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3D-printed Holistic Reactors with Fractal Structure for Heterogeneous Reaction
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Abstract
[bookmark: OLE_LINK12][bookmark: OLE_LINK35][bookmark: OLE_LINK38]Holistic catalytic reactors with fractal structure have attracted growing attention in heterogeneous reactions because of its advantages of improved mass transfer and easy separation. Herein, a simple and cost-efficient design strategy that combined 3D printing and electroless deposition was presented to construct dynamic, holistic stirred reactors with the fractal structure. The conversion factor α of fractal impeller is 65.01 mmol m-2 h-1 with a large volume of reactant (80 mL), which is 1.7 times that of the normal impeller with the same Ag catalysts. Experimental results and simulation analysis demonstrate that the fractal impeller significantly improves the catalytic performance by enhancing mass transfer and spatial dispersion in the reaction. Moreover, the holistic impeller could be reused for ten times without obvious loss of catalytic performance, and easily separated from the reaction system. The structural design of fractal reactors will open the way for a new efficient dynamic heterogeneous catalytic reactor.
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1. Introduction
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK17][bookmark: OLE_LINK1][bookmark: OLE_LINK5][bookmark: OLE_LINK22]Heterogeneous reactions are widely used in many fields of practical application, including environmental catalysis, hydrogenation of fine chemicals, and drug synthesis.1-4 The heterogeneous catalytic reaction mainly comprises three steps, intra-particle diffusion, interphase diffusion, and interface reaction.5,6 Therefore, the diffusion of molecules and the activity of catalysts are crucial to heterogeneous reactions. The slurry reactors and fixed-bed reactors are two of the most popular industrial reactors in the chemical industry.7 The former is a stirring vessel in which the catalyst is powder form with small size to maximize the contact area and minimize the intra-particle diffusion distances but results in inconvenient recovery and separation from the reaction system. Stirring serves three functions: preventing catalysts from settling, speeding up the interphase diffusion, and minimizing concentration gradients.8,9 In the fixed-bed reactor, the catalyst is granular form, and the flow is driven by gravity or external feed pressure. The particle size of the catalyst is much larger than that in the slurry reactor, which is beneficial for separation and minimizing pressure drop.10 However, larger particles are limited by diffusion and could sacrifice the performance of catalyst in terms of rates and selectivity. To solve these problems, researchers attempt to combine the advantages of slurry reactors and fixed-bed reactors to construct a new reactor, called structured reactors.11-13 
[bookmark: OLE_LINK16][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK9][bookmark: OLE_LINK3]For instance, monolithic reactors with many parallel channels, as the most well-known structured reactor, offer high precision, efficiency, and low-pressure drops in heterogeneous reactions.14 Besides, the catalytic species are commonly coated on the channel wall of the monolith structure.15,16 Harold et al. reported the steady state and transient experimental study for NH3 selective catalytic reduction of NO on Fe-zeolite monolithic catalysts and developed the kinetic model of the selective catalytic reduction of NOx with NH3 on Fe-ZSM-5 and Cu-chabazite monolithic catalysts to accurately predicts the chemistry process.17,18 There also has been much work focused on improving the mass transfer of reactants from the gas/liquid phase to the channel of the monolith.11 The optimized structure is more conducive to the mass transfer in heterogeneous reactions. As Coppens et al. emphasized, nature-inspired chemical engineering displays a great potential to innovate reactors.19 Guided by nature, the key is to reveal the fundamental structural, physical, or chemical features of the natural model that make up those extraordinary properties of the artificial materials we hope to use for technical.20 One of the most representative, fractal structures, was first proposed by Mandelbrot.21 He pointed out that nature is full of fractal structures (botanical trees, root morphology, human respiratory, and blood circulatory system) that connect the micro/macroscopic world uniformly. The fractal structures have unique spatial dispersion and self-similarity, which can be applied in various fields, such as catalyst design, electronic device cooling, microfluidic, and so on.22-25 Coppens et al. developed a fractal injector for distributing secondary gas injection to improve the reactor performance by enhancing mass transfer and gas-solid contact.26 Mimérand et al. presented fractal hybrid photocatalyst, in which fractal structure offers important specific surface areas for substrates to immobilize catalyst nanoparticles.27 Nonetheless, fabricating these complex structures is difficult and expensive via traditional methods.
Thanks to the rapid development of technology and the reduction of equipment threshold, 3D printing technology has been widely used in chemistry and chemical engineering because of its convenient and precise properties.28-30 3D printing offers significant opportunities in rapid manufacturing tailored reactor geometries to strengthening mass transfer in the reaction.31 Therefore, 3D printing can precisely control the structure of the reactor and allow the catalyst to be distributed into the desired geometry to produce a holistic and structured catalytic reactor.32,33 With the merits of a structured catalytic reactor, the mass transfer process can be enhanced by shortening the diffusion path and improving the flow distribution, thus leading to the fast reaction kinetics.34,35 Furthermore, the catalyst was loaded on the surface of the reactor to enhance the contact between the reactant and the catalyst to achieve a higher catalytic efficiency.
In this work, we prepared the dynamic, holistic catalytic stirred reactor via 3D printing technology and electroless deposition. Computer-aided design and numerical simulation analysis can accurately design and evaluate the geometry of the reactor. The 3D printed impeller (P-impeller) with unique structures were fabricated as the support for the catalyst. Subsequently, the silver (Ag) catalyst was loaded onto the impeller after a series of surface treatments to obtain the Ag loaded impeller (Ag-impeller). The catalytic activity and stability of the impeller were examined via the reduction of 4-nitrophenol (4-NP) as a model reaction. The experimental and numerical simulation results manifested that the fractal impeller had an excellent catalytic performance because of  the high spatial dispersion and the fast mass transfer efficiency. The Ag-impeller also had outstanding physical and chemical stability, which could be reused ten times without a noticeable decline in catalytic activity. It is the first time to directly fix the catalyst on the fractal structure to construct the dynamic, holistic catalytic reactor for the solid-liquid heterogeneous reaction.

2. Results and discussion
2.1. Fabrication and characterization of the Ag-impeller
The overall strategy for preparing the impeller immobilized with an Ag layer illustrated in Figure 1a. The SEM images in Figure 1b and c show that the surface of impeller changed from smooth to rough after coarsening and activation (A-impeller). From our previous work, the silver ions in activated surface are beneficial to enhance the growth and adhesion of the Ag layer on the substrate after electroless plating.36 To investigate how deposition time affects morphology and structure, A-impeller was immersed in a plating bath with different times at room temperature. The SEM images in Figure 1d and Figure S1 reveal that the distribution of the Ag is uniform, and some pores exist on the surface after the deposition of 25 min, which could achieve a high surface area of Ag catalyst layer. To investigate the relationship of the catalyst loading amount and the surface area of reactor, different Ag deposition are studied. The results in Figure S2 show that the mass of Ag deposition has a linear dependence relation with the surface area of the reactor.
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Figure 1. (a) Schematic illustrations for the fabrication of the Ag-impeller. The SEM images of (b) P-impeller, (c) A-impeller, and (d) Ag-impeller. (e) Cross-sectional SEM images of Ag-impeller. (f, g) Typical and corresponding HR-TEM images of Ag-impeller. (h) XRD patterns of the as-made samples. (i) XPS wide-scan spectra of the as-made impeller, and (j) the corresponding high-resolution spectrum of Ag 3d.

[bookmark: OLE_LINK14]The cross-section of the as-obtained Ag-impeller is shown in Figure 1e. The cross-sectional SEM image reveals that the uniform Ag layer on the reactor surface has an average thickness of ca. 5.41 μm after 25 min deposition. The TEM image (Figure 1f) show that the Ag average particle size was about 35 nm. It can also be seen from the high-resolution TEM image (Figure 1g) that the lattice fringe with a spacing of 0.235 nm matches well with the lattice spacing of the (111) face-centered cubic (FCC) plane of Ag.37
To obtain more information about the catalyst layer, XRD and XPS characterization are further examined. It can be seen from XRD patterns of different as-made samples (Figure 1h) that five prominent diffraction peaks are clearly observed at Bragg angles of 38.5o, 44.3o, 64.6o, 77.6o, and 81.8o after depositing Ag on the substrate, which are precisely indexed to (111), (200), (220), (311), and (222) crystal planes from the FCC structure of Ag, respectively (JCPDS No. 04-0783). The XPS spectra also confirm these results as shown in Figure 1i. Compared with the P-impeller, the distinct photoemission signals of Ag 3d in the wide-scan spectra indicate the formation of the Ag layer. The existence of the Ag element on the surface of A-impeller can catalyze the nucleation of the Ag layer, which is consistent with the previous discussion. As shown in Figure 1j, two individual peaks at 368.2 eV and 374.2 eV with 6 eV splitting between the two peaks are corresponding to Ag 3d5/2 and Ag 3d3/2 binding energies, respectively. The peak deconvolution of Ag 3d implies the formation of the metallic Ag (Ag0) layer on the A-impeller surface after the electroless plating.38
2.2 Comparison of catalytic performance of the Ag-impeller with different structures
The reduction of 4-NP is crucial to research and chemical industries, because that the reduced product 4-aminophenol (4-AP) is essential intermediates for the synthesis of various analgesic and antipyretic drugs.39 Hence, the reduction of 4-NP by NaBH4 is investigated as a model reaction to evaluate the catalytic performance of the as-prepared Ag-impeller. As shown in Figure S3a, the pure 4-NP solution displays a distinct absorption peak at 317 nm, while the absorption peak positively shifts to 400 nm after adding NaBH4, accompanied with a color change from light yellow to bright yellow due to the formation of 4-NP anions in alkaline solution. The Ag-impeller with six normal blades, prepared at different deposition time, are selected firstly to study the catalytic properties. Once the catalytic reaction begins, both the acceptor 4-NP molecules and the donor BH4− ions are absorbed onto the catalyst, resulting in electron transfer from BH4− to 4-NP. Thus it generated a product of 4-AP. The concentration of NaBH4 maintained saturated that can be considered as a constant in the reaction process. Therefore, the rate constant of the reduction of 4-NP follows pseudo-first-order kinetics, as shown in equation (1):
                                                           (1)
where C is the concentrations of the 4-NP at reaction time t, C0 is the initial concentration of the 4-NP, and k is the apparent kinetic rate constant.
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Figure 2. Catalytic performance of the as-obtained Ag-impeller samples. (a) Plots of the k of the normal impeller versus the deposition time and rotation rate, respectively. (b) Plots of ln(C/C0) versus reaction time under different rotation rates. (c) The relationship between relative pressure and rotation rate. (d) Schematic of the negative pressure zone and tangent interface at 350 and 400 rpm, respectively. (e) Recycling test of the normal impeller. (f) Hot filtration experiment of the normal impeller (Removes the catalyst at 10 min and inserts the catalyst at 30 min again). Inset: the photo of 3D printed impeller and Ag-impeller. (g-i) Comparison of catalytic performance between different stirred reactors.

[bookmark: OLE_LINK25]Figure S3b shows a strong linear relationship between ln(C/C0) and reaction time, which agrees well with the first-order reaction. The k was calculated directly from the curve slope. For the normal impeller with different deposition time of 5, 10, 15, 20, 25, and 30 min, the k is 0.087, 0.083, 0.100, 0.111, 0.117, and 0.089 min-1, respectively. Hence, it can be found from Figure 2a that the Ag-impeller of 25 min works exceptionally well, indicating that the 25 min of deposition time is the best, which is consistent with the results of SEM images. Since the impeller is not only a catalyst but also a stirrer, the influence of the rotation rate of mechanical agitation on the reduction of 4-NP is investigated. With the increase of rotation speed, the plot of k exhibits a volcanic curve pattern. It can be seen that the k has a maximum value at 350 rpm as shown in Figure 2b. The higher rotation rate (> 350 rpm) may introduce air gap between the reactant solution and impeller catalyst and reduce the contact area from each other. This phenomenon is observed during the reaction and will be further revealed by the finite element simulation.
In the numerical simulation, one atmosphere is defined as 0 Pa, and the pressure below one atmosphere is defined as the relative pressure. From the pressure distribution of normal impeller at the different rotating rate in Figure S4, the negative pressure zone mainly exists in the center of the vessel, and the relative pressure decreases with increasing rotation rate. As shown in Figure 2c, the relationship between relative pressure and rotation rate can be obtained. According to the fitting curve p = 3.230.0535u9.0732110-4u2, the rotation rate is 350.11 rpm when the upper surface of the blade is just tangent to the concave liquid level as shown in Figure 2d. When the rotation rate is 400 rpm, part of the catalyst is exposed to air, resulting in the generation of ineffective catalyst zone. This simulation results match well with the experiment results, which shows normal impeller could achieve an excellent catalytic performance with the rotation rate of 350 rpm. It is concluded that increasing the rotation rate only is not beneficial for the application of impeller.
The reuse catalytic experiments have also been performed. The as-made Ag-impeller can be reused ten times without a noticeable decline in the catalytic activity as shown in Figure 2e,. The leaching concentration of Ag after each repeated usage is lower than the detection limit of atomic absorption spectroscopy (AAS), clearly reveals that the Ag-impeller exhibit excellent catalytic stability as shown in Figure S3c. The excellent stability is also evidenced by the SEM images and EDS mapping (inset of Figure S3c), in which the morphology and structure of the Ag-impeller remain unchanged after ten cycles in comparison with the initial reactor due to the potent combination between the substrate and Ag layer. The hot filtration experiment is also carried out in that heterogeneous system. It can be seen from Figure 2f that a noticeable pause of the reaction can be observed when the Ag-impeller is removed. Meanwhile, the reaction is immediately recovered when the Ag-impeller is inserted again. These results imply that the as-prepared Ag-impeller has good physical and chemical stability, and is easy to separate from the reactant.
Although the fabricated Ag-impeller has an excellent performance for the heterogeneous catalytic reaction, the distribution of the catalyst in the reaction vessel is not good since the impeller is fixed and rotates at the bottom of the vessel. It is necessary to improve the structure of the impeller to enhance the catalytic performance of impeller further.
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Figure 3. The fractal impeller for the reduction of 4-NP was inspired by the tree crowns.

[bookmark: _Hlk44525752]In nature, the tree crowns have a fractal transport network to absorb more sunlight and CO2 from surroundings, which inspires us to design the fractal impeller to provide more opportunities for contacts of reactants and catalysts in heterogeneous reactions (Figure 3). Many studies also have proven that the fractal structures have a high surface/volume ratio and spatial distribution.19,27,32,33 Based on this, we further design a fractal impeller with the same surface area as a normal one (Figure S5). The fractal dimension in length (D) and width () is 2.6 and 2, respectively, which is similar to the fractal dimension of systems in nature.19 It can be clear that the blade height of the fractal impeller is higher than that of the normal one, so we also design a large normal impeller with the same height as the fractal one (Figure S5).

Table 1 The structural parameters and catalytic performance of Ag-impeller with different structures.
	
	Surface area (S, mm2)
	Reaction time (t, min)
	Conversion (R, %)
	Volume (V, mL)
	αa
(mmol m-2 h-1)

	Fractal impeller
	2595.9
	1.00
	17.58
	80.00
	65.01

	Large impeller
	5257.6
	1.00
	10.65
	80.00
	19.45

	Normal impeller
	2608.7
	1.00
	10.26
	80.00
	37.76

	Normal impeller
	2608.7
	1.00
	11.84
	40.00
	21.44


a The conversion factor α is calculated by the converted moles of reactants divided by the surface area of reactor and the reaction time, which presents the catalytic performance.

Table 2 The structural parameters of the stirred reactors with different impellers.
	
	Normal impeller
	Large impeller
	Fractal impeller
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	Surface area (mm2)a
	2608.66
	5257.63
	2595.91

	Volume (mm3)b
	1202.98
	2526.26
	733.78

	Surface/volume ratioc
	2.17
	2.08
	3.54


a, b, c The surface area, volume, and surface/volume ratio only refer to those on the impeller and do not include a cylindrical sleeve.

[bookmark: OLE_LINK4]The effect of structural parameters of Ag-impellers on the catalytic performance are compared and listed in Table 1 and Table 2. The conversion factor α is presented as an evaluation standard of catalytic performance based on the following equation (2):
                                                               (2)
where C0 is the initial concentration of 4-NP, the V is the volume of 4-NP, the R is the conversion of the reactant, S is the surface area of the reactor, and t is the reaction time.
[bookmark: OLE_LINK24][bookmark: OLE_LINK31]The experimental results in Figure 2g-i show that the catalytic performance of stirred reactor with different impellers. Compared with the normal impeller, the large impeller can load more catalysts and provide more substantial mixing effect, but the α of large impeller is only half that of normal one. Besides, the increase of the volume of the impeller also leads to an increase in its weight, which is a burden for the rotating machine. Interestingly, the fractal impeller is significantly better than the normal one although they have a similar surface area, and is better than the large impeller although the latter has loaded more catalysts than others. The fractal impeller also have a larger kinetic rate constant k of 0.115 min-1. The conversion factor α of fractal impeller is 65.01 mmol m-2 h-1, which is 1.7 times bigger than the normal one and 3.34 times than the large one. More critical, the volume of the fractal impeller is 1.64 times and 3.44 times smaller than the normal one and the large one, respectively, so it is lighter than them and brings a small burden to the rotating machine. The fractal impeller also has the highest surface/volume ratio among the stirred reactors, which improves the spatial distribution of the catalysts in the reaction system. 
[bookmark: OLE_LINK34][bookmark: _Hlk44017557][bookmark: OLE_LINK11][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29]The numerical simulation is used to analyze the fluid flow state and the concentration change of reactant and product during the catalytic reaction, which can help to understand the reaction process. Table S1 lists the key parameters considered during the numerical simulation. Based on the finite element method, the computational domain and mesh generation are shown in Figure S6. The rotating domain in moving mesh is selected to adjust the rotation rate and the incompressible Navier-stokes equation is used to simulate the fluid flow. The “no-slip” boundary condition is adopted and the surface roughness of impeller is neglected in this work. Firstly, the fluid flow state of three structures at the same rotation speed is studied in the static state. From the distribution of velocity field and streamline in Figure 4, the flow velocity distribution in the space of the fractal impeller is more uniform than that of the normal one, which means that the fractal structure improved the mass transfer.
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[bookmark: OLE_LINK13][bookmark: OLE_LINK15][bookmark: OLE_LINK26]Figure 4. The model, flow velocity field, and streamline of stirred reactors with different impellers. (a, d, g) The normal impeller. (b, e, h) The large impeller. (c, f, i) The fractal impeller.

[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Furthermore, under the Chemistry (chem) interface and Transport of Diluted Species (tds) in Chemical Species Transport branch, a time-dependent study is conducted to obtain the concentration change of reactants and products. The concentration field distribution of 4-AP is simulated under the static condition and get a 4-NP concentration curve of three impellers by inserting the concentration probe in the same spatial position. As shown in Figure 5, fractal impeller and large impeller have excellent performance than the normal one at the same reaction time. The fractal impeller produces more products than normal impeller even if they have almost equal surface area, which verified the above experimental results. Similarly, it is evident from the concentration curve of 4-NP and the concentration change video of 4-AP that the catalytic performance of fractal impeller is as well as the large one while the surface area of fractal impeller is only half of that of large one (see the video, Supporting Information). The primary reason is that the distribution of the catalysts on the fractal impeller surface is more evenly in the space. In conclusion, the fractal structure can enhance the mass transfer and accelerate the reaction rate in the heterogeneous catalytic reaction.
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Figure 5. The concentration field contribution and the model of (a,d) the normal impeller; (b,e) the large impeller; (c,f) the fractal impeller. (The position of the inserted probe is circled in red.) (g) The concentration curve of 4-NP at the inserted probe.

Both the experimental data and simulation results indicate that the fractal impeller has excellent catalytic performance due to the high surface/volume ratio, uniform spatial distribution, and the fast mass transfer efficiency. Most importantly, using a fractal structure to construct reactors can save resources and energy in practical production. Compared with other reported literature, the fractal impeller has excellent catalytic performance even if the volume of the reactant is 80 mL (Table 3). The price parameters for preparing fractal impeller are also calculated and listed in Table S2 based on the prices of reagents necessary. The cost of preparing such a heterogeneous catalytic fractal impeller with a mass of 2.57 g is less than $2.14.

Table 3. Comparison of k for the reduction of 4-NP with catalysts reported in the literature. 
	Catalyst
	Initial concentration (mmol L-1)a
	Initial volume
(mL)b
	k (min-1)
	Reference

	Fractal impeller
	0.2
	80
	0.117
	In this work

	MF-AgNPs
	0.12
	6
	0.027
	Ref. 2

	Ag/PAN CFNs
	0.13
	60
	0.085
	Ref. 34

	AgNPs@Pro-ESM
	0.175
	8.75
	0.257
	Ref. 38

	Ag MF film
	0.22
	2.73
	0.2166
	Ref. 39

	Fe3O4@TiO2@Ag-Au
	0.022
	9
	0.1148
	Ref. 40

	BNNS/Ag nanohybrid
	0.101
	2.97
	0.163
	Ref. 41

	Cu NPs-loaded CMC/PAM
	0.099
	5.05
	0.2178
	Ref. 42


a, b The initial concentration and volume are obtained according to the reported literature.

3. Conclusion
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK10][bookmark: OLE_LINK30][bookmark: OLE_LINK23][bookmark: OLE_LINK8]In summary, we prepared the dynamic, holistic stirred reactor with fractal impeller via 3D printing technology and electroless deposition. The fractal impeller has a high surface/volume ratio to support the catalyst for the reduction of 4-NP. The experimental data illustrated that the catalytic performance of the fractal impeller is significantly better than the large impeller although it has a smaller surface area and fewer catalysts. The fractal impeller shows a large kinetic rate constant k of 0.115 min-1 with a large volume of reactant (80 mL). The conversion factor α of fractal impeller is 65.01 mmol m-2 h-1, which is 1.7 times that of the normal impeller with the same loading amounts of Ag catalysts. More importantly, the fractal impeller has a smaller volume than the normal one, which not only decreases the burden of the rotating machine, but also saves more resources and energy in practical production. The numerical simulation results and experimental data verify each other and the results demonstrated that the holistic stirred reactor with fractal structure has the highest catalytic activity because of the high spatial dispersion and the enhanced mass transfer. This work highlights that a simple and cost-efficient design strategy, which could be effective for the rational design of the next-generation catalytic reactors for heterogeneous reactions.

Supporting Information
Supporting Information is available from the Wiley Online Library or the author.

Acknowledgments
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]The authors would like to acknowledge the financial support from the National Natural Science Foundation of China (Grant No. 21872018, 21902020, 51703017, 21701168), the Fundamental Research Funds for the Central Universities (No. DUT20GJ208, DUT20LK40), and the Natural Science Foundation of Liaoning Province (No. 20180510050).

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))


Conflict of Interest
The authors declare no conflict of interest.

References
1.	Gutmann B, Cantillo D, Kappe CO. Continuous-flow technology-a tool for the safe manufacturing of active pharmaceutical ingredients. Angew. Chem. Int. Ed. 2015;54(23):6688-6728.
2.	Li Q, Liu J-j, Sun X, Xu L. Hierarchically porous melamine-formaldehyde resin microspheres for the removal of nanoparticles and simultaneously as the nanoparticle immobilized carrier for catalysis. ACS Sustainable Chem. Eng. 2018;7(1):867-876.
3.	Coverdale JPC, Romero-Canelon I, Sanchez-Cano C, et al. Asymmetric transfer hydrogenation by synthetic catalysts in cancer cells. Nat Chem. 2018;10(3):347-354.
4.	Irfan M, Glasnov TN, Kappe CO. Heterogeneous catalytic hydrogenation reactions in continuous-flow reactors. ChemSusChem. 2011;4(3):300-316.
5.	Chen L-H, Li X-Y, Rooke JC, et al. Hierarchically structured zeolites: synthesis, mass transport properties and applications. J. Mater. Chem. 2012;22(34):17381.
6.	Chmelik C, Karger J. In situ study on molecular diffusion phenomena in nanoporous catalytic solids. Chem. Soc. Rev. 2010;39(12):4864-4884.
7.	Moulijn JA, Kreutzer MT, Nijhuis TA, Kapteijn F. Monolithic catalysts and reactors. Adv. Catal. 2011;54:249-327.
8.	Hoek I, Nijhuis TA, Stankiewicz AI, Moulijn JA. Performance of the monolithic stirrer reactor: applicability in multi-phase processes. Chem. Eng. Sci. 2004;59(22-23):4975-4981.
9.	de Lathouder KM, Marques Fló T, Kapteijn F, Moulijn JA. A novel structured bioreactor: development of a monolithic stirrer reactor with immobilized lipase. Catal. Today. 2005;105(3-4):443-447.
10.	Cybulski A, Moulijn JA. Structured catalysts and reactors: CRC press; 2005.
11.	Hayes RE, Kolaczkowski ST. Mass and heat transfer effects in catalytic monolith reactors. Chem. Eng. Sci. 1994;49(21):3587-3599.
12.	Kolb G, Hessel V. Micro-structured reactors for gas phase reactions. Chem. Eng. J. 2004;98(1-2):1-38.
13.	Kreutzer MT, Kapteijn F, Moulijn JA. Shouldn’t catalysts shape up? Catal. Today. 2006;111(1-2):111-118.
14.	Kapteijn F, Heiszwolf JJ, Nijhuis TAv, Moulijn JA. Monoliths in multiphase catalytic processes: aspects and prospects. Cattech. 1999;3(1):24-41.
15.	Crezee E, Kooyman PJ, Kiersch J, et al. Dispersion and distribution of ruthenium on carbon-coated ceramic monolithic catalysts prepared by impregnation. Catal. Lett. 2003;90(3-4):181-186.
16.	Albani D, Vilé G, Beltran Toro MA, Kaufmann R, Mitchell S, Pérez-Ramírez J. Structuring hybrid palladium nanoparticles in metallic monolithic reactors for continuous-flow three-phase alkyne hydrogenation. React. Chem. Eng. 2016;1(4):454-462.
17.	Metkar PS, Salazar N, Muncrief R, Balakotaiah V, Harold MP. Selective catalytic reduction of NO with NH3 on iron zeolite monolithic catalysts: Steady-state and transient kinetics. Appl. Catal., B. 2011;104(1-2):110-126.
18.	Metkar PS, Harold MP, Balakotaiah V. Experimental and kinetic modeling study of NH3-SCR of NOx on Fe-ZSM-5, Cu-chabazite and combined Fe- and Cu-zeolite monolithic catalysts. Chem. Eng. Sci. 2013;87:51-66.
19.	Coppens M-O. A nature-inspired approach to reactor and catalysis engineering. Curr. Opin. Chem. Eng. 2012;1(3):281-289.
20.	Trogadas P, Nigra MM, Coppens M-O. Nature-inspired optimization of hierarchical porous media for catalytic and separation processes. New J. Chem. 2016;40(5):4016-4026.
21.	Mandelbrot BB. The fractal geometry of nature. Vol 173: WH freeman New York; 1983.
22.	Coppens M-O, Froment GF. Catalyst design accounting for the fractal surface morphology. Chem. Eng. J. 1996;64(1):69-76.
23.	Hajmohammadi MR, Alizadeh Abianeh V, Moezzinajafabadi M, Daneshi M. Fork-shaped highly conductive pathways for maximum cooling in a heat generating piece. Appl. Therm. Eng. 2013;61(2):228-235.
24.	Zhu Q, Xu Y, Qiu L, et al. A scalable self-priming fractal branching microchannel net chip for digital PCR. Lab on a Chip. 2017;17(9):1655-1665.
25.	Chen X, Li T, Zeng H, Hu Z, Fu B. Numerical and experimental investigation on micromixers with serpentine microchannels. Int. J. Heat Mass Transfer. 2016;98:131-140.
26.	Christensen D, Nijenhuis J, van Ommen JR, Coppens MO. Influence of distributed secondary gas injection on the performance of a bubbling fluidized-bed reactor. Ind. Eng. Chem. Res. 2008;47(10):3601-3618.
27.	de Rancourt de Mimerand Y, Li K, Guo J. Photoactive hybrid materials with fractal designs produced via 3D printing and plasma grafting technologies. ACS Appl. Mater. Interfaces. 2019;11(27):24771-24781.
28.	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(1):209-230.
29.	Lee C-Y, Taylor AC, Nattestad A, Beirne S, Wallace GG. 3D Printing for Electrocatalytic Applications. Joule. 2019;3(8):1835-1849.
30.	Lee C-Y, Taylor AC, Beirne S, Wallace GG. 3D-Printed conical arrays of TiO2 electrodes for enhanced photoelectrochemical water splitting. Adv. Energy Mater. 2017;7(21):1701060.
31.	Lefevere J, Mullens S, Meynen V. The impact of formulation and 3D-printing on the catalytic properties of ZSM-5 zeolite. Chem. Eng. J. 2018;349:260-268.
32.	Zhao L, Zeng G, Gu Y, et al. Nature inspired fractal tree-like photobioreactor via 3D printing for CO2 capture by microaglae. Chem. Eng. Sci. 2019;193:6-14.
33.	Lu Y, Wang G, Liang Z, Sun J, Gu Y, Tang Z. Fractal reactor in micro-scale for process intensification. Int. J. Chem. React. Eng. 2019;17(1).
34.	Gao S, Zhang Z, Liu K, Dong B. Direct evidence of plasmonic enhancement on catalytic reduction of 4-nitrophenol over silver nanoparticles supported on flexible fibrous networks. Appl. Catal. B. 2016;188:245-252.
35.	Konarova M, Aslam W, Ge L, et al. Enabling process intensification by 3D printing of catalytic structures. ChemCatChem. 2017;9(21):4132-4138.
36.	Sun X, Zhang L, Tao S, et al. A general surface swelling-induced electroless deposition strategy for fast fabrication of copper circuits on various polymer substrates. Adv. Mater. Interfaces. 2017;4(14):1700052.
37.	Ansari SA, Khan MM, Ansari MO, Lee J, Cho MH. Biogenic synthesis, photocatalytic, and photoelectrochemical performance of Ag–ZnO nanocomposite. J. Phys. Chem. C. 2013;117(51):27023-27030.
38.	Liang M, Su R, Huang R, et al. Facile in situ synthesis of silver nanoparticles on procyanidin-grafted eggshell membrane and their catalytic properties. ACS Appl. Mater. Interfaces. 2014;6(7):4638-4649.
39.	Dai Q, Li L, Wang C, Lv C, Su Z, Chai F. Fabrication of a flowerlike Ag microsphere film with applications in catalysis and as a SERS substrate. Eur. J. Inorg. Chem. 2018;2018(24):2835-2840.
40.	Shen J, Zhou Y, Huang J, et al. In-situ SERS monitoring of reaction catalyzed by multifunctional Fe3O4@TiO2@Ag-Au microspheres. Appl. Catal. B. 2017;205:11-18.
41.	Shen H, Duan C, Guo J, Zhao N, Xu J. Facile in situ synthesis of silver nanoparticles on boron nitride nanosheets with enhanced catalytic performance. J. Mater. Chem. A. 2015;3(32):16663-16669.
42.	Godiya CB, Cheng X, Li D, Chen Z, Lu X. Carboxymethyl cellulose/polyacrylamide composite hydrogel for cascaded treatment/reuse of heavy metal ions in wastewater. J. Hazard. Mater. 2019;364:28-38.

A dynamic 3D-printed holistic reactor with fractal structure was fabricated to enhance mass transfer in heterogeneous reactions. The fractal impeller has a high surface/volume ratio, unique spatial dispersion, and fast mass transfer efficiency in liquid-solid reaction. The holistic catalytic reactors have outstanding physical and chemical stability and could be easily separated through lifting from the solution.
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