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10 Abstract

11 Energy defossilisation using drop-in biofuels is an important step towards Net Zero. Producing 
12 low-carbon clean-burning propane fuel from biomass provides such additional sustainability 
13 benefits. In this work, kinetics of hydrothermal reactions of n-butanol, a biomass-derived 
14 feedstock, to produce propane over 5wt% Pt/Al2O3 catalyst have been studied from 523- 573 
15 K. Experimental data revealed negligible internal and external mass transfer effects and, when 
16 fitted to an integral power-rate law equation, gave activation energy of 70 kJ mol-1 (n-butanol 
17 reaction order =1). Furthermore, an appropriate Langmuir-Hinshelwood model was developed, 
18 which predicted similar activation energy 62 kJ mol-1. Low adsorption enthalpies for n-butanol 
19 (-33.51 kJ mol-1) and water (-18.16 kJ mol-1) indicated weak interactions on the catalyst 
20 surface. These agreed with the fast reaction rate of ≈1.0 x 10-5 mol gcat

-1 s-1 obtained at ≥ 548 
21 K. As a new research area, generation of such accurate kinetics data will contribute to process 
22 development for large-scale biopropane production.
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30 1. Introduction

31 In 2023 international scientific experts reported that the 1.5 °C warming limit set out in the 
32 Paris Agreement will be reached by the early 2030s in line with the current warming rate [1]. 
33 This will make this current decade crucial for reducing emissions of carbon dioxide and other 
34 greenhouse gases (GHG). Among the commercial fossil fuels, liquefied petroleum gases 
35 (LPG), consisting mainly of propane and butane, are known for their cleaner combustion and 
36 significantly lower emissions. LPG emits 33% less carbon compared to coal [2], 74% less 
37 nitrogen oxides (NOX) and 81% less particulate matter (PM) compared to diesel [3], and 100% 
38 less sulphur oxides (SOX) compared to heating oil [4]. At present, the global demand for LPG 
39 stands at over 300 million tonnes each year [5]. Despite their lower carbon intensity compared 
40 to other fossil fuels used in transportation and heating, combustion of fossil-derived LPG still 
41 contributes significantly to overall global CO2 emissions.

42 Biomass-derived fuels can play a crucial role in reducing carbon emissions and promoting 
43 sustainability by offering a renewable alternative to fossil fuels in the energy sector. Biomass-
44 derived LPG (Bio-LPG) is an attractive biofuel that combines the beneficial features of LPG, 
45 such as low emissions, cleaner burning, versatility, and portability, with the added advantage 
46 of being a low-carbon fuel. In comparison to fossil-derived LPG whose large-scale deployment 
47 can effectively contribute to short-term emission targets [6], switching to Bio-LPG can further 
48 reduce the GHG emissions by up to 78% while producing the same low NOX, SOX, and PM as 
49 fossil-derived LPG [7]. Thus, producing LPG component gases from biomass presents an 
50 opportunity for enhanced sustainability gains. Currently, Bio-LPG has been specially 
51 recognized both by Liquid Gas UK (LGUK) and the World Liquid Gas Association (WLGA) 
52 as a potential solution to reducing carbon emissions for the difficult-to-decarbonise sectors 
53 including off-grid locations [8, 9]. However, this product is currently available only in limited 
54 commercial quantities compared to global fossil market. It is derived as a by-product, yielding 
55 5–8 % biopropane, from renewable diesel and Sustainable Aviation Fuel (SAF) production, via 
56 hydrotreating of vegetable oils and fats (HVO) [10]. 

57 Significant research activities are currently taking place to develop on-purpose production 
58 routes for Bio-LPG using biomass derived feedstocks. Typical feedstocks include C4-C5 
59 carboxylic acids such as butyric acid [11], levulinic acid [12] and alcohols such as glycerol [13, 
60 14], ethanol [15] and n-butanol [16]. N-butanol can be obtained commercially from biomass 
61 via the acetone-butanol-ethanol (ABE) fermentation [17] and novel non-fermentative routes 
62 [18]. Recently, Diejomaoh et al. [16] investigated the hydrothermal reactions of n-butanol over 
63 5wt% Pt/Al2O3 over a temperature range of 473 K to 623 K and reported the optimal conditions 
64 to be 573 K and 1 hour reaction time. The authors used the experimental data to explain that 
65 decarbonylation and/or deformylation were the main reaction mechanisms that led to high 
66 yields of propane, along with CO2 and hydrogen gas [16]. The specific activity of the Pt/Al2O3 
67 catalyst has been previously demonstrated by Lercher and coworkers [19, 20], who showed 
68 that this catalyst could selectively convert n-propanol to mainly ethane by preventing excessive 
69 C–C bond cleavage. Reportedly Pt was able to facilitate key reactions such as 
70 (de)hydrogenation and decarbonylation, resulting in the formation of alkanes with one fewer 
71 carbon atom from aliphatic alcohols [19, 20]. Furthermore, the use of metal oxide supports 
72 such as alumina can enhance synergistic catalysis during hydrothermal processing [16, 21, 22]. 
73 In addition, such supports offer the possibility of catalyst regeneration via combustion [16], 
74 which is often difficult with other supports commonly used in hydrothermal media such as 
75 activated carbon [11].
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76 With the promising results of the thermodynamic study of butanol conversion to propane [16, 
77 22], it is equally important to understand the reaction kinetics to enhance the potential of this 
78 process for further optimisation and development. While multiple studies have examined the 
79 reaction kinetics of n-butanol reforming over various transition metal catalysts [23-25], the 
80 specific kinetics of n-butanol hydrothermal reaction for on-purpose production of propane is 
81 notably absent in the literature. To bridge this knowledge gap, this present study has 
82 systematically examined this reaction under various reaction temperatures (523 K - 573 K) and 
83 reaction times (0 - 45 minutes) over 5wt% Pt/Al2O3 using a batch reactor to produce crucial 
84 kinetic data. The internal and external mass transfer were adequately assessed to ensure that 
85 data was collected within the kinetically controlled regime. The kinetic data was subsequently 
86 used to evaluate the applicability of the power rate law in describing the reaction rate and to 
87 determine the apparent activation energy of the reaction. In addition, a kinetic model based on 
88 the Langmuir-Hinshelwood mechanism was developed, and its fit to the experimental data was 
89 established. Establishing these kinetic data would be essential for predicting reaction behaviour 
90 under various conditions, enabling better control of the process for optimal yield and 
91 selectivity, and providing crucial data for efficiently and safely scaling up the process. 

92 2. Materials and Methods

93 2.1. Materials
94 N-butanol (99% extra pure) was obtained from Acros Organics. Ethyl acetate (≥99%, 
95 laboratory reagent grade), was obtained from Fisher Chemical. 5 wt% Pt/𝐀𝐥𝟐𝐎𝟑 was purchased 
96 from Catal International Limited, Sheffield, UK. The catalyst characteristics previously 
97 reported in a prior publication include a bulk density of 720 kg 𝐦―𝟑, actual Pt metal content 
98 of 5.07 wt%, average particle size of 30 µm, BET surface area of 182 m2 g-1, pore volume of 
99 0.7 𝐜𝐦𝟑 𝐠―𝟏 and pore diameter of 9.00 nm [26]. Deionized water was produced in-house using 

100 a Milli-Q Advantage A10 Water Purification System. All the materials were used as received.

101

102 2.2. Methodology

103 2.2.1. Batch reactor procedure

104 The schematic of the experimental procedure for the catalytic hydrothermal reaction of n-
105 butanol is presented in Fig. 1. 
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106

107 Fig. 1. The schematic of the experimental procedure for the catalytic hydrothermal reaction of 
108 n-butanol.

109 The basis of experimental procedure has been reported previously [16]. In summary, the 
110 catalytic hydrothermal reaction of n- butanol was carried out in a 100 mL capacity batch reactor 
111 obtained from Parr Instruments Co. Inc. Moline, Illinois, USA. The reactor can operate at a 
112 maximum temperature of 873 K and a pressure of 345 bar. Additionally, some experiments 
113 were performed using a stirred 100 mL batch reactor, also from Parr Instruments, which can 
114 operate at a maximum temperature of 773 K and the pressure of 345 bar. For each experiment, 
115 18 g of deionised water and 2 g of butanol (to give 10 wt% n-butanol aqueous solution) was 
116 weighed out in a beaker and loaded into the reactor, followed by the addition of the various 
117 amount of catalyst (0.1 g to 1 g). After loading, the reactor was sealed and gently purged three 
118 times with nitrogen followed by pressurization to 5 bar using the same nitrogen. The nitrogen 
119 served to provide inert reaction environment, maintain accurate pressure measurements during 
120 experiments and standardize gas analysis. Subsequently, the reactor was inserted into an 
121 electric heating jacket equipped with a temperature controller and gradually heated to desired 
122 temperature at a rate of about 10 K per minute. At the conclusion of each run, the reactor was 
123 removed from the heating jacket and rapidly cooled to ambient temperature within 5 minutes 
124 using a cold-water bath.

125 Once cooled, the pressure and temperature of the reactor were recorded, followed by the 
126 collection of the gas product using 1 L Tedlar bag for immediate analysis via GC-FID/TCD. 
127 The reactor was then opened, and the slurry consisting of both liquid and solid components 
128 (mainly the catalyst), was poured directly into a filtration assembly equipped with Whatman 
129 Grade 4 qualitative filter paper. The reactor then was rinsed with 20 ml of deionized water 
130 followed by 20 ml of ethyl acetate to ensure complete slurry collection. The recovered catalyst 
131 was dried on a hotplate at 378 K overnight and then weighed for mass balance calculations. 
132 The liquid sample consisting of unreacted n-butanol was analysed by GC-FID to enable the 
133 calculation of n-butanol conversion. Repeated experiments showed a standard deviation of less 
134 than ± 5% for the conversion of n-butanol and the gas product yield, indicating good 
135 reproducibility of the experimental measurements.
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136 2.2.2. Analysis of gas phase products

137 The gas analysis procedure used in this study was previously validated and published in earlier 
138 studies [11, 16, 27]. Briefly, a Shimadzu GC-2014 gas chromatograph equipped with two 
139 injection ports, two columns and two detectors were used to analyse the gas samples. The 
140 injectors were maintained at a temperature of 333 K, while the detectors, comprising a flame 
141 ionization detector (FID) and a thermal conductivity detector (TCD), were set at 493 K. The 
142 procedure involved injection of 0.6 mL of the gas sample using a gas-tight syringe. The column 
143 oven program initiated at 353 K and followed a gradual increase to 453 K at a rate of 10 K per 
144 minute, after which it was held at 453 K for 3 minutes. This protocol resulted in a total analysis 
145 duration of 13 minutes. For the separation of hydrocarbons, a Hayesep column with a mesh 
146 size of 80–100, measuring 2 mm in diameter and 2 m in length, was used. Quantification was 
147 performed using the FID for hydrocarbons. Separation of Permanent gases (H2, N2, CO and
148  CO2) was done using a molecular sieve column with 60–80 mesh range, with a diameter of 2 
149 mm and a length of 2 m. Quantification of these gases were done using the TCD.

150 The percentage volume of each gas obtained from their peak area was used to calculate the 
151 mole of each gas component by employing the Ideal Gas Law using Equation (1):

Mole of each gas component, ni = (Pi×V
RT ) (1)

152 where ni is the mole of each gas component (mol), Pi is the partial pressure of each gas 
153 component (volume fraction of each gas component × reactor pressure after cooling (Pa)), V 
154 is the volume of the reactor headspace (m3), R is the general gas constant (8.314 J mol―1 K―1), 
155 and T is the reactor ambient temperature after cooling (K).

156 The individual molar gas yield (%) then is calculated using Equation (2):

 Individual gas component molar yield (%) 
= (

ni

nbutanol
) × 100

(2)

157 where nbutanol represents the number of moles of butanol in the feed. 

158 Turnover frequency (TOF) with respect to propane production was calculated based on 
159 Equation (3). 

Propane TOF (min―1) =
Moles of propane produced per minute

Moles of surface metal present in the reactor

(3)

160

161 Considering the gas products were held under pressure (~5-6 bar N2), the moles of dissolved 
162 CO2 were calculated using Henry’s law [27].
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163 2.2.3. Analysis of liquid phase products

164 Analysis of the liquid residuals followed the procedure previously described  by Diejomaoh et 
165 al., [16]. The organic phase was extracted with 1 x 20 ml and 2 x 5 ml aliquots of ethyl acetate 
166 and analysed using a Shimadzu GC-2010 with a ZB-50 capillary column (0.32 mm inner 
167 diameter, 30 m length) and a flame ionization detector (FID). Helium was used as the carrier 
168 gas at a flow rate of 2.12 mL min―1. A 1 μL sample was injected at 553 K with a 20:1 split 
169 ratio. The column oven was initially at 323 K for 5 minutes, then ramped at 10 K min―1 to 553 
170 K, held for 2 minutes. The total analysis time was 30 minutes. Additionally, a Shimadzu GC-
171 2010 Plus combined with a Shimadzu Single Quadrupole Mass Spectrometer (QP2010 SE) 
172 was utilized to analyse a few samples to identify possible byproducts. The DB-5 ms capillary 
173 column used had a 0.25 mm inner diameter and 30 m length, with a helium flow rate of 1.5 mL 
174 min―1, the same sample volume and injection port temperature as the GC-FID, and a 50:1 split 
175 ratio. The column oven program was identical to the GC-FID. Compounds were detected using 
176 a mass selective (MS) detector at 523 K, with a transfer line at 548 K. Mass spectra were 
177 generated with 70 eV ionization energy, covering m/z = 35–300, with a scan time of 0.35 s. 
178 The National Institute of Standards and Technology (NIST, 2020 Version) library installed on 
179 the MS was used to identify the peaks. Quantitative analysis of n-butanol was carried out using 
180 an external standard method. Briefly, four samples, each containing a known amount of n-
181 butanol and ethyl acetate, were prepared and used to plot a 4-point calibration curve of the 
182 mass fraction of n-butanol against the GC-FID peak area. The extracted organic phase, 
183 containing mainly unreacted n-butanol, was then quantified using the prepared calibration data. 
184 The conversion of n-butanol was calculated using Equation (4):

Conversion(%) =
mole of butanol feed  mole of unreacted butanol 

mole of butanol feed
× 100

(4)

185 With water as an excess component in the feed, the concentration of n-butanol in the recovered 
186 liquid sample was calculated using the Equation (5):

Concentration (mol L―1) =
mole of unreacted butanol 

Volume of the solution

(5)

187 3. Results and discussion

188 3.1. Mass Transfer

189 The catalytic hydrothermal reaction of liquid n-butanol to produce gases in the presence of 
190 solid 5wt% Pt/Al2O3 catalyst is a heterogeneous reaction. Such processes involve the transfer 
191 of reactants from the gas-liquid phase to the catalyst surface, diffusion through the catalyst 
192 pores, and reaction at the active sites, followed by the diffusion of the products. The reaction 
193 rate in this gas-liquid-solid three-phase system can be affected by both internal and external 
194 mass transfer limitations. Therefore, prior to evaluation of the experimental data used for the 
195 reaction kinetic study, it was essential to address the absence of internal and external mass 
196 transfer limitations, which will be discussed in this section.
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197

198 3.1.1. Assessment of internal mass transfer limitation

199 To validate the absence of internal mass transfer limitation, the Weisz-Prater criterion was used 
200 [28]. In a kinetically controlled regime free of pore diffusion limitation, as per this method, the 
201 value of the Weisz-Prater modulus (Φ) (6) should be below 6 for zero-order reaction, below 
202 unity for first-order reaction, and below 0.3 for second-order reaction.

Φ =
robsR2

cDeff

(6)

203 In Equation (6) robs is the maximal initial reaction rate (mol L―1s―1), R is the mean radius of 
204 the catalyst particle (m), c is the substrate concentration (mol L―1) and Deff is the effective 
205 diffusion coefficient of the substrate (m2 s―1).

206 The effective diffusion coefficient (Deff) can be defined as follows: Deff = D (ξ/χ), where D 
207 represents the substrate (n-butanol) diffusion coefficient in the liquid phase (water), ξ denotes 
208 catalyst porosity, and χ indicates catalyst tortuosity. The diffusion coefficient (D) can be 
209 obtained from the Wilke−Chang equation (7) [29]:

Do
AB =

7.4 × 10―8(ϕMB)
1
2T

ηBV0.6
b(A)

[
cm2

s ]
(7)

210 Where ϕ is the dimensionless association factor (for water, ϕ = 2.6), MB is the molecular 
211 weight of the solvent (water = 18 g mol―1 ηB is the solvent dynamic viscosity at reaction 
212 temperature T (K) (water = 0.0912 cP at T = 573 K) and Vb(A) is the liquid molar volume at the 
213 solute’s normal boiling point. Vb(A) can also be written as 0.285 × V1.048

c(A) , where V1.048
c(A)  is the 

214 solute critical volume (n-butanol = 275 cm3 mol―1). When inputting the values for the 
215 diffusion of n-butanol in water at T = 573 K and P = 90 bar, the resulting diffusion coefficient 
216 (Do

AB) was calculated to be 1.632 × 10―8m2 s―1.

217 From dividing the pore volume by the total volume, the catalyst porosity (ξ) was calculated to 
218 be 0.504. The typical values for the catalyst tortuosity (χ) can vary from 2 to 5. By assuming 
219 the ξ/χ = 0.1 which has been reported for 5 wt% Pt/Al2O3 catalyst in the literature [30], the 
220 effective diffusion coefficient (Deff) of n-butanol at T = 573 K and P = 90 bar was calculated 
221 to be 1.632 × 10―9 m2 s―1. The upper limit of tortuosity of 5 was used in this case, which 
222 resulted in the smallest possible Deff and the largest possible but satisfactory value of the Weisz-
223 Prater criterion (Φ). Therefore, if the upper limit of the tortuosity satisfied Φ, then lower values 
224 would also meet the condition.

225

226 The maximum initial reaction rate (robs) for the hydrothermal reaction of n-butanol was 4.83 × 
227 10-4 mol L-1 s-1 at T = 573 K and concentration (c) of 0.69 mol L―1 of n-butanol. The mean 
228 radius of the catalyst particle reported in prior publication was 1.5 ×10―5m [26]. Inputting 
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229 these values into equation (6) gave the value of 9.64 × 10―5 for the Weisz-Prater modulus (Φ).  
230 The obtained value confirmed the absence of the internal mass transfer and pore diffusion for 
231 the condition used in this study. 

232 The obtained Weisz-Prater modulus (Φ) and the confirmation of the absence of internal mass 
233 transfer are consistent with results reported in the literature from closely related studies. For 
234 example, Yadav et al. [23] evaluated the internal mass transfer limitation of steam reforming 
235 of n-butanol using a fixed bed reactor over 0.5 wt% Pt/Al2O3. They reported the value of Φ = 
236 2.81 × 10―4 at T = 773 K and 𝑊/𝐹𝐴0 = 33.4 g h mol―1, hence concluded that the pore diffusion 
237 did not affect the reaction rate. In the case of higher Pt loading used in this present study, Wärnå 
238 et al. [30] showed that no transport limitation occurred in reforming of sorbitol over 5 wt% 
239 Pt/Al2O3. They obtained a value of Φ = 0.005 at 498 K and 30 bar using a fixed-bed reactor 
240 setup for 0.515 mol L―1concentration of feed [30].

241

242 3.1.2. Assessment of the external mass transfer limitation

243 To evaluate the effect of external mass transfer limitation, separate reactions with varying 
244 catalyst masses ranging from 0.1 to 1 g were conducted at 573 K for 15 minutes of reaction 
245 time. As depicted in Fig. 2, the turnover frequency (TOF) of propane slightly increased from 
246 0.3 to 0.34 min―1 when the catalyst mass was increased from 0.1 to 0.5 g. This slight increase 
247 possibly indicated an enhancement in external mass transfer due to better availability of catalyst 
248 active sites for the reaction. However, a further increase in catalyst mass to 0.75 and 1 g resulted 
249 in a decrease in propane TOF to 0.22 and 0.19 min―1, respectively, suggesting the presence of 
250 external mass transfer limitations. This decrease could be due to overcrowding of catalyst 
251 particles, leading to restricted access of reactants to the active sites, or an increase in the 
252 thickness of the catalyst bed, which hindered effective reactant diffusion. Given that the change 
253 in propane TOF was minimal between 0.1 and 0.5 g catalyst loading, it could be concluded that 
254 external mass transfer limitations did not significantly affect the reaction rates for the amount 
255 of catalyst used in this study (0.5 g). In a similar approach, Yadav et al. [23] demonstrated that 
256 the turnover frequencies of H2 were independent of the catalyst mass, which ranged from 0.5 
257 to 1.5 g. This was observed for a fixed feed flow rate of 1 cm3/min at a temperature of 773 K 
258 during the steam reforming of n-butanol. Consequently, they concluded that external mass 
259 transfer limitation was absent in their system.

260
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261 Fig. 2. Variation of the propane TOF with varying catalyst mass (Reaction conditions: t = 15 
262 min, T = 573 K, initial N2 pressure = 5 bar).

263 In addition to catalyst loading, the effect of agitation speed on external mass transfer was 
264 evaluated using a stirred reactor with 0.5 g of catalyst at 573 K for a reaction time of 15 minutes. 
265 As shown in Fig. 3, stirring caused a significant decrease in propane TOF, dropping from 0.34 
266 min―1 (non-stirred reactor) to 0.06  min―1 at 350 rpm. Although the TOF improved as the 
267 agitation speed increased to 1100 rpm, reaching 0.16  min―1, it remained significantly lower 
268 than the non-stirred system. Even at 1850 rpm, where the TOF stabilized at 0.18  min―1, it was 
269 still below that of the non-stirred reactor. One possible explanation for the decrease in TOF 
270 upon stirring is that mechanical agitation caused catalyst particles to stick together around the 
271 more stable centre of the vessel, which experiences lower pressure due to a combination of 
272 centrifugal forces, vortex formation and fluid dynamics. These phenomena would cause poor 
273 catalyst particle distribution in the aqueous medium, resulting in less contact between catalyst 
274 surface and the reactant molecules that are more dispersed in the agitated fluid. Indeed, higher 
275 stirring rate helped more catalyst dispersion but to a lesser extent compared to the natural 
276 convection patterns formed in the hydrothermal environment. Therefore, due to the persistently 
277 lower TOF observed in the stirred reactor, subsequent experiments were conducted using the 
278 non-stirred reactor.

279

280

281

282 Fig. 3. Variation of the propane TOF with varying agitation speed (Reaction conditions: t = 15 
283 min, T = 573 K, initial N2 pressure = 5 bar).

284 3.2. Formation of the products during hydrothermal reaction of n-butanol

285 Fig. 4 depicts the changes in the feed concentrations and products molar yield during the 
286 catalytic hydrothermal reaction of n-butanol. In this case, the amount of 5 wt% Pt/Al2O3 used 
287 was 0.5 g and the set temperature was 573 K in all experiments. The reaction times were varied 
288 from 0 min to 45 min with “0 min” referring to the experiments that were quickly quenched 
289 once the set temperature was reached. As shown in Fig. 4a, the decrease in n-butanol 
290 concentration was rapid with the reaction rate being diminished close to 45 min of reaction 
291 time. The main products formed as depicted from gases molar yield (Fig. 4a) were hydrogen, 
292 carbon dioxide and propane. The average molar yield ratios of the main products within the 
293 reaction time investigated were as follows: CO2 : C3H8 = 1.07, H2 : C3H8 = 2.03, H2 : CO2 = 
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294 1.89. The ratios indicate that the reaction pathway presented in Equation (8) can reliably 
295 describe the formation of the main products under the reaction condition investigated in this 
296 work.

C4H9OH + H2O→C3H8 + CO2 + 2H2 (8)

297 Multiple possible reaction mechanisms could lead to the formation of the main products 
298 according to Equation (8). These pathways are depicted in Table 1. The first possible pathway 
299 involves the initial dehydrogenation of n-butanol to butanal, followed by the decarbonylation 
300 of butanal to propane and carbon monoxide. Carbon monoxide then undergoes the water-gas 
301 shift reaction to produce carbon dioxide and an additional mole of hydrogen. This mechanism 
302 has been proposed in various studies [16, 19, 20, 31, 32]. A recent study by Diejomaoh et al. 
303 [16], suggested this mechanism as one of the dominant pathways for the formation of propane, 
304 hydrogen, and carbon dioxide in the hydrothermal reaction of n-butanol over a Pt/Al2O3 
305 catalyst. Additionally, in a study on the aqueous-phase reforming of n-butanol over Ni/Al2O3 
306 and Ni/CeO2, Roy et al. [32] indicated the possible formation of propane through this 
307 mechanism, as evidenced by the presence of butanal in their liquid analysis. Peng et al. [20] 
308 proposed the dehydrogenation/decarbonylation pathway as a potential mechanism due to the 
309 observation of trace amounts of propanal during the hydrodeoxygenation of n-propanol over a 
310 Pt/Al2O3 catalyst. Analysis of the liquid product from this present study (see Supplementary 
311 Information Figure S1) also showed minor formation of butanal, further confirming the 
312 possible occurrence of this reaction pathway.

313 Another mechanism, previously described by Diejomaoh et al. involves the possible direct 
314 deformylation of n-butanol to propane and formaldehyde, followed by the rapid reforming of 
315 the formed formaldehyde to produce 2 moles of H2 and 1 mole of CO2. The authors [13] 
316 confirmed the presence of formaldehyde through gas analysis from the dry reaction (without 
317 added water) of n-butanol over a Pt/Al2O3 catalyst. Although formaldehyde was not detected 
318 in the gas analysis of this study, possibly due to its instability under hydrothermal conditions, 
319 this reaction pathway remains feasible under the conditions of this work.

320 Additionally, in a study on the steam reforming of n-butanol over a Ni-CeO2- ZrO2-SiO2 
321 composite catalyst, Varkolu et al. [33] suggested a possible dehydroformylation of the formed 
322 butanal to yield propene, carbon monoxide, and hydrogen. Subsequently, propene could 
323 undergo hydrogenation to produce propane, while carbon monoxide might undergo the water-
324 gas shift reaction to yield carbon dioxide and hydrogen. This pathway would also result in a 
325 1:1:2 molar ratio of propane, carbon dioxide, and hydrogen. Fig. 4b. clearly illustrates the 
326 minor formation of propene and its gradual decrease over reaction time, potentially indicating 
327 the occurrence of this pathway in our study.
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328    

329 Fig. 4. (a) Variation of the n-butanol concentration and the molar yields of the main products; 
330 (b) Variation of the molar yields of the side products. (Reaction conditions: t = 0 - 45 min, T = 
331 573 K, initial N2 pressure = 5 bar, Pt/Al2O3 loading = 0.5 g)

332 It is important to note that minor variations are observed in the molar yield ratios of the main 
333 products compared to those anticipated from the reaction stoichiometry predicted by Equation 
334 (8). These variations can be attributed to the minor occurrence of side reactions during the 
335 hydrothermal processing of n-butanol over Pt/Al2O3 (Table 1). One plausible reaction is the 
336 reforming of n-butanol to produce carbon dioxide and hydrogen in 1:3 molar ratio. N-butanol 
337 reforming reaction over Pt/Al2O3 has been reported by Yadav et al. [23] at relatively higher 
338 temperatures (623 - 773 K). The possible catalytic reforming of n-butanol could potentially 
339 explain the slightly higher average molar ratio of carbon dioxide to propane (~1.07) observed 
340 in this present study.

341 Furthermore, Fig. 4b, which depicts the formation of side products, indicates that a series of 
342 possible hydrogen-consuming reactions occurred during the hydrothermal processing of n-
343 butanol over Pt/Al2O3. These potential side reactions are listed in Table 1. One such reaction 
344 is the formation of butane, which increased with reaction time. A possible mechanism leading 
345 to butane formation is dehydration of the n-butanol to butene over the acid sites of alumina 
346 followed by hydrogenation of butene to butane over Pt metallic sites [20]. In this study, this 
347 pathway was supported by the gradual decrease in butene and increase in butane molar yields 
348 over time (Fig. 4b). Direct C–O hydrogenolysis of n-butanol to butane has also been proposed 
349 in literature [34]. The formation of propene may result from the hydrogenolysis of terminal C-
350 C bonds in butene [16] and/or the dehydroformylation of butanal, as described earlier. 
351 Isomerisation of terminal butenes to internal butenes followed by cross-metathesis with ethene 
352 to produce propene has also been reported over catalytic systems comprising H-ZSM-5, H 
353 Ferrierite, and tungsten on acid-washed SiO2/Al2O3 [35]. Propene hydrogenation to propane is 
354 also plausible, as evidenced by its gradual decrease over reaction time (Fig. 4b). The formation 
355 of propene and its subsequent hydrogenation to propane supports the findings of Diejomaoh et 
356 al. [16], who proposed additional propane-forming reactions alongside the main mechanism(s) 
357 described earlier for the hydrothermal processing of n-butanol over Pt/Al2O3. The trace 
358 formation of methane and ethane, along with their gradual increase over time, can be attributed 
359 to the potential hydrogenolytic cracking of C3 and C4 gases, notably propane due to its 
360 abundance in the products. Methane could also be formed by methanation reactions of CO2 and 
361 CO [16]. These minor hydrogen-consuming reactions could potentially account for the lower 
362 observed molar ratios of hydrogen to carbon dioxide (1.89) and propane (2.03), compared to 
363 what is expected from the combination of Equation (8) and n-butanol reforming in our study.
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364 Table 1. Plausible main and side reactions during hydrothermal reaction of n-butanol in this 
365 study.

Main reaction(s) Ref Side reactions Ref

C4H9OH 
dehydrogenation

 C3H7CHO+H2

C3H7CHO 
decarbonylation

 C3H8+CO

CO+H2O 
WGS

 CO2+H2

[16, 
19, 
20, 
31, 
32]

C4H9OH+7H2O 
Reforming

  4CO2+12H2
[23]

C4H9OH 
deformylation 

C3H8+ HCHO

HCHO+H2O 
dehydrogenation

 CO2+2H2

[16] C4H9OH 
Dehydration

 C4H8+H2O

C4H8+H2 
hydrogenation

 C4H10

[16, 
20]

C4H8 + H2 
Hydrogenolysis

 C3H6 + CH4

C3H6+H2 
Hydrogenation

 C3H8

[16]

CnH2n+2+H2 
Hydrogenolytic cracking

 shorter 
chain alkanes

[16]

C4H9OH 
dehydrogenation

 C3H7CHO+H2

C3H7CHO 
dehydroformyl.

 C3H6+CO+H2

C3H6 +H2 
Hydrogenation

 C3H8

CO+H2O 
WGS

 CO2+H2

[33]

CO+4H2 
Methanation

 CH4+H2O

CO2+4H2 
Methanation

 CH4+2H2O

[16]

366

367 It should also be noted that the deviations observed in Fig. 4 can be attributed to the challenge 
368 of accurately controlling the selectivity of the main reaction at elevated temperatures, in which 
369 case, side reactions including C-C bond cleavage may become prominent. For instance, 
370 regarding the trend in H2 yield, the deviations could have been more pronounced due to various 
371 side reactions that affect both its formation and consumption. In this regard, competing 
372 reactions such as n-butanol dehydration/hydrogenation to form butane can initially lower the 
373 observed H2 yield compared to the expected values from equation (8). Over time, additional 
374 minor side reactions, such as n-butanol reforming, may contribute to an increase in H2 yield at 
375 extended reaction times.

376 3.2.1. Effect of temperature on n-butanol conversion and products yield

377 The effect of temperature on the conversion of n-butanol and the molar yield of products is 
378 investigated using 0.5 g of 5wt% Pt/Al2O3 at temperatures of 523 K, 548 K, and 573 K. Similar 
379 to the previous section, reaction times ranged from 0 min to 45 min, with '0 min' denoting 
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380 experiments that were promptly quenched upon reaching the set temperature. The temperature 
381 range was chosen based on the study of Diejomaoh et al. [16] that showed the highest propane 
382 selectivity among hydrocarbons obtained within this range reaching up to 92.1% at 573 K. 

383 Fig. 5 depicts the effect of temperature on the concentration of n-butanol and the main products 
384 (propane, hydrogen and carbon dioxide) molar yield. As expected, decreasing the temperature 
385 resulted in lower n-butanol conversion and a decrease in the products molar yield. At 573 K, 
386 the conversion of n-butanol was nearly complete, reaching 97.03% after 45 min of reaction 
387 time. In comparison, at 548 K and 523 K, the conversion rates were lower, with values of 
388 84.79% and 58.29%, respectively. 

389 Correspondingly, the highest molar yields of propane (63.03%), hydrogen (129.36%), and 
390 carbon dioxide (70.77%) were obtained at 45 min and 573 K. As expected, these yields 
391 decreased at 548 K, with values of 51.04% for propane, 107.05% for hydrogen, and 52.75% 
392 for carbon dioxide. Finally, the lowest molar yields were obtained at 523 K, with values of 
393 34.51% for propane, 72.11% for hydrogen, and 38.46% for carbon dioxide. The observed 
394 trends aligns well with the findings of Diejomaoh et al. [16], who demonstrated that the highest 
395 conversion of n-butanol and yield of gaseous products occurred at 573 K when using Pt/Al2O3 
396 in the hydrothermal processing of n-butanol. 

397 Furthermore, the trends in the variation of n-butanol concentration and the molar yields of the 
398 main products closely followed the reaction pathway proposed by Equation (8) at all 
399 temperatures investigated. As discussed in section 3.2, the deviations of the experimental data 
400 from the fitted curves at 573 K are primarily due to the difficulty of maintaining reaction 
401 selectivities due to promotion of side reactions at elevated temperatures. The H2 yield may also 
402 be more affected by the occurrence of minor side reactions that contribute to both the 
403 consumption and production of H2.
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405    

406 Fig. 5. Effect of tempreture on (a) n-butanol conversion and molar yields of (b) hydrogen (c) 
407 carbon dioxide and (d) propane (Reaction conditions: t = 0 - 45 min, initial N2 pressure = 5 
408 bar, Pt/Al2O3 loading = 0.5 g)

409 3.3. Kinetics of n-butanol hydrothermal reaction

410 To obtain the kinetic data, experiments with 0.5 g of 5wt% Pt/Al2O3 at reaction times of 0, 5, 
411 10, 15, 20, 30 and 45 min and at three different temperatures of 523 K, 548 K, and 573 K is 
412 conducted. The variation in n-butanol concentration with time was used to process the kinetic 
413 data. In closely related studies, researchers have shown that a power-law rate equation can 
414 adequately describe the rate of n-butanol reforming reaction [23, 24]. Here, an integral method 
415 was used to fit the experimental data to power-law rate equation with different reaction orders. 
416 Note that since water was used in excess in the reaction, the reaction order with respect to water 
417 is assumed to be zero. The results showed that a reaction order of unity provided the best fit 
418 for the disappearance rate of n-butanol. According to the integral method, for a constant volume 
419 system, integration of a first order reaction (Equation (9)) yields the Equation (10):

dCB

dt = kCB
(9)

ln(CB) = ―kt + ln(CB0) (10)

420 where k is the overall pseudo reaction rate constant (s―1), t is the reaction time (s), CB and CB0 
421 are the recovered and initial butanol concentrations (mol L―1) respectively.

422 When the model is satisfactory to describe the rate of n-butanol disappearance, a plot of ln CB 
423 vs time should provide a straight line. Fig. 6 depicts such plots for three different temperatures 
424 of 523 K, 548 K, and 573 K. The slope of these plots is equal to the pseudo reaction rate 
425 constant (k (s―1)). The values of k (s―1) and their corresponding coefficient of determination 
426 (R2) is provided in Table 2. As expected, one can see an increase in the value of k with an 
427 increase in temperature.
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428  

429 Fig. 6. Pseudo first-order reaction model of n-butanol hydrothermal reaction according to 
430 equation (10) at 523 K, 548 K, and 573 K (Reaction conditions: t = 0 - 45 min, initial N2 
431 pressure = 5 bar, Pt/Al2O3 loading = 0.5 g).

432 Table 2. Pseudo reaction rate constants of hydrothermal reaction of n-butanol at different 
433 temperatures. 

Temperature (K) Reaction rate constant, k × 
10―1 (𝑠―1)

R2

573 10.59 0.9776

548 5.33 0.9732

523 2.62 0.9951

434

435 The data provided in Table 2 then is used to determine the Arrhenius activation energy by 
436 plotting the log k vs 1/T according to Equation (11):

log k =
―Ea

2.303R
1
T + log k0

(11)

437

438 where Ea is the activation energy (J mol―1), R is the gas constant (J K―1mol―1), and k0 is pre-
439 exponential factor (s―1). From the slope and intercept of the Arrhenius plot presented in Fig. 
440 7, the activation energy (Ea) and the pre-exponential factor (k0) were calculated to be 69.59 kJ 
441 mol―1 and 2.31 × 103 s―1 respectively. The coefficient of determination for the Arrhenius plot 
442 (Fig. 7. ) was R2 = 0.9997, indicating a strong fit of the data to the Arrhenius equation.
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443

444 Fig. 7. Plot of the Arrhenius reaction rate constant vs temperature for hydrothermal reaction of 
445 n-butanol.

446 To the best of our knowledge, this is the first study to evaluate the kinetics of the hydrothermal 
447 reaction of n-butanol over a Pt/Al2O3 catalyst for the purpose of producing propane and H2. 
448 Due to the lack of literature data on the kinetics of this specific transformation, a direct 
449 comparison of our results with existing data was not feasible. Nevertheless, Table 3 provides a 
450 comparison of closely related kinetic studies on n-butanol steam reforming with this present 
451 study.

452

453 Table 3. Comparison of kinetic studies on n-butanol steam reforming with this study.

Catalyst Reaction 
conditions

Reaction order Ea
a (kJ mol―1)1 Reference

5% Ru/Al2O3 T = 623-773 K,

S/C = 33.3 mol
 mol―1,

W/FA0 = 3.3-
16.7 g h mol―1

1.05 78 [24]

0.5% Pt/Al2O3 T = 623-773 K,

S/C = 33.3 mol
 mol―1,

W/FA0 = 33.4-
166.8 g h mol―1

1 22.9 [23]

1 Ea with respect to n-butanol consumption

573 K

548 K

523 K

-3.8
-3.7
-3.6
-3.5
-3.4
-3.3
-3.2
-3.1
-3.0
-2.9
-2.8

1.70 1.80 1.90 2.00

Lo
g 

K

1/T ×103 (deg K)-1
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0.5% Pd/Al2O3 T = 623-773 K,

S/C = 33.3 mol
 mol―1,

W/FA0 = 33.4-
166.8 g h mol―1

1 30.2 [23]

Ni/Hydrotalcite T = 623-773 K,

S/C = 50.4 mol 
mol―1,

W/FA0 = 5-12.5 
g h mol―1

1 50 [25]

5% Pt/Al2O3 T = 523-573 K,

Feed = 10wt% 
butanol in 
water,

Catalyst loading 
= 0.5 g

1 69.59 This work

454

455 In studies on n-butanol reforming reported in the literature, there appears to be an agreement 
456 that the reaction order with respect to butanol was first-order [23-25]. Interestingly, this 
457 hydrothermal reaction study also demonstrated that a reaction order of unity best described the 
458 rate of butanol disappearance, resulting in the production of propane, H2, and CO2. While direct 
459 comparison of activation energies may be inadequate due to differences in reaction conditions, 
460 it is notable that the activation energy observed in this study was within a similar order of 
461 magnitude as that reported in some of the n-butanol reforming studies [24, 25].

462

463 3.3.1. Heterogeneous kinetic modelling

464 As previously described, the catalytic hydrothermal reaction of n-butanol in the system used 
465 for this present study is considered a gas-liquid-solid three-phase reaction, involving n-butanol 
466 and water in the gas-liquid phase, reaction intermediates (such as CO and/or HCHO) in the gas 
467 phase, and the surface of the solid catalyst. Although a simple first-order power-law rate model 
468 adequately described the rate of hydrothermal reaction of n-butanol, it was unable to provide 
469 insight into surface processes occurring on Pt/Al2O3 catalyst. To address this limitation, the 
470 Langmuir-Hinshelwood (LH) model emerged as a widely adopted method for deriving rate 
471 expressions in fluid-solid catalytic reactions. This mechanistic model considers both 
472 adsorption/desorption phenomena on the catalyst surface and the surface reactions.
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473 As discussed in Section 3.2, the deformylation and dehydrogenation/decarbonylation of n-
474 butanol were suggested as the two plausible dominant reaction mechanisms for the formation 
475 of propane, H2, and CO2 over a Pt/Al2O3 catalyst [16]. To develop a suitable LH model 
476 expression, each of these reaction mechanisms could be described in terms of four elementary 
477 reaction steps. 

478 For the dehydrogenation/decarbonylation mechanism, the steps include the adsorption of n-
479 butanol on the surface, followed by its reaction to produce propane gas and surface-adsorbed 
480 CO. The adsorbed CO then rapidly reacts with surface-adsorbed water to produce hydrogen 
481 and carbon dioxide. These elementary steps are depicted in Equations (12) to (15).

Step1: C4H9OH + S 
k1

k―1
 C4H9OH(S) (12)

Step2: C4H9OH(S) 
k2

k―2
 CO(S) + C3H8 + H2

(13)

Step3: H2O + S 
k3

k―3
 H2O(S) (14)

Step4: CO(S) + H2O(S)
k4

k―4
 CO2 + H2 + 2S (15)

482

483 For the deformylation mechanism, the initial adsorption of n-butanol on the surface is followed 
484 by its reaction to produce propane gas and surface-adsorbed formaldehyde. The adsorbed 
485 formaldehyde then rapidly reacts with surface-adsorbed water to produce hydrogen and carbon 
486 dioxide. These elementary steps are depicted in Equations (16) to (19).

Step1: C4H9OH + S 
k1

k―1
 C4H9OH(S) (16)

Step2: C4H9OH(S) 
k2

k―2
 HCHO(S) + C3H8

(17)

Step3: H2O + S 
k3

k―3
 H2O(S) (18)

Step4: HCHO(S) + H2O(S)
k4

k―4
 CO2 + 2H2 + 

2S

(19)

487

488 Rate expressions were derived by assuming either the adsorption or surface reaction of n-
489 butanol as the rate-determining step (RDS). The rapid reaction of water with CO or 
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490 formaldehyde excludes these as RDS [16]. Simplifying assumptions, given the negligible 
491 concentration of products relative to water, resulted in identical rate expressions for both 
492 mechanisms: one based on n-butanol adsorption (Model 1) and the other on its surface reaction 
493 (Model 2) (see Supplementary Information Section S1). These rate expressions are depicted in 
494 Equations (20) and (21), respectively.

Model 1: r =
k1CB

1 + K3CW

(20)

Model 2: r =
K1k2CB

1 + K1CB + K3CW

(21)

495

496 kn is defined as the forward reaction rate constant (mol g―1 s―1)2, the equilibrium constant Kn 
497 is defined as the ratio of the forward reaction rate constant to the backward reaction rate 
498 constant. CB  and CW  represent the concentrations of n-butanol and water (mol L―1), 
499 respectively. 

500 The model variables including the surface reaction rate constant (ks), n-butanol equilibrium 
501 constant (K1), and water equilibrium constant (K3) were estimated using a nonlinear 
502 generalized reduced gradient (GRG) solver in Microsoft Excel. The model was solved by 
503 minimizing the objective function, which is the residual sum of squares (RSS) as defined in 
504 Equation (22):

RSS = (rexp ― rmod)2 (22)

505

506 where rexp and rmoddenote the experimental and the model-computed reaction rates, 
507 respectively. To identify the best-fit model and hence determine the rate-determining step that 
508 describes the kinetics of the n-butanol hydrothermal reaction, the R2 value is calculated using 
509 Equation (23):

R2 = 1 ―
∑(rexp ― rmod)2

∑ (rexp ― rexp,avg)2

(23)

510

511 Table 4 summarizes the estimated values of reaction rate constants and their corresponding R2 
512 value at different reaction temperatures. As can be seen, Model 2 with R2 values between 

2 Here, the rates are expressed in units of mol g―1 s―1, considering a catalyst loading of 0.04 g L―1in all 
experiments.
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513 0.9412 and 0.999 clearly provided more accurate fit to the experimental data than Model 1 with 
514 R2 values of between 0.8727 and 0.9751. Additionally, as shown in Table 5, the activation 
515 energy estimated by Model 2 closely approximated that obtained from the power law model 
516 (69.59 kJ mol―1). Hence, Model 2 was considered a better fit and is subjected to further 
517 evaluation. 

518 Table 4: Estimation of Model 1 and Model 2 parameters at different temperatures.

Model Temperature 
(K)

k × 10-4 (mol g―1s―1

)
K1 K3 R2

573 17.37 - 0.54 0.8727

548 12.05 - 0.56 0.95271

523 6.68 - 0.62 0.9751

573 2.46 6.85 0.45 0.9412

548 1.49 8.56 0.47 0.94792

523 0.71 10.70 0.50 0.9990

519
520 Table 5: Estimation of Arrhenius activation energy and pre-exponential factor for Model 1 and 
521 2.

Model k0 (mol 
g―1s―1)

Eact (kJ 
mol―1)

R2

1 1.67 36.95 0.9931

2 44.09 62.46 0.9936

522

523 As per Boudart et al. [36], the equilibrium constants reported in a proposed L-H model must 
524 follow the thermodynamic criteria outlined in Equation (24) to hold a physical meaning and 
525 thus validate the proposed reaction model.
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10 ≤  -∆S ≤  12.2-0.0014∆H (24)

526 where ∆S is the entropy of adsorption for the substrate (cal mol―1 K―1) and ∆H is the enthalpy 
527 of adsorption for the substrate (cal mol―1). 

528 The entropy (∆S) and enthalpy (∆H) values for the adsorption of butanol and water were 
529 calculated utilizing Van't Hoff's equation provided in Equation (25):

lnK = ―
∆H
RT +

∆S
R

(25)

530 where K is the adsorption equilibrium constant for either butanol or water, R is the gas constant 
531 and T is the absolute temperature. 

532 The estimated values for Model 2 are shown in Table 6. It can be seen that Model 2 follows 
533 the guidelines for both reactants as suggested by Boudart et al. [36] in Equation (24). The 
534 obtained values indicated that Model 2 was thermodynamically consistent and supported the 
535 proposed L-H reaction model in this study. Examining the magnitude of the estimated enthalpy 
536 of adsorption for n-butanol and water in Table 6 suggests that both reactants adsorbed weakly 
537 onto the catalyst surface, as substantially higher values would suggest stronger interactions. 

538 Table 6: Estimation of the thermodynamic parameters for model 2.

Substrate ∆H (kJ 
mol―1)

∆S (kJ 
mol―1 K―1)

R2 Rule 1 
proposed in 
Equation 
(24)3.

Rule 2 
proposed in 
Equation 
(24)

Butanol -33.51 -0.044 0.9993 10 ≤ 10.58 
(Yes)

10.58≤23.41 
(Yes)

Water -18.16 -0.045 0.9993 10 ≤ 10.77 
(Yes)

10.77≤18.28 
(Yes)

539

540 Similar low values of enthalpy of adsorption for n-butanol and water have been reported over 
541 Ru/Al2O3 catalysts [24]. The parity plot for Model 2 is shown in Fig. 8. Same as the power rate 
542 law, the accuracy of the L-H model was higher at lower temperatures investigated and tended 
543 to decrease as temperature increased. This was possibly due to the occurrence of minor side 
544 reactions discussed in Section 3.2 and/or the limitation of collecting highly accurate data in a 

3 Note that the adsorption values in equation (24) are in calories.
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545 batch system. Nevertheless, the average R2 value of Model 2 across different temperature were 
546 0.9625 that shows a reasonable agreement of the predicted and experimental reaction rates.

547

548 Fig. 8. Parity Plot of model 2 for comparison of predicted and experimental reaction rates.

549 The activation energy estimated by Model 2 and the power rate law are notably higher than the 
550 typical activation energy observed in a mass transfer-limited system (12−21 kJ mol―1), 
551 suggesting that the experimental data were collected within the kinetically controlled regime 
552 [37-40]. The obtained values for the activation energy further supported the conclusion of 
553 minimal internal and external mass transfer limitation, as discussed in Section 3.1. The 
554 proposed L-H model was applicable to both dominant reaction mechanism proposed in the 
555 literature [16] for the formation of propane, H2, and CO2 over Pt/Al2O3 catalyst and under the 
556 reaction condition used in our study.

557 4. Conclusions

558 This study systematically examined the hydrothermal reaction of n-butanol with 1.5 mol L―1 
559 n-butanol initial concentration over 5wt% Pt/Al2O3 at various reaction temperatures (523 K - 
560 573 K) and reaction times (0 - 45 minutes) using a batch reactor to collect kinetic data. 
561 Experiments were conducted with different catalyst loadings (0.1 g to 1 g), and it was found 
562 that external mass transfer was negligible. Additionally, analysis of the Weisz-Prater criteria 
563 indicated the absence of internal mass transfer for the conditions of the study. Gas product 
564 analysis over 45 minutes of reaction time showed that the formation of the main products could 
565 be reliably described by the reaction pathway represented by Equation (8).

566 The experimental data was fitted to a power-law rate equation using an integral method, 
567 revealing a reaction order of unity with respect to n-butanol and an activation energy of 69.59 
568 kJ mol―1. Langmuir-Hinshelwood models were established based on two plausible dominant 
569 reaction mechanisms of dehydrogenation/decarbonylation and deformylation, assuming either 
570 the adsorption or surface reaction of n-butanol as the rate-determining step. Simplifying 
571 assumptions, due to the negligible concentration of products relative to water, resulted in 
572 identical rate expressions for both mechanisms. A statistical approach revealed that Model 2 
573 (n-butanol surface reaction as RDS) provided a better fit to the experimental data with R2 
574 values between 0.9412 and 0.999. The activation energy predicted by Model 2 was 62.46 kJ 
575 mol―1 which was close to that of power law. The proposed L-H method was found to be 
576 thermodynamically consistent and examining the magnitude of the estimated enthalpy of 
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577 adsorption for n-butanol and water suggested that both reactants adsorbed weakly onto the 
578 catalyst surface. 

579 It should be noted that while this study proved the prevailing overall reaction equation involved 
580 in the conversion of n-butanol, it was unable to distinguish between the two mechanisms of 
581 butanol dehydrogenation/decarbonylation and deformylation. This was possibly due to the fast 
582 rate of conversion of the side products, namely CO and HCHO within the hydrothermal 
583 reaction system used in this present study. Making a distinction between the two mechanisms 
584 could be better served using a continuous rig equipped with a real-time sampling facility. The 
585 kinetic results presented in this paper can be a reference for predicting the reaction behaviour 
586 of n-butanol hydrothermal reaction over Pt/Al2O3catalyst and the design of a catalytic reactor.
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