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A B S T R A C T

In this study we investigate the mechanochemical regeneration of sodium borohydride (NaBH4) from a system
comprising hydrated sodium metaborate (NaBO2 ⋅4 H2O) and magnesium hydride (MgH2). We explore the
individual and joint impact of key operational parameters (rotational speed, milling time, ball-to-powder
ratio (BPR), and molar ratio) on the regeneration yield. Furthermore, a method for quantifying chemical
conversion is introduced relying only on water and thus, offering environmental benefits. This approach
additionally facilitates the production and storage of a ‘‘ready-to-use’’ NaBH4 solution with minimal losses at
room temperature. Notably, a yield of 90% is achieved, with a 20% reduction in rotational speed compared to
prior literature. This research contributes to sustainable hydrogen storage and presents practical advancements
in mechanochemical processes.
1. Introduction

The ongoing transition to low-carbon and no-carbon energy systems
has incentivized the creation of many green power generation solutions
that have the potential to sustain our energetic needs. This transition
faces a great challenge in finding an effective and efficient energy
carrier that can keep up with the demands of high-energy industries and
applications such as maritime transport [1,2]. One of the alternatives
to mitigate fossil fuel dependency is hydrogen, a clean energy carrier
with zero emissions. However, hydrogen storage and transportation
in pure gaseous or liquid form is challenging due to high-pressure or
low-temperature working conditions [3,4].

A potential solution involves using solid hydrogen carriers, which
enable the storage of hydrogen at ambient temperature and pres-
sure conditions. Sodium borohydride (NaBH4) has a high theoretical
gravimetric hydrogen storage capacity (10.92 wt%) and thus, is a
promising solid hydrogen carrier [5]. Hydrogen can be released via
the hydrolysis of NaBH4 (Eq. (1)) with dry or hydrated sodium metab-
orate (NaBO2 ⋅ xH2O) as byproduct, typically referred to as spent fuel.
Therefore, the regeneration of NaBH4 from the spent fuel is critical
for considering it a viable contributor to the energy transition since it
would allow its usage in a circular, cheap and sustainable manner [6,7].

NaBH4 + (2 + 𝑥)H2O → NaBO2 ⋅ xH2O + 4 H2 (1)

✩ This project has received funding from the Ministry of Economic Affairs and Climate Policy, RDM regulation, carried out by The Netherlands Enterprise
Agency (RvO).
∗ Corresponding author.
E-mail address: s.garridonunez@tudelft.nl (G. Garrido Nuñez).

where 𝑥 is the level of hydration.
Mechanochemical, electrochemical, and thermochemical methods

have been reported for regenerating NaBH4 [6,8,9]. Thermochemical
processes require high pressure and temperature conditions, while
electrochemical methods tend to be inefficient and can produce toxic
or harmful byproducts that have a negative impact on the environment.
Mechanochemical methods, in contrast, are appealing and environmen-
tally friendly options because they function without the need of an
electrolyte solution and can be performed at room temperature and
pressure conditions [6].

Within a mechanochemical process, the mechanical action of the
system induces the breakage of primary bonds giving rise to surface
reconstruction and chemical reactions among the surrounding media
as milling balls collide [10]. For the chemical reaction to take place, a
sufficiently large contact area and contact time must be involved in the
process. Otherwise, the reactants may not have sufficient interplay.

In the specific case of NaBH4, its mechanochemical regeneration has
been reported to be viable in high-energy mills [11–17]. A summary of
the highest yield obtained in different studies is presented in Table 1.

The results presented in Table 1 are based on the following five
distinct chemical processes.

NaBO2 + 2 MgH2 → NaBH4 + 2 MgO (2)
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Table 1
Reported results of the mechanochemical regeneration of NaBH4 in literature.

Metaborate 2nd reactant Reported yield (%) Year Ref.

NaBO2 MgH2 76 2009 [11]
NaBO2 MgH2 71 2009 [12]
NaBO2 MgH2 74 2011 [13]
NaBO2 MgH2 89 2017 [14]
NaBO2 ⋅2 H2O Mg 68 2017 [15]
NaBO2 ⋅2 H2O MgH2 90 2017 [16]
NaBO2 ⋅4 H2O MgH2 88 2017 [16]
NaBO2 ⋅2 H2O Mg2Si 78 2017 [17]

NaBO2 ⋅ 2 H2O + 4 Mg → NaBH4 + 4 MgO (3)

NaBO2 ⋅ 2 H2O + 4 MgH2 → NaBH4 + 4 MgO + 4 H2 (4)

NaBO2 ⋅ 4 H2O + 6 MgH2 → NaBH4 + 6 MgO + 8 H2 (5)

NaBO2 ⋅ 2 H2O + 2 Mg2Si → NaBH4 + 4 MgO + 2 Si (6)

It can be noticed that significantly different yields have been achieved
using the same reactants. This variation is due to differences in the
working conditions of the ball mills used (e.g., rotational speed, fill
ratio, ball size, jar shape, ball mill motion or ball-to-powder ratio
(BPR)). These parameters fundamentally affect the mechanical action
within the milling jar. It is important to emphasize that mechanical
conditions depend on the specific ball mill and the collisions occurring
inside the jar. Therefore, simply replicating operational conditions does
not guarantee the same chemical yield unless the same mechanical
action inside the jar is ensured. The process parameters reported in the
studies shown in Table 1 are as follows.

The results presented in Tables 1 and 2 highlight the significant po-
tential of mechanochemistry in facilitating the regeneration of NaBH4,
which serves as a motivation for this study. However, it is worth
noting that many authors have omitted crucial details for the com-
plete characterization of their experimental setup, thereby hindering
reproducibility.

Moreover, most authors typically investigate the impact of only one
or two operational variables at a time while holding the remaining
variables constant. For instance, Hsueh et al. [11] simultaneously var-
ied milling time and molar ratio while keeping rotational speed and
BPR constant. In contrast, Lang et al. [14], Çakanyildirim et al. [13]
and Chen et al. [16] independently varied milling time and molar
ratio while maintaining the remaining variables fixed. Kong et al. [12]
independently varied milling time, molar ratio, and ball-to-powder
ratio (BPR) while keeping the rest of variables constant. Notably, the
work of Ouyang et al. [15] stands out as they studied the simultaneous
effects of varying milling time, molar ratio, and BPR. However, their
maximum yield fell short compared to other studies. Finally, Zhong
et al. [17] also analyzed the combined influence of milling time and
molar ratio while keeping the other variables constant.

It is understandable why authors have decided to follow this ap-
proach. The number of experiments increases exponentially as more
parameters are varied simultaneously and the effect can be even more
dramatic depending on the amount of levels or values assigned to these
variables. However, it is crucial to recognize that all these operational
variables impact the chemical yield. To provide a simple example,
while it may be intuitive to fix the rotational speed of the milling
jar at a constant value that can deliver sufficient kinetic energy to
the milling balls, one needs to realize that it also directly influences
the collision frequency. This affects the amount of events (effective
collisions) that ultimately enable the chemical reaction to take place.
If one then decreases the BPR to include more powder, the chemical
yield will inevitably be reduced as the collisions available to treat the
total amount of powder have effectively changed. In this situation, one
641 
Fig. 1. Graphical model of variable interplay.

could arguably compensate by increasing the rotational speed or the
milling time. Needless to say, the molar ratio also plays a key role as
it impacts the amount of effective collisions where both reactants are
crushed together. This chain of events can be visualized in Fig. 1.

As a result of the previous observations and the insights gained by
the studies shown in Table 2, this study aims to optimize and enhance
the understanding of the mechanochemical regeneration of NaBH4 by
investigating the individual and joint effects of milling time, BPR, molar
ratio, and rotational speed on the chemical yield. Consistent with our
prior investigations, we maintain a fill ratio of 10%, achieved with
twenty-four 10 mm milling balls. In our milling machine, this fill ratio
achieves an optimal balance between normal and tangential dissipation
during collisions, while the size of milling balls primarily affects the
distribution of energy dissipation per rotation cycle [18]. Furthermore,
we opt for the chemical pathway consisting of NaBO2 ⋅4 H2O and MgH2
(Eq. (5)) as this reaction has shown to enable high conversion yields
and it eliminates the need to dedicate additional energy drying the
sodium metaborate or to artificially create a hydrogen atmosphere
inside the milling jar [16].

2. Materials and methodology

2.1. High-energy ball milling

The Emax high-energy ball mill is a device produced and distributed
by the German company Retsch. It offers a novel approach to ball
milling by combining high friction and impact results with a tempera-
ture control system allowing for controlled grinding. The system was
set up to allow a maximum temperature of 50 ◦C. The machine can
allocate proprietary grinding jars with 125 ml of volume that follow
a circular motion with a rotational speed 𝑛 up to 2000 revolutions per
minute (corresponding to an angular frequency of 𝜔 = 2𝜋 𝑛∕60 = 209
rad/s) with an amplitude (radius) 𝐴 of 1.7 cm, see Fig. 2.

Stainless steel milling balls with diameter of 10 mm (1.4034 G100
DIN 5401), purchased from Kugel Pompel, were utilized in all experi-
ments.

2.2. Chemicals

Hydrated sodium metaborate (NaBO2 ⋅4 H2O) (≥99%) was pur-
chased from Sigma-Aldrich. Magnesium hydride (MgH2) (≥99.9%,
≤50 μm) was purchased from Nanoshel. All chemicals were used as
received. Additionally, all samples for ball milling were prepared in a
glove box under an Argon environment where concentrations of oxygen
and water were below 0.1 ppm.
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Table 2
Process parameters reported for the mechanochemical regeneration of NaBH4. Parameters that have not been specified are indicated by ‘‘–’’.

Reference [11] [12] [13] [14] [15] [16] [17]

Metaborate NaBO2 NaBO2 NaBO2 NaBO2 NaBO2 ⋅2 H2O NaBO2 ⋅4 H2O NaBO2 ⋅2 H2O

2nd reactant MgH2 (98%) MgH2 (79.3%) MgH2 (99%) MgH2 (95%) Mg (99.8%) MgH2 (99%) Mg2Si (99.5%)

Mass of
metaborate [g]

0.66 – 0.86 – 0.43 0.44 0.31

Mass of 2nd
reactant [g]

0.26 – 0.89 – 0.57 0.56 0.69

Total mass of
reactants [g]

0.92 – 1.75 – 1 1 1

Molar ratio 2.8 2 2.6 2.7 5.5 5 3

Rotational speed
[rpm]

1080 – 1450 – 1200 1200 1000

Milling time [h] 6 2 12 12 10 15 20

Volume of jar [ml] 65 – 45 – 80 80 –

Diameter of balls
[mm]

13 – 10 and 4 – – – –

Number of balls 4 – 2 and 3 – – – –

Volume of balls in
the reactor [%]

7 – 2.5 – 8 8 –

Ball-to-powder
ratio [kg:kg]

39 50 10 50 50 50 50

Ball mill SPEX CertiPrep
8000-series
(shaker mill)

QM-3A
(vibrating mill)

CertiPrep 8000M
(shaker mill)

QM-3A
(vibrating mill)

QM-3C
(shaker mill)

QM-3C
(shaker mill)

QM-3C
(shaker mill)

Milling material Steel – – – Steel Steel –

Yield [%] 76 71 70 89 68 90 78
Fig. 2. Schematic of jar movement.

2.3. Equipment cleaning

To preserve similar conditions for all our experimental cases, after
every 3 experiments, the jars were cleaned and the milling balls were
replaced with new ones. We have found that cleaning the jar by milling
1 g of silica sand and adding 10 ml of isopropyl alcohol provides
excellent results in removing any leftover contamination. The typical
duration for the cleaning process was 6 min. Upon finishing, the jar is
then rinsed thoroughly with pure water, air-blasted with compressed
air, and left to dry open to the ambient.

2.4. Quantification of conversion yield

In the studies presented in Table 1, the standard approach for
quantifying the regenerated NaBH via mechanochemistry involves
4
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utilizing ethylenediamine (EDA). EDA possesses a distinct advantage
as it selectively dissolves NaBH4 while leaving the remaining reactants
intact, facilitating an efficient separation process through subsequent
filtering and sublimation. However, EDA poses risks such as corrosion,
toxicity, and health hazards. Hence, we propose a cheaper, safer and
more environmentally friendly method to assess the conversion yield,
leveraging any unconverted MgH2 in the process.

After the ball milling process is completed, the jar is opened to
the atmosphere and pure water is added. This promptly initiates the
self-hydrolysis of unconverted MgH2, elevating the solution’s pH above
11 within seconds [19]. Hydrogen is released from this hydrolysis
until dense passivation layers of magnesium hydroxide form over un-
converted magnesium hydride [20–22]. While hydrogen released in
this step is carefully disposed of, it could also be utilized to enhance
overall hydrogen release in the system. The half-life of this solution,
representing the time for half of the NaBH4 solution to decompose, can
be calculated as 10.2 h at pH = 11 and temperature of 25 ◦C, based on
the work by Kreevoy and Jacobson (Eq. (7)) [23]. Thus, a significant
advantage of the rapid pH increase is the immediate inhibition of
NaBH4 self-hydrolysis, minimizing hydrogen losses for quantification
purposes [24,25].

log10(𝑡1∕2) = pH − (0.034𝑇 − 1.92) (7)

where 𝑡1∕2 represents the half time in minutes and T is the temperature
in Kelvin.

After the stabilization of MgH2 by self-hydrolysis, the jar is sealed
again with a lid featuring a unidirectional flow valve and connected to
a gas-collection over water system. Subsequently, Ru-based catalysts
are introduced into the solution within the jar, and the tempera-
ture is raised to 80 ◦C. This catalyst specifically assists the hydrolysis
of NaBH4, as the hydrolysis of MgH2 remains relatively inactive at
temperatures below 200 ◦C [26–30] for non-catalized mixtures and
146 ◦C for catalyzed mixtures [31,32]. Moreover, Ru-based catalysts
are favored for NaBH4 hydrolysis due to their high hydrogen gener-
ation rates, durability, and efficient catalytic activity, particularly in
comparison to other metals like Pt or Pd. These catalysts are well-suited
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for hydrogen-on-demand applications because of their rapid reaction
rates and stability under various conditions [33–35]. Independent ex-
eriments using commercially available NaBH4 demonstrated that the
atalyst can hydrolyze more than 99% of these solutions under the

conditions of our experimental setup.
When the hydrogen release ceases, we assess the actual volume of

hydrogen released against the theoretical volume, derived from the
ideal gas law, that would have been obtained if all initial NaBO2 ⋅4 H2O
had converted to NaBH4 (refer to Eq. (5)). This method enables the
quantification of the chemical conversion yield without the need for
additional separation steps, chemicals, or equipment. Although the
accuracy may not reach the same level as separating with EDA, it
offers a cleaner, cheaper, and simpler process sufficient to estimate
the influence of the investigated operational variables. Furthermore,
it facilitates the production of a ‘‘ready-to-use’’ solution, the half-life
of which can be extended by further pH or temperature adjustments.
Such a solution offers a new approach to storing regenerated NaBH4
and streamlines parallel operations. Moreover, the low solubility of the
remaining solids in the jar, namely MgO and Mg(OH)2, allows for a
imple and straightforward separation process via filtration.

2.5. Experimental cases definition: Fractional design of experiments

In this paper we investigate the simultaneous effects that vary-
ng molar ratio, BPR, milling time and rotational speed have on the
echanochemical conversion yield. In principle, the number of exper-

mental cases 𝑛𝑐 𝑎𝑠𝑒𝑠 is defined by Eq. (8).

𝑛𝑐 𝑎𝑠𝑒𝑠 = 𝑚𝑥 (8)

where 𝑚 is the number of possible values (or levels) for each variable
nd 𝑥 is the number of variables (or factors).

By defining three general levels for each of the four variables
high(2), medium(1) and low(0)) we can account for potential non-
inear behavior and the total number of cases is 81. This number of
xperiments is prohibitive due to time, cost, and equipment availability
onstraints. As a result, we decided to employ a fractional design of
xperiments technique, namely screening, to reduce the number of
ases needed to identify pertinent information about the main effects
nd two-factor interactions on the conversion yield [36].

As expected, this approach has some limitations. The most rele-
vant is the risk of confounding, which binds together the effects of
multiple factors, potentially leading to inaccurate conclusions about
the true relationships between them. To minimize this risk, we select
a resolution of the fourth (IV) degree reducing the total amount of
experiments to 27. This configuration has no main effects confounded
with interactions but at least one pair of two-variable interactions are
confounded together [37]. To define the values for each level, it is
important to define a wide and reasonable range [38]. For this, we use
s reference both the operational limitations of our milling machine
nd the process parameters shown in Table 2. The levels for BPR (A)
re defined as 10, 30 and 50. In the case of molar ratio (B), we use
 molar ratio of 33%, 66% and 100% compared to the stoichiometric
alue for MgH2. The milling time (C) is varied between 5, 12.5 and
0 h. Finally, the rotational speed (D) is set to 600, 800 and 1000
pm. To ensure robustness, we applied randomization in the selection
rder of cases throughout the experimental process. Key cases with

high conversion results were repeated twice to confirm reproducibility.
he repeatability tests showed a maximum variation of 2.5%, which

s significantly smaller than the variation observed between different
arameter settings. Therefore, we do not include error bars in the
nteraction plots. The final screening design is shown in Table 3 which

was created with Altair’s HyperStudy v2022.1.
 s
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3. Results and discussion

In this section, the results of the experimental cases are presented
and we leverage the screening design of experiments to assess the
elevance of each of the studied operational variables: BPR (A), molar
atio (B), milling time (C), and rotational speed (D). Additionally,
e evaluate the linear (L) and quadratic (Q) dependency of each
perational variable to identify trends in yield performance. Then we
ssess specific cases of interest that are worth discussing in more detail.
he conversion results, along with the linear and quadratic mapping,
re presented in Table 4.

3.1. Analysis of variance (ANOVA)

The mapping presented in Table 4 was used to fit the models to
assess the statistical significance of each variable, as well as to examine
the dominance of linear versus quadratic effects. The linear mapping,
denoted by ‘L’ for each factor (e.g., AL, BL), is derived directly from
the treatment combination and follows this pattern: 0 is mapped to
−1, 1 to 0, and 2 to 1. For instance, in case 9, where the treatment
combination is defined as 0221, the mappings are as follows: AL is
mapped to −1, BL and CL are mapped to 1, and DL is mapped to 0. The
quadratic mapping, denoted by ‘Q’ (e.g., AQ, BQ), is then generated by
squaring the linear values. However, this method results in identical
values for zero, which is not ideal. To address this, we assign a value
of −2 to the quadratic components corresponding to a linear value of
0 [39]. Returning to the example of case 9, AQ is calculated by squaring
AL, resulting in 1, while BQ and CQ are also 1 after squaring their
espective linear components. Finally, DQ is assigned a value of −2

because the corresponding linear component is 0.
Once the mapping is established, a full ANOVA model was fitted

ncorporating all factors and their interactions to assess their effect
n the response variable. This analysis allows for the identification of

significant factors and interactions, setting the stage for a more detailed
xamination of the individual contributions of linear and quadratic
ffects.

Subsequently, a separate ANOVA model was used to specifically
evaluate the linear and quadratic components of each factor. This
approach helped to clarify whether the relationship between the factors
and the response variable was predominantly linear or quadratic. By
comparing the results from both models, the most influential factors
were identified, providing a deeper understanding of their impact on
the response variable. A p-value is then employed as a metric to balance
the risk between making type 1 errors (false positives) and type 2 errors
(false negatives). Here, we opt for a cutoff p-value of 0.05 to determine
statistical significance. The selection of this value means that there is a
5% chance of observing the obtained data if the null hypothesis is true
(i.e., that the relevance of an operational variable does not affect the
chemical yield). The results of the ANOVA are presented in Table 5.

The results presented in Table 5 indicate that the BPR, molar ratio,
and milling time are statically significant in affecting the yield of
the mechanochemical regeneration of NaBH4. Additionally, the con-
founded two-factor interaction (AB,CD) between BPR/molar ratio and
milling time/rotational speed also has statistical relevance. The ranking
of these variables is effectively visualized with the Pareto plot in Fig. 3.
In this Pareto plot, the F-value is used to rank the significance of each
actor and interaction. The F-value quantifies the ratio of variance
xplained by a factor relative to the variance not explained by the
odel. A higher F value indicates a greater impact on the response

ariable.
The success in the mechanochemical yield has the strongest corre-

ation with the milling time of the process. This is supported by the
indings of previous studied as presented in Table 2 where it can be seen

that high conversion yields necessitate long milling times. Moreover,
hile a proper individual selection of molar ratio and BPR is also

ignificant for the success of the process, it is worth noting that they
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Table 3
Screening design of experiments: experimental conditions.

Case BPR (a) Molar ratio (b) Milling time [h] (c) Rotational speed [rpm] (d) Treatment combination

1 10 8 5 600 0000
2 10 8 12.5 800 0011
3 10 8 20 1000 0022
4 10 10 5 600 0100
5 10 10 12.5 1000 0112
6 10 10 20 600 0120
7 10 12 5 1000 0202
8 10 12 12.5 600 0210
9 10 12 20 800 0221
10 30 8 5 800 1001
11 30 8 12.5 1000 1012
12 30 8 20 600 1020
13 30 10 5 1000 1102
14 30 10 12.5 600 1110
15 30 10 20 800 1121
16 30 12 5 600 1200
17 30 12 12.5 800 1211
18 30 12 20 1000 1222
19 50 8 5 1000 2002
20 50 8 12.5 600 2010
21 50 8 20 800 2021
22 50 10 5 600 2100
23 50 10 12.5 800 2111
24 50 10 20 1000 2122
25 50 12 5 800 2201
26 50 12 12.5 1000 2212
27 50 12 20 600 2220
Fig. 3. Pareto plot of operational variables.
are affected by each other. As a consequence of this, their influence
in the chemical conversion is leveled. This interaction has the risk of
confounding with the two-factor interaction between milling time and
rotational speed. However, our results suggest that rotational speed is
not statistically significant in this study and thus, the risk of confound-
ing is minimized. The lack of statistical significance of rotational speed
is intriguing since previous studies consistently rely on high rotational
speeds (>1000 rpm) to achieve high yields. Our findings suggest that
this high energetic input is unnecessary as other operational variables
will dominate the process. This result is compelling because it can
decrease energy requirements and the wear experienced by the milling
balls and jar during the process. Specifically, we observed that at higher
rotational speeds (>1000 rpm) in the Emax, the material loss from the
milling balls can become so significant that it contaminates the sample.
One potential explanation is that the Emax can supply sufficient energy
to regenerate NaBH4 even at comparatively low rotational speeds.
However, quantifying this is challenging with current state-of-the-art
644 
methods, as ball milling machines are often treated as black boxes. This
is an area we plan to investigate further in future studies.

The results presented in Table 5 also provide a means to quantify
linear and quadratic trends among individual factors. This is achieved
by comparing the sum of squares between linear and quadratic terms.
Specifically, the evolution of ball-to-powder ratio (BPR) and milling
time is linearly explained, whereas the molar ratio is explained quadrat-
ically. This implies that there exists an optimal point for the molar
ratio beyond which the chemical yield will be impacted negatively.
This result is supported by the findings of Chen et al. [16] and can
be visualized in the interaction plots presented in Fig. 4. These inter-
action plots are created by grouping the data based on two selected
factors and plotting the average yield for each combination of their
levels. Variables not plotted are averaged out, meaning their effects
are integrated into the overall means, allowing the focus to be on the
interaction between the plotted factors.

Interestingly, the quadratic dependency of the molar ratio tends to
become linear as the second interacting factor decreases in level (A, C =
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Fig. 4. (a) Interaction plot of BPR (A) and Molar ratio (B). (b) Interaction plot of Milling time (C) and Molar ratio (B). BPR levels: −1 = 10, 0 = 30, 1 = 50; Molar ratio levels:
−1 = 33%, 0 = 66%, 1 = 100%; Milling time levels: −1 = 5 h, 0 = 12.5 h, 1 = 20 h.
Table 4
Conversion results for experimental cases. Linear and quadratic mapping.

Case Treatment
combination

Yield [%] AL AQ BL BQ CL CQ DL DQ

1 0000 12 −1 1 −1 1 −1 1 −1 1
2 0011 22 −1 1 −1 1 0 −2 0 −2
3 0022 30 −1 1 −1 1 1 1 1 1
4 0100 28 −1 1 0 −2 −1 1 −1 1
5 0112 39 −1 1 0 −2 0 −2 1 1
6 0120 45 −1 1 0 −2 1 1 −1 1
7 0202 40 −1 1 1 1 −1 1 1 1
8 0210 61 −1 1 1 1 0 −2 −1 1
9 0221 73 −1 1 1 1 1 1 0 −2
10 1001 26 0 −2 −1 1 −1 1 0 −2
11 1012 37 0 −2 −1 1 0 −2 1 1
12 1020 42 0 −2 −1 1 1 1 −1 1
13 1102 50 0 −2 0 −2 −1 1 1 1
14 1110 71 0 −2 0 −2 0 −2 −1 1
15 1121 88 0 −2 0 −2 1 1 0 −2
16 1200 21 0 −2 1 1 −1 1 −1 1
17 1211 32 0 −2 1 1 0 −2 0 −2
18 1222 49 0 −2 1 1 1 1 1 1
19 2002 25 1 1 −1 1 −1 1 1 1
20 2010 62 1 1 −1 1 0 −2 −1 1
21 2021 74 1 1 −1 1 1 1 0 −2
22 2100 31 1 1 0 −2 −1 1 −1 1
23 2111 73 1 1 0 −2 0 −2 0 −2
24 2122 90 1 1 0 −2 1 1 1 1
25 2201 41 1 1 1 1 −1 1 0 −2
26 2212 62 1 1 1 1 0 −2 1 1
27 2220 57 1 1 1 1 1 1 −1 1

–1). This behavior is observed in both interaction plots but the slope is
considerably different. In the case of the low BPR, the increase in molar
ratio results in higher yields, whereas in the case of low milling time,
the increase in molar ratio leads to stagnation. The effect of milling
time is straightforward to explain, as it is a critical variable in the
process: longer milling times allow more opportunity for the quadratic
dependency to exert influence, thus increasing yield. In contrast, the
behavior with BPR presents a more intriguing phenomenon. The results
suggest that the maximum yield shifts as BPR changes. Although the
static nature of the selected levels prevents precise identification of
these maxima, the trend indicates that a lower BPR requires a higher
molar ratio to achieve maximum yield values. While this could poten-
tially allow for the regeneration of more NaBH4 in the same batch, it
also implies an increased waste of material due to the need for a greater
excess of MgH , which is undesirable.
2

645 
Table 5
ANOVA.

Source of variation Degrees of freedom Sum of squares p-value

A (BPR) 2 0.153 0.013
AL 1 0.151 –
AQ 1 0.002 –

B (Molar ratio) 2 0.191 0.007

BL 1 0.062 –
BQ 1 0.129 –

C (Milling time) 2 0.434 0.0009

CL 1 0.417 –
CQ 1 0.017 –

D (Rotational speed) 2 0.023 0.293

DL 1 0.003 –
DQ 1 0.020 –
AB,CD 6 0.270 0.011
AC,BD 6 0.050 0.286
AD,BC 6 0.009 0.874

The other statistically significant confounded interaction (C, D)
milling time/ rotational speed may also be analyzed using the inter-
action plot shown in Fig. 5, even if rotational speed is not statistically
significant as an individual factor.

As expected, longer milling times result in higher overall conversion
yields, as shown by the green curve where C (milling time) = 1 (20 h).
However, the same plot illustrates why rotational speed is not a signifi-
cant variable for improving yield in this study. At each level of milling
time, the highest average yield occurs at different rotational speeds,
indicating that other variables are more influential in the process. It is
worth highlighting that when shorter milling times are used (C = −1),
the average yield increases linearly with higher rotational speeds, likely
due to the increased number of collisions. However, the average yields
for short milling times never reach those achieved with longer milling
times (C = 0, 1). For these longer milling times, the average yields
intersect, indicating that with sufficient milling time, other variables in
the process become more influential and the correlation with rotational
speed is lost. It is also notable that high rotational speeds (D = 1)
lead to convergence of the average yield regardless of the remaining
variables. This does not necessarily mean that maximum performance
is achieved under these conditions, but it does help to standardize the
results, effectively brute-forcing the conversion. This may explain why
many of the results shown in Table 2 report high rotational speeds with
little care for the remaining operational variables.

Lastly, it is important to highlight that the statistical significance
of each individual factor and the corresponding two-factor interactions
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Fig. 5. Interaction plot of Milling time (C) and Rotational speed (D). Milling time levels: −1 = 5 h, 0 = 12.5 h, 1 = 20 h; Rotational speed levels: −1 = 600 rpm, 0 = 800 rpm.
1 = 1000 rpm.
are subject to the levels used in this study. We have explained the
rationale behind the value selection for each level in Section 2.5.
Naturally, for the sake of the discussion, had we selected a broader
range in rotational speed, its statistical significance in the process could
have increased.

3.2. Specific case analysis

The results in Table 4 show that case 24 achieves the highest
conversion yield (90%) in this study. This outcome is obtained with a
BPR of 50, an excess molar ratio of 66%, a milling time of 20 h, and a
rotational speed of 1000 rpm. These conditions allow us to match the
highest yield reported in the literature while reducing the rotational
speed by 20% [16]. While this result is notable for achieving the same
yield with lower energy requirements, it is also important to consider
if other cases in this study, given the broad range of operational
conditions, might be of interest.

The operating conditions of case 15 are particularly attractive as
they achieve a regeneration yield of 88% while reducing the BPR by
40% and the rotational speed by an additional 20%. This supports our
earlier observation that rotational speed does not statistically affect
the conversion yield. Achieving nearly identical results with a reduced
BPR demonstrates significant potential for optimizing the process con-
ditions. This is also evident in Fig. 4(a). While a high BPR consistently
yields high conversion rates regardless of the molar ratio, reducing the
BPR requires more precise fine-tuning to maintain high yields, thus
narrowing the range of high performance. Similar findings are reported
in Table 2, where Çakanyıldırım et al. [13] achieved a 70% yield with a
low BPR of 10. In other words, lenient operating conditions (e.g., high
BPR, long milling times, and high rotational speed) facilitate achieving
high conversion yields but are generally more costly and less efficient.
Conversely, more stringent conditions reduce the range within which
the mechanochemical process can obtain high conversion yields, but
they offer performance benefits.

The previous observations clearly demonstrate the critical role of
milling time in achieving high conversion yields, as both cases 15 and
24 required 20 h of operation. According to Fig. 4(b), while there is a
noticeable difference in yields between processing times of 12.5 h and
20 h, the difference between 12.5 h and 5 h is much more significant.
This is highlighted by cases 23 and 14, which achieve yields of 73%
and 71%, respectively, with only 12.5 h of milling. Thus, reducing
the milling time by 37.5%, from 20 to 12.5 h, results in only a 17%
646 
decrease in yield. This finding is economically significant and suggests
that a shorter milling time could be advantageous. A detailed techno-
economic analysis could be of interest to further explore this potential
benefit.

Finally, cases 1–9, which use a BPR of 10, generally perform poorly,
yielding low conversion rates that are not appealing. This performance
only improves with a significant excess of MgH2, which is not tech-
nically or economically attractive since the resulting MgO needs to be
managed for a circular fuel cycle. Instead of using lower BPRs to process
more material in the same batch at the expense of wasted material,
it would be more advantageous to develop a larger machine that can
replicate the mechanical conditions of the Emax. We plan to quantify
these mechanical conditions in future research.

3.3. Iron contamination analysis

Given the highly abrasive environment inside the milling jar, it
is relevant to estimate the expected levels of iron contamination re-
sulting from the wear experienced by the milling balls. A straightfor-
ward method for estimating contamination levels involves weighing
the milling balls before the milling process and after cleaning them.
For this, we examine the wear experienced by the balls at rotational
speeds of 1000 rpm and additionally, we implement 1200 rpm to serve
as comparison benchmark. These tests were conducted with a milling
time of 20 h and a BPR of 50, minimizing the amount of powder.
Thus, this setup increases the potential percentage of impurities in the
powder and reduces damping, resulting in more frequent and energetic
collisions. Therefore, this approach allows us to examine the worst-case
scenario.

As shown in Table 6, operating within the rotational speed range
of 600–1000 rpm allows us to keep contamination levels below 6%
even under the most abrasive conditions. If the milling time, BPR, or
rotational speed are further reduced, contamination levels are expected
to also decrease. This approximation does not account for contamina-
tion from the jar; however, we anticipate this to be minimal, as a layer
of powder rapidly coats and protects the entire jar surface during the
milling process.

4. Conclusions

We have conducted a comprehensive study on the importance of
operational variables in the mechanochemical regeneration of NaBH ,
4
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Table 6
Fe-contamination calculations.

Ball size (mm) Rotational speed
(rpm)

Weight unused balls
(g)

Weight used balls (g) Percentage weight
loss (%)

Total amount of wear
(g)

Contamination
percentage (%)

10 1200 97.06 96.73 0.34% 0.323 17%

10 1000 97.06 96.94 0.12% 0.117 6%
t
J
l
t
s
p

including ball-to-powder ratio, molar ratio, milling time, and rota-
tional speed. Our results, covering a wide range of these variables,
rovide valuable insights for optimal selection and prioritization in
uture developments. Additionally, we introduced an inexpensive and
traightforward method to quantify regeneration yield without addi-
ional chemicals, allowing the production of a ’ready-to-use’ solution
or on-demand hydrogen release.

Using a screening design of experiments, we investigated the in-
fluence of each operational variable on reaction yield. Our findings
how that milling time is the most significant factor, followed by molar

ratio and the interaction between molar ratio and ball-to-powder ratio.
hese results align with current state-of-the-art and offer insights into
hy previous studies selected specific conditions for high yields. We
lso found that rotational speed, often set at high values (i.e., >1000

rpm), does not significantly impact conversion yield compared to other
variables. However, high rotational speeds homogenize yields, making
them more consistent regardless of other conditions. While this does
not ensure high yields, it results in yields converging toward an average
value, which may explain their common use despite less optimization
of other variables.

We reproduced the highest conversion yield reported using
aBO2 ⋅ 4 H2O and MgH2, with adjustments including a 20% reduction

n rotational speed, offering energy savings. Given the wide range
f conditions explored, we identified other attractive scenarios that,
hile not achieving the highest yields, offer economic advantages by
rocessing more powder per batch or reducing milling time.

The ranking of operational variables holds within our experimental
range. For instance, an extremely low rotational speed like 10 rpm
would significantly reduce yield, despite being statistically insignificant
n our analysis. This underscores the need for careful result interpre-
ation and highlights substantial opportunities for optimization and
uture scale-up.

This work advances understanding of the complex interactions in
the mechanochemical regeneration of NaBH4. While we examined
many variables, we believe the fill ratio, kept constant in this study,

erits further exploration due to its potential impact on processing and
ield. This will be investigated in future research. We hope our findings
nspire further studies and contribute to more efficient and sustainable

chemical processes.
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