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Abstract: Additive manufacturing (AM) or 3D printing offers a new paradigm for designing and
developing chemical reactors, in particular, prototypes. The use of 3D printers has been increasing,
their performance has been improving, and their price has been reducing. While the general trend
is clear, particular applications need to be assessed for their practicality. This study develops and
follows a systematic approach to the prototyping of Advanced Oxidation Processes (AOP) reactors.
Specifically, this work evaluates and discusses different printable materials in terms of mechanical
and chemical resistance to photo-Fenton reactants. Metallic and ceramic materials are shown to
be impracticable due to their high printing cost. Polymeric and composite materials are sieved
according to criteria such as biodegradability, chemical, thermal, and mechanical resistance. Finally,
3D-printed prototypes are produced and tested in terms of leakage and resistance to the photo-Fenton
reacting environment. Polylactic acid (PLA) and wood–PLA composite (Timberfill® ) were selected,
and lab-scale raceway pond reactors (RPR) were printed accordingly. They were next exposed to
H2 O2 /Fe(II) solutions at pH = 3 ± 0.2 and UV radiation. After 48 h reaction tests, results revealed
that the Timberfill® reactor produced higher Total Organic Carbon (TOC) concentrations (9.6 mg·L−1 )
than that obtained for the PLA reactor (5.5 mg·L−1 ) and Pyrex® reactor (5.2 mg·L−1 ), which suggests
the interference of Timberfill® with the reaction. The work also considers and discusses further
chemical and mechanical criteria that also favor PLA for 3D-printing Fenton and photo-Fenton
reactors. Finally, the work also provides a detailed explanation of the printing parameters used and
guidelines for preparing prototypes.
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1. Introduction
Computer-aided design (CAD) and computer-aided manufacturing (CAM) technologies are today essential for designing and manufacturing functional objects. Additive
manufacturing (AM) or 3D printing takes advantage of digitalization to enable crafting
unique pieces at a cost and speed comparable to that given by mass production [1]. Although still in an early stage, the utilization of AM for producing chemical reactors is
emerging as an opportunity to explore new geometries and integrated designs and speed
up their validation. Three-dimensional (3D) printing is an enabling technology that is
making the shaping of complex reactor prototypes increasingly cheaper and faster. Such
rapid prototyping will shorten the development process and the testing of inexpensive and
more sustainable materials, which ultimately will lead to better processes.
Some works have reviewed the application of AM in chemistry and pharmaceutical,
biological, and chemical engineering [2–4]. Most of the recent works on this area report
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on approaches converging to process intensification via the miniaturization of the equipment and the adoption of continuous processing (continuous flow chemistry [5,6], milli-,
and micro-fluidics [7,8]) and to modularity and on-demand reactionware [9,10]. Threedimensional (3D) printing has also been explored for wastewater treatment processes;
most developments reported aim again at process intensification through the design and
production of high-surface-area biocarriers that enhance the performance of moving bed
biofilm reactors (MBBR) [11–13].
However, the application of 3D printing and computational modeling (CAD, CAM) for
the design and fabrication of chemical reactors for advanced oxidation processes (AOPs),
in particular photo-Fenton reactors, has been hardly addressed [14,15], and a systematic
approach for material selection for 3D printing such reactors is also missing [1].
Fenton-based processes are very successful options in terms of effective pollutant
degradation that can be boosted by different ways such as solar light [16] or electrochemical
process [17]. The photo-Fenton reaction can be summarized as a catalytic reaction of
ferrous iron (Fe2+ ) reagent with hydrogen peroxide in an acidic or circumneutral pH
yielding hydroxyl radicals. The presence of UV-VIS radiation enhances the reaction rate;
therefore, this process is strongly dependent on iron concentration and irradiance, which
are important factors in reactor design and process operation [18]. Iron nanoparticles
present higher surface energy than iron salts, and they have also been proposed and tested
to substitute iron sulfate and reduce the sludge produced in the reactor [19–21]. In any
case, photoreactor prototyping and subsequent testing are crucial for the modeling and
application of the photo-Fenton processes.
Although the application of AM offers significant opportunities in controlling fluid
dynamics and optimized reactor geometries, it poses new problems regarding the properties of the materials used for 3D printing, which are often only discussed in the context of
mechanical characteristics, and rarely because of their chemical functionality [3]. Indeed,
materials selection for 3D printing needs to be considered according to chemical constraints
such as solvent compatibility with the various reagents [22].
This paper addresses the selection of materials according to different criteria for reactor
prototyping and subsequent testing of the chemical suitability of the reactor for carrying
out advanced oxidation processes, in particular, photo-Fenton processes, and it proposes a
systematic approach to the selection procedure.
2. Materials and Methods
The process proposed for determining a suitable material satisfying both chemical and
mechanical requirements is illustrated in Figure 1. The diagram shows multiple criteria in
several steps.
2.1. Materials
The printing filaments used in the reactor manufacture were supplied by the Filamentum Company (Hulín, Czech Republic). Concerning the considerable effect of the material
characterization including deformability, safety, printability, and stiffness or bending, the
manufacture’s material datasheets were considered, and also some tests were performed.
Those tests will be described in the following subsections. The printed parts have been
manufactured using a Sigma printer by the BCN3D Company (Barcelona, Spain) and fused
filament fabrication (FFF).
Hydrogen peroxide (H2 O2 ) 33% w/v in analytical-grade was supplied from Panreac
Química SLU (Barcelona, Spain). Iron sulfate heptahydrate (FeS4 _7H2 O) by Sigma-Aldrich
(St. Louis, MO, USA) was used as another Fenton reagent. Sulfuric acid H2 SO4 (95–97%)
for adjusting the initial pH and pure caffeine as the contaminant were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All solutions were prepared with deionized water
having conductivity lower than 1.25 µs provided by Adesco S.A. (Barcelona, Spain). Actinic
BL TL-DK 10 W/10 1SL lamp (UVA-UVB) (Barcelona LED, Barcelona, Spain) with the main
emission at 254 nm was used as the UV light source.
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All reagents were added at the beginning of the assays. The temperature was not
controlled. Samples were taken every 20.0 min and were refrigerated after extraction to
slow down any further degradation of the organic matter.
2.3. Procedures and Equipment
The concentration of total organic carbon was measured by Shimadzu TOC-VCSH/CSN
analyzer, Japan. H2 O2 concentration was determined through the spectrophotometric
method developed by Nogueira et al. [27]. The absorption at 450 nm was detected via a
Lambda 365 UV/Vis spectrophotometer (Perkin Elmer, Ohio, OH, USA).
The thermogravimetric analysis (TGA) of the samples was carried out by TGA Q50
PerkinElmer. For the tensile tests, the universal test machine Microtest has been used
equipped with a 25 kN load cell, 50 mm extensometer, Spider and Microtest data acquisition system.
Important tests such as elasticity, tension, and elongation were performed following
the ASTM D638-14 standard [28].
3. Results
3.1. Pre-Selection of Alternative Printing Materials
A wide range of 3D printing materials with different characteristics are available,
whose properties and durability can be altered by the environment set by the photo-Fenton
process [3].
The most common groups of materials used for 3D printing [29] are presented in
Table 1.
Table 1. The most common sorts of materials used for additive manufacturing.
Metallic

Ceramic

Polymeric Base

Titanium
Aluminum
Stainless steel

Alumina
Zircon dioxide
Hydroxyapatite

Copper

Titanium oxide

Inconel

Tri-calcium phosphate

Gold/Platinum

Bio-glass

Nylon
Polycarbonate (PC)
Polyvinyl alcohol (PVA)
Acrylonitrile butadiene
styrene (ABS)
Polylactic acid (PLA)
Composite PLA–wood fibers
(Timberfill® )

Ceramic materials have been studied and recommended for applications requiring
high corrosion resistance [30]. Metals have well-known properties and high mechanical
resistance. However, additive manufacturing is complex and expensive for both groups of
materials. On the other hand, polymers and polymer-based composites resist corrosion
(to a lesser extent), their mechanical strength is acceptable (enough to tolerate the weight
of the liquid inside the reactor), they are much lighter, and their manufacturing cost is
much lower. They can be manufactured through both industrial and domestic additive
manufacturing techniques, such as Fused Filament Fabrication (FFF). These considerations,
supported by some studies published in the bibliography [29], allow a first broad selection,
which is shown in Table 2.
Currently, there are many different polymeric and polymeric-based composite materials available on the market that can be easily employed for FFF. Some of the most common
are Nylon [22], Polycarbonate (PC) [31], Polyvinyl alcohol (PVA), Acrylonitrile Butadiene
Styrene (ABS), Polylactic acid (PLA), and a variety of composites such as Timberfill® , a
PLA-based material with wood fibers manufactured by Fillamentum Manufacturing Czech
s.r.o [32].
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Table 2. Pre-selection of the type of 3D-printing material based on chemical, mechanical, and economic criteria (Criteria #1).
Criteria #1

Criterion 1.1
Chemical Properties

Criterion 1.2
Mechanical Properties

Criterion 1.3
Manufacturing Cost

Decision

Metallic
Ceramic
Polymeric
Composite

Passed
Passed
Passed
Passed

Passed
Passed
Passed
Passed

Failed
Failed
Passed
Passed

Rejected
Rejected
Selected
Selected

While these materials share important features as members of the same class, there
are important differences regarding the specific application they are intended for. Hence,
they can be preliminarily filtered using general criteria and easily available information
(non-standardized data, commercial datasheets [33], etc.), which allows avoiding more
expensive testing.
Thus, Nylon is a non-biodegradable material, with a very high cost, compared to other
filaments, and with low heat resistance. These are the reasons considered to reject it. PC
is a thermoplastic polymer. Normally, it is a strong and tough material that can be easily
worked, molded, and thermoformed [34]. The cost is higher than other thermoplastics in
the market, which is a serious drawback. PVA can be readily rejected due to its distinctive
solubility in water, which is detrimental to its use in aqueous media. Incidentally, PVA is
mainly used in FFF to build supporting structures upon which the true piece is printed;
once finished, PVA can be easily eliminated due to its water solubility [33].
On the other hand, ABS, PLA, and Timberfill® can be preliminarily, selected since they
do not present any of these major drawbacks.
ABS is one of the most widely used thermoplastics. It could be used in many industrial
applications such as automotive components. Among its valuable properties, toughness
and good resistance to high temperatures are remarkable [35]. In addition, the price is very
competitive compared to most materials available in the market.
PLA is a biodegradable material obtained from renewable sources such as cornstarch,
etc. Thus, it is the most environmentally friendly material among many other 3D printing
materials. Its advantages are small thermal contractility, very good mechanical resistance,
and low price [35].
An alternate biodegradable material proposed is Timberfill® , which results from
PLA combined with wood fibers. Although designed for a purely aesthetic purpose
(imitating objects with a wood aspect), it is worth analyzing due to its reasonable price. Its
inconvenience is that its mechanical strength is lower than that of PLA [36].
All this is summarized in Table 3.
Table 3. Pre-selection of 3D-printing polymeric and composite materials based on economic and operational criteria (Criteria #1).

Criteria #1

Criterion 1.4
Cost

Criterion 1.5
Heat Resistance

Criterion 1.6
Mechanical
Strength

Nylon

Failed

Failed

Passed

PC
PVA

Failed
Failed

Passed
Passed

Passed
Passed

ABS

Passed

Passed

Failed

PLA
Timberfill®

Passed
Passed

Passed
Passed

Passed
Failed

Criterion 1.7
Sustainability
Nonbiodegradable
Biodegradable
Biodegradable
Nonbiodegradable
Biodegradable
Biodegradable

Criterion 1.8
Water Solubility

Decision

Passed

Rejected

Passed
Failed

Rejected
Rejected

Passed

Selected

Passed
Passed

Selected
Selected
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3.2. Material Testing and Selection
After the pre-selection (screening phase) of ABS, PLA, and Timberfill® as promising
materials for 3D printing of Fenton and photo Fenton reactors, the performance of these
materials needs to be further examined and compared based on chemical and mechanical
criteria before attempting the printing process.
3.2.1. Mechanical Tests
The mechanical properties required could be determined using accepted standard
measurement and assays, which define the material behavior with respect to its resistance
to load. Large strain plasticity, as observed in various materials, is one of the well-known
phenomena requiring combined geometric and material nonlinear analysis of solids [37,38].
Additionally, each one of these responses may be defined in relation to the loading mode:
tension, compression, flexure, shear, or torsion [39], which depends on the way that the
component carries out the loads. Regarding the practicability of 3D printing a reactor, static
tests such as tensile and flexural tests have been executed on the mentioned materials.
In general, the materials selected for a 3D printing reactor require certain mechanical
criteria to be verified. In particular, three mechanical criteria have been considered. In the
following sections, the conditions that each evaluated material needs to meet with each of
the three criteria considered will be explained.
Criterion 2.1: Printability
To manufacture the reactors, it is necessary to find a material that is easy to print.
This means that the selected materials could be printed without presenting the most
common problems that occur in an FFF process, such as Extruder plugging [40], the
first layer of material does not stick to the hot base [41], less or more material extruded
during the process [42], overheating [43], wrapping (very common in ABS) [44], uneven
printing [45], etc.
Table 4 shows a preliminary evaluation according to printable conditions (Criterion 2.1), for PLA, Timberfill® , and ABS. The characteristic properties required for this
assessment can be extracted from the materials datasheets and do not require performing
further assays. The material has been considered to meet this criterion if it does not present
any of the problems mentioned in the previous paragraph or if they can be solved otherwise. Hence, not all materials meet this criterion in the same way, as shown in Table 4,
although none of them can be discarded on this basis.
Table 4. Mechanical comparison of PLA, Timberfill® , and ABS based on printability, stiffness, and
required heated bed (Criteria #2).
Criteria #2

Criterion 2.1
Printability

Criterion 2.2
Stiffness

Criterion 2.3
Heated Bed

Decision

PLA
Timberfill®
ABS

Passed
Passed
Passed

Passed
Passed
Failed

Not Required
Not Required
Required

Selected
Selected
Rejected

Criterion 2.2: Stiffness
Stiffness is another significant aspect to be considered. Stiffness is the extent to which
an object resists deformation in response to an applied force [46]. Regardless of whether
stiffness is closely related to the internal infill of the pieces, the properties of the selected
material also have an important influence on it.
The datasheets by the material’s manufacturers provide enough information to assess
stiffness. To consider that a material meets this criterion, a limit of 53 MPa has been
established, which allows discarding ABS on this basis (Table 4, Criterion #2.2).
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Criterion 2.3: Heated Bed
The hotbed is the element that is responsible for heating the base of the 3D printer so
that the parts remain adhered to during the manufacturing process. This avoids or reduces
the effect of wrapping (pieces that detach and bend during the printing process). Not all
materials require a hotbed printer to be printed [41].
Whether a hotbed is required or not can be also extracted from the manufacturer’s
datasheets for the three pre-selected materials (Table 4, Criterion #2.3). If the hotbed is
needed, the material is considered not to meet this criterion, which is the case of ABS.
Table 4 summarizes criteria #2 and the decisions made accordingly. Printability is
better in PLA and ABS than Timberfill® . The last one is printed with greater difficulty
than the previous ones, but by increasing the extruder diameter and decreasing the layer
height [47], the problem is solved. The stiffness in the case of ABS decreased compared to
PLA and Timberfill® [48]. Print using a heated bed is only necessary in the case of ABS.
So, the partial conclusion according to criteria #2 is that PLA and Timberfill® are more
appropriate materials and ABS can be discarded.
3.2.2. Chemical Tests
A wide assortment of polymers resisting high temperatures and chemicals is currently
available. Apart from printable metals (composites, powders, alloys) and ceramics, different types of inert polymers have been studied for 3D printing reactors: fluoropolymers [49],
Acrylonitrile butadiene styrene (ABS) [50]; Polycarbonate (PC); Nylon [31]; Polypropylene
(PP) [51], Polystyrene (PS) [52]; and Polylactic acid (PLA) [53]. While the first polymers
used in 3D printing had limited chemical and thermal stability, new materials have been
introduced with increased performance [54].
Thus, materials commonly used for AM have been tested and ranked accordingly, for
instance regarding the effect of prolonged exposure to an aggressive organic solvent such
as methylene chloride [22].
General ideas for material selection and reactor design and development can be found
in the literature [3]. However, to the best knowledge of the authors, no studies address the
specific issues of Fenton and photo-Fenton processes.
For the Fenton and photo-Fenton reactions, tests should be designed and performed
to assess the chemical stress that the reacting media causes to the vessel holding it. The
thermal stability of the material under heat stress and radiation should be considered
as well.
Thus, three criteria can be envisaged according to the resistance to the Fenton reactants
and intermediates (as the high oxidant hydroxyl radicals), the resistance to the irradiation
itself causing the photo-Fenton process, and the resistance to the temperature changes that
the reactor may experience.
Since the chemical stress produced by the photo-Fenton reaction is intrinsically linked
to the stress produced by irradiation, both effects will be jointly tested after they are
described (Criteria 1 and 2). Certainly, the irradiation stress could be tested separately from
the Fenton reaction to discern the individual effects, but they are simultaneously addressed
for the practical purposes of material selection.
Criterion 3.1: Reaction Environment
The presence of the Fenton reactants, the need for acidic media, and the production
of highly oxidant species are the conditions that should be specifically considered. Furthermore, since the purpose of Fenton and photo-Fenton treatments is to remove organic
contaminants from water, a reaction media attacking a polymeric reactor not only threatens
the consistency of the reactor but also, and more significantly, the quality of the water
and its measurement. The measurement of organic matter is commonly performed via a
lumped parameter such as TOC [55], which also poses a detection limit and a practical
threshold for the amount of polymeric material that could be detected in a water sample.
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According to the literature [56,57], a wide range of Fenton reactants ratios (H2 O2 :Fe(II)
from 5:1 to 100:1) have been applied for treating different contaminants in wastewaters.
Hence, a test has been designed by establishing 300 ± 10 mg·L−1 H2 O2 and 10 ± 0.1 mg·L−1
Fe(II), which sets the Fenton reagent mass ratio to 30:1. The ratio selected is within the
threshold previously commented, the iron concentration is the maximum value allowed
in wastewaters in Spain [58], and the hydrogen peroxide concentration doubles that used
in recent works [59]. The media, a volume of 500 mL, is also set at the usual reaction pH,
3 ± 0.2.
A sample of each material to be tested is prepared in pieces of 80 × 10 × 4 mm
(approximately, which corresponds to about 3 gr mass). The selected materials are dipped
in the synthetic water prepared for 48 h, which is considered long enough for a first
material screening. The same procedure is carried out for a control sample, which is
dipped in distilled water. The initial TOC concentration is measured for all the assays (test
and control).
To pass Criterion 3.1, TOC concentration after 48 h should not increase the initial
TOC concentration beyond an acceptable measurement limit to discard the hypothesis
of a migration of the building material to the reaction environment. This limit is set to
0.23 mg·L−1 , according to the precision of the TOC analyzer [60]. In addition, the aspect of
the material should not present any modification at sight.
Criterion 3.2: UV Resistance
Common synthetic polymers can be attacked by sunlight, and the photo-Fenton
process requires the presence of UV-vis light [55]. The literature reports that the presence of
UV-vis light (λ ≤ 580 nm) allows reducing Fe (III) again into Fe (II), which in turn produces
further • OH radicals and results in a cycle continuously supplying • OH until H2 O2 is
depleted. Shorter wavelengths (λ ≤ 310 nm) cause hydrogen peroxide photolysis and the
direct production of extra • OH. Therefore, the oxidation rate of photo-Fenton is much
higher than that of the Fenton process.
Thus, materials should be tested under such irradiating conditions. UV light (artificial
and solar light) was used and the conditions to pass Criterion 2.2 are the same set for
Criterion 2.1 after 48 h.
ABS is reported to significantly downgrade [50,61] when exposed to UV radiation in
an oxygen-rich environment. While this reinforces the rejection of ABS as inappropriate
for the photo-Fenton reaction, it also suggests that the suitability for the Fenton reaction
should be further investigated if required. Hence, tests were produced for Timberfill® and
PLA and no significant changes in TOC and pH were measured after 48 h. The results are
summarized in Table 5.
Table 5. Chemical comparison of PLA, Timberfill® , and ABS based on chemical and thermal stability
(Criteria #2).

Criteria #3

Criterion 3.1 & 3.2
Reaction Environment &
Light Resistance

Criterion 3.3
Thermal Stability

Decision

PLA
Timberfill®
ABS

Passed
Passed
Failed

Passed
Passed
-

Selected
Selected
Rejected

Criterion 3.3: Thermal Stability
Thermal degradation is another aspect to be considered [62]. When temperature
exceeds the glass transition temperature of the polymer, the materials, as well as their
products would become easy to distort, wrinkle, or tear, and the mechanical properties
would fall sharply [63]. The exothermic photo-Fenton process under irradiation experiences
an increase in temperature; this may cause additional stress.

Timberfill®
ABS

Passed
Failed

Passed
-

Selected
Rejected

Criterion 3.3: Thermal Stability
Thermal degradation is another aspect to be considered [62]. When temperature exInt. J. Environ. Res. Public Health 2021, 18, 4885
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Table 5 summarizes the criteria and the decisions derived from them corresponding
to the comparison investigation carried out in this section, according to the thermal stability, too.
3.3. Reactor Type, Prototyping, Printing Parameters
Selecting the reactor type (geometry, optimization, etc.) is a process out of the scope
of this work. Despite general guidelines, deciding on a reactor for Fenton and photo-Fen-
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Table 5 summarizes the criteria and the decisions derived from them corresponding to the comparison investigation carried out in this section, according to the thermal
stability, too.
3.3. Reactor Type, Prototyping, Printing Parameters
Selecting the reactor type (geometry, optimization, etc.) is a process out of the scope of
this work. Despite general guidelines, deciding on a reactor for Fenton and photo-Fenton
processes required a manifold analysis. This work limits solar radiation to present an illustrative, non-exhaustive, comparison of three types of solar reactors Compound Parabolic
Collectors (CPCs), Flat Collector Reactors (FPs), and Raceway Pond Reactors (RPR) referred to in the literature. According to Cabrera-Reina et al. [68], tubular photo reactors
designed for efficient photon capture, as CPCs, have been used to treat high-polluted
wastewater. Other reactors such as FP and RPR have also been tested and compared in
terms of efficiency and cost to treat industrial wastewater by solar photo-Fenton. The
reported properties and features are summarized in Table 6, and RPR is adopted for the
next steps as the cost is prioritized as the main issue at this prototyping stage.
Table 6. Comparison between different types of reactors (RPR, CPC, and FP) based on cost, efficiency, treatment capacity,
and accumulated energy (Criteria #3).

RPR
CPC
FP

Cost

Efficiency (Common
Polluted Wastewater)

Efficiency (High
Polluted Wastewater)

Treatment
Capacity

Accumulated
Energy

Decision

Passed
Failed
Failed

Passed
Passed
Passed

Passed
Passed
Passed

Passed
Passed
Passed

Passed
Passed
Passed

Selected
Rejected
Rejected

3.3.1. Prototyping
Hence, the selected materials, PLA and Timberfill® , were used to 3D print lab-scale
raceway ponds. According to the literature [68–71], the capacity of the prototype reactor
was fixed at 0.5 L. A height of 51.0 mm was adopted assuming 50 mm for the optical path.
The
Int. J. Environ. Res. Public Health 2021, 18,
x ratio length/width was set to 3, according to previous studies [47,69] recommending
11 of 19 a
value in the range 3–6. This led to a length of 250.0 mm and a width of 80.0 mm. Figure 3
gives the corresponding scheme.

Figure 3. Scheme and dimensions (mm) of the lab-scale RPR.
Figure 3. Scheme and dimensions (mm) of the lab-scale RPR.
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each material (PLA and Timberfill ) were printed (Figure 4) using a Sigma
material (PLA and Timberfill® ) were printed (Figure 4) using a Sigma printer by BCN3D
BCN3D (Barcelona, Spain).
(Barcelona, Spain).

Figure 4. Shape and dimensions (mm) of the pieces used in the Flexural test (ASTM D6272).
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Table 8. Comparison between PLA and Timberfill® using maximum stress as a mechanical indicator (Criterion #4).
Criteria #4
Timberfill®
PLA

Criterion 4.1
Maximum Stress
Passed
Passed

3.3.2. Printing Parameters

Decision
Worst option
Best option
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Table 8. Comparison between PLA and Timberfill® using maximum stress as a mechanical indicator
(Criterion #4).
Criteria #4

Criterion 4.1
Maximum Stress

Decision

Timberfill®
PLA

Passed
Passed

Worst option
Best option

3.3.2. Printing Parameters
FFF creates porosities in the printed pieces placed at the interface between the layers,
so preventing liquid leakage in FFF-printed products is a challenge [69]. Usually, tuning
these parameters is based on personal experience and know-how, but there is not enough
comprehensive information to determine suitable manufacturing parameters [70,71]. Thus,
printing parameters were selected from previous experiences of the research group [47,73],
corresponding with the best mechanical properties. The printed parameters used are
shown in Table 9.
Table 9. Parameters used for 3D-printing the PLA and Timberfill® reactors.
Printing Parameters
Parameter

Contour width
Solid upper layers width
Solid lower layers width
Extra contour
viron. Res. Public Health 2021, 18, x
Combine filling every
Flow ratios

Retraction length
Retraction length
2 mm
Raise in Z 0 mm
Raise in Z
Speed retractionSpeed retraction
40 mm/s
Layer height (mm)
Layer height (mm)0.2
Nozzle diameterNozzle
(mm) diameter (mm)
inting velocityPrinting
(mm/s)velocity (mm/s)

Value

Parameter

Value

1.2 mm
1.2 mm
1.2 mm
Required
2 layers
1

Brim
Overlap/contour intersection
Support material
Space between filaments
Raft (base layer)
Speed trips in vacuum

5 mm
15%
No
1.5 mm
13 of 19
No
130 mm/s

Extruder Parameters
Extruder Parameters
2 mm
Extra length when reprinting
0 mm
Extra length when reprinting
0 mm
Minimum distance for
0Minimum
mm
2 mm
distance for shrinkage
2 mm
shrinkage
Infill
Pattern
Honeycomb
40 mm/s
Infill Pattern
Honeycomb
Density (%)
75
0.2
Density (%)
75
®
0.6 for PLA, 0.7 0.6
for for
Timberfill
PLA, 0.7 for Timberfill®
®
40 for PLA, 30 for
40 Timberfill
for PLA, 30 for Timberfill®

Finally, the two Raceway Pond Reactors (RPRs) produced according to the printing
Finally,
two
Raceway
Reactors
(RPRs) produced according to the printing
specifications given in
Table the
9 are
presented
inPond
Figure
6.
specifications given in Table 9 are presented in Figure 6.

(a)

(b)

® (b).®
Figure
6. Picture
of theof3D-printed
race pond
reactors
(RPRs):
PLA (a)
and
Figure
6. Picture
the 3D-printed
race pond
reactors
(RPRs):
PLA
(a)Timberfill
and Timberfill
(b).

3.4. Prototype Testing and Selection
3.4.1. Mechanical Test
Once printed, the raceway ponds reactors, Figure 6, need to be finally tested as a
vessel aimed at containing a liquid solution. Hence, water tightness is paramount. It is
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3.4. Prototype Testing and Selection
3.4.1. Mechanical Test
Once printed, the raceway ponds reactors, Figure 6, need to be finally tested as a
vessel aimed at containing a liquid solution. Hence, water tightness is paramount. It is well
known that FFF creates porosities in the printed pieces placed at the interface between the
layers, so preventing liquid leakage in FFF printed products is a challenge [69]. Increasing
the nozzle diameter and the layer height are the usual printing strategies to achieve it.
This was considered in Section 3.3.2 when the printing parameters were tuned. Next, the
complete structure is put to test.
Thus, the reactors were filled with water. The criterion at this final stage (5.1) is not
observing any leakage after 10 days. This lapse of time is deemed convenient, as regular
use during the following months confirmed the vessel to be tightly sealed.
No leakage was detected during the given time in both printed reactors, which
indicates that the selected design and the implementation (printing) parameters suffice to
guarantee a reactor with robust cohesion between layers. This result is given in Table 10.
Table 10. Testing and selection of PLA and Timberfill® concerning leakage (Criterion #5).
Criteria #5

Criterion 5.1
Leakage

Decision

Timberfill®
PLA

Passed
Passed

Selected
Selected

Table 10 summarizes the comparative assays carried out in this section. According to criteria 5, PLA and Timberfill resulted in good alternatives under the mechanical
assessment section.
3.4.2. Chemical Test
After assessing the performance as a container, the specific suitability of the different
materials to be used as Fenton and photo-Fenton reactors is next tested and evaluated.
While this may be to some extent redundant, the options are definitively confirmed in this
final pilot test and compared to a reference reactor.
Such suitability was assessed in regard of two criteria:

•
•

Criterion 6.1: Reaction viability; the capacity of the reactor to handle both Fenton and
photo-Fenton reactions.
Criterion 6.2: Material interference; the capability of the different reactors to significantly interfere with these reactions.

Accordingly, the performance of the 3D printed reactors is examined under conditions
comparable to the Fenton and photo-Fenton treatment of an organic load. An aqueous
caffeine solution (500 mL, 30 ± 0.5 mg·L−1 ) is used, and the following conditions are
set: acidic pH (3 ± 0.2), 300 ± 10 mg·L−1 H2 O2 , 10 ± 0.1 mg·L−1 Fe (II). Experiments
are conducted without light (Fenton process) and under UV light (photo-Fenton). The
evolution of TOC, and H2 O2 concentrations are monitored along the reaction time.
The same treatment is performed in 500 mL regular Pyrex® Flask, which is intended
as a control. Despite the different geometry, the Pyrex® high resistance to chemical attack
is assumed to be very informative as a reference.
The results of the different assays with synthetic water (Figure 7) readily confirmed
that organic matter from the Timberfill® reactor was contaminating the test solution in the
long term, from which the interference of the material in the reaction is inferred.

is assumed to be very informative as a reference.
The results of the different assays with synthetic water (Figure 7) readily confirmed
that organic matter from the Timberfill® reactor was contaminating the test solution in the
long term, from which the interference of the material in the reaction is inferred.
Contrarywise, the same results indicated the promising capability of PLA to be used
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as a photo-Fenton reactor. The results from the PLA raceway pond were consistent with
those obtained from the reference Pyrex® reactor.
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Figure 7. Evolution of TOC and H2 O2 concentration (a) without UV and (b) with UV irradiation (30 ± 0.5 mg L−1 caffeine
solutions, TOC0 = 17.2 ± 1 mg L−1 in PLA, Timberfill® , and Pyrex® reactors. Experimental conditions: pH = 3 ± 0.2,
Figure 7. Evolution
of TOC and H O concentration (a) without UV and (b) with UV irradiation
H2 O2 = 300 ±
L−1 .L caffeine solutions, TOC = 17.2 ± 1 mg L in PLA, Timberfill®, and Pyrex® reac(3010± mg
0.5 mg

tors. Experimental conditions: pH = 3 ± 0.2, H O = 300 ± 10 mg L .

Contrarywise, the same results indicated the promising capability of PLA to be used
as a photo-Fenton reactor. The results from the PLA raceway pond were consistent with
The experiments were repeated without light and® under UV irradiation. These repethose obtained from the reference Pyrex reactor.
titions are consistent and show the parallel response of Fenton and photo-Fenton proThe experiments were repeated without light and under UV irradiation. These repeticesses, although the presence of UV light speeds up the oxidation of the organic matter,
tions are consistent and show the parallel response of Fenton and photo-Fenton processes,
as expected. In the short term (i.e., 240 min), PLA and Timberfill® perform very similarly
although the presence of UV light speeds up the oxidation of the organic matter, as exwithout light, although under UV light, Timberfill® performs less efficiently than PLA.
Thus, both can handle Fenton and photo-Fenton reactions (Criterion 6.1), but the lower
efficiency of Timberfill® indicates the interference of the material in the reaction and suggests the migration of organic matter from the material to the solution (Criterion 6.2). The
PLA profile running quite parallel to the Pyrex® profile also supports this idea, which is
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pected. In the short term (i.e., 240 min), PLA and Timberfill® perform very similarly
without light, although under UV light, Timberfill® performs less efficiently than PLA.
Thus, both can handle Fenton and photo-Fenton reactions (Criterion 6.1), but the lower
efficiency of Timberfill® indicates the interference of the material in the reaction and suggests the migration of organic matter from the material to the solution (Criterion 6.2). The
PLA profile running quite parallel to the Pyrex® profile also supports this idea, which is
confirmed in the long term. After 8 days for the Fenton reaction and after only 2 days
for the photo-Fenton reaction (faster, as expected) Timberfill® is revealed as completely
unsuitable in both cases due to the evident interaction of the material with the processes.
The results for the chemical tests performed with PLA and Timberfill® and the conclusions drawn are provided in Table 11, which also shows the final assessment and decision.
Table 11. Final material assessment and selection between PLA and Timberfill® (Criteria #6).
Criteria #6

Criterion 6.1
Reaction Viability

Criterion 6.2
Material Interference

Decision

PLA
Timberfill®

Passed
Passed

Not observed
Observed

Selected
Rejected

4. Conclusions
Three-dimensional (3D printing is an enabling technology that allows producing
low-cost reactor prototypes, and it also improve process design and validation in a reduced
time. This study focused on 3D printing for the prototyping of Fenton and photo-Fenton
reactors and systematically addressed the selection and testing of printing materials, as
well as the design parameters to be considered in the printing process. In addition to the
methodological approach, this work also contributes specific results regarding the problems
detected in the preparation of 3D-printed reactors and their use for photo-Fenton processes.
Although metallic and ceramic materials were included in the analysis, they were
readily discarded, as these options are currently unaffordable. Polymeric and composite
materials are presently the only accessible choice. They were assessed and selected through
systematically applying a set of criteria including biodegradability, and chemical, thermal,
and mechanical resistance. In the first stage of the procedure, Acrylonitrile butadiene
styrene (ABS), Polylactic acid (PLA), and Timberfill® were identified as promising materials
for prototyping photo-Fenton reactors.
Three-dimensional (3D) printing criteria were next analyzed by preparing reactor prototypes. Race pond reactors (RPR) were selected, and printed PLA and Timberfill® lab-scale
RPRs were tested for their capacity for holding the photo-Fenton reaction. Measurements
of Total Organic Carbon (TOC) were produced and compared with those obtained for a
standard Pyrex® reactor under similar conditions (artificial UVA light, Fenton reagents,
and contaminant).
The results of different assays confirm that no organic matter migrates from the
container to the reaction solution when using the PLA reactor. Instead, the Timberfill®
container presents such migration, which was shown by TOC levels higher than should
be expected. Thus, results confirm the promising capability of PLA to be used as a photoFenton reactor.
In addition to the systematic approach to material selection, the work also contributes
to the identification of specific problems as leakage. The work addressed the issue accordingly by tuning the printing parameters and reporting the values that produce stronger
cohesion between printed layers and ensures the reactor is watertight.

Int. J. Environ. Res. Public Health 2021, 18, 4885

16 of 18

Author Contributions: M.D.Z.: investigation, data curation, writing—original draft. K.N.E.: investigation, data curation, writing—original draft preparation, editing. J.A.T.-R.: visualization, resources,
writing—review, and editing. M.G. and M.P.-M.: Conceptualization, methodology, resources, data
curation, validation, writing—review and editing, project administration, funding acquisition. All
authors have read and agreed to the published version of the manuscript.
Funding: Financial support received from the Spanish “Ministerio de Economía, Industria y Competitividad” and the European Regional Development Fund, both funding the research Project AIMS
(DPI2017-87435-R) is fully acknowledged. Kourosh Nasr Esfahani appreciatively acknowledges
financial aid received by the Generalitat de Catalunya through the program FI SDUR (Grant ref.
BDNS 481561).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.

11.

12.
13.
14.
15.

16.
17.
18.

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172–196. [CrossRef]
Capel, A.J.; Rimington, R.P.; Lewis, M.P.; Christie, S.D.R. 3D printing for chemical, pharmaceutical and biological applications.
Nat. Rev. Chem. 2018, 2, 422–436. [CrossRef]
Parra-Cabrera, C.; Achille, C.; Kuhn, S.; Ameloot, R. 3D printing in chemical engineering and catalytic technology: Structured
catalysts, mixers and reactors. Chem. Soc. Rev. 2018, 47, 209–230. [CrossRef]
Bettermann, S.; Kandelhard, F.; Moritz, H.-U.; Pauer, W. Digital and lean development method for 3D-printed reactors based on
CAD modeling and CFD simulation. Chem. Eng. Res. Des. 2019, 152, 71–84. [CrossRef]
Maier, M.; Lebl, R.; Sulzer, P.; Lechner, J.; Mayr, T.; Zadravec, M.; Slama, E.; Pfanner, S.; Schmölzer, C.; Pöchlauer, P.; et al.
Development of customized 3D printed stainless steel reactors with inline oxygen sensors for aerobic oxidation of Grignard
reagents in continuous flow. React. Chem. Eng. 2018, 4. [CrossRef]
Okafor, O.; Robertson, K.; Goodridge, R.; Sans, V. Continuous-flow crystallisation in 3D-printed compact devices. React. Chem.
Eng. 2019, 4, 1682–1688. [CrossRef]
Bhattacharjee, N.; Urrios, A.; Kang, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics. Lab Chip 2016, 16.
[CrossRef]
Ahmadian Yazdi, A.; Popma, A.; Wong, W.; Nguyen, T.; Pan, Y.; Xu, J. 3D printing: An emerging tool for novel microfluidics and
lab-on-a-chip applications. Microfluid. Nanofluidics 2016, 20. [CrossRef]
Kitson, P.; Rosnes, M.; Sans, V.; Dragone, V.; Cronin, L. Configurable 3D-Printed millifluidic and microfluidic “lab on a chip”
reactionware devices. Lab Chip. 2012, 12, 3267–3271. [CrossRef]
Hou, W.; Bubliauskas, A.; Kitson, P.J.; Francoia, J.-P.; Powell-Davies, H.; Gutierrez, J.M.P.; Frei, P.; Manzano, J.S.; Cronin, L.
Automatic Generation of 3D-Printed Reactionware for Chemical Synthesis Digitization using ChemSCAD. ACS Cent. Sci. 2021, 7,
212–218. [CrossRef]
Elliott, O.; Gray, S.; McClay, M.; Nassief, B.; Nunnelley, A.; Vogt, E.; Ekong, J.; Kardel, K.; Khoshkhoo, A.; Proaño, G.; et al. Design
and Manufacturing of High Surface Area 3D-Printed Media for Moving Bed Bioreactors for Wastewater Treatment. J. Contemp.
Water Res. Educ. 2017, 160, 144–156. [CrossRef]
Proano-Pena, G.; Carrano, A.L.; Blersch, D.M. Analysis of very-high surface area 3D-printed media in a moving bed biofilm
reactor for wastewater treatment. PLoS ONE 2020, 15, e0238386. [CrossRef] [PubMed]
wan, A.; Wu, Y.; Xie, Y.; Zhao, B.; Qi, X. Experimental study and numerical simulation of moving bed biofilm reactor using 3D
printed filler. Chem. Eng. Process.–Process Intensif. 2020, 157, 108146. [CrossRef]
Desipio, M.M.; Van Bramer, S.E.; Thorpe, R.; Saha, D. Photocatalytic and photo-fenton activity of iron oxide-doped carbon nitride
in 3D printed and LED driven photon concentrator. J. Hazard. Mater. 2019, 376, 178–187. [CrossRef]
Mousset, E.; Huang Weiqi, V.; Foong Yang Kai, B.; Koh, J.S.; Tng, J.W.; Wang, Z.; Lefebvre, O. A new 3D-printed photoelectrocatalytic reactor combining the benefits of a transparent electrode and the Fenton reaction for advanced wastewater treatment. J.
Mater. Chem. A 2017, 5, 24951–24964. [CrossRef]
Carra, I.; Santos-Juanes, L.; Acien, G.; Malato, S.; Sánchez Pérez, J.A. New approach to solar photo-Fenton operation. Raceway
ponds as tertiary treatment technology. J. Hazard. Mater. 2014, 279, 322–329. [CrossRef]
Nasr Esfahani, K.; Farhadian, M.; Solaimany Nazar, A.R. Interaction effects of various reaction parameters on the treatment of
sulfidic spent caustic through electro-photo-Fenton. Int. J. Environ. Sci. Technol. 2019, 16, 7165–7174. [CrossRef]
Obra, I.; Ponce Robles, L.; Miralles-Cuevas, S.; Oller, I.; Malato, S.; Sánchez Pérez, J.A. Microcontaminant removal in secondary
effluents by solar photo-Fenton at circumneutral pH in raceway pond reactors. Catal. Today 2016, 287. [CrossRef]

Int. J. Environ. Res. Public Health 2021, 18, 4885

19.
20.

21.
22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.
36.

37.
38.
39.
40.
41.
42.
43.
44.

45.
46.
47.

17 of 18

Keenan, C.R.; Sedlak, D.L. Ligand-Enhanced Reactive Oxidant Generation by Nanoparticulate Zero-Valent Iron and Oxygen.
Environ. Sci. Technol. 2008, 42, 6936–6941. [CrossRef]
Falyouna, O.; Maamoun, I.; Bensaida, K.; Sugihara, Y.; Eljamal, O. Removal of Ciprofloxacin from Aqueous Solutions by Nanoscale
Zerovalent Iron-Based Materials: A Mini Review. In Proceedings of the International Exchange and Innovation Conference on
Engineering & Sciences (IEICES), Fukuoka, Japan, 22–23 October 2020; Volume 6, pp. 179–185. [CrossRef]
Lee, C.; Keenan, C.R.; Sedlak, D.L. Polyoxometalate-Enhanced Oxidation of Organic Compounds by Nanoparticulate Zero-Valent
Iron and Ferrous Ion in the Presence of Oxygen. Environ. Sci. Technol. 2008, 42, 4921–4926. [CrossRef]
Erokhin, K.S.; Gordeev, E.G.; Ananikov, V.P. Revealing interactions of layered polymeric materials at solid-liquid interface for
building solvent compatibility charts for 3D printing applications. Sci. Rep. 2019, 9, 20177. [CrossRef]
Rodríguez-Gil, J.L.; Catalá, M.; Alonso, S.G.; Maroto, R.R.; Valcárcel, Y.; Segura, Y.; Molina, R.; Melero, J.A.; Martínez, F.
Heterogeneous photo-Fenton treatment for the reduction of pharmaceutical contamination in Madrid rivers and ecotoxicological
evaluation by a miniaturized fern spores bioassay. Chemosphere 2010, 80, 381–388. [CrossRef]
Gómez, M.J.; Martínez Bueno, M.J.; Lacorte, S.; Fernández-Alba, A.R.; Agüera, A. Pilot survey monitoring pharmaceuticals and
related compounds in a sewage treatment plant located on the Mediterranean coast. Chemosphere 2007, 66, 993–1002. [CrossRef]
Tokumura, M.; Ohta, A.; Znad, H.T.; Kawase, Y. UV light assisted decolorization of dark brown colored coffee effluent by
photo-Fenton reaction. Water Res. 2006, 40, 3775–3784. [CrossRef]
Tokumura, M.; Znad, H.T.; Kawase, Y. Decolorization of dark brown colored coffee effluent by solar photo-Fenton reaction: Effect
of solar light dose on decolorization kinetics. Water Res. 2008, 42, 4665–4673. [CrossRef]
Nogueira, R.F.P.; Oliveira, M.C.; Paterlini, W.C. Simple and fast spectrophotometric determination of H2O2 in photo-Fenton
reactions using metavanadate. Talanta 2005, 66, 86–91. [CrossRef] [PubMed]
ASTM D638-14. Standard Test Method for Tensile Properties of Plastics; ASTM International: West Conshohocken, PA, USA, 2014.
Singh, S.; Ramakrishna, S.; Singh, R. Material issues in additive manufacturing: A review. J. Manuf. Process. 2017, 25, 185–200.
[CrossRef]
Gyak, K.; Vishwakarma, N.; Hwang, Y.-H.; Kim, J.; Yun, H.; Kim, D. 3D-printed Monolithic SiCN Ceramic Microreactors from a
Photocurable Preceramic Resin for High Temperature Ammonia Cracking Process. React. Chem. Eng. 2019, 4. [CrossRef]
Gross, B.C.; Erkal, J.L.; Lockwood, S.Y.; Chen, C.; Spence, D.M. Evaluation of 3D Printing and Its Potential Impact on Biotechnology
and the Chemical Sciences. Anal. Chem. 2014, 86, 3240–3253. [CrossRef] [PubMed]
Bogdan, E.; Michorczyk, P. 3D Printing in Heterogeneous Catalysis—The State of the Art. Materials 2020, 13, 4534. [CrossRef]
Tang, X.; Alavi, S. Recent advances in starch, polyvinyl alcohol based polymer blends, nanocomposites and their biodegradability.
Carbohydr. Polym. 2011, 85, 7–16. [CrossRef]
Rohde, S.; Cantrell, J.; Jerez, A.; Krese, C.; Damiani, D.; Gurnani, R.; DiSandro, L.; Anton, J.; Young, A.; Steinbach, D.; et al.
Experimental Characterization of the Shear Properties of 3D–Printed ABS and Polycarbonate Parts. Exp. Mech. 2018, 58, 871–884.
[CrossRef]
Fries, J.; Durna, A. Recycling of Used Filament from 3D Printing. In Proceedings of the 18th International Multidisciplinary
Scientific GeoConference SGEM, Vienna, Austria, 3–6 December 2018; pp. 153–160.
Zandi, M.D.; Jerez-Mesa, R.; Lluma-Fuentes, J.; Jorba-Peiro, J.; Travieso-Rodriguez, J.A. Study of the manufacturing process
effects of fused filament fabrication and injection molding on tensile properties of composite PLA-wood parts. Int. J. Adv. Manuf.
Technol. 2020, 108, 1725–1735. [CrossRef]
Jiao, Y.; Fish, J. Is an additive decomposition of a rate of deformation and objective stress rates passé? Comput. Methods Appl.
Mech. Eng. 2017, 327, 196–225. [CrossRef]
Xiao, H.; Bruhns, O.T.; Meyers, A. Elastoplasticity beyond small deformations. Acta Mech. 2006, 182, 31–111. [CrossRef]
Ward, I.M.; Sweeney, J. An Introduction to the Mechanical Properties of Solid Polymers; Wiley: Hoboken, NJ, USA, 2004; ISBN
978-0-470-02037-1.
Mackay, M.; Swain, Z.; Banbury, C.; Phan, D.; Edwards, D. The performance of the hot end in a plasticating 3D printer. J. Rheol.
(N. Y.) 2017, 61, 229–236. [CrossRef]
Prajapati, H.; Ravoori, D.; Jain, A. Measurement and modeling of filament temperature distribution in the standoff gap between
nozzle and bed in polymer-based additive manufacturing. Addit. Manuf. 2018, 24, 224–231. [CrossRef]
Bellini, A.; Güçeri, S.; Bertoldi, M. Liquefier Dynamics in Fused Deposition. J. Manuf. Sci. Eng. Asme 2004, 126. [CrossRef]
Peng, F.; Vogt, B.D.; Cakmak, M. Complex flow and temperature history during melt extrusion in material extrusion additive
manufacturing. Addit. Manuf. 2018, 22, 197–206. [CrossRef]
Ajinjeru, C.; Kishore, V.; Liu, P.; Lindahl, J.; Hassen, A.A.; Kunc, V.; Post, B.; Love, L.; Duty, C. Determination of melt processing
conditions for high performance amorphous thermoplastics for large format additive manufacturing. Addit. Manuf. 2018, 21,
125–132. [CrossRef]
Pigeonneau, F.; Xu, D.; Vincent, M.; Agassant, J.-F. Heating and flow computations of an amorphous polymer in the liquefier of a
material extrusion 3D printer. Addit. Manuf. 2020, 32, 101001. [CrossRef]
Baumgart, E. Stiffness—An unknown world of mechanical science? Injury 2000, 31 (Suppl. S2). [PubMed]
Zandi, M.D.; Jerez-Mesa, R.; Llumà, J.; Roa, J.; Travieso-Rodriguez, J.A. Experimental analysis of manufacturing parameters’
effect on the flexural properties of wood-PLA composite parts built through FFF. Int. J. Adv. Manuf. Technol. 2020, 106. [CrossRef]

Int. J. Environ. Res. Public Health 2021, 18, 4885

48.

49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.
71.
72.
73.

18 of 18

Travieso-Rodriguez, J.A.; Jerez-Mesa, R.; Llumà, J.; Gómez-Gras, G.; Casadesús-Farràs, O. Comparative study of the flexural
properties of ABS, PLA and a PLA-wood composite manufactured through fused filament fabrication. Rapid Prototyp. J. 2020, 27.
[CrossRef]
Kotz, F.; Risch, P.; Helmer, D.; Rapp, B.E. High-Performance Materials for 3D Printing in Chemical Synthesis Applications. Adv.
Mater. 2019, 31, 1805982. [CrossRef] [PubMed]
Santos, R.M.; Botelho, G.L.; Machado, A. V Artificial and natural weathering of ABS. J. Appl. Polym. Sci. 2010, 116, 2005–2014.
[CrossRef]
Rao, Z.X.; Patel, B.; Monaco, A.; Cao, Z.J.; Barniol-Xicota, M.; Pichon, E.; Ladlow, M.; Hilton, S.T. 3D-Printed Polypropylene
Continuous-Flow Column Reactors: Exploration of Reactor Utility in SNAr Reactions and the Synthesis of Bicyclic and Tetracyclic
Heterocycles. European J. Org. Chem. 2017, 2017, 6499–6504. [CrossRef]
Rossi, S.; Porta, R.; Brenna, D.; Puglisi, A.; Benaglia, M. Stereoselective Catalytic Synthesis of Active Pharmaceutical Ingredients
in Homemade 3D-Printed Mesoreactors. Angew. Chemie Int. Ed. 2017, 56, 4290–4294. [CrossRef]
Neumaier, J.M.; Madani, A.; Klein, T.; Ziegler, T. Low-budget 3D-printed equipment for continuous flow reactions. Beilstein J. Org.
Chem. 2019, 15, 558–566. [CrossRef]
Sans, V. Emerging trends in flow chemistry enabled by 3D printing: Robust reactors, biocatalysis and electrochemistry. Curr.
Opin. Green Sustain. Chem. 2020, 25, 100367. [CrossRef]
Pignatello, J.; Oliveros, E.; MacKay, A. Advanced Oxidation Processes for Organic Contaminant Destruction Based on Fenton
Reaction and Related Chemistry. Crit. Rev. Environ. Sci. Technol. 2006, 36, 1–84. [CrossRef]
Rozas, O.; Contreras, D.; Mondaca, M.A.; Pérez-Moya, M.; Mansilla, H.D. Experimental design of Fenton and photo-Fenton
reactions for the treatment of ampicillin solutions. J. Hazard. Mater. 2010, 177, 1025–1030. [CrossRef]
Yamal-Turbay, E.; Graells, M.; Pérez-Moya, M. Systematic Assessment of the Influence of Hydrogen Peroxide Dosage on Caffeine
Degradation by the Photo-Fenton Process. Ind. Eng. Chem. Res. 2012, 51, 4770–4778. [CrossRef]
DOGC Reglament dels serveis públics de sanejament. D. Of. la General. Catalunya 2003, 11143–11158.
Romero, V.; Acevedo, S.; Pilar, M.; Giménez, J.; Esplugas, S. Enhancement of Fenton and photo-Fenton processes at initial
circumneutral pH for the degradation of the β-blocker Metoprolol. Water Res. 2015, 88, 449–457. [CrossRef]
Audino, F.; Campanyà, G.; Pérez-Moya, M.; Espuña, A.; Graells, M. Systematic optimization approach for the efficient management of the photo-Fenton treatment process. Sci. Total Environ. 2019, 646, 902–913. [CrossRef] [PubMed]
Afshar, A.; Mihut, D. Enhancing durability of 3D printed polymer structures by metallization. J. Mater. Sci. Technol. 2020, 53,
185–191. [CrossRef]
Zhang, S.-U. Degradation Classification of 3D Printing Thermoplastics Using Fourier Transform Infrared Spectroscopy and
Artificial Neural Networks. Appl. Sci. 2018, 8, 1224. [CrossRef]
Wu, G.; Liu, S.; Jia, H.; Dai, J. Preparation and properties of heat resistant polylactic acid (PLA)/Nano-SiO2 composite filament. J.
Wuhan Univ. Technol. Sci. Ed. 2016, 31, 164–171. [CrossRef]
Zazo, J.A.; Pliego, G.; Blasco, S.; Casas, J.A.; Rodriguez, J.J. Intensification of the Fenton Process by Increasing the Temperature.
Ind. Eng. Chem. Res. 2011, 50, 866–870. [CrossRef]
Giwa, A.-R.A.; Bello, I.A.; Olabintan, A.B.; Bello, O.S.; Saleh, T.A. Kinetic and thermodynamic studies of fenton oxidative
decolorization of methylene blue. Heliyon 2020, 6, e04454. [CrossRef]
Ng, H.M.; Mohamad Saidi, N.; Omar, F.S.; Kasi, R.; T subramaniam, R.; Baig, S. Thermogravimetric Analysis of Polymers. Encycl.
Polym. Sci. Technol. 2018, 1–29. [CrossRef]
Wojtyła, S.; Klama, P.; Baran, T. Is 3D printing safe? Analysis of the thermal treatment of thermoplastics: ABS, PLA, PET, and
nylon. J. Occup. Environ. Hyg. 2017, 14. [CrossRef] [PubMed]
Cabrera-Reina, A.; Miralles-Cuevas, S.; Rivas, G.; Sánchez Pérez, J.A. Comparison of different detoxification pilot plants for the
treatment of industrial wastewater by solar photo-Fenton: Are raceway pond reactors a feasible option? Sci. Total Environ. 2019,
648, 601–608. [CrossRef] [PubMed]
Morales-Planas, S.; Minguella-Canela, J.; Lluma-Fuentes, J.; Travieso-Rodriguez, J.A.; García-Granada, A.-A. Multi Jet Fusion
PA12 Manufacturing Parameters for Watertightness, Strength and Tolerances. Materials 2018, 11, 1472. [CrossRef]
De Ciurana, J.; Serenóa, L.; Vallès, È. Selecting Process Parameters in RepRap Additive Manufacturing System for PLA Scaffolds
Manufacture. Procedia CIRP. 2013, 5, 152–157. [CrossRef]
Afrose, M.F.; Masood, S.H.; Iovenitti, P.; Nikzad, M.; Sbarski, I. Effects of part build orientations on fatigue behaviour of
FDM-processed PLA material. Prog. Addit. Manuf. 2016, 1, 21–28. [CrossRef]
ASTM D6272. Standard Test Method for Flexural Properties of Unreinforced and Reinforced Plastics And electrical Insulating Materials by
Four-Point Bending; ASTM International: West Conshohocken, PA, USA, 2002.
Travieso-Rodriguez, J.A.; Jerez-Mesa, R.; Llumà, J.; Traver-Ramos, O.; Gomez-Gras, G.; Roa Rovira, J.J. Mechanical Properties of
3D-Printing Polylactic Acid Parts subjected to Bending Stress and Fatigue Testing. Materials 2019, 12, 3859. [CrossRef]

