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ABSTRACT: This work presents a continuous reactor designed to be
produced by 3D printing with the ultimate objective of performing fast,
exothermic, and corrosive reactions. The dilution of sulfuric acid with water
was used as a model for reactor design. A good mixing inside the reactor will
promote the dilution and at the same time increase the heat transfer. Fast heat
transfer is important to avoid vaporization of reactants/products and to
control corrosion inside the reactor. The reactor was designed using a genetic
algorithm to maximize the surface area of a prespecified reactor volume while
ensuring a good mixing of the reactants. We have experimentally demonstrated
that dilution of sulfuric acid can be done continuously in a Hartridge−
Roughton mixer with lattices for enhanced heat transfer. Selected designs with
internal and external lattices for enhanced heat exchange were manufactured
by 3D printing using the Ti64 alloy. Different printing services were used to
compare the quality of reactors that can be achieved by new industrial players that do not possess a 3D printer. One important item
that should be considered when 3D printing is used for corrosive reactions is cross-contamination with other metals, since that can
significantly affect the life and safety conditions of the reactors.

■ INTRODUCTION
Continuous manufacturing has been recognized recently as one
of the important routes to promote process intensification of
chemical and pharmaceutical reactors.1−10 While several
advantages were previously attributed to continuous manufac-
turing, the technology had a worldwide impact in the mass
production of COVID vaccines.11

In the production of fine chemicals and pharmaceutical
compounds, batch reactors are dominant in the industrial
landscape. The possibility of using the same batch reactor for
multiple reactions, the detailed know-how of the standard
operating protocols (SOPs) by the operators, and the
documentation for good manufacturing practices (GMP) are
strong reasons to keep on using this technology. There are
several reactions that use corrosive chemicals, and/or in some
cases, the heat of reaction is very large.12−14 When performing
highly exothermic reactions in batch reactors, it is common to
dilute the reactants to enhance the overall heat capacity within
the reactor. Such dilution requires increased efforts in separation
stages, consuming additional energy. Moreover, the dilution of
the reactants implies that a larger reactor will be used to produce
a smaller amount of product. If these products are dangerous or
corrosive, more safetymeasures should be put in place. The large
footprint, the extra cost of separation, and the safety of rather
large equipment increase the overall cost of production. Recent
advances in manufacturing technologies for production of
reactors may change this practice toward a more economic and
sustainable production.

Additive manufacturing technologies like 3D printing can
have an unprecedented effect in boosting efficiency of reactors
and, in general, of chemical engineering, due to the large
possibilities of customization. This technology enables the
construction of a reactor that is targeted to perform a given
chemistry instead of tailoring the operating conditions of a
standard reactor to fit the chemistry.15−18 In recent years, there
have been more and more publications dealing with 3D printed
reactors.19,20 While a large fraction of the publications deals with
production of reactors in polymer and as labware, some recent
publications are targeting reactors made in metal that improve
simultaneously the reaction conversion and/or selectivity,
together with heat transfer.21−23

In the production of fine chemicals and pharmaceutical
components, it is common to use 50% or 85% solutions of
sulfuric acid in water. Under batch conditions, water cannot be
added to the acid (unless very vigorous stirring is used) due to
the strong exothermicity of the reaction (95 kJ/mol).24−27 This
implies that instead of diluting oleum (fuming sulfuric acid) or
concentrated sulfuric acid to 85%, the production starts with

Special Issue: CAMURE11-ISMR10

Received: July 15, 2021
Revised: September 14, 2021
Accepted: September 17, 2021
Published: October 6, 2021

Articlepubs.acs.org/IECR

© 2021 The Authors. Published by
American Chemical Society

16720
https://doi.org/10.1021/acs.iecr.1c02791

Ind. Eng. Chem. Res. 2021, 60, 16720−16727

D
ow

nl
oa

de
d 

vi
a 

SI
N

T
E

F 
on

 J
un

e 
19

, 2
02

3 
at

 1
3:

01
:5

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+A.+Grande"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Terje+Didriksen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.1c02791&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02791?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02791?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02791?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02791?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02791?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
https://pubs.acs.org/toc/iecred/60/46?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.1c02791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


water.28 The sulfuric acid concentration path is then from 0 →
85% instead of the shorter and more logical one: 98 → 85%
followed in large-scale continuous dilution units. The reason for
taking this route is that the heat of reaction cannot be dissipated
as fast as it is formed, so the water boils in the point of mixing
unless a very vigorous stirring takes place. To enhance the heat
transfer, industrial units for continuous sulfuric acid dilution are
basically heat exchangers with annular feed and manufactured
using materials with high heat conductivity, like graphite.29

This work reports the steps taken to design, manufacture, and
test a reactor for dilution of sulfuric acid that can be produced in
a single step by using 3D printing as the manufacturing
technology. A Hartridge−Roughton mixer was designed and
optimized for heat transfer using lattices to increase surface area.
Hartridge−Roughton mixers are known to operate well in low
and intermediate Reynolds numbers.30−35 A good mixer in the
low Reynolds region is ideal for this application because the
reaction is fast, and the rate of heat generation should be
controlled by dosing the right amount of products. Otherwise, if
the inlet flow of reactants is too high, it will be difficult to keep a
good heat transfer.

■ REACTOR DESIGN

The production of reactors by 3D printing starts digitally.
Instead of viewing the process of designing a shape in the
computer as a tedious operation, it can be viewed as a
fundamental step with the final aim of optimizing the topology
of the reactor. In this work, topology describes the digital
geometry designed in the computer and not the final surface
rugosity where the resolution of the printer is involved. For a
case where the type of reactor (and reaction) was already
decided, the shape selection/optimization can be done by
implementing a parametric design of the geometry that will be
used. In this work, the Hartridge−Roughton reactor has been
constructed by lofting a series of parametric curves. In its initial
version, the curves were circles with varying radius and fixed at
equidistant position Xi given by

X L r
i

r( 2 )
3

2i R T T= − +
(1)

where LR is the length of the reactor, and rT is the radius of the
inlet tubes.
The target function used for shape optimization has an

enormous influence on the results obtained. If the total area of
the reactor (SAR) is the only parameter to be maximized, a
cylindric design will be obtained where r3 = r4 = r5 = rR, as shown
in Figure 1. If the ratio of the reactor area and reactor volume
(VR) is used, then the effect in minimizing the volume of the
reactor prevails, and the optimization renders r3 = r4 = rT and r5 =
rR. The option to define the volume of the reactor in the
optimization function allowed a certain degree of geometry
optimization. The volume used as target (VR

T) is an average of the
volume obtained in the two extreme cases presented before. In
this case, the optimization function was

y
SA

V V
R

R R
T=

| − | (2)

The design of the reactor was done in Grasshopper, the
parametric tool of Rhino3D (McNeel & Assoc., USA). The
optimization was performed using the evolutionary solver
(genetic algorithm) implemented in the Galapagos routine.
The genetic algorithm in the Galapagos routine treats the
individual values of each variable (termed as genes) as a genome.
The genes in this work are r3, r4, and r5, and they are defined over
a range covering numerical values from 1.5−8.0 mm with
intervals of 0.1 mm. The genetic algorithm used is described in
detail elsewhere.36,37 In this work, the algorithm has been used
tomaximize the reactor area using the function presented in eq 2
as a fitness function.
A video of the optimizer calculating the optimal configuration

is available as Supporting Information. Using this optimization
function, the values obtained are r3 = 0.908(rR − rT), r4 =
0.553(rR − rT), and r5 = 0.261(rR − rT). This means that a
conical reactor is obtained. The design also allows the
positioning of the inlet tubes so that the inlet vorticity can be
tuned according to the initial feed velocity. The parametric

Figure 1. Scheme of the parametric Hartridge−Roughton reactor highlighting the curves used for its shape optimization and showing three possible
geometries.
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design used is shown in Figure 1. With this design, it is possible
to vary the geometry of the reactor, and some different limiting
cases of the geometry are also shown in Figure 1. Setting a step
size of 0.1 mm in a design region from the inlet radius to the
maximum reactor radius (rR), it is easy to exceed 1000 possible
reactor configurations. The curves are straight-lofted to obtain a
solid with a specific volume and area. The inlet port with a tube
radius (rT) can be moved in one axis from (0,rR − rT) to avoid
lack of consistency (nonmanifold, naked vertices, etc.) in
forming the solid.

■ INCREASE OF HEAT TRANSFER

Amajor advantage of having a digital design of the reactor is that
the shape can be used to perform computational fluid dynamic
(CFD) simulations to understand the performance of the unit.
For CFD simulations involving heat transfer, it is important to
know the heat transfer coefficient inside the reactor and outside
the reactor, which is, a priori, unknown. If a generic value of 100
W/m2/K is used for the heat transfer to the external
environment (assuming that cooling water will be used), it
would be possible to take additional actions to improve the heat
transfer of the reactor. The initial simulation of the Hartridge−
Roughton reactor is shown in Figure 2a. As can be observed, in
the center of the reactor where there is less mixing taking place,
the temperature of the reactants increases dramatically which is
not good for the operation of the reactor and for the corrosion of
the metal to be used.
A fundamental advantage of using 3D printing is that

additional customization or introduction of distinctive features
to improve the performance of the reactor does not increase
dramatically the cost of production. In this work, lattices
(sometimes called POCS as per periodic open cellular
structures) were used to increase the available surface area for
heat transfer.

Four units were designed: (a) the Hartridge−Roughton
reactor as shown in Figure 1 printed over a small lattice support,
(b) the reactor manufactured over a small support with a single
internal octahedral cell, (c) the reactor covered with an external
octahedral lattice, and (d) the reactor printed with an external
and an internal lattice structure. In this work, the focus was given
to the reactors with the internal lattice because the heat transfer
is dominated by the heat transfer inside the reactor.
The role of the internal cell has a double function: the main

role is to enhance the heat transfer of the reactor, but it also
contributes to reduce the stagnant zone in the center of the
reactor (the center of the octagonal cell is placed in themiddle of
the stagnant zone, reducing its volume). A simulation of the
performance of the reactor using the same conditions as in the
reference case is shown in Figure 2b. A significant temperature
reduction is observed when introducing the internal single
octagonal cell.
The sketch and the actual pictures of the reference and the

reactor with internal lattice are shown in Figure 3. Pictures of all
the reactors produced, including the ones with the external
lattice, are shown in the Supporting Information. Grasshopper
has several plug-ins to generate lattices. In this work, parts of the
Intralattice plug-in were used to generate the internal and
external curves constituting the lattices. The conversion of the
generated lattice grid to a solid was done using in-house tools
that enhance the resolution of the desired shapes.
The detailed dimensions of the reactor used are given in the

Supporting Information. The final version of the code to
generate the reactor is parametric and can be adapted to
different sizes. The lattices (internal and external) can also be
changed according to the application to tailor the surface area to
volume ratio. Both lattices can be tuned to increase heat transfer
in different locations of the reactor if needed.

Figure 2. Temperature profiles in different places in the 3D printed reactor (a) without a lattice and (b) with an internal lattice for enhanced heat
transfer.
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■ REACTOR MANUFACTURING AND TEST UNIT
The reactors have to be designed to be manufactured by 3D
printing. If a design is also not tailored to be produced by the
adequate 3D printing technique, it will require a great amount of
material for supports and much additional work of postprocess-
ing. The reactors described in this work were manufactured
using DMLS (Direct Metal Laser Sintering). The material of
choice is titanium to minimize corrosion. Titanium alloy Ti64
was used as it is one standard material offered by many
manufacturers.
The reactor shown in Figure 1 will need supports to be printed

(or will require a redesign of the entering tubes to printable

angles). Keeping in mind the possibility of scaling-up the results,
a small support grid was used. If the reactor will be placed in a
closed container to circulate water from its surroundings, having
this small and simple support structure allows printability and
can also help to mechanically adapt the reactor. The grid in the
small support and the internal grid were also designed, taking
into consideration angles and parameters for DMLS printers; if
correctly designed, the internal and the external lattices will
indeed help in the mechanical stability of the reactor.
To test the possibility of direct manufacturing by industrial

partners that do not own a 3D printer of metals, the designs lay
within technical specifications of external services for 3D
printing (available for anyone). While the 3D printers used
can tolerate smaller dimensions (width of reactors and of lattice
to increase surface area), more conservative dimensions that
ensure printability are customary. Three different providers were
used; the machine used was in all cases an EOSmachine (280 or
290), and their titanium alloy (Ti64) was used in all cases. Due
to a confidentiality agreement signed with at least one
manufacturer, we cannot disclose where the parts have been
produced.
A simple layout of the experimental system used for the

continuous reaction is shown in the Supporting Information.
The equipment consists of two HPLC pumps, one for water and
the other for sulfuric acid, connected to the two inlets of the
reactor. The inlet tubes of the reactors were positioned in the
bottom to avoid changes in the flow pattern due to differences in
the density of the reactants. The outlet of the reactor is
connected to a container where the product is collected and with
enough volume to neutralize it before it is safely discarded.
Temperature was measured at four points: at the two inlet
streams, at the outlet stream, and in the water bath where the
reactor was placed. To be able to increase the safety of the
experiments, the water in the bath where the reactor was
immersed has a pH indicator to indicate any fast reactor or
system leakages. Temperature was measured with 1 s intervals
using K thermocouples. Experiments were made using inlet flow
rates of 3 mL/min of each reactant (symmetric mixture) and

Figure 3. Picture of the 3D printed reactor in the Ti64 alloy and
different views of its design: lateral view and a view of the internal
geometry without (bottom left) and with internal lattice (bottom
right).

Figure 4.Operation of theHartridge−Roughton reactor 1 for dilution of sulfuric acid. Initially (1) the feed is 3.0 mL/min of H2O andH2SO4. In (2), it
is 1.5mL/minH2O and 3.0mL/minH2SO4, and in (3), it is 3.0mL/minH2O and 1.5mL/minH2SO4. The exit temperature of reactor 2 for case 3 (3.0
mL/min H2O and 1.5 mL/min H2SO4) is also plotted for comparison.
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asymmetric mixtures: 3.0 mL/min H2O and 1.5 mL/min H2SO4
and 1.5 mL/min H2O and 3.0 mL/min H2SO4. Experiments
were made with the two reactors shown in Figure 3. The sulfuric
acid used is Merck 258105, ACS reagent 95.0−98.0%.
Deionized water with a conductivity of 20.9 MΩ·cm was used.

■ RESULTS AND DISCUSSION
Dilution of Sulfuric Acid.The computational fluid dynamic

(CFD) simulations of the reactor shown in Figure 2 were
performed to understand the operation of the unit. To avoid the
possible high temperatures observed in the simulations, the
reactors were placed in a water bath with ice that allows the inlet
temperature of the inlet fluids to be close to 10 °C. A pH
indicator was used in the water to check whether there were
leaks.
The temperature at the exit of reactor 1 reaches 70 °C. The

temperature increase is very sharp because the reaction is very
fast and very exothermic. No additional temperature increase
has been observed in the collector of the exiting mixture
indicating that the reactants were well mixed in the reactor. This
was expected because the hydration reaction is quite fast, and the
residence time with 6 mL/min of inlet flow rate (3 mL/min of
each reactant) is approximately 20 s. The exiting diameter of the
exit tube of the reactor has the same diameter as each of the
inlets, so the exiting fluid is accelerated at the exit of the reactor.
The approach to the steady state in the reactor 1 for the case of
the symmetric mixture is shown in Figure 4. The exit
temperature obtained with the second reactor is also shown in
that figure. Note that the comparison was made using different
conditions; the first experiment in the second reactor is the
asymmetric one (3.0 mL/min H2O and 1.5 mL/min H2SO4)
that releases the largest amount of heat. These experiments show
the importance of the topology of the reactor. Indeed, with a
very small modification of the reactor, a significant reduction of

temperature is achieved. Moreover, the lattice introduced inside
the reactor helped the structure to be easier to be built by
DMLS. For comparison, an experiment with the reactor that has
an external lattice was made. In principle, if the heat transfer is
controlled in the inner part of the reactor, the experimental
results with the reactor having a larger surface area on the
external surface should render the same results. Experimentally,
a temperature of 74 °C was achieved with the symmetric run,
and the highest temperature of 84 °C was achieved with the
largest amount of water (3.0 mL/min H2O and 1.5 mL/min
H2SO4). Indeed, if the reactor is immersed in a bath with static
water, the external lattice will make the convective movement of
water with different temperatures more difficult resulting in a net
poorer heat transfer.

Interaction between Design and Performance: Scale-
up and Corrosion. As it has been shown by the previous
examples, the tailoring of reactors can be done in different
phases to obtain a design that performs a desired operation. In
this initial work, the topology optimization rendered different
limiting cases that were further evaluated by CFD simulations. A
more advanced optimization would link directly the shape
optimization with tools that allow a simultaneous prediction of
the heat exchange and the hydrodynamics of the system. Only
then, the full topology optimization will be implemented.38With
existing tools, such an approach is computationally expensive
and is so far limited to small reactors.
The optimization can be related to the scale-up of these

reactors, but using advanced manufacturing, this issue can be
partially decoupled. There are several possible methods to scale-
up the reactor used in this work, and at least two will be
mentioned:

1 The volume of the reactor is increased, and the ratio
between the volume of the reactor and the metal lattice is

Figure 5. Possible design of a scaled-up version of the reactor (top) and the simulation of liquid velocity exiting the reactor to denote that there are no
preferential paths in this reactor design.
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maintained. In this case, the size of the lattice cell should
be studied to understand if the reactor will behave
identically. Alternatively, more than one cell is used while
keeping the reactor volume to metal ratio.

2 If the heat transfer is limited in the internal volume of the
reactor, a multireactor system can be constructed. In this
configuration, the feed of an exhaust system is used to
distribute the feed and collect the product to different
reactors operating in parallel. A picture of this reactor is
depicted in Figure 5 together with a CFD simulation
indicating that there is no preferential path in one of the
reactors. Using traditional manufacturing, this process will
increase the cost linearly. With 3D printing, the cost is a
function not only of reactor weight and volume but also of
3D printing time, so an efficient design can contribute in
cost reduction.

A major advantage of the 3D printing technology is that the
manufacturing starts digitally, so many advanced modeling
options can be used to optimize the reactor even before
manufacturing. A good parametric design also helps with the
understanding of the system. This is particularly important for a
fully optimized design, where all reactor parts are interlinked and
safely connected. In this work, the reactor design was made
sequentially; a view of the different components is given in
Figure S5 in the Supporting Information. The sequential design
performed here allows the generation of individual shapes both
at the reactor level and at the internal−external lattices as well as
the external layout. Such independent design can allow a faster
change of dimensions, a tailored scale-up, and also the
generation of individual stls or cad images that can be used for
optimization of each of the parts if desired. An important lesson
from this work is that good attention should be paid to the inlet−
outlet port connectors. The ports in this reactor were not fully
customized, and it was difficult to find solutions to avoid
leakages. Our learning is that the ports should be adapted to
adapt standard solutions already available for current systems.
Another important aspect to produce these reactors is that all

measures to reduce the cost of production should be taken at the
design phase. The cost is strongly driven by costs of material
used, printing time, and printer depreciation, and it can also be
influenced by necessary postprocessing. The reactors shown in
this work were used without any postprocessing techniques to
reduce the surface rugosity (internal or external). Postprocess-
ing techniques to reduce the rugosity in intricated geometries
with lattices can be very expensive. The use of supports should
also be done with caution to reduce costs; they require
additional material that will not be further used and
postprocessing. In this work, the supports used were providing
structural support to the final wall, so they were not removed.
Lack of normative for production of 3D printed reactorsmakes it
difficult to estimate final costs of larger units.
Perhaps one of the most interesting parts to be fully

understood before expecting commercialization of these
reactors is related to the building material. As mentioned
before, the reactors were built in different places but using the
same titanium alloy (Ti64) and similar machines. The
parameters of each of these machines are established (and
eventually tailored) by each of the manufacturers, and we do not
have access to them. The first observation is that in the reactors
with the external lattice, the topology of one of the reactors was
slightly more rugous than the rest. The rugosity on the external
parts does not need to be the same as in the internal parts. The

topology of one of the reactors determined by light
interferometry is shown in the Supporting Information. This
rugosity is comparable to other reactors that our group has
printed before and is according to expectations.
What needs to be better understood, particularly for internal

lattices, is whether the extra rugosity of the 3D printing process
by DMLS is going to create local corrosion points in different
locations of the reactor. This is particularly crucial for regions
with higher velocity and/or where higher temperatures are
achieved. For titanium, sulfuric acid can be corrosive,
particularly at higher temperatures.39 Indeed, when cleaning
one of the reactors, a slight smell of SO2 was detected. This
denotes the possibility of some possible reduction of diluted
sulfuric acid by oxidation of the titanium surface although no
detectable changes in reactor surface rugosity were observed
after the experimental campaign. Long-term studies on this issue
are necessary to establish an operative time limit and eventual
preferred concentration range of operability.
Another very interesting feature of the reactors manufactured

in different places is that the color and brightness of the reactors
is not the same. Such a small color change is very difficult to be
caught on camera, and therefore a picture is not reported. DMLS
printers are rather expensive pieces of equipment, and in some
places, the machines are used for printing batches with different
materials. In such cases, it may happen that there is cross-
contamination of different powders used or that some powder
from the previous batch remained in the unit. This cross-
contamination can be very problematic when working in
extremely corrosive environments, and a large degree of
attention should be paid to this for those applications. Indeed,
one of the reactors could not handle the operation and started
leaking after the first set of experiments in contact with the
sulfuric acid solution; for confidentiality issues, we cannot
disclose the type or the degree of contamination in each of the
reactors. For this reason, specific procedures should be still
developed to create normative standards for such reactors before
their commercialization.

■ CONCLUSIONS

In this work, we designed, modeled, manufactured, and tested a
tailored reactor for performing a corrosive and exothermic
reaction. The reaction used in this work is the dilution of sulfuric
acid with water. A parametric design of a Hartridge−Roughton
reactor was done and used to optimize its shape for creating a
larger surface area per reactor volume with a good mixing inside
the reactor. Inserting an internal lattice increased enormously
the heat transfer properties of the reactor and allowed the
performance of the reaction in a controlled manner. Inserting
such a lattice using a standard manufacturing technology would
be complicated, but with using 3D printing, the lattice indeed
helps in the construction of the unit. Different designs of the
reactor are also proposed to scale-up the unit to industrially
relevant levels. All these designs can be manufactured with
existing 3D metal printers. An issue that must be solved before
commercialization of reactors for difficult environments
(corrosive and exothermic reactions) is the evaluation of the
material upon manufacturing. In our study, different providers
were used, and the different colors in the final product may
indicate cross-contamination of the Ti64 alloy with other
powders. This indicates that specific procedures should be still
developed to create normative standards for such reactors before
their commercialization.
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