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Abstract  18 

Addressing challenges associated with fossil fuels emissions and contributing to a sustainable 19 

energy future is the main objective of the science community. Hydrogen (H2) is emerging as a 20 

promising future fuel promoting clean energy production. In this work, the catalytic 21 

decomposition of hydrous hydrazine was evaluated using a commercial 0.5 wt.% Rh/Al2O3 22 

catalyst for H2 generation. The reaction conditions for the catalyst were optimised in a batch 23 

reactor, and computational fluid dynamics (CFD) simulations were performed, accurately 24 

validating the results. CFD studies were also conducted on velocity and temperature magnitude 25 

and, reactant concentration and catalytic particles distribution in the reactor area, highlighting 26 

the key role of the systems’ uniformity on maximum H2 generation. This work is the first, to 27 

our knowledge, which uses computational simulation on hydrous hydrazine decomposition, 28 

contributing to better understand the reaction kinetics, providing insights for practical hydrogen 29 

applications.  30 

Keywords: Hydrous Hydrazine, Hydrogen, Batch reactor, CFD 31 



1. Introduction 32 

Fossil fuels are widely used as the world’s main energy source, which led to the emission of 33 

green-house gases (GHGs), contributing to climate change and global warming [1]. Carbon 34 

dioxide (CO2) is considered the main GHG, produced by fossil fuels combustion. [2]. To meet 35 

the global energy consumption requirements, renewable energy sources have gain interest to 36 

accomplish a policy of zero carbon emission [3]. In particular, hydrogen (H2) is a great 37 

alternative since it possesses a low environmental impact and a much higher gravimetric energy 38 

content than that of conventional fuels [4].  39 

H2 is primarily derived from natural gas, oil, and coal but various technologies are emerging to 40 

produce H2, such as nuclear power or renewable sources using solar/wind energy, biomass, 41 

geothermal and hydrogen containing compounds [5]. Liquid Organic Hydrogen Carriers 42 

(LOHCs) offer a promising solution for hydrogen storage and transport, with advantages 43 

including increased capacity, ease of handling, and adaptability to existing infrastructure [6]. 44 

Although, they are far more advantageous than traditional methods, harmful carbon-based 45 

byproducts and GHGs are nevertheless produced from the organic content. To overcome this 46 

obstacle, carbon-free hydrogen carriers are therefore required such as ammonia borane 47 

(NH3BH3), hydrous hydrazine (N2H4.H2O, HH) and hydrazine borane (N2H4BH3) [7–13]. 48 

Hydrous hydrazine (N2H4.H2O, HH) is a very promising hydrogen carriers to achieve mild CO-49 

free H2 production, due to its high hydrogen content (7.9 wt%) and since it is liquid and stable 50 

at standard conditions. The decomposition of HH occurs in two different routes: the complete 51 

dehydrogenation pathway (Eq.1), producing hydrogen (H2) and nitrogen (N2), and the 52 

incomplete dehydrogenation pathway (Eq.2), where the only by-products are ammonia (NH3) 53 

and nitrogen (N2), which is also the thermodynamically favoured pathway [14].  54 

                                     N2H4 (l)  2H2 (g) + N2 (g), ΔΗ = -95.4 kJ/mol                               (1) 55 

                                    3N2H4 (l)  4NH3 (g)  + N2 (g), ΔΗ = -157 kJ/mol                            (2) 56 

Nowadays, great interest is aimed  at developing  highly efficient catalytic systems that are 57 

selective to  H2. Among several noble and non-noble monometallic systems, it was observed 58 

that Rh nanoparticles (NPs) achieved the highest catalytic activity but with a low yield of 59 

43.8%, while non-noble metals weren’t active. [15].Supports also play a pivotal role in the 60 

development of novel and efficient catalysts. The most used supports are oxides such as 61 

aluminium (III) oxide (Al2O3), titanium (IV) oxide (TiO2) and cerium (IV) oxide (CeO2) due 62 



to strong metal-support interactions modulating the metal electronic structure, thus the 63 

structure-activity relationships. Furthermore, when immobilised on the support surface NPs are 64 

dispersed and stabilised, thus more accessible to the substrate and less prone to sintering and 65 

agglomeration under reaction condition [16]. For the enhancement of the catalytic 66 

performance, a second metal can also be introduced to form a bimetallic system, e.g. Rh-Ni 67 

catalytic systems [17]. 68 

A study by Yao et al. [18] investigated hydrous hydrazine decomposition using a range of Rh-69 

MoOx nanoparticles with different metal compositions. The Rh0.5(MoOx)0.5 catalyst was the 70 

optimal among all the as-prepared Rh-MoOx NPs, achieving 100% yield towards H2 and a 71 

TOF value of 750 h-1 under alkaline conditions. It was concluded that the improved catalytic 72 

properties may be ascribed to the MoOx dopant-induced altered electronic structure, low 73 

crystallinity, small particle size, and robust basic sites of Rh NPs.  74 

The investigation of HH catalytic decomposition was only reported in batch systems (flasks) 75 

so far [19–23], due to their easy set-up and low cost. However, the deactivation of the catalyst 76 

cannot be investigated properly in a batch system. The stability of the catalyst can only be 77 

studied by introducing equal volumes of reactant solution in the system after the completion of 78 

the reaction causing dilution of the reactant, decreasing the total concentration and thus, the 79 

reaction rate. However, a batch set-up is necessary because the presence of alkali (NaOH, 80 

KOH) is needed for the reaction since it promotes the breakage of the N-H bond instead of the 81 

N-N bond and thus the decomposition towards H2 and N2 [24–27]. The basic medium used in 82 

the reaction could cause corrosion in other systems and eventually destroy them [28]. 83 

Motta et al. [29] synthesised iridium catalysts deposited on the cerium oxide surface (1 wt% 84 

Ir/CeO2) for the decomposition of hydrous hydrazine. The catalytic tests took place in a sealed 85 

single-neck round bottom flask used as a batch reactor. The decomposition was monitored 86 

through a gas collection system with an acid washing bottle (1M HCl) to trap NH3 if produced. 87 

Parameters such as temperature, concentration of the alkali, stirring rate and catalyst to substate 88 

molar ratio were modified to study the effect on yield and activity. The optimal conditions were 89 

50 oC, 0.5 M of the base, 1050 rpm and 250:1 substrate to metal molar ratio. Performing the 90 

reaction on experimental basis is practical but time consuming.  91 

Computational fluid dynamics (CFD) software can thus be utilised since they are a valuable 92 

tool that provide accurate validation of the experimental results [30, 31, 40, 32–39]. Besides 93 

validation, computational simulations can predict and optimise data, offering the opportunity 94 



for parameter optimisation without any need for repetition of the experiment. CFD modelling 95 

has not yet been implemented for the catalytic reaction of HH since the reaction rate of this 96 

reaction is complicated and many studies report different decomposition mechanisms and 97 

reaction kinetics [41–43]. 98 

Aim of this work is to find the optimal experimental conditions for the decomposition of HH, 99 

using a commercial 0.5 wt% Rh/Al2O3 catalyst and couple the data with computational 100 

simulations for validation. To the best of our knowledge, no CFD models were developed 101 

combining reaction kinetics data from literature with experimental findings to describe this 102 

reaction. With the use of COMSOL Multiphysics, CFD studies on HH decomposition were 103 

conducted, performing also CFD parametric studies on the system’s uniformity, investigating 104 

velocity and temperature fields and distribution of the reactant and the catalytic particles in the 105 

system. These results offer a better understanding on parameter optimisation and get better 106 

insights for hydrous hydrazine decomposition for carbon-free H2 production.  107 

2. Experimental Methodology 108 

2.1 Materials 109 

Commercial 0.5% Rh/Al2O3 was supplied by Engelhard. Hydrous hydrazine (N2H4∙H2O, 98 110 

%) and sodium hydroxide (NaOH, ≥98 %), were acquired from Sigma-Aldrich. 111 

2.2 Characterization 112 

Transmission electron microscopy (TEM) characterization of the samples was performed using 113 

a TEM/STEM FEI Talos F200X G2 microscope (Thermo Fisher Scientific, Waltham, MA, 114 

USA). This equipment allows obtaining HAADF-STEM images and XEDS thanks to 4 Super-115 

X SDDs. HAADF-STEM, a technique whose contrast/intensity is sensitive to the square of the 116 

atomic number, is particularly suitable for distinguishing highly dispersed nanoparticles of 117 

heavy elements such as Rh on light supports like alumina. However, EDXS was recorded to 118 

confirm that the contrast corresponds to the Rh nanoparticles. 119 

2.3 Catalytic experiment 120 

A two-necked round bottom flask (35 mL) was used to perform HH decomposition at the 121 

desired temperature, under kinetic conditions [44]. One of the flask’s necks was connected the 122 

Man On the Moon X102 kit recording the partial pressures of the released gas, as reported in 123 

many studies regarding H2 generation [45–47]. The required amount of catalyst was placed to 124 

the reactor, where 5.0 mL of a 0.5 M NaOH aqueous solution was introduced and heated at the 125 

desired temperature. After an equilibration of the system, a syringe was used to inject into the 126 



reactor 300 μL of an aqueous solution containing 3.3 M hydrous hydrazine via a vacuum 127 

septum. The products evolution was sampled each 0.3s until the reaction reaches a pressure 128 

plateau signalling the end of the reaction. To verify experimental reproducibility and evaluate 129 

measure uncertainty, all catalytic tests were carried out three times. Equation 3 was used to 130 

calculate the yield towards H2 generation ( ): 131 

                                                               (3) 132 

To guarantee the removal of any NH3, the released gaseous products were allowed to pass 133 

through a trap filled with an aqueous solution of 0.05 M HCl [22]. Thus, the measured gas 134 

pressure during the reaction was consisted only of N2 and H2, enabling to obtain the molar ratio 135 

( ) as  by utilising the ideal gas law ( ). Hence, H2 yield was computed 136 

utilising Equation 4: 137 

                                                                              (4) 138 

As it can be seen from Eq.4, the yield towards H2 can reach 100% if the normalised ratio has a 139 

value of 3, indicating that NH3 isn’t produced. The ratio of converted substrate to metal moles, 140 

normalised with respect to the reaction time ( ), was used to calculate the catalytic activity. The 141 

initial activity was calculated for time approaching zero ( ). The conversion of N2H4·H2O 142 

was quantified through a Jasco V-730 spectrophotometer, using a 1 cm quartz cell, based on 143 

the quantitative reaction of the remaining substrate with 4-dimethylaminobenzaldehyde (4-144 

DMAB) in dilute hydrochloric acid (HCl), resulting in a p-quinone structure that strongly 145 

absorbs radiation at 456 nm [48].  146 

3. Modelling Methodology 147 

3.1 Reaction kinetics 148 

The Power-Law model is used to describe the reaction rate of the decomposition of hydrazine 149 

as shown below: 150 

                                                                                                                (5) 151 

where  denotes the reactants rate expression (mol/m3.s),  is the specific rate constant (1/s), 152 

 and  denote the initial concentration with respect to HH and catalyst (mol/m3), and lastly 153 

 and  are the orders of the reaction for HH and catalyst respectively. A value of 43.3 kJ/mol 154 

for the activation energy (Ea) was calculated based on the experiments. The complicacy of this 155 



reaction leads to limited data regarding its kinetics. For the order of reaction regarding HH 156 

concentration, an average value of 0.33 was reported by a review study [49] while for the 157 

catalyst concentration a value near 1.00 was found [49–52] and thus the order was fixed to 158 

1.00, which validated accurately the experimental data.  159 

3.2 Batch reactor modelling  160 

In a batch reactor there is no inflow or outflow and therefore a sealed, perfectly mixed system 161 

of constant volume is assumed. Additional hypotheses are that fluids both in gas and liquid 162 

phase are ideal. Based on the above assumptions a zero-dimensional (0D) model was developed 163 

utilising the COMSOL 5.6 simulation software.  164 

The mass balance for each component, i, is given by: 165 

                                                                                                                           (6) 166 

where  is the molar concentration of each species (mol/m3),  expresses the volume (m3),  167 

is the time (s) and  denotes the sum of each components rate expression (mol/m3.s). The 168 

variation of volume is also included in the Eq.6 and thus, based on the assumptions mentioned 169 

above, the mass balance can be expressed as: 170 

                                                                                                                                   (7) 171 

The energy balance for an ideal and incompressible liquid reactant is: 172 

                                                                                                        (8) 173 

where  is the molar heat capacity for each component (J/mol.K) and  is the temperature 174 

(K). On the right side of the equation,  expresses the chemical reaction heat (J/s) while  175 

presents the heat added to the system (J/s).  176 

The heat of reaction can be calculated by: 177 

                                                                                                                       (9) 178 

In the above formula  is the molar enthalpy (J/mol) and  is the rate of reaction (mol/m3.s).  179 

For the simulation of the velocity and temperature fields, a 2D model was developed using the 180 

Rotating Machinery, Turbulent Flow, k-ε and Heat Transfer in Fluids using both frozen rotor 181 

and time-dependent study types. The continuity equation and Navier-Stokes equation are the 182 



equations solved by the Turbulent Flow, k-ε interface as shown below, for conservation of mass 183 

and for conservation of momentum, respectively. 184 

The continuity equation is written as: 185 

                                                                                                                  (10) 186 

where  is the density of the fluid (kg/m3) and  is the velocity (m/s). For an incompressible 187 

fluid, the density is constant and therefore the equation becomes: 188 

                                                                                                                              (11) 189 

The Navier-Stokes equation is: 190 

                                                                                       (12) 191 

where on the right hand of the equation,  is the pressure (Pa),  denotes the identity tensor,  192 

is the external force (N/m3) and  is the viscous stress tensor (Pa) and describing an 193 

incompressible Newtonian fluid gives: 194 

                                                                                                  (13) 195 

where  is the dynamic viscosity (Pa.s) and  is the turbulent viscosity given by the equation 196 

below: 197 

                                                                                                                           (14) 198 

where  is a model constant, is the turbulent kinetic energy (m2/s2) and  is the turbulence 199 

dissipation rate (m2/s3). 200 

The model introduces two additional transport equations for the two dependent variables,  201 

and : 202 

The transport equation for  is: 203 

                                                                  (15) 204 

with  a production term of: 205 

                                                        (16)206 

Τhe transport formula for  is: 207 



                                                   (17) 208 

Values for the model constants, , , , , ,  are given from experimental data with 209 

values of 0.09, 1.0, 1.3, 1.44 and 1.92 respectively.  210 

The Heat Transfer in Fluids is described by the following energy balance formula: 211 

                                                                          (18) 212 

where  is the heat capacity at constant pressure (J/kg.K) and  is the heat flux by conduction 213 

(W/m2). On the other hand of the formula,  is the additional heat sources (W/m3),  is the 214 

work done by pressure changes (W/m3) and  is the viscous dissipation term (W/m3). The 215 

term  is given by Fourier’s law of heat conduction as shown below: 216 

                                                                                                                              (19) 217 

where  is the thermal conductivity (W/m.K). 218 

Additionally, the dispersion of hydrazine and catalytic particles was simulated using the 219 

Transport of Diluted Species Physics Interface and the Particle Tracing for Fluid Flow 220 

respectively. The Transport of Diluted Species was solved using the Fick’s law equation: 221 

                                                                                                      (20) 222 

where  is the diffusion flux (mol/(m2.s) given by: 223 

                                                                                                                           (21) 224 

where  is the diffusion coefficient (m2/s). 225 

For the distribution of the particles the Newtonian formulation is used, based on Newton’s 226 

second law of motion: 227 

                                                                                                                      (22) 228 

where  is the particle mass (kg),  is the position of the particle (m) and F is the total force 229 

on the particles (N).  230 

For this simulation, an alteration of the Eq.22 was used, the Newtonian first-order formulation 231 

as shown in below: 232 



                                                                                                                             (23)                         233 

 where  is the particle velocity (m/s) equal to .  234 

The particles are reflected when hitting the reactor walls with a velocity of: 235 

                                                                                                              (24) 236 

where  is the particle velocity when hitting the wall and  the incident/reflected angle. 237 

For this work, COMSOL Multiphysics 5.6 was used, utilising the feature Reaction Engineering 238 

of the Chemical Reaction Engineering module to develop a batch reactor for the decomposition 239 

of hydrazine. The batch system had 4 degrees of freedom and an average of 5 s of 240 

computational time. For the 2D system Rotating Machinery, Turbulent Flow, k-ε, Heat Transfer 241 

in Fluids, Transport of Diluted Species and Particle Tracing for Fluid Flow interfaces were used 242 

with 32486, 6452, 6498 and 20001 degrees of freedom and 27 min, 1 min, 22 min and 1 min 243 

computational time respectively.  244 

4. Results and Discussion 245 

4.1 Catalyst characterisation 246 

The commercial 0.5% Rh/Al2O3 catalyst was characterized utilising transmission electron 247 

microscopy, as illustrated in Figure 1. Our comprehensive analysis reveals that Rh 248 

nanoparticles are uniformly dispersed across the alumina support. Analysis of the particle size 249 

distribution included in Figure 1c reveals a predominantly unimodal distribution and an 250 

average particle size of 2.46 nm. The particle size distribution was also employed to 251 

determinate the particle dispersion. This result indicates that the catalyst exhibits a notable level 252 

of particle dispersion, approximately 42%, highlighting the effectiveness of the catalyst 253 

preparation method in achieving uniform nanoparticle distribution. In agreement with the TEM 254 

analysis, because of the low metal loading, the XRD pattern (Figure S1) did not reveal any 255 

signal of crystalline Rh, confirming the presence of small, well-dispersed particles over the 256 

support.  257 



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

Figure 1. HAADF images and particle distribution of commercial Rh/Al2O3.273



4.1.1 Catalytic tests 274 

Catalytic tests were performed varying parameters that are known to have an effect either on 275 

the yield of the reaction, catalytic activity, or both. Stirring rate, temperature, mass of catalyst, 276 

N2H4 concentration and NaOH concentration were investigated to find the ideal experimental 277 

conditions for maximum H2 generation and provide a power-law rate expression to describe 278 

the decomposition of HH. Hydrous hydrazine decomposition was conducted in batch reactor 279 

and the kinetic profiles are evaluated in terms of the normalised ratio of n(H2+N2)/n(N2H4) 280 

plotted against the reaction time to highlight H2 generation. Complete conversion was verified 281 

through the UV-Vis analysis of hydrous hydrazine quantitatively reacted with 4-DMAB. The 282 

yield to H2 was evaluated using the pressure of the gaseous products (H2 + N2). Based on the 283 

stoichiometry of the reaction, at complete conversion, a 100 % H2 yield corresponds to a 284 

n(H2+N2)/n(N2H4) value of 3, while of 0.3 corresponds to 0 %. 285 

CFD studies were, afterwards, implemented using the experimental data and kinetics from 286 

literature to compare the predicted values with the experimental results, investigating the 287 

accuracy of the model. The combination of the experimental and computational parametric 288 

studies is presented below.   289 

 290 

4.1.1.1 Effect of stirring rate  291 

External mass transfer limitations can occur related to the diffusion of the reactant from the 292 

liquid bulk on the external surface of the catalytic particle, depending on the thickness of the 293 

boundary layer in between of the liquid and the catalyst surface [53]. Therefore, it is essential 294 

to confirm that the reaction is kinetically controlled. Internal mass transfer limitations can be 295 

neglected since the catalyst is in powder form. Catalytic tests took place changing the stirring 296 

rate from 250 to 1400 rpm. From Figure 2, it is observed that the stirring rate has no substantial 297 

effect on the yield of the reaction. CFD studies agree with the experimental results since the 298 

stirring rate is only expected to influence the diffusion. Indeed, comparing the TOF values from 299 

the different stirring rates (Figure 3), it is evident that at lower stirring rates the catalytic activity 300 

is lower, while a plateau is reached between the values of 750 and 1400 rpm. Thus, mass 301 

transfer resistance is avoided since TOF values above 750 rpm are constant. Other studies also 302 

confirmed that the reaction is not controlled by mass transfer above 900 rpm and at stirring 303 

rates below 300 rpm, mass transfer resistances influence the reaction rate [54, 55]. Further 304 

experiments were conducted under 1400 rpm to ensure the achievement of kinetic regimes.  305 



Figure 2. n(H2 + N2)/n(N2H4) versus time varying the value of stirring rate at 250, 500, 750 306 

and 1400 rpm. Reaction conditions: 150 μL of 3.3 M N2H4, 0.5 M NaOH, 1000:1 substrate to 307 

metal molar ratio and temperature of 70 oC.  308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

Figure 3. TOF (left y–axis), and yield (right y–axis), at different stirring rates. 317 

 318 



To ensure the uniformity of the system and the avoidance of external mass transfer limitations, 319

a 2D simulation was developed investigating the velocity magnitude at 1400 rpm. As seen from 320

Figure 4, the initial velocity distribution is not uniform in the batch system (Figure 4a). Moving 321

to 0.25 and 0.5 s (Figure 4b and c, respectively) the velocity field starts to appear smoother.322

Uniformity of the system is achieved at 0.75s and remains constant with the stirring. The 323

highest velocity magnitude can be observed at the top and bottom of the magnetic stirrer as 324

expected, since it is the area that the fluid hits the stirrer resulting in higher velocity, while the 325

remaining surface area has an average velocity magnitude. The simulation findings are in a 326

great agreement with the expectations, considering the small size of the batch reactor and high 327

rotational rate utilised.328

Figure 4. Velocity field distribution at 1400 rpm in the batch system over time at a) 0s, b) 329

0.25s, c) 0.5s and d) 0.75s.330

331

b)

c) d)

a)



It is known that low rotational rates will cause a non-uniform distribution of the solution. Thus, 332 

CFD analysis was also conducted with lower stirring rates (250, 500  and 750 rpm), according 333 

to the experiments, to show how the solution is dispersed in the batch system. From Figure 5 334 

below, it is evident that at 250 rpm, the solution is not well mixed far from the magnetic stirrer. 335 

At 450 rpm  the mixing is improved, but still the rate is very low. Using 750 rpm, the velocity 336 

field distribution is similar with the 1400 rpm, confirming the kinetic regime validation from 337 

the TOF analysis. Lower velocity range, compared to 1400 rpm, is also observed at every case 338 

of lower stirring rate and thus, 1400 rpm was the optimal stirring rate. Since, there was a good 339 

validation between the 2D simulation and the experimental findings regarding the rotational 340 

speed, the effect of the magnetic stirrer dimension was also studied computationally. Figure S2 341 

provides the velocity profile when a smaller stirrer is used. The size of the stirrer prevents the 342 

solution from being evenly mixed over the reactor’s radial surface, creating a “dead zone.” 343 

Conversely, when a bigger magnetic stirrer is used, the “dead zone” is near the stirrer, but the 344 

rest of the reactor surface is uniform (Figure S3). However, when big stirrers are used in 345 

experiments at high speeds, droplets of the solution are formed on the walls wasting a 346 

substantial amount of the reactant and catalyst. 347 

 348 

 349 



350

351

352

353

354

355

356

Figure 5. Velocity field distribution in the batch system at a) 250 rpm, b) 500 rpm and c) 750 357

rpm.358

It is evident form the above experimental and simulation results, that 1400 rpm is the optimum 359

stirring rate. Indeed, based on the further conducted CFD studies the external mass transfer 360

cannot be neglected at low stirring rates since low velocity implying that an interface of 361

relatively large thickness, that the reactant must diffuse through to get to the surface of the 362

catalyst. The stirrer length that was also examined computationally, demonstrated that the size 363

of the stirrer has a significant effect on the velocity field enhancing the need of CFD studies 364

for time-saving results.365

366

367

368

a)

c)

b)



4.1.1.2 Effect of temperature 369 

The temperature is a significant parameter since it affects the yield of the reaction. Indeed, the 370 

pathway towards H2 production is more endothermic (ΔΗ = -95.4 kJ/mol) compared with the 371 

reaction generating NH3 (ΔΗ = -157 kJ/mol) and thus favoured in higher temperatures, 372 

meaning that at lower temperatures NH3 will be the main product of the reaction. However, it 373 

is reported by many studies that even though the increase of the temperature favours the 374 

decomposition towards H2, higher temperatures might result in a decreased yield. This could 375 

be a result of reaction intermediates that occur at higher temperatures causing the 376 

poisoning/saturation of the active sites. In the case of the commercial Rh/Al2O3 increasing the 377 

temperature from 50 to 70 oC the yield increases up to 93% (Figure 6), and at 80 oC the yield 378 

of H2 is decreased but the activity of the catalyst is increased (Figure S4). Therefore 70 oC was 379 

chosen as the optimised temperature even though the maximum yield reached is 93%, meaning 380 

that NH3 or reaction intermediates are also generated. The computational results agree with the 381 

experimental data, proving again that the kinetic data obtained from literature describe 382 

accurately the decomposition reaction rate. An Arrhenius plot is also presented below (Figure 383 

7) where the Ea was calculated at 43.3 kJ/mol. 384 

Figure 6. n(H2 + N2)/n(N2H4) versus time at temperatures of 50, 60, 70 and 80 oC. Reaction 385 

conditions: 150 μL of 3.3 M N2H4, 0.5 M NaOH, 1000:1 substrate to metal molar ratio and 386 

1400 rpm stirring rate.  387 



Figure 7. Arrhenius plot (50-80 oC). Reaction conditions: 150 μL of 3.3 M N2H4, 1000:1 388 

substrate to metal molar ratio, 0.5 M NaOH and 1400 rpm stirring rate. 389 

The temperature of the reaction is of significance importance as mentioned before. Therefore, 390 

computational evaluation of the temperature in the system was also investigated in a 2D model, 391 

using the optimum temperature of 70 oC, at 1400 rpm (Figure 8). As seen from Figure 8a at 392 

time zero the reactor is at room temperature and only the external part of the reactor has the set 393 

temperature. A total of 25 minutes are needed for the temperature of 70 oC to reach the centre 394 

of the reactor showing a homogeneous temperature distribution. Thus, it is evident that the 395 

reactor is isothermal, and the reaction takes place at 70 oC with no hot spots observed in the 396 

system.  397 

 398 

 399 

 400 



Figure 8. Temperature distribution in the batch system over time at a) 0s, b) 500s, c) 1000s and 401

d) 1500s, with stirring rate of 1400 rpm.402

As expected, high temperatures favour the generation of H2. Both experimental data and 403

simulation studies were in a good agreement with the simulation studies, showing that 404

increasing the temperature the yield is also increasing up to a limit where reaction intermediates 405

are generating. Moreover, the CFD studies predicted that the total time needed to achieve an 406

isothermal temperature distribution is 25 minutes, giving significant information for the 407

catalytic experiments such as the need to wait 25 minutes before adding the reactant, to ensure 408

a homogeneous temperature distribution.409

4.1.1.3 Effect of mass of catalyst410

Catalytic tests with different substrate to metal molar ratios were performed to test a possible 411

effect of the mass of catalyst,  in the H2 yield and on the mass transfer. Ratios of 4000:1, 2000:1, 412

1000:1 and 500:1 were used (0.0023, 0.0047, 0.0095 and 0.019 g of catalyst respectively). As 413

a) b)

c) d)



it can be seen from Figure 9 increasing the amount of metal, there is an increase in the yield of 414 

H2 and activity. Lower catalyst concentrations results in yield below 70%. The possible reason 415 

behind this is that the substrate concentration is higher compared with the concentration of the 416 

catalyst. Thus, the active sites become saturated very quickly and due to the fast release of 417 

gases that block the active sites, the available substrate does not react. Moreover, the CFD study 418 

is in great agreement with the data obtained from the experiments, achieving higher generation 419 

of H2 when increasing the amount of catalyst. TOF values were calculated (Figure 10) showing 420 

that the initial activity was similar for every ratio used. Thus, the constant TOF values confirm 421 

that there are no diffusion limitations, and the reaction is kinetically controlled.[29] Even 422 

though the 500:1 molar ratio exhibited the highest H2 yield in less reaction time it wasn’t chosen 423 

as the optimum ratio due to the need of high amounts of catalyst that would prevent any further 424 

experiments and thus the 1000:1 was utilised.  425 

Figure 9. n(H2 + N2)/n(N2H4) versus time at substrate to catalyst molar ratios of 4000:1, 426 

2000:1, 1000:1 and 500:1. Reaction conditions: 150 μL of 3.3 M N2H4, 0.5 M NaOH, 1400 427 

rpm stirring rate and temperature of 70 oC. 428 

 429 

 430 
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 432 
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 434 
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 436 

 437 

 438 

Figure 10. TOF (left y–axis), and yield (right y–axis), at different catalyst mass. 439 

4.1.1.4 Effect of N2H4 concentration  440 

Different initial concentrations of the reactant, N2H4, were tested to examine the impact of 441 

hydrazine concentration on the H2 yield and to the reaction rate. Concentrations of 0.1 M and 442 

below were used to investigate the catalytic performance on low reactants concentration. As it 443 

can be seen from Figures 11 and S5, yield increases proportionally up to a certain level and 444 

then levels off. For 0.1 M and 0.05 M the yield of the reaction is over 99 and 84 % respectively 445 

and therefore lower concentrations can be utilised. Only at 0.025 M the final H2 yield is 446 

extremely low (23%). A possible reason that the normalised ratio n(H2 + N2)/n(N2H4), does not 447 

reach the maximum value of 3 at the lower concentrations of 0.025 and 0.05 M is the 448 

complexity of the reaction mechanism. When HH is adsorbed on the catalytic surface, it follows 449 

different paths of dehydrogenation, intermolecular dehydrogenation or N-N dissociation, 450 

producing adsorbed ions [56]. Due to the low concentrations utilised, the number of ions were 451 

insufficient to generate H2. Another reason might be the occupation of active sites by OH- ions 452 

[42] besides N2H4.H2O molecules, resulting either from water or the NaOH solution. Thus, the 453 

low availability of HH can be a limiting factor. It is evident that higher reactant concentrations 454 

result in higher generation of H2. The catalytic activity is also increased by increasing the initial 455 

concentration of N2H4 (Figure S5) because more substrate is available to take over the active 456 

sites of the catalyst. Simulations for the effect of hydrazine concentration were developed with 457 

a reaction order of 0.33 [49], exhibiting a good agreement with the catalytic tests.  458 



Figure 11. n(H2 + N2)/n(N2H4) versus time at N2H4 concentrations of 0.025, 0.05 and 0.1 M. 459 

Reaction conditions: 0.5 M NaOH, 1000:1 substrate to metal molar ratio, 1400 rpm stirring 460 

rate and temperature of 70 oC. 461 

4.1.1.5 Effect of NaOH 462 

The last parameter that was tested was the NaOH concentration. The presence of an alkali in 463 

the reaction system is beneficial as reported by many studies [57–60]. As it was mentioned 464 

before, the second reaction pathway (Eq.2) is more thermodynamically favourable and thus the 465 

breakage of the N-N bond leads to NH3 production. Moreover, because of N2H4 ionisation in 466 

water, the protonated form of hydrazine is generated (N2H4 + H2O  N2H5
+ + OH-) that again 467 

can lead to the formation of NH3. By adding alkali, the formation of undesired N2H5
+ is 468 

suppressed, and the cleavage of the N-H bond is instead favoured leading to the complete 469 

decomposition towards H2 and N2[61, 62]. In agreement with the literature, in Figure 12, it is 470 

clear that the addition of NaOH results in an increase of the yield from 25 to over 80 %. 471 

Moreover, NaOH also has an influence on the TOF (732 h-1 in water vs. 1280 h-1 in NaOH 0.5 472 

M, Figure S6). CFD calculations validated the experimental findings accurately, confirming 473 

the promoting effect of NaOH in the system, with the concentration of 0.5 M chosen as the 474 

optimum.  475 



Figure 12. n(H2 + N2)/n(N2H4) versus time at NaOH concentrations of 0, 0.125, 0.25 and 0.5 476 

M. Reaction conditions: 150 μL of 3.3 M N2H4, 1000:1 substrate to metal molar ratio, 1400 477 

rpm stirring rate and temperature of 70 oC. 478 

4.1.2 N2H4 dispersion in the batch reactor 479 

To ensure that N2H4.H2O is well dispersed in the system, the injection point of the solution was 480 

modelled to show the mixing process. The point of the injection is near the stirrer but not 481 

directly at it to avoid droplets at the walls of the reactor. It is clear that as soon as the injection 482 

takes place, N2H4.H2O follows the rotational flow of the NaOH solution in the reactor (Figure 483 

13a). Since it is a very small amount injected and the rotational speed of the stirrer very high it 484 

can be seen from the graphs that at 0.34 s the solution is homogeneously dispersed in the 485 

reactor.  486 

 487 

 488 

 489 

 490 

 491 

 492 



Figure 13. N2H4.H2O distribution in the batch system over time at a) 0s, b) 0.1s, c) 0.2s and d) 493

0.34s.494

4.1.3 Particle trajectories495

The position of the catalytic particles is also of significant importance. The more distributed 496

they are in the system, the higher the chance is to adsorb the reactant, N2H4.H2O in this case. 497

Therefore, CFD modelling was employed to track the mixing of the catalytic particles. At zero 498

time there are no particles, yet, in the system (Figure 14a). When they are added, they follow 499

the fluid flow inside the reactor. As soon as they hit the magnetic stirrer bar or the walls they500

bounce and distributed everywhere in the reactor. After 0.5s, a good mixing of the particles in 501

the system is observed due to the efficient rotation given by the stirrer. 502

503

504

505

a) b)

c) d)



506

Figure 14. Particle trajectories in the batch system over time at a) 0s, b) 0.1s, c) 0.5s and d) 507
1s.508

Based on the studies above, the optimised experimental conditions are stirring rate of 1400 509

rpm, temperature of 70 oC, 1000:1 catalyst to substrate molar ratio, 3.3 M N2H4 concentration 510

and 0.5 M NaOH concentration. The computational model built upon the experimental work 511

and kinetic data found in bibliography, validated the experimental findings. Thus, by coupling 512

experimental data with CFD studies, a better understanding of parameter optimisation for the 513

studied reaction can be achieved. Extra CFD studies showed how important is for a system to 514

achieve uniform velocity and temperature distribution for maximum efficiency and confirmed 515

that the particles and hydrazine are indeed homogenously dispersed within the system. Thus, 516

since the simulation accurately represents the decomposition reaction, CFD studies can be 517

further developed for more complex catalytic systems saving time from time-consuming 518

experiments. 519

520

a) b)

c) d)



Conclusions 521 

In conclusion, this study investigated the catalytic decomposition of hydrous hydrazine for H2 522 

production, emphasising the importance of combination of experimental work and CFD 523 

studies. The comprehensive analysis explored the impact of stirring rate, temperature, catalyst 524 

mass, hydrazine concentration, and NaOH additions on reaction kinetics and yield. The 525 

experimental data, supported by CFD modelling, identified optimal conditions for the 526 

decomposition using the Rh/Al2O3 catalyst. CFD simulation did not only validated 527 

experimental outcomes but also provided a comprehensive understanding of the system’s 528 

uniformity, including velocity and temperature field distributions and dispersion of hydrazine 529 

and particles in the batch system. These collective findings significantly contribute to the 530 

application of hydrazine in the field of catalytic H2 generation, offering a promising pathway 531 

for sustainable energy solutions. 532 
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