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Abstract

:

Hydrolysis of light metals and hydrides can potentially be used for the generation of hydrogen on-board fuel cell vehicles, or, alternatively, for refilling their fuel tanks with H2 generated and pressurised without compressor on site, at near-ambient conditions. Implementation of this approach requires solution of several problems, including the possibility of controlling H2 release and avoiding thermal runaway. We have solved this problem by developing the apparatus for the controlled generation of pressurised H2 using hydrolysis of Mg or MgH2 in organic acid solutions. The development is based on the results of experimental studies of MgH2 hydrolysis in dilute aqueous solutions of acetic, citric, and oxalic acids. It was shown that the hydrogen yield approaches 100% with a fast hydrolysis rate when the molar ratio acid/MgH2 exceeds 0.9, 2.0, and 2.7 for the citric, oxalic, and acetic acids, respectively. In doing so, the pH of the reaction solutions after hydrolysis corresponds to 4.53, 2.11, and 4.28, accordingly, testifying to the buffer nature of the solutions “citric acid/magnesium citrate” and “acetic acid/magnesium acetate”. We also overview testing results of the developed apparatus where the process rate is effectively controlled by the control of the acid concentration in the hydrolysis reactor.
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1. Introduction


Use of hydrogen as an energy carrier is the most promising solution to address the energy and environment issues and to meet future energy needs. Energy systems based on hydrogen fuel cells are characterised by high efficiency and power density, and are presently used in many stationary and mobile applications [1,2,3,4]. The main issue that hinders further implementation of hydrogen fuel cell technologies is the need of compact, safe, and efficient hydrogen storage. Along with various methods of reversible hydrogen storage based on physical processes (compression and liquefaction) and the use of hydrogen storage materials (high-surface area adsorbents, hydrides, liquid organic hydrogen carriers, etc.) [5], special attention has been recently paid to on-site (or on-board) hydrogen generation by the hydrolysis of various light-weight materials such as ammonia borane [6,7], sodium, lithium and magnesium borohydrides [8,9,10,11], aluminium [9,12] or alloys/composites on its basis [13], magnesium and magnesium alloys [9,14,15,16,17,18], magnesium hydride [9,15,19,20,21,22,23], and so on. These materials can undergo hydrolysis at near-ambient conditions, in alkaline, acidic, or neutral media, and frequently in the presence of a catalyst. A comprehensive review on the topic (289 references) has been recently published by Ouyang et al. [24].



Hydrogen generation by hydrolysis allows the mitigation of the hydrogen storage challenge by a simple and efficient way. Apart from compact storage in the form of the hydrogen-generating material with a possibility of on-demand H2 supply to a consumer (e.g., fuel cell using water vapour released during its operation), the feasibility of hydrolysis for the generation of hydrogen at the pressure up to 300 bar has been demonstrated [25]. This opens an opportunity to refill gas cylinder fuel tanks on board fuel cell vehicles with H2 generated and pressurised without an on-site compressor, at near-ambient conditions.



The practical implementation of hydrolysis for hydrogen generation still requires the solution of several problems, including (i) irreversibility of the hydrolysis reaction and high costs for the regeneration of its products, (ii) suppression of the side reactions (particularly dangerous for the boron-containing compounds when a toxic diborane can appear), (iii) improvement of the reaction kinetics, and, at the same time, (iv) the possibility of controlling H2 release depending on the customer need. Therefore, looking for a practical technology to generate hydrogen by hydrolysis remains a keen focus of research all over the world.



Magnesium is an inexpensive and readily available metal, which is abundant in the Earth’s crust (2.4%) and not harmful to the environment. Therefore, Mg or MgH2 can be considered as suitable candidate materials for hydrogen generation by hydrolysis [15,26]. Both magnesium and magnesium hydride are stable if they do not make contact with moisture; so, they can be stored for a long time and are safe during transportation.



Interaction of Mg and MgH2 with water is a highly exothermic reaction producing hydrogen gas and magnesium hydroxide [24]:


Mg + 2H2O → Mg(OH)2 + H2 + 354 kJ



(1)






MgH2 + 2H2O → Mg(OH)2 + 2 H2 + 277 kJ



(2)







The hydrolysis of MgH2 (Reaction 2) has a high theoretical hydrogen yield, 15.2 and 6.4 wt.%, without and with, accounting for the weight of water, respectively. This is almost double the amount of H2 generated by hydrolysis of individual Mg (Reaction 1; 8.2/3.3 wt.%).



Though the hydrolysis of MgH2 starts immediately when in contact with water, it is quickly interrupted by the formation of a passive magnesium hydroxide layer, which prevents further diffusion of water molecules to the surface of MgH2 particles. As a result, the hydrolysis of Reaction 2 is quickly stagnated and stops when the H2 yield achieves 10–20% of the theoretical one. Various methods were suggested to improve the performance of the process. The most frequently applied method relates to ball milling (or, more generally, mechanical activation) of MgH2 with catalytic additives [26,27,28,29,30]. Other methods include ultra-sonification [31], alloying the pristine magnesium with other elements [15], and the use of alcoholysis instead of hydrolysis [32].



Another approach to the acceleration and the increase in yield of the hydrolysis reaction is in the use of salts, e.g., sodium, potassium, aluminium, or magnesium chlorides, either added into aqueous solution or pre-mixed with magnesium hydride [33,34]. It was assumed that dissolution of the salt during hydrolysis disintegrates the Mg(OH)2 passive layer, thus promoting further interaction between MgH2 and water. The origin of this effect may be in the changes of ion exchange equilibria in the reaction solution which, in turn, may result in the changes of morphology of the Mg(OH)2 layer. As it was shown by Berezovets et al. [35], the presence of MgCl2 in the solution results in the increase in size of Mg(OH)2 critical nuclei to form an inhomogeneous layer on the surface of MgH2 particles, thus facilitating the diffusion of water molecules towards it. According to ref. [36], the maximum hydrogen evolution rate strongly depends on the method of introducing halides: the maximum rate of the hydrolysis of the mechanically treated mixtures of MgH2 with NaCl, MgCl2, NH4Cl, and NH4Br was found to be higher than the one observed during the interaction of MgH2 with their solutions while the hydrogen yield does not depend on the method of introducing the salts. The acceleration of hydrolysis was also associated with the evolution of heat when a salt is dissolved.



Bronsted acids, i.e., aqueous solutions of acids or ammonium salts, have been suggested for the disintegration or complete removal of the Mg(OH)2 passive layer during hydrolysis of MgH2 [37,38,39]. The acids should satisfy the following requirements: (i) their magnesium salts should be soluble in water, (ii) the acidic solution should not cause corrosion of hydrogen generation apparatus, (iii) the vapours of acids should not be released together with the generated hydrogen, and (iv) the acids and their magnesium salts should be non-toxic and environmentally friendly.



Solid organic acids, including glycolic, malonic, citric, and succinic acids, mostly satisfy the above-mentioned requirements. Additionally, their anhydrides and esters, which can transform into acids when interacting with water, can be used. As an example, the authors of patent [40] suggested the generation of hydrogen by the hydrolysis of a paste containing MgH2 powder and at least one aprotic organic substance with at least one carboxylic acid ester group. However, to avoid the passivation effect when using such substances as additives to MgH2, their amounts should be rather high.



Apart from the optimisation of the MgH2-based materials towards an increase in the yield and rate of the hydrolysis reaction, special attention in the process development has been paid to providing the efficient reaction control via various material and engineering solutions. Some examples are presented in patents [40,41,42,43,44,45]. A recently published article [46] outlined the main factors which can be used to control the reaction of MgH2 hydrolysis in acidic solutions, including the type of the acid, the rate of its supply to the hydrolysis reactor, as well as the pH of the solution. Similar results further elaborated in this article were presented by the authors earlier, in the conference paper [47]; further details can be found in the preprint [48].



We note that, due to the very high heat effects of hydrolysis Reactions 1 and 2, the upscale of hydrogen-generating processes based on them is associated with the high probability of thermal runaway which must be avoided. To achieve such an option, it is necessary to establish the influence of several factors (temperature of the reaction solution, concentration of the solute, pH, etc.) on the kinetics of the hydrolysis of Mg and MgH2, followed by suggesting efficient methods of their control, not only towards acceleration of the hydrolysis reaction (that is the subject of most of the published works on the topic) but also slowing it down when necessary. Our work contributes to filling this knowledge gap by the detailed quantitative studies of the influence of the type of the applied organic acid, its concentration in the solution, and the pH on the yield and rate of the hydrolysis reaction. The work is aimed at the development of simple and efficient technology for hydrogen generation by the hydrolysis of magnesium hydride. It is focused on the experimental study of the influence of commonly used organic acids (acetic, citric, and oxalic) in dilute aqueous solutions on the hydrolysis of commercial magnesium hydride powder. The results allowed us to identify the factors controlling reaction yield and kinetics and to develop a method and apparatus for generating pressurised H2 by the hydrolysis of the materials on the basis of Mg or MgH2 in acidic solutions [44].




2. Results and Discussion


2.1. Characterisation of Starting Material and Solid Residues after Its Hydrolysis


SEM images of the as-received commercial MgH2 and deposits after its hydrolysis in 1 wt.% aqueous solutions of organic acids are shown in Figure 1a–d. The morphology of the as-received MgH2 (Figure 1a) shows irregular and flaky particle orientation. The morphology of the residues after hydrolysis (Figure 1b–d) exhibits similar flake-like structure with a continuous smooth surface; the images show significant decrease in the number or complete disappearance of small (~0.1 μm) particles observed in the starting material (Figure 1a). The flakes observed in the residue after hydrolysis in the oxalic acid solution (Figure 1d) exhibited a noticeably bigger size than those in the residues after hydrolysis in the solutions of the acetic acid and citric acid (Figure 1b,c).



The refined XRD patterns of the studied samples are presented in Figure 2 and Figure 3a–d. The refinement results are summarised in Table 1. As can be seen, the as-delivered commercial MgH2 contains tetragonal rutile-type α-modification of magnesium hydride as a major phase, with the impurity (~9 wt.%) of metallic magnesium. Both phases are well-crystallised, and that is testified to by intensive and narrow peaks observed in the pattern (Figure 2).



XRD analysis of the deposits after hydrolysis (Figure 3, Table 1) showed that after hydrolysis in de-ionized water the residue contains unreacted α-MgH2, Mg, and Mg(OH)2. At the same time, the residues after hydrolysis of MgH2 in 1 wt.% aqueous organic acid solutions (no solid residue was observed after hydrolysis at the acids’ concentration ≥2 wt.%) only contain very well crystallized (narrower lines as compared to the starting/commercial MgH2) unreacted MgH2, Mg, and no Mg(OH)2. This is expected for the acetic and citric acids, as Mg(OH)2 reacts with them to form easily-soluble magnesium acetate and citrate. Somewhat surprising is the fact that the poorly-soluble magnesium oxalate (see Table 2) was not found in the XRD pattern. The reason for this appears to be in the amorphous nature of its deposit, or in the formation of a super-saturated solution containing (MgC2O4)n molecules (n = 1–3) [49].




2.2. Hydrolysis of Commercial MgH2


Table 3 summarises results of the hydrolysis experiments carried out at T = 20 °C in 0–3 wt.% aqueous solutions of different organic acids using as-delivered commercial MgH2. The corresponding integral curves of hydrogen generation during hydrolysis (hydrogen yield versus time) are shown in Figure 4a–c.



It can be seen in Figure 4a that H2 yield during MgH2 hydrolysis in deionised water (curve labelled as “H2O”) is very low, amounting to 1.5 and 3% after 5 and 10 min, respectively, from the reaction start. The H2 yield significantly increases when introducing organic acids (“AA”, “CA”, and “OA”), even if their concentration is as low as 1 wt.% (Figure 4a). The increase in acid concentration to 2 wt.% (Figure 4b) and further to 3 wt.% (Figure 4c) results in the significant increase in the maximum H2 yield which exceeds 60 and 90%, respectively. The effects of different organic acids on the maximum H2 yield are rather close, with slightly higher yield for the acetic acid. The maximum H2 yield increases approximately linearly with the increase in the acid concentration (in wt.%), or acid/MgH2 weight ratio, approaching 100% when the concentration is equal to or above 3 wt.%, or the weight ratio acid/MgH2 ≥ 6 (Figure 4d).



When considering acid/MgH2 molar ratio (or acid molar concentration) (Figure 5a), the corresponding dependencies become different when the H2 yield increases slower for the acids which have lower molecular weight (Table 2). For the latter (“OA” and “AA”), the increase in the H2 yield with the increase in the molar ratio/acid concentration becomes non-linear, slowing when the molar ratio/concentration increases. The 100% hydrogen yield can be achieved at the acid/MgH2 molar ratio of 0.9, 2.0, and 2.7 for the citric, oxalic, and acetic acids, respectively.



As can be seen from Table 3 and Figure 5b, the hydrolysis of MgH2 is accompanied by the increase in pH of the reaction solution. The increase is much more pronounced (by 4.5 pH units) when the reaction starts in pure water/“H2O”, thus changing the medium from approximately neutral (pH = 6.55) to alkaline (pH = 11.04).



Quickly slowing the hydrolysis Reaction 2 in pure water accompanied by the increase in pH of the reaction solution has its origin in the formation of a dense layer of nanocrystalline Mg(OH)2 (weak alkali characterised by very low solubility in water [35]) which pre v ents the diffusion of water molecules to the surface of the MgH2 particles. This is confirmed by our XRD results (Table 1) showing the presence of Mg(OH)2 nanocrystallites (~11 nm) in the deposit after the hydrolysis of MgH2 in deionised water. Conversely, in the deposits after the MgH2 hydrolysis in the acidic solutions, Mg(OH)2 was not detected by XRD, and their SEM images (Figure 1b–d) were very similar to the image of the starting MgH2 (Figure 1a). It allows us to conclude that only unreacted starting material (Mg + MgH2) remains after incomplete hydrolysis of MgH2 in the acidic solutions, without the formation of detectable amounts of magnesium hydroxide.



In the solutions of the studied organic acids (initial pH from 1.21 to 2.95), the changes of the pH are smaller, and the medium remains acidic after hydrolysis (final pH from 2.11 to 5.54). In doing so, hydrolysis reaction slows to a much lesser extent as compared to pure water (see Figure 4a) and is virtually completed at the final pH values of 4.3–4.5 for the acetic and citric acids, and about 2 for the oxalic acid (see Table 3). For the citric and acetic acids, the pH after hydrolysis changes insignificantly with the increase in acid concentration, test ifying to the buffer nature of the solutions “citric acid/magnesium citrate” and “acetic acid/magnesium acetate”. This is not the case when using oxalic acid, due to the low solu bility of magnesium oxalate in water (see Table 2), thus requiring more acidic medium (pH~2) to achieve completion of the hydrolysis. Nevertheless, at the concentrations of oxalic acid ≥ 3 wt.%/0.33 M, the hydrogen yield approaches 100% (Figure 4c).



Figure 6 compares the data on pH of the reaction solution after hydrolysis and H2 yield depending on molar ratio “citric acid (CA)/MgH2” reported in [23] (1) and collected during this study (2). While at the high (≥0.7) CA/MgH2 ratio, a good correspondence is observed; this is not the case when the ratio becomes lower, and the values of the pH reported in [23] become significantly higher than the values observed in the present study. The reason for this appears to be in significantly different operating conditions. In [23], the acid was introduced as a component of the compacted solid mixture with MgH2, and water was added dropwise that may result in the incomplete dissolution of the citric acid in the reaction solution after incomplete hydrolysis. Conversely, in our case, water was taken in excess and all the acid was present in the reaction solution whereto the powder of MgH2 was added. In doing so, after incomplete hydrolysis, the remaining Mg + MgH2 deposit (see Table 1) was in contact with the solution which might contain the unreacted citric acid. Another reason may be the higher reactivity of MgH2 prepared by the ball milling of Mg in hydrogen [23], as distinct to commercial magnesium hydride used in this study (compare hydrogen yields shown in Figure 6) that resulted in the higher alkalinity of the solution after hydrolysis.



Even at low concentrations of the acids in the reaction solutions (1 wt.%), the hydrolysis of MgH2 is very fast (see Figure 7). The maximum H2 release rate is achieved after ~1 min from the start followed by its decrease. In 3–5 min after the start, the H2 release rate drops below the sensitivity threshold of the used flowmeters. The temperature increase results in the increase in the amount of hydrogen generated during this period, as well as in the increase in the maximum reaction rate which achieves 1.5–1.7 Nl/(min g) at T = 50–70 °C. In the more concentrated solutions (≥2 wt.%), the measured time dependencies of H2 generation rate become very similar to those observed for the 1 wt.% solutions at T = 50–75 °C, exhibiting almost the same maximum reaction rates independently of the temperature. This can be explained by the heating of the reaction solution at the beginning of very fast and highly exothermic hydrolysis Reaction 2, thus introducing its uncontrollable acceleration. We note that direct temperature measurements of the reaction solutions (≥2 wt.%) showed its increase from 25 (thermostat setpoint) to 35–45 °C in the first 1–2 min of performing the process, followed by a gradual decrease to the setpoint.



Modelling of the integrated experimental data on hydrogen evolution rates (Equation (3); see Figure 7b,d,f) using the modified Avrami–Erofeev equation (Equation (4)) allowed us to achieve quite good fits, with Pearson correlation coefficients, R2, between 0.99 and 0.995. Analysis of temperature dependencies of the fitted parameters ti, t0, and n (see Table 4) allows to summarise our observations as follows:




	
In all studied cases, the fitted values of incubation period, ti = 0.4–0.5 min, change insignificantly and appear to be related to the specifics of the applied experimental procedure;



	
The fitted Avrami exponents vary within the range n = 0.5–1.1, close to the values reported by Huang et al. [39] for the hydrolysis of MgH2 in 0.5–4.5 wt.% aqueous solutions of NH4Cl. According to ref. [52], the values of n close to 0.5 correspond to diffusion as the rate-limiting step while the higher values of n testify about possible contribution of the nucleation and growth mechanism;



	
The hydrolysis activation energies calculated from the temperature dependencies of the fitted values of rate constants, K = 1/t0, vary between 20 and 37 kJ/mol. We note that the presented values are just rough estimations due to rather poor fitting of the data with Equation (5) (see Figure S1 in Supplementary Information). In our opinion, this is caused by the under-estimation of the measured hydrogen evolution rates above 1.5 Nl/(min g) that takes place at the higher temperature (75 °C) and/or the higher concentrations of the organic acids.








Nevertheless, the estimated values of the activation energy of hydrogen generation by hydrolysis of MgH2 in 1 wt.% solutions of organic acids were found to be significantly lower than the reported value for MgH2 hydrolysis in de-ionized water (~58 kJ/mol) and close to the value of ~30 kJ/mol determined for the hydrolysis in 4.5 wt.% solution of NH4Cl [39]. The activation energy for 1 wt.% solution of citric acid estimated with a reasonable accuracy (20 ± 4 kJ/mol) was found to be significantly lower.




2.3. Application-Related Findings


According to the results presented above, the most efficient and economical way to implement the hydrolysis technology for the generation of hydrogen is in the use of MgH2, along with solutions of organic acids, particularly, citric acid. The selection is based on the following features:




	
The possibility of effectively controlling the process by controlling the acid/MgH2 ratio in the reaction solution, as well as its temperature;



	
The availability and low cost of magnesium and citric acid;



	
The high solubility of both citric acid and magnesium citrate in water;



	
The formation of moderately acidic buffer solutions “citric acid—magnesium citrate” characterised by pH between 3 and 5 in a wide range of concentrations. The range of the pH is sufficient to suppress the deposition of Mg(OH)2 passivation layer on the surface of the MgH2 particles and, thus, to provide a high yield of hydrogen generation. At the same time, it creates less corrosive medium than in the case of mineral acids, or oxalic acid studied in this work;



	
As distinct from acetic acid, citric acid is not volatile which significantly reduces the contamination of the released H2 containing only easily removed impurities of water vapours and mist of the reaction solution;



	
The lower rates in combination with lower activation energy of H2 generation by hydrolysis of MgH2 in the solution of citric acid allow more efficient process control due to less pronounced self-heating of the reaction solution when highly exothermic hydrolysis reaction takes place.










3. Generation of Compressed Hydrogen by Hydrolysis of Mg or MgH2 in Citric Acid Solution


As mentioned in the Introduction, the development of efficient systems for hydrogen generation by hydrolysis requires engineering solutions aimed at the increase in the reaction yield and rate, and, at the same time, the possibility of controlling the process. Mostly, these solutions are focused on the controlled supply of the reactants into the hydrolysis reactor, as well as controlling the pH of the reaction solution.



A simplified schematics of the apparatus for the generation of pressurised hydrogen by the hydrolysis of Mg or MgH2 in acidic solutions developed by the Russian co-authors of this article [44] is shown in Figure 8.



Hydrogen generation takes place in reactor (1). Before starting the process, a solid hydrogen-generating material (1a; Mg, MgH2, or a composite on their basis) is loaded in the reactor in the form of powder, granules, or foil, followed by the filling of the reactor with water (1b). Since the hydrolysis of the hydrogen-generating material in pure water is very slow (see curve “H2O” in Figure 4a as an example for MgH2), there is no significant hydrogen release at this stage. Then, the orifice of the reactor is closed with a dosing plug (2) equipped with pipelines for acid supply (2a) and hydrogen outlet (2b); then, the opposite ends of the pipelines are connected to the acid supply and gas distributing systems, respectively. The former comprises the reservoir (3) filled with the acid solution (3a) supplied via valve (4). The gas distributing system includes a pipeline (5) which connects the gas outlet of the reactor (1) with the opposite (upper) end of the sealed reservoir (3), thus maintaining equal pressures in the gas spaces of reactor (1) and reservoir (3). Additionally, this includes gas manifolds (6), overpressure safety valves (7), pressure sensor (8), and hydrogen purifier (9) which removes mist and water vapour from hydrogen released in the reactor (1) when the acid solution is supplied thereto via the valve (4). The pressurised hydrogen fills the gas cylinder (11) connected to the system by a shut-off valve (10).



The process of hydrogen generation can easily be controlled by the valve (4) which supplies the acid solution (3a) which further interacts with the hydrogen-generating material (1a), thus releasing hydrogen at the pressure equal to the pressure in the gas space of the reservoir (3). Control can be automated by introducing feedback between the pressure sensor (8) and an actuator of the valve (4), as shown by the dashed arrow in Figure 8.



The tests of the apparatus described above were carried out using powders of magnesium (m = 80–150 g) or magnesium hydride (m = 40 g) and 1.6 L of 4 M solution of citric acid in the reservoir (3), so the maximum molar ratio “acid/Mg” or “acid/MgH2” varied between 1.05 and 3.8. In all cases, the maximum amount of the generated H2 was 0.79 Nl/g for Mg (85.7% yield of Reaction 1) and 1.42 Nl/g for MgH2 (83.3% yield of Reaction 2). Depending on the amount of the hydrogen-generating material, the maximum H2 pressure was achieved when filling the gas cylinder, 1 L in the internal volume, varied between 50 and 100 bar. The hydrogen generation time controlled by the supply of the acid solution was between 0.5 and 5 h; in doing so at the same conditions hydrogen release when using MgH2 was 2.5 times faster than for Mg. We note that further shortening of the hydrogen-generation time, first of all, depends on providing efficient heat removal from the hydrolysis reactor because during the tests the supply of citric acid solution into the reactor was limited to avoid uncontrolled self-heating of the reaction solution. The corresponding upgrade of the hydrogen generation apparatus, as well as optimising the procedure of the generation of pressurised hydrogen, are on-going. The results will be published in due course.




4. Materials and Methods


4.1. Materials and Their Characterisation


99.8% purity commercial MgH2 powder (Alfa Aesar) with average particle size of 50 μm was used for the hydrolysis experiments. The morphology of the starting MgH2 and the deposits after its hydrolysis was studied using a Zeiss Auriga scanning electron microscope (SEM). XRD analysis of the samples was performed using a Bruker AXS D8 Advance diffractometer with Cu-Kα radiation (λ1 = 1.5406 Å, λ2 = 1.5444 Å, and λ2/λ1 = 0.5), in the range of Bragg angles 2θ = 10–90°. Rietveld full profile analysis of the patterns was performed using the General Structure Analysis System (GSAS) software.



Reference data for the phases identified during the XRD refinements are summarised in Table 5.




4.2. Hydrolysis Experiments and Data Processing


The hydrolysis experiments were performed using deionised water and aqueous solutions of organic acids: acetic (AA; 99.8% purity), citric (CA; 99.5%), and oxalic (OA; 99.5%). The summary of the main properties of the acids and their magnesium salts, along with concentrations of the used reaction solutions, is presented in Table 2.



The measurements of hydrogen evolution during hydrolysis were carried out using in-house-built volumetric setup schematically shown in Figure 9. The experiments included studies of hydrogen-generation rates during hydrolysis of commercial MgH2 in the dilute (0–3 wt.%) solutions of the acetic, citric, and oxalic acids. 40 mL of the reaction solution (3) was placed inside a five-neck borosilicate flat-bottomed jacketed reactor flask (1) kept at a constant temperature (between 20 and 75 °C) with the help of a thermostat (8) whose circulation loop was connected to the jacket of the flask (1). The temperature of the reaction solution was measured using a K-type thermocouple (9) inserted inside the flask through one of its necks. Once the desired temperature was reached and the reactor with the solution was flushed with hydrogen (5), the sample (2; m = 200 mg) was added to the reactor flask through its centre neck. The hydrogen generated in the reactor (1) during the hydrolysis reaction flowed through the outlet pipe (4), moisture trap (10; a tube filled with CaCl2 granules), thermal mass flowmeters (6; Bronkhorst, EL-FLOW series) and then released into the atmosphere (7).



Correct measurements of the flow of the hydrogen released during the hydrolysis reaction pose a certain problem due to high H2 flow at the beginning of the reaction and its subsequent quick drop afterwards. On the other hand, the readings of thermal mass flowmeters at gas flows below ~10% of their full scale become inaccurate which may introduce high systematic error at the end of the hydrolysis process. We mitigated this problem by using two individually calibrated mass flowmeters (1 and 10 Nl/min full scale) connected in series that allowed us to measure the flow rate of the released hydrogen in the range 0.1–10 Nl/min. The data logging was interrupted after the readings of the flow measurement system dropped below the lower limit of the “trustable” range specified above (as a rule, after 8–11 min from starting the process).



The thermocouple (9) and outputs of the flowmeters (6) were connected to a datalogger (11) based on NI DAQ modules. The data acquisition (5 s time resolution) was performed using PC (12) and in-house-developed software operating in LabView environment. pH of the solutions before and after hydrolysis were measured by a Metrohm 827 pH meter. Standard solutions with pH equal to 4, 7, and 9 were used for the calibration.



The collected data on the rates of hydrogen generation, v(t), were further processed as follows.



The dependencies v(t) were integrated to calculate time dependencies of H2 generation, V(t), as:


  V  ( t )  =   ∫  0 t  v  ( τ )  d τ  



(3)







The integral kinetic curves (Equation (3)) in the range t = 0–2 min taken for 1 wt.% solutions of the organic acids at different temperatures (25, 50 and 75 °C) were fitted by a modified Avrami–Erofeev equation:


  V  ( t )  =     0   at   t ≤  t i               V  max    {  1 − exp  [  −    (    t −  t i     t 0     )     n      ]   }    at   t >  t i           



(4)




where Vmax is the maximum hydrogen generation corresponding to 100% yield of the hydrolysis Reaction 2 and equal to 1.703 Nl per 1 g of MgH2, n is Avrami exponent indirectly related to the reaction mechanism, ti is the incubation period, and t0 is the characteristic reaction time or reciprocal rate constant.



Since the rates of hydrogen generation at the acid concentrations above 1 wt.% were very close for the different temperatures (see Section 2.2 above), kinetic analysis was not applied for these data.



The apparent activation energies of the process were estimated from the slopes of linear dependencies of the logarithms of reaction rate constants, K = 1/t0, on the reciprocal absolute temperature, 1/T, fitted by the Arrhenius equation:


  ln  ( K )  = A −    E A    R T    



(5)




where K [min–1] is the rate constant, EA [J/mol] is the activation energy, T [K] is temperature, A is the free term (intercept), and R = 8.31432 J/(mol K) is the universal gas constant.





5. Conclusions


It was demonstrated that the addition of the studied organic acids significantly increases the yield and rate of hydrogen generation via hydrolysis of magnesium hydride, most probably by preventing the formation of a Mg(OH)2 passivation layer, even if the acid concentration in the solution was as low as 1 wt.%. The hydrogen yield achieved after 3–5 min from starting the hydrolysis reaction in the acidic solution increases with the increase in the acid/MgH2 ratio and approaches 100% when the molar ratio acid/MgH2 exceeds 0.9, 2.0, and 2.7 for the citric, oxalic, and acetic acids, respectively.



The course of MgH2 hydrolysis strongly depends on the pH of the reaction solution: the 100% yield can be achieved at pH below ~4.5 for the acetic and citric acids and below ~2 for the oxalic acid. For the citric and acetic acids, the pH after hydrolysis changes insignificantly with the increase in acid concentration that testifies to the buffer nature of the solutions “citric acid/magnesium citrate” and “acetic acid/magnesium acetate”.



The most efficient and economical way to implement technology of the hydrolysis of MgH2 for the generation of hydrogen is the use of solutions of citric acid due to (i) its availability and low cost; (ii) the possibility of effectively controlling the process by controlling the temperature, along with acid/MgH2 ratio in the reaction solution; (iii) the high solubility of both citric acid and magnesium citrate in water; (iv) the low volatility; and (v) the formation of moderately acidic buffer solutions “citric acid—magnesium citrate” characterised by a pH range sufficient to suppress the deposition of Mg(OH)2 passivation layer and, at the same time, not creating a corrosive environment.



Based on the obtained results, a prototype generator of pressurised hydrogen by the hydrolysis of Mg or MgH2 in the solution of citric acid has been developed and tested. The main feature of the generator is the possibility of reaction control by the controlled supply of the acidic solution to the hydrolysis reactor. The developed hydrogen generator demonstrated the possibility of controlled hydrogen release at the pressure of up to 100 bar with H2 yield of 0.79 and 1.42 NI/g using magnesium and magnesium hydride, respectively, as a hydrogen-generating material. At the same operating conditions, hydrogen release when using MgH2 was 2.5 times faster than for Mg.




6. Patents


The following patented solution contributed to the results reported in this work:




	
Compressed Hydrogen Producing Method and Device for Implementation Thereof, by A.A. Arbuzov, Y.Y. Shimkus, S.A. Mozhzhukhin, V.B. Son, and B.P. Tarasov. RU 2735285 C1 (2020).
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Figure 1. SEM images of the as-received commercial MgH2 (a) and deposits after its hydrolysis in 1 wt.% organic acid solutions: acetic (b), citric (c), and oxalic (d). 
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Figure 2. Results of Rietveld refinement of XRD pattern of commercial MgH2 (background subtracted). 
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Figure 3. Results of Rietveld refinement (background subtracted) of XRD patterns of the deposits after hydrolysis of MgH2 in deionised water (a) and 1 wt.% aqueous solutions of acetic (b), citric (c), and oxalic (d) acids. 
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Figure 4. Time dependencies of the yield of H2 generated by hydrolysis of MgH2 in deionised water (H2O) and aqueous solutions of acetic (AA), citric (CA), and oxalic (OA) acids at the concentrations of 1 (a), 2 (b), and 3 wt.% (c). (d)—Dependencies of H2 yield after 5 min from reaction start on the acid/MgH2 weight ratio (corresponds to the concentration shown on top X-axis); the dashed line shows the linear fit of the concatenated data. 
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Figure 5. (a)—Dependencies of H2 yield after 5 min from reaction start on the acid/MgH2 molar ratio (corresponds to the concentration shown on top X-axis). (b)—Changes of the pH of the solution during hydrolysis reaction (bottom lines—initial and top lines—final) depending on the starting acid/MgH2 molar ratio (corresponding to the concentration shown on top X-axis). 
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Figure 6. Dependencies of pH of the reaction solution after hydrolysis and H2 yield on citric acid (CA)/MgH2 molar ratio: 1—reported in ref. [23] and 2—this work. 
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Figure 7. As-measured hydrogen generation rates (a,c,e) and the integrated H2 generation curves (b,d,f) for the hydrolysis of commercial MgH2 in 1 wt.% solutions of acetic (AA), citric (CA), and oxalic (OA) acids at different temperatures. 
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Figure 8. Schematics of the apparatus for the generation of compressed hydrogen by hydrolysis of Mg or MgH2 in acidic solutions. 1—reactor, 1a—hydrogen-generating material, 1b—water; 2—dosing plug, 2a—acid-solution supply pipeline, 2b—hydrogen-outlet pipeline; 3—reservoir, 3a—acid solution; 4—acid-solution supply valve; 5—gas-outlet pipeline; 6—gas manifolds; 7—overpressure safety valves; 8—pressure sensor; 9—hydrogen purifier; 10—shut-off gas valve; and 11—hydrogen cylinder/receptacle. 
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Figure 9. Schematics of laboratory setup for studies of hydrogen generation by hydrolysis of MgH2. 1—reactor flask; 2—sample; 3—reaction solution; 4—H2 outlet pipe; 5—hydrogen flush; 6—mass flow meters; 7—H2 release; 8—thermostat; 9—temperature sensor; 10—moisture trap; and 11—data acquisition unit; 12—PC. 
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Table 1. Results of Rietveld refinement of XRD patterns of the studied samples.






Table 1. Results of Rietveld refinement of XRD patterns of the studied samples.





	
Sample

	
Phase

	
Weight

Abundance

	
Lattice Periods (Å)

	
Unit Cell

Volume (Å3)

	
Estimated Crystallite Size (nm)




	
a

	
c






	
As-delivered

commercial MgH2

	
α-MgH2

	
0.909 (-)

	
4.51838 (6)

	
3.02222 (7)

	
61.701 (2)

	
>1000




	
Mg

	
0.091 (2)

	
3.2134 (2)

	
5.2146 (7)

	
46.633 (8)

	
900




	
Deposit after

hydrolysis of MgH2

in deionised water

	
α-MgH2

	
0.693 (-)

	
4.51568 (5)

	
3.02087 (6)

	
61.600 (2)

	
>1000




	
Mg

	
0.090 (1)

	
3.2105 (2)

	
5.2101 (4)

	
46.506 (5)

	
>1000




	
Mg(OH)2

	
0.217 (3)

	
3.142 (1)

	
4.787 (2)

	
40.92 (2)

	
11




	
Deposit after

hydrolysis of MgH2

in acetic acid solution

	
α-MgH2

	
0.846 (-)

	
4.51529 (7)

	
3.02013 (8)

	
61.574 (2)

	
>1000




	
Mg

	
0.154 (3)

	
3.2104 (3)

	
5.2116 (9)

	
46.52 (1)

	
>1000




	
Deposit after

hydrolysis of MgH2

in citric acid solution

	
α-MgH2

	
0.892 (-)

	
4.51393 (6)

	
3.01982 (7)

	
61.530 (2)

	
>1000




	
Mg

	
0.108 (2)

	
3.2101 (2)

	
5.2114 (7)

	
46.508 (6)

	
800




	
Deposit after

hydrolysis of MgH2

in oxalic acid solution

	
α-MgH2

	
0.818 (-)

	
4.51494 (8)

	
3.0197 (1)

	
61.556 (2)

	
>1000




	
Mg

	
0.182 (3)

	
3.2099 (2)

	
5.2101 (7)

	
46.492 (6)

	
>1000
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Table 2. Organic acids and their solutions used in the experiments on H2 generation by hydrolysis of MgH2.
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Organic Acid

	
Brutto

Formula

	
Molecular Weight (g/mol)

	
Dissociation Constants

at T = 25 °C [50]

	
Solubility of Mg Salt in Water at T = 25 °C (g/L) [51]

	
Concentrations Used in the Experiments




	
K1

	
K2

	
K3

	
(wt.%)

	
(g-mol/L)






	
Acetic (AA)

	
C2O2H4

	
60.052

	
1.75 × 10−5

	
–

	
–

	
656

	
1.0

	
0.17




	
2.0

	
0.33




	
3.0

	
0.50




	
Citric (CA)

	
C6O7H8

	
192.123

	
7.4 × 10−4

	
1.7 × 10−5

	
4.0 × 10−7

	
200

	
1.0

	
0.05




	
2.0

	
0.10




	
3.0

	
0.16




	
Oxalic (OA)

	
C2O4H2

	
90.034

	
5.6 × 10−2

	
1.5 × 10−4

	
–

	
0.38

	
1.0

	
0.11




	
2.0

	
0.22




	
3.0

	
0.33
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Table 3. Summary of experimental results on hydrolysis of commercial MgH2 at T = 20 °C.






Table 3. Summary of experimental results on hydrolysis of commercial MgH2 at T = 20 °C.





	
Acid

	
Concentration

	
Acid/MgH2 Ratio

	
H2 Yield after 5 min from Reaction Start (%)

	
pH




	
(wt.%)

	
(mol/L)

	
Weight

	
Molar

	
Initial

	
Final






	
None (water)

	
0.00

	
0.00

	
0.00

	
0.00

	
1.55

	
6.55

	
11.04




	
Acetic (AA)

	
1.00

	
0.17

	
2.00

	
0.88

	
42.92

	
2.95

	
5.54




	
2.00

	
0.33

	
4.00

	
1.75

	
76.47

	
2.81

	
5.28




	
3.00

	
0.50

	
6.00

	
2.63

	
99.56

	
2.69

	
4.28




	
Citric (CA)

	
1.00

	
0.05

	
2.00

	
0.27

	
35.76

	
2.43

	
5.32




	
2.00

	
0.10

	
4.00

	
0.55

	
65.87

	
2.25

	
4.98




	
3.00

	
0.16

	
6.00

	
0.82

	
93.59

	
2.16

	
4.53




	
Oxalic (OA)

	
1.00

	
0.11

	
2.00

	
0.58

	
33.79

	
1.53

	
4.84




	
2.00

	
0.22

	
4.00

	
1.17

	
75.09

	
1.32

	
3.32




	
3.00

	
0.33

	
6.00

	
1.75

	
91.89

	
1.21

	
2.11
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Table 4. Fitted parameters (Equation (4)) of the integrated H2 generation curves (Figure 7b,d,f).






Table 4. Fitted parameters (Equation (4)) of the integrated H2 generation curves (Figure 7b,d,f).





	
Organic

Acid

	
Parameter (Units)

	
Value




	
T = 25 °C

	
T = 50 °C

	
T = 75 °C






	
Acetic (AA)

	
ti (min)

	
0.411 ± 0.005

	
0.48 ± 0.01

	
0.40 ± 0.01




	
t0 (min)

	
6.9 ± 0.5

	
0.94 ± 0.03

	
0.83 ± 0.02




	
n (-)

	
0.55 ± 0.02

	
0.62 ± 0.04

	
0.81 ± 0.03




	
EA (kJ/mol)

	
37 ± 15




	
Citric (CA)

	
ti (min)

	
0.36 ± 0.02

	
0.46 ± 0.02

	
0.48 ± 0.01




	
t0 (min)

	
5.2 ± 0.3

	
2.2 ± 0.1

	
1.64 ± 0.07




	
n (-)

	
0.79 ± 0.04

	
0.50 ± 0.04

	
0.50 ± 0.03




	
EA (kJ/mol)

	
20 ± 4




	
Oxalic (OA)

	
ti (min)

	
0.40 ± 0.03

	
0.48 ± 0.01

	
0.46 ± 0.02




	
t0 (min)

	
3.8 ± 0.2

	
1.10 ± 0.04

	
0.69 ± 0.03




	
n (-)

	
1.06 ± 0.05

	
0.61 ± 0.04

	
0.73 ± 0.05




	
EA (kJ/mol)

	
30 ± 6
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Table 5. Reference data for the phases identified during Rietveld refinement of the XRD patterns.






Table 5. Reference data for the phases identified during Rietveld refinement of the XRD patterns.





	
Phase

	
Space Group

	
Lattice Periods (Å)

	
Reference




	
a

	
c






	
α-MgH2

	
P42/mnm (136)

	
4.5147

	
3.0193

	
[53]




	
Mg

	
P63/mmc (194)

	
3.211

	
5.213

	
[54]




	
Mg(OH)2

	
P–3 m1 (164)

	
3.149

	
4.752

	
[55]
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