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Preface

The rapid development of polymer science has brought convenience to people’s lives. At the
same time, more and more waste is produced from the use of polymer products, which causes harm to
the environment. In order to protect the living environment, scholars have researched and developed
the recycling technology of waste plastics. On the other hand, many contemporary medicines contain
polymers as a component, so a detailed study of the decay of such polymers, at least to their exit from

the body, is required.

Alexandre Vetcher and Alexey Iordanskii
Editors
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Abstract: In this study, as a product from the efficient Achmatowicz rearrangement and mild subse-
quent hydrogenation-reduction reactions of biorenewable C5 alcohols derived from lignocellulose,
pentane-1,2,5-triol was successfully used after oxypropylation in the preparation of rigid polyurethane
foams—one of the most important classes of polymeric materials. Despite the broad range of ap-
plications, the production of polyurethanes is still highly dependent on petrochemical materials
considering the need of renewable raw materials and new process technologies for the production
of polyol or isocyanate components as a key point for the sustainable development of polyurethane
foams. The synthesized oxypropylated pentane-1,2,5-triol was analyzed using proton NMR spec-
troscopy, hydroxyl number, and viscosity, whereas the newly obtained foams incorporated with up to
30% biorenewable polyol were characterized using compressive stress, thermogravimetry, dynamic
mechanical analysis, and scanning electron microscopy. The modified rigid polyurethanes showed
better compressive strength (>400.0 kPa), a comparable thermal degradation range at 325-450 °C,
and similar morphological properties to those of commercial polyurethane formulations.

Keywords: pentane-1,2,5-triol; polyurethanes; Achmatowicz rearrangement; biorenewable C5 alcohols;
oxypropylation

1. Introduction

Nowadays, polyurethanes are a key class of polymeric materials and, among them,
polyurethane foams (PUFs) correspond to 67% of the total polyurethane consumption [1,2].
PUFs show better thermal insulation properties than other commercially available insulat-
ing materials such as mineral wool or expanded polystyrene, making them the first choice
for a wide range of applications such as automotive, electronics, furnishing, footwear, pack-
aging, or construction materials [3-6]. Efforts of the polyurethane industry are currently
focused on the replacement of petro-based feedstocks with bio-based ones [7-12].

The first attempts for a green and sustainable PUFs were the inclusion of polyols
derived from natural sources, such as vegetable oils [13,14], agricultural wastes [15,16],
and lignocellulosic biomass [17-19]. Different vegetable oils, such as castor oil [20,21],
soybean oil [13,22], palm oil [23,24], rapeseed oil [25,26], tung oil [15,27], mustard seed
0il [28,29], or canola oil [30,31], were used as precursors for the preparation of bio-polyols
and the corresponding environmentally friendly bio-based PUFs [32,33]. Several studies
have reported the preparation of bio-polyols or addition of post-agricultural products
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from corn stalks [34,35], cotton stalks [36], and wheat stalks [37-39] to develop PUF for-
mulations. Among the bioresources utilized for the production of bio-based polyurethane
foams, elastomers, coatings, and adhesives, lignin plays a key role, being the most abun-
dant product on the Earth and a major component of lignocellulose [40—42]. Usually, for
the preparation of the desired PUFs, lignin was used as an unmodified additive [43,44],
liquefied by hydroxyl-containing compounds [45,46], or converted into bio-polyol via the
oxypropylation process [47-49]. The latter case comprises the use of a suitable catalyst, tem-
perature, and pressure during the course of the oxypropylation [50]. Valuable polyurethane
structures were obtained on the basis of bio-renewable polyols such as self-healing and
antibacterial materials, as well as controlled-release fertilizers [51]. In order to obtain
or improve key parameters of bio-based PUFs, some inorganic filling materials such as
nano-silica, aluminum silicate, and ferroso-ferric oxide nanoparticles were added into
polyurethane formulations to enhance their physical-mechanical [52], dielectric [53], and
magnetic properties [54], respectively.

The other major lignocellulose component, hemicellulose, possesses an abundance of
xylans and is mainly composed by pentoses, which are used in the production of furfural.
Furfural is defined as an easily accessible, cheap, and important bio-based compound, find-
ing application in the synthesis of different chemicals, but its main part during production
is usually hydrogenated to the C5 alcohol form—furfuryl alcohol [55,56]. The C5 alco-
hols are important materials for the industry assuming their application in polyurethane,
polyester, polyether, and fuel additive production [57], and they were synthesized via
hydrolysis or hydrogenolysis of the furan ring in very harsh conditions [58-60]. The syn-
thesis of pentane-1,2,5-triol (125PTO) is not well studied, since Simeonov et al. reported a
high-yielding preparation of 125PTO from furfuryl alcohol [61,62]. Here, the catalytically
challenging reactions have been avoided using the Achmatowicz rearrangement product
and easily accessible catalysts in mild conditions. Initially, furfuryl alcohol was converted
into 6-hydroxy-(2H)-pyran-3(6H)-one (Achmatowicz intermediate) via the Achmatowicz
rearrangement reaction in the presence of titanium silicalite, and next, 125PTO was ob-
tained after Pd/C hydrogenation and NaBH,4 reduction of the Achmatowicz intermediate.
Furthermore, a flow chemistry synthesis based on Ru/C-catalyzed hydrogenation has also
been reported [61]. Alternatively, 125PTO can be prepared via the gas-phase hydrogenation
reaction catalyzed by modified Ni and/or Pt mesoporous silica catalysts. The conversion
and selectivity of the newly prepared catalysts reached approximately 100% based on the
intermediate product [62].

In the present study, the preparation of the oxypropylated biorenewable pentane-1,2,5-triol
obtained via Achmatowicz rearrangement and batch reduction reactions was investigated.
The successful inclusion of that bio-based 125PTO polyol into new polyurethane formu-
lations at quantities up to 30%, and its subsequent influence on the physical-mechanical,
thermal, and morphological properties of modified rigid PUFs was also reported.

2. Experiment
2.1. Materials

Catalyst titanium silicalite was synthesized as described previously with some
modifications [61]. Rigid PUF insulating system “Elastopor” (BASF) was used for PUF
preparation. It includes polyol A component containing polyether polyol, catalyst, surfac-
tant, foam agent, and isocyanate B component consisting of polymeric diphenylmethane
4, 4'-diisocyanate (pMDI—31 wt% of isocyanate groups). Furfuryl alcohol, sodium borohy-
dride (NaBHy,), propylene oxide (PrO), pyridine, acetic anhydride, potassium hydroxide,
potassium carbonate, magnesium sulfate, hydrochloric acid, acetonitrile, ethyl acetate,
hexane, methylene chloride, ethanol, methanol, and isopropanol (Sigma Aldrich-Merck,
Darmstadt, Germany) were used as received.
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2.2. Instruments and Methods

'H NMR spectra were recorded on a Bruker Avance Il apparatus operating at 600 MHz.
For the measurements, 12 mg of sample were dissolved in 0.7 mL deuterated solvents
(DMSO-dg, and CDCl3). The viscosity of samples was measured on a Rheometer RheoStress
600 (Thermo Haake, Waltham, MA, USA) using 500 uL drops at 25 °C. The compressive
strength and the compressive modulus of elasticity were tested at a 5 mm/min displace-
ment rate of the compression plate on a “TIRA TEST 2300” (Schalkau, Germany) testing
machine using ISO 844 [63]. The maximum force inducing a 10% relative strain was
determined by decreasing the foam height in relation to the initial height according to
the direction of foam growth on 5 X 5 x 5 cm cubes. Thermogravimetric analyses were
performed on a TGA4000 (PerkinElmer, Shelton, CT, USA) combined with a gas chro-
matograph and mass-selective detector. The equipment is supplied with PYRIS6 software
(PerkinElmer, Shelton, CT, USA) measuring mass change in inert gas flow (argon) with a
controlled-temperature elevation of approximately 10 mg samples. Dynamic Mechanical
Analyzer-Q800 (TA Instruments, New Castle, DE, USA) was used for determining the vis-
coelastic properties of PUFs as a function of temperature on bar samples with dimensions
25 x 5 x 5 mm. The foam structure was analyzed using scanning electron microscope
(SEM) Philips 515 (Eindhoven, The Netherlands) with secondary electron image detectors
(SEI), acceleration voltage 30 kV, magnification 40,000, and 5 x 5 mm thin sheets. The
hydroxyl number (OH no) of samples was determined using an acylation method with
acetic anhydride in pyridine as the medium. An excess of acetic anhydride after hydrolysis
and the obtained acetic acid was titrated by standard potassium hydroxide solution and
phenolphthalein as an indicator. The foaming process was analyzed in accordance with
ASTM D7487-13e [64] through implementation of the PUF cup test and measuring PUF’s
cream, gel, and tack-free times. The apparent density of foams (the ratio of foam weight
to its geometrical volume) was determined for cube-shaped samples with a side length of
50 mm in accordance with ISO 845 [65]. The closed cell content and the water absorption of
the obtained PUFs were determined in accordance with standard procedures ISO 4590 and
ISO 2896, respectively [66,67]. Dimensional stability of the foams was carried out in the
thermostating process of samples at temperatures —25 °C and 100 °C in 48 h. The result of
this test included a change in linear dimensions of PUFs in accordance with ISO 2796 [68].
The bio-based mass content of the PUFs was calculated as a percentage of the total mass of
samples available in accordance with ISO 16620-4 [69].

2.3. Synthesis of 6-Hydroxy-(2H)-pyran-3(6H)-one

Furfuryl alcohol (20.0 g), distilled before experiment, was dissolved in acetonitrile
(200 mL) and then the catalyst TS-1 (2.0 g) was slowly added to the solution. It was followed
by dropwise addition of aq. H,O, (37%, 30 mL), and the reaction mixture was heated
and stirred at 40 °C for 5 h. The reaction progress was monitored through thin layer
chromatography (EtOAc/Hexane = 1:1) following the full consumption of furfuryl alcohol.
The crude mixture was filtered and the obtained filtrate was evaporated. Next, it was
dissolved in methylene chloride and dried over magnesium sulfate to give 6-hydroxy-(2H)-
pyran-3(6H)-one (21.6 g, 94% yield), without the need of further purification. The product
was obtained as pale-yellow oil that crystallizes at —12 °C.

'H NMR (600 MHz, CDCl3): d = 6.98 (dd, 1H), 6.18 (d, 1H), 5.64 (d, 1H), 4.58 (d, 1H),
4.15 (d, 1H), 3.80 ppm (s, 1H).

2.4. Synthesis of Pentane-1,2,5-triol

A mixture containing 6-hydroxy-(2H)-pyran-3(6H)-one (12.6 g, 0.11 mol), ethanol
(280 mL), and catalyst Pd/C (1.3 g, 10 wt%) was allowed to react in H, atmosphere at room
temperature for 5 h. The obtained mixture was then filtered through a layer of Celite®
and the solvent was evaporated to yield 12.0 g of pale-yellow oil. The crude product was
dissolved in methanol (200 mL) and NaBHj, (11.7 g, 0.31 mol) was slowly added in portions
at 0 °C. The reaction mixture was warmed to RT and stirred for 24 h. After that, a prepared
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solution of i-PrOH/HCI was slowly added to the reaction suspension up to pH = 2 in
order to decompose the boronic complexes. This was followed by addition of potassium
carbonate (saturated solution in MeOH) to neutralize the added acid. The mixture was
filtered through a paper filter and nylon membrane filter (pore size 0.45 um, diameter
47 mm), followed by solvent evaporation and preparation of the desired product as oil
(12.1 g, 97% yield).

'H NMR (400 MHz, DMSO-d): d = 3.44-3.34 (m, 3H), 3.29-3.22 (m, 2H), 1.56-1.47 (m, 1H),
1.47-1.35 ppm (m, 2H), 1.24-1.15 ppm (m, 1H);

2.5. Treatment of Pentane-1,2,5-triol by Propylene Oxide

Equipped with a magnetic stirrer, thermometer, reflux condenser, and dropping funnel,
4.3 g of biorenewable pentane-1,2,5-triol and 0.13 g of potassium hydroxide (~3.0% by
weight) were charged into a glass reactor as a catalyst. The reaction system was heated
at 120 °C and propylene oxide was charged into the dropping funnel. The temperature
increased to 130 °C and, at this point, PrO (~8.0 mL) was added dropwise until the reaction
temperature started to decrease, and the addition of propylene oxide was stopped. The
reaction mixture was stirred additionally at 130 °C for 4 h and finally was subjected to
vacuum drying (10 mm Hg, 110-115 °C) until a constant mass of the oxypropylated polyol
(10.2 g).

'H NMR (400 MHz, DMSO-dg), d = 5.12-4.80 (m, 3.6H), 3.80-3.10 (m, 13.4H), 1.85-1.18 (m,
4H), 1.04-0.92 ppm (m, 10.9H);

2.6. Preparation of Rigid Polyurethane Foams

The rigid PUFs were prepared by mixing polyol A component and isocyanate B com-
ponent of the rigid PUF insulating system at a weight ratio 1:1.2 (isocyanate index = 110).
After intensive stirring for 10 s, the mixture was poured into a mold of dimensions
180/130/130 mm. Additionally, to initial polyurethane formulation (F-1) without biore-
newable polyol, three types of rigid PUFs were prepared in this study, incorporating
10 wt% (F-2), 20 wt% (F-3), and 30 wt% (F-4) of biorenewable polyol through partial re-
placement of standard petrochemical polyol. Obtained PUFs were conditioned for 24 h
at normal conditions after removal from the mold and cut to appropriate size for the
different characterizations.

3. Results and Discussion

Furfuryl alcohol, the hemicellulose-based product, was chosen as a starting compound
for efficient preparation of pentane-1,2,5-triol. First, it was converted via Achmatowicz
rearrangement to Achmatowicz intermediate, 6-hydroxy-(2H)-pyran-3(6H)-one, and the
latter yielded the desired 125PTO after hydrogenation via mild batch reduction reaction.
The synthesis of 6-hydroxy-(2H)-pyran-3(6H)-one via Achmatowicz rearrangement from
furfuryl alcohol was achieved in 94% conversion using the titanium silicalite (TS-1) catalyst
and 30% hydrogen peroxide system in acetonitrile at 40 °C (Scheme 1). Next, the con-
version of the Achmatowicz intermediate to pentane-1,2,5-triol was performed via batch
hydrogenation induced by the Pd/C catalyst, and immediate mild NaBH, reduction at
room temperature resulted in a 97% conversion (Scheme 1). Oxypropylation of the thus-
prepared pentane-1,2,5-triol with propylene oxide was obtained in the presence of KOH as
the catalyst at 130 °C, yielding bio-based polyol. It was found that pentane-1,2,5-triol and
propylene oxide reacted at a ratio of 1:3.0 measured gravimetrically and 1:3.6 determined
by 'H NMR data, and therefore, all three hydroxyl groups of 125PTO reacted at least to one
equivalent of PrO (Scheme 1).
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3% KOH, 130 °C

oxypropylated 125PTO

3

Scheme 1. Synthesis of bio-based polyol from biorenewable hemicellulose product furfuryl alcohol.

The three-step preparation of oxypropylated 125PTO achieved on the basis of biore-
newable furfuryl alcohol was followed by 'H NMR spectroscopy. Firstly, hemicellulose
derivative C5 furfuryl alcohol was reacted with the titanium silicalite catalyst—a 30%
hydrogen peroxide system—in a rearrangement reaction, leading to the Achmatowicz
intermediate possessing the 'H NMR spectrum shown in Figure 1a. The high yield conver-
sion of the furfuryl alcohol precursor into the Achmatowicz rearrangement intermediate
was confirmed through 'H NMR spectroscopy, revealing sharp signals assigned to pro-
tons of the cyclic product containing alkene—6.98 ppm (dd, 1H) and 6.18 ppm (d, 1H);
methine—5.64 (d, 1H); methylene—4.58 ppm (d, 1H) and 4.15 ppm (d, 1H); and hydroxyl
protons—3.80 ppm (s, 1H). In the second step, an approximately quantitative conver-
sion of the Achmatowicz intermediate to pentane-1,2,5-triol with the TH NMR spectrum
presented in Figure 1b was achieved via combined batch hydrogenation induced by the
Pd/C catalyst and immediate mild NaBH, reduction. 'H NMR spectroscopy data show
signals assigned to protons of linear product 125PTO—3.44-3.34 (m, 3H, for -OCH- and
-OCH3-), 3.29-3.22 (m, 2H, for -OCH,-), 1.56-1.47 (m, 1H, for -CH,-), 1.47-1.35 ppm (m,
2H, for -CHj-), and 1.24-1.15 ppm (m, 1H, for -CHj-). The third step completes the re-
action of 125PTO with propylene oxide in the presence of potassium hydroxide as the
catalyst. The successful preparation of oxypropylated pentane-1,2,5-triol was also attested
via 'H-NMR analysis (Figure 1c) to show signals of protons at 5.12-4.80 (m, 3.6H, for
-OCH-), 3.80-3.10 (m, 13.4H, for -OCH- and -OCH,-), 1.85-1.18 (m, 4H, for -CH,-), and
1.04-0.92 ppm (m, 10.9H, for -CH3-).

The properties of the hydroxyl products related to PUF formulations are shown
in Table 1.

Table 1. Properties of hydroxyl products related to rigid polyurethane foam system.

Property Pentane-1,2,5-triol =~ Oxypropylated 125PTO  Polyol Component
Viscosity (mPa-s) 60 180 430
OH no. (mg KOH/g) 1380 * 410 300

* Theoretically calculated value.

The treatment of pentane-1,2,5-triol by propylene oxide reduces the hydroxyl number
to 410 mg KOH/g and increases the viscosity to 180 mPa-s of bio-based polyol. This
helps the newly obtained 125PTO polyol to approach properties similar to those of the
initial polyol component used for the preparation of rigid PUFs and, in addition, to fulfil
the requirements that a given polyol should possess when used in rigid polyurethane
foam formulations—a hydroxyl number between 300 and 800, and a viscosity below
300 Pa-s [47,48].

The renewable 125PTO-based polyol was introduced into the rigid PUF compositions
in quantities up to 30 wt%, replacing the original system’s polyol component. Initially, the
oxypropylated product was added to the polyol A component of the polyurethane system
and thoroughly mixed. Next, an isocyanate-containing B component of the rigid PUF
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insulating system was included to such a prepared polyol mixture. After short intensive
stirring, the whole mixture was poured into a mold where polyurethane foam started to
rise and form (Scheme 2).
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Figure 1. 'H NMR spectrum of the products synthesized during preparation of biorenewable
oxypropylated pentane-1,2,5-triol: (a) 6-hydroxy-(2H)-pyran-3(6H)-one (Achmatowicz intermediate),
(b) pentane-1,2,5-triol, and (c) oxypropylated pentane-1,2,5-triol.

oxypropylated
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—
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Scheme 2. Preparation of rigid polyurethane foams containing biorenewable oxypropylated pentane-
1,2,5-triol.
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The investigation of the reactivity of the new insulating PUFs shows that the cream
time, gel time, and tack-free time are similar to those of the standard system (Table 2).
The density of the new rigid PUFs increases with the amount of added 125PTO polyol,
whereas the percentage of the closed cell content decreases with the quantity of incorporated
biorenewable polyol (Table 2). The bio-based mass content of rigid PUFs with 10, 20, and
30% of added bio-based polyol is enhanced to 1.95, 3.90, and 5.85%, respectively (Table 2).
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P10 (kPa)

Table 2. Characteristic data, reaction times, and properties of obtained rigid polyurethane foams.

o F-1 F-2 F-3 F-4
Characteristic Data (0%) (10%) (20%) (30%)
Polyol (g) 10.0 9.0 8.0 7.0
pMDI (g) 12.0 12.0 12.0 12.0
Oxypropylated 125PTO (g) 0 1.0 2.0 3.0
wt (%) (based on polyol component) 0 10 20 30
wt (%) bio-based content (based on PU foam) 0 1.95 3.90 5.85
Reaction time at 25 °C cup test
- Cream time (s) 202 £0.4 19.7 +0.4 19.5+0.3 19.7+0.3
- Gel time (s) 133.8 £2.5 119.1 £23 1128 £22 116.5 £2.1
- Tack-free time (s) 185.6 + 2.6 203.5 +2.8 198.7 2.7 186.8 2.5
Apparent density (kg/m?) 52.8 £ 1.5 56.0 £ 1.7 59.1+138 64.3 £2.0
Closed cell content (%) 974 £13 972+£14 93.0+14 90.4 £ 1.5

The presence of the oxypropylated bio-based product in the rigid polyurethane com-

positions causes a favorable effect on their physical-mechanical properties as well. The
compressive strength at 10% relative deformation increases from 389.9 kPa for the standard
composition (F-1) to 442.4, 409.9, and 474.9 kPa for rigid PUFs with 10, 20, and 30% of added
bio-based polyol (F-2, F-3, and F-4), respectively, as shown in Figure 2. A similar relation-
ship can be observed for the modulus of elasticity at compressive strength. It increases from
7.78 MPa for composition F-1 to 8.83, 8.21, and 9.47 MPa for compositions F-2, F-3, and F-4,
respectively (Figure 2). The obtained results show that biorenewable 125PTO polyol can be
successfully implemented in the preparation of new rigid PUF insulations with improved
exploitation characteristics such as higher density and better mechanical properties.
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Figure 2. Influence of the content of oxypropylated renewable product on the compressive strength

and the modulus of elasticity at compressive strength of polyurethane foams.

An investigation of dimensional stability of rigid PUFs shows that polyurethane foams
containing oxypropylated 125PTO (F-2, F-3, and F-4) possess identical and even better
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dimensional stability to the standard polyurethane composition F-1 determined at —25 °C
and 100 °C for 48 h (Table 3).

Table 3. Dimensional stability of rigid polyurethane foams.

. . Seee o F1 F2 F3 F4
Dimensional Stability (%) (0%) (10%) 20%) (30%)
48h, —25°C
- Length (%) 21+04 1.8+03 1.1+£03 0.0 £0.0
- Width (%) 22405 0.0£0.0 09+0.2 0.0£0.0
- Thickness (%) 29+0.8 09+0.2 1.0+ 0.3 0.0+0.0
48 h, 100 °C
- Length (%) —21+03 —-09+02 0.0£0.0 —04+0.1
- Width (%) 26+05 1.7+ 04 1.8+ 04 0.6 £0.2
- Thickness (%) 03+0.1 0.7+0.2 —-0.7+£02 0.0+0.0

Thermal degradation properties of PUFs were studied through thermogravimetric
analyses (TGAs). The TGA data in Figure 3 depict that polyurethane foams with added
bio-based polyol (F-2, F-3, and F-4), and the standard polyurethane foam (F-1) possess
no significant difference in their thermal stability. The first weight loss at about 5% can
be observed between 175 and 250 °C. It corresponds to the evaporation of low-molecular-
weight products such as water, blowing agent, and some monomers. Most of the PUFs’
chemical bonds have not begun to break up in this stage. The major decomposition step for
all samples indicating weight loss at about 75% starts at 275 °C and finishes at 475 °C. Here,
the first stage at 275-375 °C is mainly connected with the initial degradation of urethane,
urea, and isocyanurate bonds [70]. In the second degradation stage at 375-475 °C, the
decomposition of urethane bonds continues and accomplishes a dissociation of polyol
segments [71,72]. The char residue at the end of the degradation process is 15.0% for
standard polyurethane composition F-1, whereas it is 18.5, 21.7, and 20.7% for those
modified with oxypropylated polyol compositions F-2, F-3, and F-4, respectively.

100 - —— F-4(30%)
' —— F-3(20%)
80 — F-2(10%)
——F-1(0%)
2 ]
=
2
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= 404
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Figure 3. Thermogravimetric analyses of rigid polyurethane foams with added bio-based polyol (F-2,
blue line; F-3, green line; and F-4, cyan line) and standard polyol component (F-1, red line).

Further investigation of the thermal properties of PUFs was achieved through dy-
namic mechanical analysis (DMA), which measures the response of a given material to
a cyclic deformation as a function of temperature. Usually, DMA results exhibit three
main parameters: (i) the storage modulus, showing the elastic response to the deformation;
(ii) the loss modulus, yielding the plastic response to the deformation; and (iii) tan 6, which
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is the loss-to-storage-modulus ratio, useful for the determination of occurrence of molecular
mobility transitions known as the glass transition temperature (Tg). The sample with 10%
of biorenewable 125PTO-based polyol shows an average Tg of —57.9 °C and —52.7 °C,
whereas the foam with standard polyol exhibits a Tg of —59.9 °C and —67.1 °C, parallel
and perpendicular to the growth direction, respectively (Figure 4). The increment in Tg
was also observed for the sample with 20% of biorenewable polyol, showing an average
Tg of —36.7 °C and —44.8 °C, and for foam with 30% of bio-based polyol, representing
an average Tg of —51.0 °C and —35.9 °C, parallel and perpendicular to the growth direc-
tion, respectively. Obviously, an increase in the glass transition temperature for modified
samples F-2, F-3, and F-4 in both foam growth directions can be seen in the investigated
temperature range compared with standard sample F-1. This also indicates a possible
increase in branching points, some restricted segmental motions, and a slight decrease in
the elastic properties of the modified samples containing renewable polyol [72].
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Figure 4. Dynamic mechanical analysis showing tan & of rigid polyurethane foams with different
contents of oxypropylated biorenewable product determined parallel and perpendicular to foam
growth direction.

The morphological properties of those modified with 125PTO-based polyol PUFs
were analyzed using scanning electron microscopy. PUF samples for SEM observation
were cut from the perpendicular orientation to the foam growth direction. It can be seen
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from Figure 5 that the cell size of standard foam (F-1) and the foam with 10% of added
biorenewable polyol (F-2) is smaller than that of the foams with 20 and 30% contents of
bio-based polyol (F-3 and F-4), respectively. The cell size of foams with a lower content of
125PTO-based polyol varies in the range of 350 &= 50 um, whereas the cell size of foams with
a higher amount of added oxypropylated product is altered in the range of 480 & 80 pum.
Therefore, the use of oxypropylated 125PTO in quantities up to 30% is beneficial for the
enhancement in cell size, i.e., thermal insulation ability of PUFs improves even the slight
increase in their apparent foam density.

(c) F-3 (20% content) (d) F-4 (30% content)

Figure 5. SEM analysis of rigid polyurethane foams prepared with different contents of oxypropylated
bio-based product.

4. Conclusions

Biorenewable oxypropylated pentane-1,2,5-triol was synthesized from furfuryl al-
cohol via Achmatowicz rearrangement, subsequent batch hydrogenation-reduction re-
actions, and the terminative oxypropylation process. Bio-based polyol was successively
introduced in new rigid polyurethane foam compositions at amounts up to 30% in place
of standard polyol. The obtained polyurethane foams containing renewable polyol at-
tained better compressive strength (>400.0 kPa), a comparable thermal degradation range
at 325450 °C, and similar morphological properties to those of the initial petro-based
commercial polyurethane formulation. The modified rigid foams can be successfully
implemented in the preparation of construction, industrial, and household insulations.
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Abstract: The turn to hydrogen as an energy source is a fundamentally important task facing the
global energetics, aviation and automotive industries. This step would reduce the negative man-made
impact on the environment on the one hand, and provide previously inaccessible power modes and
increased resources for technical systems, predetermining the development of an absolutely new life
cycle for important areas of technology, on the other. The most important aspect in this case is the
development of next-generation technologies for hydrogen industry waste management that will
definitely reduce the negative impact of technology on the environment. We consider the approaches
and methods related to new technologies in the area of hydrogen storage (HS), which requires the use
of specialized equipment equipped with efficient and controlled temperature control systems, as well
as the involvement of innovative materials that allow HS in solid form. Technologies for controlling
hydrogen production and storage systems are of great importance, and can be implemented using
neural networks, making it possible to significantly improve all technological stages according to the
criteria of energy efficiency reliability, safety, and eco-friendliness. The recent advantages in these
directions are also reviewed.

Keywords: hydrogen storage (tank); nanocomposite(s); nanotubes; waste management

1. Introduction

Enhancement of environmental friendliness at all levels of energy resources employ-
ment is still a priority task that can be solved by considering hydrogen as an energy
source [1]. Hydrogen is well-known as a carbon-free energy source, and its properties
have been exhaustively studied by generations of scientists. Its wide application could
potentially replace hydrocarbons and, accordingly, emissions of gaseous carbon in a variety
of forms.

The application of hydrogen is based on the employment of fuel cells, which are
efficient energy converters with significant potential for use in transport and other areas of
energy production [2]. Fuel cells have an energy conversion efficiency of about 60-70%,
which is significantly higher than for devices using the Carnot cycle. Currently, fuel cells
have been demonstrated to be safe and efficient devices that can ensure a fast refueling
process and energy efficiency [3]. Cathodic and anodic reaction—implemented on FC with
a pronounced anode and cathode—is characterized by the fact that hydrogen is ionized,
and its energy is released with the accumulation of electrons on the FC anode’s surface.
At the same time, oxygen is reduced at the cathode, which indicates anodic oxidation and
cathodic reduction [4].
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It should be noted that the main material for creating fuel cells is titanium, which
corrodes during operation. To reduce the intensity of the corrosion process, a cathodic
deposition of tungsten trioxide on the titanium surface can be used [5].

There are several main directions for the use of hydrogen that are widespread at the
moment. The most important applications of hydrogen are:

e  Chemical industry—synthesis of ammonia, methanol, and hydrocarbons, as well as
the recovery of metals from their oxide form [6].

e  Nanotechnology—in the process of CVD synthesis for the reduction of metal oxide

catalysts in the synthesis of carbon nanotubes (CNTs) [7,8]. The reaction takes place at
600-1000 °C in propane-butane flow.
Energetics—an energy source for electric and thermal power engineering [9].
Petrochemistry—oil refining (hydrogenation purification of petroleum products—
hydrodesulfurization) [10].

e  Transportation—cars running on gaseous and liquid hydrogen [11,12].

In this latter case, a distinction should be made between passenger cars [13] and
commercial cargo and passenger transportation means [14,15].

The implementation of hydrogen as the main energy source in various types of buses
with FC in their design features the fact that hydrogen is converted into electrical energy,
and the by-product is water vapor, which condenses into water in the environment [16].
The approach presented—in which Hj is generated electrically to split water into O, and
H; or by chemical conversion of methane to Hy (loop conversion of methane with steam on
anti-coking compounds CeO; /Lag 9Srg 1Fe; _xNixO3) [17]—makes it possible to abandon
the use of petroleum products such as motor oils. This will also have a positive and tangible
impact on the ecological situation of megacities, as it will eliminate the need to recycle
used engine oils. The transition to a hydrogen energy system is likely to be based on H,
obtained as a result of reforming natural gas or electrolysis.

The most widespread use of hydrogen is primarily in the field of motor transport,
which needs environmentally friendly and affordable energy sources that are capable of
replacing hydrocarbons. Another option that should be considered is the generation of
energy at a thermal power plant [18], and in this case, one practice involves the partial
mixing of hydrogen with methane or other gaseous fuels based on hydrocarbons [19].

The transition to hydrogen as the main type of fuel could form and transform the
design of new types of internal combustion engine, and in particular, hydrogen rotary
Wankel engines could find distribution [20]. Other types of vehicles in which hydrogen can
be used include aircraft or air transport [21] and unmanned aerial vehicles [22]. Commer-
cial hydrogen production currently depends mainly on steam natural gas reforming [23]
and coal partial oxidation [24]. Clean production using both biomass and solar energy
production methods is on its way [25].

Thus, there is a widespread practice of using hydrogen, which has the possibility of
serving as a basis for an entire direction of research. For the successful dissemination of
these achievements, however, several fundamentally important and significant problems
need to be solved, including the safe generation and storage of hydrogen. At the same
time, it should be borne in mind that polymer waste can be used as a source of cheap
raw materials for producing hydrogen and related high-performance materials. There is
also a fundamental possibility when using new control technologies related to artificial
intelligence in the process of hydrogen synthesis and storage.

2. Design and Thermodynamics of HS Tank

HS is currently a “bottleneck” for the implementation of the use of hydrogen as
renewable energy. A key challenge for the full development of hydrogen-based technologies
is the safe, efficient, and economical storage of hydrogen.

Practical materials for HS should have the ability to undergo a reversible hydrogena-
tion/dehydrogenation process, which is determined by the binding energy of hydrogen
atoms. The PCT curve is a graph representing the dependence of pressure on composition
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at different temperatures. Figure 1 demonstrates a graphical interpretation of the Van 't
Hoff equation [26], which indicates the dependence of the logarithm of the equilibrium
desorption pressure on the reciprocal temperature (T) (Figure 1a), as well as the dependence
of the amount of hydrogen accumulation on pressure (Figure 1b).

(a) 4 (b)

kN ’ s

1/T Capacity (Wt% H»)
Figure 1. Van 't Hoff diagram of metal hydride (MH) (a) and phase diagram (b).

It is necessary to consider the temperature regimes that are characteristic of the storage
of liquid hydrogen. Transient heat transfer plays a leading role in multilayer insulation
(MLI) in combination with a steam-cooled shield (SCS) used in liquid HS tanks. In [27], the
profile of the transition temperature and the change in the heat flux of MLI and SCS were
predicted and analyzed, which can help optimize the operating parameters for liquid HS.

Considering the technological aspects of HS in porous materials, a new design concept
for a portable HS tank was identified [28]. Within the framework of this concept, a storage
method is used in which low pressure and cryogenic temperature are realized. To maintain
the cryogenic temperature, three-layer insulation was used, allowing for at least 12.5 days
without the need for an external cooling circuit to maintain the optimum temperature.
The HS tank is portable and can be used in various types of FS electric vehicles (FCEVs).
As a tank filler, porous absorbents can be used, which form such storage conditions at
which a temperature of 77 K and a pressure below 100 bar is maintained. The presented
parameters are significantly lower than the internal pressure of 700 bar in commercial type
IV tanks [29], thus improving safety and reducing the risk of explosion.

The safety of the use of HS tanks with TPRD under fire conditions can be improved
by using composite materials [30]. HS tank model inputs include thermal parameters of
the hydride and tank materials, fire heat flow into the tank, diameter TPRD, and initiation
delay time TPRD. Non-stationary heat transfer from the environment through the tank
wall and lining to hydrogen leads to decomposition of the composite resin for wrapping
and melting of the lining. The lower limit of the diameter of the TPRD hole is sufficient to
prevent the tank from bursting in the case of fire.

With respect to the option of storing hydrogen in liquid or solid form, storage in the
solid state is preferable. This is due to the improvement in explosion and fire safety, and
also provides better volumetric and gravimetric density, which improves the weight and
size parameters of hydrogen accumulators. It should be noted that hydrogen in solid-
state storage is bound by physicochemical forces [31]. The strength of the interaction
between hydrogen and the carrier material varies from weak van der Waals interactions,
which are characteristic of the physisorption binding of molecular hydrogen, to the strong
chemisorption binding of atomic hydrogen [32]. The storage density of hydrogen can be
improved by using hydride-type materials; hydrogen is packed with a HH distance of up
to 170 kg/m?, which is more than twice the density of liquid hydrogen.
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When storing hydrogen based on MH, it is necessary to use specialized heat exchangers
or thermal control systems due to both endothermic and exothermic reactions taking
place during the filling and unloading of MH tanks (Figure 2). In the absence of a heat
exchanger or a suitable temperature range, the operation of the MP will have a negative
influence, leading to the instability of the supply of hydrogen in FS systems. In [33], the
influence of the tank surface temperature on the hydrogen consumption and hydrogen
flow characteristics for the HS system MH of an electric vehicle operating on hydrogen FC
was studied. Various temperature values were provided with the help of an external heat
circulation device and a heat exchanger inside the MH tank. The FC operated in a power
range from 200 to 600 W, and was regulated depending on the temperature and flow rate
of the pumped reservoir [34].

a4 I
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Figure 2. (a) Schematic of FC-based electric vehicle [29]. (b) The process of charging the cell
with hydrogen.

MH cartridges based on the hydride of Lag75 Cegs Nis can be used for HS [35].
The low thermal conductivity of MH is a limiting factor with respect to the technological
problems of HS. To improve the thermal and physical characteristics of MH, metal foam
with a porosity gradient can be used [36].
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3. Composite Materials for HS—Thermoset Composites

The safe storage of a reasonable amount of hydrogen is associated with many problems
related to the method and materials. Hydrogen accumulator materials can be of different types:

1. Dissociative material in which molecular hydrogen is dissociated into hydrogen atoms
occupying internodes;

2. Materials with chemically bonded hydrogen;

3. Materials that adsorb molecular hydrogen, in which molecular hydrogen attaches to the
surface due to weak interactions, such as the Van der Waals force or physical sorption.

The ability of certain materials to accumulate hydrogen depends on the structure
and type of interaction with hydrogen. There are some new materials for HS. Storage of
hydrogen in solid form can be briefly divided into the following categories:

1. MHs;

2. Hydrides based on light metals;

3. Chemical hydrides (complex hydrides);

4. Nanostructured materials (adsorption of molecular hydrogen).

Intermetallic compounds can be used as hydrogen accumulators [37,38]. This is
due to the peculiarities of their atomic structure, in which interstices with the optimal
binding energy for hydrogen are observed, forming the process of absorption or desorption
under conditions close to standard. In this regard, for the storage of hydrogen, the class
of compounds of the Laves phase with the formula unit (AB) needs to be taken into
consideration [39]. Because they change from one to the other on heating and cooling
(usually C14 at high temperatures and C15 at low temperatures), hydrogen absorption—
desorption can be thought of as a phase change process. Structure C15 is an fcc structure
containing six atoms per unit cell, while structures C14 and C36 are hexagonal structures
containing 12 and 24 atoms per unit cell. Figure 3 demonstrates the crystal structures of
C14- and C15-type alloys. Ideally, the lattice parameters are closely related in each structure
and between structures. However, in real MH alloys with a predominance of C14, the c/a
ratio is slightly lower than the theoretical value (223—,/21633) [40]. Three types of position
are available for tetrahedral hydrogen filling positions (A2B2, AB3 and B4) for both C14
and C15 structures, as shown in Figure 3. There are no octahedral positions at all in the
Laves phases, so further discussion will focus only on tetrahedral positions [41].

(b)

Figure 3. Elementary cells for the structures ZrCr, (C15) (a) and ScFe, (C14) (b). Various tetrahedral
hydrogen filling sites (A2B2, AB3 and B4) are indicated by arrows [34].

High-temperature MH, such as MgH), is considered one of the most promising HS
technologies [42]. However, there are two main bottlenecks, including the low rate of Hj
absorption and the low power of the MH reactor. In this regard, heat removal from the
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MG tank plays a crucial role in the HS process. The results show that the charging time
is significantly reduced by increasing the number of air channels, as the heat transfer rate
is significantly improved. When the initial coolant temperature rises, the charging time
increases; however, as the Reynolds number of the coolant increases and the hydrogen inlet
pressure increases, the absorption process accelerates. The recommended configuration of
the heat exchanger is introduced taking into account both the loading time and production
constraints. It is shown that the loading of a new multi-zone hydrogen energy storage using
four air channels is approximately 30 min, which provides a more applicable hydrogen
fuel system.

Ref [43] presents experimental studies concerning the absorption of H; in a solid-
state HS device based on LmNiy4 915ng 15 with integrated cooling tubes (ECT). MH with
ECT 36 and 60 loaded with 2.75 kg LmNi served as the basis for a hydrogen accumulator
that implements various modes of supply pressure (10-35 bar), absorption temperature
(20-30 °C) and coolant flow (2.2-30 L/min).

It has been found that at any given absorption temperature, the rate of Hy absorption
and the amount of absorbed H; increase when the H, supply pressure rises to about 35 bar.
Assuming the supply of Hj at a pressure of 35 bar and an absorption temperature of 30 °C,
using oil as a coolant at a flow rate of 3.2 L/min, the maximum absorption of hydrogen is
~1.2 wt.% for 10 min for 36 ECT and 8 min for 60 ECT. Under absorption conditions with a
supply pressure of 25 bar, a water flow rate of 30 L/min and an absorption temperature of
30 °C, the absorption time in the reactor with 60 ECT was reduced to 5 min. Most metals
are able to absorb hydrogen reversibly. Undoubtedly, the MG reactor (MR) is the main
device used to achieve the desired stability and integrated operation of the HS system.

It has been found that at any given absorption temperature, the rate of hydrogen ab-
sorption and the amount of hydrogen absorbed increases as the hydrogen supply pressure
rises to about 35 bar. Assuming a hydrogen supply pressure of 35 bar and an absorption
temperature of 30 °C, using oil as the heat transfer medium at a flow rate of 3.2 L/min, the
maximum absorbed hydrogen is ~1.18 wt% per 10 min for 36 ECT and 8 min for 60 ECT.
Under absorption conditions with a supply pressure of 25 bar, water flow 30 L/min and
absorption temperature 30 °C, the absorption time in the reactor from 60 ECT is reduced
to 5 min. The majority of metals can reversibly absorb hydrogen. Undoubtedly, the MH
reactor (MHR) is the main device used to achieve the stable and integrated operation of HS
systems desired.

Furthermore, each of the materials of this class in the form of nanocomposites will be
considered to give a reasonable explanation for the improvement in the storage conditions
of hydrogen as an energy source.

4. Hydrogen Generation and Storage on the MoS,-Containing Materials

It appears that MoS, possesses great prospects as a cost-effective replacement for Pt
for catalysis of the hydrogen evolution reaction (HER) in water, despite its claimed catalytic
efficiency being lower than that of Pt. The latter is known to be the best HER catalyst, but it
appears to be too expensive for mass production in the hydrogen industry. Monolayer (ML)
MoS, films were grown using CVD processes. Substrates are able to affect the catalytic
activity of MoS;, in two ways: by forming an interfacial tunnel barrier with MoS;; and by
changing the chemical nature of MoS; through charge transfer (proximity doping).

The catalytic characteristics can be further improved such that they are even better than
those of Pt by crumpling films on flexible substrates, since the Tafelian slope of the film is
significantly reduced in the presence of compression deformation caused by crumpling [44].
MoS; can be used for the hydrogen evolution reaction (HER). Thermal effects formed an
effective electron transfer in the atomic MS MoS; and at the electrolyte—catalyst interface,
leading to an increase in the activity of GWR [45].

Vertically grown MoS, nanolists supported by conductive carbon nanotubes and reduced
graphene oxide (CNT-rGO) on traditional Vietnamese paper (MoSx/CNT-rGO/VTP) can be
used for the electrochemical reaction of hydrogen evolution (HER). The catalyst demonstrates
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excellent electrocatalytic activity of HER, including a low initial potential of 190 mV, a Taffel
slope of 59 mV/°, and excellent stability in an acidic electrolyte solution [46].

The Taffel slope shows the dependence of the catalytic reaction rate on the applied
overvoltage. The smaller the Taffel slope, the faster the reaction rate increases when
applying overvoltage. Typically, the Tafel slope (n) of an electrochemical reaction is dictated
by the rate-determining reaction stage, and can be written as a function of the number
of electrons involved (z) and the charge transfer coefficient («) of the limiting factor. The
extraction step is n = 2.3zRT/aF, where R is the ideal gas constant, T is the absolute
temperature, F is the Faraday constant [47]. For MoS2 materials, which are usually found
in an acidic environment, three reaction stages can be involved:

e  Primary discharge stage (Vollmer reaction):
H3;O" + e~ — Hads + H,O

e  Electrochemical desorption stage (Geyrovsky reaction):
Hads + H3O" + e~ — H, + H,O

e  Recombination stage (Tafel reaction):
Hads + Hads — H»

The edge regions of MoS; are catalytically active in hydrogen evolution reactions
(HER). F atoms with high electronegativity are doped into the edge nodes of MoS,, leading
to a fivefold increase in activity compared to the initial edges, which is explained by the
more moderate binding energy for hydrogen particles [48].

The photocatalyst of the MoS;@ MoQOj3 heterojunction with the (S)-scheme stage was
prepared by partial sulfidation in situ. The excellent design of the MoS,@ MoOj interface
nanomaterials provides a high rate of surface reaction of hydrogen evolution. The on-site
vulcanization strategy gradually causes corrosion from the outside to the inside. The rate
of hydrogen formation is 12,416.8 mmol/h-g [49].

The improvement of MoS; properties can be achieved by the formation of a chemical
bond between the MoS; nanolayer on graphene and vacancies. There is a clear decrease
in the metallic state of the MoS, nanolayer as electrons are transferred to form a strong
contact with the restored graphene substrate. The absence of a metallic state associated
with unsaturated atoms in the peripheral regions in turn changes the activity of hydrogen
release. The easiest path of evolution is from the marginal regions of the Mo, and the
presence of graphene leads to a decrease in the energy barrier from 0.17 to 0.11 eV. The
evolution of H, from the S-edge is complicated due to an increase in the energy barrier
from 0.43 to 0.84 eV [50].

The formation of S-vacancies on the basic plane of MoS, by electrochemical desulfur-
ization makes it possible to improve the process of hydrogen generation. The formation of
S-vacancies is possible on various 2H- MoS, nanostructures. By changing the applied desul-
furization potential, it is possible to vary the degree of desulfurization and the resulting
hydrogen release activity [51].

A three-dimensional hierarchical hybrid composite of MoS,, reduced graphene oxide
(GO) and CNT demonstrates excellent electrocatalytic activity and stability in the hydrogen
evolution reaction, with a low initial potential of only 35 mV, a Taffel slope of ~38 mV /°, and
an apparent exchange current density of 74.25 mA /cm?. The excellent hydrogen release
activity is due to the synergistic effect of MoS, with its electrocatalytically active edge
regions and excellent electrical coupling with the underlying graphene and CNT grid [52].

Hierarchical MoP- MoS, electrocatalysts on hollow carbon spheres co-doped with N,
P and S (MoP- MoS, /HCS) demonstrate remarkable HER characteristics. MoP- MoS, /HCS
not only exhibit significant electrocatalytic activity at low overvoltages (71 mV and 125 mV
in 1.0 M KOH and 0.5 M H,SO4, respectively) at a current density of 10 mA /cm?, they also
exhibit outstanding stability with respect to its process [53,54].
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5. Processing of Composite Materials from the Hydrogen Industry

Global industry actively uses various types of plastic, which inevitably leads to the
formation of a large amount of plastic waste. More than 60% of used plastic ends up in
landfills or is incinerated, which harms the environment and the ecosystem as a whole [55].
Thermal processing by pyrolysis and gasification of plastic waste into fuel and chemical
products has been identified as a promising technology for solving the problems of plastic
waste [56]. Pyrolysis is a method of thermochemical treatment of plastic waste, which
can solve such pollution problems, as well as restore valuable energy and products such
as oil and gas. Pyrolysis of solid plastic waste has become important because it offers
great advantages in terms of environmental pollution and reducing the carbon footprint of
plastic products by minimizing carbon monoxide and carbon dioxide emissions compared
to combustion and gasification [57].

In [58], a simple and highly efficient method initiated by microwave plasma discharge
for the decomposition of plastics into hydrogen and carbon nanotubes was proposed. Iron-
based catalysts applied to activated carbon calcined at 400 °C showed the best catalytic
activity due to excellent physicochemical properties. H2 was rapidly released in 25 s, with
a hydrogen efficiency of more than 85%.

In [59], pyrolysis and catalytic decomposition of polypropylene were carried out in
the technological process for the production of hydrogen and carbon nanomaterials. A
series of new Fe/Ni catalysts was prepared, and the effect of the active metal component
of the catalyst (Fe, Ni, FeNi) and the synthesis method (sol-gel and impregnation) was
studied. The results showed that the production of hydrogen and solid matter occurred
in descending order with loading of Fe-Ni, Fe and Ni, while the catalysts prepared by
sol-gel were more catalytic than their impregnated counterparts. FeNi (5G) demonstrated
optimal activity in the production of 25.14 mmol/g of hydrogen plastic and 360 mg/g of
high-quality plastic made of carbon nanomaterials.

In [60], the use of Ni-Fe catalysts was studied for the catalytic pyrolysis of plastic
waste to produce hydrogen and CNT, as well as the influence of the composition of the
catalyst and carrier materials. The bimetallic Ni-Fe catalyst showed higher catalytic activity
in Hj yield than monometallic Ni or Fe catalysts due to the optimal interaction between the
metal and the carrier. The effect of steam supply and catalyst temperature on the yield of
CNT (287 mg/g of plastic) and hydrogen (31.8 mmol H; /g of plastic) is optimal at 800 °C
in the presence of a bimetallic Ni-Fe/y-Al; O3 catalyst (Figure 4).

Waste plastics

»
Pyrolysis ‘& Catalysis _gp “
9 —_—

Figure 4. Schematic of pyrolysis of polymer with catalyst and hydrogen release.

For the catalytic pyrolysis of plastic waste, a two-stage fixed-bed reactor (with pyrolysis
zone, height 310 mm; bottom: pyrolysis zone, height 310 mm) was reported (Figure 5 [60]).
Three series of experiments were conducted to determine the technological parameters for
the generation of hydrogen and CNTs: with the use of Fe/vy-Al,O3, Fe/x-Al;,O3, Ni/vy-
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Al,Os, Ni/ x-Al,O3, and Ni-Fe/v-Al,Os catalysts; with ratios of mass of steam to mass of
plastic of 0, 0.3, 1, and 2.6; and with catalytic temperatures of 700, 800, and 900 °C.
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Figure 5. Schematic diagram of the pyrolysis—catalysis process of plastic waste.

The analysis of waste gases and thermodynamic calculations [61] showed that the H;
emission, through the decomposition of the by-product CHy, acted as a thermal microniza-
tion medium, where Fe,Oy is gradually restored after the waste is converted into activated
carbon (CA). The resulting CA is then effectively involved in the catalytic decomposition of
H;O, leading to the microgeneration of secondary Hy, creating a controllable system. Thus,
the fast release of H, from the system was eliminated, resulting in improved recovery of
FexOy due to a simplified Hy microgeneration/regeneration process.

A two-stage catalytic pyrolysis steam reforming process with MSM-41 mesoporous Fe-Ni
bimetallic catalysts was used to produce hydrogen-enriched synthesis gas from a simulated
mixture of waste plastics SMWP) [62]. Various weight ratios of Fe:Ni catalyst materials (0:20,
5:15, 10:10, 15:5, 20:0) were investigated to determine the effect on H, production. The results
showed that the combined presence of Fe and Ni leads to a synergistic increase in the total gas
yield and the formation of hydrogen and carbon monoxide. The highest gas yield of 95 wt.%,
the highest H; yield of 46.1 mmol H /g plastic, and the highest CO yield at 31.8 mm /g plastic
are characteristic of the Fe/Ni/MCM-41 catalyst (1:1). This catalyst gives a hydrogen yield of
46.7 vol.% and a CO yield of 32.2 vol.% [62].

Ni/SiO; and Fe/SiO, catalysts with metal particles of different sizes were studied in
the production of hydrogen and CNTs during the catalytic processing of polypropylene
waste using a two-stage fixed-bed reaction system we reported [63]. The results show that
Fe-based catalysts, in particular those with large particle size (~80 nm), gave the highest
hydrogen yield (~25.60 mmol Hj /g of plastic) and the highest carbon yield (29 wt. %), as
well as the largest proportion of graphitic carbons (according to the analysis of the TPO of
the reacted catalyst).

In the process of hydrogen production, a more complex three-component catalyst
can be used [64]. The yield of hydrogen increased with an increase in the gasification
temperature from 600 to 900 °C for both Ni-Mg-Al and industrial nickel catalysts. The
maximum hydrogen production was 52% of the maximum theoretical amount of hydrogen
available in polypropylene, which is 22-38 g H, /100 g of polypropylene obtained with a
Ni-Mg-Al catalyst, at a gasification temperature of 800 °C and a water flow rate with an
injection speed of 28-46 g/h.
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Real waste plastics contain dissimilar materials. In [64], the production of Hj from
pyrolysis—catalytic steam reforming of polyethylene, polystyrene (PS), and polyethylene
terephthalate waste plastics was considered. The highest yield of hydrogen (125 mmol/g
plastic) was obtained with PS at a catalyst temperature of 900 °C and a steam hourly
space velocity of 7.59 g/(h/g catalyst) with 10 wt% Ni/Al,O3) catalyst. The high catalyst
temperature (900 °C) and the optimized steam rate significantly increase the hydrogen
yield. The authors found that Ni/Al,O3 has the highest selectivity and catalytic activity for
hydrogen yield.

Comparison of energy spendings of various methods is presented in Table 1, from
which it can be observed that that with the highest energy consumption is water electrolysis.

Table 1. Comparison of energy efficacy of different processes of hydrogen generation.

Specific Consumption of The Ratio of the

Specific Heat Specific rf o
Process of Hydrogen Consumption for Refe.rence Fuel (tf) to Consumption for Production Calorific Value of the Total
Generation Endothermic Provide Endothermic of ke H Amount of
. Reactions, . 8 H2, Fuel to H, on kg H;
Reactions, g, (kJ/kg H») b (kg rf/kgH,) b* (kg rf/kgH,) A (kJ/K])
Conversion of Methane with
Steam in Reactors with a
Fluidized Bed of a Dispersed 34,987 132 474 112
Catalyst
CH4 + 2Hzo% COZ + 4H2
(by-product CO,)
Carbon gasification of solid
fuel with water vapor
C + 2H,0— CO, +2H, 67,958 2.89 6.24 1.37
(by-product CO,)
CHy pyrolysis at 1350 °C
CH;—2H, +C 18,922 0.72 7.56 1.815
(by-product C)
Water electrolysis
2H,O0— Hs + 0.50, + H,O 214,268.4 27.77 27.77 1.77

(by-product O,)

6. Conclusions

The use of hydrogen includes a variety of directions from chemical technologies
to unmanned aerial vehicles. The field of motor transport is a key one for the mass
development of water generation and storage technologies.

New technologies in the field of HS are based on the use of specialized equipment
with temperature control systems, as well as the use of innovative materials that make it
possible to store hydrogen in solid form. For the storage of hydrogen in solid form, Mg- or
Li-based MHs in the form of classical composites or having nanostructured morphology
show the greatest efficiency. Hydrides of nanometals can be obtained using the “bottom-up”
and “top-down” strategies. It should be noted the principal possibility of using carbon
materials for HS, namely carbon nanotubes, both single-layer and multi-layer. To explain
the mechanisms of the catalytic effect of impurities in the metallic alloy on the properties of
CNTs with respect to hydrogen accumulation, a spillover mechanism or hydrogenation of
the Cubas type can be used.

MoS; and the wide variety of composites based on it exhibit serious prospects in tech-
nologies for the production and storage of hydrogen. It is obvious that further technological
development will provide novel solutions.

To produce hydrogen, waste polymer products are used—the processing of which
is realized on the basis of catalytic pyrolysis. Catalytic pyrolysis also makes it possible
to obtain carbon nanotubes that can be used for HS. Control technologies for hydrogen
production and storage systems are implemented on the basis of neural networks, making
it possible to significantly improve all technological stages according to the criteria of
energy efficiency and reliability, as well as safety. An analysis of the energy costs for
hydrogen production shows that direct current electrolysis is the most expensive, and
thermal decomposition (pyrolysis) is less expensive.
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It is worth underlining that the contemporary situation in the energy market does not
demonstrate logical tendencies and therefore does not allow us to make clear predictions
on the directions of hydrogen industry development in the closest future. However, the
long-term prospective requires continued scientific research in this direction [65-67].
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Abstract: The degradability of the biocomposite produced from a binary mixture of thermoplastic
banana starch (TPS) and polycaprolactone (PCL) reinforced with fique fibers (Fs) was evaluated in
three different environments (soil, compost, water). An experimental design with two factors (soil
and compost) and three levels (5, 10, and 20 cm) was used, with additional tests for a third aqueous
environment (water from the lake of the Universidad del Valle) at a depth of 20 cm. The biocomposite
was prepared from the implementation of a twin-screw extrusion process of the binary mixture
TPS/PCL and fique fibers (54, 36, and 10% composition, respectively), followed by hot compression
molding, and after that, generating ASTM D638 type V specimens using a stainless-steel die. The
specimens were dried and buried according to the experimental design, for a total experimental
time of 90 days, and removing samples every 30 days. After 90 days, all samples showed signs of
degradation, where the best results were obtained in the compost at a depth of 20 cm (34 + 4% mass
loss and a decrease in tensile strength of 77.3%, which indicates that the material lost mechanical
properties). TPS was the fastest disappearing component and promoted the degradation of the
composite material as it disappeared. Finally, the aqueous media presented the lowest degradation
results, losing only 20% of its initial mass after 90 days of the experiment, being the least effective
environment in which the biocomposite can end up.

Keywords: degradation; thermoplastic starch; polycaprolactone; biocomposite; fique fibers;
microorganisms

1. Introduction

The high accumulation of solid waste is one of the main problems for the environment
today [1,2]. In Colombia, about 11.6 million tons of solid waste are generated annually,
and a large part of this waste is single-use plastic, including bags, packaging, straws, and
bottles made of fossil material. According to the Colombian Ministry of Environment and
Sustainable Development, a large percentage of this plastic waste ends up in landfills and
water sources [3], contributing to pollution due to the time it takes to degrade.

On a global scale, the situation is not improving; according to the Organization for
Economic Co-operation and Development (OECD), global plastic production doubled from
2000 to 2019, adding 353 million tons (Mt) to the existing ones. Approximately two-thirds
of this waste comes from plastic with a life cycle of less than five years, 40% of which comes
from packaging, 12% from consumer goods, and 11% from clothing and textiles. At the
end of their useful life, only 9% of plastics are recycled, 19% are incinerated, 50% are used
in landfill, and 22% are not properly managed, being incinerated in open pits or ending up
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in land or water-based landfills. In 2019, 6.1 Mt of plastic waste leaked into aquatic media,
and 1.7 Mt reached the oceans [4].

In accordance with the above, and to develop planet-friendly alternatives, numerous
studies have been carried out on biocomposite and/or bioplastics, which seek to take
advantage of biological material to replace conventional plastics [5-18], generating products
with similar characteristics (high strength, durability, and robustness, among others), but
with shorter degradation times and cleaner processes. However, the bioplastics industry
faces challenges, such as high production costs, limited availability of raw materials,
inferior mechanical properties compared to conventional plastics [19,20], the need for high-
temperature composting facilities, and competition for land use. However, despite these
challenges, the industry is growing and can contribute to global sustainability; as proof of
the above, the production of bioplastics increased by 30% from 2015 to 2022 (being in 2015
1.7 Mt and reaching 2.217 Mt worldwide by 2022) [21,22].

Polycaprolactone (PCL) and starch blend fall within the group of biodegradable
bioplastics; according to the latest data compiled by European Bioplastic in cooperation
with the Nova-Institute, in 2020, over 20% of global production (443.1 thousand tons)
corresponded to them, and these percentages are projected to grow by 8% by 2025, based
on global production of 2.87 Mt of biopolymers. In addition, these biocomposites present
a wide range of physical properties that make them attractive in the development and
improvement of products, which, combined with other materials, can increase their physical
characteristics and applications.

Due to the above, different works have been devoted to the study and development of
substitutes for conventional plastics [23-27]. Mina et al. [28] have developed biocomposites
based on a thermoplastic starch/polycaprolactone (TPS/PCL) matrix reinforced with
fique fibers, focusing their work mainly on physicochemical, mechanical, and thermal
characterizations, indicating the need to carry out degradability studies on these materials.
In this sense, not necessarily all bio-based materials can be decomposed in microbiological
processes; some may require specific conditions for their degradation, and, in case these
conditions are not met, the permanence time of this biocomposite would increase, and it
would not represent an efficient alternative to existing fossil materials.

Based on the above, the objective of this work is to evaluate the degradation of a
biocomposite based on a thermoplastic banana starch/polycaprolactone (TPS/PCL) matrix
reinforced with fique (F) fibers, in different media (soil, compost, and water), to obtain
more information about the decomposition times under different environmental conditions.
Thus, specific processes could eventually be developed to mitigate the environmental
impact generated by the use and application of this material in consumer goods or others.

2. Materials

The native starch used to elaborate the TPS was obtained from the dried banana root of
the Dominico Harton variety [29], from the Asociacion de Productores de Finca Tradicional
del Norte del Cauca (ASPROFINCA), located in the municipality of Villa Rica (Cauca,
Colombia). The glycerol used as a plasticizer, from Quimicos del Valle Uno A S.A.S. in Cali,
Colombia, is of industrial grade, with a purity of 99.8%. The fique fiber was obtained from a
market in the same city and was produced by the company Empaques del Cauca in the city
of Popayan, Colombia; the material was used as reinforcement and was cut to an average
length of 5 mm. The PCL used was acquired from Perstorp UK Limited of Warrington,
UK, under reference CapaTM 6800, with a melting temperature (Tm) of 58-60 °C, moisture
content < 1%, and an elongation at break of 800%. The commercial compost was purchased
from Vivero Pasoancho in Cali, Colombia, and the soil and water used were extracted from
an area near Villa Solar and the Lake Biology experimental station, respectively, located at
the Universidad del Valle, Meléndez campus.
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(a)

3. Experimental Procedure
3.1. Statistical Experimental Design

A 3? factorial design was used to evaluate the degradation of the biocomposite
(TPS/PCL/F) in soil and compost during a period of 3 months; additionally, for com-
parison purposes, the tests were carried out in an aqueous media, for a single level. The
response variable selected for the statistical analysis was the percent mass loss (%ML) of
the biocomposite. The analysis of variance (ANOVA) with & = 0.05 was performed using
Minitab 18® software (Minitab Inc., State College, PA, USA), and to see the effects and
interactions of the factors, the following were used: main effects diagram, contour plot,
and surface plot. The factors and levels studied are shown in Table 1. This methodology
was developed based on a bibliographic review of Rodriguez, et al. [30], Minchola [31], and
Accinelli, C. et al. [32].

Table 1. Factors and levels in the experimental design.

Factor Level

Soil
Degradation media Compost
Water *
5cm
Depth 10 cm
20 cm

Note: * Additional level; only 20 cm was studied in the experimental setup.

3.2. Selection, Sampling, and Characterization of Degradation Media (Soil, Compost, or Water)

To simulate the degradation of the biocomposite in the possible environments to
which it would be exposed at the end of its useful life, soil and water samples were taken
at the Meléndez campus of the Universidad del Valle, while the compost was purchased
at the Pasoancho greenhouse (Figure 1). On one hand, each of the media samples was
characterized by physicochemical analyses, such as moisture, soil texture, total organic
matter, total nitrogen, pH, electrical conductivity, salt content, and microbial activity, in the
case of compost and soil. On the other hand, the following were taken for the water sample:
pH, electrical conductivity, microbial activity, chemical oxygen demand (COD), oxide
reduction potential (ORP), and dissolved oxygen (DO). The analyses were carried out at the
LASA agricultural water and soil laboratory of the School of Sanitary and Environmental
Engineering, in accordance with the soil laboratory analytical methods proposed by the
Agustin Codazzi Geographic Institute [33], and the methods of physical and chemical
analysis of water quality [34].

(b) (c)

Figure 1. Areas selected for sampling and collection of degradation media: (a) soil; (b) compost; and

(c) water.
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3.3. Production of Thermoplastic Banana Starch

The banana starch, previously dried at 60 °C for 24 h, was pre-mixed with glycerol at
a ratio of 65 starch/35 glycerol (by mass), using a KitchenAid professional (KitchenAid®,
Troy, OH, USA) mixer for 10 min, until the material was homogeneous and free of lumps.
Then, the material was stored in polypropylene bags for 48 h. The resulting mixture was
plasticized in a HAAKE twin-screw extruder machine (HAAKE Polylab OS RheoDrive 7,
Thermo Scientific Inc., Waltham, MA, USA), using a temperature profile of 110, 110, 120,
120, 125, 125, 125, 135, 135, 140, 140, and 145 °C for the ten heating zones of the cylinder
and of the head. Finally, the obtained TPS was pelletized using a blade pelletizer (Thermo
Scientific Inc, Saint Louis, MO, USA).

3.4. Preparation of the Binary Mixture TPS/PCL

The pelletized TPS was manually mixed with the PCL at a ratio of 40 TPS/60 PCL (by
mass) and subjected to an extrusion process, using the same equipment previously used to
obtain the TPS. The temperature profile handled was 122, 124, 124, 126, 128, 130, 130, 130,
132,132, 134, and 134 °C for the ten heating zones of the cylinder and of the head. Finally,
the TPS/PCL binary mixture was pelletized.

3.5. Preparation of the Biocomposite

The TPS/PCL binary mixture was combined with the fique fibers at a ratio of 90
TPS-PCL/10 F (in mass), through an extrusion process following the same transformation
conditions previously used to obtain the TPS/PCL binary mixture. Plates (composition:
54% PCL, 36% TPS, and 10% fibers) of 1 mm thickness were obtained with the biocomposite
material by means of a hot-compression molding process, using 20 & 0.05 g of material
in a mold holder arranged in a semi-automatic hydraulic press Carver MH 4389-4021,
with heating and cooling systems by water circulation (Carver Inc., Wabash, IN, USA): the
pressure used was 3000 psi at a temperature of 170 + 5 °C, and a heating-only time of 8 min
was used, followed by another 8 min of heating under pressure. With the prepared plates
and using a metal die, V-type pro-betas were obtained with the dimensions specified in the
ASTM D-638-14 [35].

3.6. Degradation—Assembly Configuration

Wooden baskets of 53 x 48 x 35 cm in length, width, and height, respectively, were
used in the set-up configuration. The degradation media, soil (preserving the depth profile),
and compost were placed there. The samples necessary for a period of 90 days were placed
equidistantly at the three depth levels (5, 10, and 20 cm), as shown in Figure 2a. In the case
of water, the samples were placed inside a sample holder at a depth of 20 cm and protected
by a wire-mesh cylinder, as shown in Figure 2b.

Figure 2. Degradation setup: (a) soil and compost and (b) water.
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3.7. Analytical Characterization of Samples
3.7.1. Fourier-Transform Infrared Spectroscopy (FT-IR)

For the determination of the main functional groups in the biocomposite material,
PCL, and TPS, a Jasco spectrometer (FT/IR-4100) Type A (JASCO Manufacturing, Portland,
OR, USA), operated at 100 scans and a resolution of 4 cm~! was used. Attenuated total
reflectance (ATR) methodology was employed using an ATR PRO450-S accessory (JASCO
Manufacturing, Portland, OR, USA).

3.7.2. Scanning Electron Microscopy (SEM)

To observe the surface morphology of the TPS/PCL/F biocomposite samples, a JEOL
SEM scanning electron microscope model JSM-6490 (JEOL Ltd., Akishima, Tokyo, Japan)
operated at 20 kV was used, where the samples were previously coated with a layer of
gold using a Denton Vacuum Desk IV (Denton Vacuum, Moorestown, NJ, USA) cold spray
coater model STANDAR. A PHENOM electron microscope model PROX (ThermoFisher
Scientific, Waltham, MA, USA) operated at 15 kV, without any coating, was also used. Both
devices were used to perform measurements at 500 magnifications.

3.7.3. Tensile Test

The tensile mechanical properties of the TPS/PCL/F biocomposite samples were
determined for different sampling times (30, 60, and 90 days), at depth levels of 5, 10,
and 20 cm. The tests were performed using a Tinius Olsen model H50KS (Tinius Olsen,
Philadelphia, PA, USA) universal testing machine, with a 10 KN load cell and wedge-type
grips. Type V specimens were used at a jaw displacement rate of 5 mm/min, in accordance
with ASTM D-638 [35].

3.7.4. Mass Loss

Samples were previously dried at 40 °C for 24 h in a LabTech LDO-150F (Labtech
S.R.L., Sorisole, Bergamo, Italy) forced convection oven, and the mass of the sample was
determined before being subjected to the degradation assembly (Mj). Every 30 days,
samples were removed from the degradation media, carefully cleaned with distilled water,
and then dried at 40 °C for 24 h to record their mass (MF). Finally, the model presented in
Equation (1) was used to calculate the corresponding mass loss (ML).

M — Mp
%ML = | ————— 100 1
( M; ) 8 @

where:

M = Initial mass of dry samples.
Mr = Final mass of dry samples subjected to the degradation environment.

4. Results and Discussions
4.1. Characterization of Degradation Media (Soil, Compost)

Table 2 shows the results obtained in the characterization of the soil and compost used
as degradation environments.

Considering that soil is a system that integrally relates chemical, physical, and bio-
logical factors, the results were analyzed to determine the behavior of the media (soil and
compost). Based on the pH values of the samples, they were classified according to the
information reported by Jaramillo [36] in Table S1: with the above, the soil sample was
classified as “strongly acidic”, while the compost sample was classified as “very strongly
acidic”. Based on the above classification and according to the intervals established by the
USDA in 1971 (Figure S1 [37]), the availability of nutrients for a strongly acid soil was high,
compared to a very strongly acid soil, which can be confirmed by the values obtained for
the percentage of nitrogen for the soil and compost (1.096 and 0.461%, respectively).
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Table 2. Physicochemical characterization of soil and compost.

Sample Method
Parameter
Soil Compost Gomez,