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Abstract

Avocado waste, which includes the peel and seed, is a promising biomass source for highly porous materials crucial to
establishing an economical and efficient hydrogen economy. Hydrothermally pre-treated avocado waste was explored as a
precursor for biocarbon optimized for hydrogen storage, employing the design of experiment to vary activation temperature
and impregnation ratio. The resulting optimized biocarbon, synthesized at 800 °C with a 1:3 impregnation ratio, exhibited
appreciable hydrogen uptake at 77 K and 1 bar, surpassing some reported literature values. Notably, the optimized biocarbon
(ACy), hydrothermally pretreated at 200 °C, demonstrated a remarkable 3.07 wt% hydrogen uptake, attributed to its narrower
micropores facilitating extensive adsorption. The study employed a modified Langmuir model incorporating homotattic patch
approximation for a universal isotherm model, providing insights into the surface characteristics of the optimized biocarbon
in terms of adsorption site availability and energy distribution. The modeling offers insight into the heterogeneous surface
characteristics, specifically regarding the availability of adsorption sites, elucidating the distinct behavior exhibited by each
optimized biocarbon.
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Abbreviations RSM Response surface methodology
ANOVA Analysis of variance SA Surface area

BET Brunauer-Emmett-Teller SEM Scanning electron microscopy
CCD Central composite design XRD X-ray diffraction

DoE Design of experiment

EDF Energy distribution function

EDX Energy dispersive X-ray analysis 1 Introduction

FTIR Fourier transform infrared

HCl Hydrochloric acid Sustainable energy development driven through shrewd
HPA Homotattic patch approximation energy policies can fortify the economy and improve social
HTC Hydrothermal carbonization welfare. At the same time, the population’s safety and secu-
KOH Potassium hydroxide rity are strengthened, and the environment is conserved
NLDFT Non-local density functional theory through pollution reduction [1]. Energy is crucial for the
PSD Pore size distributions growth and long-term viability of any economy. It drives
PV Pore volume manufacturing, business, transportation of goods, and the
R? Coefficient of determination delivery of services in the country. The energy industry
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plays a crucial role in driving both the economic and social
growth of South Africa [2].

The global energy landscape is marked by a significant
reliance on fossil fuels [3]. This dependence has resulted in
significant progress in economic and industrial endeavors,
albeit at the expense of significant environmental deteriora-
tion. Fulfilling the current energy needs entails guaranteeing
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a consistent and dependable energy supply and tackling
the environmental consequences of energy generation and
usage. This necessitates developing and adopting cleaner,
renewable energy sources that provide sustainable solutions.

Renewable energy sources, including solar, wind, hydro,
geothermal, and biomass, have notable benefits compared
to fossil fuels. They are abundant, environmentally friendly,
and have minimal greenhouse gas emissions during opera-
tion [4]. Incorporating renewable energy sources into the
worldwide energy portfolio is essential for diminishing reli-
ance on non-renewable resources, decreasing greenhouse
gas release, and alleviating climate change’s impact.

Among the various renewable energy sources, biomass
stands out due to its unique attributes and potential for wide-
spread application [5]. Biomass energy is obtained from
organic materials such as plant and animal waste, agricul-
tural wastes, and forestry by-products [6]. Porous carbon
materials derived from biomass have demonstrated signifi-
cant potential. These materials, derived from biomass waste,
possess large specific surface areas, tunable pore structures,
and exceptional adsorption capabilities, making them suit-
able for hydrogen storage applications [5].

Hydrogen, as a clean energy carrier, has the potential
to play a significant role in the transition to a sustainable
energy future. Hydrogen is a cleaner and safer option with
enormous energy potential. Hydrogen can be generated from
renewable energy sources (such as solar, wind, and biomass)
and converted to power in fuel cells, emitting just water and
no greenhouse gases or other pollutants [3]. However, the
absence of affordable storage options hinders the widespread
adoption of hydrogen. This has a lot to do with the low den-
sity of hydrogen. Several other solutions for using hydrogen
as a fuel are currently being explored. Hydrogen storage in
adsorbent materials is a promising option. Adsorbents for
this purpose must have extremely specific attributes depend-
ing on the temperature and physical state of storage in which
they will be used.

Activated carbons are viable adsorbents for hydrogen
storage due to their low cost, large surface area, and ease
of synthesis [7]. Pyrolysis of a carbonaceous feedstock pro-
duces char with a basic pore structure, which is then acti-
vated chemically or physically to increase porosity. Over the
past decade, porous carbon materials derived from biomass
waste have seen diverse applications. Activated carbons from
biomass waste have been widely studied as hydrogen storage
material [8—12]. Ariharan et al. [13] demonstrated that bio-
mass-derived porous carbon, through simple carbonization,
is a superior material suitable for hydrogen storage and uti-
lization in supercapacitors. Carbon products from biomass
pine nutshells showed high surface area, large pore volume,
and excellent electrochemical performance as supercapaci-
tors [14]. These materials’ highly developed porous structure
makes them attractive for storage applications.
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Studies on hydrogen storage utilizing activated carbon
derived from biomass have demonstrated encouraging
outcomes in terms of increased surface area, porosity, and
storage capabilities. Research has concentrated on using
several types of biomasses to synthesize activated carbons
with remarkable hydrogen storage capacities. Activated car-
bons from pinecones, synthesized through dehydration at
453 K followed by KOH activation in varying ratios, exhibit
significant hydrogen storage properties. The resulting acti-
vated dehydrated pinecone powders achieved a remarkable
gravimetric capacity of 5.5 wt% at cryogenic temperature
and 80 bar [12]. Porous carbon produced from food waste
by hydrothermal carbonization at 220 °C and KOH activa-
tion at 800 °C resulted in a surface area of 2885 m%/g and a
pore volume of 1.93 cm®/g. The hydrogen storage capacity
increased from 4.53 to 6.15 wt% when the KOH/hydrochar
ratio was increased from 2:1 to 4:1 [15].

Using KOH as an activating agent in synthesizing porous
carbons from onion peel waste results in activated carbons
with diverse morphologies and high surface areas. These
activated carbons possess a sheet-like structure. The sam-
ple with the highest surface area of 3150 m%/g and a pore
volume of 1.64 cm?/g also exhibited the highest hydrogen
storage capacity, at 3.67 wt% at 77 K and 1 bar [16]. Porous-
activated carbon from crushed Palimera sprout, carbonized
and activated at 900 °C, showed a specific surface area of
2090 m? g”! and a pore volume of 1.44 cm® g™!. These prop-
erties resulted in a gravimetric hydrogen storage capacity
of 1.06 wt% at 298 K and 15 bar [17]. Activated porous
carbons derived from bark and camellia shell using KOH
and a mixed chemical pre-treatment showed significantly
enhanced properties, with surface areas of 2849 m? g™! and
pore volumes of 1.08 cm® g™!. These carbons achieved nota-
ble hydrogen storage capacities of up to 3.01 wt% at 77 K
and 1 bar and 0.85 wt% at room temperature [11]. Overall,
the research status on biomass-based activated carbon for
hydrogen storage shows promise for future practical use.

In 2019, global avocado production exceeded 7.18 million
metric tonnes, increasing from 6.77 million in 2018. South
Africa ranks as the world’s 12th-largest producer of avoca-
dos [18]. Avocado’s global output is predicted to increase
between 2010 and 2030 as people become more health-con-
scious because of its health benefits [19]. As production out-
put and demand increase, so does the waste generated during
manufacturing and processing. Due to rigorous government
requirements and a scarcity of landfill space, disposing of
industrial waste has become increasingly challenging. In
South Africa, regulations such as landfill levies are enforced
to reduce the quantity of solid waste deposited in landfills.
The increased expense of conveying a bulky and moist sub-
stance drives up the cost of landfilling even more. This gives
an opportunity, especially considering the increased interest
in the bio-economy, to develop value-added products such as
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activated carbons from avocado waste to become adsorbents
for hydrogen storage applications.

Our literature analysis indicates no studies have been
published on using avocado waste as a feedstock for porous
carbon for hydrogen storage. Previous studies have demon-
strated that activated carbons derived from avocado waste,
specifically the seed and peel, may effectively eliminate vari-
ous emergent organic compounds [20], facilitate microex-
traction [21], remove phenol from water [22] and aqueous
solutions [23], adsorb ammonia [24], eliminate dyes [25],
and extract fluoride from groundwater [26].

The design of experiment (DoE) approach optimizes
carbonization and activation processes by evaluating the
interaction between multiple parameters [27], unlike the
traditional one-variable-at-a-time method, which is time-
consuming. Previous studies [27-30] have used DoE for
optimizing activated carbon.

This study explores the potential of avocado waste as a
feedstock for producing highly porous carbons for hydrogen
storage, addressing the growing need for sustainable energy
solutions and waste management. The study uses the design
of experiment (DoE) method to optimize the activation pro-
cess, evaluating multiple parameters simultaneously. By
incorporating hydrothermal pre-treatment, the study seeks
to enhance the efficiency and effectiveness of the activation
processes. This study represents the first application of the
DoE method to avocado waste for hydrogen storage, high-
lighting its innovative approach and contribution to sustain-
able energy development.

2 Materials and methods
2.1 Sample collection and preparation

Avocado waste, comprising peel and seed, was collected in
an airtight sample bag from an avocado processing plant in
Limpopo, South Africa, and was appropriately labeled for
accurate identification. The avocado waste was dried under
laboratory conditions for 48 h. After drying, the sample was
ground and sieved to an average 100-200 um particle size.
The resulting powder was stored for characterization and
hydrothermal carbonization.

2.2 Hydrothermal pre-treatment

Avocado waste underwent hydrothermal pre-treatment at
varying temperatures to enhance its suitability as a precur-
sor for activated carbon. A Berghof stirred pressure reac-
tor, whose contents were stirred at 250 rpm, was used for
hydrothermal pre-treatment. The biomass-to-water ratio was
kept at 0.125, and the reaction temperature varied between
180 C, 200 °C, and 220 °C. Retention time was kept constant

at 6 h (Masoumi et al., 2021). Following the reaction, the
reactor was allowed to cool before the content was emp-
tied onto a filter paper and allowed to separate the liquid
and solid contents. The solid content was dried and stored
for analysis. The hydrochars obtained were labeled HC g,
HC,, and HC,,,,.

2.3 Activated biocarbon preparation

Activation was carried out using a suitable activating
agent—potassium hydroxide (KOH)—and applied at vary-
ing impregnation ratios. The hydrochar (HC,,) with the
highest surface area was selected as the precursor for the
experiments in line with the experimental design. The acti-
vation temperatures varied from 700 to 900 °C, and the
KOH-carbon precursor weight ratio varied from 1:1 to 3:1,
respectively, to examine how they affected the properties
of the resulting activated carbon. The material was cooled
to room temperature under nitrogen gas flow after activa-
tion. The samples were washed using 1 M hydrochloric acid
(HCI) and distilled water. The washed samples were dried at
105 °C in an oven overnight to obtain activated biocarbons.

2.4 Design of experiments (DoE)

The response surface methodology (RSM) has received con-
siderable scholarly interest as a highly effective optimiza-
tion technique. By utilizing the RSM method and a central
composite design, the system was constructed to reduce the
number of experiments [31, 32]. This statistical method
facilitates the development and examination of empirical
data, providing an efficient way to understand the correla-
tion between analyzed parameters and system response,
especially when used in conjunction with central composite
design (CCD). RSM enables the examination of parameter
interactions, resulting in cost and time savings [33]. The
central composite was designed to fit a quadratic polynomial
model with the fewest number of experiments, allowing for
the evaluation of the interaction between process parameters
and identifying the major component for response optimi-
zation. The chosen parameters, including activation tem-
perature and impregnation ratio, as shown in Table 1, were
systematically varied to evaluate their impact on the final
activated carbon’s characteristics.

These experimental parameters were combined, and
the effect of their combination was evaluated using three
response parameters: the BET surface area (Sggt), pore
size, and hydrogen uptake at 77 K and 1 bar. The selected
responses enabled the screening of materials in an effi-
cient, high-throughput manner. The BET surface area is
a dependable indicator of hydrogen absorption patterns
among materials of the same group, providing a practical
estimation of the number of adsorption sites [34, 35]. Prior
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Table 1 Factors and levels of

. . Factor Units Type Coded low Minimum value Coded high Maxi-  Mid-point
experimental central composite mum
design value
Activation temperature °C Numeric -1 700 +1 900 800
Impregnation ratio Numeric -1 1 +1 3 2

studies have also shown a good correlation between gas
sorption and the average pore size [27, 36-38]. As a result,
the experimental design used BET surface, pore size, and
hydrogen uptake as screening criteria to evaluate the per-
formance of the synthesized carbon materials.

Design Expert Version 11.1.2.0 (Stat-Ease Inc., Minne-
apolis, USA) was used to evaluate the data. The quadratic
polynomial model is often used to fit experimental data in
RSM [31, 39]. The effect of factors was determined by fitting
a quadratic polynomial model according to the equation (1):

k k k k
y=Fo+ D BXi+ D D BXX DY BiX +e 1)
i=1 i=1

i=1 j=1

where y represents the response, x is the process factors, o
denotes a constant term, f terms represent the model param-
eters, and e represents the residual response variation [27].
By ascertaining numerical values for model parameters (),
the influence of each factor on the measured response was
determined, as well as how these factors interacted to affect
the response as a whole to ascertain the optimal process
conditions [40].

2.5 Characterization methods

The proximate analysis of the avocado waste and hydro-
chars was conducted in accordance with the ISO 11722,
1171, and 562 standards [41], using a Leco TGA 701.
The ultimate analysis of the sample (C, H, N, S, and O)
was evaluated using LECO TruSpec CHN equipment and
LECO Sulphur Analyzer, following ISO 12902 and ISO
19579 standards [42], respectively.

SEM/EDS analysis of the hydrochars and synthesized
activated biocarbon was carried out using a Carl Zeiss
Sigma Field Emission Scanning Electron Microscope
(SEM) equipped with an Oxford X-act EDS detector.
X-ray diffraction (XRD) was conducted using a Bruker
D2 phaser equipped with Cu-Ka radiation (A =1.5405 A),
operating at 30 kV and 10 mA. Fourier transform infrared
(FTIR) spectra were obtained using a PerkinElmer Spec-
trum 2 FTIR spectrometer. The surface area, pore volume,
and pore size distribution were measured by analyzing
nitrogen adsorption—desorption isotherms at 77 K using
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the Anton Paar Autosorb iQ instrument (Quantachrome
Instruments, USA).

2.6 Hydrogen adsorption studies

The synthesized activated biocarbons produced were tested
for hydrogen sorption at 77 K and 1 bar using Anton Paar
Autosorb iQ. Adsorption tests were performed after degas-
sing 0.1 g of each sample for 10 h at 200 °C [43]. Multiple
samples synthesized under different conditions were tested
to identify optimal parameters for enhanced hydrogen stor-
age performance.

2.7 Modeling

The universal adsorption isotherm model developed by Ng
et al. [44] was used to predict the adsorption behavior of the
activated biocarbons. The model, a unified approach for the
adsorption isotherm, is an improvement of previous adsorp-
tion models that could only accurately represent a particu-
lar region of adsorption but failed to predict other regions
universally. The model combines three components: (i)
homotattic patch approximation (HPA), (ii) updated Lang-
muir model, and (iii) fractional probability factor for the
distribution of site energy sets. This universal model aims
to simplify the process of adsorption on a complex and het-
erogeneous porous surface [44].

The heterogeneous surface of the adsorbent is represented
by smaller homogeneous surfaces that are assumed to have
the same energy level within each site. Each homogene-
ous surface was defined through the adsorption site energy
distribution function (EDF). The probability of an adsorp-
tion site indicated the localized adsorption uptake within
the monolayer. This depends on the type of pores in the
layer. A fractional probability component was included to
account for changes in the multi-layer formation. This fac-
tor indicates the proportion of the total surface covering or
energy distribution of each pore size or adsorbate layer in
the formation [44].

The assumption was that there would be just one mol-
ecule per adsorption site, and a homotattic patch approxima-
tion would be used. The adsorption capacity at a uniform
patch/surface is presented in equation (2)
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0(¢;) = 2)

where n; represents the number of molecules and s; the
local adsorption sites available. As a consequence, the total
adsorption uptake available at an adsorbent surface is given
in equation (3):

N, o
0=3 = 2 0 3)

where N, represents the total number of adsorbed molecules
and S, the total number of available sites.

According to Ng et al. (2017), Type-VI isotherm energy
distributions have four peaks, so four probability fac-
tors are used to express the energy distribution functions,
a, + a, + a3 + @, = 1. However, two terms are sufficient for
a Type-1V isotherm as shown in equation (4).
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where 0, is the total adsorption uptake, a the probability
factor, and p, is the saturation pressure at the maximum pos-
sible uptake by an adsorbent,

Equation 4 is an expanded form of Eq. 3, without the
intermediate steps, to reflect the number of sets of adsorp-
tion sites available and their distributions in an isotherm.
Two terms for Type-I to Type-V isotherms and four terms
for Type-VI isotherms but less or more than four terms can
be used for Type-VI isotherms considering the complexity
of the multi-layer behavior. [44].

3 Results and discussion
3.1 Avocado waste characterization

Table 2 shows the results of the avocado waste proximate,
ultimate, and total sulfur analysis. The results of proximate
analysis for avocado waste show crucial properties that
make them potential precursors of activated carbon. It has
an 8.68% moisture and 12.95% fixed carbon. Low moisture
content is generally preferred to enhance the efficiency of
the carbonization process and improve the yield of activated
carbon [45]. A high volatile matter content of 76.15% is

Table 2 Proximate, ultimate, and total sulfur analysis of the avocado
waste sample

Analysis Avocado waste

Proximate analysis (Wt%)

Moisture content 8.68
Volatile matter 76.15
Fixed carbon 12.95

Ash 222
Ultimate analysis (wt%)

Carbon 43.69
Hydrogen 6.17
Nitrogen 1.10
Oxygen 49.04
Sulfur 0.00

beneficial as it promotes the formation of a more porous
structure in the resulting char [46]. The low ash content of
2.22% is favorable as high ash content can impede the devel-
opment of porous structures by blocking pores and reducing
the available surface area for adsorption [45]. From the prox-
imate analysis, it can be seen that avocado waste is a viable
feedstock for synthesizing high-porous carbon materials.
This is consistent with results from other biomass sources,
strengthening the argument for using agricultural waste for
sustainable carbon materials [47].

The ultimate analysis of avocado waste material provides
valuable insights into its elemental composition, which is
crucial for understanding its potential applications. The
results obtained from the ultimate analysis are shown in
Table 2. According to the results, the avocado waste has a
high percentage of carbon and oxygen and a low amount of
hydrogen and nitrogen. This composition agrees with the
high starch content in avocado seeds reported by Bressani
et al. [48].

The carbon content of 43.69% observed in the avo-
cado waste sample suggests its potential as a carbon-rich
feedstock. The high carbon content shows the presence of
organic carbonaceous materials in avocado waste, which
can serve as precursors for carbonization processes [49].
Hydrogen storage in porous carbon materials relies on phy-
sisorption, where hydrogen molecules are attracted to and
held onto the surface and pores of the carbon matrix [50].
The presence of nitrogen (1.1%) and oxygen (49.04%) in the
avocado waste sample can enhance hydrogen adsorption by
providing more surface sites and promoting polar interac-
tions with hydrogen molecules [51]. The absence of sulfur
in avocado waste is advantageous, as sulfur can lead to unde-
sirable emissions or corrosion issues during thermochemi-
cal conversion processes. With zero sulfur content, avocado
waste poses minimal environmental risks and can be pro-
cessed without concerns about sulfur-related complications.
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The supplemental material includes a detailed charac-
terization of the hydrochars obtained from pre-treating the
avocado waste at different temperatures (Table S1, Figs S1,
and S2).

3.2 Impact of factors on the properties of avocado
waste-derived biocarbon

RSM was used to study the effect of process factors on the
adsorptive characteristics of avocado waste biocarbons.
Table 3 presents the finalized experimental design and the
corresponding measured results. The parameters investigated
were activation temperature (Ar,,) and KOH weight ratio
(K,,). The measured responses included the BET surface

Table 3 Experimental design matrix and measured responses

Experimen- Experimental
tal number # parameters

Measured responses

Atemp °C) K, Spgr(m¥g) PS (nm) H, uptake

(Wt%)
1 800 2 1482.8 2.18 2.57
2 700 3 928.8 2.17 1.65
3 800 1 1201 223 1.84
4 700 2 518.9 5.36 1.38
5 900 1 450.15 6.04 1.32
6 800 1 1151.7 2.01 1.85
7 800 3 2329.8 2.3 291
8 900 2 5105 2.75 1.42
9 900 3 533.614 2.85 1.49
10 800 3 2488.98 2.26 3.04
11 700 1 244.79 4.23 1.13
Max Qaqs (cmiig)
A 100
Wavg (nm) 5Vtot (cm3lg)

2 Vi (cmslg)
Smicro (m2/g) micro

[ 1700°c
500 800 °C
SgeT (m?/g) [e00°c

Fig. 1 A Radar chart showing the maximum nitrogen adsorbed (Max
Q,4s)» total pore volume (V,,), micropore pore volume (V ;...), BET

surface area (Sggr), micropore surface area (S;.,). and pore size
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area (Sggy), average pore size (PS), and hydrogen uptake at
a temperature of 77 K and pressure up to 1 bar. The impact
of temperature and chemical reagent weight ratio on the sur-
face area, pore size, and hydrogen adsorption of synthesized
activated biocarbons is explored in this section.

3.2.1 Impact of activation temperature on adsorptive
properties of synthesized biocarbon

The adsorptive properties of the synthesized activated bio-
carbons as obtained from nitrogen and hydrogen adsorption
at 77 K are summarized in Table 3. The influence of tem-
perature on the properties of the activated samples can be
observed from the results shown in Table 3 and Fig. 1. The
results demonstrate that as the temperature increases, the
surface area also increases. The largest surface area recorded
was 2488.98 m%/g at a temperature of 800 °C, corresponding
to a larger hydrogen uptake. Multiple studies have shown
that the temperature at which activation occurs substantially
impacts the formation of the porous structure and is the most
influential factor in the synthesis of activated carbon [52,
53]. As shown in Table 3 and Fig. 1A, the activation temper-
ature caused an increase in surface area from 700 to 800 °C;
however, it declined once the temperature surpassed 800 °C.
Higher temperatures enhance the carbonization and gasifica-
tion processes, leading to developed pore formations, which
help increase the total surface area with a corresponding
improvement in adsorption capacity [32, 52]. The study by
Wang et al. [54] highlights the temperature-dependent evo-
lution of surface area, providing insights into the nuanced
mechanisms governing this phenomenon. While higher acti-
vation temperatures generally lead to increased surface area,
maintaining balance is crucial. Excessive temperatures can

Gravimetric Uptake (wt.% H2)

A 700 °C 800 °C - A~ 900 °C

20 40 60 80 100
Absolute Pressure (kPa)

(W,ye) Of activated carbons synthesized at 700 °C (Exp. 2), 800 °C
(Exp. 10), and 900 °C (Exp. 9). B Hydrogen isotherms show hydro-
gen uptake at 77 K up to 100 kPa
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induce pore collapse, diminishing the beneficial effects on
surface area. The results demonstrate this phenomenon, as
shown in Table 3, where an observed reduction in surface
area occurs at an activation temperature of 900 °C. Exces-
sive heat during activation can disrupt pore structures, which
is undesirable when preparing porous materials [55]. Lin-
ares-Solano et al. [56] also reported that temperatures above
800 °C negatively impact reaction yield and narrow pore size
distribution. Consistent with the findings of this study, a rise
in temperature leads to a drop in yield, mostly because of the
increased burn-off of carbon material. A sharp decrease in
yield of 16% was obtained at 900 °C. As shown in Table S3
of the supplemental material, yields decreased as tempera-
ture increased. This drop was attributed to the increasing
carbon burn-off and the volatilization of non-carbon com-
ponents [57]. The optimal activation temperature, therefore,
lies at the intersection of enhanced pore development and
potential structural integrity concerns.

3.2.2 Impact of KOH weight ratio on adsorptive properties
of synthesized biocarbon

The proportion of precursor material to KOH by weight sig-
nificantly influences the adsorptive properties of activated
carbons. Several studies have investigated using alkaline
hydroxides to prepare activated carbons [32, 41, 42, 58,
59]. Activated carbon synthesized using hydroxides stands
out for its unique qualities, such as low ash content, narrow
pore size distribution, and high adsorption capacity [2, 56].
Table 3 and Fig. 2 present the findings of the conducted
analysis on the synthesized biocarbon’s textural properties
and hydrogen uptake, considering different weight ratios of
KOH to precursor ratio at 800 °C.

Max Qa¢g (cm3/g)

A 1000

Wavg (nm)
3.0

1.5 Viot (cm3lg)

1.2
vmicro (cmslg)

Smicro (M/g)

SeT (m?/g)

-
WN =

Fig.2 A Radar chart showing the maximum nitrogen adsorbed (Max
Q,4y), total pore volume (V,,), micropore pore volume (V ;..,)» BET
surface area (Sggr), micropore surface area (S,;..), and pore size

Gravimetric Uptake (wt.% H2)
N

Table 3 shows that the surface area of the activated bio-
carbon samples increases when the chemical weight ratio
of KOH increases. An increase in the chemical weight
ratio leads to a greater extent of the reaction, resulting in
an increased surface area. This is mostly owing to the etch-
ing effect caused by KOH on the carbon precursor. This
results in more adsorption sites and improved accessibility
for adsorbates [60]. An increase in the weight ratio from 2
to 3 corresponds to a 68% increase in surface area. Figure 2
shows that a larger weight ratio of chemical reagents results
in a greater increase in hydrogen uptake. In the studies con-
ducted by Kwiatkowski et al. [60] and Hassen [61], a similar
finding was observed, indicating that an increase in the ratio
of KOH impacted both the increase of surface area and the
enhancement of adsorption capacity.

Table S3 of the supplementary material shows that an
increased KOH weight ratio decreases the activated car-
bons’ yield. As stated, higher KOH ratios typically enhance
chemical activation, leading to greater pore development and
higher surface areas. However, this also tends to decrease
activated carbon yield because more carbon material is con-
sumed in the activation process [62].

3.3 Process of optimization
3.3.1 Statistical analysis

The assessment of model validity was conducted by examin-
ing the R? parameter, which is measured on a scale of 0 to 1.
Higher values are considered more desirable, ideally with a
maximum difference of 0.3 [63]. The F-value and P value
are the parameters used to assess the model’s significance

1 -gl'"',é"i ~-A--11 --e--12 --m--1:3

T T T T

T
20 40 60 80 100
Absolute Pressure (kPa)

(Wy,) of activated carbons synthesized at 800 °C and KOH weight
ratio of 1:1 (Exp. 1), 1:2 (Exp. 3), and 1:3 (Exp. 10). B Hydrogen iso-

therms show hydrogen uptake at 77 K up to 100 kPa
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Fig.3 Experimentally observed points vs model-predicted points (denoted by dotted line) for the three responses: A surface area, B pore size,
and C hydrogen uptake at 77 K. Each data point is labeled with its respective experiment number

Table 4 Ana}ysis of variance Response R? Adj. R Pred. R® Adeq. Prec F-value P value

(ANOVA) of the responses

measured for avocado waste- Surface area 0.990 0.975 0.887 22.11 66.85 0.0006

derived activated biocarbons Pore size 0.997 0.991 0.896 33.92 151.84 0.0008
H, uptake 0.995 0.988 0.955 32.58 139.14 0.0001

and fitness. Figure 3 shows the alignment between the pre-
dictions made by the model and the experimental outcomes
for all responses. Additionally, Table 4 presents the specifics
of the ANOVA analysis. For each response, experimental
data points exhibit a significant alignment with the model
predictions, leading to a high value of R

The R? values for the surface area, pore size, and H,
uptake are 0.990, 0.997, and 0.995, respectively. These
values are close to 1 and are considered ideal. The adjusted
R? values of 0.975, 0.991, and 0.988 demonstrate satis-
factory agreement with the predicted R* values of 0.887,
0.896, and 0.955 for surface area, pore size, and H, uptake,
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respectively. In order for the Adj. R* and Pred. R? to be
considered quite agreeable, their difference should be
below 0.20 [64]. The Adj. R? and Pred. R? differ by 0.088,
0.095, and 0.033 for surface area, pore size, and H, uptake,
respectively. Adequate precision is determined by compar-
ing the anticipated values at the design point to the average
prediction error. A model is considered acceptable and
has adequate precision if its value exceeds 4 [64]. The
surface area, pore size, and H, uptake values that meet
the required precision are 22.11, 33.92, and 32.58, respec-
tively. According to Hou et al. (2013), the F-value and
P value are important indicators of a model’s statistical
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significance and fitness. The F-values of 66.85, 151.84,
and 139.14 for surface area, pore size, and H, uptake,
respectively, together with the P values of all responses
being less than 0.05, indicate that the models effectively
align with the experimental data and give a satisfactory fit.

3.3.2 Optimization of preparation parameters

This section examines the optimal parameters for prepar-
ing activated carbon to achieve maximum surface area,
hydrogen uptake, and smaller pore size necessary for
effective hydrogen storage. The optimal preparation con-
ditions were established using the desirability function of
Design Expert software to yield the desired outcomes. The
surface plot in Fig. 4 depicts desirability while maintain-
ing activation temperature and KOH weight ratio within
the studied range.

The optimal conditions derived from numerical optimi-
zation for achieving the desired responses of maximizing
surface area, hydrogen uptake, and smaller pore size are
presented in Table 5. The proposed optimal conditions
outlined in Table 5 have a desirability value of 0.957. Vali-
dation experiments conducted using these optimal process-
ing conditions resulted in a material with a surface area

Desirability

KOH Weight Ratio
Activation Temperature

900 1

Fig.4 Three-dimensional surface plots of desirability for numerical
optimization of the goal of maximized surface area, hydrogen uptake,
and smaller pore size

of 2529.8 m%/g, a pore size of 2.31 nm, and a hydrogen
uptake of 3.07 wt% at 77 K and 1 bar, with predicted and
experimental results showing good agreement within an
error range of 2—4%. These results validate the predictions
of the ANOVA model for the responses under experimen-
tal conditions.

3.4 Analysis of optimal activated biocarbons

The optimal process parameters were then employed to syn-
thesize activated biocarbons with hydrochars H,g), H,,
and H,,, as precursors. These materials’ (AC, g4, AC,,, and
AC,,) physiochemical and adsorptive characteristics were
evaluated to assess the impact of hydrothermal pre-treatment
temperatures.

3.4.1 Characterizations

The surface morphology of the hydrochars (H,g,, Hy, and
H,,,) and activated biocarbons (AC gy, AC,, and AC,,) are
shown in Fig. 5. The SEM analysis of the hydrochars (depicted
in Fig. 5A-C) revealed a surface featuring macro pore forma-
tion, indicating the potential of avocado waste hydrothermal
pre-treatment to yield a porous carbon material. Subsequent
activation of the hydrochars with KOH at high temperatures
led to the formation of smaller pores on the material surface,
as illustrated in Fig. SD-F. These images indicate that while
the activated materials maintained their original morphology,
they underwent size reduction and surface roughening, likely
attributed to material decomposition and shrinkage during
activation, thus generating additional surface pore structures.

The X-ray diffraction (XRD) spectrum of the optimized
activated biocarbon, as shown in Fig. 6A, reveals an identi-
fied peak at around 20 =10°, associated closely with (002)
[65]. This peak indicates the existence of an amorphous or
disordered carbon structure, typical of biomass-derived acti-
vated carbons where the disordered carbonaceous materials
contribute to peaks at lower angles [42]. The second identi-
fied peak at 20 =35° is associated with (100) graphitic planes
[66, 67]. This peak indicates some degree of graphitic struc-
ture within the optimized activated biocarbons. The analysis
of the XRD spectrum indicates that the optimized activated
biocarbon derived from avocado waste exhibits a blend of
amorphous and graphitic carbon structures. Prior studies have
also documented that the carbonization and activation process
substantially influences the formation of amorphous carbon
and porous architecture [42, 68].

Table 5 Optimum parameters
obtained from RSM

Surface area (m?/ 2)

Pore size (nm) Hydrogen uptake (%)

optimization and model Temp. (°C) KOH ratio Pred

Exp Error (%) Pred Exp Error(%) Pred Exp Error (%)

validation

800 3

24787 2529.8 2.06

223 231 3.6 299 3.07 2.6
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Fig.5 SEM images of A HC,gy, B HC,p, C HCyy0, D AC g0, E AC,q, and F ACyy

The Fourier transform infrared (FTIR) spectrum, as shown
in Fig. 6B and Fig. S3 in supplementary material, exhibits
many distinct peaks, indicating the existence of diverse func-
tional groups. The aliphatic hydrocarbons, most likely derived
from the lipid content in the avocado waste, are indicated by
the aliphatic C-H stretch at 2882 cm™". The identification of a
C=C stretching vibration at 1631 cm™! indicates the existence
of aromatic structures, maybe originating from lignin or other
phenolic chemicals present in the waste material. Furthermore,
the presence of aromatic structures is further supported by the
peak observed at 1492 cm™!, which can be attributed to the
stretching vibrations of aromatic C=C bonds. The observation
of a peak at 1293 cm™! indicates the C-O stretching vibra-
tion, suggesting the existence of oxygen-containing functional
groups such as alcohols, ethers, or esters [69]. These functional
groups may originate from cellulose or hemicellulose constitu-
ents in the avocado waste.

Additionally, the observation of a peak at 1075 cm™!
implies the presence of a C-O bond, which may imply the
presence of carboxylic acids or esters. These compounds
might originate from pectin or other organic acids found in
the avocado waste. The FTIR spectrum exhibits a combina-
tion of aliphatic and aromatic hydrocarbons and oxygen-
containing functional groups commonly found in carbon
compounds generated from biomass [42, 69].

Nitrogen (N,) sorption experiments were conducted to
evaluate the optimized biocarbons’ specific surface area and
porous structure, with pore size distributions (PSDs) ana-
lyzed using the non-local density functional theory (NLDFT)
model. The N, adsorption—desorption isotherm is shown
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in Fig. 6C, exhibiting a type IV isotherm according to the
IUPAC classification [70]. The significant increase before
reaching relative pressure P/P_ at 0.4 indicates the presence
of micropores in the materials, facilitating increased adsorp-
tion at low pressures [71]. When the relative pressure P/P,
exceeds 0.4, the desorption and adsorption isotherms do not
overlap, resulting in a hysteresis loop. This loop indicates
the presence of mesopores [72]. This clearly illustrates the
coexistence of micro- and mesoporous structures within
the avocado waste-derived biocarbons. The combination
of micropores and mesopores is often most effective for
enhanced hydrogen storage in activated carbons. Micropores
maximize the surface area available for hydrogen adsorption.
At the same time, mesopores facilitate the accessibility of
hydrogen molecules to the interior regions of the material.
This synergistic effect improves both the adsorption capac-
ity and the kinetics of hydrogen uptake and release [73, 74].

Figure 6D shows the PSDs estimated using the NLDFT
model. All three materials showed a bimodal PSD, with
the first peak at 0.7-0.8 nm and the second at 2.3 nm in
the micropore and mesopore regions. In addition, the three
materials exhibited a broad peak at 0.7-0.8 nm and a shoul-
der around 1-2 nm. The existence of supermicropores
(0.7-2 nm) [75] was observed. When the pores are filled
with nitrogen, the pore volume diminishes and becomes
insignificant beyond the mesopore domain at a pore diam-
eter of around 4-5 nm. The PSD curve revealed the presence
of micropores and mesopores, aligning with the nitrogen
isotherms’ observations. While all three materials have
porous structures, including micropores and mesopores,
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their differences mostly lie in the micropore-to-mesopore
volume ratio. This is primarily influenced by different hydro-
thermal carbonization (HTC) temperatures.

The radar chart in Fig. 6E visually depicts the adsorp-
tive properties of the optimized biocarbons. AC,, exhib-
its the highest surface area (SA) and pore volume (PV) at
2529.8 m*/g and 1.45 cm?/g, respectively. In comparison,
AC g, and AC,,, show SA and PV of 2178.1 m?%g and
1.26 cm?/g and 1838.4 m*/g and 1.09 cm?/g, respectively.
All biocarbons exhibit a significant degree of microporo-
sity, wherein micropores account for 81.4% (AC,g,), 80%
(ACy), and 76% (AC,,) of the total pore volume. The sur-
face area and pore volume increase with rising hydrothermal

Pore Width (nm)

Max Qqgs (cm™/g)

Vtot (Cms/g)

Vmiero (em>/g)

ACigo
ACy00
[ AC,z

SpET (m%/g)

carbonization (HTC) temperature up to 200 °C but decrease
afterward due to intensified decomposition reactions. Higher
HTC temperatures promote the breakdown of larger mol-
ecules in the precursor material, creating more void spaces
and increasing specific surface area, leading to micropores
and mesopores [76]. However, excessive heat can collapse
the pore wall, reducing surface area and pore volume [77], as
observed when HTC temperature surpasses 200 °C. Hence,
identifying the optimal HTC temperature is crucial, as it
varies depending on the precursor material. This study dem-
onstrates that an HTC temperature of 200 °C for avocado
waste yields porous carbon material with enhanced pore
characteristics.
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Fig.7 A Hydrogen isotherms, showing uptake at 77 K up to 1 bar in the synthesized optimized biocarbon. B Hydrogen uptake plotted against
the BET surface area for the optimized biocarbon and biomass-derived carbons reported in literature [4, 41-51]

4 Hydrogen uptake of optimal biocarbons

Figure 7A shows the hydrogen adsorption—desorption iso-
therms for the optimal biocarbons. The isotherms offer a
glimpse into how the pore structure of the synthesized nano-
porous materials influences hydrogen storage behavior. The
isotherms closely resemble Type I, suggesting that satura-
tion occurs due to forming a hydrogen monolayer, as com-
monly observed on microporous surfaces [9]. The hydrogen
uptake for the three materials consistently rises with increas-
ing pressure. However, it does not reach a distinct plateau
because of the low pressure. All isotherms’ adsorption and
desorption branches exhibit an insignificant presence of hys-
teresis, suggesting that adsorption is reversible [27]. The
synthesized biocarbon demonstrates a hydrogen uptake rang-
ing from 1 to 3% by weight, with biocarbon AC,,, hydro-
thermally pretreated at 200 °C, exhibiting the highest uptake
at 3.07 wt%. This is partly attributed to its well-developed
micropores, as observed in the PSD. Following AC,,, ACg
shows an uptake of 2.44 wt% and AC,,, exhibits an uptake
of 1.9 wt%. These values for the optimized biocarbons are
comparable to or higher than those previously reported for
bio-based carbons in the literature, including bean shells
[78], walnut shells [79], Neolamarckia cadamba [80], saw-
dust [81], lignin [27], fungi [82], hemp [83], sucrose [84],
corn grain [85], and rice husks [86].

In comparison, commercial activated carbons like MAX-
SORB MSC-30 and MSP20X have shown hydrogen adsorp-
tion capacities of 5.8 wt% and 4.8 wt%, respectively, at 77 K
and 40 bar [75], whereas AC,, from this work achieved
3.07 wt% at 1 bar, indicating a promising performance at
high pressure. Avocado waste-derived activated carbons for
hydrogen storage application present a cost-effective and
sustainable alternative, offering a novel avenue for biomass
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valorization and a sustainable and environmentally friendly
approach to hydrogen storage. Table S2 in the supplemen-
tary material shows the hydrogen adsorption data at 77 K for
commercial activated carbons and activated carbons from
various biomass feedstocks in the literature to the ACs syn-
thesized in this work.

The improved hydrogen uptake of the optimized biocar-
bon can be ascribed to its enhanced surface area and sig-
nificant presence of micropores. This efficiency of narrow
micropores is evident in Fig. 7B, where the biocarbons,
especially AC,,, and AC,g,, outperform materials in the
literature with higher surface areas reported by Chen et al.
(2838 m*/g, 2.63 wt%) [78] and Hu et al. (2743 m*/g, 2.85
wt%) [80]. This highlights the significant role of micropores
in enhancing hydrogen uptake. While a higher surface area
provides more sites for hydrogen adsorption, micropores
facilitate strong van der Waals interactions between hydro-
gen molecules and the pore walls, enhancing adsorption
capacity. The study demonstrates that avocado waste may be
transformed into high-value activated biocarbon, resulting
in a material with a substantial surface area and significant
potential for hydrogen storage.

4.1 Modeling

The universal isotherm model, a type of Monte Carlo simu-
lation developed for sorption modeling, was used to predict
the experimental data. This model is also used to calculate
the energy of adsorption for each site. The universal iso-
therm model for three sites, UNIV4, was used. This was also
seen as appropriate based on other analyses carried out in
terms of hydrogen sorption. The hydrogen heat of vaporiza-
tion used in this model is 449.36 J/mol. Two terms were used
for modeling all activated carbons [44].
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Fig. 8 Predicted and measured data for AC,g, A adsorption isotherm and B the corresponding adsorption site energy distribution. The curve
with rings in A shows the experimental data points, while the blue lines without rings show the universal isotherm model predictions

Figure 8A shows that AC,g, exhibits Type-IV isotherm.
This isotherm is characterized by a rapid increase in the
amount of hydrogen adsorbed between 0 and about 86 kPa
as the pressure increases, with almost two saturation points
or levels being reached. The first pseudo-saturation would
be observed between 60 and 80 kPa. After that, we can
see a rapid rise or shift in adsorption at pressures above
85 kPa. This shows the multi-layer formation during
adsorption at this pressure for AC,g,. Due to the pressure
used in this analysis, we cannot see the actual saturation
points. This indicates a well-developed porosity if the
pores can still adsorb so much hydrogen at such pressures.
Only a fraction of the mesopores seem evident here, and
most adsorption occurs in the micropores. The curve with
rings shows the experimental data points. In contrast, the
blue lines without rings show the predictions of the uni-
versal isotherm model.

The energy distribution function, Fig. 8B, shows a non-
symmetrical single peak, which is something only seen in
type-IV adsorption [44]. Most surface coverage occurs at
low pressures, with this region having the highest probability
distribution of energy sites. It is also clear that these sites
do not require much energy for hydrogen sorption, requir-
ing less than 2000 J/mol for most of the gas sorption and
slightly above 300—-400 J/mol, which are the most dominant
energy site requirements. The apparent mesoporous layer in
the multi-layer formation does not require much adsorption
energy. It does not have a significant energy site distribu-
tion. This could indicate that these are not true mesopores
but micropores with higher pore widths, as seen in the PSD.

Figure 9A shows that AC,, exhibits Type-V isotherm.
This isotherm has a unique S-shape. Three different uptake

rates characterize it. There is a smooth uptake at low pres-
sures, between 0 and about 10 kPa, followed by a rapid
vertical increase in the amount of hydrogen adsorbed at
10 kPa and a subsequent steep increase of adsorption with
increasing pressure, though not as steep as at 10 kPa. This
subsequent uptake then levels off at higher pressures, but
we cannot see saturation due to the pressures used in this
research. This also indicates a well-developed porosity if
the pores can adsorb so much hydrogen at such pressures.

Figure 9B shows a Type-V characteristic energy distribu-
tion function with a higher probability peak of the energy
distribution function at lower energy sites, indicating that
most surface coverage occurs at lower concentrations [44]. It
is also interesting to note that there are two apparent peaks,
with the last peak showing a very small probability of energy
sites, though an important amount of adsorption site energy
of about 25 000 J/mol at higher pressures.

Figure 10A shows that AC,,, exhibits Type-1V isotherm,
similar to AC,g,. There is a rapid increase in the amount
of hydrogen adsorbed between 0 and about 77 kPa as the
pressure increases, with almost two saturation points or
levels being reached. The first pseudo-saturation would be
observed between 60 and 78 kPa. After that, we can see
a rapid rise in adsorption at pressures above 82 kPa. This
shows the multi-layer formation during adsorption at this
pressure for AC,,,. This indicates a well-developed poros-
ity with only a fraction of the mesoporous layer contribut-
ing to hydrogen adsorption; most adsorption occurs at the
micropores. It could also indicate wider micropores and not
a real mesoporous layer.

The energy distribution function in Fig. 10B shows a
rather interesting non-symmetrical peak at the distribution’s
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lower concentration/pressure end. We can see lower adsorp-  in well-developed micropores because the van der Waals
tion energy sites exist for AC,,,, ranging between 0 and just ~ forces/interactions between activated carbons and hydrogen
over 1800 J/mol. Adsorption happens easily in the lower-  are stronger.
pressure region for this material. On the other hand, mesopores require a greater amount of

Per the discussion under Section 3.4.1, there are a number  energy for the process of adsorption. Additionally, macropo-
of functional groups in the activated carbons. The aliphatic ~ res or the bigger mesopores necessitate even more energy
C-H is likely a result of the lipid composition in the avo-  as the van der Waals forces weaken due to the increased
cado waste, while the aromatic C =C stretching vibration  contact distance. The micropores with well-developed struc-
may be attributed to lignin or other phenolic chemicals. The  tures exhibit the most prominent distribution of energy sites,
presence of oxygen-containing functional groups, as indi-  primarily because of their substantial surface area to volume
cated by the C-O stretching vibration, suggests the existence  ratio. As a result, most adsorption occurs in the micropores,
of activated carbons with van der Waals interactions with ~ which need less energy for adsorption than the meso- and
hydrogen and potentially weak hydrogen bonds. As alluded  macropores. As a result, the micropores have a better capac-
to in the discussions for Figs. 8B, 9B, and 10B, there is a ity to adsorb hydrogen at lower pressures due to stronger
correlation between pore characteristics and energy distribu-  connections. In contrast, the larger pores require higher pres-
tion. Specifically, hydrogen adsorption requires less energy  sures for hydrogen adsorption due to weaker contacts.
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5 Conclusion

This study utilized the design of experiment methodology to
prepare activated carbons from avocado waste, offering valu-
able insights into their potential for hydrogen storage. Regres-
sion analysis identified an activation temperature of 800 °C
and a KOH weight ratio of 3 as optimal process conditions
for maximizing hydrogen uptake. Validation experiments
confirmed close agreement with predicted responses, yield-
ing material with a surface area of 2529.8 m [2]/g, a pore size
of 2.31 nm, and a hydrogen uptake of 3.07 wt%.
Additionally, investigation into hydrothermal carbonization
temperatures (180 °C, 200 °C, and 220 °C) revealed superior
performance of activated carbon derived from 200 °C pre-
treatment, showing enhanced surface properties and higher
hydrogen adsorption capacity. Notably, activated carbon from
200 °C pre-treatment exhibited the best pore volume at nar-
rower pore widths, resulting in the highest hydrogen uptake of
3.07 wt%. Micropores predominantly characterized the result-
ing activated carbons, explaining their high hydrogen uptake.
In addition, employing energy distribution functions and
homotattic patch approximation, the study found that the two-
term universal adsorption isotherm model accurately predicted
experimental data, shedding light on the adsorption energy
sites of synthesized activated carbons. This study demonstrates
avocado waste’s potential as feedstock for producing high sur-
face area, well-developed porosity-activated carbons for hydro-
gen storage, holding promise for advancing renewable energy
technologies and addressing global energy challenges.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-024-06006-1.
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