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Sodium borohydride is extensively used for solid-state hydrogen storage & generation and considered as the most 

prominent chemical hydride due to its high hydrogen storage capacities. In relation to the previous studies on 

NaBH4/Al2O3 nanoparticles/H2O system with CoCl2 as a catalyst which presented rate kinetics, this study exclusively 

deals with the adsorption kinetics in this system. The study includes a series of equations using Langmuir-Hinshelwood 

adsorption model that represents adsorption phenomenon occurring in the solution in correspondence with the equations 

from the literature. These equations remarkably lead through in obtaining the surface coverage parameter presenting the 

adsorption of borohydride ions on catalyst surface. Furthermore, effect of temperature is observed on the concentration 

of NaBH4 to obtain experimental hydrogen generation. This parameter calculates [C] that is final concentration against 

each initial concentration of NaBH4, amount of adsorbed species (qe) on catalyst surface, Langmuir-Hinshelwood 

adsorption constants, surface coverage (θA) and enthalpy of the system. Role of chemical behaviour of alumina 

nanoparticles is also elaborated in this study, which promotes the overall hydrogen generation in combination of rise in 

temperature.   

Keywords: Adsorption, Langmuir-Hinshelwood, Nanoparticles, Enthalpy, Hydrogen generation. 

INTRODUCTION 

The growing concern about depleting oil reserves 

and harmful effects of carbon dioxide gas emissions 

in atmosphere are key factors that encourage the 

development of new and renewable energy 

technologies [1]. Hydrogen, the zero carbon fuel, is 

a resolution considered worldwide for a secure 

energy future so as to lessen the effect of CO2 in air 

[2]. However, many crucial and technical challenges 

remain to be addressed before hydrogen- based 

energy can become extensively accessible and 

economical [3, 4]. Additionally, on-board hydrogen 

storage has been identified as one of the technical 

difficulties in the implementation of hydrogen 

economy on global scale [5, 6]. Technologies for 

hydrogen storage should be considerably advanced 

in a hydrogen-based energy system; particularly in 

the transportation sector [5, 7-9]. Storing hydrogen 

is relatively difficult because of its low density and 

critical temperature. There are three ways to store 

hydrogen: (a) compressed gas, (b) cryogenic liquid 

hydrogen (LH2) and (c) solid-state hydrogen storage 

[10]. The main disadvantage of compressed gas and 

cryogenic liquid hydrogen storage is that hydrogen 

can only be stored in pressurized form (up to 700 

bar) or cryo-compressed form (down to −253°C). 

Additionally, various safety concerns and 

sophisticated technologies are also required to adopt 

this mode of hydrogen storage. 

Many novel concepts of hydrogen storage had 

emerged in past decades like chemical hydrogen 

storage or material-based hydrogen storage. One of 

them is solid-state hydrogen storage that involves 

storage of hydrogen in complex chemical hydrides. 

These hydrides have high hydrogen content and 

hydrogen can be released from them through several 

chemical pathways like hydrolysis and thermolysis 

[11-14]. Hydrolysis of chemical hydrides takes place 

at comparatively moderate temperatures and gives 

more promising theoretical hydrogen storage 

efficiencies than thermolysis [15]. 

Among all chemical hydrides, sodium 

borohydride (NaBH4) has been considered as the 

most attractive hydrogen storage material, as it 

provides a safe and practical mean of storing 

hydrogen and has high hydrogen content. It 

undergoes hydrolysis reaction like other hydrides 

and forms the byproduct sodium metaborate 

(NaBO2). By dissolving sodium borohydride in a 

basic solution, a highly stable aqueous solution is 

formed and further hydrogen release could be 

initiated with an active catalyst during NaBH4 

hydrolysis reaction.  
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Moreover, reaction stoichiometry states that 1 g 

of NaBH4 solution will produce 2.4 L of hydrogen at 

normal temperature and pressure (STP). On this 

basis, it gives gravimetric storage capacity of 10.8 

wt%. Furthermore, storing hydrogen in the form of 

aqueous solutions has many advantages. It is worth 

mentioning that hydrogen with NaBH4 could be 

released at ambient conditions, thus increasing its 

application for portable fuel cells [16-18]. There is a 

remarkable progress in manufacturing of proton 

exchange fuel cells to be used in NaBH4 hydrogen 

generation systems [19]. Also, there is a significant 

progress in compact hydrogen storage that would 

meet higher hydrogen yields per unit mass and 

volume and is efficient enough to work at low 

temperature [20]. 

A significant research towards synthesizing an 

active catalyst is a step forward for development of 

NaBH4-based on-board hydrogen generation (HG) 

systems [21]. Cobalt(II) chloride, nickel(II) chloride, 

iron(II) chloride, copper(II) chloride and 

manganese(II) chloride are non-noble catalysts that 

are investigated with time for NaBH4 hydrolysis. 

Besides this, noble metal catalysts like ruthenium 

and platinum with different supporting materials as 

platinum loaded on LiCoO2 or ruthenium loaded on 

TiO2 are also studied. Due to cost factors, it is not 

feasible to make use of noble metal catalysts for 

widespread applications in hydrogen storage 

systems. Out of all above, cobalt(II) chloride is 

found to be highly active for NaBH4 hydrolysis 

reaction [21-23]. 

Various kinetic models are studied with respect 

to the NaBH4-based hydrolysis system like zero 

order, first order, second order, power law model, 

Langmuir-Hinshelwood model and Michaelis and 

Menton models [6]. Zero order kinetic model is 

based on the linear behaviour of hydrogen 

generation volume with fixed concentrations of 

NaBH4, NaOH and catalyst. Zero order kinetic 

model is not reliable because usually zero order 

kinetics shifts from zero order to non-zero order with 

respect to NaBH4 concentrations due to by-product 

formation and increase in water consumption [5]. 

Also, first order and second order kinetic models 

give the dependence on catalyst and NaBH4 

concentrations and are unable to relate hydrogen 

generation rate (HGR) with NaOH. Michaelis and 

Menton model is based on constant NaOH and 

temperature consideration thus limiting its practical 

use. On the other hand, power law kinetic model is 

based on the concentration of catalyst, NaBH4 and 

NaOH. This model could predict order with respect 

to each factor independently. It does not require any 

assumption, hence making it useful for practical 

applications [6]. 

Therefore, the authors have used the power law 

kinetic model in previous studies to understand the 

kinetics of NaBH4/H2O system with CoCl2 as 

catalyst and alumina nanoparticles (20 nm) as 

promoter. Previous research revealed an incredible 

high efficiency of 99.34% at a mass ratio of 0.09: 0.7 

for Al2O3: NaBH4 with theoretical hydrogen density 

of 10.76 wt% and experimental hydrogen density of 

10.69 wt%. This value is high enough to ensure the 

overall conversion of NaBH4 in terms of hydrogen 

release in the system [25].  

As the previous published studies were 

specifically based on rate kinetics, the new insight of 

this research is to observe the adsorption kinetics of 

NaBH4/Al2O3 nanoparticles/H2O system with CoCl2 

as a catalyst. Consequently, Langmuir-Hinshelwood 

(L-H) model is reasonably used to develop novel 

equations for this system representing the surface 

coverage of sodium borohydride ions on the catalyst 

in the solution. Experimentation studies are 

conducted to observe variation in concentration of 

NaBH4 with time at different temperatures and 

previous studies lacked these measurements. 

Finally, the observed data are used to calculate the 

surface coverage of borohydride ions on catalyst 

surface.  

EXPERIMENTAL 

The reaction occurs in a three-port 250 mL 

reactor and reagents NaBH4, Al2O3 and CoCl2 are 

primarily added together in solid form in the reactor 

before the reaction starts. Then, aqueous solution of 

NaOH (10 mL) is added by a pressure equalizing 

funnel connected to the reactor from the central port. 

Predetermined amounts of reactants are used for the 

reaction like NaBH4 (1, 1.25, 1.50, 1.75 moles/L), 

CoCl2 (0.02 moles/L), Al2O3 (0.09 moles/L) and 

NaOH (1.4 mole/L). The concentration of Al2O3, 

CoCl2 and NaOH is considered on the basis of 

preliminary experiments conducted to observe the 

maximum hydrogen rate in previous studies [24, 25]. 

Left-hand port is used to attach the thermometer to 

monitor the change in reaction temperature. Evolved 

hydrogen gas is observed as soon as the aqueous 

NaOH solution from the central port comes in 

contact with the reagents (NaBH4, Al2O3 and CoCl2) 

already present in solid form in the reactor. There is 

continuous stirring action observed by the evolved 

hydrogen gas bubbles which could lead to 

homogeneous dispersion of the catalyst in the 

solution.  However, the right-hand port is attached to 

the cylindrical pipe that guides the generated 

hydrogen to the inverted cylinder (3L capacity) that 



A. Sudan et al.: Experimental and modelling studies of hydrogen generation from NaBH4/Al2O3 nanoparticles/H2O ...

190 

is a part of the water replacement system consisting 

of a container (4L capacity). The experiments are 

performed at four different temperatures that are 

293, 303, 313 and 323K, thus, a heating mantle is 

used to control these temperatures whereas, to 

prevent the fluctuation of temperature during the 

reaction a water bath is used taking in consideration 

a variation of ± 0.2°C.   

The figure of experimental setup is similar to the 

setup used in previous works [24, 25] thus, it is 

provided in the supplementary section. 

Application of Langmuir-Hinshelwood kinetic 

model 

For the present system, Langmuir-Hinshelwood 

(L-H) model states the adsorption of adsorbate 

species (BH4-) on the catalyst surface as the reaction 

in liquid phase [27]: 

BH4
-   +   * →   BH4

- × *  (1) 

Here, BH4
- are borohydride ions and (*) presents 

the catalytic surface in the solution. It is assumed 

that for a heterogeneous catalytic reaction, 

adsorption of reactant molecule occurs on the 

catalyst surface. Consequently, there is a possibility 

of formation of a strong chemical bond on the 

catalyst surface by the phenomenon called as 

chemisorption. However, few adsorbate and 

adsorbant combinations are formed because 

chemisorption involves single layer adsorption of 

reactant on catalyst surface. Therefore, this 

heterogeneous catalyst system would depend on the 

concentration of chemisorbed molecules. 

Accordingly, the concentration of reactants is related 

with their respective solid surface coverage on the 

catalyst [28, 29]. 

There are series of steps that occur during the 

hydrolysis reaction of sodium borohydride which 

would relate to the above theory. Firstly, for 

simplification, it is supposed that all reactants are in 

the same phase (liquid), all adsorption sites have 

similar energies of adsorption and there is no 

interaction among adsorbed species. 

a) The change in concentration of sodium

borohydride [C] with time is calculated by equation 

2: 

[C] = CA0 (1-
VH2

VH2max
)  (2) 

where, CA0 is the initial concentration of NaBH4 

in moles/L. VH2 is the experimental value of 

hydrogen generated at each time point and VH2max is 

the maximum amount of hydrogen that can be 

generated by the system in litres [27]. 

b) The maximum amount of hydrogen

generated is calculated as follows: 

VH2max = 
amount of NaBH4 taken

molecular weight of NaBH4
× 4 ×

22.4

273
× T

(3) 

where, T = reaction temperature in K, constant 

(4) is the number of molecules of hydrogen

generated by stoichiometry given by equation:

NaBH4 + 4 H2O→ NaBO2+ 4 H2 + Heat (4) 

c) further, (qe) is the concentration of adsorbed

species calculated by: 

qe=
CA−CAo

Ccatalyst
× Volume of the solution (L) (5) 

RESULTS AND DISCUSSION 

Previous studies presented the role of each 

individual reagent that promoted hydrogen 

generation rate. NaBH4 is the prime component 

during the reaction and supplier of borohydride ions 

in the solution.  

CoCl2 is a catalyst precursor; it is reduced by 

borohydride ions to form catalytically active Co2B 

species in the solution [38].  

Alumina acts as a catalyst promoter which 

provides a synergistic catalytic effect because of the 

formation of Co2B species and hydroxylates of 

alumina. This results in the formation of Co/Al 

complexes like cobalt aluminates which further 

promote the activity of Co2B active species resulting 

in intensifying NaBH4 hydrolysis in the solution [32, 

33]. These interpretations are backed by 

physiochemical methods like XRD and FTIR 

characterization analysis used to study the residue 

left after the completion of the reaction. The results 

undoubtedly present that cationic adsorption of Co+2 

or Na+ occurs on the hydroxide layer of alumina 

surface that leads to the formation of cobalt and 

sodium aluminates in the solution (Figures S2 & S3). 

Lastly, NaOH helps in preventing passivation of 

alumina surface which helps alumina to form Co/Al 

and Co/Na complexes and ultimately promotes 

hydrolysis of NaBH4 [24, 25]. 

In the present study hydrogen generation is 

observed at increasing temperatures (293, 303, 313 

and 323 K) at different concentrations of NaBH4 

(Figures 1, 2, 3 and 4) with respect to time [30-32]. 

The figures significantly confer the increasing trend 

of hydrogen generation (HG) with temperature 

whereas in previous studies, the trend of increase in 

HG with respect to NaBH4 was observed only at 

room temperature. Additionally, these plots of HG 

with time also provide the experimental hydrogen 

generation at each concentration and varying set of 

temperatures. This experimental hydrogen obtained 

plays a vital role in observing the adsorption kinetics 

and ultimately calculating the surface coverage of 
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borohydride ions on the catalyst surface in this 

system. The generated experimental hydrogen is 

used in equation 2 formulated with Vmax (equation 3) 

to calculate the final concentration of NaBH4 (Table 

1). Further, the concentration of adsorbed species 

(qe) is calculated by using equation 5. This finally 

provides the values of surface coverage of 

borohydride ions on the catalyst (Table 2) at varying 

temperatures.  
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Figures 1, 2, 3 & 4. Plots of hydrogen generation with respect to time at various temperatures. 

Table 1. Final concentration of NaBH4 at different temperatures 

S. No. Initial concentration Final concentration at various temperatures (moles/L) 

CA0 (moles/L) [C] 293K [C] 303K [C] 313K [C] 323K

1. 1 0.02 0.03 0.04 0.09 

2. 1.25 0.05 0.06 0.07 0.08 

3. 1.50 0.09 0.18 0.21 0.22 

4. 1.75 0.12 0.13 0.16 0.27 

Table 2. Values of qe and θA at 293 and 323K 

Sample 

No. 

CA0

(moles/L) 

[C] 

(moles/L) 

at 293K 

[C] 

(moles/L) 

at 323K 

qe 

(moles/g) 

at 293K 

qe 

(moles/g) 

at 323K 

θA

at 293K 

θA

at 323K 

1. 1 0.016 0.019 0.20 0.20 0.4 0.6 

2. 1.25 0.05 0.073 0.23 0.24 0.5 0.8 

3. 1.50 0.09 0.22 0.28 0.26 0.60 0.9 

4. 1.75 0.12 0.27 0.29 0.3 0.8 1 
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Table 1 gives information of the final 

concentration of NaBH4 at various temperatures 

(293, 303, 313 and 323K) and the mathematical 

calculations confirm that the final concentration of 

NaBH4 in solution increases with an increase in 

temperature [36, 37].  

Table 2 provides the values of qe (amount of 

absorbed species) and θA (surface coverage). Here, 

an increasing trend in the values is observed with 

respect to temperature and NaBH4 concentration. 

Consequently, Langmuir adsorption isotherm 

constants (k1, k2, k3 and k4) at 293, 303, 313 and 

323K and enthalpy of this system are calculated by 

Van’t Hoff equation 6: 

𝑑

𝑑𝑡 
ln(𝐾𝑒𝑞) =  

∆𝐻

𝑅𝑇2
(6) 

Here, ln (Keq) signifies the change in equilibrium 

constant with change in temperature. Thus, by 

plotting ln (Keq) and 1/T (Figure 5) the enthalpy of 

the system is calculated as -47 kJ/mole. 

Figure 5. Plot of 1/[T] and ln(Keq) 

When these results are interrelated with previous 

interpretations it is understood that temperature is 

dominantly promoting the role of alumina as a 

catalyst promoter in the solution and ultimately 

causing an increase in surface coverage of 

borohydride species on the catalyst surface. 

Therefore, the present study would also 

comprehensively describe the chemical behavior of 

alumina in the solution to provide a clear vision on 

how temperature is promoting adsorption kinetics in 

the solution.  

Chemical properties of alumina are elaborated as 

given below which in combination with rise in 

temperature have a considerable effect on hydrogen 

generation. 

(a) Hydrophilic nature of alumina. Due to the

chemical behaviour of γ-Al2O3 in the solution at least 

a monolayer of water is chemisorbed by alumina. 

When the surface is hydrated, water molecules are 

chemisorbed on the top oxide layer of γ-Al2O3 as 

shown in reaction 7 [33]: 

3232 )(23 OHAlOHOAl →+ (7) 

(b) Amphoteric nature of alumina. Reactive

functional groups (hydroxyl ions) are coordinated in 

various ways to aluminum cations on the alumina 

surface like hydroxyl group with one aluminum ion 

and hydroxyl groups with two aluminum ions. Basic 

nature of alumina is given by singly coordinated 

hydroxyl groups and acidic nature by hydroxyl ions 

coordinated with two aluminum ions. The ionization 

reactions presenting the acidic and basic nature of 

alumina are given in [34]: 

++ =+ 2AlOHHAlOH , 
++= HAlOAlOH

_

(8) 

The hydroxyl groups in the present system are 

expected to be singly co-ordinated with aluminum 

ions thus, developing a basic nature in the solution.  

(c) Iso-electric point and pH of the solution.

This is explained by the principle of electro-

neutrality, as in acidic medium the oxide particle will 

be positively charged and to compensate this charge 

a layer of particles with opposite charge (negative 

charge) will be present in the solution that will 

surround the oxide particles. Similarly, in basic 

medium, oxide particles will be negatively charged 

and a layer of positively charged particles will be 

present in the solution that surrounds the oxide 

particle. Furthermore, the iso-electric point is the 

value of solution pH when the net oxide particle 

charge is zero. The iso-electric point of alumina is at 

pH = 8, which implies that alumina will adsorb 

anions at a solution pH lower than 8 and adsorb 

cations at a solution pH higher than 8 [34, 35]. The 

present system is at pH = 9, therefore, adsorption of 

Co+2 and Na+2 cations occurs on alumina surface. 

Thus, hydrophilic nature, amphoteric nature, 

iso-electric point and pH of solution are a few 

chemical behavioral characteristics of alumina that 

promote its reactivity as a catalyst promoter in the 

solution. 

Therefore, it is interpreted that increase in 

temperature speeds up the formation of alumina 

reactivity and formation of cobalt and sodium 

aluminates in the solution and results in rise in 

affinity, as well as diffusion capacity of borohydride 

ions towards the catalyst resulting in high surface 

coverage of borohydride ions on the catalyst surface 

with rise in temperature [36, 37]. 
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CONCLUSIONS 

The present research is an exclusive study on the 

adsorption properties of the NaBH4/γ-Al2O3 

nanoparticles/ H2O system with CoCl2 as a catalyst. 

Langmuir-Hinshelwood adsorption model is 

extensively used predicting the equations in 

correspondence with the present hydrogen 

generation system. The effect of increasing 

temperature is examined at varying concentration of 

NaBH4 and thus experimental hydrogen generation 

is monitored. This ultimately leads to calculate 

parameters like final NaBH4 concentration, qe that is 

concentration of the adsorbed species, Langmuir 

adsorption isotherms constants and surface coverage 

(θA). It is observed that all these parameters increase 

with increase in temperature. Furthermore, Van’t 

Hoff equation calculates the value of enthalpy of this 

system to be -47 kJ/mole. Mathematical calculations 

describe the increase in surface coverage of 

borohydride ions with temperature. This result is 

also supported by the chemical properties of alumina 

like hydrophilic nature, amphoteric nature, 

isoelectric point and pH of the solution as they 

enhance the rate of hydrogen generation in the 

system. The study overall describes novel 

mathematical observations and adsorption studies of 

the NaBH4/γ-Al2O3 nanoparticles/ H2O system with 

CoCl2 which directly contributes to the use of 

NaBH4 for practical fuel cell applications.  
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Supplementary Section 

Figure S1. Experimental set up 

Figure S2. XRD analysis of residue [24] 
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Figure S3. FTIR analysis of residue [24] 

Following are the reactions from the literature 

studies in correspondence with the present system of 

hydrogen generation. 

Active site for chemisorption is given by R with 

its surface concentration [R]. Adsorption 

concentration of NaBH4 is expressed as [C], thus, 

[𝐂] + [𝐑]
𝐝𝐞
← 

𝐚𝐝
→ 
[𝐂𝐑]     (S1) 

Here, [CR] is NaBH4 that is chemisorbed on the 

sites of the surface with respect to kads and kds that 

are rate constants signifying the rate of adsorption 

and desorption. Hence, the net rate of adsorption is 

given by [28]: 

𝐫 = 𝐤𝐚𝐝[𝐂][𝐑] − 𝐤𝐝𝐞[𝐂𝐑] (S2)

Hence, the equilibrium relation becomes, 

𝐊𝐚𝐝 = 
𝐤𝐚𝐝

𝐤𝐝𝐞
= 

[𝐂𝐑]

[𝐂][𝐑]
    (S3) 

Also, we introduce [R]I that is concentration of all 

adsorption sites on the catalyst surface and 𝛉𝐂 that is

the surface coverage of reactants on the catalyst 

surface. 

Therefore, 

[𝐑]𝐢 = [𝐑] + [𝐂𝐑]     (S4) 

𝛉𝐂 =
𝐂𝐑

[𝐑]𝐢
    (S5) 

The fractional surface coverage (θC) by the 

adsorbate borohydride ions could also be obtained 

from equations S3, S4 and S5 [26]: 

𝛉𝐂 = 
[𝐂]𝐊

𝟏+[𝐂]𝐊
    (S7) 

Here, K is Langmuir adsorption isotherm 

constant and [C] is concentration of NaBH4 at time 

t. 

Equations used for calculation of surface 

coverage of borohydride ions on catalyst surface: 

[CR] is written as qe in moles/g and [R]i is written 

as qm in moles/g for calculation purposes, therefore,  

𝛉𝐜 =
qe

qm
          (S8) 

From equations S7 and S8, the following 

equation is obtained: 

1

qe
=

1

K[C]qm
+

1

qm
          (S9) 

Thus, the plot of 1/CA and 1/qm would give the 

slope and intercept to calculate kad and qm [4].  


