A comprehensive study of indole catalytic hydrodenitrogenation under hydrothermal conditions
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Abstract:
This article focuses on the catalytic hydrodenitrogenation (HDN) mechanism of indole under hydrothermal conditions. Both gaseous hydrogen and liquid hydrogen donor formic acid (FA) can improve indole conversion and total yield of denitrogenated products. Ru/C showed the highest activity among the catalysts in this study for indole conversion in all temperature conditions with the existence of H2 and 91.17 % indole was converted at 400 °C and 60 min. Based on reaction kinetic experiments, a kinetic model was developed mathematically to describe the hydrothermal HDN reaction of indole over the home-made Ni80Ru20/γ-Al2O3 catalyst, which clearly captured all data trends and fitted the temporal variation of all major liquid products. High activation energy for formation of O-containing substance o-cresol from both mathematical fitting and density functional theory (DFT) calculation indicated a rare occurrence of reaction between pyrrole ring-opening product methyl aniline and H2O, consistent with experimental observation that only a trace of o-cresol was detected.
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1. Introduction 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Renewable and sustainable bio-oil is a promising alternative energy to reduce the dependence on traditional fossil fuels [1]. Until now, microalgae, as the third-generation biomass resource for producing liquid bio-fuels, received extensive attention in recent years attributed to its advantages of photosynthetic efficiencies, fast growth rate, and limited controversy versus agricultural land [2]. Microalgal bio-oil obtained via hydrothermal liquefaction (HTL) can make full use of the component of microalgae including lipids, carbohydrate and proteins and decrease the energy consumption for drying the raw wet microalgae materials [3]. However, aliphatic nitrogenous compounds and N-heterocyclic ring substances such as pyridine, indole and quinoline could be generated via decomposition of proteins as well as Maillard reaction during the HTL process of microalgae [4]. Those nitrogen-containing compounds would poison catalyst due to their strong adsorption ability on the active sites of catalyst surface in the subsequent upgrading bio-oil procedure and produce NOX when utilizing those liquid fuels [5]. Therefore, it is highly necessary to remove N element out of bio-oil phase, yet still big challenge for thermochemical utilization of protein riched biomass.
[bookmark: _Hlk66128076]In the microalgal bio-oil denitrogenation study, noble metals were widely used and showed high activity. Duan et al. [6] found that the N content in Nannochloropsis sp. bio-oil can be effectively reduced from 4.89 wt% to 2.24 wt% and 1.99 wt% over Pt/C and Pd/C respectively at 400 °C, 3.4 MPa H2 pressure [7]. The mixed Ru/C and Pt/γ-Al2O3 catalyst can decrease the N content to 1.8 wt% of N-containing compounds in the Chlorella pyrenoidosa. crude oil [8]. Apart from noble metals, transitional metals like Ni, Co, Mo etc. displayed excellent denitrogenation activity in conventional petroleum were also investigated in the denitrogenation of microalgal biocrude under hydrothermal conditions. Bai’s research illustrated Raney-Ni had the highest denitrogenation activity among Mo2/C, MoS2, Pd/C, Pt/C, Ru/C, and reduced the N content in Chlorella pyrenoidosa. bio-oil to 1.6 wt% [9]. Jafarian et al. [10] found that the yield of nitrogenates decreased from 38.75 % (in the crude spirulina bio-oil) to 12.02 % over NiMo/HMS-ZSM-5 catalyst. Pstrowska et al. [11] demonstrated that water involved in the hydrothermal reaction can improve catalytic activity under a mild hydrorefining process (350 °C, 0.5 h, 3 MPa of H2) in which a relatively high 38.4 % of HDN was achieved by NiMo/γ-Al2O3 and water participation.
It is generally accepted that, for the removal of N element in nitrogen heterocyclic ring substances, hydrogen source is indispensable to break C-N bond [12]. High pressure gaseous hydrogen and liquid hydrogen donor were commonly used as the hydrogen sources. Savage et al. [13] found that formic acid (FA) could be completely decomposed at 341 °C hydrothermal condition within 41 s and the in situ H2 selectivity reached to 100%. Our recent research showed FA, acting as hydrogen source, can promote HDN reaction of nitrogen heterocyclic ring chemical pyridine under hydrothermal conditions with Ni-Ru bimetallic catalyst [14]. Apart from external hydrogen source like H2 and FA, high temperature and high pressure (HTHP) water (250-400 °C, 5-25 MPa) itself is a potential hydrogen source as well due to its unique inherent property of high ionic product (Kw) and low dielectric constant [15]. In this case, in situ H2 could be generated from the radical reaction under hydrothermal conditions ( H·+OH·, OH·) [16]. Wang et al. [17] found HTHP H2O also act as a bridge for methanol activation and oxidation to produce in situ H2 and thereby achieve HCO3− reduction. In a hydrodeoxygenation (HDO) research, Miao et al. [17] found the deoxygenation yield of palmitic acid were 1.8 % without water and 35.5 % with water over Ni/ZrO2 at 300 °C for 6 h respectively and they attributed this improvement to the in-situ H2 formation in the presence of water. Although some studies demonstrated H2O could serve as an environmentally benign solvent, it would introduce O into the bio-oil phase during hydrothermal HDN reactions [14, 18]. Luo et al. [19] pointed out there are two pathways to achieve HDN under hydrothermal conditions: (1) hydrocarbons were directly produced from indole HDN reaction, and (2) intermediate oxygenated products from hydrolysis of partial hydrogenation of indole were hydrodeoxygenated to removal O to acquire hydrocarbons. Unfortunately, until now, more detailed hydrothermal HDN mechanism and reaction pathways of these oxygenated byproducts influenced by HTHP water and hydrogen donor are still unclear and worth in-depth study. 
[bookmark: _Hlk68621222]To fill this gap, in this paper, we selected indole, a representative nitrogen heterocyclic ring substance in microalgal bio-oil, as the model compound to study its HDN reaction mechanism under hydrothermal conditions. The influence of several reaction parameters including temperature, batch holding time, catalysts and hydrogen resource was investigated. A kinetic model was developed combining with density functional theory (DFT) calculation to further explore the detailed indole HDN reaction mechanism under hydrothermal conditions.
2. Experiment 
2.1 Materials 
[bookmark: _Hlk66196259]Indole (AR), indoline (99.0%), methylindole (≥98.0%), methylaniline (AR, ≥99.0%), ethylaniline (AR, ≥99.5%), toluene (AR, ≥99.0%), 2-hexane (AR, ≥99.0%), o-cresol (AR, ≥99.0%), FA (AR, 99.0%), dichloromethane (DCM) (AR, 99.0%), Ni(NO3)2·6H2O (≥98.0) and RuCl3 (≥99.6 %) were all purchased from Sinopharm Chemical Reagent Co., Ltd. 5 wt% Pt/C, Pd/C, Ru/C, activated carbon (AC) and γ-Al2O3 was purchased from Shaanxi Kaida Chemical. RuCl3 and Ni(NO3)2·6H2O are precursors and γ-Al2O3 serves as support. 30 wt % Ni80Ru20/γ-Al2O3 bimetallic catalyst was synthesized with impregnation method and the procedure has been illustrated in our previous publication [20]. We used 316L stainless steel mini batch reactors with internal volume of 3.95 ml. The reactors were constructed from a 10 mm port connector, a cap, a 10 mm to 3 mm reducing union and 200 mm length of 3 mm O.D tubing, and a high-pressure needle valve. 
2.2 Experimental Procedure
Before experiments, all new reactors were preconditioned at 450 °C for 60 min after loading 580 μl of deionized water into them. The loading amount of water depends on the water density based on the thermophysical properties of water at each specific temperature in NIST Chemistry WebBook. Considering the two-phase characteristic of subcritical water, liquid water was allowed to occupy 95% of the reactor volume [21]. The mass concentration of indole maintains at 5 wt%. 3 MPa H2 or FA (the molar ratio of FA to indole is 5:1) as additional hydrogen resource was loaded into the reactor.
After loading the feedstock and catalyst into reactors, next, the reactors were sealed and placed into a preheated sand bath at desired temperature and the reaction time began from this moment. Upon reaching reaction time, the reactors were quenched in a cold-water bath to room temperature rapidly. After reaching the equilibrium, next, each reactor was opened carefully, and the chemical inside was extracted with 8 ml of dichloromethane by rinsing it repeatedly. And the solid was collected followed by a centrifugal separation of liquid collected in a centrifuge tube at 3000 rpm for 10 min. Finally, the dichloromethane phase was transferred to two 1.5 ml GC vials for qualitative and quantitative analysis respectively.
2.3 Analytical Chemistry
Qualitative analysis of products in liquid samples was carried out on a gas chromatography-mass spectrometry (GC-MS, Thermo Scientific) equipped with a HP-5 MS capillary column. The oven temperature first increased to 80 °C at a rate of 2 °C/min from 60 °C followed by a gradient to 300 °C at a rate of 10 °C/min and then maintained at 300 °C for 15 min. Another gas chromatograph equipped with a same column and a flame ionization detector (GC-FID, Shimadzu) was used to perform quantitative analysis for major compounds with the identical temperature program. The amount of target compound in the sample was obtained from calibration curve generated using standard solutions. Particle size and elemental distribution of Ni-Ru bimetallic catalyst were obtained by field emission transmission electron microscopy (FE-TEM, JEOL JEM-F200). The X-ray photoelectron spectroscopy (XPS) measurements were carried out using ESCALAB Xi+ (Thermo Fisher Scientific, USA). X-ray diffraction (XRD) of Ni-Ru catalyst occurred on Bruker D8 ADVANCE with a scan range of 2θ angle from 10° to 90°.
2.4 Density functional theory (DFT) calculations
The CASTEP module of the Materials Studio software (Accelrys Inc.) was employed for the quantum chemistry calculations [22]28. Self-consistent periodic DFT was adopted by an ultrasoft pseudopotential [23]. Perdew-Burke-Ernzerhof (PBE) approximation was selected as the Generalized Gradient Approximation (GGA) method [24]. And the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme was selected as the minimization algorithm [25]. The energy cutoff is set as 450 eV and the SCF tolerance is 1.0×10-6 eV/atom. The optimization is completed when the energy, maximum force, maximum stress and maximum displacement are smaller than 5.0×10-6 eV/atom, 0.01 eV/Å, 0.02 GPa and 5.0×10-4 Å, respectively. A 4 × 4 × 1 Monkhorst–Pack scheme was used to generate the k-point grid for 4 × 4 supercells of fcc (001) surfaces. Transition state calculations were performed using the climbing image nudged elastic band (CI-NEB) method with the transition state identified to have an absolute tangent force below 0.05 eV/Å [26], which was further confirmed by the normal mode frequency analysis, showing only one. 
Adsorption energies were calculated as:
[bookmark: _Hlk66181712]                              (1)
where Etot, Esur, and Emol are the total energy of molecules on surfaces, energy of bare surfaces, and energy of the molecule in vacuum, respectively.
Reaction energies, and activation barriers, were defined as follows.
                                       (2)
                                          (3)
where Efinal represents the final state energy, Einitial is the initial state energy, and ETS is the energy of the transition state. The surface slabs were modeled by a 3 layer, 4 × 4 supercell and 15 Å vacuum space to avoid interactions between surface slabs. 
2.5 Data Interpretation
Conversion of indole and molar yield (product, mol/mol) are defined as equation (4) and (5) respectively:
Conversion                             (4)
Molar yield =                           (5)
3. Results and discussion
3.1 Influence of catalysts and hydrogen sources on indole conversion and product yields 
Considering hydrogen source is an indispensable factor for both hydrogenation and hydrolysis during HDN reactions, the influence of different hydrogen sources and catalysts on hydrothermal HDN of indole at 3 different temperature was firstly studied.
As a control experiment, noncatalytic reaction with and without addition of FA and H2 was performed at 400 °C for 60 min. As shown in Figure 1, the addition of FA or H2 significantly improves both indole conversion and total molar yields of major products. Indole conversion increased from 1.22 % (none) to 5.12% (FA) and 7.51% (H2) respectively. Indoline was the major product (0.48% (none), 2.33 %(FA) and 4.62% (H2)) among all experimental conditions and anilines as major pyrrole ring-opening products anilines (methyl aniline and ethyl aniline) were observed as well. Methylation product methyl indole was detected in the presence of FA and H2. Only trace amounts of toluene (0.39 %) after denitrogenation were detected in the situation of H2 existed. Besides, it is worth noting that the total molar yields of products were nearly equal to indole conversion, which confirms indole is hard to gasify without loading any catalysts even at supercritical water conditions [27].
[image: ]
[bookmark: _Ref68551308]Figure 1. Products yield of noncatalytic experiments for indole HDN reaction at 400 °C and 60 min.
[bookmark: _Hlk66199903]Noble metals Pd, Pt and Ru, widely used for hydrogenation reactions, were applied to study the synergetic impact of hydrogen source and catalysts on indole conversion and denitrogenated products yields. It can be clearly seen from Figure 2 (a)-(c) that indole conversion was greatly improved with elevated temperature no matter what kinds of catalysts were loaded. For catalysts, Ru/C showed the highest indole conversion activity with the existence of H2 in which 49.2 %, 79.35 % and 91.17 % indole had been converted at 300, 350 and 400 °C, respectively. However, the conversion was no more than 90 % for the other catalysts. Comparing with noble metal catalysts, the performance of activated carbon (AC) is unsatisfactory, in which the indole conversion rates were always blow 40 %. As for the effect of hydrogen source, similar with the noncatalytic results, gaseous H2 invariably led to highest indole conversion. Generally, as shown in Figure 2 (d)-(f), the effects of hydrogen source, catalysts and temperatures on denitrogenated products yields were in coordinate with trends in indole conversion. Particularly, Ru/C provided the highest activity in which the HDN yield can reach 25.6% at 400 °C and 60 min with H2. As expected, AC showed the lowest catalytic activity on yielding denitrogenated products, which proves the necessity of metal catalysts for HDN. 
[image: ]
[bookmark: _Ref48145386]Figure 2. Heat map for (a) indole conversion (%) and (b) molar yields (%) of hydrocarbons at different temperatures, catalysts and hydrogen sources conditions.
As mentioned above, Ru metal exhibited highest activity, in this section, we demonstrate the specific products distribution from hydrothermal HDN of indole over Ru/C. As shown in Figure 3 (a), both hydrogen source and temperature have a great impact on hydrogenation. There is a clear trend that adding H2 can always produce the maximum indoline yields. Besides, more indoline was generated in the presence of FA than situations without any hydrogen donor. Notably, as for the effect of temperatures, indoline contents at 300 °C were even higher than the values at higher temperatures (350 and 400 °C). This observation may be caused by that indoline was quickly converted to the ring-opening products at more harsh conditions and our recent study found intermediate indoline was nearly completely disappeared at 400 °C within 60 min in the presence of FA [18]. 
[bookmark: _Hlk70289691]Next, we explored the effect of temperature and hydrogen source on the molar yields of O-containing compounds. As shown in Figure 3 (b), total yield of O-containing substances sharply increased with the rise of temperature. There are two possibilities for production of O-containing compounds. First, in the supercritical state, the ionic product of supercritical water is only 1/16 of water under ambient condition (20 °C and 0.1 MPa), which indicates less OH- can be dissociated while more in situ H2 will be generated from free radical reactions under supercritical water conditions [16], making HTHP H2O not only play role as the solvent, but also as reactant participated in the HDN reaction leading to side reactions producing O-containing substances. Second, part of FA may be served as the reactant and directly react with indole due to its alkaline, resulting in an increase of oxygenated substances in liquid products [28]. Moreover, O-containing yields with adding H2 was lower than the case without any additional hydrogen resource, probably because the existence of gaseous hydrogen molecules can inhibit the interaction between catalyst surface and H2O molecular on the solid-liquid interface as suggested in Figure 3 (b). 
Figure 3 (c) shows effects of temperature and hydrogen source on denitrogenated products yield. The denitrogenated products yields sharply increased with the elevated temperature. The highest yields were 5.02 %, 16.37 % and 25.6 % at 300 °C, 350 °C and 400 °C respectively, consistent with the study reported by Duan et al [7]. Besides, H2 performed the better HDN reactivity than FA at all 3 temperature conditions. 
[image: ]
[bookmark: _Ref48250620]Figure 3. Yields of (a) indoline, (b) O-containing substances, (c) Denitrogenated products with different hydrogen source and temperatures at 60 min over Ru/C. 
3.2 Mechanism and kinetic study on hydrothermal HDN of indole
In this section, we report the major liquid intermediates of indole HDN reaction and develop a corresponding quantitative kinetic model as well as kinetic parameters analysis based on a proposed reaction network. Herein, 30 wt% Ni80Ru20/γ-Al2O3 was chosen as the catalyst to explore catalytic indole hydrothermal HDN reaction mechanism since Ni-Ru bimetallic catalyst has been proved a similar activity as mono Ru metal under hydrothermal conditions [29]. and more potential and realistic for future industrial utilization. 
[bookmark: _Hlk69244443]3.2.1 Products distribution and reaction network 
As shown in Figure 4, the major liquid products of indole HDN reaction at 400 °C for 60 min with 3 MPa H2 can be classified as 3 different types: N-containing compounds, O-containing compounds and Denitrogenated products (hydrocarbons). For the N-containing compounds, they are composed of pyrrole ring hydrogenation saturated products indoline, pyrrole ring opening products anilines (aniline, methylaniline and ethyl aniline) and indole derivative methyl indole. Notably, the observation of O-containing compounds (o-cresol and methylcyclohexanone) indicates HTHP H2O was involved as reactant during the hydrothermal HDN of indole since O element only existed in H2O molecules. Apart from N and O-containing compounds, hydrocarbons including 2-hexane and toluene were major denitrogenated products detected as well. 
[image: ]
[bookmark: _Ref48148322]Figure 4. Products distribution from indole hydrothermal HDN over Ni80Ru20/γ-Al2O3 at 400 °C and 30 min. 
Next, to further understand reaction paths involved in catalytic hydrothermal HDN of indole, we examined temporal variations of major products yields from indole hydrothermal HDN at different reaction time (0-60 min) and 3 different temperatures (300, 350 and 400 °C) over Ni80Ru20/γ-Al2O3. The major liquid products were indole, indoline, methyl indole, 2-hexane, toluene, methyl aniline, ethyl aniline and o-cresol. Figure 5 shows temporal variation of the molar yields of those major products. As can be seen in Figure 5 (a), at 300, 350 and 400 °C, indole was rapidly converted in the initial 5 min and gradually decomposed in the next 5 to 60 min. Figure 5 (b) displays that, in the range from 0 to 5 min, there was a sharp increase of indoline molar yields at all three temperatures, yet its molar yields decreased dramatically during 5 to 60 min, which is a clear concentration variation trend for intermediate product. Indeed, indoline was detected as hydrogenation intermediate from indole was widely reported by previous literatures [30]. For other products such as 2-hexane, toluene, methylaniline, ethyl aniline, methyl indole and o-cresol, as shown in Figure 5 (c)-(h), all of their concentration values increased when prolonging reaction time and elevating temperature.
[image: ]
[bookmark: _Ref68533984]Figure 5. Temporal variation of conversion of indole and major products molar yields at different reaction time and 3 different temperatures. 
According to the above quantitative results, now, we proposed a possible reaction network based on each individual path in hydrothermal HDN of indole. Figure 6 shows the reaction network among the identified products. Methylation of indole and its reverse reaction are represented by path 1 and path 1r respectively [18, 31]. The hydrogenation from indole to indoline was the first step before removing N element of indole (path 2). Given dehydrogenation reaction from indoline to indole was widely reported in indole HDN [30a, 32], its reverse reaction is also included in this network as path 2r. Additionally, once indoline is formed, it will subsequently undergo a pyrrole ring-open reaction and form methylaniline (path 3) and ethyl aniline (path 4). Both major nitrogenous intermediates can be further hydrogenated to toluene (path 6 and 7) with simultaneous generation of NH3 [30b]. As mentioned above, due to the involvement of H2O as reactant, o-cresol can be produced from the reaction between methylaniline and H2O (path 5). Besides, short chain hydrocarbon (2-hexene) can be formed from ring-opening reaction of o-cresol and methylaniline (path 8 and 9). Finally, 2-hexene and indoline were decomposed to gas products (GP), shown in path 10 and path 11 respectively, under hydrothermal conditions [33].
[image: ]
Figure 6. A possible reaction network for hydrothermal HDN of indole over Ni80Ru20/γ-Al2O3 catalyst.
3.2.2 Kinetic modelling 
In this section based on reaction network in Figure 6, a kinetic model of indole hydrothermal HDN reaction was developed. Considering H2 (3 MPa) added into reactor is extremely excessive, in this model all the reactions are treated as being pseudo-first-order in the organic reactant, which is a reasonable approach for an initial model for a complex reacting system such as hydrothermal reaction and consistent with our present scope. More complex heterogeneous catalytic kinetic models (e.g., Langmuir-Hinshelwood) can be employed in future work when the need emerges to account explicitly for the relative amounts of different surface-bound species. Therefore, the general form of the reaction rate equation for the given pathways is thus denoted by the following equation:
                                             (6)
Where r, nA, ξ, mcat and k are reaction rate, moles of reactant A, stoichiometric corresponding to A, catalyst loading and rate constant successively. a and b are reaction orders for reactant A and B, and CA and CB are their concentrations. A similar rate expression for kinetics study can be found elsewhere [34]. The differential equations for each species involved in this model are shown in the following differential equations. To obtain the rate constants, the concentration of each compounds obtained experimentally discussed above will be fitted to these equations.                       
                  (7)
                            (8)
                                 (9)
                              (10)
                                          (11)
                                         (12)
                                  (13)
                                  (14)
                                          (15)
Berkeley Madonna software based on least square estimation was used to obtain optimal value of each parameter by adjusting their values manually after the successful operation with reasonable initial value given for them by drawing on our experience from modeling other hydrothermal reaction systems [35]. Next, Arrhenius parameters were determined by using linear regression for all reactions. Table 1 lists the rate constants, pre-exponential factor and activation energies. As can be seen, the regression results for Arrhenius parameters are persuasive because the R2 is higher than 0.919. 
For indole’s methylation (path 1) and hydrogenation reaction (path 2), the activation energies of their reverse reactions (path 1r and path 2r) are much higher. Besides, by comparing the values of activation energies, we could find the ring-opening reactions of indoline (path 3 and path 4) are easier to achieve than their corresponding HDN reactions (path 6 and path 7), which is consistent with DFT calculation results that hydrogenation activation energy from indoline to ethyl aniline is 1.08 eV while the energy value for HDN reaction from ethyl aniline to toluene reached to 1.53 eV [18]. Notably, the highest apparent activation barrier 180.83 kJ/mol for the reaction between methyl indole and H2O (path 5) is apparently higher than the HDN reaction between methyl aniline and H2 to form toluene (path 7). Indeed, this result is reasonable since only a trace of O-containing substance o-cresol were detached even at supercritical water conditions. Moreover, we will specifically explore the mechanism of this phenomenon according to DFT calculation in section 3.3.
[bookmark: _Ref69340702]Table 1. Optimized rate constants (L/(min·gcat)) and Arrhenius parameters.
	Rate constant
	300 °C
	300 °C
	300 °C
	Ea(kJ/mol)
	In A
	R2

	k1
	7.38e-6
	5.32e-5
	9.77e-5
	73.58
	4.09
	0.966

	k1r
	1.03e-5
	2.66e-4
	4.41e-4
	108.23
	12.08
	0.919

	k2
	1.47e-4
	5.99e-4
	8.14e-4
	49.09
	1.81
	0.942

	k2r
	5.9e-5
	2.66e-4
	5.23e-4
	61.59
	3.53
	0.989

	k3
	3.71e-4
	3.79e-3
	1.69e-2
	106.82
	15.02
	0.999

	k4
	6.27e-4
	4.79e-3
	1.97e-2
	96.05
	13.22
	0.999

	k5
	7.38e-6
	3.33e-4
	4.88e-4
	180.83
	26.96
	0.999

	k6
	7.38e-5
	1.33e-4
	2.28e-3
	111.29
	14.21
	0.923

	k7
	2.79e-5
	3.33e-4
	1.29e-3
	107.58
	12.64
	0.997

	k8
	9.59e-5
	1.46e-3
	5.28e-3
	112.94
	15.07
	0.991

	k9
	9.44e-5
	5.32e-4
	3.25e-3
	97.29
	11.51
	0.985

	k10
	7.38e-6
	3.99e-5
	6.51e-5
	62.09
	1.61
	0.964

	k11
	1.58e-3
	1.33e-2
	2.79e-2
	81.552
	11.16
	0.975


Figure 7 shows a parity plot for the experimental and calculated concentrations of the eight chemical species including indole, indoline, 2-hexene, toluene, methylaniline, ethyl aniline, methylindole1 and o-cresol quantified at 300, 350 and 400 °C. The dotted diagonal line represents a perfect fit of the model to the experimental data. As can be seen, the model generally fit the experimental values for these major compounds well. The model offers nearly quantitative agreement with the data for indole disappearance. It also reports the rapid formation of indoline, 2-hexene, toluene, methyl aniline, ethyl aniline, methyl indole and o-cresol observed experimentally. Therefore, the model clearly captures all of the trends in the data and fits the temporal variation of each of these major products satisfactorily. The calculations for the “indole” at 350 °C and 5 mins are the least accurate (on the basis of relative error) in the model most likely due to the relatively low experimental concentration of this compound at the initial stage of the reaction. Note, however, that the absolute errors here are no larger than they are for several other compounds in the model. Since the objective function minimized squared differences of absolute error, one expects the relative error to be much larger for the compounds present in the lowest concentrations. 
[image: ]
Figure 7. Model and experimental results for indole and major products at different temperatures.
Next, we provide the results of a sensitivity analysis of competitive reaction between H2 and H2O (path 5 and path 7) to examine the relative importance of the rate constants for methyl aniline hydrogenation reactions. In Berkeley Madonna software, sensitivity S(t) is calculated by the following formula [36]:
                                            (16)
As shown in Figure 8 (a), the concentration of methyl aniline shows strong negative sensitivity by giving a slight change in k5 and k7, indicating that methyl aniline hydrogenation by both H2 and H2O strongly affects the concentration of methyl aniline and the impact of H2 is relatively more intense. Besides, the S value monotonously increased with the improvement of temperature from 300 to 400 °C. Notably, k5 and k7 have the totally opposite impact on o-cresol and toluene in the same magnitude order, as displayed in Figure 8 (b) and (c) respectively, which confirms the competitive relationship between H2 and H2O for hydrogenation of methyl aniline. More specifically, for o-cresol, the direct influence by k5 is indeed more violent than the indirect influence by k7 and such a trend is also available for toluene.
[image: ]
[bookmark: _Ref69738649]Figure 8. Sensitivity of concentration to rate constants for (a) methyl aniline, (b) o-cresol and (c) toluene.
3.3 DFT calculation for methyl aniline’s reaction between H2 and H2O
In section above, we have mentioned the slight existence of O-containing substance o-cresol in experiments and the high mathematical fitting activation energy for its formation, now DFT calculations are performed to investigate the mechanism of reaction between methyl aniline and H2 or H2O for rationalizing the experimental results. Since previous researches had already provided the high catalytic activity of Ru (001) for hydrogenation [37], in this section, Ru (001) surface was selected as the computational model for methyl aniline’s reaction. First of all, methyl aniline interacts with several surface atoms upon adsorption and we considered methyl aniline adsorption with the ring centered over a top, bridge, hollow hcp, and hollow fcc sites. Among these configurations, fcc, as shown in Figure 8 (a), is the most stable one on Ru (001) with the adsorption energy -1.87 eV and was used as the initial structure for the subsequent methyl aniline’s hydrogenation reaction between H2 and H2O. As shown in Figure 10 (a), the C-N bond length of methyl aniline slightly increased from 1.419 Å to 1.423 Å after adsorption. Hydrogen atoms on the benzene ring tend to be tilted up and the N atom is the most adjacent to the Ru plane. Specifically, as shown in Figure 10 (b), the distance between N and the nearest Ru atom among N atom is only 2.214 Å.
First of all, the single molecular of H2O and H2 were dissociated on noble metal surface, after that, as shown in Figure 9 (b), the reaction energies for breaking C-N bond with dissociated H atom and OH group are 0.15 eV and 0.35 eV respectively. Such positive values indicate methyl aniline HDN reactions for the both considered two ways are unfavored in a thermodynamical way. Activation energy for breaking C-N bond by attack of adsorbed H atom and adsorbed OH group are 1.81 eV and 3.52 eV respectively. The higher energy barrier for o-cresol formation than toluene formation is consistent with reaction kinetic fitting results in section 3.2.2 and experimental observation that only 2.21 % o-cresol was detected even at supercritical water conditions (400 °C, 25 MPa).
[image: ]
[bookmark: _Ref68535398]Figure 9. (a) Methyl aniline adsorption energy on Ru (001) surface; (b) DFT calculation result of methyl aniline’s reactions between H2 and H2O on Ru (001) surface.
Adsorption energy and bond length change reflect the interaction between methyl aniline and surface Ru, now projected partial density of state (PDOS) and charge density difference were performed to understand this strong mutual effect in an electronic level. As shown in Figure 10 (c), 4 significant overlaps between the d states of Ru nearest to N atom on Ru (001) surface and the p orbitals of N below Fermi level were found, indicating bonding interaction between N and Ru. In addition, charge density difference of the first layer Ru atoms was also displayed. In Figure 10 (d), red color on the map stands for getting electrons from reactant methyl aniline atom to Ru, and the deeper red color corresponds the higher number of electron transformation. As speculated, the Ru atom nearest to the N atom obtained the maximum number of electrons to active C-N bond in methyl aniline, which is consistent with the conclusions from both structural variation and PDOS analysis.
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[bookmark: _Ref68535439]Figure 10. (a) Top view and (b) side view of methyl aniline with dissociated H atom adsorption on Ru (001) surface;(c) projected density of states of N atom and the Ru atom directly involved in bonding with N; (d) charge density difference of the first layer Ru atoms.
3.4 Catalyst characterization
[bookmark: _Hlk69339976]This section provides information about the as-synthesized Ni−Ru bimetallic catalysts. As shown in Figure 11 (a), the average size of fresh home-made Ni80Ru20 bimetallic particles is 5.69 nm. However, the size largely increased after indole hydrothermal HDN reaction at 400 °C for 60 min as displayed in Figure 11 (b). Such an observation may be caused by the collapse of the pore structure of supporter γ-Al2O3 in the presence of high temperature water vapor [38], so separated metal particles were aggregated together with the decrease of the specific surface area of γ-Al2O3 during HTL process. Besides, SEM image and elemental distribution of Ni of the used catalyst, as shown in Figure 11 (d) and (e) respectively, demonstrated Ni catalyst would be easier clustered than Ru noble metal, which is coordinated with our precious research that the monometallic Ni catalyst has an significantly broader particle size than the Ni85M15 (M=Cu, Pd, Pt and Ru) bimetallic compounds [20a]. Figure 11 (c), the high resolution TEM (HRTEM) image, confirms the crystalline nature of the small nanoparticles still partly existed, in which d-spacing of 0.235 nm and 0.209 nm corresponding to Ni (111) and Ru (100) plane respectively were measured [39]. 
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[bookmark: _Ref69689185]Figure 11. TEM image of (a) the fresh and (b) the used Ni80Ru20/γ-Al2O3 catalyst; (c) HRTEM and (d) SEM image of the used fresh Ni80Ru20/γ-Al2O3 catalyst; Elemental mapping of the used Ni80Ru20/γ-Al2O3 catalyst: (e) Ni, (f) Ru, (g) Al, (h) O.
[bookmark: _Hlk69890718]XPS was carried out to explore the chemical states of Ni-Ru bimetallic catalyst. As shown in Figure 12 (a), 3 peaks of Ni 2p of the fresh catalyst can be deconvoluted by a Gaussian peak fitting method. The peak at a binding energy (BE) of 852.8 eV with its satellite peak at 857.4 eV correspond to Ni° 2p3/2 [40] and a small peak at 860.5. eV corresponds to Ni2+ 2p3/2 [41]. Oxidation of Ni may have occurred in the near surface region during synthesis and/or XPS sample preparation. However, after reaction, as shown in Figure 12 (b), no zero valent signal for Ni 2p was detected, whereas the peak at 853.9 eV with satellite peak at 860.5. eV corresponding to Ni2+ 2p3/2, [41] and another peak at BE of 856.3 eV also indicates the presence of nickel oxide [42]. Moreover, as shown in Figure 12 (c), the BE peak of overall Ni 2p at 852.8 eV in the fresh catalyst shifted toward higher BE of 856.2 eV in the used catalyst, indicating a more oxidized Ni after the hydrothermal reaction. Ru 3d XPS spectra of the fresh catalyst is shown in Figure 12 (d), considering the overlap between the Ru 3d3/2 peak and the C 1s peak at about 284.6 eV, the Ru 3d5/2 peak at about 280 eV was employed to analyze the chemical state of surface Ru. Within this region, the peak at 280.1 eV attributed to metallic Ru [43], besides the other two spin orbit splitting peaks observed at 280.5 eV and 285.5 eV are assigned to ruthenium oxide (RuO2) [44]. Although severe overlapping in this range does not allow a reliable integration of the peak areas for metallic and oxidized Ru, the area for Ru° in the used catalyst is noticeably larger than that in the fresh catalyst as shown in Figure 12 (e). To confirm this result, we examined the overall Ru 3p peak intensities for the fresh and used Ni-Ru bimetallic catalysts. As demonstrated in Figure 12 (f), the BE peak at 461.6 eV in the fresh catalyst shifted toward lower BE of 459.9 eV in the used catalyst, demonstrating more reduced Ru was formed after the hydrothermal reaction. The opposite BE shift trend between Ni 2p and Ru 3p demonstrates that some electrons were transferred from Ni to Ru atoms in the Ni-Ru bimetallic catalyst structure, implying that there was a strong electronic interaction between the Ni and Ru during hydrothermal reaction.
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[bookmark: _Ref69565796][bookmark: _Hlk69585816]Figure 12. XPS spectra. Ni 2p for (a) the fresh and (b) the used Ni80Ru20/γ-Al2O3; (c) BE shift for Ni 2p; Ru 3d for (d) the fresh and (e) the used Ni80Ru20/γ-Al2O3; (c) BE shift for Ru 3p.
XRD patterns of the fresh and used Ni-Ru catalysts are shown in Figure 13. The spectrum for the fresh Ni80Ru20 shows two large two large peaks at 44.57 ° and 51.91° correspond to the Ni (111) and Ni (200) planes respectively as well as a peak at 76.54° for Ni (220) (PDF# 87-0712). Besides, two small peaks at 66.9 ° and 85.29 ° in the fresh catalyst match the γ-Al2O3 (440) (PDF# 50-0741) and Ru (112) (PDF# 02-1258) respectively. However, great change occurred in the phase of supporter γ-Al2O3 after hydrothermal reaction, in which boehmite AlO(OH) phase was detected at 14.46°, 28.21°, 38.41°, 49.33°, 55.27°, 64.21° and 72.03° corresponding to AlO(OH) (020), (021), (130), (002), (151), (132) and (152) (PDF# 74-1895) respectively. This change of γ-Al2O3 is consistent with previous researches that the humid atmosphere would not only change physical and chemical adsorption on the surface of γ-Al2O3, but also provokes interfacial reactions to form boehmite during the hydration process [45]. 
[image: ]
[bookmark: _Ref69919258]Figure 13. XRD patterns of fresh and used Ni80Ru20/γ-Al2O3.
4 Conclusion
Hydrothermal denitrogenation of indole was reported. The major products included indoline, methyl indole, methyl aniline, ethyl aniline, toluene, 2-hexene and o-cresol. For catalytic indole HDN under hydrothermal conditions, temperature and hydrogen sources have a great impact on indole conversion and molar yields of denitrogenated products. Ru/C displayed the highest activity for indole conversion with the existence of H2 in which 91.17 % indole had been converted at 400 °C within 60 min, while HTHP H2O is not favor for indole HDN without any extra hydrogen source. Reaction network and kinetic model of catalytic hydrothermal indole HDN over home-made Ni-Ru bimetallic catalyst were developed based on molar yields variations of main products at three temperatures (300, 350 and 400 °C) and different reaction time (0–60 min). The activation energy for the formation of byproduct o-cresol is 180.83 KJ/mol, significantly higher than generation of denitrogenated product toluene (107.58 KJ/mol). Besides, DFT calculation results showed the energy barrier of side hydrogenation reaction on Ru (001) surface between methylaniline and dissociated OH group from H2O reached to 3.52 eV, suggesting a difficulty to produce O-containing substance during indole HDN process, consistent with experimental observation that only 2.21 % o-cresol was generated in the presence of H2 at 400 °C and 60 min.
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