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				Abstract

				The conversion of glycerol to hydroxyacetone was investigated over Cu/γ-Al2O3 catalyst. Reactions were carried out in a fixed-bed quartz reactor. The catalysts were activated using three different methods: calcination, reduction, and calcination-reduction. The reduction was the method that provided the highest concentration and selectivity towards hydroxyacetone. Furthermore, a Central Composite Rotatable Design (CCRD) statistical analysis was used to optimize parameters for glycerol conversion to hydroxyacetone over the reduced catalyst. The dependent variables were reaction temperature, carrier gas flow rate, and glycerol feed flow rate. This analysis, with 95 % confidence, showed that only reaction temperature had a significant effect on all three response variables. Using the desirability function, the conditions that maximized all three response variables were determined to be 299.43 °C, 70.97 mL/min carrier gas flow, and 6.32 mL/h glycerol feed flow. The experimental values using optimal conditions agreed with the predicted values. Moreover, a deactivation model equation for the catalyst was derived and resulted in first order. Additionally, carbon deposition on the catalyst surface and a 12 % reduction in its specific surface area as sources of deactivation were identified by CHONS, BET, and XRD. Finally, a cycle of reactions with and without reduction between reactions was examined, where it was observed that the catalyst recovers its activity.
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				Resumen

				La conversión de glicerol a hidroxiacetona se investigó utilizando un catalizador de Cu/γ-Al2O3. Las reacciones se realizaron en un reactor de cuarzo de lecho fijo. Los catalizadores se activaron mediante tres métodos distintos: calcinación, reducción y calcinación-reducción. La reducción fue el método que proporcionó la mayor concentración y selectividad hacia hidroxiacetona. Además, se utilizó un análisis estadístico de Diseño Compuesto Central Rotable (CCRD, por sus siglas en inglés) para optimizar los parámetros de conversión de glicerol a hidroxiacetona con el catalizador reducido. Las variables de estudio fueron temperatura de reacción, flujo de gas portador y flujo de alimentación de glicerol. El análisis, con un 95 % de confianza, mostró que solo la temperatura de reacción tuvo un efecto significativo en las tres variables de respuesta. Mediante la función de deseabilidad, las condiciones óptimas para maximizar las respuestas fueron 299.43 °C, 70.97 mL/min de flujo de gas portador y 6.32 mL/h de flujo de alimentación de glicerol. Los valores experimentales bajo estas condiciones coincidieron con las predicciones. Además, se derivó una ecuación de desactivación del catalizador que resultó de primer orden. Por otra parte, una deposición de carbono en la superficie del catalizador y una reducción del 12 % en su área superficial fueron identificadas mediante CHONS, BET y XRD como fuentes de desactivación. Finalmente, se realizó un ciclo de reacciones con y sin tratamiento de reducción entre ellas, donde se observó que el catalizador recupera su actividad.
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				I.	Introduction

				The growing environmental issues have led to an increase in the development of alternative energy sources that do not involve the use of fossil fuels, with renewable energy standing out prominently. Among the alternatives that have generated significant interest are fuels produced from biomass, known as biofuels. In recent years, biodiesel production has substantially increased, according to the Organisation for Economic Cooperation and Development (OECD) and the Food and Agriculture Organization (FAO), global biodiesel production is expected to reach 39 billion gallons by 2024 [1]. In the biodiesel production process, glycerol is generated as a by-product, accounting for approximately 10 % to 20 % of the volume of biodiesel produced. There is a need to utilize this by-product to produce other value-added products. Glycerol has a high potential to be transformed through various catalytic processes [2]. Hydroxyacetone (HA), also known as acetol, can be formed through direct dehydration of glycerol or by dehydrogenation followed by dehydration. 

				Hydroxyacetone is a nontoxic and highly reactive molecule, and it has been widely used in organic synthesis, both as an intermediate and a raw material in various pathways, including dehydration, hydrogenation, oxidation, and polymerization processes, to produce compounds such as lactic acid, propane-1,2-diol, hydrogen, and others. For example, Kashif et al. [3] studied the acetol hydrogenation to propane-1,2-diol over copper-nickel bimetallic catalysts supported on activated carbon. Moreover, Koichumanova et al. [4] studied the aqueous-phase reforming (APR) of hydroxyacetone on Pt/AlO(OH) and Pt/ZrO2 catalysts at 230 °C and 30 bar (3 000 000 Pa), obtaining different chemical compounds. In the same way, Vikla et al. [5] studied the production of H2 by APR of hydroxyacetone over supported Pt catalysts. Furthermore, Albuquerque et al. [6] studied the catalytic transformation of hydroxyacetone toward lactic acid over commercial Pt/Al2O3 powder catalysts. All these compounds are important industrial products with a growing market, and these production routes are more environmentally friendly by starting from hydroxyacetone obtained from glycerol generated in biomass processes. Hydroxyacetone is also employed in the food industry, in cosmetics, and in the textile industry. Companies such as DuPont-Tate & Lyle, Archer Daniels Midlands (ADM), Cargill & Ashland, Huntsman, and Shandong Jingdian are currently the main producers of hydroxyacetone from glycerol [7]. Furthermore, Gentil et al. [8] studied the hydroxyacetone as fuel in alkaline direct liquid fuel cells (ADLFC), obtaining results that highlight its potential as a high-performance molecule for oxidation in ADLFCs. Also, Lopes de Araújo et al. [9] studied the oxidation of hydroxyacetone to formic acid (HFO) which is a liquid fuel [10] and potential hydrogen source for fuel cells [11]. 

				It is well known that the ability of copper to cleave carbon-oxygen bonds, combined with the strength of acidic sites on supports such as alumina, constitutes an effective catalyst for obtaining hydroxyacetone from glycerol. For instance, Sato et al. [12] achieved 82.9 % HA selectivity under nitrogen flow, 

				while under hydrogen flow 40 % was obtained over a Cu/Al2O3 10 wt% catalyst in a fixed-bed down-flow glass reactor at 250 °C. Mane et al. [13] reported that the Cu-Al (50:50) catalyst showed the best performance, with a maximum HA selectivity of 54 % and 70 % conversion during the continuous dehydration of glycerol in a fixed-bed reactor under high nitrogen pressure at 220 °C. Additionally, Chimentão et al. [14] investigated glycerol conversion in the gas phase in a fixed-bed reactor using various catalysts, achieving approximately 40 % hydroxyacetone selectivity and 70 % conversion over Cu/γ-Al2O3 at 300 °C under a 5 % H2/Ar flow. Similarly, Ortega et al. [15] studied glycerol conversion to hydroxyacetone in the gas phase at atmospheric pressure in a fixed-bed reactor with different catalysts at 280 °C under nitrogen flow, obtaining 42 % conversion and 45 % hydroxyacetone selectivity over Cu/γ-Al2O3.

				As demonstrated by the aforementioned information, copper on alumina catalysts have been studied under various operating conditions to produce HA. Given the significant industrial importance of this compound, the present research contributes to this body of knowledge by determining the best activation method for the catalyst and the optimal operating conditions for hydroxyacetone production in a gas-phase system using a Central Composite Rotatable Design (CCRD) statistical analysis. A deactivation and regeneration study were also performed.

				II. MATERIALS AND METHODS

				A. Materials

				Glycerol (Sigma-Aldrich, 99.5 %) was used as reagent in the dehydration reaction, and Nitrogen UAP (99.99 %) was used as carrier gas. The following reagents were purchased from Sigma-Aldrich to be used in the analysis of reaction products: hydroxyacetone (90 %), pyruvaldehyde (40 %), lactic acid (85 %), lactide (99 %), ethylene glycol (96 %), acetic acid (99 %), 1,2-propanediol (99 %), 1,3-propanediol (97 %), methanol (99.90 %), ethanol (99 %), pyruvic acid (98 %), and acrolein analytical standard. Catalysts were prepared by using the corresponding metallic precursors Al(NO3)39H2O (98 %) and Cu(NO3)22.5H2O (98 %) bought from Sigma-Aldrich. In addition, NaOH (98.0 %) from Sigma-Aldrich was also used for their synthesis. Hydrogen (5 % balance in Argon) was used to reduce the catalysts. 

				 B. Catalyst Preparation 

				The γ-Al2O3 support was prepared by precipitation of Al(NO3)39H2O and NaOH. The precipitate was dried in an oven at 100 °C for 12 h and then calcined at 500 °C for 4 h. The catalysts containing 10 wt% of metal were prepared by incipient wetness impregnation of Cu over γ-Al2O3 support. After impregnation, the catalysts were dried at 120 °C for 12 h and then activated by reduction and/or calcination at 450 °C at a rate of 10 °C/min in a flow of 75 ml/min with 5 % H2/Ar (or air) for 3 h. 
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				 C. Catalyst Characterization

				The prepared catalysts were characterized by X-ray diffraction (XRD). The analysis was recorded using an X-ray Panalytical Empyrean diffractometer with an angular 2θ diffraction range between 15 ° and 92 °. The samples were placed in a zero-background sample holder. Cu Kα radiation (λ = 1.54 Å [0.154 nm]) was obtained from a copper X-ray tube operated at 45 kV and 40 mA. 

				The catalysts were analyzed by scanning electron microscopy (SEM) using a Zeiss Sigma 300 VP microscope, operating at an acceleration voltage of 15.0 kV and an emission current of 85000 nA. The catalyst powder was spread on a graphite tape and coated with a layer of gold to make it conductive. 

				Elemental analysis (CHONS) was recorded using FlashSmart equipment configured in MVC CHNS/O mode. Tin capsules were used for each sample, and each analysis lasted 500 s. Helium was used as carrier gas at a flow rate of 140 mL/min, with a reactor temperature of 950 °C and an oven temperature of 65 °C.

				The specific surface areas were measured by BET method using N2  adsorption/desorption at 77 K on an Autosorb iQ C XR Quantachrome Instrument. First, each sample was placed in a 9 mm cell and degassed at 80 °C for 30 min, at 120 °C for 720 min, and at 120 °C for 120 min. It used a ramp of 5 °C/min. Then the nitrogen adsorption/desorption analysis was programmed for the following relative pressures: surface area determination (0.025 torr to 0.3 torr [3.33 Pa to 39.9966 Pa]), adsorption (0.35 torr to 0.99 torr [46.6627 Pa to 131.99 Pa]), and desorption (0.98 torr to 0.2 torr [130.66 Pa to 26.6644 Pa]). 

				 D. Conversion of Glycerol Studies

				The catalytic conversion of glycerol was carried out in gas phase in a quartz fixed bed down flow reactor at 250 °C under atmospheric pressure for 3 h. An aqueous solution of glycerol (5 v/v %) was pumped by a syringe pump with flow of 5 mL/h, and N2  was used as carrier gas (40 mL/min). Typically, 200 mg of sample in the form of pellets, with size ranging 2 mm - 3 mm, were loaded in the quartz reactor, that was then heated to the desired temperature. The condensed products were trapped in an ice bath condenser every 20 min or 30 min of reaction and analyzed by HPLC (Agilent LC1220 Infinity) equipped with an Aminex HPX-87H column (30 m × 7.8 mm), an ultraviolet detector (UV) and a refractive index detector (RID). The mobile phase was deionized and filtered water with pH controlled to 2.2 by addition of phosphoric acid with flow of 0.6 ml/min and a pressure of 50 bar (5 000 000 Pa). 

				The temperature of the HPLC column was 60 °C and 30 min of analysis for each chromatogram. Calibration curves were constructed to analyze the product concentrations. 

				The conversion of the glycerol was calculated to examine the performance of the catalysts. It was defined as shown in (1).

				(1)

				Also, the selectivity of each product was considered in the analysis of the results. It was defined as shown in (2).

				(2)

				E. Statistical Analysis

				The experimental conditions that promote the production of hydroxyacetone were evaluated in two phases:

					1)	Phase 1:

				The purpose of this first phase was to determine the effect of the activation method in the conversion of glycerol to HA. Therefore, ANOVA one-way analyses of variance were performed with one repetition. The factor studied was the activation method, with three levels: reduction (R), calcination (C), and calcination followed by reduction (CR). The response variables were glycerol conversion, selectivity towards hydroxyacetone, and hydroxyacetone concentration. The activation conditions were mentioned in Section II-B. 

					2)	Phase 2:

				For this phase, a Central Composite Rotatable Design (CCRD) was used to determine optimal conditions for obtaining hydroxyacetone. Three variables were studied: reaction temperature, glycerol flow, and N2 flow. A total of 18 experiments were performed, including four repetitions of the central point and six axial points with an α-value of ±1.633. The evaluated levels are presented in TABLE I. The response variables were glycerol conversion, selectivity towards hydroxyacetone, and hydroxyacetone concentration. The results obtained from the experimental design were subjected to analysis of variance (ANOVA) for validation using Minitab® 20 statistical software [16]. Additionally, response surface and Pareto charts were employed, with a confidence level of 95 %.
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				TABLE I

				EXPERIMENTAL RANGE OF VARIABLES FOR THE CCRD

			

		

		
			
				
					Variable

				

				
					Symbol

				

				
					-α

				

				
					-1

				

				
					0

				

				
					+1

				

				
					+α

				

				
					Reaction temperature (°C)

				

				
					A

				

				
					199

				

				
					220

				

				
					250

				

				
					280

				

				
					300

				

				
					Carrier gas flow (mL/min)

				

				
					B

				

				
					16

				

				
					40

				

				
					75

				

				
					110

				

				
					133

				

				
					Glycerol flow (mL/h)

				

				
					C

				

				
					1.59

				

				
					5

				

				
					10

				

				
					15

				

				
					18.41

				

			

		

		
			
				Regarding the order of deactivation, it is supposed to be first order: a = e -kd t , considering that studies have shown that the models that best fit the glycerol dehydration reaction on acidic catalysts correspond to first order [18]. Thus, (6) is equated to this expression and then the logarithm is applied to both sides, as shown in (7).

				(7)

				where

				t	time;

				υo	volumetric flow rate;

				W	weight of catalyst loaded;

				CGli0	initial concentration of glycerol.

				Equation (7) is linear, so with the concentration and time data from the experimental runs, the deactivation constant kd  was determined.

				Additionally, three experiments were performed with the Cu/γ-Al2O3 catalyst, reducing it for three hours before each reaction (under 5 % H2/Ar in a flow of 75 ml/min at 450 °C for 3 h), on three consecutive days without removing the catalyst from the reactor. Also, three runs were conducted with the Cu/γ-Al2O3 catalyst, but without reducing it between each run, and similarly, the catalyst was not removed from the reactor at any point. The conditions used for these six reactions were obtained from the CCRD analysis with the aid of the desirability function (reaction temperature: 299 °C, carrier gas flow rate: 70 mL/min, and glycerol feed flow rate: 6.32 mL/h), and the product analysis was conducted as previously mentioned.

			

		

		
			
				F. Catalyst Deactivation and Regeneration 

				The deactivation of the Cu/γ-Al2O3 catalyst was studied. Three runs were conducted using the reaction conditions derived from the CCRD analysis, with the aid of the composite desirability function. A deactivation expression was determined for the catalyst under study using the concentration data of the reagent (glycerol) obtained during the reaction. The glycerol dehydration reaction is considered first order according to [17], so the reaction rate law would be as shown in (3).

				(3)

				where

				k	reaction rate constant;

				CGli	glycerol concentration;

				a	catalyst activity function. 

				In the case of the reactor used, which is considered a packed bed reactor (PBR), the mole balance can be expressed in (4).

				(4)

				By combining both equations, the resulting expression is given in (5).

				(5)

				Additionally, by solving for a(t), (6) is obtained.

				(6)
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				III.	rESULTS AND DISCUSSION 

				A.	Study of the Activation Methods

				In the first phase, three activation methods of the catalyst were studied in the valorization of glycerol to HA. Fig. 1(a) shows the glycerol conversion over time for each catalyst. The trend of the three curves is similar. In the first 20 min, the calcined-reduced (CR) catalyst showed the highest conversion at 86.19 %, followed by the calcined (C) catalyst at 75.92 %, and finally the reduced (R) catalyst at 68.03 %. However, at the end of the three-hour reaction, the conversion values for all three catalysts almost converge to the same final value at around 25.0 %.

				Mane et al. [19] reported that a combination of copper oxides and metallic copper species is necessary to achieve significant glycerol conversion. Based on this premise, when analyzing the performance of the calcined catalyst over the entire reaction period, it consistently shows a more pronounced decline, 

				with its curve positioned below the others. As can be seen in Fig. 1(b), the XRD of calcined catalyst (C) only shows CuO reflections for copper species. On the other hand, the fact that the CR catalyst exhibits higher conversion for a longer time during the reaction could be attributed to the process of calcination followed by reduction, which increases the chance of achieving a higher proportion of metallic copper and copper oxides. This is caused by the conversion of Cu²+ to Cu+ when the catalyst is first exposed to an air stream at high temperatures. Then, during the hydrogen reduction process, Cu+ is further reduced to Cu0, which increases the likelihood of having both active sites present in the catalyst. Xiao et al. [20] conducted tests on catalysts calcined at temperatures ranging from 300 °C to 600 °C, and reduced at temperatures from 200 °C to 400 °C. They found that calcining between 400 °C and 500 °C, followed by reduction between 300 °C and 400 °C, favors the maximum conversion of glycerol over a surface Cu0/Cu+ ratio of 6.6. They also identified the synergetic effect between the Cu0 and Cu+ as responsible for the high catalytic activity in the hydrogenolysis of glycerol. Also, Vila et al. [21] determined that glycerol conversion to 1,2-propanediol is strongly dependent on the Cu0/Cu+ atomic ratio. 

				Additionally, Fig. 2 presents the selectivity and concentration curves for HA over reaction time. Regarding selectivity, Fig. 2(a) shows that the catalysts achieved their highest values at 40 min into the reaction, with the R catalyst yielding the best result at 84.90 %, followed by the CR at 81.66 %, and the C at 71.73 %. The selectivity percentages towards HA are high; even after three hours of reaction, the values remain above 55 %. Vila et al. [21] indicated that reduced catalysts at 573 K presented higher 1,2-PDO and hydroxyacetone selectivities than calcined and reoxidized Cu/Al2O3 catalysts. Moreover, Pinheiro Braga et al. [22] mentioned that reduced copper species are the active species for the selective conversion of glycerol to HA under the reaction conditions studied. The reflections for metallic copper are evident in Fig. 1(b) for R and CR catalysts. 

				In the case of hydroxyacetone concentration (Fig. 2(b)), the catalysts reach also their highest values at 40 min into the reaction, with the R catalyst achieving 19.05 g/L, followed by the CR catalyst with 19.01 g/L, and finally the C catalyst with 7.86 g/L. The maximum concentration of hydroxyacetone achieved with the C catalyst does not even reach half of the concentration obtained with the other two catalysts, indicating that HA formation is favored by the presence of metallic copper [22]. Furthermore, when comparing the R and CR catalysts in Fig. 2(b), it is evident that the CR curve declines somewhat more sharply than the R curve. Fig. 12 in the Supporting material presents the selectivity and concentration curves over time for the other compounds obtained. All three catalysts generated the same four by-products, with pyruvaldehyde having the highest values, followed by lactic acid, acetic acid, and, finally, lactide. This pattern was consistent in all three catalysts.

				Analyzing these results, it is evident that for all three catalysts, regardless of the activation method, the products are consistently favored in the same order: hydroxyacetone, 
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				Fig. 1. (a) Conversion of glycerol and (b) XRD obtained with different activation methods of the catalysts (reduction-R, calcination-C, calcination-reduction-CR).
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				Fig. 2. (a) Selectivity and (b) Concentration of hydroxyacetone obtained according to the activation method.

			

		

		
			
				pyruvaldehyde, lactic acid, acetic acid, and lactide. However, among these five compounds, HA is always the most favored. Considering the data on the products obtained and the information from [14], which proposes a possible reaction pathway, it is possible to determine that dehydration predominates entirely in this experimental process. This likely happens due to the significant Lewis acidity present in the γ-Al2O3 support, as selectivity towards HA is favored by this characteristic [23]. It is even believed that oxidized copper species act as Lewis acid sites [24]. On the other hand, HA can continue reacting through hydrogenation or dehydrogenation, which is confirmed by the presence of the other four products. A statistical analysis was conducted to determine whether the catalyst activation method has a significant effect on the reaction results. An ANOVA was performed for the three response variables that have been analyzed: glycerol conversion, hydroxyacetone concentration, and hydroxyacetone selectivity. The p-values obtained are shown in TABLE II. 

				Only in the case of selectivity towards hydroxyacetone, the p-value is clearly lower than the significance level used of 0.05. Consequently, in Fig. 3, the results of the Tukey test can be seen, showing that the R-C and CR-C pairs have significantly different means. However, in the case of the R-CR pair, there are no significant differences between the means.

				Considering the results discussed above, along with the statistical analysis, it is determined that the most beneficial catalyst is the reduced one (R). Although it was statistically demonstrated that the activation method does not have a significant effect on conversion and concentration, when analyzing the specific results of each variable, the R catalyst provides slightly superior values in two of them. Additionally, when deciding which catalyst to use, it is important to consider the time and resources they require. The R catalyst requires half the preparation time of the CR, which also implies lower energy costs compared to the CR. Similarly, the R catalyst only consumes hydrogen for reduction, whereas the CR requires both hydrogen and air, leading to higher resource consumption. Taking all these factors into account, the R catalyst is considered the best option to continue with the study.

			

		

		
			
				Fig. 3. Tukey plot for hydroxyacetone selectivity according to the activation method.
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					Variable

				

				
					p-value

				

				
					Glycerol conversion

				

				
					0.728

				

				
					Hydroxyacetone concentration

				

				
					0.184

				

				
					Hydroxyacetone selectivity

				

				
					0.005

				

			

		

		
			
				TABLE II

				P-VALUE OBTAINED FOR THE THREE  RESPONSE VARIABLES
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				B. Optimum Reaction Conditions 

				For this phase, the reduced catalyst (R) was utilised. The effects of three factors were studied: reaction temperature (A), carrier gas flow rate (B), and glycerol feed flow rate (C), using a 

				Central Composite Rotatable Design (CCRD). TABLE III presents the runs conducted for this experimental design and the results obtained. The graphics of glycerol conversion, hydroxyacetone concentration and hydroxyacetone selectivity over time can be seen in Fig. 13, Fig. 14, and Fig. 15 of the Supporting material. 

			

		

		
			
				TABLE III

				RUN IDENTIFICATION CODES, INDEPENDENT VARIABLE LEVELS STUDIED, AND EXPERIMENTAL RESPONSES OBTAINED FROM THE CCRD

			

		

		
			
				
					Run

				

				
					A

				

				
					B

				

				
					C

				

				
					Responses

				

				
					Conversion (%)

				

				
					Concentration (g/L)

				

				
					Selectivity (%)

				

				
					250/75/10*

				

				
					250

				

				
					74

				

				
					10

				

				
					25.95

				

				
					9.09

				

				
					77.18

				

				
					280/40/5

				

				
					280

				

				
					40

				

				
					5

				

				
					55.53

				

				
					16.84

				

				
					80.69

				

				
					280/110/15

				

				
					280

				

				
					110

				

				
					15

				

				
					31.73

				

				
					14.97

				

				
					82.99

				

				
					220/40/5

				

				
					220

				

				
					40

				

				
					5

				

				
					32.81

				

				
					0.88

				

				
					59.93

				

				
					220/110/5

				

				
					220

				

				
					110

				

				
					5

				

				
					21,79

				

				
					2.05

				

				
					60.89

				

				
					280/40/15

				

				
					280

				

				
					40

				

				
					15

				

				
					23.94

				

				
					13.70

				

				
					79.73

				

				
					220/110/15

				

				
					220

				

				
					110

				

				
					15

				

				
					19.97

				

				
					0.61

				

				
					48.79

				

				
					280/110/5

				

				
					280

				

				
					110

				

				
					5

				

				
					37.76

				

				
					23.57

				

				
					78.49

				

				
					220/40/15

				

				
					220

				

				
					40

				

				
					15

				

				
					9.59

				

				
					2.96

				

				
					66.69

				

				
					199/75/10

				

				
					199.54

				

				
					75

				

				
					10

				

				
					25.13

				

				
					0.60

				

				
					58.05

				

				
					300/75/10

				

				
					300.45

				

				
					75

				

				
					10

				

				
					41.90

				

				
					30.92

				

				
					73.23

				

				
					250/133/10

				

				
					250

				

				
					133.86

				

				
					10

				

				
					4.45

				

				
					3.94

				

				
					71.16

				

				
					250/75/18

				

				
					250

				

				
					75

				

				
					18.40

				

				
					18.68

				

				
					4.35

				

				
					76.18

				

				
					250/16/10

				

				
					250

				

				
					16.13

				

				
					10

				

				
					19.83

				

				
					9.66

				

				
					81.34

				

				
					250/75/1

				

				
					250

				

				
					75

				

				
					1.59

				

				
					32.56

				

				
					6.41

				

				
					73.82

				

				
					*Mean of the central point runs.

				

			

		

		
			
				Regarding the statistical analysis, it was performed for glycerol conversion, hydroxyacetone concentration, and selectivity towards hydroxyacetone. The data for this analysis are presented in TABLE III. Beginning with the response variable of conversion, according to the conditions of this analysis, a t-Student equal to 2.306 was obtained. The Pareto chart in Fig. 4 shows that, at a 95 % confidence level, only reaction temperature (A) and glycerol feed flow (C) have a significant effect on glycerol conversion, whereas the carrier gas flow and the interactions between the factors do not have a significant effect as they do not surpass the t-value. In TABLE III, it is evident that runs with lower reaction temperature and higher glycerol flow, such as 220/40/15 and 220/110/15, resulted in lower glycerol conversion, whereas runs with higher reaction temperature and lower glycerol flow, such as 280/40/5, led to higher conversion.

				To analyze in more detail how the studied parameters affect the glycerol conversion, contour and surface plots were generated for each of the interactions. Fig. 5(a) and 5(b) shows both plots for conversion, with the temperature fixed at 250 °C, while varying the carrier gas flow and the glycerol feed flow. 

				In Fig. 5(a) a saddle point is observed where a maximum is generated in one direction, but a minimum in another, creating a point of inflection. As a result, Fig. 5(b) does not display concentric circles, indicating a maximum or minimum. 
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				Fig. 4. Pareto chart of the standardized effects (response is glycerol conversion, α = 0.05).
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				However, when viewing Fig. 5(b), the darker green colors indicate the highest conversion values, which are found in the direction of low flows for both glycerol feed and carrier gas. This is evident for the run 280/40/5. The next interaction shown in Fig. 5(c) corresponds to reaction temperature and carrier gas flow, keeping the glycerol feed flow fixed at 10 mL/h. Once again, a saddle point is observed, and it is only possible to differentiate that, according to the experimental region analyzed, in Fig. 5(d), the green colors become darker with increasing reaction temperature, indicating a higher conversion towards 300 °C. For the carrier gas flow, the darker green colors, which represent higher conversion values, are more pronounced, covering a range for this parameter from 20 mL/min to approximately 100 mL/min. 

				The plots concerning the effect of reaction temperature combined with glycerol flow are found in Fig. 5(e) and 5(f). In Fig. 5(f), it is possible to observe the formation of concentric circles, where the green color becomes darker, the further they are from the center, suggesting the formation of a minimum point (Fig. 5(e)). This indicates that conversion values are lower at the center, while higher conversion values are observed as you move away from the center, as seen in the lower right corner at a temperature of 300 °C and a glycerol feed flow of 2 mL/h to 4 mL/h. 

				The analysis of selectivity towards hydroxyacetone resulted in the Pareto chart shown in Fig. 6. Once again, reaction temperature has a significant effect, as it exceeds the critical t-value of 2.306. The other parameters do not have a statistically significant effect. When analyzing the interactions, it is observed 

				that the squared temperature term slightly surpasses the threshold, with a p-value of 0.049, right at the 0.05 significance level. This suggests that this interaction has a significant effect on selectivity towards hydroxyacetone. 

				To examine each interaction separately for hydroxyacetone selectivity, Fig. 7 is presented. Fig. 7(a) and 7(b) show the behavior of selectivity towards HA when keeping the gas flow constant at 75 mL/min while varying the glycerol feed flow and reaction temperature. It is mainly observed in the contour plot (Fig. 7(b)) that a maximum is formed, as concentric circles with increasingly darker green colors, representing higher selectivity values, are evident. Additionally, the center of this circle is located near 280 °C, aligning with the results showed in Fig. 7(a).

				Regarding the interaction between reaction temperature and carrier gas flow, once again, both plots (Fig. 7(c) and 7(d)) reveal the presence of a maximum point, located above 260 °C and below 300 °C. For the carrier gas flow, the maximum is positioned below 100 mL/min and above 20 mL/min. It is noteworthy that the temperature values most favorable for selectivity towards hydroxyacetone in this interaction are like those observed in the previous interaction.

				In Fig. 7(e) and 7(f) there is an indication of a maximum forming when varying the carrier gas flow and glycerol feed flow. However, it appears that this maximum is in the upper left, outside the experimental region. This seems to occur at values above 12 mL/h of glycerol flow and below 40 mL/min of carrier gas flow. 

				Regarding the concentration of hydroxyacetone, the Pareto chart and contour and surface plots can be observed in Fig. 16 and Fig. 17 of the Supporting material. However, the Pareto chart indicates that only reaction temperature exceeds the critical t-value of 2.306, making it the only parameter with a significant effect on hydroxyacetone concentration. In TABLE III, it can be observed that the highest HA concentration values correspond to the 300/75/10 run, while the lowest values correspond to the 199/75/10 run. This demonstrates that, as the temperature increases, the concentration tends to rise significantly.
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				Fig. 5. (a), (c), (e) Surface plots and (b), (d), (f) Contour plots for glycerol conversion.

			

		

		
			
				Fig. 6. Pareto chart of the standardized effects (response is hydroxyacetone selectivity, α = 0.05).
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				After conducting these analyses for each of the response variables, the Minitab desirability function was explored for each variable individually and collectively. This was done to identify the exact combination of each variable that allows optimizing a single response or a set of three studied responses. TABLE IV 

				presents these conditions, along with the desirability value. Data show that each studied variable has its specific optimal conditions.

				For the glycerol conversion and hydroxyacetone concentration, a desirability of 1 was achieved indicating that the configuration seems to yield favorable results for all responses. The reaction temperature obtained for both variables is the same, 300.45 °C, as previously discussed with the experimental results, where higher temperatures produced the best results in these cases. Even the glycerol feed flow for both variables turned out to be the same, 1.59 mL/h, which corresponds to the lowest value used. This suggests that a lower amount of glycerol molecules allows for greater availability of active sites, thereby increasing glycerol conversion and hydroxyacetone concentration. However, the carrier gas flow values differ significantly. Glycerol conversion is favored by a carrier gas flow of 16.14 mL/min, while hydroxyacetone concentration benefits from a higher flow rate of 133.86 mL/min, corresponding to a shorter retention time. This may prevent hydroxyacetone from continuing to react, thus resulting in a higher concentration.

				Regarding the selectivity towards hydroxyacetone, the desirability function decreased slightly but still indicates that the configuration provides a good outcome, as the value is very close to 1. The analysis determined that a temperature of 269.98 °C maximizes this variable, which aligns with the previous discussion, as temperatures near and above 300 °C were observed to lead to the formation of other by-products that could even contribute to catalyst deactivation. The carrier gas flow value obtained is the same as that for glycerol conversion, suggesting that this variable also benefits from longer retention times. The glycerol feed flow value is much higher compared to those determined for the other two variables, at 17.39 mL/h.

			

		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			
				TABLE IV

				REACTION CONDITIONS OBTAINED AT INDIVIDUAL AND COMPOSITE DESIRABILITY

			

		

		
			
				
					Variable

				

				
					Conversion (%)

				

				
					Concentration (g/L)

				

				
					Selectivity (%)

				

				
					Composite

				

				
					Reaction temperature (°C)

				

				
					300.45

				

				
					300.45

				

				
					269.98

				

				
					299.43

				

				
					N2 flow (mL/min)

				

				
					16.14

				

				
					133.86

				

				
					16.14

				

				
					70.97

				

				
					Glycerol flow (mL/h)

				

				
					1.59

				

				
					1.59

				

				
					17.39

				

				
					6.32

				

				
					Desirability

				

				
					1

				

				
					1

				

				
					0.972

				

				
					0.919

				

			

		

		
			
				In the case of composite desirability, it seeks the configuration that optimizes all three response variables. Therefore, it is expected that the composite desirability value will be lower than those obtained for each variable individually. As shown in TABLE IV, the best conditions for obtaining high value of conversion, hydroxyacetone concentration, and hydroxyacetone selectivity are a reaction temperature of 299.43 °C, a glycerol flow of 6.32 ml/h, and a carrier gas flow of 70.97 ml/min. 

				To validate this, the conditions obtained for composite were tested, and the results are shown in TABLE V (three runs). Additionally, the last row shows the values predicted by the composite desirability function. When comparing the obtained values with the predictions from the composite desirability function, it can be observed that, in the case of glycerol conversion, the validation results are superior. For hydroxyacetone selectivity, two out of the three reactions presented a value higher than 

			

		

		
			
				Fig. 7. (a), (c), (e) Surface plots and (b), (d), (f) Contour plots for hydroxyacetone selectivity.
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				that given by the desirability function, at 75.87 %. Finally, the hydroxyacetone concentration results were lower than those provided by the composite desirability function. However, when comparing the obtained values with those in TABLE III, the validation results are only below the value obtained from run 300/75/10. It is worth noting that the validation runs achieved the 

				highest combined values for glycerol conversion, hydroxyacetone concentration, and hydroxyacetone selectivity. In conclusion, based on the statistical analyses conducted, it is recommended to use the reduced catalyst (R) and operate with a reaction temperature of 299.43 °C, a carrier gas flow of 70.97 mL/min, and a glycerol feed flow of 6.32 mL/h.

			

		

		
			
				TABLE V

				EXPERIMENTAL VALUES OF RESPONSES UNDER OPTIMUM CONDITIONS

			

		

		
			
				
					Run

				

				
					Conversion (%)

				

				
					Concentration (g/L)

				

				
					Selectivity (%)

				

				
					1

				

				
					60.83

				

				
					23.75

				

				
					72.08

				

				
					2

				

				
					59.95

				

				
					25.03

				

				
					76.91

				

				
					3

				

				
					66.27

				

				
					29.77

				

				
					84.17

				

				
					Composite desirability

				

				
					55.52

				

				
					30.93

				

				
					84.17

				

			

		

		
			
				C. Catalyst Deactivation 

				The results of glycerol conversion are shown in Fig. 8(a). It can be observed that the conversion decreases as the reaction time progresses, ranging from 93.06 % to 39.30 %. Subsequently, the deactivation of the catalyst was studied at the same operation conditions, and it can be observed in Fig. 8(b) 

				that the concentration-time data fitted the first order deactivation law. Therefore, the assumption was correct and the expression for the deactivation rate of the catalyst under study was obtained, with kd representing the slope of the straight line and ln(υo/W.k) the intercept, resulting in (8). 

				a = exp -0.5283t	(8)
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				Fig. 8. (a) Glycerol conversion and (b) lnln(CGli0/CGli) versus reaction time.

			

		

		
			
				The Cu/γ-Al2O3 catalyst was characterized by XRD, SEM, BET, and CHONS before and after being used in this reaction run. Fig. 9 presents SEM micrographs at 3.20 kX. The materials appear amorphous, and the particles are observed to be agglomerated. Brighter particles can be noted, indicating the presence of metallic deposits on the support, as elements with higher atomic weight generate a greater number of backscattered electrons, which appear in the image as brighter regions [25]. When comparing 

				the micrographs of the Cu/γ-Al2O3 catalyst before and after the reaction, the possibility of metal sintering after the reaction cannot be ruled out [26].

				Regarding elemental analysis (CHONS), this was specifically conducted to quantify carbon to determine whether carbon deposits were formed on the catalyst surface, potentially blocking active sites and contributing to deactivation. TABLE VI shows that prior to the reaction, there was a small amount of carbon on the catalyst 

			

		

	
		
			
				Barrantes, CÓRDOBA, MIRANDA: Effect of Reaction Conditions on Hydroxyacetone Production and...	29

			

		

		
			
				surface, and, after the reaction, a greater presence of carbon was observed. This confirms that, during the reaction, carbon deposition does indeed occur on the catalyst surface, which may have caused deactivation. These findings are consistent with those obtained in other studies, where rapid deactivation in the glycerol dehydration reaction has been attributed to coke formation [17]. 

				Additionally, the formation of these carbon deposits has been linked to the quantity of acidic sites. Danov et al. [27] observed that an increase in acidic sites leads to greater coke formation and, consequently, to the rapid deactivation of the catalyst. However, carbon was not identified by XRD. 
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				Fig. 9. SEM micrographs at about 3.20 kX magnification of Cu/γ-Al2O3 catalyst: (a) Fresh and (b) Used.

			

		

		
			
				(a)

			

		

		
			
				(b)

			

		

		
			
				
					Catalyst

				

				
					Surface area BET (m2/g)

				

				
					Mass of carbon (%)

				

				
					Fresh Cu/γ-Al2O3

				

				
					101.40

				

				
					0.22

				

				
					Used Cu/γ-Al2O3

				

				
					89.20

				

				
					3.00

				

			

		

		
			
				TABLE VI

				SURFACE AREA AND PERCENTAGE OF CARBON IN THE CATALYST

			

		

		
			
				The specific surface area of the catalyst was also analyzed before and after the reaction using BET analysis, with the results presented in TABLE V. The specific surface area obtained for the reduced catalyst, before it was used in the reaction, aligns with the literature, where values ranging from 45.30 m²/g [28] to 193.32 m²/g [29] have been reported for the Cu/γ-Al2O3 catalyst. When comparing the results for the fresh and used catalysts, a 12 % decrease in specific surface area is observed. This reduction could be attributed to material sintering. Additionally, according to [30], copper species promote the sintering of alumina, contributing to catalyst deactivation.

				This discussion can be corroborated through XRD analysis. Fig. 10 shows the diffractograms obtained before (Fig. 10(a)) and after reaction (Fig. 10(b)). The peaks observed in both XRD at 37.4 °, 39.5 ° 45.8 °, 60.7 ° and 66.8 ° are characteristic of γ-Al2O3, consistent with findings by [31]. It is important to highlight that the peaks corresponding to alumina are broad, indicating the presence of an amorphous phase in the support, which contributes to a higher surface area, as confirmed by the BET analysis results 

				(TABLE VI). The peaks at 43.3 °, 50.4 °, and 74.1 ° are attributed to metallic copper, aligning with the results obtained by [32]. No signals indicating the presence of copper oxides were detected. According to [30], peaks for Cu2O should appear at 36 °, 42 °, and 61 °, and for CuO at 32 ° and 40 °. This suggests that the activation process is sufficient to completely reduce copper species to metallic copper, as other studies have shown that reducing copper catalysts above 250 °C with hydrogen results in complete reduction to metallic copper [33]. However, the presence of these copper oxide species cannot be entirely ruled out, as they may exist in such low quantities that signal detection is difficult, or they may be highly dispersed in the support. Moreover, various studies, including those by [30], [34], and [35], have reported that after the reaction process, Cu2O and CuO formed on the catalyst, indicating the oxidation of copper crystals. Additionally, when comparing the two diffractograms, it is evident that the intensity of the Cu peaks in the used catalyst is lower, suggesting a possible loss of metal particles and, therefore, likely of active sites as well, contributing to catalyst deactivation.
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				Regarding the γ-Al2O3 peaks, a slight increase in height is observed, indicating an increase in crystallinity. This can occur due to reaction conditions, as high temperatures can enhance the crystallinity of alumina and reduce the surface area. Another factor that could impact the intensity of the alumina peaks is the copper content, as there is a strong interaction between Cu0 species and the 

				support; thus, the higher the Cu content, the lower the γ-Al2O3 peak [36]. It is also worth noting that the partial oxidation of metallic species by the aqueous medium may contribute to the deactivation process. Chimentão et al. [14] mentioned that water in the glycerol aqueous solution can oxidize copper and nickel particles within the first few hours of the reaction, contributing to deactivation. Additionally, the support surface may undergo hydroxylation due to both the water generated during the reaction and that present in the reaction medium, potentially leading to a reduction in the number of active sites due to the water content [27].

				 D. Catalyst Regeneration

				A regeneration study was conducted for the Cu/γ-Al2O3 catalyst, examining two different approaches as mentioned in Section II-F. Fig. 11(a) shows the conversion profile for the cycle where the catalyst was reactivated, while Fig. 11(b) displays the conversion for the cycle in which the catalyst was not reactivated between reactions. Comparing both cycles, it is evident that reducing the catalyst after each reaction helps to restore the catalyst activity in subsequent reactions. Passing a stream of hydrogen over the catalyst at 450 °C likely removes carbon deposits, reduces any oxidized copper species, and thereby recovers part of the catalytic activity. 

				Although the conversion in the first reaction drops to 36.41 % after three hours, the second reaction achieves a conversion of 46.63 %, and even 51.35 % in the third reaction, both within the first 40 min of the process. In contrast, in the cycle without catalyst reduction (Fig. 11(b)), the conversion in the first reaction falls to 22.40 % after three hours. In the second reaction, the conversion reaches 41.39 %, and in the third reaction 31.40 % within the first 40 min. Additionally, the lowest conversion in the cycle with reactivation was 28.73 %, whereas in the cycle without catalyst regeneration, it was 22.40 %. Adding a reactivation step under an oxygen atmosphere could improve the catalyst activity by removing all carbon deposits [15], [37]. 

				However, the selectivity profiles show that regeneration under a hydrogen atmosphere was sufficient to restore the catalyst activity. Fig. 11(c) shows the curves for the reduction cycle, where the values remain between 84.66 % and 73.14 %, and selectivity values versus reaction time of the runs are very similar to each other. In contrast, Fig. 11(d) for the non-reduction cycle displays a greater variation in the values obtained for each reaction. In this cycle, the values ranged between 82.85 % and 67.09 %.

			

		

		
			
				Fig. 10. X-ray diffraction patterns of the Cu/γ-Al2O3 catalyst: (a) Fresh and (b) Used.
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				Fig. 11. (a), (b) Glycerol conversion; (c), (d) Hydroxyacetone selectivity; and (e), (f) Hydroxyacetone concentration versus reaction time for reducing before each reaction (left) and without reduction between reactions (right).
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				In Fig. 11(e), the hydroxyacetone concentration profile for the regeneration cycle is presented. It is notable that the three reactions follow a similar trend, particularly the first and third reactions from 90 min onwards. The highest hydroxyacetone concentration obtained was 26.35 g/L. During the first 2 h of the reaction, the concentration remains above 13 g/L. In Fig. 11(f), the hydroxyacetone concentration for the cycle without reactivation is shown, where the three curves exhibit different behaviors with significantly different values. Only the first reaction surpasses 20 g/L, while the second reaction remains below 17 g/L from the first hour onwards, and the third does not even reach 12 g/L. Thus, the benefit of reducing the catalyst between each reaction is clearly significant.

				Considering the discussion above, it is evident that passing a stream of hydrogen over the catalyst at the end of each three-hour reaction period improves the catalyst activity in subsequent runs. Given the results of the elemental analysis (TABLE VI), this is expected, as the removal of carbon deposits likely contributes to the more favorable results. Although the catalyst performance improves with this treatment, regeneration is not complete, since deactivation occurs for multiple reasons, as previously explained.

				 IV. CONCLUSION

				Based on the results, the reduction was the activation method that provided the highest concentration and selectivity towards hydroxyacetone. According to the CCRD statistical analysis with 95 % confidence, using the desirability function, a reaction temperature of 299.43 °C, 70.97 mL/min carrier gas flow, and 6.32 mL/h glycerol feed flow were the reaction conditions that maximized all three response variables. The experimental values using optimal conditions agreed with the predicted values. A glycerol conversion of 55.52 %, a hydroxyacetone selectivity of 75.87 %, and a hydroxyacetone concentration of 30.93 g/L were obtained. The deactivation of Cu/γ-Al2O3 catalyst follows first-order kinetics, and the catalyst required a reduction treatment to recover activity between multiple reactions, which could be due to carbon deposition on the catalyst surface and reduction in its specific surface area as identified by CHONS, BET, and XRD. 

				SUPPORTING INFORMATION

				Additional figures and information are given in the Supporting material.
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				Fig. 12. Selectivity and concentration of the products obtained according to the activation method: (a), (b) Calcination-reduction (CR); (c), (d) Reduction (R); (e), (f) Calcination (C).
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				Fig. 13. Glycerol conversion versus reaction time for the CCRD runs: (a) Factorial and (b) Axial.

			

		

		
			
				Fig. 14. Hydroxyacetone concentration versus reaction time for the CCRD runs: (a) Factorial and (b) Axial.

			

		

		
			
				Fig. 15. Hydroxyacetone selectivity versus reaction time for the CCRD runs: (a) Factorial and (b) Axial.
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				Fig. 16. Pareto chart of the standardized effects (response is hydroxyacetone concentration, α=0.05).

			

		

		
			
				Fig. 17. (a), (c), (e) Surface plots and (b), (d), (f) Contour plots for hydroxyacetone concentration.
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