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Biomass-derived sustainable hypergolic rocket
propellants with hydrogen peroxidet
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Sustainable fuels, derived from various renewable biological sources, are having a significant impact on
land and marine transportation, as well as on aviation. However, in the case of the space sector, this
advancement is limited. In an effort to prepare a sustainable rocket fuel (SRF) from readily available biore-
sources, herein we report for the first time the valorization of a widely available biomass — coconut husk
into hypergolic composite fuel. We showed that the hypergolic reactions of various formulations of
coconut husk-derived SRFs with a green oxidizer — H,O, (95%) could be promoted with the addition of
catalytic amounts of guanine-containing polymeric complexes of manganese or copper (Mn—GU or Cu—
GU). It was found that the top-performing fuel formulation, with a total manganese content of just 2 wt%,
showed an impressive ignition delay time below 50 ms. Mechanistic studies exploring the structure—
ignition capability relationships of coconut husk-derived SRFs and Mn—GU and Cu—GU materials revealed
that the nitrate content of coconut husk-derived SRFs and the metal-ligand cooperation in the Mn—-GU
and Cu—GU complexes played important roles in the ignition process of our novel SRF formulations.

1. The traditional ammonium perchlorate-based rocket propellants, highly toxic and carcinogenic hydrazine, and corrosive fuming nitric acid/nitrogen tetrox-

ide-based propellants produce environmentally hazardous greenhouse gases and chlorinated combustion products. In contrast, hydrogen peroxide (H,O,)

produces only water and oxygen as green decomposition products. Therefore, developing H,0,-based propulsion systems is highly desired for future green

space missions.

2. Herein, we have developed novel chlorine-free composite materials utilizing renewable biomass coconut-husk-derived fuel and guanine-derived metal com-

plexes that exhibit excellent hypergolic ignition with a green oxidizer - H,O,. The study of the materials’ ignition, energetic, and physical properties showed

that they have the potential to be used as green and non-hazardous hypergolic propellants in hybrid rocket motors.
3. The present work will pave the way for the development of other renewable biomass-derived advanced green rocket propellants that will have higher per-
formance than traditional rocket propellants.

Introduction

In recent years, the global space industry has seen exponential
growth due to the rapid rise in the deployment of novel satel-
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including surveillance, weather monitoring, global position-
ing, internet, and even cellular connectivity."”” In 2023, the
space economy was valued at $0.63 trillion, and it is antici-
pated to increase at a compound annual growth rate (CAGR) of
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that by the year 2050, the level of ozone layer depletion as a
result of these launches could be much higher than that ever
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Therefore, there is a high demand for greener and sustainable

Green Chem., 2025, 27, 6105-6122 | 6105


http://rsc.li/greenchem
http://orcid.org/0000-0003-0897-1760
http://orcid.org/0000-0002-1680-7496
http://orcid.org/0000-0002-9671-1151
http://orcid.org/0000-0001-8542-0597
https://doi.org/10.1039/d5gc00255a
https://doi.org/10.1039/d5gc00255a
https://doi.org/10.1039/d5gc00255a
http://crossmark.crossref.org/dialog/?doi=10.1039/d5gc00255a&domain=pdf&date_stamp=2025-05-21
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00255a
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC027021

Open Access Article. Published on 22 April 2025. Downloaded on 4/2/2026 8:25:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

propulsion systems that can reduce harmful air pollutants and
greenhouse gases arising from the burning of tons of tra-
ditional propellants.>®

One of the propulsion systems used in spacecraft is based
on a hypergolic reaction between a fuel and an oxidizer. The
hypergolic reaction is a spontaneous, exothermic redox reac-
tion that occurs when a suitable oxidizer is mixed with an
appropriate liquid or solid fuel, leading to the ignition of the
fuel. Such hypergolic propulsion systems could be advan-
tageous as they eliminate the need for a separate igniter and
can even offer higher performance with better control depend-
ing on the choice of fuel and oxidizer.”” For hypergolic pro-
pulsion systems, hydrazine and its derivatives [monomethyl-
hydrazine (MMH) and unsymmetrical dimethylhydrazine
(UDMH)] are commonly used as fuels, and nitrogen tetroxide
(N,04) or fuming nitric acid (HNO3) is used as an oxidizer.">"!
These fuels are highly toxic and harmful to humans and the
environment, and the oxidizers are highly corrosive, which
creates severe problems in use, handling, storage, and dispo-
sal.’? In an effort to develop more advanced semi-green hyper-
golic propulsion, energetic ionic liquids (EILs), metal organic
frameworks (MOFs), and metal carborane clusters were
studied as hypergolic fuels for their ignition with fuming
HNO;.”7?" To further achieve a “fully green” propulsion
system, several green oxidizers were recently investigated
including hydroxylammonium nitrate (HAN), ammonium dini-
tramide (ADN), and hydrogen peroxide (H,0,).”>’ Several
groups reported that the hypergolic reaction of H,0, (>90%)
was achieved with some fuels including borohydride, cyano-
borohydride, amino-borane, or bis-borane compounds.**™*
Since H,0, produces only water and oxygen during its
decomposition, H,0, is considered as the next-generation
green oxidizer. The use of H,0, as an oxidizer has many other
advantages in terms of its relatively low cost, handling,
storage, and disposal, in comparison with N,0O, and
HNO3.52’53

Recent studies showed that air- and water-stable transition
metal complexes of energetic nitrogen-rich ligands exhibited
impressive capability to promote hypergolic reactions with
H,0, (98%).>*> However, these complexes’ relatively high cost
and higher metal content (>15 wt%) may hamper their appli-
cation in the next-generation sustainable hypergolic propul-
sion systems. One of the innovative solutions to this problem
could be the utilization of agricultural waste and other bio-
masses to prepare cost-effective, green, and sustainable rocket
fuels.

Bioenergy that could be obtained from biomass is an
important pillar of a circular economy, which presently
accounts for 55% of all global renewable energy supply and is
about 6% of total energy produced worldwide.’® The emission
of greenhouse gases from fossil fuels is much higher than that
from biofuels, which has triggered prolific and intense
research related to the development of cost-effective processes
for biomass conversion.>””® The advantages of using renew-
able biomass are that these feedstocks are available in huge
quantities, including agricultural waste, forestry and wood pro-
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cessing residues, food waste, algae, and many others.>*"®"* Due
to microalgal and lignocellulose abundance, low cost, and
non-edibility, these biomaterials are considered among the
most promising feedstocks for the production of biofuels for
land and marine transportation, as well as for sustainable avia-
tion fuels (SAFs).®>%3

The currently utilized processes for the latter feedstocks’
conversion into biofuels are based on thermochemical pro-
cesses that include hydrothermal liquefaction (HTL) and gasi-
fication, and on biochemical processes, such as fermentation
(ethanol production) and anaerobic digestion (biogas
production).®*®® Although biomass has the potential to decen-
tralize energy production from fossil fuels, the poor yields of
bioconversion processes impede these processes’ large-scale
industrial production. The poor yields of biofuels are mainly
due to complex structures of cell walls present in the biomass,
which require additional pre-treatments to efficiently break
down these cell walls.®®

To the best of our knowledge, the utilization of biomass
emanating from agricultural waste for the preparation of
rocket propellants has not been systematically explored yet.®”
One of the widely available agricultural products is coconut,
which is produced at about 62 million tons per year.®®
Coconut husk (CH), which is the main agricultural waste of
coconut-derived food production, contains about 42% of cell-
ulose and 45% of lignin, making it a suitable and abundant
source of biofuel.*

With the aim to prepare green and low-cost sustainable
rocket fuels (SRFs), here we report an unprecedented approach
for the conversion of CH into valuable “fully green” rocket pro-
pellant formulations F1-F11, which were shown to be hypergo-
lic with a H,0, oxidizer. A comprehensive structural character-
ization and thermal and energetic property evaluation of CH-
derived fuels NCH1-NCH4 and guanine (GU)-based combus-
tion catalysts - Mn-GU and Cu-GU complexes were performed.
Ignition delay studies, isothermal stability studies, and
mechanistic studies to explore the nature of the ignition
process of novel propellant formulations containing Mn-GU
and Cu-GU complexes were also performed.

Results and discussion
Materials and methods

All commercially available reagents were used without further
purification. FT-IR spectra were recorded using an ATR unit on
a PerkinElmer Frontier spectrometer. Densities were measured
at 25 °C by employing an Ultrapyc 1200E Quantachrome
helium gas pycnometer. Elemental Analysis was performed
using a Thermo Scientific Flash 2000 Organic Elemental
Analyzer. DSC analyses were carried out using a PerkinElmer
DSC 8000, at a heating rate of 10 °C min™". TG analyses were
carried out by using a high temperature TA (SDT 650) instru-
ment at a heating rate of 10 °C min™" and under a N, atmo-
sphere (flow rate: 100 mL min~'). EPR measurements were
performed by using a JEOL Model JES FA,,, instrument with

This journal is © The Royal Society of Chemistry 2025
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an operating frequency of 9.452 GHz. SEM-EDS measurements
were performed using a ZEISS Ultra-55 scanning electron
microscope. The samples were subjected to gold sputtering
prior to SEM-EDS measurements to prevent charging and
improve image quality. The peak at 0 keV in the EDS spectra is
the noise peak or strobe peak and stems from the acquisition
electronics of the EDS spectrometer. XPS measurements were
performed using a Thermo Scientific K-Alpha Surface Analysis
using an Al Ka monochromatic excitation source of energy
(1486.6 eV). The heat of combustion was measured by bomb
calorimetry (Parr 6200), under O, pressure of 32 MPa. Solid-
state UV-Vis (DRS) measurements were performed using a
Shimadzu MPC3600, and UV-vis absorbance of liquid samples
were measured using an Analytik Jena SPECORD S-600.
Ignition tests were filmed using a Chronos (1.4) high-speed
video camera operating at 2000 fps. Contact angle measure-
ments were performed using a Rame-Hart goniometer
(250-F1).

Synthesis

To convert the agricultural waste, coconut husk, into rocket
fuel, we took a sample of raw coconut husk (25.0 g) from
matured coconut, and washed it with water at room tempera-
ture and then with hot water to remove most of the unwanted
impurities. The washed coconut husk was dried under air and
ground to powder, and dry particles were sieved through a
metal sieve to obtain a uniform coconut husk (CH) brown
powder (23.0 g; Fig. 1). Subsequently, this CH powder (3.0 g)
was slowly added to a mixture of HNO; and concentrated sul-
furic acid (H,SO,) at 0 °C. At the end of the addition, the reac-
tion mixture was stirred for 15 min, and then allowed to warm
up to room temperature and kept for various periods of time
(from 1 day to 4 days). Upon nitration process termination and
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Fig. 1 Schematic of the preparation of NCH4 fuel.
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acids dilution, the insoluble materials were collected by fil-
tration and washed with cold water and aqueous sodium bicar-
bonate (NaHCO;). The resulting nitrated coconut husk
(NCH1-NCH4; Fig. 1, ESI) yellow powders were dried under
air to obtain materials that were used in all further studies.
The reduction in the weights of the obtained NCH1-NCHA4
nitrated products versus the starting CH material could be
explained by the degradation of most of the lignin biopolymers
present in CH during the nitration process, where the resulting
lignin-derived compounds became soluble in the nitrating
mixture. The chemical compositions of NCH1-NCH4 were
comprehensively characterized by infrared spectroscopy (Fig. 3
and S3-S6; ESIf), elemental analysis (Table 1), scanning elec-
tron microscopy (SEM), and energy-dispersive X-ray spec-
troscopy (EDS) (Fig. 5 and 6 and S20-S23; ESIf), and UV-vis
spectroscopy (Fig. 4).

Guanine (GU; 2-amino-1H-purin-6(9H)-one) is practically in-
soluble in most common organic solvents. However, it could
be solubilized in acidic or basic aqueous solutions.”® Although
Fe, Ru, Pd, Pt, and Cu transition metal complexes of guanine
(as a functional group of the nucleotide base of DNA or RNA)
and its derivatives were described, these reports are mostly
limited to the structure of complexes in which guanine is
present as a neutral ligand.”*””® The preparation of deproto-
nated GU transition metal complexes is highly challenging,
due to the related solubility issues. In our initial attempts for
the preparation of the Mn-GU complex, we first deprotonated
this ligand by dissolving GU in aqueous KOH (2.0 M), which
was followed by slow addition of aqueous MnCl,-4H,0. This
approach was unsuccessful due to the formation of a black
Mn;0, precipitate under these basic conditions, as was
observed in the infrared spectroscopy analysis of this precipi-
tate (Fig. S7; ESIf).”® A similar problem was encountered
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Table 1 Elemental analysis data of CH, NCH1-NCH4, Mn-GU, and Cu-GU complexes

Comp. Formula Carbon (C) calc./found (%) Hydrogen (H) calc./found (%) Nitrogen (N) calc./found (%) C/N ratio
CH NA 32.01/32.44 4.03/4.49 0/0 0

NCH1 (C13H17N50,,), 26.23/26.31 2.88/2.84 11.76/11.75 2.24
NCH2 (C10H13N,O15),, 25.17/25.47 2.75/2.73 11.74/11.69 2.18
NCH3 (C10H13N4047), 26.04/25.78 2.84/2.84 12.15/12.22 2.11
NCH4 (CoH1N,01 ), 27.08/27.38 2.78/2.80 14.04/13.91 1.97
Mn-GU C10H14N;,MnO; 29.35/29.75 3.45/3.05 34.23/34.13 0.87
Cu-GU C10H14N1oCuOs5 28.75/29.29 3.38/3.02 33.52/33.03 0.89

during our attempts to prepare a Fe-GU complex, using
FeCl;-6H,0 as a starting material. We observed that under the
used basic reaction conditions, generation of iron hydroxides
was preferred over the formation of Fe-GU complexes.

In our further efforts to counter the formation of metal
oxides, we discovered that the use of a specific ratio between
KOH (2.5 equivalents), GU (4.0 equivalents), and metal precur-
sor salts (1.0 equivalent) prevented the preferential formation
of metal oxides and directed the reaction towards the metal-
GU complex formation. Thus, an aqueous solution of a metal
precursor (MnCl,-4H,0 or CuCl,-2H,0) was slowly added to
the basic GU suspension and the reaction mixture was stirred
to yield the desired Mn-Gu and Cu-Gu complexes (Fig. 2 and
ESIt). Notably, in contrast to the Mn-GU compound that was
formed (in 49% yield) as an insoluble material (most probably,
a coordination polymer), a Cu-GU complex was initially
formed (in 55% yield) as a soluble compound. Upon solvent
removal, during the final purification step, the Cu-GU
complex became insoluble (forming a film), which strongly
suggests its conversion into a coordination polymeric struc-
ture. The chemical structures of Mn-Gu and Cu-Gu complexes
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were comprehensively characterized by infrared spectroscopy
(Fig. S8-510; ESIT), elemental analysis (Table 1), SEM (Fig. 5;
Fig. S20; ESIY), electron paramagnetic resonance (EPR) spec-
troscopy (Fig. 7), X-ray photoelectron spectroscopy (XPS; Fig. 8;
Fig. S13; ESIY), solid-state UV-vis (DRS) spectroscopy (Fig. 4),
and thermogravimetric (TG) analysis (Fig. 9).

FT-IR analysis

To determine the presence of different functional groups in
CH nitration products NCH1-NCH4, a comparative analysis
between the infrared spectra of CH and NCH1-NCH4 was per-
formed (Fig. 3 (left), Fig. S2-S6; ESIt). The spectrum of CH was
found to fully match the previously reported spectra of
coconut husk.”” Peaks observed in the range of 1110-950 cm ™"
in the spectrum of CH could be assigned to the C-O bond
stretching of the glycosidic C-O-C bonds of cellulose, and
hemicellulose, as well as to the phenolic C-OH and etheric C-
0O-C bonds present in the lignin component of CH.””””° Since
the infrared spectra of compounds NCH1-NCH4 were found to
be practically indistinguishable from one another, the NCH4
compound was used for further analysis and comparison. In
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Fig. 2 Synthesis of the Mn—Gu and Cu—Gu complexes, their proposed molecular structures, and physical appearance.
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Fig. 3 FT-IR spectra. (Left): CH and NCH4 and (right): Cu—GU and Mn—-GU complexes.

the spectra of this compound, a significant reduction (versus
the CH spectrum) in the intensity of the cellulose and hemi-
cellulose peaks was observed at 3302 cm™" (OH groups), and
2919 cm™" (CH and CH, groups).”””’® A reduction in the inten-
sity of another peak at 1726 cm™', characteristic of C=0
bonds in hemicellulose, pectin, lignin, and wax (all found in
CH), showed that the nitration process of CH led to a signifi-
cant removal of these components from the surface of the coir
fibers.”®”7® An appearance of three new intense peaks in the
spectrum of NCH4 (versus the CH spectrum) at 1640 cm™"
(asymmetric N-O stretching), 1276 cm™" (symmetric N-O
stretching), and 825 cm™" (O-NO, stretching) was a clear indi-
cation of the presence of NO; groups in the nitrated com-
pounds, as a result of the conversion of OH groups in CH to
the corresponding NO; groups.’’ Furthermore, in the spec-
trum of NCH4, peaks at 1606 cm™' (C=C bonds of aromatic
rings) and 1256 cm™" (C-O stretching of acetyl groups), both
belonging to lignin, present in the spectrum of parent CH,
practically disappeared. The latter observation strongly
suggests degradation of the lignin component of CH through
the nitration process, with a subsequent dissolution and
removal of resulted lignin derivatives during the nitration reac-
tion work-up. To further confirm the degradation of lignin
during the CH nitration, we selectively extracted lignin from
CH (Fig. S11, ESI{),®" and allowed to react the extracted lignin
with a mixture of HNO; and H,SO, for 4 days. After com-
pletion of the reaction, about 97.0 wt% of the lignin was found
to be soluble in the nitration reaction mixture, indicating this
bio-polymer fragmentation into smaller molecules and/or acid-
soluble products. The infrared spectral analysis clearly indi-
cates that the prepared NCH1-NCH4 materials are mostly com-
posed of nitrocellulose,®® along with some small amounts of
nitro-lignin derivatives trapped in it.

The infrared spectra of Mn-GU and Cu-GU complexes
showed similar patterns to the spectrum of the parent GU
ligand, in the range of 2500-3500 cm ™, corresponding to the
NH, and NH groups of GU (Fig. 3 (right), Fig. S8-S10; ESIT).

This journal is © The Royal Society of Chemistry 2025

The peaks at 1691 cm™" (C=0) and 1668 cm™"' (NH, scissor-
ing) did not show any significant shift versus the parent GU,**
indicating that both NH, and C=O0 groups of GU did not have
any significant interaction with the metal centers in Mn-GU
and Cu-GU complexes. In the case of the Cu-GU complex,
appearance of new peaks at 1591 cm~ " (C=C bond) and
1555 ecm™' (C=N bond) was observed, while peaks at
1635 cm™" and 1563 cm™, belonging to the vibrations of the
same bonds in the parent GU, disappeared.®” This significant
change (shift) could be explained by the binding of the GU
ligand in its deprotonated form, via its N7 and/or N9 nitro-
gens, to the Cu metal center in the Cu-GU complex. In con-
trast, in the infrared spectrum of the Mn-GU complex, the
intensity of 1635 cm™" and 1563 cm™" peaks was only reduced,
and no shifts due to GU complexation with the Mn metal
center via its N7 and/or N3 nitrogens were observed. These
results clearly indicate the difference in the GU ligand binding
modes in the Mn-GU and Cu-GU complexes and different
molecular structures of these complexes. In the fingerprint
region (1000-500 cm™'), in the spectra of both Mn-GU and
Cu-GU complexes, significant changes in the peak pattern and
intensity (versus the parent GU) were observed, indicating that
heterocyclic rings of the GU ligand had participated in the
metal center coordination.

Elemental analysis

The elemental composition of NCH1-NCH4, Cu-GU and Mn-
GU complexes was obtained from elemental analysis (CHN)
measurements (Table 1). Since the main components of the
dried coconut husk were cellulose, lignin, and hemicellulose,
no nitrogen-containing molecules should be present in CH.%°
Indeed, our analysis of the CH samples showed only the pres-
ence of carbon (32.44 wt%) and hydrogen (4.49 wt%); the rest
were oxygen atoms. In comparison with CH, samples of
NCH1-NCH4 showed significantly lower carbon and hydrogen
content. This observation could be the result of lignin and
hemicellulose removal from CH upon its nitration. Another

Green Chem., 2025, 27, 6105-6122 | 6109
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important observation was found in NCH1-NCH4 materials,
where their nitrogen content increased from 11.75 wt% in
NCH1 (product of nitration for 24 h) to 13.91 wt% in NCH4
(product of nitration for 96 h), indicating that the longer
nitration time led to a higher number of NO; groups. These
results were further supported by carbon-to-nitrogen (C/N)
ratios calculated for the NCH1-NCH4 material, which were
showing a gradual decrease as the nitrogen content in the
material was increased due to the prolonged nitration time
(Table 1). Empirical formulas derived from the elemental ana-
lyses of the NCH1-NCH4 material are presented in Table 1.
The empirical formula calculated for the Mn-GU and Cu-GU
complexes indicates the presence of two GU ligands per each
Mn and Cu metal centers, respectively (Table 1).

UV-vis spectroscopy studies

The UV-vis spectrum of NCH4 (1.0 mg mL~" in DMSO) showed
a peak at 252 nm, adjacent to a broad peak/plateau (between
314 and 453 nm) with a small maximum at 373 nm (Fig. 4
(left)), where the spectrum of coconut husk-extracted lignin
(1.0 mg mL™" in DMSO) also showed a peak at 252 nm, adja-
cent to even broader plateau (between 314 and 537 nm) (Fig. 8
(left)). A comparison between the spectra of NCH4 and lignin
in the 200-300 nm region indicated the presence of phenolic
moieties in both materials.®® The appearance of the new peak
at 373 nm and disappearance of peak at 537 nm in NCH4 indi-
cated that the lignin present in NCH4 probably undergoes
nitration to form nitro-lignin.

To assess the concentration of nitro-lignin in NCH4, we
selectively extracted the nitro-lignin from NCH4 using a
similar procedure previously reported for lignin extraction
from cellulose-lignin mixtures (ESIT).*" We were able to extract
0.3 wt% of nitro-lignin from NCH4. The FT-IR analysis of the
extracted nitro-lignin showed peaks at 1631 cm™" that corres-
pond to nitro groups, confirming the formation of nitro-lignin
(Fig. S12; ESIt). Therefore, a small and broad peak at 373 nm
in the UV-vis spectrum of NCH4 could be attributed to the
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Green Chemistry

formed nitro-lignin.** Such a low content of nitro-lignin in the
NCH4 material could be attributed to degradation of lignin
during the nitration process.

Due to a lack of solubility of polymeric Mn—-GU and Cu-GU
complexes in common solvents, solid-state UV-vis (diffuse
reflectance spectroscopy, DRS) analysis of these complexes was
performed (Fig. 4 (right)). Using the Kubelka-Munk function,
F(R,) (eqn (1)), the measured reflectance spectra were con-
verted into absorption spectra as shown in Fig. 4 (right).®®

K (1 — Ra)l
F(Rq) = ST 2R, (1)
where Ry = Rsample/Rstandard; and K and S are the absorption
and scattering coefficients, respectively.

The UV-vis DRS spectrum of solid GU showed two broad
peaks with absorption maxima (Ayna.x) of 244 and 276 nm.
These peaks could be assigned to the = — =* transition of
GU.®? Upon the formation of Mn-GU and Cu-GU complexes,
only a slight change in the A, of these peaks was observed.
While three new peaks appeared for both Mn-GU and Cu-GU
complexes with a A,.x of 378, 480 and 512 nm (for Mn-GU),
and 378, 482, and 522 nm (for Cu-GU). These peaks in the
range of 375-540 nm could be assigned to metal-to-ligand
charge transfer (MLCT) transitions, further proving the suc-
cessful formation of metal-GU complexes.®”

Scanning electron microscopy-energy dispersive X-ray
spectroscopy studies

The sizes and shapes of solid fuel particles, as well as the pres-
ence of cracks, pores and voids in composite propellants may
affect these propellants’ performance.’® We used SEM
equipped with EDS to study the morphology of CH and NCH1-
NCH4 materials (Fig. 5 and Fig. S20; ESI{). The SEM images of
the CH surface revealed its superimposed lamellar-shaped
structure, with a number of cracks and defects and the pres-
ence of some small particulate impurities. The irregular distri-
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(Left): UV-vis spectra (baseline subtracted) of NCH4 and lignin in DMSO; (right): solid state UV-vis (DRS) spectra of GU, Mn—GU, and Cu-GU.
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Fig. 5 SEM images. (Top): CH; (middle): NCH4; (bottom): Mn—GU complex.

bution of fats, wax and other materials (including impurities)
represented a non-uniform structure of CH. Upon nitration of
CH, the surface roughness of the produced NCH1-NCH4
materials became smoother and flatter, with a much lower
number of defects on it. The smoothness of the NCH1-NCH4
material surface could be the result of efficient removal of
surface-adhered impurities, as well as of wax and fatty acids. It
was found that with the prolongation of the time of nitration,
the smoothness of the surface changed. The longer nitration

time and the higher degree of nitration led to smoother sur-
faces in the NCH1-NCH4 materials (Fig. S20; ESI{), which is
probably the result of better removal of hemicellulose and
lignin, along with wax and fats from CH.

EDS analyses were also performed to identify the elements
present in both CH and NCH1-NCH4 materials. Only carbon
and oxygen were found for CH, while samples of NCH1-NCH4
showed the presence of carbon, nitrogen, and oxygen (Fig. 6
and Fig. $21-S23; Tables S1-54; ESI{). The obtained C/N ratios
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Fig. 6 Representative EDS spectra. (Left): CH; (right): NCH4.
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(Wt%) for NCH1-NCH4 were found to be in good agreement
with the C/N ratios that were obtained from the elemental ana-
lysis of these materials (Table 1). SEM analysis of Mn-GU and
Cu-GU complexes revealed that their surfaces had amorphous
structures.

Electron paramagnetic resonance studies

X-band electron paramagnetic resonance (EPR) spectrometry
measurements (at room temperature) of both Mn-GU and Cu-
GU complexes (in the solid state) were performed to study the
oxidation states of the metal centers and their molecular geo-
metry. The EPR spectrum of Mn-GU showed a broad signal
with a g value of 1.98 (Fig. 7, left). This observation indicates
the presence of the Mn(u) metal center in the Mn-GU
complex.’” The absence of fine or hyperfine splitting also
suggests that upon coordination of the Mn(u) metal center
with the GU ligand, the symmetry around the Mn(u) center
became distorted. Due to this distorted symmetry, the reso-
nances become anisotropic, leading to a broad line. The pres-
ence of the broad lines in the EPR spectrum of the Mn-GU
complex may indicate a polymeric nature of this complex.®®
The analysis of the EPR spectrum of the Cu-GU complex
showed a typical pattern of the Cu(u) metal center, with g and
g, values of 2.28 and 2.06, respectively, and a g,, of 2.13
(Fig. 7, right).?® The deviation of g,, of the Cu-GU complex
from the free electron (2.0023) was due to the coordination of
the Cu(un) metal center with the GU ligand. In the case of the
latter complex, the following trend for g, and g, values was
observed - g; > g, > 2.0023 - which is characteristic of the axial
symmetry of Cu(r) complexes.®

X-ray photoelectron spectroscopy studies

A single crystal X-ray crystallography analysis of both Mn-GU
and Cu-GU complexes could not be obtained due to the lack of
solubility of these complexes in water and all evaluated organic
solvents. Both the X-ray powder diffraction and SEM analyses
showed that these complexes are amorphous in their nature.
Therefore, X-ray photoelectron spectroscopy (XPS) analyses
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were used to obtain information regarding the Mn-GU and
Cu-GU structures and the metal-GU bonding arrangements.
The XPS spectra (survey) of Mn-GU showed the presence of
Mn, C, N, and O elements in this complex structure (Fig. 8, top
left). The deconvoluted high-resolution spectra of Mn 2p
showed two main peaks at 641.88 and 653.68 €V, corresponding
to Mn 2p;;, and Mn 2py,,, respectively (Fig. 8, top middle).”
The energy difference between the Mn 2p;, and Mn 2p;,
states was found to be 11.8 eV. This energy difference strongly
suggested the presence of Mn(u) metal center.”® A satellite peak
was also observed at 643.48 eV, which was characteristic of the
Mn(m)-O bond.” In the case of the C 1s spectrum of Mn-GU,
three peaks at 284.99, 286.40, and 288.05 eV were observed
(Fig. S13a, ESIt). The peak at 284.99 eV could be assigned to
the C-C and C-H bonds of GU. The other peaks at 286.40 eV
corresponded to the C-N-C and N-C-N bonds, while the peak
at 288.05 eV corresponded to the N-C=O bonds of GU. The N
1s spectrum showed two peaks at 398.84 and 400.24 eV, which
could be assigned to the N—=C and NH,-C bonds of GU,
respectively (Fig. S13b, ESI}).>? In terms of its spectral pattern
and binding energy, both the C 1s and N 1s spectra of Mn-GU
were found to be different from the pure GU spectrum. This
observation further confirmed the coordination of the Mn
center with the N-ring atoms of GU.” The deconvoluted spec-
trum of O 1s showed three peaks, where the peak at 529.68 eV
could be assigned to the oxo-bridged Mn-O-Mn bonds (Fig. 8,
top right).>* The other two peaks at 531.26 and 531.8 eV corre-
sponded to the C=O bonds of GU and water molecules,
present in the structure of the Mn-GU complex, respectively.
The XPS spectra (survey) of Cu-GU showed the presence of
Cu, G, N, and O in its structure (Fig. 8, bottom left). The decon-
voluted spectra of Cu 2p showed two major peaks at 932.85
and 952.63 eV, corresponding to the Cu 2ps, and Cu 2pq,,
states of Cu(u), respectively (Fig. 8, bottom middle).”>"®
Similar to Mn-GU, the C 1s spectrum of Cu-GU also showed
three peaks at 287.86, 286.28 and 285.2; the N 1s spectrum
showed two peaks at 400.15 and 398.8 eV and the O 1s spec-
trum showed two peaks at 531.48 and 531.15 eV (Fig. 8,
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Fig. 7 EPR spectra of powdered Mn-GU and Cu-GU complexes.
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Fig. 8 XPS spectra of Mn—GU (top) and Cu—GU (bottom) complexes.

bottom right, and Fig. S13c and S$13d, ESI}). The shape of the
N 1s and C 1s spectra of Cu-GU were found to be different
from the spectra of Mn-GU and GU, and the binding energies
were also found to be different. This could be the effect of the
different binding modes of GU to Cu, where the NH ring
proton of GU was probably deprotonated by KOH. While, in
the case of Mn-GU, no deprotonation occurred, and GU
bound to the Mn center as a neutral ligand.

Study of thermal and energetic properties

To study the thermal properties of NCH1-NCH4 fuels and
Mn-GU and Cu-GU complexes, differential scanning calorime-
try (DSC) and thermogravimetric (TG) analyses were per-
formed. The TG thermogram of the Mn-GU complex showed
that this material was highly thermostable, with its peak
decomposition temperature at about 500 °C (Fig. 9, left).
Decomposition occurred in two continuous steps, leading to
82% mass loss of the sample. Upon heating, the sample of
Mn-GU lost its coordinatively bound water molecules, well
above 100 °C. This dehydration process resulted in 16.8%
(observed experimentally) mass loss of the samples, which cor-
responded to four molecules of water, loss of which should
lead to a calculated weight reduction of 17.12%. Our predicted
structure of Mn-GU, where two water molecules were coordina-
tively bound to each Mn metal center, was in line with these
TGA results (Fig. 2). It was reported that high temperature
(about 800 °C) decomposition under an inert atmosphere of
oxygen/water-containing Mn complexes typically produces
MnO as the final product.”” Considering the formation of
MnO residue in the case of Mn-GU thermal degradation,
17.34% (calculated) of mass should remain after the TG ana-

This journal is © The Royal Society of Chemistry 2025

lysis of this complex. This calculated value of the MnO residue
was found to be in accordance with our experimental TG
results (observed 18% residue), further confirming the pro-
posed chemical composition of the Mn-GU complex.

In contrast to Mn-GU, the TG thermogram of Cu-GU
showed a two-stage decomposition process (Fig. 9, right). The
two-step decomposition process could be due to the presence
of the deprotonated GU ligand in the Cu-GU complex. The
first-stage decomposition showed a mass loss of 27.51%, with
a peak temperature of 458 °C, while most of the mass was lost
in the second stage (45.99%), with a peak temperature of
660 °C. The residual mass could be attributed to the formation
of copper oxides (CuO or Cu,0).

The DSC thermograms of NCH1-NCH4 showed a similar
decomposition pattern, with the peak decomposition tempera-
ture of about 207 °C (Fig. 10). Although these decomposition
patterns were similar, the total amount of energy released was
found to vary from 1574 J ¢~ for NCH1 to 1544 J ¢~ " for NCH4
(Fig. S14-S17; ESIt). This small change in energy release could
be the effect of variation in the degree of nitration and percen-
tage of nitro-lignin present in each sample. To further evaluate
the energetic properties of NCH1-NCH4 materials, bomb
calorimetry analyses under an O, atmosphere were performed.
These analyses showed that upon removal of lignin, hemi-
cellulose and other impurities, during the nitration process,
the heat release of NCH4 was reduced to almost half of the
untreated CH (Table 2). Due to the differences in the structure,
the total heat release of the Mn-GU complex was found to be
slightly higher than that of Cu-GU.

From the heat release data obtained by bomb calorimetry
analyses, the enthalpies of formation of NCH4, Mn-GU, and
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Cu-GU were calculated (Table 2 and ESIt). The heat release of
the formulations F1 and F8 was found to be 1442 and 1444 ]
g™, respectively (Fig. S18 and S19; ESIY). The reduction in heat
release (by 100 J ") than that of NCH4 was due to the pres-
ence of non-energetic Mn-GU and Cu-GU complexes.

Ignition studies with hydrogen peroxide

After comprehensive structural characterization and
thermal and energetic property evaluation of the prepared

6114 | Green Chem., 2025, 27, 6105-6122

materials, their ignition tests were performed using high
grade H,0, (95%) to show their potential application as
hypergolic fuels in hybrid rocket engines. All the ignition
events were recorded using a high-speed video camera,
operating at 2000 frames per second (fps). For these
tests, powdered samples (about 30 mg) were placed in a
white transparent glass vial and one drop of H,0, (15 pL)
was added. The time difference between the initial
contact of oxidizer droplet with the surface of the material,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Physical and energetic properties of CH, NCH4, Mn—-GU and
Cu-GU complexes

Energy
Density Tp density AH, AHg
Materials (gem™)  (°C)  (MJkg™) (k) mol™) (k] mol ™)
CH 1.23 367 17.82 NA NA
NCH4 1.38 207 8.64 —-3433.6 —1680.06
Mn-GU 1.80 500 10.01 —4088.96 —2106.95
Cu-GU 1.74 458 9.34 —3893.83 —2066.65

until the appearance of a clearly visible flame was deter-
mined as an ignition delay (ID) time. An ID time below
50 ms is crucial for proper functioning of hypergolic pro-
pulsion systems.**

Although both the Mn-GU and Cu-GU complexes were
found to be highly reactive with H,0,, no clearly visible flame
was observed during the addition of H,0, (95%) to the com-
pounds (Fig. S247). The high decomposition temperature of
both Mn-GU and Cu-GU and the absence of energetic func-
tional groups in their structure could be the main reason for
lack of any visible flames’ appearance.

Thereafter, we prepared formulations of Mn-GU
(promoter) and NCH1-NCH4 (fuels) at a promoter-to-fuel ratio
of 25:75 wt%, by grinding both the materials together using a
mortar and pestle. The SEM analysis of F1 formulation
showed a homogeneous distribution of Mn-GU particles over
the surface of the NCH4 fuel (Table 3; Fig. S20; ESIf). The
prepared Mn-GU-based (25 wt%) formulations of
NCH1-NCH4 (F2, F5, F6 and F7; ESIT) were found to exhibit
fast hypergolic ignitions with H,O, (95%), showing ID times
below 50 ms, where F2 showed the lowest ID time of 42 ms
(Table 3, Fig. 11, and S24; ESIt). Among these formulations,
the shortest ID time for F2 could be attributed to the
higher degree of nitration of NCH4 in comparison with
NCH1-NCH3.

To study the influence of Mn-GU content on ID time,
three additional formulations, namely, F1, F3, and F4, were
prepared (Table 3). The formulation F1, with the highest
Mn-Gu content, showed the lowest ID time of 36 ms, while
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the formulations F3 and F4 showed ID time of 47 and 49 ms,
respectively. The ID time of 49 ms for F4 formulation was
highly impressive, as it contained only 2 wt% of Mn metal in
its composition, making it very promising for application as
a hypergolic fuel in hybrid rocket motors.

In the case of Cu-GU formulations F8 and F9, compara-
tively higher ID times of 159 and 158 ms were observed. The
longer ID times observed for Cu-GU formulations (F8 and
F9) versus similarly composed Mn-GU formulations (F1 and
F2) could be explained by a lower reactivity of the Cu-GU
complex with H,0,, in comparison with Mn-GU. To further
demonstrate the potential application of NCH4 as a hyper-
golic fuel, it was mixed with Janus-type H,O, ignitophore
(JN14 and JN15) and [FcCH,N(Me);][I], previously reported
by us.’* The formulations F10 and F11 exhibited impressive
ID times of 19 and 38 ms with H,0, (95%), respectively
(Fig. S24; ESIT). However, in the case of formulations F20-
F22, ID times above 100 ms were observed (Fig. S24; ESIt).
This showed that as per operational requirements, the
NCH4 fuel could be mixed with any suitable ignitophores,
to tune and obtain the desired ignition delay time. To
further demonstrate the ignition capability of our prepared
materials under an inert atmosphere, we performed an
ignition test of formulation F11 under an N, atmosphere
(Fig. S25; ESIt). Under the N, atmospheric conditions, F11
showed an ID time of 40 ms, which was similar to the ID
time under open-air conditions.

We observed an orange-coloured flame in most of the
formulations during their hypergolic ignition with H,O,.
Only CuCl,-2H,0 containing formulation F18 showed a
greenish coloured flame. Thereafter, we studied the flame
propagation of formulation F4 with time. Soon after the
appearance of a clearly visible flame at 49 ms, the flame
continued to grow at a very fast rate, reaching a maximum
height of about 9.3 ¢cm within 6 ms (Fig. S26, ESIT). After
75 ms, the flame started decreasing gradually, and the
process continued to 202 ms, until the flame disappeared.
For F1-F4, an ignition duration of about 200 ms was
observed, while for F10-F11, a relatively longer duration of
about 300 ms was observed.

Table 3 Summary of ID times, specific impulses, and density specific impulses for Mn—GU and Cu—GU complexes and F1-F11 formulations with

an H,0, oxidizer (NI = no observed ignition)

Specific impulse Oxidizer-to-fuel Density specific impulse

Fuel name Composition ID time (ms) (Lsps 5) ratio (O/F) (pLsp; s g cm™)
1 Mn-GU — NI 228 2.00 347
2 Cu-GU — NI 223 2.00 341
3 F1 NCHA4 (70 wt%) + Mn-GU (30 wt%) 36 237 1.25 341
4 F2 NCH4 (75 wt%) + Mn-GU (25 wt%) 42 238 1.15 343
5 F3 NCHA4 (80 wt%) + Mn-GU (20 wt%) 47 239 1.10 342
6 F4 NCH4 (85 wt%) + Mn-GU (15 wt%) 49 240 1.00 341
7 F8 NCH4 (70 wt%) + Cu-GU (30 wt%) 159 236 1.15 340
8 F9 NCH4 (75 wt%) + Cu-GU (25 wt%) 158 237 1.10 339
9 F10 NCH4 (75 wt%) + JN15 (25 wt%) 19 251 1.50 354
10 F11 NCH4 (85 wt%) + JN15 (15 wt%) 38 248 1.20 350

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Hypergolic ignition images of F1-F4 formulations with H,O, (95%). The ID values reported are an average of three experiments.

Specific impulse calculations

Specific impulse is one of the most important properties of a
propellant, which determines the efficiency of a rocket motor

6116 | Green Chem., 2025, 27, 6105-6122

in generating thrust. For solid propellants, a specific impulse
close to 250 s is highly desired.’® The specific impulses of Mn-
GU, Cu-GU, and their formulations F1-F4, and F8-F9, as well
as for JN15-based formulations F10 and F11 were calculated

This journal is © The Royal Society of Chemistry 2025
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using EXPLO 5 (V 6.04) software (Table 3 and Fig. S27-S36;
ESIf). Both Mn-GU and Cu-GU showed lower specific
impulses of 228 and 223 s, while their formulations F1-F4, F8
and F9 showed higher specific impulses in the range of
236-240 s. In the case of formulation F10, a maximum specific
impulse of 251 s was observed. The specific impulse curves
showed a parabolic pattern, and the maximum specific
impulse was observed when the O/F ratio was either 1 or
slightly above 1 (Fig. S27-S36; ESIt). The density specific
impulse of formulations F1-F4 was calculated to be in the
range of 341-343 s g cm™°. Similar to the specific impulse (Ip)
of the F10 formulation, its density specific impulse (pI;,) was
also found to be higher (pI;, = 354 s g cm™°) than other pre-
pared formulations. The specific impulse of F4 and F10 was
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further calculated with liquid oxygen (LOx), and the results
were found to be slightly higher than that obtained for H,0,
(95%) (Fig. S37 and S38; ESIt). ID time and I, and plg, values
showed that formulations F4, F10, and F11 have the potential
to be used as high-performing hypergolic fuels.

Stability studies

An important criterion of an efficient propellant is to have
good chemical and thermal stability under prolonged storage
conditions.” To evaluate the potential use of various materials
prepared in this study, as prospective propellants, isothermal
TG measurements were performed. In these analyses, the
mass loss of NCH4, NC-CH (Fig. 12), NC-COT (nitrocellulose
obtained from cotton), and F1 and F8 formulations were moni-
tored for 90 min, at a constant temperature of 145 °C, which
was 5 °C below the auto-ignition temperature of NC-COT
(150 °C) (Fig. 12)."° In the case of NCH4, only 5.1% mass loss
was observed, in comparison with NC-COT (mass loss of
13.5%). The higher stability of NCH4 could be attributed to
the presence of nitro-lignin in this material. NC-CH also
showed a mass loss of 6.5%, which was also significantly lower
than that of NC-COT. This result could be explained by incom-
plete removal of lignin during the extraction of cellulose from
CH." Similarly, the best performing hypergolic formulation
F1 exhibited excellent thermostability in our TG analyses, with
mass loss of just 4.3%. Apart from nitro-lignin, the presence of
amino groups (from GU) in highly thermostable metal com-
plexes Mn-GU and Cu-GU can trap the formed nitroxyl or NO,
radicals, during the decomposition of nitrocellulose, thus
improving chemical and thermal stabilities of F1 and F8 for-
mulations under elevated temperature conditions.
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Fig. 13 FT-IR spectra and the image of the materials. (Top left): CH-extracted cellulose; (top right): NC-CH. (Bottom left): DSC thermogram of

NC-CH; (bottom right): TGA thermogram of NC—CH.
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Mechanistic studies

The characterization of the NCH4 composition showed that
this material mainly comprises nitrocellulose and a small
amount of nitro-lignin. Since Mn-GU, Cu-GU, and their for-
mulations with CH did not show any hypergolic ignitions with
H,0, (95%), the nitrocellulose presence in NCHA4 could be the
main reason for the successful hypergolic ignitions of formu-
lations F1-F9 with H,0, (Table 3, Fig. 11 and S24; ESI{). To
validate this hypothesis, we extracted cellulose from CH and
nitrated it to prepare nitrocellulose (NC-CH; ESIt). Extraction
of cellulose from CH was performed in two steps, which
included delignification, followed by a bleaching process
(ESIf). The infrared spectrum of the CH-extracted cellulose
matched the reported spectra of the cellulose obtained from
other resources, such as cotton, wood, and bacteria (Fig. 13,
top left)."”" The infrared spectrum, DSC and TGA thermo-
grams, and the elemental analysis of the NC-CH material [N
(12.07 wt%), C (25.92 wt%) and H (2.73 wt%)] revealed its
chemical composition (Fig. 13).

View Article Online
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Thereafter, we prepared formulations F12-F19 and evalu-
ated their capability to show hypergolic ignition with H,0,
(95%). Among these formulations, F12 exhibited the ID time
(40 ms), which was even slightly shorter than that of formu-
lation F2 (Table 4 and Fig. S24; ESIf). This ID time of F12
could be explained by an absence or very low content of nitro-
lignin in NC-CH. Similarly, F19 also exhibited an ID time of
26 ms, which was 12 ms shorter than formulation F11. This
observation and the lack of Mn-GU and Cu-GU ignitability
with H,0, proved that nitrocellulose present in NCH1-NCH4
(and the corresponding F1-F9 formulations) was the critical
component responsible for the hypergolic ignition of these
fuels. However, for the nitro-lignin (NL) formulation F23, no
ignition was observed.

To further study the importance of metal-ligand cooperativ-
ity (MLC) on ID time, ignition tests with the precursors of
Mn-GU and Cu-GU were performed (Table 4). The
MnCl,-2H,0-containing formulation F16 exhibited only a slow
decomposition of H,0, without any flame appearance. In
contrast, MnO,-containing formulation F17 and CuCl,-2H,0-
containing formulation F18 showed slow hypergolic
ignitions, with ID times of 733 ms and 510 ms, respectively,
showing a critical role of the MLC on the catalysed ignition pro-
cesses. The metal (Mn and Cu) and GU ligand MLC is involved
in the decomposition of H,0, to generate active radical or
anionic species ("OH or HOO™), which reacts with nitrocellu-
lose. These exothermic reactions generate sufficient amounts
of heat to initiate the ignition process.”>'* The DSC analyses
of formulations F1 and F8 showed a single stage decompo-
sition process with a peak temperature at about 205 °C, which
is close to the decomposition temperature of NCH4 (Fig. 14
and S18 and S19; ESIf). It means that the synergistic effect of
the exothermic decomposition of NCH4 also leads to the
decomposition of Mn-GU and Cu-GU complexes at a much
lower temperature than their individual decomposition
temperatures.

The ID time of a hypergolic solid fuel not only depends on
the chemical composition of this fuel, but also on the struc-

Table 4 Ignition test of various formulations of CH, NC—CH and NCH4
materials with H,O, (NI = no observed ignition; NR = no observed
reaction)
SL Fuel ID time
no. name Composition (ms)
1 F12 NC-CH (75 wt%) + Mn-GU (25 wt%) 40
2 F13 NCH4 (75 wt%) + GU (25 wt%) NR
3 F14 CH (75 wt%) + Mn-GU (25 wt%) NI
4 F15 CH (75 wt%) + Cu-GU (25 wt%) NI
5 F16 NCH4 (75 wt%) + MnCl,-2H,0 (25 wt%) NI
6 F17 NCH4 (75 wt%) + MnO, (25 wt%) 733
7 F18 NCH4 (75 wt%) + CuCl,-2H,0 (25 wt%) 510
8 F19 NC-CH (85 wt%) + JN15 (15 wt%) 26
9 F20 NCH4 (85 wt%) + JN14 (15 wt%) 115
10 F21 NCH4 (85 wt%) + [FcCH,N(Me;)][T] (15 wt%) 278
1 F22 NCH4 (90 wt%) + JN15 (10 wt%) 162
12 F23 NL (85 wt%) + Mn-GU (15 wt%) NI
-50
I 100
g 30 g
E 2
(=]
k -
3 -20 - §
I
104
0=y
T T T T T T T ) -20
50 100 150 200 250 300 350 400 450
Temperature ("C)
Fig. 14 (Left): DSC and TGA thermograms of F1 formulation; (right): SEM image of F1 formulation.
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Fig. 15 Contact angles of Mn—GU and Cu—-GU complexes and F1 and F8 formulations, all measured with deionized water.

ture and chemistry of this fuel surface, and how fast the liquid
oxidizer can interact with the surface of the fuel. A fuel having
hydrophilic surface can interact at a faster rate with highly
polar oxidizers, such as H,0,, leading to rapid decomposition
of H,0, and thus to a shorter ID time.>* The hydrophilicity or
hydrophobicity (wettability) of a flat surface could be studied
by contact-angle measurements, where a low contact angle (for
example, with water) represents a more hydrophilic surface.'®®
We studied the surface wettability of our complexes and for-
mulations by the sessile-drop contact angle technique, where
deionized water was used instead of H,O, (Fig. 15). The water
contact angles of Mn-GU and Cu-GU complexes were found to
be 70.1°, and 82.1°, respectively. The lower contact angle of
Mn-GU than that of Cu-GU could be attributed to the differ-
ences of their chemical structures and therefore to the differ-
ences of their surface structures. Due to the higher hydrophili-
city of Mn-GU, its formulation F1 also showed a relatively
lower contact angle of 83.4° than that of the corresponding
Cu-GU formulation F8 (87.5°). The lower contact angle or
better interaction of F1 with H,O, oxidizer was manifested in a
shorter ID time than of F8 formulation (Table 3). Moreover,
the SEM images of F1 and F8 formulations showed that par-
ticles of both Mn-GU and Cu-GU complexes were evenly dis-
tributed over the surface of NCH4, making the surfaces of
these formulations active for their hypergolic reactions with
H,O0, (Fig. 14 and S20; ESIf).

Conclusions

We report a cost-effective methodology for the utilization of a
biomass, available in huge quantities - coconut husk, and its
conversion into inexpensive and sustainable rocket fuels (SRFs)
- NCH1-NCH4. In addition to these SRFs, we also prepared Mn-
GU or Cu-GU combustion catalysts, capable of promoting the
hypergolic ignition of NCH1-NCH4 fuels with an H,0, (95%)
oxidizer. Mn-GU or Cu-GU polymeric complexes were prepared
in a single step from a guanine biomaterial and a simple salt of
manganese or copper. The structures of NCH1-NCH4 materials
and Mn-GU and Cu-GU polymeric complexes were comprehen-
sively characterized by FT-IR, UV-vis, XPS, and EPR spectroscopic
analyses, elemental analysis, and SEM-EDS, DSC and TG ana-
lyses. Ignition studies of F1-F11 formulations, containing

This journal is © The Royal Society of Chemistry 2025

NCH1-NCH4 with Mn-GU, Cu-GU, or JN15 complexes, with
H,0, (95%), showed impressive ID times down to 19 ms (for for-
mulation F10), while EXPLO5 calculations of these formulations
exhibited specific impulses up to 251 s and density specific
impulses up to 354 s g cm . High temperature stability studies
of F1 and F8 formulations (without any added stabilizers) by iso-
thermal TGA showed only 4.3% mass loss in both these formu-
lations, which was 3.1 times lower than that of the military
grade non-stabilized nitrocellulose. We believe that the presence
of nitro-lignin and catalytic amounts of Mn-GU and Cu-GU
polymeric complexes led to the improved thermostability of our
formulations. Mechanistic studies showed that the degree of
nitration of nitrocellulose in NCH1-NCH4 SRFs, as well as MLC
in Mn-GU and Cu-GU complexes played important roles in the
hypergolic ignition processes of F1-F8 formulations. Surface
wettability (contact angle) studies of Mn-GU and Cu-GU com-
plexes and F1 and F8 formulations showed that not only the
chemical structures of the materials, but also their surface
characteristics made contributions to the ignition properties of
these materials, where the lower contact angle led to a shorter
ID time. In conclusion, our valorization methodology of conver-
sion of coconut husk into green hypergolic propellants, with an
H,0, oxidizer, is a conceptually new approach that can pave a
way for the preparation of highly useful and economical sustain-
able rocket fuels (SRFs) from bio-waste and other bioresources.
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