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Summary

Sand samples from Tampa (T) and Panama (P) City beaches in Florida were

used as catalysts for dehydrogenation of NaBH4 in methanol. T and P sand

samples were sieved to <250, 250 to 500, and >500 μm sizes, and the smallest

fractions resulted in faster hydrogen generation rates (HGR), 565 ± 18 and

482 ± 24 mL H2 (min.g of catalyst)−1, respectively. After various base/acid

treatments, HGR values of 705 ± 51 and 690 ± 47 mL H2 (min g of catalyst)−1

for HCl-treated T and P sand samples were attained, respectively. Next, T and

P sand samples were modified with polyethyleneimine (PEI) that doubled the

HGR values, 1344 ± 103, and 1190 ± 87 mL H2 (min.g of catalyst)−1 and

increased �8-fold, 4408 ± 187, and 3879 ± 169 mL H2 (min g of catalyst)−1,

correspondingly after protonation (PEI+). The Ea values of T and P sand sam-

ples were calculated as 24.6 and 25.9 kJ/mol, and increased to 36.1, and

36.6 kJ/mol for T-PEI+ and P-PEI+ samples, respectively.
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1 | INTRODUCTION

Greenhouse gas emissions from the use of fossil fuels
continue unabated around the world raising concerns
about climate change and the future of our planet. As a
result, development of clean, renewable, and cost effec-
tive energy is being rigorously pursued around the
world.1 Although hydrogen (H2) still faces challenges in
terms of production and storage, it represents a promis-
ing clean form of energy, especially for transportation.2-6

For H2 storage, various materials such as sodium borohy-
dride (NaBH4),

7,8 magnesium borohydride (Mg[BH4]2),
9

lithium aluminum hydride (LiAlH4),
10 ammonia borane

(NH3BH3),
11,12 hydrazine (N2H4),

13,14 and hydrazine
borane (N2H4BH3)

15,16 have been proposed. Among
them, NaBH4 has received great interest due to its stabil-
ity, H2 density, easily controlled hydrogen generation rate
(HGR), side product recyclability, and mild reaction con-
ditions.17-19 Solvents such as water, ethanol, methanol,
and propylene glycol have been extensively investigated
for the NaBH4 dehydrogenation reaction.20-23 Besides,
diverse reaction pathways were utilized in H2 generation
including aluminum-water reaction in acidic and alka-
line media,24 photocatalytic hydrogen evolution,25,26 and
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bio-hydrogen production,27 and so on. NaBH4 dehydroge-
nation in methanol, as shown in Equation (1), offers sev-
eral advantages in comparison to other solvents, such as
high reaction rate at room temperature, H2 production
even in subzero temperatures thanks to the high freezing
point of methanol, −97.6�C, and no requirement for a
conventional metal-based catalyst.28

NaBH4 + 4CH3OH! 4H2 +NaB OCH3ð Þ4 ð1Þ

The reaction requires the presence of a catalyst to
achieve a high HGR for powering fuel cells. Several cata-
lysts, such as metal nanoparticles29-33 and polymeric
ionic liquids34-37 have been reported for NaBH4 dehydro-
genation in methanol. Along with performance, reusabil-
ity, and regeneration ability, catalysts should also be
sustainable and cost effective. As a result, there is interest
in developing catalysts from natural resources, such as
natural halloysite nanotubes (clay),38,39 microgranular
cellulose,40 and carbon particle from lactose41 and so on
have been sought as benign catalyst to catalyze NaBH4

dehydrogenation reaction in methanol.
In this study, we examined the use of inexpensive and

renewable natural sand collected from the Tampa
(T) and Panama City (P) beaches in Florida as catalysts
for the NaBH4 dehydrogenation reaction in methanol.
Sands are inert materials and are mainly made up of SiO2

in form of quartz. The “T” and “P” sand samples were
tested in their natural form, as well as in processed form
after washes with several acids, reaction with poly-
ethyleneimine (PEI), and protonation. The effects of acid
washing, amine modification, and protonation on HGR
were measured and the reuse and regeneration of these
sand catalysts for NaBH4 dehydrogenation in methanol
were investigated. The main motivation of this study is to
demonstrate the usability of natural sands as cheap,
abundant, easily accessible, and chemically modifiable
alternative catalysts with laborless and repetitive utiliza-
tion abilities for potential H2 generation in wide range of
industrial applications.

2 | EXPERIMENTAL METHODS

2.1 | Chemicals

Sand samples were obtained from Tampa (T) and Pan-
ama City (P) beaches in Florida (USA) about �20 m
inland from the seawater. Sodium hydroxide (NaOH,
99.5%-100.5%, Sigma Aldrich), hydrochloric acid (HCl,
36.5%-38%, Sigma-Aldrich), nitric acid (HNO3, ACS
reagent 70% Sigma-Aldrich), sulfuric acid (H2SO4, ACS
reagent 95%-97% Sigma-Aldrich), phosphoric acid

(H3PO4, 85% Merck), acetic acid (CH3COOH, 99.8%-
100.5% Sigma-Aldrich), dimethylformamide (DMF, 99%,
Merck), epichlorohydrin (EPC, 99%, Aldrich), PEI (50%
in water Mn:1800, Sigma Aldrich), ethanol (99.8%,
Sigma-Aldrich), and methanol (99.8%, Sigma-Aldrich)
were used as received. Sodium borohydride (NaBH4, 98%,
Merck) was used as a H2 source. Distilled water (DW,
GFL 2108) was used throughout the experiments.

2.2 | Preparation of sand as catalyst

The preparation of T and P sand samples as catalysts
was performed in accordance with the literature.38

Briefly, the sand samples were sifted through sieves of
500 and 250 μm, and 15 g of each filtered T and P
sand sample was washed in 500 mL of ethanol-water
mixture (50:50 vol/vol) at 1500 rpm for 24 hours. Then,
the washed T and P samples were washed with DW,
ethanol, and acetone and dried in an oven at 50�C
before serving as catalysts for NaBH4 dehydrogenation
in methanol.

Given that smaller catalyst size in general leads to
better catalytic performance for a given material, the
smallest size fractions of both T and P samples (particle
size <250 μm) were treated with NaOH and various
acids, namely HCl, HNO3, H2SO4, H3PO4, and
CH3COOH, and then used as catalyst for NaBH4 dehy-
drogenation to determine the effect of acid treatment on
H2 production. For this goal, 3.0 g of T and P samples
were placed in 100 mL of 1M acid solution and stirred at
1400 rpm for 4 hours. Then, the sands were washed once
with DW and acetone and dried in an oven at 50�C
before testing them as catalysts.

Modifications of T and P sand samples were carried
out by following the literature.38 Briefly, 1.0 g of each
sand sample was treated with 100 mL of 1M NaOH
solution for 2 hours to activate their hydroxyl groups
on the surface. Then, the treated T and P sand sam-
ples were washed two times with DW to eliminate
excess NaOH. Subsequently, the samples were placed
in 45 mL of 0.04M EPC solution in DMF at 90�C and
stirred at 800 rpm for 1 hour. Finally, 3 mL of PEI
solution in 5 mL DMF was added to the reaction
medium and stirred at 90�C for 1 hour. Next, the PEI-
modified sand samples T-PEI and P-PEI were washed
once with DMF, DW, ethanol, and acetone. Finally,
1.0 g of the PEI-modified sand samples were treated
with 100 mL of 1M HCl solution at room temperature
for 2 hours to protonate their surface-attached amine
groups. Finally, the obtained T-PEI+ and P-PEI+ sand
samples were washed with DW and acetone, dried,
and stored for subsequent use.
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2.3 | Characterization

The FT-IR spectra of the T and P sand samples were
recorded by using an FT-IR spectrometer (Thermo Nico-
let iS10) equipped with attenuated total reflection (ATR)
between 4000 and 650 cm−1. Their thermal stabilities
were compared via Thermo Gravimetric analysis (TG, SII
TG/DTA 6300, EXSTAR) under a continuous nitrogen
flow rate of 200 mL/min at a heating rate of 10�C/min
from 75�C to 1000�C.

X-ray powder diffraction patterns of the T and P
based sand samples were recorded by a PANalyticalX'Pert
Pro MPD diffractometer equipped with CuKα radiation
and the X'Celerator detector on diffracted beam. The
XRD data were collected in a Bragg Brentano (θ/θ) verti-
cal geometry operating in flat reflection mode between 3�

and 70� (2θ) in steps of 0.02� 2θ with 1 second step-
counting time. The X-ray tube operating at 45 kV and
40 mA was used and 1/2� divergence slit, a 0.04 rad soller
slit and a 10 mm fixed mask was placed in the incident
beam pathway. The High Score Plus (v.4.6.0) software
was used for peak identification and automated search-
match to analyze diffraction patterns. The quantitative
analyses have been carried out by the combined Rietveld-
Reference Intensity Ratio (R.I.R) method as explained by
Young.42

The chemical compositions of the T and P sand sam-
ples were determined with an XRF spectrometer P ana-
lytical Axios Max. Samples were prepared as fused beads
for XRF. Fused beads were prepared by mixing a finely
powdered (<63 μm) sample and a flux (lithium tetra-
borate/metaborate mixture) with a ratio of 10:1 and then
heated to 980�C ± 20�C in a platinum crucible. The pow-
ders were heated up to 1000�C for 1 hour to determine
the loss of ignition as weight difference before and after
heating.

2.4 | NaBH4 dehydrogenation studies

The T and P sand samples and their PEI-modified and
protonated forms were tested as catalysts for the NaBH4

dehydrogenation reaction in methanol in a similar way
as reported in the literature.37,40 For the reactions, 50 mg
of sand as catalyst and NaBH4 (0.0965 g or 0.125 mM
unless otherwise stated) were placed into a 50 mL flask
that was attached to an inverted graded volumetric cylin-
der filled with water to quantify H2 generation. After
adding 20 mL of methanol to the reaction flask, the pro-
duced H2 passed through a trap that contained concen-
trated H2SO4 to capture moisture and methanol and
filled the volumetric cylinder for time progression
measurements.

2.5 | Activation parameters

The activation energy Ea, enthalpy ΔH, and entropy ΔS
values of the sand samples for the catalytic NaBH4 dehy-
drogenation were calculated by running the reaction at
the temperature range −20�C, −5�C, 10�C, 25�C, and
40�C using the well-established Arrhenius (2) and Eyring
(3) equations:

lnk= lnk0− Ea=RTð Þ ð2Þ

ln k=tð Þ= − ΔH=Rð Þ 1=Tð Þ+ ln kB=hð Þ+ΔS=R ð3Þ

where k0 is the rate constant (mol/[min�g]), Ea is the
activation energy (kJ/mol), R is the gas constant
(8.314 kJ/[mol�K]), T is the reaction temperature (K),
kB is the Boltzmann constant (1.381 × 10−23 J K−1),
h is the Planck constant (6.626 × 10−34 J s), ΔH is the
activation enthalpy (kJ/mol), and ΔS (J/mol K) is the
activation entropy. The calculated Ea, ΔH, and ΔS
values for T and P sand catalysts were compared to
those reported in the literature.

2.6 | Reusability and regeneration
studies

The reusability of T and P sand samples as catalysts
for the NaBH4 dehydrogenation reaction in methanol
was studied by following the literature.37,40 Accord-
ingly, 50 mg of catalyst were placed in a 50 mL round
bottom flask with 0.0965 g of NaBH4. As soon as
20 mL of methanol were added into the reaction flask,
H2 production initiated. Upon termination of H2 pro-
duction, the same amount of NaBH4, 0.0965 g, was
added directly into the reaction media and the pro-
duced H2 volume was recorded over time. Additional
cycles of NaBH4 dehydrogenation were repeated suc-
cessively up to 10 times, and the HGRs were calcu-
lated to compare the activity and conversion of the
reactions.

The regeneration performance of T and P sand
samples was also studied by following the litera-
ture.37,40 Specifically, after 50 mg of catalyst were
employed in five consecutive reactions of NaBH4 dehy-
drogenation in methanol, the flask contents were cen-
trifuged and washed once with DW and then treated
with 1M HCl for 2 hours to reprotonate the catalysts.
Then, these HCl-treated catalysts were used in
five sequential reactions of NaBH4 dehydrogenation
in methanol. This cycle was successively repeated
five times and the activities of the catalysts were
compared.
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FIGURE 1 A, digital camera images; B, FT-IR spectra; and C, TGA thermograms of T and P sand samples [Colour figure can be viewed

at wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

3.1 | Characterization of sand samples

The functional group and thermal characterization of T
and P sand samples were done by means of FT-IR and
TG analysis. As illustrated in Figure 1A, the digital cam-
era and optical microscopy images of T and P sand sam-
ples at different size ranges are white and as the size gets
bigger, the color changes to yellowish. It is also apparent
that the sand samples are irregularly shaped and coarse.
The FT-IR spectra and thermograms are shown in
Figure 1B,C, respectively. The characteristic absorption
band at 1091 and 1053 cm−1 is due to asymmetric vibra-
tion of Si O for the T and P sand samples, respectively.
Similarly, the symmetric vibrations of Si O at 798 and
800 cm−1 are in accordance with silica particle character-
istic bands for T and P sand samples, respectively.21

The shifts in Si O stretching frequencies for T and P
samples can be attributed to their different locations that
may have contributed different impurities to their struc-
ture. The thermograms are also presented in Figure 1C,
where it is be clearly seen that there is no thermal degra-
dation when heated up to 1000�C, implying absence of
organic matter.

The surface area measurements for T and P based san
samples were conducted by means of a flowing gas BET
surface area analyzer (Micromeritics, TriStar II, Atlanta,
GA), and the corresponding N2 adsorption/desorption
isotherms are provided in Figure S1A,B, respectively.
According to the BET analyses, the T and P sand samples
possess nonporous structures, or alternatively, the pore
size of the sands might be in macroporous scales which is
beyond the limits of multilayer gas adsorption analysis
performed by BET method as it is used for microscale
and mesoscale porosity measurements.

The XRD analysis revealed amorphous and quartz
compositions of the T and P sand samples, and
corresponding XRD patterns are given in Figure S2A,B,
respectively. Accordingly, T samples were found to pos-
sess 1.3% amorphous and 98.7% quartz character whereas
P sand samples are composed of 91.3% quartz and 8.7%
amorphous phases. The peaks observed at 4.26, 3.34,
2.46, 2.24, and 2.13 oA confirm the quartz structure of T
and P sand samples according to reference data fetched
from Quartz COD database 9 010 144.

XRF analyses of the T and P sand catalysts were sup-
portive of the obtained XRD data and are given in
Table 1.

However, the presences of some residual minerals/
impurities were also recorded. The T sands contained
95.5% SiO2, 2.0% Al2O3, 0.8% TiO2, 0.5% CaO, 0.2%
Fe2O3, 0.1% P2O5, 0.09% K2O, 0.04% MgO, and trace

amount of Na2O. The P sands on the other hand were
found to be composed of 97.2% SiO2, 2.4% Al2O3, 0.2%
TiO2, 0.08% Fe2O3, 0.08% P2O5, 0.04% K2O, 0.03% MgO,
and trace amount of CaO and Na2O minerals.

3.2 | Catalytic studies

The catalytic performance of the T and P sand samples
were tested during NaBH4 dehydrogenation reactions
taking place in methanol to produce H2. The T and P
sand samples in the size ranges <250, 250 to
500, and >500 μm were used as catalysts and their H2

production performance was compared. As smaller parti-
cles generally generate faster reaction kinetics, T and P
sand samples with <250 μm size used as catalyst were
compared to self-methanolysis of NaBH4 as illustrated in
Figure 2A. The NaBH4 self-dehydrogenation in methanol
without catalyst came to conclusion in 35 minutes with
250 ± 2 mL of H2 produced, which represents a 100%
conversion according to Equation (1). The use of T and P
sand samples at <250 μm size as catalysts for NaBH4

dehydrogenation reduced to 20 and 24 minutes, respec-
tively, the time needed to reach full conversion. Differ-
ences in the composition of T and P sand samples may be
the main reason for slight differences in their catalytic
activities against H2 production from NaBH4 in
methanol.

To determine the effect of sand particle size on the
HGR, expressed in mL H2(min g of catalyst)−1, the HGR
values of the T and P sand fractions of <250, 250 to
500, and >500 μm were compared, as illustrated in
Figure 2B. The HGR values are calculated based on the
time required to produce 125 mL of H2. Overall, T sand
samples exhibited higher HGR values than P samples of
the same size range. As expected, the smallest size

TABLE 1 XRF analysis result for T and P sand samples

Material (Sand sample)

Content (%) T P

SiO2 95.47 97.22

Al2O3 1.97 2.40

TiO2 0.78 0.18

Fe2O3 0.16 0.08

CaO 0.52 Trace

MgO 0.04 0.03

Na2O Trace Trace

K2O 0.09 0.04

ZrO2 0.21 -

P2O5 0.14 -
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fractions of T and P sand samples (<250 μm) showed the
highest HGR values of 565 ± 18 and 482 ± 24 mL
H2(min g of cat)−1). The HGR values of the 250 to
500 μm and > 500 μm fractions of T sand samples were
calculated to be 527 ± 22, and 489 ± 31 mL H2(min.g of
catalyst)−1), whereas those for the corresponding frac-
tions of the P sand samples were 436 ± 17 and
397 ± 21 mL H2(min g of catalyst)−1. Therefore, the
smallest size of T and P sand samples, <250 μm, was cho-
sen for further studies via treatment with NaOH and the
acids HCl, HNO3, H2SO4, H3PO4, and CH3COOH in an
effort to increase the HGR values of these natural
catalysts.

The effect of NaOH and various acid treatments on
the catalytic performances of T and P sand samples was
studied and the findings are shown in Figure 3A. The
HGR values for NaOH-, HCl-, HNO3-, H2SO4-, H3PO4-,
and CH3COOH-treated T sand samples catalyzing the
NaBH4 dehydrogenation reaction were calculated to be
542 ± 13, 705 ± 51, 628 ± 29, 621 ± 33, 624 ± 28, and

626 ± 32 mL H2(min g of catalyst)−1), respectively. The
HGR values for NaOH, and acid treated P sand samples
were found as 550 ± 11, 690 ± 47, 600 ± 21, 599 ± 19,
601 ± 24, and 587 ± 17 mL H2(min g of cat)−1 in the
same respective order. As both of the HCl-treated T and
P sand samples showed higher HGR values among the
treated samples, their time progression of H2 production
was compared to those of the bare sand samples, as seen
in Figure 3B,C, respectively.

The NaBH4 dehydrogenation reaction using HCl-
treated T and P sand samples were completed in 16 and
18 minutes, respectively, which were 20% faster than the
bare T and P sand catalysts for the same reaction. These
results are in agreement with the literature as many other
types of acid-treated catalysts have been reported to have
higher catalytic activities for NaBH4 dehydrogenation
reaction in methanol.21,30,43,44 The mechanism of NaBH4

dehydrogenation reaction in water with hydroxyl groups-
containing catalysts has been elucidated by many
researchers.45,46 The proposed reaction mechanism for
hydroxyl groups containing catalysts (Silica particles etc)
catalyzed NaBH4 dehydrogenation reaction in methanol
is depicted in Figure S3. It is known that the protic
hydroxyl groups on the surface of catalysts interact with
[BH4]

− generating O BH3 linkage and releasing H2.
Then, the remaining three hydrogen of BH3 are expected
to undergo dehydrogenation by interaction with metha-
nol molecules in solution, thus releasing H2 via the
Michaelis-Menten mechanism, as reported in litera-
ture.45-47 Specifically, the generated O BH3 on the cat-
alyst surface would be turned to O B-(OCH3)3 in
methanol and finally the interaction of O B-(OCH3)3
with one free methanol molecule in solution would lead
to generation of the [B(OCH3)4]

− as by-product, freeing
the catalytic domain of the catalyst and re-establishing
the original form of catalyst with functional OH groups
on the surface. As the reaction progresses, increasing
amounts of [B(OCH3)4]

− may accumulate on the surface
of catalyst causing a reduction in the catalytic perfor-
mance. On the other hand, the FTIR spectra of the sands
revealed that both of the sand samples were devoid of
hydroxyl groups. Since the hydroxyl groups play a key
role in initiation of NaBH4 dehydrogenation reaction in
methanol, the observed very low catalytic activity of the
sands were attributable to the lack of hydroxyl groups in
the structure. Given that the HCl treatment of the T and
P sand samples resulted in a rather negligible increase in
HGR compared to bare sands, and self-methanolysis of
NaBH4, T and P sand samples were modified through
reaction with PEI, a well-known amine source, as an
alternative to acid treatment. The schematic depiction of
PEI modification of sand particles is illustrated in
Figure 4.

FIGURE 2 A, The comparison of the catalytic performance of

T and P sand samples and with <250 μm with self-methanolysis of

NaBH4 dehydrogenation; and B, the effect of NaOH and different

acid treatments on Hydrogen generation rate values of T and P

sand samples as catalyst for NaBH4 dehydrogenation in methanol

[Reaction conditions: 50 mg of catalyst, 125 mM NaBH4 in 20 mL

of methanol, 25�C, 1000 rpm]
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The PEI modification of T and P sand samples was
carried out in two steps by following the literature.38 In
the first step, NaOH treated T and P sand samples were
reacted with EPC in DMF solution resulting in EPC get-
ting covalently bonded to activated oxygen moieties on
the surface of sand particles by ring opening of the epoxy
groups. Afterward, when PEI was added, its amine
groups bonded to EPC by displacing the Cl atoms.
Finally, the prepared T-PEI and P-PEI sand samples were
treated with 100 mL of 1M HCl solution to protonate the
amine groups in an effort to further increase the positive
charge of the catalysts.

The FT-IR spectra and TGA thermograms of PEI
modified T and P sand samples are shown in Figure 5.
The FT-IR spectra of bare T and T-PEI sand samples are
compared in Figure 6A. The distinct peaks at 2986 and

2853 cm−1 are attributed to the aliphatic CH2 groups of
the PEI, whereas the peaks at 1612 and 1489 cm−1 are
attributed to N H bending frequencies of the PEI mole-
cules, thus confirming the modification of T sand sam-
ples. Similar peaks at 2974 and 2868 cm−1 for aliphatic
CH2 groups and 1603, and 1472 cm−1 for N H bending

vibrations were also observed for PEI-modified P sand
samples and the corresponding FTIR spectrum is shown
in Figure 5B.

Moreover, the TGA thermograms shown in
Figure 5C,D also confirm the PEI modification of the T
and P sand samples with 25% and 27% weight loss at
1000�C, respectively, whereas there were no weight loss
observed for bare T and P sand samples at the same tem-
perature. Digital camera images of T and P sand samples,
bare and after PEI modification and protonation, are

FIGURE 3 A, Hydrogen generation rate (HGR) values of T and P sand samples with different sizes; B, T; and C, P sand samples as

catalyst for H2 production from NaBH4 dehydrogenation (reaction conditions: 50 mg of catalyst, 125 mM NaBH4 in 20 mL of methanol,

25�C, 1000 rpm)

INGER ET AL. 7



provided in Figure 5E. The white color of the bare T and
P sand samples turned to yellowish and brownish after
the PEI modification and protonation, respectively.

The XRD patterns of T-PEI+, and P-PEI+ sand sam-
ples were given in Figure S4A,B. The quartz structure of
T and P sand samples were observed to decrease up to
50.4, and 83.4% from 98.7% and 91.3%, respectively after
PEI modification. Subsequently, after the protonation

process of T-PEI+ and P-PEI+ sand samples, 49.6, and
16.3% amorphous structures were noted from their
XRD patterns. The amorphous structure of sand cata-
lysts was expected to be imparted by PEI modification.
Additionally, based on their percentile amorphous con-
tents, one can obviously notice that, the efficiency of
PEI modification for T sands was more than that of
the T catalysts.

FIGURE 4 Schematic depiction of polyethyleneimine modification of T and P sand [Colour figure can be viewed at

wileyonlinelibrary.com]
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The catalytic effect of the PEI-modified and proton-
ated forms of T and P sand samples on NaBH4 dehydro-
genation reactions in methanol were investigated, as
shown in Figure 6. The timely progression of H2 produc-
tion by the T (bare), T-PEI, and T-PEI+ sand samples can
be seen in Figure 6A. Clearly, the rate of the reaction
increased significantly upon PEI modification and pro-
tonation of the T sand samples. The dehydrogenation of
NaBH4 was completed in 16 minutes during T sand catal-
ysis, whereas in the presence of T-PEI and T-PEI+ the
reaction was completed in 8 and 2.3 minutes, respec-
tively. Similar results were observed with P, P-PEI, and
P-PEI+ catalyzed dehydrogenation of NaBH4 in metha-
nol, as shown in Figure 6B, with the reaction being

completed in 18, 9, and 2.8 minutes in the presence of P,
P-PEI, and P-PEI+ sand samples, respectively. PEI mole-
cules and their protonated forms (PEI+) were also tested
for their catalytic activity on NaBH4 dehydrogenation
reaction in methanol and obtained data was added to H2

generation graphs in Figure S5. NaBH4 dehydrogenation
reaction in methanol catalyzed by PEI and PEI+ mole-
cules were respectively terminated at 52 and 3 minutes
with approximately 245 mL of H2 production. As can be
extrapolated from these findings, H2 production rates of
PEI and PEI+ molecules alone were drastically lower
than PEI modified and protonated sand catalysts. Incor-
poration of PEI molecules to T and P sands presumably
created more stable active sites on T and P sand samples

FIGURE 5 The FT-IR spectra of (A) T-PEI, (B) P-PEI sand samples, TGA thermograms of (C) T-PEI, (D) PPEI, and (E) digital camera

images of bare and PEI modified T and P sand samples [Colour figure can be viewed at wileyonlinelibrary.com]
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promoting higher catalytic activities than their constitu-
ents alone.

The HGR values calculated based on 50% reaction
completion (125 mL of H2 produced) are shown in
Figure 6C. The HGR values for T sand samples were
565 ± 18, 1344 ± 103, and 4408 ± 187 mL H2(min g of
catalyst)−1 for T, T-PEI, and T-PEI+, respectively. Like-
wise, the HGR values for P, P-PEI, and P-PEI+were
482 ± 241 190 ± 87, and 3879 ± 169 mL H2(min g of cat-
alyst)−1, respectively. It should be noted that there was

an almost eightfold increase in HGR of both T and P sand
catalysts upon PEI modification and protonation. The
increase in HGRs of PEI modified T and P sand catalysts
can be attributed to protonation of amine groups by HCl
formed in the course of PEI modification. Specifically,
bonding of amine groups of PEI molecules to EPC-
modified sand catalysts by displacing the Cl atom of EPC
results in formation of HCl which in turn protonates
some of the amine groups in the PEI chains and give rise
to better catalytic activity in comparison to HCl treated,
and untreated bare sand catalysts. Moreover, upon HCl
treatment of PEI modified catalysts; fully protonated
amine groups of PEI molecules give rise to faster H2 gen-
eration, hence higher HGR values.

The proposed mechanism of PEI modified catalysts
during dehydrogenation of NaBH4 is illustrated in
Figure S6. According to it, the protonated amine groups
on the catalyst surface interact with borohydride anions
(BH4

−) and H2 is released. Then, hydrogen atoms of the
produced borane molecules (BH3) react with methanol
and H2 gas is released. The reaction proceeds until all
hydrogens from the borane molecule are removed. In the
final step, the last product, trimethoxy borate B(OCH3)3
reacts with a methanol molecule to create −B(OCH3)4,-
while the catalyst returns to its original form to react
with more NaBH4 molecules.48

3.3 | Effect of temperature on NaBH4
dehydrogenation

As catalytic performance in general depends on the reac-
tion temperature, the catalytic activities of HCl-treated
and PEI-modified-protonated T and P sand samples were
tested at range of reaction temperatures −20�C, −5�C,
10�C, 25�C, and 40�C. The HGR values of HCl-treated
sand samples at each reaction temperature are shown in
Figure 7.

As expected, the HGR values increased significantly
as the reaction temperature was raised. For HCl-treated T
sand samples in Figure 7A, HGR increased from 93 ± 7
to 1065 ± 86 mL H2 (min.g of catalyst)−1, when the reac-
tion temperature was raised from −20�C to 40�C, respec-
tively. For the same temperature range, HCl-treated P
sand samples showed an HGR increase from 75 ± 9 to
1111 ± 99 mL H2 (min.g of catalyst)−1. The calculated
HGR values of the T-PEI+, and P-PEI+catalysts are com-
pared in Figure 7B. The HGR values of T-PEI+ were in
general higher than those of P-PEI+at all tested tempera-
tures. Moreover, the HGR values of T-PEI+ and P-PEI+

catalyzed reactions were at least threefold higher than
the HGR values of HCl-treated T and P sand samples at
each tested temperature. Hence, PEI modification and

FIGURE 6 Comparison of the catalytic performance during

NaBH4 dehydrogenation in methanol of A, T, TPEI, and T-PEI+

sand samples; B, P, P-PEI, and P-PEI+ sand samples; and C,

hydrogen generation rate (HGR) values for T and P sand samples

and their PEI-modified-protonated forms (Reaction conditions:

50 mg of catalyst, 125 mM NaBH4 in 20 mL of methanol, 25�C,
1000 rpm)
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protonation of T and P sand samples leads to a signifi-
cantly higher catalytic activity for H2 production from
dehydrogenation of NaBH4 in methanol.

3.4 | Activation parameters

The Ea, ΔH, and ΔS values of HCl-treated and PEI-modi-
fied-protonated T and P sand samples were calculated
from the ln(k) vs 1/T plots (Arrhenius eq.) and ln(k/T) vs
1/T plots (Eyring eq.), and the respective graphs are pres-
ented in Figure 8. The Arrhenius plots for HCl-treated T
and T-PEI+ sand catalyzed dehydrogenation reactions are
presented in Figure 8A, whereas those for HCl-treated P
and P-PEI+ sands are shown in Figure 8B.

The Eyring plots for HCl-treated T and T-PEI+ cata-
lysts are shown in Figure. 8C, whereas those for HCl-
treated P and P-PEI+ sand samples are shown in
Figure 8D. Strong R2 values in excess of .97 were obtained
in all those graphs. The activation parameters for both T
and P catalysts were readily calculated from the Arrhe-
nius and Eyring plots and were listed in Table 2. The Ea

value for dehydrogenation of NaBH4 in methanol

without a catalyst was calculated as 62.9 kJ/mol.49 The
Ea, ΔH, and ΔS values for HCl-treated T sand catalyzed
reaction was 24.6 kJ/mol, 21.8 kJ/mol, and −185 J/
mol K, respectively, whereas for HCl-treated P sand the
corresponding figures were 25.9 kJ/mol, 23.1 kJ/mol,
and −180 J/mol K. Moreover, the Ea, ΔH, and ΔS values
for T-PEI+ and P-PEI+ sands catalyzed dehydrogenation
reactions were 36.1 kJ/mol, 32.9 kJ/mol, and −159 J/
mol K, and 36.6 kJ/mol, 33.4 kJ/mol, and −158 J/mol K,
respectively. These findings clearly indicate that the Ea

values of HCl-treated T and P sand samples are similar to
each other and lower than the Ea values of T-PEI+, and
P-PEI+ catalysts. The activation parameters for HCl-
treated and PEI-modified-protonated sand catalysts were
compared to values for other catalysts from the literature
as summarized in Table 2.

The Ea values of HCl-treated and PEI-modified-
protonated T and P sand are lower than those reported
for several metal catalysts, such as Ru/Al2O3

nanoparticles,50 Ru5Co/C,
31Co-P/CNTs-Ni foam,32 L-Pro-

line-functionalized Rh nanoparticles,51 and Ru-Ni/Ni
foam.36 Furthermore, metal-free catalysts, such as and
HCl-SiO2 also have a higher Ea value than the HCl-
treated T and P sand samples.21 On the other hand, there
are several metal catalysts with lower Ea values, such as
SO4

2−/CuO,52 Fe-B,29 Co-TiO2 nanoparticles,30 and
Ag@CFC particles.53 Considering the industry's interest
in low activation energy catalysts that are naturally abun-
dant and environmentally friendly, the T and P sands
merely treated with HCl seem to have strong potential
for use in methanolysis of NaBH4in future fuel
applications.

3.5 | Reusability and regeneration
capability of sands as catalyst

The reuse, regeneration, and chemical stability of cata-
lysts are significant parameters for commercial consider-
ation in terms of cost effectiveness. Reusability studies
were conducted by using 50 mg of HCl-treated T and P
sand catalysts 10 times consecutively for NaBH4 dehydro-
genation in methanol by adding 0.0965 g of NaBH4 after
cessation of each reaction. The reusability results of HCl-
treated T and P sand samples are demonstrated in
Figure 9A,B, respectively. Conversion was calculated
based on the stoichiometry of Equation (1) and activity
was calculated from the reaction rates calculated from H2

production graphs.
Full conversion was achieved for both HCl-treated T

and P sand samples in each of the 10 reuse cycles. Addi-
tionally, the activity of HCl-treated T sand samples was
100% in the first three uses (cycles), 99.8 ± 0.1% in the

FIGURE 7 Comparison of hydrogen generation rate (HGR)

values for A, HCl-treated T and P sand samples; and B, T-PEI+ and

P-PEI+ during NaBH4 dehydrogenation in methanol at various

temperatures (Catalyst: 50 mg, 20 mL 125 mM NaBH4, 1000 rpm

mixing rate)
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fourth use, 99.2 ± 0.6% in the fifth use, and then
decreased to 91.2 ± 3.9%, 79.5 ± 5.4%, 70.9 ± 7.2%,
68.3 ± 3.2%, and 67.4 ± 5.9% in the sixth through 10th
use, respectively. Similarly, the activity of HCl-treated P
sand samples was 100% in the first three usages,
98.2 ± 1.1% in the fourth use, and then decreased to
90.4% ± 3.2%, 82.9% ± 3.9%, 73.2% ± 5.4%, 70.3% ± 7.2%,
68.8% ± 3.2%, and 64.6% ± 5.9% in the fifth through 10th
use, respectively, respectively. As both catalysts success-
fully achieved 100% conversion for every use in 10 consec-
utive runs with just about 30% reduction in activity, the
practicality of these sand catalysts appears to be
promising. The decrease in activity after 10 consecutive
uses can be explained by the formation of sodium
tetramethoxyborate (NaB(OCH3)4) as a by-product on the
catalyst's surface, causing an inhibitory effect on H2 pro-
duction that is in accordance with the suggested reaction
mechanism in Figure S3.

Similar reusability studies were conducted with
T-PEI+, and P-PEI+ sand samples by using 50 mg of cata-
lyst in five sequential reactions of the NaBH4 dehydroge-
nation in methanol at the conditions mentioned above.

The findings are shown in Figure 9C,D. The reusability
of T-PEI+, and P-PEI+ catalysts was not as good as that of
HCl-treated T and P sand samples. Nevertheless, 100%
conversion was preserved for both T-PEI+ and P-PEI+

catalyzed dehydrogenation reactions for each of the five
reuse cycles. The activity of the T-PEI+ catalyst was 100%
for first usage and then decreased to 97.4% ± 2.1%,
67.2% ± 4.1%, 66.6% ± 3.4%, and 56.9% ± 2.9% after the
second through fifth use, respectively, as shown in
Figure 9C.

The activity of the P-PEI+ catalyst, as shown in
Figure 9D, was 100% in the first cycle and decreased to
98.9% ± 2.1%, 95.4% ± 3.4%, 86.9% ± 2.1%, and 70.6% ±
5.3% in the second through fifth cycle, respectively. This
decrease in catalytic activity can be explained as stated
earlier. Moreover, activity of the catalysts can be retrieved
upon treatment with HCl, and regenerated catalysts can
be used in subsequent H2 production reactions.

The regeneration capability of HCl-treated T and P
sand samples is shown in Figure 10A,B, respectively.
After 10 successive uses, each sand catalyst was treated
with 1M HCl and was then used again in another

FIGURE 8 The ln k vs 1/T (Arrhenius eq.) plots of (A) T based, and (B) P based sand samples, and ln (k/T) vs 1/T (Eyring Eq.) plots of

(C) T based, and (D) P based sand samples (50 mg catalyst, 20 mL 125 mM NaBH4 at 1000 rpm mixing rate)
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10 consecutive dehydrogenation reactions, so this reuse-
regeneration cycle was repeated a total of four times. The
HCl-treated T and P sand activity values for the 1st and
10th use of each cycle is shown in Figure 12A,B, respec-
tively. As shown in Figure 10A, the activity of HCl-
treated T sand catalyst decreased to 67.4% ± 3.8% after
the 10th usage of the first cycle. Upon the first regenera-
tion, it increased to 95.2% ± 2.1% and decreased to
64.3% ± 4.6% after the 10th usage of the second cycle.
Regeneration of the P sand catalyst is presented in
Figure 10B and shows that after the first cycle of 10 uses,
its activity dropped to 64.6% ± 4.8%, but upon the first
regeneration activity increased to 98.4% ± 1.2% and
dropped to 60.9% ± 3.8% at the end of second cycle of
10 uses. It is therefore apparent that both T and P sand
can be used as catalysts for up to 50 times in a row with-
out loss of conversion and can be regenerated after every
10 consecutive uses to recover activity in excess of 90%
with every regeneration.

The regeneration studies of T-PEI+ and P-PEI+ cata-
lysts were performed at similar conditions as mentioned
earlier, but this time each cycle consisted of five consecu-
tive catalytic reactions (instead of 10), although again the
catalysts were subjected to four regenerations. The find-
ings are shown in Figure 10C,D, respectively. The activi-
ties of each catalyst in the first and fifth reaction of each
cycle during the four regenerations are shown in
Figure 10C,D.

As shown in Figure 10C, the activity of T-PEI+

decreased to 56.9% ± 2.9% after the fifth usage of the first
cycle and increased to 103.5% ± 1.7% after the first regen-
eration, before decreasing to 60.8% ± 3.1% after the fifth
use of the second cycle. The regeneration graphs of
P-PEI+are shown in Figure 10D. Interestingly, P-PEI+

catalysts showed less activity loss than T-PEI+ during
each cycle. Regardless, both T-PEI+ and P-PEI+ sand cat-
alysts can be used up to 25 times in a row maintaining
100 conversion capability and can be consistently

TABLE 2 Calculated activation parameters, HGR, and FOM values of the T and P sand samples and values reported in the literature

for various other catalysts pertaining to NaBH4 dehydrogenation reaction in methanol

Materials

Activation parameters

HGR
(min−1)

Substrate/
solvent
ratio wt%

FOMa

(1/(min.
[NaBH4].gcat)) References

Ea

(kJ/mol)
ΔH
(kJ/mol)

ΔS
(J/mol.K)

NaBH4 dehydrogenation without
catalyst

62.9 - - 5 - 49

HCl treated T sand sample 24.6 21.9 -185 705 0.5 10.0 This study

HCl treated P sand sample 25.9 23.1 -180 690 0.5 8.9 This study

T-PEI+ 36.1 32.9 -159 4408 0.5 69.6 This study

P-PEI+ 36.6 33.4 -158 3879 0.5 57.1 This study

HCl-SiO2 29.9 34000 0.5 11.4 21

Ru/Al2O3 51.0 - - 204 1 - 50

Ru5Co/C 36.8 - 2250 10 0.6 31

Co-P/CNTs-Ni 49.9 - - 2430 10 - 32

SO4
2-/CuO 13.1 - - 965 2 22.7 52

Fe-B 7.02 - - 198 10 - 29

Co-TiO2 20.4 - - 144000 3.4 - 30

P/boehmite 21.6 - - - 5 - 34

p(2-VP)++C6 20.8 - - 1664 0.5 16.0 35

Ru-Ni/Ni 39.9 - - 360 15 - 36

Ni2P-TOP 19.4 - - 8110 1 43.8 37

Cell-EPC-DETA-HCl 23.7 - - 3215 0.5 53.3 38

L-Proline-functionalized Rh 38.2 - - - 0.5 - 51

CF-A-CH 14.4 - - 1179 2.5 10.2 47

Ag@CFC 20.1 - - 2049 0.15 8.3 53

aFOM values were calculated from reported informations from according papers.
Abbreviations: HGR, hydrogen generation rate; LOM, figure of merit.
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regenerated after every five sequential uses to regain
activity of over 98%, hence losing less than 30% of their
activity by the end of the fifth use of each cycle.

The formation of NaB(OCH3)4 as a reaction
byproduct on the surface of the sand catalysts was con-
firmed with FT-IR analysis. The FT-IR spectra of unused
T and P sand samples and those after the 10th use were
compared, as shown in Figure 11A,B, respectively.

The newly appearing peaks at 1437 and 1330 cm−1

can be assigned to C H stretching and characteristic
B O peaks, respectively, for T sand catalyst used
10 times in a row. Similar peaks at 1441 and 1337 cm−1

were also observed in the FT-IR spectrum of P sand cat-
alyst after 10 uses. The regeneration of the sand cata-
lysts was also confirmed via FT-IR spectra of T and P
sand samples washed with 1M HCl after their 10th use.
Clearly, the peaks generated from NaB(OCH3)4 at
around 1430 to 1440 and 1330 to 1340 cm−1 disappeared
after the acid wash for both T and P sand catalysts. As a
result, the sand catalysts can be readily reusable and can
be regenerated by mere HCl treatment providing
additional advantages over conventional metal-based

catalysts that are expensive, often toxic, prone to deacti-
vation, and regeneration involves, more extensive
treatment.

Similarly, the formation of NaB(OCH3)4 on the sur-
face T-PEI+ and P-PEI+ catalysts was confirmed by FT-IR
analysis, as shown in Figure 12A,B. Spectral analysis of
the unused, five times used, and regenerated T-PEI+ and
P-PEI+ catalysts are shown in Figure 12A,B, respectively.

The newly generated peaks at 1327 and 1327 cm−1are
characteristic of the B O bond54,55 in B(OCH3)4

− for T-
PEI+ and P-PEI+ sand catalysts, respectively, after the
fifth use. Regeneration carried out with 1M HCl resulted
in the disappearance of the B O FT-IR peaks and a con-
comitant increase in catalytic activity, as the surface of
the catalyst was freed from the dehydrogenation
byproduct. Therefore, T-PEI+ and P-PEI+ sands can be
practically reused and regenerated several times as cata-
lysts for hydrogen production.

T and P sand samples, their corresponding PEI
modified and protonated forms as well as five times
consecutively used T-PEI+ and P-PEI+catalysts in
NaBH4 methanolytic dehydrogenation reaction were

FIGURE 9 Reusability of A, HCl-treated, T(T-HCl); B, HCl-treated P, (P-HCl); C, T-PEI+; and D, P-PEI+ sand samples as catalysts for

the NaBH4 dehydrogenation reaction in methanol (Catalyst: 50 mg, 20 mL methanol, 25�C, 1000 rpm mixing rate)
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characterized by XRD analysis and corresponding XRD
spectra were given in Figure 13.

According to XRD patterns of five times used forms of
T-PEI+ and P-PEI+ sand catalysts given in Figure S7A,B,
the observed natrite peaks accompanies to quartz charac-
ter of T-PEI+, and P-PEI+ sand catalysts, respectively.
Accordingly, 3.1% and 1.54% natrite contents were
observed at 3.41, 3.22, 2.96, 2.54, 2.36, and 2.25oA, based
upon reference spectra of natrite obtained from COD,
database code 9009418. Moreover, the amorphous con-
tent of T-PEI+ decreased from 49.6% to 28.8% and from
16.3% to 11.1% for P-PEI+ catalysts upon five times
sequential usage in methanolytic dehydrogenation of
NaBH4. From the obtained results, the quartz% of T-PEI+

catalyst was observed to increase from 50.4% to 68.1%
after five times successive usage in NaBH4 dehydrogena-
tion reaction in methanol, whereas amorphous% of PEI+

structure on T sand sample decreased from 49.6% to
28.8% with 3.1% natrite formation. Similarly, the quartz%
of P-PEI+ catalyst increased from 83.7% to 87.4% after five
times sequential usage in methanolytic dehydrogenation
reaction of NaBH4, whereas amorphous% of PEI+ struc-
ture on P sand sample decreased from 16.3% to 11.1%
with the 1.5% natrite formation. As can be clearly seen,

the repetitive usage of both T-PEI+, and P-PEI+ catalysts
in methanolytic NaBH4 dehydrogenation reaction
decreased the amorphous content of catalysts with a con-
sequent increase on total quartz % of catalysts. As it can
be inferred from the XRD results, both T-PEI+ and P-PEI
+ sand catalysts somehow lost some portions of their
amorphous contents during five times repetitive usage in
methanolytic dehydrogenation reaction of NaBH4 that
have led to consequent increase of the total quartz con-
tents in the overall catalyst structures. The amorphous
content (PEI+) of the T-PEI+ sand catalysts were
decreased from 49.6% to 28.8% which in turn resulted in
an increase on total quartz % in the overall structure of
sand catalysts from 50.4% to 68.1% with 3.1% natrite for-
mation. In a similar line, amorphous content of P-sand
catalysts was decreased from 16.3% to 11.1% that gave rise
to increase of the total quartz% from 83.7% from 87.4%
with 1.5% natrite formation. It is noteworthy to address
that T-PEI+ and P-PEI+ sand catalysts retained more
than 58% and 68% of their amorphous contents after five
times of sequential use in NaBH4 dehydrogenation reac-
tion in methanol hence that implies further usability of
these catalysts in more than five times usage as they also
preserved respectively more than 56% and 70% of their

FIGURE 10 Regeneration studies of A, HCl-treated T, (T-HCl); B, HCl-treated P, (P-HCl); C, T-PEI+; and D, P-PEI+ sand samples as

catalysts for NaBH4 dehydrogenation in methanol (Catalyst: 50 mg, 20 mL methanol, 25�C, 1000 rpm mixing rate)
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catalytic activity with 100% conversion at the end of fifth
usage. Also, these findings implicates better reusability
performances of P-PEI+ than the T-PEI+ sand catalysts
which can be justified in other words as P-PEI+ catalysts
are more stable than T-PEI+ on preserving their
percentile amorphous contents, hence it can potentially
serve more than T-PEI+ sand catalysts in successive
utilizations.

3.6 | Figure of merit for NaBH4
dehydrogenation in the presence of
catalyst

The figure of merit (FOM) for the catalysts is defined as
rate of hydrogen generation per unit molar concentration

of NaBH4 per unit weight of the catalyst. It is expressed
in units of l/(min.[NaBH4].gcat).

56 The FOM analysis was
done for the sand catalysts used in this study andtheir
catalytic performances were compared with similar stud-
ies in literature and summarized in Table 2. The FOM
values for T-PEI+, and P-PEI+ catalyst are found to be
better than those for the T-HCl and P-HCl catalysts with
no surprise, and the calculated FOM values are 69.6,
57.1, 10.0, and 8.9 L/(min.[NaBH4].gcat), respectively.
Even, the FOM values of SiO2-HCl particles calculated
from the reported study21 is better than the HCl-treated T
and P catalysts with 11.4 L/(min.[NaBH4].gcat), the PEI
modification and subsequent protonation of T and P sand
samples have increased the FOM values up to 69.6, and
57.1 L/(min.[NaBH4].gcat), respectively. Moreover, the
obtained FOM values for T-PEI+, and P-PEI+ catalysts

FIGURE 11 The FT-IR spectra of

bare and HCl treated (A) T, and (B) P

sand samples before and after 10th usage

in methanolysis of NaBH4 reaction as

catalyst [Colour figure can be viewed at

wileyonlinelibrary.com]
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were found to be better than some of the reported cata-
lysts in literature for NaBH4 dehydrogenation reaction
such as 0.6 L/(min.[NaBH4].gcat) for Ru5Co/C catalyst,31

22.7 L/(min.[NaBH4].gcat) for SO4
2−/CuO catalyst,52

16.0 L/(min.[NaBH4].gcat) for p(2-VP)++C6 catalyst,35

43.8 L/(min.[NaBH4].gcat) for Ni2P-TOP catalyst,37

53.3 L/(min.[NaBH4].gcat) for Cell-EPC-DETA-HCl
catalyst,40 10.2 L/(min.[NaBH4].gcat) for CF-A-CH
catalyst,48 and 8.3 L/(min.[NaBH4].gcat) for Ag@CFC
catalyst,53 respectively.

4 | CONCLUSIONS

The study has shown that natural sands collected from
Tampa (T) and Panama City (P) beaches can be success-
fully used as catalysts for the NaBH4 dehydrogenation
reaction in methanol. As expected, the smallest sizes of T
and P sand samples (<250 μm) showed better catalytic
activity that the coarser sizes by achieving hydrogen pro-
duction (HBR) from NaBH4 of 565 ± 18, and
482 ± 24 mL H2 (min.g of catalyst)−1, respectively. To
increase HGR, T and P sand samples were treated with
NaOH and various common acids as a means of increas-
ing the number of hydroxyl groups on the catalyst sur-
face. HCl treatment, the most effective one, enhanced the
performance of T and P sand samples to 705 ± 51, and
690 ± 47 mL H2 (min.g of catalyst)−1, respectively. The
catalytic activities of T and P sand samples were further
increased upon PEI modification and protonation,
reaching 4408 ± 187, and 3879 ± 169 mL H2 (min.g of
catalyst)−1 for T-PEI+ and P-PEI+, respectively, which
are comparable to or better than several metal-based cat-
alysts. The activation energy Eaof HCl-treated T and P
sand samples was 24.6 and 25.9 kJ/mol, respectively,
which are better (lower) than most metal and non-metal-
based catalysts of NaBH4 dehydrogenation in methanol
reported in the literature. Interestingly, the Ea values of
T-PEI+, and P-PEI+were higher than HCl-treated T and
P catalysts (36.1 and 36.6 kJ/mol, respectively), although
they exhibited higher catalytic activity. During each of

FIGURE 13 The comparison of

XRD patterns of T and P based catalysts

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 The FT-IR spectra of bare and HCl treated (A) T-

PEI+, and (B) P-PEI+ sand samples before and after fifth usage in

methanolysis of NaBH4 reaction as catalyst [Colour figure can be

viewed at wileyonlinelibrary.com]
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10 consecutive uses, HCl-treated T and P sand samples
achieved 100% conversion and suffered less than 30%
reduction in activity. Remarkably, simple regeneration
with HCl fully restored the activity of both T and P sand
catalysts. Reusability and regeneration were also demon-
strated for T-PEI+ and P-PEI+, although not as effectively
as for HCl-treated T and P sand samples. In summary,
naturally abundant, sustainable, and inexpensive sand
from the coasts of Florida can act as an effective catalyst
for HBR from NaBH4 in methanol, potentially displacing
costly and often toxic metal catalysts to serve the needs of
clean energy production. The promise of using natural
sand as a renewable energy (hydrogen) production cata-
lyst was reinforced by the ability to reuse and regenerate
the sand's catalytic activity, thus significantly extending
its value.
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