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Abstract

The production of Activated Carbons (ACs) starting from economic precursors using eco-
sustainable synthesis processes appears to be a particularly interesting research field. A
possible application can be represented by the use of waste materials to produce ACs through
synthesis processes with low environmental impact for hydrogen (Hz) storage.

In this work, ACs were produced starting from peach pits, through two processes, i.e.
carbonization and physical activation of the raw material. The key process parameters (gas
type and temperature) and the starting form of biomass have been modified to evaluate their
influence on the structural properties and, consequently, the Hz adsorption capacity. The
chemical and morphological properties of the ACs were investigated through different
analyses (Energy Dispersive X-ray - EDX, X-Ray Diffraction - XRD, Fourier-Transform
InfraRed spectroscopy - FTIR, Scanning Electron Microscopy - SEM) while textural features
and adsorption capacities were determined using volumetric apparatus. The optimization of
the synthesis process allowed to obtain ACs with high microporous structure (= 85%),
Specific surface area around 1317 m?2/g, Total Pore volume of 0.60 cm3/g and excellent H>
adsorption capacity at low pressure (1.85 wt% at 77 K up to 1 bar), interesting Hz adsorption
capacity at high pressure (3.45 wt% at 77 K up to 80 bar) and an excellent cyclicality of

storage processes but reduced storage capacity at room temperature (0.28 wt% up to 80 bar).

1. Introduction

Currently, one of the most pressing problems the world is facing is climate change 1. The
demand for fossil fuels, especially coal, natural gas and oil has continued to grow very rapidly
in recent decades causing a sharp increase in greenhouse gas emissions 23, mainly due to
anthropic origin (industries, domestic use, traffic) and also to fire and disforestation of
tropical forests 24. Carbon dioxide concentrations, for example, have grown from 280 in 1780
to 415 ppm in 2019 in the northern hemisphere 5. Associated with the increase of these
greenhouse gases, many scientific studies highlight an increase in the earth’s temperature 6-8
which is leading to extremely negative consequences for human beings, the ecosystems and
biodiversity of the planet °-12,

Then, in order to reduce the human impact on the environment and try to limit the possible
irreversible damage caused by the use of fossil fuels, it is necessary to look for an alternative
energy source, able to replace, at least partially, the use of fossil fuels 31314, New technologies,

resources, and eco-friendly energy carriers are essential and encouraged to limit the release



of pollutants into the environment 15. For all these reasons, H; is considered one of energy
carrier of the future 1617,

H> has a high energy per unit mass (142 M]/kg) 18, about three times that of other fossil fuels
19, However, it has a low volumetric energy density (0.01 MJ/L) 20 that does not allow storage
in large quantities, it is also flammable and explosive 21.

It is essential to decrease the risks reducing the operating pressures of the tanks and, at the
same time, increase the storage capacity in the same volumes to decrease management costs
and overall dimensions 132223,

An alternative and interesting method for H; storage is the sorption into solid materials able
to retain Hz at low pressures increasing safety and decreasing costs 20.24,

Materials that could represent a possible solution for these problems are nanostructured and
nanoporous materials, such as MOF, zeolites, nanotubes, ZTC, porous polymers, mesoporous
silicate materials, activated carbons and other carbon compounds 2°. ACs are interesting
because they have several advantages among which certainly the ease of finding precursors,
usually biomass 17. The ACs production processes usually involve a series of steps. The raw
material, before the carbonization/pyrolysis processes, it is subjected to dehydrating and/or
homogenizing the grain size of the starting material.

According to the synthesis methodology used, it can be distinguished into: chemical 2¢ or
physical activation 27.

The chemical activation is characterized by the impregnation of the precursor with
dehydrating compounds: KOH, NaOH, HzPOs, etc. 26. In this case, the obtained material
requires a washing procedure to remove any remaining dehydrating agents 26.

The physical process, instead, occurs at higher temperature than the carbonization one step,
in the presence of oxidizing gases such as water vapor, COz, or a combination of these 28,

In this work, for the synthesis of the ACs, only the physical activation process was taken into
account: the choice of not using chemical substances allows an even more eco-sustainable
process 29, At the same time, evaluate the influence of the raw material form used on the
porosity formation. The aim was to study how the granularity of the precursor, the type of gas
used during the carbonization phase and the activation temperature modify the structural
properties and the adsorption capacity of the synthetized ACs.

In particular, the purpose of this study is to determine the most suitable configuration of the
synthesis parameters which allows to obtain the AC with the best performances, in terms of
textural/structural properties and adsorption capacity. Therefore, the synthesized samples

were investigated with volumetric-type techniques to analyze porosity and Hz adsorption



capacity, and other morphological/structural study techniques (EDX, XRD, FTIR, SEM) were
used, to correlate the structural properties to the amount of gas adsorbed as the pressure
varies.

The optimization of the synthesis process has led to the production of highly microporous
materials, which exhibit excellent structural properties such as high specific surface area and
total pore volume, as well as H, storage capacity, both at low and high pressures, in addition
to excellent reversibility and cyclicality of adsorption processes. Physical activation is the
most probable method to achieve low-cost, low-pollution, green, sustainable, and large-scale
industrial production of biomass porous carbon, particularly in the context of energy storage

applications. 30

2. Experimental section

The AC synthesized in this experimental work have been subjected to a process of
carbonization and physical activation, starting from waste material, i.e. peach pits, derived
from Prunus Persica purchased locally.

It is well known that the peach pit composition consists mainly of cellulose, hemicellulose, and
lignin; in detail, it is composed of 46% cellulose, 14% hemicellulose, and 33% lignin 31.

The choice of peach pits as a precursor was due to several reasons. First, the environmental
impact and eco-sustainability are central topics in this work, hence the idea is to recover
waste materials and convert them into a new sustainable resource by applying a concept of
circular economy 32. Therefore, given in some cases the high production costs of commercial
carbons, the use of waste materials/biomass allows the reduction of the impacts on the
environment and cuts costs 33.

Furthermore, fruit pits pose a significant waste disposal problem for industries that process
fruit. Literature shows that high-quality AC with low impurities and high adsorption
capacities can be produced from fruit pits 34. This consideration is behind the choice of the
peach stones as precursor used for the production of AC.

Moreover, even in the procedure used for the production of the AC the eco-sustainability and
environmental impact were considered selecting a physical activation rather than a chemical,

which does not require the use of chemical solvents and washes 29.35-37,



2.1 Synthesis of AC derived from peach pit

The AC synthesis process was developed in the perspective of improving the structural
properties and increasing H; storage capacity of the resulting samples. Initially, the
optimization process concerned the granularity of the raw material. It is known that, not only
the chosen synthesis process parameters can influence the characteristics and properties of
the ACs produced, but also the initial form of the raw material plays a fundamental role 38. In a
second step, having determined the optimal granulation of the precursor, the optimization of
the synthesis process concerned the physical parameters considered during the carbonization
and activation phases.

The production process is performed in a furnace in which a stainless-steel sample holder is
placed and linked to both a pipeline that provides the incoming gases (e.g. N2, CO2, etc.) flow
and a drain pipeline. The furnace is made up of refractory material, able to withstand
temperatures exceeding 1200 K, with electrical resistances that allow the internal
temperature of the latter to be regulated with an accuracy of +1°C, while the mass flow
controller allows to regulate the gas flow in normal liters per minute. All the adjustable
physical parameters of the system are controlled through a LabVIEW graphical interface
(National Instrument) 3% The raw materials were placed inside a ceramic crucible and
subsequently entered in the cylindrical sample holder (dimensions: length 15 cm, internal
diameter 5 cm).

Therefore, in a first stage starting from the same precursor (peach pit), several of AC samples
using different starting forms were produced: whole shells, powdered shells and pelletized
shells. The powders were obtained by treating the peach pits with a blender and a sieve,
obtaining powders with grain size < 0.5 mm, i.e. smaller than the size of the mesh holes of the
sieve. A part of the powder material was then subjected to a pelletizing process, maintaining
the samples at a pressure of 5000 kg/cm? for 5 minutes using a hydraulic press.

For all samples, the same synthesis process was carried out (see Table 2) to verify, under
equal conditions, which was the most performing in terms of Hz adsorption correlated to the
best porous structure. In this stage, the carbonization process occurred in inert environment
(N2) while the activation process in an oxidizing environment (CO2). More details on the
carbonization and activation process are reported in the supporting information (See table
S14).

After this pre-screening evaluation of the raw material form, the second stage was optimizing

the synthesis process with the aim of improving the performance of selected types ACs



sample (the best precursor). In this case, the gas type in the carbonization step as well as
activation temperature were varied to improve textural and adsorption properties. All the
details on the parameters employed during the two-optimization stages and relative results

have been reported in the section 3.

2.2 Characterization techniques

Very useful methods for optimization of ACs production are the thermogravimetric analysis
(TGA) and Differential Thermal analysis (DTG) 49, performed to evaluate the mass loss and
decomposition as a function of temperature 41, giving an insight of the temperature range
required for production/synthesis of ACs materials 42. These were carried out by using a
Shimadzu DTG-60.

To obtain information on surface structural properties and chemical /atomic composition of
the synthetized samples subjected to different carbonization and activation processes,
Scanning Electron Microscopy (SEM) 43 and Energy Dispersive X-ray (EDX) analysis 4* were
carried out by Quanta FEG 400 (FEI) while X-Ray Diffraction (XRD) analysis was carried out
with a Rigaku Miniflex 600 equipped by Cu tube (40 kV, 30 mA), Fourier-transform infrared
spectroscopy (FTIR) were performed on the raw material and on the synthesized ACs in the
range from 3780-850 cm 4>. All measurements were carried out using a Thermo Fisher
Scientific Nicolet iS50 Fourier Transform IR Spectrometer equipped with a DTGS
(DeuterTriglyceride Sulphate) detector. All the ACs samples (0.5 mg *+ 0.1 mg) were made into
KBr (100 mg *+ 1 mg) pellets and prior the analysis have been treated at 373 K for 1 hour to
removed the adsorbed water. To ensure the consistency of the data obtained, the FTIR spectra
were post-processed using 'OMNIC' and 'Peakfit' evaluation software.

The sample’s textural properties are evaluated from the adsorption/desorption isotherms of
N2 at 77 K up to 1 bar, while to quantify the storage capacity adsorption/desorption isotherms
of H2 at 77 K and at room temperature up to 1 bar have been acquired. Furthermore, on the
best sample, isosteric heat of adsorption, reversibility and cyclicity up to 80 bar at 77 K and at
room temperatures have been evaluated.

All the measurements up to 1 bar were performed using a Micromeritics ASAP 2460 while the
high pressure measurements were carried out using the f-PcT (fast Pressure-concentration-

Temperature) volumetric apparatus 4.



Before each adsorption/desorption measurement, all samples were outgassed at temperature
of 473 K for 12 h under vacuum (10-5> mbar) to eliminate the eventual fraction of water
weakly bound inside the samples.

The application of the Brunauer-Emett-Teller (BET) model #7 for the N2 adsorption isotherms
at liquid nitrogen temperature in the range 0.01-0.30 of relative pressure P/P0 allowed to
determine the SSA values relating to each ACs #47. Using the Non Local Density Functional
Theory (NLDFT) 48, considering slit-shaped pores with energetically heterogeneous and rough
walls 49, the values of Total Pore Volume (Vr) °° and Pore Size Distribution (PSD) >! were
obtained distinguishing among ultra-micropores (Vu), ultra-micropores (Vsup), micro-
micropores (Vmic), meso-micropores (Vmes) 2.

The use of the Toth model and its related equation on the H; adsorption isotherms data,
allows to extrapolate information such as the maximum asymptotic storage capacity, i.e.

wt%nwmax, and the degree of homogeneity of a surface, i.e. the parameter ¢t 3.

3. Results and discussion

3.1 Raw material: preliminary analyses on peach pit

To understand how the carbonization/activation process influences the chemical and
structural properties of the surface of the ACs produced, different preliminary analyzes were
carried out on peach pits: 1) EDX analyzes were performed to evaluate the surface chemical
composition and compare with that of the synthesized ACs; 2) FTIR analyzes were carried out
to study the functional groups and evaluate how they change following the carbonization and
activation processes; 3) TGA analyzes were carried out to relate the mass loss to which the
samples are subjected during the synthesis process with the temperature; 4) XRD
measurement were performed to evaluate structural composition checking for possible
crystalline structure.

All analyzes were carried out on whole peach stone, not subjected to any type of physico-

chemical treatment.

3.1.1 EDX analysis

To investigate the surface chemical properties of peach pits, EDX analyzes were performed on

different area of the sample. Four different EDX analyses of the sample surface were acquired



(see Tables S1-S4). Elemental analysis of raw material in term of weight and atomic

concentration is reported in Table 1.

Table 1: Chemical composition of raw material. The quantities reported represent the average values between all the
measurements carried out.

RAW MATERIAL
Element Avg. wt. % Avg.at. %
C 68.05 73.98
0] 31.80 25.95
K 0.13 0.03

Accordingly, to chemical analysis it is possible to state that the raw material contained

Carbon, Oxygen, and a small percentage of potassium.

3.1.2 FTIR analysis

The surface functional groups of the raw material were characterized by FTIR analysis. Figure
1a shows the IR spectrum in the range of 850-1850 cm-! and the range between 2650 and
3780 cm is shown in Figure 1b. In both figures the main chemical bonds of the functional

groups are identified.
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Figure 1: a) FTIR spectrum of raw material in the range of 850-1850 cm1; b) FTIR spectrum of raw material in the range of
2650-3780 cm-1.

In Figure 1, the band at 1740 cm-! corresponds to C=0 stretching vibrations of carbonyl
groups, such as carboxylic, aldehydes, esters and ketone groups in the structure >4.

The weak peak at 1659 cm~! corresponds to a C=C stretching >3, while the one at 1380 cm™!
corresponds to the C-O stretching vibration 56. The bands at 1164 cm'! and 1118 cm! are
attributed to phenol or alcohol vibrations (C-0-C), and aromatic C-H in-plane deformation 7.
The peak at 1050 cm! corresponds to the C-0 bond > Looking at Figure 1b, the presence of a
band at 3422 cm is assigned to O-H stretching vibration in hydroxyl groups, while the peaks



at 2960, 2925 and 2850 cm are attributed to C-H stretching vibration of the aliphatic
structures (alkenes and alkyl groups) *.

3.1.3 TGA and DTG analysis

TGA analysis were carried out in inert (i.e. N2) and oxidizing (i.e. air) environment conditions.

The obtained results allowed to understand the behavior of peach shell at high temperatures
before the physico-chemical treatment, to determine the temperature’ limit for the syntheses,
and to determine the initial mass to be carbonized in order to obtain a significant quantity of

ACs 39, A temperature rate of 5 K/min was set bringing the precursors from room

temperature up to 1173 K (see Figure 2a,b).

10

10
_—— Deriv. Weight u Weight 100 ——— Deriv. Weight u —— Weight |10g
8 B _ 8|
S 80 IS 80
£ g
£ 6 g 26 2
£ 60 = & 60 =
o = ()] £
T , 2 T, 2
= 1 40 = = 40 =
= il - 2 \
] [ o] P
a2 AV 20 e 2 VAN 20
{ \ \ / )
. .’J \ - _ \
0~ — T 0 0~ - — 0
300 500 700 900 1100 300 500 700 900 1100

Temperature (K) Temperature (K)

Figure 2: a) Thermogravimetric analysis of raw material in inert environment (Nz); b) Thermogravimetric analysis of raw
material in oxidant environment (Air). For both measurements the key parameters are the following: Temperature rate: 5
K/min; Flux: 100 ml/min.

Looking at Figure 2a,b it is noticeable that, increasing temperature up to 1173 K, while in an
inert environment the mass loss it is only 69%, on the contrary, it reaches value around 99%

in an oxidizing one.

3.2 Optimization of the precursor: influence of the pre-treatment

To produce ACs samples using peach pits, starting precursor was considered as it is (whole
shells) and in other two different forms (powder and pellet) (see Section 2.1), then subjected
to carbonization and activation processes. In Table 2 the criteria used for naming the samples

and all key parameters applied during the pyrolysis are reported.

Table 2: Samples nomenclature and key pyrolysis parameters. The acronym assigned to the samples uses the information from
columns 2, 3, 4 and 5 only.

Sample name Raw Form Carbonization | Carbonization Activation

Activation | Activation |




material Gas range (K) temperature Gas time (min)
(K)
PPAC ws
PPAC_WS_N2_1173 | (PeachPit | (Whole
ACs) Shell)
PPAC POW
PPAC_POW_N2_1173 | (peach Pit N, 673-1173 1173 co, 60
(Powder)
ACs)
PPAC PEL
PPAC_PEL_N2_1173 | (peach Pit el
ACs) (Pellet)

By varying the form of the precursor and keeping the same experimental conditions (chosen
based on literature data and previous research activities on similar materials)3¢ for the three
different types, the goal was to understand which precursor has well developed porosity.

At the end of the synthesis procedure, the ACs samples obtained showed mass loss higher
than 80% (as reported in Table 3). The higher value compared with the one determined by
the TGA analysis of Erreur! Source du renvoi introuvable., it is due to the fact that in
addition to the inert gas Nz, also CO2, which is much more aggressive, was also used on the

sample during the activation process.

Table 3: Mass values before and after the synthesis process for PPAC_WS_N2_1173, PPAC_PEL N2 1173, PPAC_ POW_N2_1173
samples.

Sample name M, (g) M (g) Mass loss (%) | Yield (%)
PPAC_WS_N2_ 1173 9.72 0.76 92.16 7.84
PPAC_PEL_N2_1173 5.64 0.98 82.66 17.34

PPAC_POW_N2 1173 10.29 1.89 81.64 18.36

3.2.1 Textural characterization

To highlight possible textural differences among the synthetized ACs samples, evaluation of
SSA, PSD and VT were obtained by N2 adsorption/desorption characterization performed at

liquid nitrogen temperature up to 1 bar (see Figure 3a and 3b).
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Figure 3: Nitrogen adsorption/desorption isotherms for samples PPAC_WS_N2_1173, PPAC_PEL_N2_1173, PPAC POW_N2 1173
measured at 77 K: a) linear scale, b) semi-logarithmic scale.

PPAC_WS_N2_1173 sample isotherm shows a trend which, according to the IUPAC
classification*9.59.60, can be traced back to a Type I isotherm while PPAC_PEL_N2_1173 and
PPAC_POW_N2_1173 samples can be classified as Type I for low pressures values and Type IV
for relative pressure higher than 0.3-0.4 P/Po. A small hysteresis loop >° is visible for all
investigated samples.

The main difference among the three isotherms is related to the quantities of gas adsorbed, in
fact, the PPAC_WS_N2_1173 sample is associated to a reduced quantity of adsorbed gas
compared to samples PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 (Figure 3a and 3b). As
preliminary conclusions can be asserted: 1) PPAC_POW_N2_1173 and PPAC_PEL_N2_1173
samples have higher Vr and SSA than the PPAC_WS_N2_1173; 2) isotherms related to
PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 samples are comparable, both in form and
Nitrogen capacity, implying that the two samples have comparable textural properties. All the
textural properties are summarized in Table 4, while the Pore Size Distribution and the

Cumulative Pore Volume are shown in Figure 4.
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Figure 4: a) Pore size distribution for PPAC_ WS_N2_1173, PPAC_PEL__N2_1173, PPAC_POW_N2_1173 samples; b) Cumulative
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Table 4: Summary of samples textural properties and SSA derived from the Nz adsorption isotherms for PPAC_WS_N2_1173,
PPAC PEL N2 1173, PPAC_ POW_N2_1173 samples.

Vult = Vsup + Vmic = Vmes + VT =
Sample name 0.001 0.001 0.001 0.001 0.001 SSA
(cm3/g) | (cm3/g) (cm3/g) | (cm3/g) | (cm3/g) (m?/g)
PPAC_WS_N2_1173 0.181 0.127 0.308 0.026 0.334 789.2+2.3
PPAC_PEL_N2_1173 0.333 0.064 0.397 0.076 0.473 1080.4 £ 2.0
PPAC_POW_N2_1173 0.315 0.089 0.404 0.076 0.48 10753 +£2.3

Histograms representing the micro, meso and cumulative pore volumes for analyzed samples
(Figure S1a) and a more detailed distinction between ultra-micropores and super-micropores
within the micropores volume (Figure S1b) are presented. Looking in detail to the obtained
structural characteristics, it is possible to notice that the physical activation process is much
more effective for samples PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 rather than for the
PPAC_WS_N2_1173 sample.

In fact, the SSA values, obtained for the PPAC_WS_N2_1173 sample is clearly lower than those
for samples PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 (see Table 4).

Similarly, analyzing the porous structure of the samples, the total pore volume also turns out
to be higher for the PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 samples than for the
PPAC_WS N2 1173. The same trend is reflected also in the volumes associated with ultra-
micropores, super-micropores and mesopores that significantly increases (Table 4 and
Figures S1a, S1b). This implies that the physicochemical treatment to which the samples were
subjected appears to be significantly less effective on whole shells, as regards the
development of porosity.

The morphological and chemical characteristics of the samples obtained by SEM and EDX

analysis are shown in Figure 5 and Table 5, respectively.
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Figure 5: SEM images of samples (A) PPAC_ WS_N2_1173 (Scale bar = 2 um); B) PPAC. WS_N2_1173 (Scale bar = 100 nm); C)
PPAC PEL_N2_1173 (Scale bar = 2 ym; D) PPAC_PEL _N2_1173 (Scale bar = 100 nm; E) PPAC POW_N2_1173 (Scale bar = 2 ym;
F) PPAC_POW _N2_1173 (Scale bar = 100 nm).

The surfaces of the synthesized samples appear very irregular, rough, and highly porous. At
higher magnification, macropores and mesopores of variable shape can be observed (Figure 5
B,D,F).

These considerations appear to be in line with what was observed in the XRD analyzes (see
Figure S4) in which are not observed well-defined peaks within the spectrums, demonstrating
that no long-range crystalline orders are present. The information obtained from the EDX
analyzes that the synthetized ACs are amorphous carbon-based materials. This result appears
to be in line with what is present in the literature on samples of the same type and subjected
to similar synthesis procedure ©1.

The chemical composition of the synthesized ACs samples determined by EDX is reported in
Table 5, this is the result of several acquisitions carried out in different points of each sample

and averaged (see Tables S5-S13).

Table 5: EDX analysis of samples PPAC_WS_N2_1173, PPAC PEL_N2_1173, PPAC_ POW_N2_1173.

PPAC_WS_N2_1173 | PPAC_PEL_N2_1173 | PPAC_POW_N2_1173

Element| Avg. wt. % Avg.at. % | Avg. wt. % Avg. at. % | Avg. wt. % Avg. at. %

C 65.30 73.50 90.90 93.57 95.27 96.87
0] 28.73 24.33 7.63 5.87 3.63 2.77
K 5.03 1.73 0.60 0.20 0.77 0.23




By comparing the chemical composition of the untreated precursor (see Table 1) with the
synthesized PPAC_WS_N2_1173 sample (see Table 5), one can conclude that the
concentrations of carbon, oxygen and potassium are comparable, while the values related to
PPAC_PEL_N2_1173 and PPAC_POW_N2_1173 samples appear to be different, with a clear
depletion of oxygen with respect to carbon. It is noticeable that the carbonization/activation
process is not very effective on the sample deriving from the whole shell, having a chemical
composition similar to the one of the precursors (sample not subject to synthesis), while it
has a much greater impact on samples deriving from pellets and powder, with much higher
concentrations of carbon.

The EDX results are in line with the N adsorption data: 1) PPAC_PEL_N2_1173 and
PPAC_POW_N2_1173 samples, have similar TPV, SSA with a similar chemical composition; 2)
PPAC_WS_N2_1173 sample, associated with lower TPV and SSA, has a similar chemical to the

raw material prior the synthesis.

To study the functional groups, FTIR analysis were performed on all synthetized ACs samples
in the range of 850-3780 cm-1. The IR spectra in the ranges of 850-1850 cm! and 2650-3780

cm1 are shown in Figure 6a,b.
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Figure 6: a) FTIR spectra of PPAC WS_NZ2_1173, PPAC_ POW_N2_1173, PPAC_PEL_NZ2_1173 samples in the range of 850-1850 cm-
1,b) : FTIR spectra of samples PPAC_WS_N2_1173, PPAC_POW_N2_1173, PPAC_PEL_N2_1173 in the range of 2650-3780 cm-.1

The peaks relating to the C=0 stretching vibrations of carbonyl groups (1740 cm-1), to the C=C
stretching (1659 cm~1), to the C-O stretching (1380 cm™1), to the phenol or alcohol vibrations
(C-0-C) (respectively 1164 cm'! and 1118 cm1), and aromatic C-H in-plane deformation
(1050 cm1) are clearly observed in the samples similar to that of the raw material (Figures 1b
and 5b). The intensity of the peak at 1740 cm™! is very low for PPAC_POW_N2_1173. This can
be attributed to the activating agent-initiated bond cleavage or heat treatment process during
production of the ACs %

The IR spectra of the raw material (Figures 1 a,b) and of the synthesized ACS representing the
0-H stretching vibration of hydroxyl groups (3422 cm-1) and the C-H stretching vibration of



the aliphatic structures (2960, 2925 and 2850 cm1) are similar. While the aliphaticity of the
samples is very sensitive to carbonization and activation processes, leading to a significant decrease
in the intensity of asymmetric (2925 cm™*) and symmetric C-H stretching bands (2850 cm ™) ®. In
addition to the peaks present both in the synthesized ACs and in the raw material, after the
carbonization/activation processes new peaks appear. In particular (Figure 6a), a band at
1568 cm ' ascribed to C=0 stretching vibration of the carbonyl group and C=C stretching

vibration of the aromatic rings 64, and a band at 1461 cm " assigned to C-H bending 65.

3.2.2 Hydrogen adsorption analysis

Comparison of Hz adsorption/desorption isotherms of samples performed at 77 K, up to 1 bar

are depicted in Figure 7.
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Figure 7: H: adsorption/desorption isotherms of samples PPAC_ WS_N2_1173, PPAC POW_N2_1173, PPAC PEL_N2 1173
samples at 77 K up to 1 bar.

In agreement with the structural and chemical similarities for the samples observed, the
textural properties of PPAC_PEL_N2_1173, PPAC_POW_N2_1173 in terms of H>
adsorption/desorption show similar trend and storage capacity: 1) PPAC_WS_N2_1173
sample shows lower H; adsorption; 2) PPAC_POW_N2_1173 and PPAC_PEL_N2_1173 have

greater storage capacities as a function of relative pressure being very similar to each other
(see Table 6).



Table 6: H2 adsorption capacity of samples PPAC_WS_N2_1173, PPAC POW_N2_1173, PPAC_PEL_N2_1173 measured at 1 bar H2.

Sample name Experimental value of wt% at 1 bar £ 0.01
PPAC_WS N2 1173 1.43
PPAC_PEL_N2 1173 1.77
PPAC_POW_N2 1173 1.75

The determination of the parameters of the Toth model obtained through a fit procedure are
summarized in Table S29.

The Toth analysis confirms that at higher pressure (ideally to infinite), the sample with lower
performance is the PPAC_WS_N2_1173 while samples PPAC_PEL N2_1173 and
PPAC_POW_N2_1173 have comparable asymptotic and greater adsorption capacity (Wyqx~
4.1). It is noteworthy that, all samples show very low and similar value of t parameter (t ~
0.24) which is in agreement with the high heterogeneity of the samples as observed by SEM
and XRD analysis.

For each synthesized sample, the adsorption/desorption isotherms at room temperature up
to 1 bar were also acquired (see Figure S3), from which it is possible to observe excellent

reversibility of the processes, but low adsorption capacities.

3.3 Optimization of ACs synthesis procedure

After the pre-screening test of the raw material, the next step was optimization of the
synthesis procedure towards improving the ACs performance. In particular,
PPAC_PEL_N2_1173 sample turns out to be slightly better in terms of Hz adsorption capacity,
slightly higher SSA and ultra-micropore volume than the PPAC_POW_N2_1173. However, the
PPAC_PEL_N2_1173 synthesis procedure involves an extra step (palletization). The main
change in the synthesis procedure concerns the carbonization process. All previous synthesis
had a carbonization process carried out in an inert environment while the activation in an
oxidizing environment, but it is known from the literature that the use of CO2 during the
carbonization phase rather than N; can favor the formation of porosity, even at temperatures
lower than the activation temperature, since CO; is more aggressive than N; 6. Additionally,
while in the first part of this experimental work all synthesis parameters (such as activation
temperature, flow, activation time, etc.) were unchanged and the optimization concerned
mainly the type of precursor chosen, in the second part of the present experimental work the
precursor was kept fixed, and the activation temperature was changed, since it is known that

among the thermodynamic parameters inherent in the synthesis process, the most influential



one is the activation temperature ¢7. Starting by choosing an activation temperature of 973 K,
this was increased by steps of 100 K. The optimization process required increasing the
temperature until a sample with worse performance than the previous one is obtained.

More details on the carbonization and activation process are reported in the supporting
information (See tables S16-S17).

In Table 7, the criteria used for naming the samples and the key parameters applied during
the pyrolysis are reported.

Table 8 summarizes the mass loss values determined for each synthesis procedure.

Table 7: Samples nomenclature and key pyrolysis parameters. The acronym assigned to the samples uses the information from
columns 2, 3, 4 and 5.

Raw_ Carbonizatio | Carbonization Activation Activatio ACtlYﬂth
Sample name materia | Form n time
n Gas range (K) temperature (K) n Gas .
1 (min)
PPAC POW
PPAC_POW_C0O2_973 (Peach | (Powder CO2 673-973 973
Pit ACs) )
PPAC_POW_C0O2_107 PPAC POW
- 3_ - (Peach (Powder c02 673 -1073 1073
Pit A
itACs) ) co2 60
PPAC_POW_CO2 117 PPAC POW
- 3_ - (Peach (Powder c0o2 673 -1173 1173
Pit ACs) )
PPAC_POW_CO2_ 127 PPAC POW
- 3_ - (Peach (Powder Cc02 673 -1273 1273
Pit ACs) )

Table 8: Mass before and after the synthesis process for PPAC_POW_C02_973, PPAC_POW_C02_1073, PPAC_POW_C02_1173,
PPAC_POW_C02_1273 samples.

Sample name M, (g) M: (g) Mass loss (%) | Yield (%)
PPAC_POW_C0O2_ 973 10.33 3.00 71.01 28.99
PPAC_POW_CO2_1073 10.27 2.38 76.83 23.17
PPAC_POW_CO0O2 1173 10.28 1.17 88.66 11.34
PPAC_POW_CO2_1273 10.31 0.00 100.00 0.00

Considering the PPAC_POW_C02_1173 sample and the PPAC_POW_N2_1173 sample, these
were subjected to the same synthesis process, maintaining the same parameters, simply
varying the type of gas considered during the carbonization phase. In this context, a

comparison between the two samples allows to understand how the type of gas considered in




the carbonization phase affects the mass loss related to the ACs produced. It is possible to
observe that the mass loss related to the PPAC_POW_C02_1173 sample, i.e. 88.66% (See Table
8), is higher than that of the PPAC_POW_N2_1173 sample, i.e. 82.66% (See Table 3). This
evidence appears to be in line with what was determined in the thermogravimetric analyzes

(Figures 2a,b), i.e. that COz is more aggressive on the samples than the N».

3.3.1 Textural, bulk and surface characterization

By using the volumetric techniques as described in Section 2.1, the SSA, PSD and the Vr of the
samples were evaluated. Although four different syntheses were performed, only three
samples were analyzed since the final mass of sample PPAC_ POW_C02_1273 was zero.

The N; isotherms of the samples are presented in Figure 8.
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Figure 8: Nitrogen adsorption/desorption isotherms for PPAC_POW_C02_973, PPAC_POW_C02_1073, PPAC_POW_C02_1173
samples measured at 77 K: a) linear scale, b) semi-logarithmic.

The isotherms associated with PPAC_ POW_C02_973 and PPAC_ POW_C0O2_1073 samples, can
be identified as Type [(a) according to IUPAC classification. In fact, they exhibit a rapid uptake
at low pressures, due to the interactions between the gas and the micropores reaching a
plateau at higher pressures 8. This result provides preliminary information on their PSD
indicating variation of pores and a low amount of pores greater than 2 nm 8. On the other
hand, for the PPAC_ POW_C02_1173 sample, a Type I(b) isotherm represents the rapid uptake
at low pressures due to the presence of micropores, but not reaching the plateau at high
pressure, indicating a greater presence of mesopores ©8.

Figure S2a, S2b show a comparison of micro, meso and cumulative pore volume for all
samples, and comparison of ultra, super and micro pores volume, respectively, while in Figure

9a and 9b are reported the total pore volume and cumulative pore volume respectively.



w
=)
o
2

PPAC_POW CO2 973
-~ PPAC_POW_CO2 1073
- PPAC_POW_CO2_1173

- PPAC_POW_CO2 973
- PPAC_POW_CO2_ 1073
- PPAC_POW_CO2_1173

N

%]
e
~

o
o

™~

o
T
°
w

\.

0 1.0 i

Qe
N
-,

Pore Size Distribution (cm3/g/nm )
&
Cumulative Pore Volume (cm3/g/nm )
o o
— kS

g
o
»

6 7 89 2 3 4 5 6 7 89 2 S 6 7 89 2 3 4 5 6 7 8 9 2
1.0 10.0 1.0 10.0

Pore width (nm) Pore width (nm)

Figure 9: a) Pore size distribution for PPAC_POW_C02_973, PPAC_POW_C02_1073, PPAC_POW_C02_1173 samples; b) Cumulative
pore volume for PPAC_POW _C02_973, PPAC_POW_C02_1073, PPAC_POW_C02_1173 samples;

All the structural properties of the samples are summarized in Table 9.

Table 9: Textural properties and SSA derived from the N2 adsorption isotherms for PPAC_POW_C02_973, PPAC_POW _C02_1073,
PPAC_POW_C02_1173 samples.

Vure + Vsup .= Vmic £ Vmes Vr#
0.001 0.001 0.001 0.001 0.001 SSA
Sample name (cm3/g
(cm?/g) | (cm3/g) | (cm3/g) | (cm3/g) ) (m?/g)
PPAC_POW_CO2_973 0.084 0.061 0.145 - 0.145 335.2+2.2
PPAC_POW_C0O2_1073 0.266 0.003 0.269 - 0.269 | 682.5+1.3
PPAC_POW_CO2_1173 0.288 0.216 0.504 0.089 0.593 | 1316.8+3.6

The volume related to ultra-micropores increases as the activation temperature increases; the
same trend can be observed for total micropores and for the total pore volume.
PPAC_POW_CO2_1173 sample has the largest amount of super-micropores, however, the
super-micropores volume does not follows the same trend as the ultra-micropores, since
PPAC_POW_CO2_973 has a higher volume than the PPAC_POW_C02_1073. This can be justified
by noting that in the PPAC_POW_C02_1073 sample there is an increase in ultra-micropores,
consequently in the PPAC_POW_C02_1073 sample; the CO2 is more effective in the formation
of ultra-micropores instead of super-micropore.

By further increasing the activation temperature, an increase in ultra-micropores, associated
with a rapid increase in super-micropores and mesopores can be noticed, consequently it is
possible to state that at 1173 K, CO; interacts in a more aggressively way with the surface,
creating wider pores, i.e. mesopores, which can favor the formation of super-micropores ©°.
Additionally, also the SSA value associated with each sample increases as the activation

temperature increases (see Table 9). From structural point of view, it can be concluded that




the best sample is the PPAC_POW_C02_1173 one since it has higher SSA than the other two,
moreover, not only the total pore volume but also the volumes of ultra, super and mesopores

are greater.

Figure 10: SEM images of sample (A) PPAC_POW_C02_973 (Scale bar = 2 uym); B) PPAC_ POW_C02_973 (Scale bar = 100 nm; C)
(C) PPAC_POW_C02_1073 (Scale bar = 2 um); D) PPAC_POW_C02_1073 (Scale bar = 100 nm); E) PPAC_POW_C02_1173 (Scale
bar = 2 ym; F) PPAC_ POW_C02_1173 (Scale bar = 100 nm).

SEM images of the optimized sample are shown in Figure 10. Highly rough and amorphous
surfaces are observed, with no evident order. However, these samples are highly porous, with
pores of different shapes and sizes.

What was said in section 3.2.1 regarding EDX analyzes is also valid for these samples. In fact,
observing the EDX spectra inherent to the new synthesized ACs (see Figure S5), not even in
this case is it possible to distinguish long-range lattice orders.

The chemical composition of the ACs samples is summarized in Table 10 and Tables S20-S28.

Table 10: Chemical composition of samples PPAC_ POW_C02_973, PPAC_POW_C02_1073, PPAC_ POW _C02_1173 measured by
EDX.

PPAC_ PPAC_ PPAC_
POW_CO2_973 POW_CO2_1073 POW_CO2_1173

Element | Avg. wt. % Avg. at. % | Avg. wt. % Avg.at. % | Avg. wt. % Avg. at. %

C 93.63 95.60 96.03 97.37 95.17 96.73

0] 5.20 4.00 3.10 2.37 3.87 2.97




‘ K ‘ 0.53 0.13 0.57 0.20 0.50 0.17

Both the atomic concentration and the weight of the samples are comparable to each other,
and similar to those shown in Table 5 for the PPAC_POW_N2_1173 sample. Based on this
observation, one can conclude that the activation temperature, barring small fluctuations,
does not substantially change the chemical composition of the samples produced and the type
of gas considered during the carbonization phase does not cause significant changes. The

FTIR spectra of the samples are shown in Figures 11 a,b .
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Figure 11: FTIR spectra of samples PPAC_POW_C02_973, PPAC_POW_C02_1073, PPAC_.POW_C02_1173 samples in the range
of (a) 850-1850 cm! and (b) 2650-3780 cm-1.

The IR bands observed in the spectra of samples PPAC_WS_N2_1173, PPAC_POW_N2_1173,
PPAC_PEL_N2_1173 (Figures 11 a,b) and for the carbonized samples in CO2 show the same
peaks previously observed in Figures 6 a,b . This observation allows to state that the use of
CO2 during the carbonization process rather than N2, does not lead to the formation of new

functional groups which is in line with the EDX analyses.

3.3.2 Hydrogen adsorption analysis

H> adsorption results of the samples measured at 77 K up to 1 bar are reported in Figure 12. A
well-defined trend of the Hz adsorption as a function of the activation temperature can be
observed. The amount of Hz absorbed increases as the activation temperature increases. The
results are also summarized in Table 11; the maximum experimental adsorption values

obtained at the pressure of 1 bar for each sample are reported.
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Figure 12: Hz adsorption isotherms of samples PPAC_POW_C02_973, PPAC_POW_C02_1073, PPAC_POW_C02_1173 measured at
77 K up to 1 bar.

Table 11: Maximum experimental adsorption HZ2 capacity of samples PPAC_POW_C02_973, PPAC_POW_C02_1073,
PPAC_POW_C02_1173 measured at 1 bar.

Sample name Experimental value of wt% at 1 bar £ 0.01
PPAC_POW_C02 973 0.95
PPAC_POW_CO2_1073 1.38
PPAC_POW_C0O2_1173 1.85

Table S29 shows the values of the three Toth fit parameters obtained for the different
samples.

The Toth fit results show that as the activation temperature increases, the value associated
with the wt%wmax increases too, the most performing sample is the PPAC_POW_C02_1173
which reaches a value of 5.17 wt%wmax which is far exceeding the values achieved by the other
two samples. Moreover, it is noticeable that it decreases as the activation temperature
increases. This result can be interpreted as a decrease in surface homogeneity, as a matter of
fact that parameter become gradually low reaching t~0.25 at a temperature of 1173 K. Such
behavior can be justified by considering that, even the amorphous carbons do not have a long-
range surface order, they may have shallow short-range reticular orders 79, consequently, it

can be assumed that by increasing the activation temperature, the superficial short-range



orders are also lost. In summary, from both textural and adsorption results one can see that
the best sample is PPAC_POW_C02_1173. It has the highest SSA equal of 1317 m?/g and of
1.85 wt% H: capacity at 1 bar; the experimental results are in a good agreement with the Toth
fit, i.e. an asymptotic storage capacity of 5.17 wt%wmax . Following the above conclusions, it is
possible to justify why a synthesis was also carried out at 1273 K. Noticing that the adsorption
capabilities increase as the activation temperature increases, the process optimization needs
to iterate the synthesis procedure, increasing the activation temperature until it reaches 1273
K, and a total degradation of the sample is observed.

Also in this case, H, adsorption measurements were acquired at room temperature up to 1
bar and the considerations that can be made are similar to those reported in Section 3.2.2, in
fact, as can be seen from Figure S6, the samples show excellent cyclicity, but low adsorption
capacity.Once the best sample among those synthesized was determined, i.e.
PPAC_POW_C02_1173, further analyzes were carried out on this to obtain a more complete
and detailed characterization.

First of all, the associated isosteric heat of adsorption (AH,;s) was calculated using the
Clausius-Clapeyron relationship (see equation Eq.1)71, starting from three adsorption
isotherms at three different temperatures (77 K, 279.65 K, 285.65 K) up to 1 bar, evaluating

the slope of the Arrhenius plot at constant coverage.

dIn(P)
AHgas = —R (W) ()
T/ wt%

Since the main goal is to study molecule-surface interactions, it is interesting to focus on low
coverages. For this reason, AH,,, has been evaluated up to a coverage equal to 0.01 wt%.

Figure 13 shows the result of the calculation carried out on the PPAC_POW_C02_1173 sample,
in which an average value of AH,45 = 9.07 % is reached. The very low value determined by

the analysis implies that the gas-surface interaction that takes place is exclusively physical


https://www.sciencedirect.com/topics/engineering/arrhenius-plot
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Figure 13: Isosteric heat of adsorption of PPAC_POW_C02_1173 up to 0.01 wt% derived from three different temperatures (77 K,
279.65 K, 285.65 K) in blue and the related error bar in red.

Secondly, the PPAC_POW_C02_1173 sample was subjected to high pressure adsorption
measurements (up to 80 bar) both at 77 K and at room temperature. Each measurement was
repeated three times per day, for two days, for a total of twelve measurements (six at 77 K
and six at room temperature), in order to evaluate the cyclicality of the process. After the
three measurements of each day, the sample has been degassed at 473 K for 12 hours.

Focusing on the first adsorption/desorption measurement acquired at 77 K up to 80 bar (see
Figure 14 a), it is possible to observe excellent storage capacities even at high pressures,
reaching a value of 3.45 wt%, and an extremely reduced hysteresis.
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Figure 14: a) First adsorption/desorption measurement up to 80 bar at 77 K on PPAC_POW_C02_1173 sample; b) All six
adsorption measurement up to 80 bar at 77 K on PPAC_POW_C02_1173 sample. The triangles refer to the measurements taken
on the first day, while the squares refer to the measurements taken on the second day.

Analyzing all the adsorption measurements acquired at 77 K (see Figure 14 b), it is possible to
observe high reversibility of the processes, in fact, even if H, maximum storage capacity is




reached in the first measurement of each day (3.45 wt% at 80 bar), this reduction in the other
measurements is relatively small (the third of the first day reaches a value of 3.14 wt% at 80
bar). This evidence is observed for both days of measurement.

In addition to what has been said so far on the cyclical nature of the process, it is also possible
to note from Figure 14b that the degassing process, which occurs between the first three
measurements and the second three, restore the sample to its initial condition, allowing it to
adsorb in the fourth measure the same quantity of gas as the first measurement.

The same analysis was then done on the measurements acquired up to 80 bar at room
temperature.

Figure 15a shows the first adsorption/desorption isotherm acquired up to 80 bar at Room
Temperature. This has a low storage capacity at room temperature (0.28 wt% at 80 bar), but
a very low hysteresis, indicating excellent reversibility of the process.

Figure 15b compares the six adsorption isotherms acquired for the PPAC_POW_C02_1173
sample during the two days of analysis up to 80 bar at room temperature. Also in this case, it
is possible to observe excellent cyclicity in the adsorption processes, since that the isotherms
acquired during the various measurements are very similar to each other.
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Figure 15: a) First adsorption/desorption measurement up to 80 bar at room temperature K on PPAC_POW_C02_1173 sample; b)
All six adsorption measurement up to 80 bar at room temperature K on PPAC_POW_C02_1173 sample. The triangles refer to the
measurements taken on the first day, while the squares refer to the measurements taken on the second day.

4. Conclusion

In this study, the influence of different raw materials on porosity formation and precursor
selection for ACs was investigated. Three samples were synthesized using peach pit whole
shells, powdered, and pelletized forms. Among them, the powdered precursor
(PPAC_POW_N2_1173) showed the best structural characteristics and H: adsorption
performance. Building upon these initial results, the synthesis process was further optimized
to enhance porosity and Hz adsorption capacity. By replacing the inert (N2) carbonization
atmosphere with an oxidizing (CO2) atmosphere and varying the activation temperature,
significant improvements were achieved in the textural properties (SSA and VT) by 22.5%
and 23.5%, respectively. The best activation temperature was determined to be 1173 K,
resulting in the PPAC_POW_C02_1173 sample with a high Hz adsorption capacity of 1.85 wt%
at 1 bar and 77 K and a surface area of approximately 1316.8 m?/g, but not excellent storage



capacity up to 1 bar at room temperature. This material exhibited a highly microporous
structure, with associated volumes superior to the previously synthesized samples. The EDX
analysis confirmed a higher carbon content with increasing temperature and a low presence
of oxygen and XRD measurements confirmed the amorphous nature of the treated materials.

FTIR analysis revealed the formation of new surface functional groups during the
carbonization/activation process that were not present in the raw material. Importantly, gas
variations during carbonization did not lead to the formation of new surface functional
groups.

The optimization of the ACs synthesis process successfully produced a nanoporous structure
with pores diameter < 2 nm, significantly improving H; adsorption capacity.

By comparing the structural properties (SSA and TPV) and the H; adsorption uptake at 77 K
up to 1 bar (wt%) of the best of the synthesized samples, i.e. PPAC_POW_C02_1173, with
similar materials (carbon-based materials subjected to physical activation) present in the
literature, it is possible to note that PPAC_POW_C02_1173 sample presents comparable
values of SSA and TPV, if not higher, moreover it shows excellent performances also in terms
of H, storage capacity. A comparison between PPAC_POW_C02_1173 sample and similar ACs
reported in the literature is reported in Table S30.

Further high pressure analysis, up to 80 bar at 77 K on the PPAC_POW_C02_1173 sample,
showed good H, storage capabilities reaching a value of 3.45wt%. By repeating the
measurements several times, an excellent cyclicity of the sample in the adsorption processes
was also observed. Cyclicality also observed in the measurements carried out at room
temperature, although with reduced storage capacities.

In conclusion, this research has shed light on the importance of precursor selection,
carbonization atmosphere, and activation temperature in tailoring the structural and
adsorption properties of activated carbons. The findings contribute to the development of
advanced materials with potential applications in H, storage and other related fields. Thus,
the synthesized ACs exhibit interesting storage properties, making them promising materials
for the development of environmentally sustainable materials. In particular, the great value of
these materials lies in the type of precursors selected, which from a circular economy
perspective, allows the recovery of waste materials, transforming them in a new possible
resource, capable of being exploited in different application fields in the coming years.

Supporting information

Supporting Information contains a series of tables and figures that adds further information at
the experimental analysis and procedure.

e Tables:
o S1-S13, S20-S28 refer to the individual EDX analyzes;
o S14,S16-S19 refer to the synthesis parameters used in the synthesis;



o S15, S29 refer to the parameters obtained from the Toth fit;
oS30 compares different ACs properties present in the literature;
e Figures:
o Sland S2 refers to the histograms of pore volume;
o S3,S6 represent the adsorption/desorption isotherms at room temperature up to 1
bar;
oS4 and S5 refers to the XRD analysis;
o S7 refers sample before (Peach pit) and after (ACs) treatment.
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