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Abstract

:

Recycling of catalysts is often performed. Additive manufacturing (AM) received increasing attention in recent years in various fields such as engineering and medicine, among others. More recently, the fabrication of three-dimensional objects used as scaffolds in heterogeneous catalysis has shown innumerable advantages, such as easier handling and waste reduction, both leading to a reduction in times and costs. In this work, the fabrication and use of 3D-printed recyclable polylactic acid (PLA) scaffolds coated with an iron oxide active catalyst for Fenton reactions applied to aromatic model molecules, is presented. These molecules are representative of a wider class of intractable organic compounds, often present in industrial wastewater. The 3D-printed PLA-coated scaffolds were also tested using an industrial wastewater, determining the chemical oxygen demand (COD). The catalyst is characterized using electron microscopy coupled to elemental analysis (SEM/EDX) and thermogravimetry, demonstrating that coating leach is very limited, and it can be easily recovered and reused many times.
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1. Introduction


One of the most important aspects of catalysis is the development of new catalysts capable of making chemical processes with low environmental impact possible. Among the most attractive methodologies, heterogeneous catalysis, in which the catalyst is immobilized on solid supports, has a prominent role. According to this method, the separation of the catalyst using filtration and/or centrifugation of the reaction mixture, its recovery, and possible reuse makes catalysts economically advantageous, with a consequent important impact on the environmental footprint of the process.



A further improvement of the processes in heterogeneous catalysis is represented by the possibility of building catalysts through the three-dimensional (3D) printing, first described in 1986 by Charles Hull [1]. More research has occurred since, further improving the environmental impact and the economic advantages of the process [2]. An important example was reported in 2016 by Sotelo and Gil, which for the first time, applied a 3D catalyst in the Ullmann reaction. [3]. Following this first paper, various approaches have been used for the construction of 3D catalysts, as monolithic structures, made of ceramic or zeolites, using polymeric materials as templates [3,4,5,6,7,8], which must be then functionalized with the catalyst. Alternatively, it could be possible to prepare the catalyst using the polymeric material as 3D scaffolds to support the catalyst [9].



The application of the additive manufacturing (AM) technologies allows the production of 3D objects by additive processes rather than subtracting/machining material from a larger bulk [10], in five different stages: (1) computer-aided design (CAD) of the structure; (2) converting the model file in surface tessellation language (STL) format file; (3) orientation and slicing operations; (4) G-code format file creation; (5) fabrication by adding the selected material layer-by-layer (also called 3D printing). CAD helps to precisely control size and geometry of objects, so it is possible to fabricate complex structures with very good accuracy [11]. Since AM technologies build the object adding material layer-by-layer [12], they do not produce the typical waste generated by traditional methods of subtractive production. For these reasons, chemical and materials engineers who are involved in the design and manufacture of artifacts have contributed to the development of this technology and of many different suitable materials. Several 3D printing techniques have been developed up to now and some of them are well-established [11,13], such as fused deposition modeling (FDM), which is, nowadays, the most used, because it is inexpensive, and many printers are available for private and professional use. In FDM, the most common materials are polymers such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and high-impact polystyrene (HIPS). In recent years, polylactic acid (PLA) has become one of the most used polymers because it offers many advantages: (I) it derives from renewable resources; (II) it is biodegradable and compostable; (III) it does not generate toxic fumes during the printing process [2]; (IV) it is chemically inert to water and organic solvents [14], which makes it particularly useful for applications in catalysis, from a green chemistry perspective. To produce the 3D-printed model catalysts using PLA, the most common techniques are mechanically mixed dyes, soluble drugs, and metal salt precursors mixed with the polymer before hot melting extrusion, but it is certainly much easier to use the models as scaffold for a catalytic solid coating. [15].



In the light of these considerations and continuing in our efforts in green chemistry [16,17,18], this work focused on the 3D printing of woodpile-like geometry PLA scaffolds, as a support coated by ferrous oxides suitable for the catalysis of the Fenton process. The chosen architecture adds advantages to the total process because it increases the exposed surface area of the 3D-printed object [19] and it is also easy to print [20]. This approach is highly innovative and has few precedents, as 3D-printed porous Mg/Cu catalysts used in the degradation of rhodamine B in a Fenton-like catalyst approach [21], and a more recent paper showed it is possible to prepare iron-impregnated PLA for the 3D-printed milli-fluidic reactors able to give the Fenton reaction in abatement of methylene blue as a model compound [15].



In recent years, advanced oxidation processes (AOPs) have been studied as a promising organic wastewater treatment method based on the in situ generation of hydroxyl radicals (HO), which have a strong oxidation capacity (standard potential = 2.80 V versus standard hydrogen electrode) [22]. The two reactions involved in the classical Fenton process are:


Fe+2 + H2O2 = Fe+3 + HO● + OH−



(1)






Fe+3 + H2O2 = Fe+2 + HOO● + H +



(2)






HO● + pollutant = CO2 + H2O



(3)







H2O2 oxidizes Fe(II) to give Fe(III), a hydroxyl radical, and a hydroxyl ion in the first reaction. The Fe(III) is reduced to Fe(II) by another molecule of H2O2, giving a hydroperoxyl radical with a proton. The hydroxyl radical can give nonselective oxidation of organic compounds. [23,24]. Based on the above advantages, the Fenton process has been applied to treat many kinds of wastewater (WW) such as from olive-oil mills and laboratories, textiles, pesticide WW, cosmetics [25], dyes [26,27], fermentation brine from green olives, and pharmaceuticals. The Fenton and related reactions are viewed as potentially convenient and economical ways to generate oxidizing species for treating chemical wastes. Compared to other bulk oxidants, hydrogen peroxide is inexpensive, safe, and easy to handle, and poses no lasting environmental threat since it readily decomposes to water and oxygen. Likewise, iron is comparatively inexpensive, safe, and environmentally friendly [28]. The principal disadvantage of using this technique in the treatment of wastewater is represented by the need to remove the ferrous sludge that is generated, before its discharge [29].



To solve the problem of sludge, one possibility was the use of a packed-bed heterogeneous catalysis reactor: for example, by using the Fe(II) on carbon black it is possible to obtain a total organic carbon (TOC) removal of ca. 47%, with the reactor operated at 50 °C [30], although even in heterogeneous catalysis some disadvantages remain such as, for example, the high costs of the plant and its regeneration [31].



A suitable monolithic heterogeneous catalyst represents a strategy to avoid sludge formation. Moreover, it is also easily separable from the wastewater stream and easily recoverable and reusable for consecutive cycles of WW treatments, without losing its efficiency and efficacy, with a saving of materials and resources used in its production. In this work, the effectiveness of the 3D-printed scaffolds coated with ferrous oxide catalysts was tested in the Fenton treatment of aqueous solutions of benzothiazole (an emerging pollutant), resorcinol (an organic molecule representative of a wider class of recalcitrant compounds), and methylene blue (a dye often present in industrial wastewater). Finally, a sample of real wastewater kindly provided by an Italian steel industry factory was treated.




2. Materials and Methods


2.1. Materials


Aluminum oxide (Al2O3; molecular weight 101.96 g/mol) and sodium silicate solution (Na2SiO4) were purchased from Honeywell. Ferrous sulphate heptahydrate (FeSO4·7H2O; molecular weight 278.05 g/mol) and iron (II) chloride (FeCl2; molecular weight 126.75 g/mol), used as a source of Fe2+, were purchased from Carlo Erba and Sigma Aldrich, respectively. Isopropyl alcohol (C3H8O; molecular weight 60.096 g/mol) was purchased from J.T. Baker. Polyvinyl alcohol (average molecular weight 9000–10,000; 80% hydrolyzed) was purchased from Sigma-Aldrich (Milan, Italy). Sulphuric acid (H2SO4; molecular weight 98.07 g/mol; concentration in aqueous solution 96%) and sodium hydroxide (NaOH reagent grade, ≥98%) were purchased from J.T. Baker and Merck, respectively, and were used for pH adjustment. Hydrogen peroxide (H2O2; molecular weight 34.01 g/mol; assay 37%; concentration ≥ 35%) was purchased from Honeywell. Hydroxylamine hydrochloride (NH2OH·HCl; molecular weight 69.49 g/mol), used for catalyst regeneration, was purchased from Sigma Aldrich. Benzothiazole (C7H5NS; molecular weight 135.19 g/mol; assay ≥ 96%), resorcinol (molecular weight 110.11 g/mol; assay ≥ 99%), and methylene blue (C16H18ClN3S·xH2O; molecular weight 319.85 g/mol for anhydrous basis) were purchased from Sigma Aldrich and used as model molecules. Finally, a sample of wastewater was purchased from an Italian steel industry factory. UV–vis spectra were recorded using an Agilent Varian Cary 5000 (Turin, Italy) spectrophotometer. COD analyses were performed with QuickCOD Labservice instrument (Bologna, Italy)




2.2. Catalyst Preparation


2.2.1. 3D Printing of Polylactic Acid (PLA) Scaffolds


The commercial materials most commonly used with FDM printers are thermoplastic polymers, such as polycarbonate (PC), acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and polyethylene terephthalate glycol (PETG), thanks to their low melting or softening temperature, which allows them to be used in the FDM printing technique, using a maximum operating temperature of 300 °C. These polymers are characterized by good processability, versatility, and adaptability to FDM, allowing a variety of shapes and colors, imparting an adequate strength to the final 3D objects [32,33]. However, the choice of material to be used in the printing process depends on the object to be printed, its use, and its morphological/aesthetic characteristics. Usually, the most commonly used material for 3D printing by FDM is polylactic acid (PLA), a bio-based, biodegradable, and biocompatible thermoplastic polymer that is widely used in the food, medical, cosmetic, agro-industrial, textile, and art sectors. Derived from renewable resources such as maize, it has a production capacity of over 140,000 tons/year and it is hydrolytically degradable. Its main characteristics are: extrusion temperature ranging from 160 °C to 230 °C, tensile strength between 35 MPa and 65 MPa, flexural strength up to 97 Mpa, and Young's modulus of 2.0–2.3 GPa. However, PLA possess some disadvantages, such as its great sensitivity to high temperatures (from 200 °C), easy degradability (3–6 months depending on the environmental conditions, size and filling of the object), and hygroscopicity [32].



A polylactic acid (PLA) filament purchased from the company Fabbrix® (Ruvo di Puglia, Bari, Italy) was used to print the catalysts. According to the technical data sheet, it has a diameter of 1.75 ± 0.05 mm, a density of 1.25 g/cm3, and a melt flow index (MFI) of 7–9 g/10 min at a temperature of 190 °C. PLA filament was selected for its biodegradability, low cost, and easy processability. All these characteristics could, in fact, be considered suitable for the development of heterogeneous catalysts characterized by a low environmental footprint.



The 3D printing of polylactic acid (PLA) scaffolds was carried out at the Department of Engineering for Innovation of the University of Salento, and it consisted of five steps:




	
CAD design of the structure;



	
Exporting the file in *.stl format;



	
Orientation and slicing operations;



	
Creation of the G-code file;



	
3D printing.








Fusion360 software was used for the first and second phase; for the third and fourth steps, Ultimaker Cura software was adopted. The printing of the 3D structures was performed through fused deposition modeling (FDM) using the printer Creality CP-01 and a PLA filament, white in color and with a diameter of 1.75 mm. A woodpile-shaped scaffold (Figure 1) with an external shape of a cube was printed setting the following operating conditions: nozzle diameter equal to 0.8 mm, extrusion temperature equal to 200 °C, printing speed of 60 mm/s, infill density of 30%, infill line distance of 1.1 mm, layer height of 0.4 mm. It is important to note that the selection of an adequate building strategy is very relevant to obtain the required macroporosity of the catalyst. In particular, the selection of the right infill density parameter is crucial to obtain the geometry of the samples. The obtained scaffolds, as the one shown in Figure 1a, are characterized by a weight of 0.56 + 0.02 g, a volume of 1.248 cm3, and a density of 0.45 g/cm3. The surface area, relevant for the catalytic behavior of the scaffold, is 38.30 cm2.




2.2.2. Preparation of the Catalytic System


The printed 3D PLA scaffold was first used as a template to prepare the ceramic catalyst following a procedure reported in the literature [5]: the scaffold was first coated with a paste consisting of Al2O3 powder dispersed in sodium silicate solution and dried for 24 h at room temperature, then for another 24 h at 60 °C; finally, it was heated in a muffle up to 850 °C and then kept at 850 °C for 8 h to calcinate. The prepared monolith was a negative replica of the PLA scaffold, even if the shape and size of this sample were not replicated precisely. This monolith was then impregnated with an aqueous solution of FeSO4 0. 2 M for 24 h and rapidly dried. The same procedure was then used removing the calcination phase in the muffle following the covering of the scaffold, to give the catalyst higher mechanical resistance due to the presence of the PLA skeleton. Finally, the 3D PLA template was used directly for impregnation of Fe (II) using the procedure described below:




	●

	
PHASE 1: Chemical attack of the PLA scaffold by immersion in a 1 M aqueous solution of sodium hydroxide (NaOH), under magnetic stirring on a plate heated to 65 ° C for 45 min in a sand bath;




	●

	
PHASE 2: Preparation of the following solutions:




	o

	
Aqueous solution of polyvinyl alcohol (PVA) at 2% by weight;




	o

	
Solution of FeCl2 in isopropanol (C3H8O) at 0.5% (3.96 × 10−5 M);




	●

	
PHASE 3:




	o

	
Adding 25 mL of aqueous PVA solution to 25 mL of FeCl2 solution in isopropanol and magnetic stirring for 2 h;




	o

	
Immersion of the catalyst in solution under magnetic stirring for 24 h;




	o

	
Dripping and transferring to an oven at 60 °C for a week.









A similar procedure was, first, successfully used by Anita Lett J et al. [34] for the fabrication and testing of a novel composite, magnesium (Mg)-doped hydroxyapatite (HAp) glazed onto polylactic acid (PLA) scaffolds, where polyvinyl alcohol (PVA) was used as a binder. Starting from this interesting result, the authors decided to modify the literature process and adapt it to the aim of this paper. PVA was selected as a binder between PLA and FeCl2 and its compatibility with PLA was increased by using a sodium hydroxide surface treatment. However, a solvent able to increase the compatibility between PVA and FeCl2 was necessary. To this aim, after testing several solvents, isopropanol was selected as the most suitable solvent for PVA and FeCl2. Instead, water, a more eco-compatible and economic solvent, was found for PVA.




2.2.3. Characterization Methods


An AXIO-LINKAM optical microscope (Zeiss, Milano, Italy) was used for the morphological characterization of the 3D-printed catalyst. The size of the pores was obtained as an average of 10 measurements.



Scanning electron microscope (SEM) images were obtained by a Phenom XL G2 Desktop SEM instrument in high vacuum and high-resolution mode, equipped with a Gemini column and an integrated high efficiency in-lens detector. The applied acceleration voltage was 5 kV. The instrument was equipped with an EDX detector to obtain the elemental analysis of selected sample areas. The analyses were performed at least five times to verify the accuracy of the results.



The thermal stability of the samples before and after the Fenton process was determined by thermogravimetric analysis (TGA) by a TA Instrument SDT Q600 (TA Instrument, New Castle, DE, USA). About 10 mg of each sample was heated from 25 °C to 700 °C at 10 °C/min in air atmosphere. Each measurement was repeated three times.





2.3. Fenton Process


2.3.1. Preparation of Model Molecules Solutions


Benzothiazole, resorcinol, and methylene blue were used as model molecules in bi-distilled water. A methylene blue (MB) aqueous solution (0.001 M), a benzothiazole (BTH) aqueous solution (0.74 × 10−6 M), and a resorcinol aqueous solution (0.01 M) were prepared.




2.3.2. Batch Experiments


The selected reaction conditions were obtained by comparison with the literature on homogeneous catalysis [35]. A known volume (50 mL) of aqueous solution of molecule to be degraded was transferred to a beaker and brought to pH 3. pH adjustments were performed using sulfuric acid (96%) and sodium hydroxide (5 M). The catalyst was immersed in the bulk of the solution, stirred on a plate and, at the same time, a known volume (1 mL) of hydrogen peroxide (15–20 × 10−3 M, 50% wt in H2O, d= 1.2 g/mL) was added. The UV–vis spectra of the aqueous solutions of methylene blue at pH 3 were acquired in the range 251–800 nm, while the spectra of aqueous solutions of benzothiazole and resorcinol at pH 3 were acquired in the range of 200–500 nm. The degradation of the molecules was monitored at the wavelength at which the maximum of absorption. The catalyst was recycled using an aqueous solution of hydroxylamine hydrochloride (7, 8 × 10−2 M) and recycling was carried out by transferring the catalyst into a beaker and adding the hydroxylamine solution, stirring with a magnetic stirrer for about 30 min [36].




2.3.3. Fenton Treatment of a Sample Wastewater


The Fenton process was used to reduce the chemical oxygen demand (COD) of a portion (50 mL) of the wastewater sample supplied by an Italian steel industry factory.




2.3.4. Determination of the Chemical Oxygen Demand (COD)


The determination of the COD of the wastewater sample was carried out by the method QuickCOD. The sample to be analyzed was injected into a furnace at 1200 °C where, through a pumping system, air and nitrogen, which acts as carrier gases, are used. In the furnace the thermal reduction of oxygen in the air occurs together with the oxidation of organic and inorganic molecules present in the sample. The gaseous oxidation products are subsequently transferred to the condenser, through the action of the carrier gas. A quartz wool filter and an acid trap are placed downstream of the condenser to ensure constant conditions for the oxygen sensors. An additional filter of air allows the purification of the air, and the resulting oxygen can be measured by the sensors. Note the initial amount of oxygen added to the system (defined by the operator), as the oxygen consumed can be calculated by subtracting the amount of oxygen detected at the end of the process from that initially defined. The oxygen consumed during the reaction indirectly provides a measure of organic and inorganic pollutants present in the sample.






3. Results and Discussion


3.1. Preparation of the Catalyst


A 3D-printed structure coated by the active catalytic ferrous oxide was initially made according to the method described by Michorczyk et al. [5] for a ceramic structure. When the catalyst obtained by this method is tested in the Fenton process, it shows poor strength and crumbled in the reaction beaker, being non-reusable. The catalyst prepared following a second coating method shows an extensive occlusion of the pores generated by the 3D printing process, partially losing the shape of the 3D-printed scaffold. Furthermore, once the coated scaffold is used in the Fenton process, coating debonding occurs.



Considering these results, we decided to develop a new method that would preserve both the 3D scaffold integrity and its macroporous structure. This approach allowed repeated use of the catalyst with a negligible leaching of iron ions.




3.2. Catalysts Characterization


The pictures taken by optical microscope, shown in Figure 1a,b, show that the external surfaces of the coated scaffold are characterized by a brown color due to the ferrous oxide. However, the midplane of the catalyst, shown in Figure 1c, is characterized by a lower amount of ferrous, indicating that the coating treatment is more effective on the external surfaces of the scaffold. A longer treatment time should lead to a more uniform distribution of the coating. A non-fully homogeneous distribution of Fe on the external surface is shown in Figure 1d.



SEM analyses carried out on the treated 3D-printed samples (Figure 2), confirm that the Fe oxide coating is not deposited homogenously. EDX analysis indicates that areas richer in Fe are present at the catalyst surface, as evidenced by the average atomic concentration reported in Table 1.




3.3. Fenton Treatment of Model Molecules Solutions


The extensive application of dyes, aromatic compounds (often derived from phenol), and BTHs in industrial and consumer products has led to widespread contamination of the environment. Different methods for these pollutants’ degradation have been reported [37,38], but, in most cases, oxidative processes based on H2O2 and UV are used, which are not practicable at an industrial level [38]. To verify the potential of 3D-printed catalysts in Fenton processes, preliminarily methylene blue, which can be considered as a model compound for many degradation studies [35,38], was used. Then benzothiazole, as a model molecule for secondary pollutants (antibiotics, drugs, etc.) and resorcinol, as a model for phenols pollutants, were also tested.



Figure 3 shows the UV–vis spectra of the experiments carried out on methylene blue (Figure 3A), benzothiazole (Figure 3B), and resorcinol (Figure 3C). It is evident that the chosen catalyst can completely degrade the chosen model molecules in a time between 30 and 200 min.



In particular, the UV–vis spectra of the aqueous solutions of methylene blue at pH 3 (Figure 3A) show the complete degradation of the dye within only 30 min after the addition of the hydrogen peroxide. For benzothiazole and resorcinol, which are more intractable than methylene blue, the complete degradation requires 200 min and 120 min, respectively.



As reported below in Table 2, these results compared with the literature show that the 3D-printed PLA catalyst presents a catalytic activity comparable to that of more complex systems. For example, the degradation of methylene blue (row# 1) occurs with the same efficiency of more complex heterogeneous catalysts, such as, for example, an Fe- based amorphous alloy [39]. Similar data could be obtain using the Fe–PLA impregnate (row# 2); in this case, the complete degradation occurs in 20 min [16].



On the other hand, when benzothiazole degradation (row# 4) is conducted in a homogeneous condition, only 20 percent is degraded in the first hour [37]. Our result is comparable with the photo-Fenton processes (row# 5) conducted in the presence of β-cyclodextrin, useful to improve the solubility, in which the reaction proceeds up to 80% in 60 min [37].



Finally, the resorcinol degrades almost completely in 120 min, similarly to what happens in photo-Fenton processes (row# 7) [40].



To verify the recyclability of the catalyst, resorcinol reaction was chosen because of the lower degradation time compared to benzothiazole. The reaction was carried out for a second time using the catalyst as it was, without regeneration. The results are shown in figure (Figure 4):



It is evident that the degradation of resorcinol does not take place using the catalyst, without any regeneration treatment.



To overcome this drawback, the catalyst was regenerated using hydroxylamine hydrochloride, as reported in the literature [36]. In particular, the catalyst was immersed in a hydroxylamine hydrochloride aqueous solution (7.8 × 10−2 M) for about 30 min, and briefly dried, then being ready to be used. The catalyst after regeneration was tested three times, as shown in Figure 5:



Figure 5 shows that the resorcinol degradation takes place in three consecutive experiments carried out using the same catalyst after regeneration with hydroxylamine hydrochloride. Therefore, we can conclude that during the Fenton reaction there is no relevant Fe(II/III) leaching affecting the catalytic activity in three consecutive cycles of reactions and regenerations.




3.4. Fenton Treatment of a Sample Wastewater


The catalyst was finally used in the Fenton process for the abatement of organic and inorganic molecules present in a sample of wastewater made available by an Italian steel industry. To verify the effectiveness of the catalyst, an analysis of the Chemical Oxygen Demand (COD) of the sample was carried out before treatment and after 30 min of treatment, using the Quick COD method, that showed the amount of pollutant at retention time 1019 min 34% disappeared after 30 min.



As shown in Figure 6, comparing the two plots and the ppm of residual organic compounds circled with red, a complete abatement of the species present in the sample is achieved within just 30 min after adding the reagents and the catalyst. We can, in fact, observe that the total amount of residual organic compounds in the sample of wastewater (in the plot above) is equal to 68,638 ppm, while the amount of the residual organic compounds after only 30 min of Fenton treatment on the same sample is equal to 0 ppm.



The TGA curves reported in Figure 7 and the respective weight loss results reported in the same figure, evidence a small difference between the solid residue of the catalyst before its use and after three reaction and regeneration cycles, indicating a limited leaching of Fe. This result supports the effectiveness of the catalyst in multiple cycles, as reported above.





4. Conclusions


In summary, a 3D-printed PLA catalyst coated by ferrous oxide was capable to oxidize several organic compounds. The proposed heterogenous catalytic system shows several advantages, the key ones being summarized as follows:




	
Simple and reliable preparation of a monolithic catalyst characterized by a complex geometry by 3D printing followed by a simple coating procedure;



	
High efficiency and selectivity of the oxidations provide highly degradation yield and avoiding costly and time-consuming work-up procedures;



	
The catalyst can be recovered and reused after regeneration, thus, increasing the effectiveness of the process;



	
Our method resolves the problem of the sludge normally obtained using the traditional homogeneous and heterogeneous reaction, reducing the wastes according of the rules of green chemistry;



	
Furthermore, the study conducted on industrial wastewaters shows how it can also be applied in complex mixtures, which represents an advance compared to current studies on catalyzed oxidation processes.








In conclusion, the use of 3D-printed catalysts opens the way to new applications, especially in the environmental field, as shown comparing the presented results to those reported in the literature.
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Figure 1. (a): Top view of the catalyst; (b) side view of the catalyst; (c) detail of a midplane section parallel to the building direction in 3D printer; (d) detail of a side view. 
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Figure 2. Left: SEM picture of the catalyst. Right: EDX analysis is shown at two different areas characterized by a different content of Fe. (a) analysis of first mapping; (b) analysis of second mapping. 
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Figure 3. UV–vis spectra of model molecules solutions, over time. 






Figure 3. UV–vis spectra of model molecules solutions, over time.



[image: Polymers 15 00580 g003]







[image: Polymers 15 00580 g004 550] 





Figure 4. UV–vis spectra of Fenton-processed resorcinol solution using the unregenerated catalyst for the second time. UV–vis spectra recorded after 200 and 330 min overlap. 
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Figure 5. UV–vis spectra of Fenton-processed resorcinol solution using the catalyst after regeneration with hydroxylamine hydrochloride. 
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Figure 6. Comparison between COD of wastewater (top) and COD of wastewater after treatment with Fenton reagent after 30 min (bottom). 
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Figure 7. Thermogravimetric analysis of the catalyst before its use and after 3 reaction and regeneration cycles. 
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Table 1. Average atomic concentration of the main elements as determined by EDX analysis reported in Figure 2a,b.
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	Element Symbol
	Atomic Concentration

EDX (Figure 2a)
	Atomic Concentration

EDX (Figure 2b)





	O
	80 ± 2
	60 ± 1



	Fe
	4 ± 0.5
	30 ± 0.8



	C
	12 ± 1
	2 ± 0.5



	Element

Symbol
	Weight

Conc.
	Oxide

Symbol



	Fe
	83.49
	



	O
	12.11
	



	C
	2.35
	



	Ti
	2.05
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Table 2. Comparison of the efficiency of the 3D PLA catalyst with different results in the literature.
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	Row #
	Catalyst
	Substrate
	Time

(min)
	Temperature

(K)
	Conversion

(%)
	Ref #





	1
	Fe63Cr5Nb4Y6B22
	MB
	20
	70
	100
	39



	2
	Fe(II)–PLA impregnated stirred caps
	MB
	20
	25
	100
	15



	3
	Fe(II)–3D-printed PLA
	MB
	30
	25
	100
	Our work



	4
	Fenton
	BTH
	60
	25
	20
	37



	5
	Photo-Fenton
	BTH
	60
	25
	80
	37



	6
	Fe(II)–3D-printed PLA
	BTH
	200
	25
	100
	Our work



	7
	Photo-Fenton
	Resorcinol
	120–240
	25
	100
	40



	8
	Fe(II)–3D-printed PLA
	Resorcinol
	120
	25
	100
	Our work
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