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Abstract

This paper presents a dynamic model compiled in gPROMS that describes the hydrogen production via the catalytic hydrolysis reactions of sodium borohydride (NaBH4) solutions. It extends our previous work for the self-hydrolysis of NaBH4 [1], with the addition of a modified version of Davis et al. [2] empirical correlation to describe the reaction mechanism limiting step rate. The kinetic parameters were estimated using the gPROMS Parameter Estimation tool supported by experimental data in terms of produced gas volume and solution pH. The results have shown that the developed model accurately describes, not only the catalytic hydrolysis but also the self-inhibited self-hydrolysis and the alkaline storage of NaBH4. This model allows the prediction of hydrogen volume, pressure, rate of release and solution stability for this hydrogen generation reaction.
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1. Introduction
New clean and renewable energy sources, which can effectively substitute fossil fuels, are the hopes and challenges for the future role of energy in the world economy. The most preponderant question is related with the energy transportation and storage, as most of these clean energy sources are often found far from the areas with high energy consumption.
So far one of the best solutions for a reliable energy carrier for the future is hydrogen, since it can be efficiently and safely stored as a chemical hydride and released on-demand to generate electricity in a PEMFC (Proton Exchange Membrane Fuel Cell).
Sodium borohydride (NaBH4) is considered, since the 50’s, as a good hydrogen storage medium [3]. This chemical hydride spontaneously releases hydrogen when placed in contact with water, through a chemical process known as self-hydrolysis. The kinetics for this chemical reaction were initially studied [2] and a sequential mechanism proposed, based on a pH-dependent slow step. Since then other reactions have been proposed that could also describe this transformation, such as the metaborate formation [4], the tetraborate formation [1] and the tetrahydroxyborate formation [5]. Furthermore, it was discovered [3, 6] that if a specific metallic catalyst is added to a borohydride solution, the hydrogen release rate would dramatically increase in comparison with the self-hydrolysis release rate. However the mechanism for the catalytic hydrolysis of sodium borohydride is still a matter of ongoing research.
The use of mathematical models and simulation software could be instrumental in unveiling the best reaction mechanism for these chemical transformations, by describing the hydrolysis reactions and comparing the results with experimental data. With this aim, the gPROMS software is employed in this work, to implement a modification of a previously presented self-hydrolysis model [1] and to extend it to the catalytic hydrolysis of sodium borohydride.
2. Self-hydrolysis reaction mechanism
The general expression that describes the self-hydrolysis of sodium borohydride in aqueous media is:

[image: image1.wmf](

)

4

)

(

2

)

(

2

)

(

4

4

4

OH

NaB

H

O

H

NaBH

g

l

s

+

¾

®

¾

+


(1)

As it was observed [6], the self-hydrolysis is dependent on the pH of the reacting solution, and so at high pH values this process can be almost entirely inhibited. This fact is in agreement with preliminary experiments [2] where boric acid is formed after reacting sodium borohydride with water. Davis et al. also proposed an empirical reaction rate equation (eq. 2) that can describe the slow step rate, given the NaBH4, H+ and H2O molar concentrations. 
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However, a consequence of an increasing alkalinity of the solution is the formation of the sodium tetrahydroxyborate, through the boric acid interaction with water and the hydroxide ion [5]. The reaction mechanism that represents the chemical equation (1) is shown in Fig. 1.
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Fig. 1. Proposed sodium borohydride hydrolysis reaction mechanism.
Other reactions included in the model are the water autoprotolysis and the sodium hydroxide dissolution (not shown), and the boric acid deprotonation equilibria (eqs. 3, 4 and 5).
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3. Dynamic model of the reaction system
The gPROMS dynamic model, built up to describe the experimental results of the hydrolysis, consists of three units: the reactor, the gas reservoirs and a connection unit that regulates the flow between the reactor and the reservoirs.

The reactor-reservoir connections were expressed in the model using identical reservoir units connected to the reactor through on/off valves. These connections are opened one by one, in order to fill the correct reservoir. A changeover occurs whenever the height of the water column of the active reservoir reaches zero, triggering a routine command that orders the opening of a new valve.

The full DAE model is index 1 and consists of a total of 902 equations and variables of which 204 are differential and 698 are algebraic.

To accomplish all the physical-chemical operations of the system the model units include: mass balances given by eq. (6) for aqueous phase and eq. (7) for gas phase compounds, where Mi is the molar holdup of compound i, RRj is the reaction rate for the reaction j, ni,j is the respective stoichiometric coefficient, VAqueous represents the solution volume, FiGas-liquid is the gas-liquid transfer rate of component i, FrReservoir-vase is the reservoir-vase exit flow rate from reservoir r and FrReact-reserv is the reactor-reservoir transition flow rate using reservoir r; gas-liquid equilibriums modeled by Raoult and Henry expressions generalized by eq. (8) , where PTotal is the total pressure of the gas phase, yi and xi are the molar fractions of i in the gas phase and aqueous solution phase, respectively, and KiGas-liquid equilibrium is a generic equilibrium constant similar to the component vapor pressure or the Henry constant; flow rates in the system calculated using mass transfer relations for the reactor-reservoir connections (eq. 9), the gas phase and the liquid phase interchange (eq. 10) and the flow of water in the reservoir to the vase below (eq. 11), where the mass transfer constants, Kmass transf, are related to the pressure differential between the reactor and the reservoir r, the gas molar fraction of component i and the water height in the reservoir r; the reaction rate of the limiting step described by eq. (2), which was improved with the addition of partial reaction orders (eq. 12), αi, to provide a better adjustment between the experimental data and the model results. The rate of the subsequent reactions of the mechanism given in Fig. 1 were defined by the limiting step hypothesis (eq. 13). The rate of the remaining reactions was given by elementary reaction rate expressions. In order to represent the reaction rates at different temperatures the Arrhenius expression was used (eq. 14), where parameter kj is the respective kinetic constant.
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4. Self-hydrolysis model results
The unknown parameters of the reaction mechanism, namely the limiting step kinetic parameters, were estimated by adjusting the model results to the experimental data. This calculation was handled by the gPROMS Parameter Estimation function.

The plots obtained to compare simulated and experimental data of the self-hydrolysis at different temperatures, solution volumes and pH are shown next.
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Fig. 2. Graphical comparison of experimental and simulated data for the self-hydrolysis of sodium borohydride (10% wt.): a) at 45ºC, for 5, 25 and 50 ml initial reacting solution; b) solution pH at 45ºC; c) 5 ml initial solution at 45ºC, 55ºC and 65ºC; d) 5 ml initial solution at 45ºC, 55ºC and 65ºC with 3% wt. NaOH added.

The estimated parameter results for the self-hydrolysis mechanism are presented in Table 1.
Table 1. Kinetic results for the adjustment of the gPROMS model to the experimental data of self-hydrolysis of sodium borohydride (10% wt.).

	Parameter
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The simulated data for the total gas produced and different reacting solutions volumes and temperatures, with 10% wt. NaBH4, show a very good agreement with the experimental data. Those obtained for pH and for the system with added NaOH, also adjust satisfactorily to the measured values.
Considering these good results, this model can, therefore, be employed to predict, amongst other, NaBH4 storage properties, such as the solution half-life time.
5. Catalytic hydrolysis model results
In order to apply the proposed self-hydrolysis mechanism to the catalytic hydrolysis reaction, the new kinetic parameters, equivalent to those shown in Table 1 for the self-hydrolysis, have to be estimated using the gPROMS Parameter Estimation function. The results of this adjustment are presented in Table 2.
Table 2. Kinetic results for the adjustment of the gPROMS model to the experimental data of catalytic hydrolysis of sodium borohydride (10% wt.).
	Parameter
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With the new estimated kinetic parameters, the catalytic hydrolysis simulated were plotted along with the experimental data, as shown in Fig. 3.
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Fig. 3. Graphical comparison between simulated (lines) and experimental data (dots) for the gas volume produced during the catalytic hydrolysis of sodium borohydride (10% wt.) at 28ºC, 36ºC, 49ºC and 60ºC for a 5 ml solution.

The use of the catalytic hydrolysis mechanism enables the operator to gather information on the reactor performance of a number of factors such as the initial reactant concentrations, the solution pH, the conversion and reaction end time, and the concentration of all the final species present in the reactor.

6. Conclusions
This paper has presented a dynamic model for hydrogen production through the hydrolysis of sodium borohydride. This model can predict, in good agreement with the gathered experimental data, the behavior of a solution in conditions of alkaline inhibition, neutral pH and heterogeneous catalysis. To this purpose, the limiting step kinetic parameters were adjusted to describe both the self-hydrolysis and catalytic hydrolysis processes. It was shown that the linear behavior of the experimental catalysis can be described by a complex mechanism, based on the self-hydrolysis. This has the advantage, over the commonly used zero order rate law, to enable the testing of different starting conditions in the reactor and predict, for each case, various experimental results relevant for further developments, with a consequent economy in experimental effort.

Future work will focus on the identification of all hydrolysis reaction products and their compositions, the effect of borates and initial borohydride concentrations on the reaction rate and the effect of the exchanged heat during the hydrolysis process.

7. Acknowledgements
Partial funding by the European Commission DG Research (contract SES6-2006-18271/NESSHY) is gratefully acknowledged by one of the authors (C. M. R.).

The authors also would like to acknowledge the support provided by the laboratory staff working at DMTP/INETI for making available the experimental data. 
References
[1] Gonçalves A., Castro P., Novais A. Q., Fernandes V., Rangel C., Matos H., 2007, Dynamic Modeling of Hydrogen Generation via Hydrolysis of Sodium Borohydride, Chem. Eng. Trans., 12, 243-248.
[2] Davis R. E., Bromels E., Kibby C. L., 1962, Boron Hydrides. III. Hydrolysis of Sodium Borohydride in Aqueous Solution, J. Am. Chem. Soc., 84, 885-892.

[3] Schlesinger H. I., Brown H. C., Finholt A. E., Gilbreath J. R., Hoekstra H. R., Hyde E. K., 1953, Sodium Borohydride, Its Hydrolysis and its Use as a Reducing Agent and in the Generation of Hydrogen, J. Am. Chem. Soc., 75, 215-219.

[4] Rangel C. M., Silva R. A., Fernandes V. R., 2006, Hydrogen Storage and Production at Low Temperatures from Borohydrides, WHEC, 16, Lyon.

[5] Wee J.-H., Lee K.-Y., Kim S. H., 2006, Sodium Borohydride as the Hydrogen Supplier for Proton Exchange Membrane Fuel Cell Systems, Fuel Proc. Tech., 87, 811-819.

[6] Amendola S. C., Sharp-Goldman S. L., JanJua M. S., Spencer N. C., Kelly M. T., Petillo P. J., Binder M., 2000, A Safe, Portable, Hydrogen Gas Generator Using Aqueous Borohydride Solution and Ru Catalyst, Inter. J. of Hydrogen Energy, 25, 969-975.
[7] Guella G., Zanchetta C., Patton B., Miotello A., 2006, New Insights on the Mechanism of Palladium-Catalyzed Hydrolysis of Sodium Borohydride from 11B NMR Measurements, J. Phys. Chem. B, 110, 17024-17033.

[8] Kojima Y., Haga T., 2003, Recycling Process of Sodium Metaborate to Sodium Borohydride, Inter. J. of Hydrogen Energy, 28, 989-993.

[9] Shang Y., Chen R., 2006, Semiempirical Hydrogen Generation Model Using Concentrated Sodium Borohydride Solution, Energy & Fuels, 20, 2142-2148.






















































































































































_1255285100.unknown

_1255285308.unknown

_1255860868.unknown

_1255285367.unknown

_1255285144.unknown

_1255175517.unknown

_1255183346.unknown

_1255183359.unknown

_1255183376.unknown

_1255183304.unknown

_1250080768.unknown

_1250606241.unknown

_1254926303.unknown

_1250606158.unknown

_1249993602.unknown

_1250080737.unknown

_1249993652.unknown

_1249244104.unknown

