the microchannels of both the micro
reactors and the micro heat exchangers (plane 4). Each column of CAD images in Figure
5f presents 21 dots in the segmented lines that corresponds to the sum of microchannels
present in the cross section of 10 micro reactors and 11 micro heat exchangers.
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Figure 5. Detailed geometry of the µMIRHE in different plans. (a) CAD drawing
showing the imaging planes; (b) CAD drawing showing the imaging planes in the detailed
internal structure region that will be occupied by the fluids; Design CAD drawing (top)
and microtomographic images (bottom) for: (c) plane 1; (d) plane 2; (e) plane 3 and (f)
plane 4.

The manufacturing quality of µMIRHE was also verified by cutting the device along
plane 4. Figures 6a and 6b show the resulting cross-section image obtained by optical
microscopy. The mean width of the microchannel was 378.2μm ± 0.3μm, and the mean
height of the microchannel was 396.6μm ± 0.1μm. These values are slightly smaller than
that of 400 μm set to the sides of the square cross section of the digital model.
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Figure 6. Optical image of the (a) cross section of the µMIRHE; (b) dimensions of the
cross sections of the channels

3. Materials and experimental setup
In the ethylic transesterification based synthesis of biodiesel studies in this work,
triglycerides, i.e. the main components of vegetable oils, react with alcohol (in this case
ethanol) to produce mono-alkyl ester (biodiesel) and glycerol. The transesterification is a
reversible reaction that occurs in three consecutive steps. In the first step diglyceride is
obtained from the reaction of alcohol with the triglycerides. In the second step,
monoglycerides are produced from the reaction of alcohol with the diglycerides and, in
the last step, glycerol is obtained from the reaction of alcohol with the monoglycerides.
In each step, the fatty acid esters (biodiesel) are obtained. Figure 7 shows the
stoichiometric representation of the three steps in transesterification reaction, where k1 to
k6 represents the kinetic constants.

k1
¾¾
® Diglyceride + Ester
Triglyceride + Alcohol ¬¾
¾
k2
k3
¾¾
® Monoglyceride + Ester
Diglyceride + Alcohol ¬¾
¾
k4
k5
¾¾
® Glycerol + Ester
Monoglyceride + Alcohol ¬¾
¾
k6
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Figure 7. Scheme of the three consecutive steps of the transesterification reaction.

3.1. Materials
The reactants are food grade soybean vegetable oil with less than 0.3% acidity, bought
in a local market, and absolute ethanol (99 GL) purchased from B'Herzog. The
homogeneous basic catalyst used was sodium hydroxide (NaOH) purchased from
Petroquimios.

3.2 Experimental setup and procedure
The schematic design of the experimental setup for the production of biodiesel is shown
in Figure 8. The main components of the experimental setup are: the µMIRHE; two
syringe pumps (model NE 1000 – New Era Pump Systems Inc.); a vessel to collect the
final product of the transesterification reaction immersed in a water-ice bath; a reservoir
providing the water for the reaction heating; a progressive cavity helical pump (Pumps
NEMO - model NM003BY11S12B - NETZSCH) to deliver water from the tank through
the heating system into the µMIRHE. The heating system consisted of an auxiliary heat
exchanger and an electric heater connected to a simple source of direct current (model
PS-6100 of the ICEL), a data acquisition system (Agilent 34970-A) for thermocouples, a
computer for data acquisition and processing. Eight thermocouples were used: (a) four
thermocouples measured the external temperature of the µMIRHE; (b) one was placed at
the exit port to measure the temperature of the final reaction product; (c) two
thermocouples measured the water temperature – one located at the entrance and the other
one on the outlet of the micro heat exchangers and (d) one thermocouple measured the
ambient temperature.
15

Figure 8. Schematic view of the experimental setup used in the synthesis of biodiesel

The experimental procedure for the production of biodiesel begins with the preparation
of the solution of ethanol with the catalyst NaOH. Then this solution and the soybean oils
are independently injected in the micro reactors by using syringe with controlled flows.
The distilled water on the other hand is pumped by the helicoidal pump to the auxiliary
electrical heater simulating the waste heat recovery from an external thermal source. This
water stream flow controls the reaction temperature in the µMIRHE.
The product of the transesterification reaction is collected in a vessel immersed in a
water and ice bath, which stops the transesterification reaction. The collected product is
taken to a separation funnel, to separate the two phases. The bottom phase contains the
biodiesel and the top phase contains the glycerol. Then the biodiesel is collected and
16

washed with distilled water at a temperature of 75°C to remove the residues of catalyst,
ethanol and glycerol. Finally, the biodiesel is dried in an oven at a temperature above
100°C.

3.3 Biodiesel Analysis
The biodiesel was analyzed in a gas chromatography (Shimadzu – model 2010)
according to the Brazilian norm technical ABNT NBR 15764, that which is based on the
European technical norm EN14103, using a fused silica capillary column of dimensions
30 m × 0.32 mm × 0.25 μm, stationary phase of 95% dimethylpolysiloxane and 5%
methylpolysiloxane and a flame ionization detector (FID). Helium gas was used as the
drag gas and the ethyl heptadecanoate standard (Sigma-Aldrich) was used as the internal
standard. The percentage of biodiesel yield in (% m/m) was calculated according to
ABNT NBR 15764.

3.4 Methodology
Experiments were carried out to assess the influence of reaction temperature and
residence time on the efficiency of biodiesel production in the µMIRHE device. All
experiments were conducted at molar ratio of 20/1 (ethanol/oil) and at catalyst
concentration of 1.5 wt% (based on the oil mass). These reaction parameters were
replicated from the work of Costa Junior55 who performed the synthesis of biodiesel in
a device containing a single micro reactor. In this condition a promising ethyl ester yield
was achieved: 92.6 % for a residence time of 46.5 seconds.
The experiments were divided into three groups which are shown in Table 1, in order
to investigate the biodiesel yield regarding: 1) reaction temperature for a fixed residence
17

time, 2) effect of reducing residence time (in the range of 8min-1min) for a fixed heater
voltage 3) effecting of reducing residence time (in a range smaller than 1 min) for a fixed
heater voltage.
In the first group (cases 1.1 to 1.3) the effect of the reaction temperature on biodiesel
synthesis was analyzed for a fixed residence time of 3.88 minutes. In the second one
(cases 2.1 to 2.6) the residence time was varied in the range of 1.55 to 7.76 minutes,
keeping the reagents average temperature at the outlet of the µMIRHE device at 45.0 ±
0.1°C. Finally, in the third group (cases 3.1 to 3.4), the residence time was varied and
tested at the following values: 0.33 min, 0.39 min, 0.58 min and 0.78 min.
As it would be very difficult to measure the reaction temperatures with sensors located
inside the device, only external surface temperatures and outlet temperature were
measured.
The residence time of the reaction indicates an average value of the time in which the
reagent fluids are subjected to the diffusive-advective and reactive effects along the micro
reactor. In the analysis of residence time it was assumed that the reactive effects occur
predominantly in the triglyceride phase (oil phase), the residence time can be calculated
taking into account only the volume of the layer of this phase in the micro reactor. Thus,
residence time will be defined by the ratio of the volume of the triglyceride layer in the
device to the volumetric flow rate of the triglyceride species.25

$

𝑅𝑇 = %!" =
!"

& ( )!"
%!"

(1)
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Where, RT represents the residence time; QTG the triglyceride specie volumetric flow rate;
𝑉+, the volume of oil within the micro reactor; HTG is the height of the triglyceride layer;
W is microchannel width and L is the microchannel length.
HTG is calculated based on the hypothesis that there is a stratified flow pattern in
between the two immiscible reactants (oil and alcohol). Although the reaction usually
occurs with a molar excess of alcohol in relation to oil, it is expected that the micro reactor
is occupied mainly by the oil phase due to its higher molar mass when compared to the
alcohol. Using the ratio between the two volumetric flow rates, QA/QTG, an implicit
equation appears allowing the calculation of the HTG (see Pontes et al.56 for details). To
determine the hydrodynamic parameters the following sequence of steps was adopted:

1 – Set an inlet molar ratio for alcohol to oil species;
2 – Calculate the ratio for volumetric flow rate through equation (2a);
3 – Determine the interface position through the equation (2b);
4 – Set a target residence time;
5 – Calculate the volumetric flow for the oil (TG) by equation (1);
6 – Calculate the volumetric flow for the alcohol (A) taking into account the results
from step 2;
7 – Determine ΔP from the expression for volumetric flow rate for the oil (TG) or the
alcohol (A);

The ratio between QA and QTG can be related to the molar ratio of the reagents
according the equation (2a) and/or through the volumetric flow ratio, equation (2b).

QA æ ρTG M A ö η! A
=ç
÷
QTG è ρA MTG ø η! TG

(2a)
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Where, 𝜌, M and η! are the density, molar mass and molar flow for the respective species
(oil, TG, and alcohol, A), and where uA(y,z) and uTG(y,z) are the velocity fields for alcohol
and oil phase, written as:
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where Si is given by
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Table 1. Three Groups of all tested cases for biodiesel production considering a molar
ratio of 20/1 (ethanol/oil) and catalyst concentration of 1.5 wt%
Cases
1.1
1.2

Residence
time
3.88 min
3.88 min

Ethanol+NaOH
flow rate (mL/h)
7.2±0.1
7.2±0.1

Oil flow rate
(mL/h)
8.3±0.1
8.3±0.1

Outlet Reaction
Temperature
48.6±0.2ºC
51.1±0.3ºC
20

1.3
2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
3.3
3.4

3.88 min
1.55 min
2.33 min
3.10 min
3.88 min
6.21 min
7.76 min
0.33 min
0.39 min
0.58 min
0.78 min

7.2±0.1
18.0±0.2
12.0±0.1
9.0±0.1
7.2±0.1
4.5±0.1
3.6±0.1
108.0±1.1
72.0±0.7
60.0±0.6
36.0±0.4

8.3±0.1
20.8±0.2
13.8±0.1
10.4±0.1
8.3±0.1
5.2±0.1
4.1±0.1
99.7±0.1
83.0±0.8
55.4±0.5
41.5±0.4

59.1±0.1ºC
48.7±0.2°C
47.6±0.5°C
46.8±0.3°C
48.6±0.2ºC
47.3±0.3°C
44.9±0.3°C
50.8±0.2ºC
52.8±0.2ºC
51.2±0.3ºC
43.8±0.1ºC

As mention before, in the µMIRHE the reaction temperature (i.e. the external surface
temperatures and outlet temperature) is controlled by the water passing through the
microchannels of the micro heat exchange layers which by its turn is controlled by the
voltage set in the electrical heater. So, Table 2 present the following parameters for all
the tested cases: voltage set in the electrical heater, water temperatures at the inlet and the
outlet of the µMIRHE, temperatures at the external surface of the µMIRHE device. The
flow rate of the water was 14.5 ± 0.2 ml/min.

Table 2. Water temperatures of all performed cases for biodiesel production
Cases
1.1
1.2
1.3
2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
3.3
3.4

Voltage across
electrical resistance
17.5±0.3 V
20.0±0.3 V
21.0±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V
17.5±0.3 V

Water Inlet
Temp.
63.0±0.3 ºC
76.0±0.2 ºC
80.2±0.7 ºC
65.4±0.3 ºC
67.2±0.9 ºC
67.6±0.3 ºC
63.0±0.3 ºC
68.8±0.5 ºC
70.9±0.6 ºC
68.7±0.3 ºC
66.1±0.2 ºC
68.6±0.2 ºC
67.1±0.2 ºC

Water Outlet
Temp.
60.7±0.4 ºC
73.1±0.2 ºC
77.5±0.4 ºC
61.6±0.6 ºC
61.1±03 ºC
62.4±0.3 ºC
60.7±0.4 ºC
61.5±0.8 ºC
62.1±0.6 ºC
61.7±0.5 ºC
56.2±0.8 ºC
59.8±0.2 ºC
60.8±0.2 ºC

External µMIRHE
Temperature
61.9±0.3 ºC
73.4±0.6 ºC
79.4±1.1 ºC
62.0±0.1 ºC
64.9±0.9 ºC
65.0±0.5 ºC
61.9±0.3 ºC
67.8±0.7 ºC
68.4±0.6 ºC
66.2±0.1ºC
61.0±0.6 ºC
64.4±0.4 ºC
62.2±0.5 ºC
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4. Results and Discussion
We studied how the biodiesel yield is influenced by the reaction temperature (i.e.
through the temperature measured at the outlet of the µMIRHE) and residence time.
Firstly, by fixing the residence time, the biodiesel yield was measured as a function of
reaction temperature – the yield increased from 89.8% to 97.6% (Table 3) by increasing
the temperature. The average temperature of the reagents at the outlet of the µMIRHE
device was controlled not to exceed 65 °C, in order to avoid evaporation of the alcohol
which could decrease the biodiesel production. The uncertainty in the biodiesel yield was
around 4% m/m for all studied case.

Table 3. Biodiesel yield at different temperatures (molar ratio of 20/1 (ethanol/oil),
1.5wt% of catalyst concentration residence time: 3.88 minutes)
Cases

Residence
time

1.1
1.2
1.3

3.88 min
3.88 min
3.88 min

External
µMIRHE
Temperature
61.9±0.3 ºC
73.4±0.6 ºC
79.4±1.1 ºC

Outlet
Reaction
Temperature
48.6±0.2 ºC
51.1±0.3 ºC
59.1±0.1 ºC

Yield of
biodiesel
(%m/m)
89.8
93.3
97.6

Next we examined the role of reaction time (residence time). The first set of tests were
performed by maintaining the heater voltage at 17.5 V. The measurement of the real
reaction temperature inside the channel is instrumentally difficult to be obtained due to
the high number of layers and channels and also due to the size of them. Addionally is
expected that the real reaction temperature might vary along the channel. Based on these
two factors both measured temperatures, the external and the outlet reaction ones, will be
presented. The reaction temperature would be expected, at some point, to be in between
this two measured ones. For practical purposes we will take the outlet reaction
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temperature as an indicator of the reaction temperature for comparison purpose in
between cases. Figure 9 presents the external µMIRHE temperature that refers to the
average measured temperature at the top and bottom external surface of the µMIRHE and
the measured temperature at the outlet reactants branch, over the residence time. Figure
10 plots the variation of yield of the ethyl esters (biodiesel) against the residence time.
Despite the low statistical variance presented by the outlet reaction temperatures (below
2 ºC), the reaction temperature influence can still be noticed on the yield of ethyl esters
(see Table 4). Clearly, although a higher yield of biodiesel is expected for a longer
residence time (case 2.6), in this case the outlet reaction temperature is the lowest, thus,
despite the high yield of biodiesel of 94% (as an expected consequence of the high
residence time) this is not the largest yield among the analyzed cases. Similarly, a high
ethyl esters yield would be expected for the highest outlet reaction temperature (case 2.1).
However, as this case has the shortest residence time, the yield, despite being high
(95.6%), due to the high reaction temperature, is not the highest among the analyzed
cases. In fact, the best combination of residence time and reaction temperature is observed
for case 2.4 which showed a 97.3% yield. None the less, a high yield of biodiesel (above
90% m/m) for almost all the analyzed cases confirmes the excellent efficiency and
performance of the µMIRHE device presented, even for a significant variations in both
the residence time and/or the outlet reaction temperature. The uncertainty in the biodiesel
yield was around 4% m/m for all studied case.

Table 4. Yield of ethyl esters relative to the residence time for the µMIRHE device using
an ethanol/oil molar ratio of 20/1, a catalyst concentration of 1.5wt% and a fixed electric
voltage of 17.5V (aiming an outlet reaction temperature of 45 °C).
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Cases
2.1
2.2
2.3
2.4
2.5
2.6

Residence
time
1.55 min
2.33 min
3.10 min
3.88 min
6.21 min
7.76 min

External µMIRHE
Temperature
62.0±0.1ºC
64.9±0.9ºC
65.0±0.5ºC
61.9±0.3ºC
67.8±0.7ºC
68.4±0.6ºC

Outlet Reaction
Temperature
48.7±0.2°C
47.6±0.5°C
46.8±0.3°C
48.6±0.2ºC
47.3±0.3°C
44.9±0.3°C

Yield of biodiesel
(%m/m)
95.6
96.1
90.6
97.3
87.8
94.0

Figure 9. Profiles of the external µMIRHE temperature and outlet reaction temperature
over residence time (cases 2.1 to 2.6 presented in Table 4).

24

Figure 10. Profile of the yield of the ethyl esters (biodiesel) over residence time for the
µMIRHE device (cases 2.1 to 2.6 presented in Table 4).

Next, we examined the possibility of reducing the residence time by exploiting higher
reaction temperature, in order to demonstrate the benefit of exploiting waste heating. The
results are presented in Table 5. Clearly, significant variations of residence time, where
the highest tested value (0.78 min) was a little more than twice the smallest value (0.33
min) caused a yield change of 10 points percentage but still the biodiesel production
remained high. Particular attention should be payed to the case 3.3 where the highest
biodiesel yield, a staggering value of 99.6 % m/m, was achieved at a very low residence
time of 0.58 minutes (34.8 seconds) at an outlet reaction temperature of 51.2 ºC. The
present result is very promising. According to the established quality standards, such as
those set by the American Society of Testing and Materials (ASTM), ASTM D6751, and
the one established in the European Union through EN 14214 of the European Committee
for Standardization (European Committee for Standardization - CEN), to be considered
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biodiesel, the minimum percentage of 96.5% in mass of ester is required in the reactants
products.57 The closest result from additive manufacturing based micro-chemical plants
come from a recent work by Lopes et al.46 who, using a polymeric 3D printed biodiesel
chemical plant composed by four milli reactors, reported a 73.51% of biodiesel yield,
with a residence time of 10 seconds.

Table 5. Yield of ethyl esters for residence times of less than 1 minute in the µMIRHE
device using a 20/1 ethanol/oil molar ratio and catalyst concentration of 1.5wt%.
Cases

Residence
time

External
µMIRHE
Temperature
66.2±0.1 ºC

Outlet
Reaction
Temperature
50.8±0.2 ºC

3.1

0.33 min
(19.8s)

3.2

Yields of
biodiesel
(%m/m)
92.9

0.39 min
(23.4s)

61.0±-0.6 ºC

52.8±0.2 ºC

88.3

3.3

0.58 min
(34.8s)

64.4±0.4 ºC

51.2±0.3 ºC

99.6

3.4

0.78 min
(46.8s)

62.2±0.5 ºC

43.8±0.1 ºC

95.5

To get a sense of potential impact of the results obtained, based the maximum biodiesel
yield of 99.6% obtained with a residence time of around 35 seconds (case 3.3 in Table 5),
the scale-up assembly proposed in Figure 3, comprising 100 units of µMIRHE (with 1000
micro reactors and 1100 micro heat exchangers in total), should be able to produce 133
liters per day. This estimate, however, does not take in to account the potentially major
challenges in the numbering-up process. For example, difficulties around uniform flow
distribution into the individual µMIRHE units and also non-uniform performance and
reaction efficiencies in different units. The performance of the whole microplant will be
clearly susceptible to such challenges.46 However, the overall dimensions, compactness
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and light weight of the conceived device clearly indicates its potential for exploitation as
a portable biodiesel production unit.

5. Conclusions
An innovative microfluidic device, named here as µMIRHE, was built using additive
manufacturing (also called 3D printing) The device design comprises layers of micro
reactors and micro heat exchangers monolithically integrated in a layer-wise pattern in a
metal body without using any assembly or fixing tools such as glue, screws, clamps, etc.
which vastly simplifies the design and improves its durability. It weighs only 123 g and
has 10 micro reactors intercalated with 11 micro heat exchangers both containing
microchannels of 400 μm × 400 μm square cross section. The lengths of these micro
channels were 432.57 mm and 34 mm in all micro reactors and micro heat exchanger,
respectively.
The design helped evaluate the potential of exploiting waste heat to produce biodiesel
at various residence time and reaction temperatures. The device enabled a high rate of
conversion, showing biodiesel yields of over 90% for almost all analyzed cases, reaching
a maximum of 99.6% at temperature of 51.2 ºC and at residence time of only 0.58 minutes
(only 34.8 second). The performance can be projected to an estimated biodiesel
production of 1.33L/day from a single µMIRHE device or 133 L/day using 100 units of
µMIRHE, thereby clearly offering the potential for exploitation as light weight, spacesaving and, as a result, a portable biodiesel production plant.
This work demonstrates the feasibility of exploiting µMIRHE device to produce
biodiesel via transesterification reaction based on ethyl alcohol. Such device represents a
proof of concept relating the fabrication of complexes and efficient microfluidic devices
utilizing SLM additive manufacturing technique. An important characteristic of µMIRHE
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is the capability to be assembled to a great number of identical units increasing the
production of biodiesel. This assembly might be competitive in terms of efficiency in
biodiesel production compared to the traditional batch production method. Importantly it
allows use in loco of otherwise wasted energy to intensify the reaction. Also, the device
provides two important environmental benefits: firstly, by allowing energy reuse it raises
the energy efficiency; Secondly, it allows high yield reaction obtained using ethyl rather
than the toxic methyl alcohol as reactant. Methyl alcohol has environmentally adverse
influence, therefore, for countries such as Brazil which produce huge amounts of this
product, the proposed µMIRHE has a holistic advantage.
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Table Captions:
Table 1. Three Groups of all tested cases for biodiesel production considering a molar
ratio of 20/1 (ethanol/oil) and catalyst concentration of 1.5 wt%
Table 2. Water temperatures of all performed cases for biodiesel production
Table 3. Biodiesel yield at different temperatures (molar ratio of 20/1 (ethanol/oil),
1.5wt% of catalyst concentration residence time: 3.88 minutes)
Table 4. Yield of ethyl esters relative to the residence time for the µMIRHE device using
an ethanol/oil molar ratio of 20/1, a catalyst concentration of 1.5wt% and a fixed electric
voltage of 17.5V (aiming an outlet reaction temperature of 45 °C).
Table 5. Yield of ethyl esters for residence times of less than 1 minute in the µMIRHE
device using a 20/1 ethanol/oil molar ratio and catalyst concentration of 1.5wt%.

Figure Captions:

Figure 1. Schematic view of the complete µMIRHE showing: (a) the external view of the
device and (b) the internal structure of the micro reactors, the micro heat exchangers and
the connections (pins and plenums).
Figure 2. Schematic views (a) of the micro reactors layer and (b) of the micro heat
exchanger layer.
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Figure 3. Illustrative drawing for a possible assembly, for the scaling up production of
biodiesel, comprising 100 units of µMIRHE (1000 micro reactors and 1100 micro heat
exchangers).
Figure 4. Photo of the µMIRHE manufactured in Chromium-Cobalt utilizing the SLM
additive manufacturing technique (weighs only 123 g)
Figure 5. Detailed geometry of the µMIRHE in different plans. (a) CAD drawing
showing the imaging planes; (b) CAD drawing showing the imaging planes in the detailed
internal structure region that will be occupied by the fluids; Design CAD drawing (top)
and microtomographic images (bottom) for: (c) plane 1; (d) plane 2; (e) plane 3 and (f)
plane 4.
Figure 6. Optical image of the (a) cross section of the µMIRHE; (b) dimensions of the
cross sections of the channels
Figure 7. Scheme of the three consecutive steps of the transesterification reaction.
Figure 8. Schematic view of the experimental setup used in the synthesis of biodiesel
Figure 9. Profiles of the external µMIRHE temperature and outlet reaction temperature
over residence time (cases 2.1 to 2.6 presented in Table 4).
Figure 10. Profile of the yield of the ethyl esters (biodiesel) over residence time for the
µMIRHE device (cases 2.1 to 2.6 presented in Table 4).
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