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Abstract

:

Microstructured reactors (MSRs) are especially indicated for highly demanding heterogeneous catalysis due to the small channel dimensions that minimize diffusional limitations and enhance mass and heat transport between the fluid and the catalyst. Herein, we present the fabrication protocol of the fused filament 3D printing of silicone monolithic microreactors based on a multichannel design. Microchannels of 200 to 800 µm in width and up to 20 mm in length were developed following the scaffold-removal procedure using acrylonitrile butadiene styrene (ABS) as the material for the 3D-printed scaffold fabrication, polydimethylsiloxane (PDMS) as the building material, and acetone as the ABS removing agent. The main printing parameters such as temperature and printing velocity were optimized in order to minimize the bridging effect and filament collapsing and intercrossing. Heterogeneous catalysts were incorporated into the microchannel walls during fabrication, thus avoiding further post-processing steps. The nanoparticulated catalyst was deposited on ABS scaffolds through dip coating and transferred to the microchannel walls during the PDMS pouring step and subsequent scaffold removal. Two different designs of the silicone monolithic microreactors were tested for four catalytic applications, namely liquid-phase 2-nitrophenol photohydrogenation and methylene blue photodegradation in aqueous media, lignin depolymerization in ethanol, and gas-phase CO2 hydrogenation, in order to investigate the microreactor performance under different reaction conditions (temperature and solvent) and establish the possible range of applications.
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1. Introduction


Microstructured reactors (MSRs) have become a very important topic in research and development strategies for catalytic engineering. The inherent characteristics associated with their micrometric dimensions and their high surface-to-volume ratios, such as more efficient contact between reactants and catalysts, improved heat and mass transfer, and reduction in fabrication material consumption, have led to multiple benefits in numerous applications [1]. Microreactors having characteristic dimensions of the order of ten to several hundred micrometers greatly reduce diffusional transport limitations and show improved performances compared with conventional systems [2]. This approach to process intensification has been considered very promising in a variety of applications such as synthetic fuel production [3,4,5,6], where compact decentralized solutions are required, or in photocatalysis, where modularity is needed for optimal light distribution [7,8].



Microstructuration can be performed following different fabrication methods and techniques such as micromachining, lithography, extrusion, etc., and manufactured in a variety of materials, including metals, silicon, polymers, glass, or ceramics, resulting in a large collection of new MSR designs [9], ranging from multichannel monoliths with intricate porosity to flat interconnected microchannel reactors. Nowadays, 3D printing is facilitating easy and low-cost fabrication of structured microchannel reactors [10,11,12,13,14]. Versatility in terms of design and construction materials is currently available by selecting the appropriate additive manufacturing technique. Together with fabrication, the integration of catalysts into reactor walls is of key importance [15]. The functionalization of catalytic materials and surfaces and the preparation methods for thin films and coatings are essential for successful catalyst incorporation, homogeneity, and good adherence to the reactor walls [16]. While washcoating is the most common method for catalyst incorporation in MSRs, improving the process of adherence to the reactor wall to avoid any catalyst loss during reaction remains a challenging aspect of catalytic MSR fabrication [17].



Polydimethylsiloxane (PDMS) is one of the most frequently used materials for some microfluidic applications due to its biocompatibility, transparency, and ease of replication [18]. This silicone has been largely utilized for the development of biomedical microdevices and microreactors intended for operation under mild conditions. PDMS use in catalytic applications is limited by several factors such as its relatively low maximum operating temperature of 250 °C, although appropriate formulation and synthesis may extend this limit up to 350 °C [19]. Other drawbacks include its planar dimensions and that the conventional procedures of its use require clean room facilities, and sealing may be problematic. Notably, 3D printing as enabling technology has allowed many researchers to manufacture their own designs and prototypes without the need for large facilities or time-consuming training. Nowadays, it is possible to replace the typical photolithography-based mold with a 3D-printed mold with high accuracy using stereolithography (SLA) printers. Currently, 3D-printed sacrificial molds can be used to fabricate microchannels with complex flow paths. Saggiomo and Velders [20] proposed a sacrificial mold method to create MSRs without the necessity of sealing. Using a standard fused deposition modeling (FDM) printer, these authors fabricated ABS (acrylonitrile butadiene styrene) sacrificial molds that could be removed through dissolution in acetone, leading to the designed device in PDMS. A similar procedure can be followed using different sacrificial materials, such as polylactic acid (PLA) or polyglycolic acid (PGA), and removal agents to fabricate highly porous foams or intricate microchannels [21,22,23,24].



Herein, following the sacrificial mold method, we fabricated silicone monolithic microreactors with parallel microchannels similar to the well-known monoliths made of metal (stainless steel) or ceramics (cordierite). Scaffolds with a multirod design were 3D-printed in ABS, coated with four different nanoparticulated catalysts, and embedded in PDMS. During PDMS curing, the catalyst was transferred from the ABS scaffold to PDMS, and, by removing ABS with acetone, the final silicone multichannel monolith with the catalyst was integrated into the channel walls without the need for any post-treatment. Several microreactors were tested in a variety of applications to demonstrate their feasibility under different reaction conditions (temperature, irradiation, and solvents): photodegradation of methylene blue, photohydrogenation of 2-nitrophenol, lignin depolymerization, and CO2 methanation.




2. Results and Discussion


2.1. Multichannel Microreactor Fabrication


Multichannel scaffolds were designed as negative images of parallel rods with square sections and were printed in ABS with 0.25–1 mm in width and 10–20 mm in length. The scaffolds were assembled in a multirod configuration with different sizes according to the Ultimaker Cura laminator settings, and the nozzle was selected to optimize the finishing of the pieces according to the design dimensions. The extrusion parameters, mainly the printing temperature and velocity, are crucial to avoid bridging problems and rod collapsing, as well as to obtain uniformly shaped channels [24]. After preliminary tests, six designs were selected for further monolithic microreactor development. The main characteristics of the selected designs and the optimized printing parameters used for the fabrication of the ABS scaffolds are gathered in Table 1.



The two designs shown in Figure 1A,B were selected to be tested for the catalytic applications in order to determine their behavior under different reaction conditions (temperatures, light radiation, or solvents). One of the main advantages of this technique is the easy tuning of the resulting MSRs. Thus, the overall diameter of the mold can be adjusted to be held in reactor tubes of different diameters. Similarly, the number of rods of the device (density %) can be modified depending on the space–time (the relationship between the catalyst mass and the feed flow rate) required for each application. Nevertheless, achieving a good resolution and structural stability of the microreactor requires using a relatively low density of channels (<30%) defined as the fluidic volume divided by the reactor volume. The printing parameters were optimized to minimize bridging problems and avoid rod collapse during printing. For thinner rods, a 0.25 mm nozzle was selected, whereas a nozzle size of 0.4 mm was utilized for the rest. Nozzles as wide as 0.8 mm were discarded due to the poor resolution caused by ABS agglomeration and rod collapse.



Selected heterogeneous catalysts were incorporated into the ABS rods via dip coating. Previously, the wettability of the ABS surface was improved using an atmospheric plasma treatment through corona discharge, creating surface hydroxyl groups that promote the adhesion of the catalyst to ABS. Better adherence to the outer surface of the ABS rods was observed (see SEM images in Figure 1C) for all the catalytic nanoparticles considered in this study. The nanoparticles were also more effectively incorporated into the thicker rods, where the distance between rods was higher, and wettability was improved. This is attributed to the fact that the atmospheric plasma treatment applied did not allow the generated oxygen radicals to access the surface of the inner rods. As a result, a completely homogeneous catalyst layer could not be obtained all over the rod surface. Therefore, it would be desirable to explore the use of another surface functionalization system such as a vacuum plasma oven instead of atmospheric plasma.



After catalyst incorporation, the coated ABS molds were placed inside 3D-printed tubes of the same diameter as the selected reaction tube. Then, liquid PDMS was poured until the mold was fully submerged, and vigorous degasification was applied before the curing step to prevent the formation of defects due to the presence of bubbles. The resulting PDMS–ABS block was then immersed in a hot acetone bath (50 °C; 12 h). Especially for the thinner channel microreactors, and in order to facilitate ABS removal, fresh acetone was finally circulated through the channels using a syringe, and ultrasounds were applied several times [25]. The SEM images of the cross and longitudinal sections (Figure 1D) showed that ABS was completely removed from all devices, and the final multichannel monolith was released. Cross-sectional images displayed the typical shape resulting from the addition of the fused filament, which depends on the nozzle used and layer height. The presence of the catalyst on the PDMS walls was assessed via EDX analysis (Figure 2), monitoring their characteristic X-ray signals. Molybdenum lines were detected in the channels coated with the Mo2C catalyst, as well as titanium for the reactors loaded with the TiO2-supported catalysts. Unfortunately, the homogeneity achieved was not as good as the one in our previous work using a plain substrate [26], due to the limitations associated with the atmospheric plasma treatment described before.




2.2. Multichannel Microreactor Performance


The fabricated silicone microreactors were tested in several reactions to demonstrate their feasibility under different reaction conditions. The photocatalytic degradation of methylene blue was selected as a model of wastewater treatment under UV (365 nm) radiation; the photohydrogenation of 2-nitrophenol was chosen as a test for organic synthesis in aqueous media; lignin depolymerization was chosen as a reaction under harsh conditions (organic solvent (ethanol) and high temperature, 195 °C and pressure, 3.6 MPa-g), and CO2 methanation was chosen as an example of gas-phase reaction at high temperature (up to 300 °C).



2.2.1. Photocatalytic Degradation of Methylene Blue (MB)


Following our previous experiences in photocatalytic applications for water pollutant removal, a 3 wt. % Cu (Cu0.03/TiO2) catalyst was selected for MB degradation [27]. The reactors loaded with about 20 mg of the Cu0.03/TiO2 catalyst on their microchannels of 0.8 × 0.8 mm and 0.25 × 0.20 mm were placed in reaction tubes with 12 mm inner diameters. Figure 3A shows the results of the MB degradation at a flow rate of 5 mL/h under steady-state conditions. The best performance, with a photodegradation rate of 1.25 mgMB·gcat−1·L−1 (50% MB degradation according to the absorption peak at λ = 656 nm), was exhibited by the microreactor with wider microchannels (0.8 × 0.8 mm). This can be explained by the much higher fluidic volume (Table 1) available in the reactor with rods of 0.8 × 0.8 mm (768 mm3) than in the one with 0.25 × 0.20 mm size rods (77 mm3). This led to a much higher residence time (tr) of 387 s (6.45 min), compared with 50 s (0.83 min), in favor of the microreactor with wider (and longer) microchannels, which explains its better performance. In addition, other effects cannot be discarded, such as the fact that, according to the SEM images, thicker channel reactors have more homogeneous catalyst layers. Last, but not least, a higher number of smaller microchannels can be also detrimental considering light penetration effects.



Similar Cu-doped TiO2 materials have been described in the literature [28,29] for photocatalytic MB removal but were tested in batch photoreactors. In those stirred reactors, 50% MB degradation was achieved between 5 and 12.5 min. The reaction times were of the same order as the result obtained with the 0.8 × 0.8 mm reactor (residence time 6.45 min), but with the disadvantage of having to separate and recover the catalyst and discontinuous operation. It must be highlighted that the performance of the microreactor with smaller (and shorter) microchannels (37% MB degradation) was also remarkable in spite of the low residence time employed (tr = 0.83 min). This can be attributed to the effect associated with its small dimensions that led to a surface-to-volume ratio (18 mm−1) 3.6 times higher than that of the reactor with larger microchannels (5 mm−1). A higher surface-to-volume ratio is beneficial from the point of view of diffusional mass transfer rate enhancement and irradiation efficiency.




2.2.2. 2-Nitrophenol (2NP) Photohydrogenation to 2-Aminophenol (2AP)


The photohydrogenation (or amination) of 2NP to 2AP was conducted in the microreactor with rods of 0.8 × 0.8 mm to favor light penetration. As shown in Figure 3B, the device that was coated with 30 mg of the 1 wt. % Au on the TiO2 catalyst achieved a 2NP conversion rate of about 90% at a feed flow rate of 1 mL/h in the steady-state condition. The conversion decreased to 75% when the flow rate was increased to 2.5 mL/h. Clearly, the change in conversion is due to the reduction in the hydraulic residence time. Comparing these results with those of our previous study carried out with flat serpentine-shaped microreactors [26], the conversions achieved in the multirod configuration were lower, which can be attributed to poorer accessibility to light in this case. In contrast, the tubular multirod design is more compact, easier to implement in conventional tube reactors, and makes it possible to connect the microreactors needed to achieve the required conversion for a given application using a series configuration.




2.2.3. Lignin Depolymerization


Lignin is a polymeric natural compound present in lignocellulosic materials such as wood. It is mainly produced as waste from paper manufacturing processes during some chemical treatments to obtain cellulose. Although a large part of lignin waste is used as a bioenergy source in the manufacturing process, nowadays, lignin has become an attractive by-product because its potential as feedstock for the production of high-value-added chemical precursors (aromatic building blocks of low molecular weight) through depolymerization for use in the bio-based chemical industry [30,31]. One of the main challenges of catalytic lignin depolymerization is the recovery of the catalyst from the final products. Therefore, separating the stages of lignin extraction and processing and using structured heterogeneous catalysts is very appealing. Table 2 includes the results obtained in this work using a microreactor with microchannels of 0.8 × 0.8 mm containing 9.2 mg of β-Mo2C/AC catalyst, or 300 mg of the catalyst arranged in a fixed bed of particles in series after the wood bed (see Section 2.2.4).



The yield of phenolic monomers resulting from the fresh catalysts was twice higher when using the microchannel reactor than in the fixed bed when the reaction was run at 195 °C and 3.6 MPa. Furthermore, given the very different amounts of catalyst used in each case, the yield per gram of catalysts was much higher (almost two orders of magnitude) when the silicone monolith was employed. However, the performance of the microreactor worsened after successive reaction cycles until it stabilized at a yield of 10%. After the fifth cycle, the microreactor was removed from the tube for examination and was found to be damaged due to the swelling effect induced by ethanol under harsh reaction conditions. This problem was not observed when ethanol was circulated at room temperature in the microreactor. A partial collapse of the fluidic structure took place, resulting in an important increase in the pressure drop. It is clear that, when using some organic solvents with PDMS, microreactor swelling effects have to be taken into account in MSR design [32]. Specific studies must be carried out to know the deformation that will occur for any solvent at the reaction temperature and consequently redesign the size of the channels to avoid blockages.




2.2.4. CO2 Hydrogenation to CH4


The direct hydrogenation of CO2 with hydrogen of renewable origin to produce fuels and/or chemicals with a low carbon footprint is a very interesting approach to mitigate global warming and favor the penetration of renewables in the energy mix [33]. Within this context, the Sabatier reaction, i.e., CO2 hydrogenation to CH4 (CO2 methanation) has gained a renewed interest [34]. Thermodynamic limitations dictate that CO2 methanation has to be carried out at relatively low temperatures (e.g., 300–350 °C); hence, a very active catalyst and a reactor allowing the full exploitation of its intrinsic activity are highly desirable. Therefore, MS reactors have a high potential to play an important role in CO2 hydrogenation processes, especially for decentralized CO2 valorization and CH4 production. In recent years, the use of hybrid CO2 methanation catalysts combining photo- and thermal activity is being thoroughly investigated with the aim of giving rise to a solar energy-driven process. The catalytic materials proposed for this purpose are based on Ni, Ru, or Rh nanoparticles highly dispersed on active supports such as semiconductor oxides (TiO2, CeO2, ZrO2) [35], perovskites [36], zeolites [37], MOF-derived materials [38], or graphene [39].



In the present work, 2 wt. % Ru on TiO2 was selected as the catalyst and incorporated into the silicone monolithic microreactors. Ru precursor salt was added to TiO2 and reduced following the amino acid method [40,41]. As can be seen in Figure 4A, the as-deposited Ru nanoparticles presented a narrow size distribution (1.5 ± 0.2 nm) and were homogeneously dispersed on the TiO2 support. Two microreactors with channels of 0.8 × 0.8 mm and 0.20 × 0.25 mm containing approximately 20 mg of catalyst were employed to conduct dynamic CO2 hydrogenation experiments at temperatures ranging from 150 °C to 300 °C, a feed flow rate of 5 N mL/min, and H2/CO2 molar ratios of 4 and 1 atm. Before the methanation tests, catalyst reduction treatment at 150 °C was conducted under a flow of H2. As depicted in Figure 4B, the performance of the microreactor with narrower channels was lower than the microreactor with channels of 0.8 × 0.8 mm that reached a CH4 production of 8.9 mmol h−1 gcatalyst−1 at 300 °C, with a CO2 conversion rate of 8% and CH4 selectivity of 85%. The CH4 production achieved for the best microreactor is slightly lower than the values reported in the literature for similar experiments [42,43]. As explained in Section 2.2.1, the different performances of the two microreactors can be due to the different residence times and the more homogeneous catalyst layer obtained in the widest microchannels, among other factors. As it can be clearly observed, the CH4 production markedly decreased with time on stream when the temperature was kept constant at 300 °C, which is attributed to catalyst deactivation. Although no physical damage to the reactor was observed with the naked eye after the 300 °C reaction, there is a possibility that the PDMS was partially degraded and poisoned the catalyst, thus causing deactivation. This would result in lower activity and a rapid decrease in CH4 production, as was observed. Metallic catalysts are very sensitive to deactivation through poisoning and carbon-species deposits that can be accentuated by the volatile compounds resulting from PDMS degradation [44,45]. This possibility is under consideration and must be carefully investigated through the post-analysis of the used catalyst.






3. Materials and Methods


3.1. Microreactor Fabrication Protocol


The procedure followed to fabricate the multichannel silicone microreactors was based on the scaffold-removal method described by Saggiomo and Velders [20], but with an additional step to incorporate the heterogeneous catalysts described in our previous work [26]. Briefly (see Figure 5), (i) a multirod negative mold was designed using CAD (Fusion 360), laminated (Cura Ultimaker), and 3D-printed (Ultimaker S3) in ABS (SMARTFIL® Natural ABS); (ii) catalytic nanoparticles were incorporated to the ABS mold through dip coating; (iii) the ABS mold was placed in a tubular holder of a suitable size, where PDMS (Sylgard 184 Dowsil) was poured and cured; (iv) the ABS–PDMS piece was demolded, and ABS scaffold was removed using warm acetone to release the channels microstructure; (v) finally, a multichannel reactor (or several of them) was placed in the experimental setup. The deposition of the nanoparticulated catalysts over the surface of the ABS molds was carried out through dip coating (ND-DC dip coater—Nadetech Innovations). A stable suspension was prepared by mixing the catalytic nanoparticles, propan-2-ol (Scharlab), and deionized H2O in a 1:50:50 (w/w/w) ratio, and via sonication for 10 min. Prior to coating, the ABS scaffold was subjected to plasma treatment (corona discharge—BD-20AC ElectroTechnic Products) for 1 min in order to improve its wettability. The mold was subsequently dip-coated into the colloidal suspension employing immersion and withdrawal rates of 100 mm min−1 and 10 mm min−1, respectively, and the mold was kept submerged for 10 s. After coating, the device was dried in an oven at 100 °C for 30 min, and the procedure was repeated several times until the desired catalyst load (around 20 mg per mold) was achieved.



Liquid PDMS was prepared by mixing a prepolymer (elastomer) and a curing agent (cross-linker) with a 5:1 (w/w) ratio and outgassing under vacuum (20 mmHg) until no bubble formation was observed. That formulation was selected in order to increase the thermal stability of PDMS up to 350 °C [19], which was needed for some of the selected test reactions. The ABS scaffold coated with the catalyst was placed in a container, and PDMS was poured until it was completely covered by the liquid. Degassing was repeatedly applied to assure that bubbles were completely removed. Afterward, PDMS was cured in an oven at 100 °C for 15 min, and the resulting block was peeled off from the container tube and cut to the final dimensions removing PDMS in excess. Finally, the ABS–PDMS block was submerged in acetone (Scharlab) at 50 °C for 12 h and sonicated several times to facilitate the dissolution of ABS while the microchannels were formed [25]. In order to assure the complete removal of ABS, fresh acetone was passed through the channels repeatedly, and a final vigorous cleaning with propan-2-ol and later with deionized water was applied.




3.2. Catalytic Materials and Experiments


Au, Cu, and Ru supported on titania and Mo2C were selected as catalytic materials to be integrated into the multichannel microreactors:




	(i)

	
Cu (3 wt. %) on TiO2 was prepared via flame spray pyrolysis following the procedure described in a previous study [27] and was selected for the photocatalytic degradation of methylene blue (MB) in water (10 mg/L). The microreactors containing the catalyst were placed in a quartz reaction tube (10 mm inner diameter), and an aqueous MB dissolution was fed using a syringe pump at flow rates ranging from 0.5 mL/h to 5 mL/h at room temperature. Illumination was performed with two UV LEDs (1200 mW radiant flux, 365 nm, Engin LZ1-10U600) placed on opposite sides with the reactor in the middle at a distance of 1 cm from each LED. The liquid effluent was collected in a cuvette, and the MB degradation reaction was monitored via UV–Vis spectroscopy (Flame Ocean Optics) through the analysis of the characteristic absorption peak at a wavelength (λ) of 665 nm.




	(ii)

	
Au (1 wt. %) on the TiO2 (TECNAN, Los Arcos, Spain) catalyst was prepared as described in a previous study, in which the photohydrogenation procedure of 2-nitrophenol (2NP) to 2-aminophenol (2AP) reaction was also reported [26]. An aqueous solution of 2NP (Aldrich, 20 mg/L) was treated with sodium borohydride (1 g/L) as a reducing agent. The experimental setup was the same as the one used for MB degradation, though the reaction evolution was monitored through the analysis of the characteristic absorption band at λ = 400 nm.




	(iii)

	
β-Mo2C on activated charcoal (AC) was prepared through the incipient wetness impregnation of the support using aqueous ammonium heptamolybdate tetrahydrate until achieving a nominal Mo content of 35 wt. %, followed by carboreduction as described by Wu et al. [46]. Lignin depolymerization was carried out in a two-bed in-series tubular flow reactor (½ inch o.d. stainless steel tube with 10.0 mm i.d. and 100 mm of length). The first bed contained the solid Poplar sawdust feedstock (ca. 980 mg Populus sp., dp <500 μm), separated by glass wool from the second bed that was charged with β-Mo2C/AC particles (typically 300 mg) or with the microreactor containing the catalyst. The tube was placed inside a reaction oven (JASCO RO-4068), and ethanol was circulated at 9 mL/min using an HPLC pump (JASCO PU-1585). A back-pressure regulator (JASCO BP-1580-81) allowed for controlling the reaction pressure at 3.6 MPa-g. Liquid product collection was conducted at atmospheric pressure and room temperature, and its composition was analyzed via gas chromatography and HPLC as described elsewhere [47]. The reaction temperature was fixed at 195 °C, and the temperature inside the catalyst bed was monitored by means of a K-type thermocouple (1319 A, RS Amidata). In this way, the semicontinuous reductive catalytic fractionation (RCF) of lignin was divided into two separate processes: (1) the extraction of the polymer from the raw material with ethanol, and (2) subsequent lignin depolymerization in ethanol over β-Mo2C/AC catalyst.




	(iv)

	
Ru (2 wt. %) on the TiO2 (P25 Evonik) catalyst was prepared following the amino-acid-based method described in [41] using RuCl3 (Aldrich) as the Ru precursor, NaBH4 (Aldrich) as the reducing agent, and aminobutyric acid (ABA) (Aldrich) as the capping agent to control the size of the Ru nanoparticles. The actual Ru content was 1.6 wt. %, as determined by using ICP-MS (inductively coupled plasma mass spectroscopy). High Ru dispersion was confirmed by the finding that CO chemisorption gave a value of 72.9%. Temperature-programmed reduction (TPR) patterns showed two reduction events, with a main peak at 90 °C corresponding to 71% of the H2 consumption and another peak at 140 °C. The overall degree of reduction was 20%. CO2 methanation experiments were carried out in a quartz tubular reactor (10 mm inner diameter) placed in a programmable oven with temperature control through a PT100 probe located in contact with the MS reactor. The experiments were carried out with a feed stream of 5 N-mL/min with a H2/CO2 molar ratio of 4 (1 atm). Prior to the reaction, the catalyst was activated through a reduction process in 150 °C flowing H2 (10 N-mL/min) at 1 atm.











4. Conclusions


Monolithic microreactors can be easily fabricated in PDMS following the scaffold-removal method. Different patterns can be printed and fabricated by adjusting the nozzle diameter and printing parameters (temperature and printing velocity). Microchannel dimensions of 0.2 mm diameter and 20 mm length can be achieved. Longer channels were found to have bridging problems and require a careful selection of the printing parameters. High channel densities (>30%) have the risk of channel intercrossing and weakness of the structure. The key feature of the reported fabrication procedure in this study is the incorporation of the catalyst into the ABS scaffold and its subsequent incorporation into the silicone walls. The atmospheric plasma treatment applied to improve wettability and improve catalyst adhesion showed limitations, so using a vacuum plasma treatment to apply an intermediate coating layer (i.e., colloidal silica) is recommended.



Catalytic tests showed that, in the case of photocatalytic applications, good microreactor performance was found, though designs with small channel dimensions led to worse results, probably due to both inefficient illumination and heterogeneous catalyst incorporation. Hence, the performance of the microdevice relies on the trade-off between dimension and density of the channels, which must be optimize for each application. The chemical stability of PDMS is another important issue, as demonstrated in the case of lignin depolymerization. Although the catalytic performance of the microreactor was initially satisfactory in comparison with a fixed-bed reactor, the PDMS swelling caused by ethanol at a high temperature damaged the fluidic structure. Finally, as for a gas-phase application such as CO2 hydrogenation, no physical degradation was observed after operation at 300 °C, for which the possibility of catalyst deactivation caused by the PDMS substrate has to be investigated.



In summary, the proposed silicone monolith microreactors fabricated by using the scaffold-removal method are available for reactions under very different conditions, although under some limitations such as the use of organic solvents and high reaction temperature. For reactions under organic solvents, PDMS swelling must be taken into account to redesign the channel’s dimension to avoid blockage, and in the case of high-temperature applications (up to 300 °C), the degradation of the PDMS can influence the results. PDMS MSRs are best suited for soft conditions involving aqueous media and low temperatures, for example, in advanced wastewater treatments, or when considering PDMS biocompatibility, these kinds of reactors could be useful in enzymatic catalysis [48,49].
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Figure 1. Fabrication steps of multichannel silicone microreactors: (A) CAD designs, (B) photographs of 3D printed ABS scaffolds, and SEM images of (C) catalyst incorporation on ABS scaffold and (D) cross-section and longitudinal-section of fabricated microchannels. 
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Figure 2. EDX analysis of channel walls to determine the presence of catalysts: (A) Mo2C and (B) Cu/TiO2. 
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Figure 3. (A) The 10 mg/L MB photodegradation at 5 mL/h in two microreactors 0.8 × 0.8 mm and 0.25 × 0.2 mm coated with TiO2-(3% Cu); (B) the 20 mg/L NPh amination process under different flow rates with a microreactor of 0.8 × 0.8 mm coated with TiO2-(1% Au). 
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Figure 4. CO2 hydrogenation using Ru/TiO2 catalyst on microchannel reactors: (A) TEM image of the catalyst; (B) CH4 production during CO2 hydrogenation at 1 atm in the microchannel reactors indicated. 
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Figure 5. Scheme of the fabrication protocol of multichannel silicone microreactors using the “scaffold-removal” method and the incorporation of the catalyst and photographs of the different molds and reactors fabricated. 
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Table 1. Selected scaffold designs and extrusion parameters.






Table 1. Selected scaffold designs and extrusion parameters.





	
Design

	
Reactor Length-Diameter

(mm)

	
Rod Dimension

(mm)

	
Rod Number

(Density %)

	
Fluidic Volume

(mm3)

	
Nozzle (mm)

	
Layer Height

	
Printing T (°C) and Velocity (mm/s)






	
 [image: Catalysts 13 00157 i001]

	
10–20

	
9

	
0.2 × 0.25

	
154 (12%)

	
77–154

	
0.25

	
0.2

	
255/50
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20

	
14

	
0.4 × 0.3

	
98 (7.6%)

	
235.2

	
0.4

	
0.3

	
255/60
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20

	
14

	
0.8 × 0.8

	
60 (25%)

	
768

	
0.4

	
0.2

	
255/60
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20

	
14

	
0.8 × 0.3

	
198 (30%)

	
950.4

	
0.8

	
0.3

	
250/70
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10–15

	
10

	
0.8 × 0.8

	
32 (26%)

	
204.8–307.2

	
0.4

	
0.2

	
255/60
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15

	
15

	
1.0 × 1.0

	
44 (24%)

	
660

	
0.4

	
0.2

	
255/60
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Table 2. Lignin depolymerization using Mo2C catalyst in multichannel microreactor and fixed bed.
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Multichannel Microreactor

	
Fixed Bed




	
Reaction Cycle Number

	
Phenolic Monomer Yield (%)

	
Phenolic Monomer Yield (%)/mgcat.

	
Phenolic Monomer Yield (%)

	
Phenolic Monomer Yield (%)/mgcat.






	
Fresh catalyst

	
26

	
2.83

	
13.3

	
0.044




	
2

	
15

	
1.63

	
12.4

	
0.041




	
3

	
10

	
1.09

	
19.4

	
0.065




	
4

	
10

	
1.09

	
15.5

	
0.052




	
5

	
10

	
1.09

	
13.8

	
0.046
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