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Abstract: The present work aims at (a) carbonizing agriculture biomass residue; (b) characterizing the
obtained biochar; and (c) exploring its potential use for energy /resource recovery purposes. Six types
of biomass were carbonized. The biochar was investigated through scanning electron microscopy
with energy dispersive X-ray spectroscopy detector, thermogravimetric (TGA), proximate, ultimate,
and Brunauer-Emmett-Teller analyses, along with bulk density, pH, electrical conductivity, and salt
content measurements. The results served as input data for multi-criteria, multi-objective decision
analysis of biochar, aiming to evaluate its best application prospective. The TGA identified two
general stages: devolatilization (stage 2: 180-560 °C), and combustion (stage 3: 560-720 °C). The
activation energy of stage 2 decreased with an increasing heating rate, but the opposite trend was
observed for stage 3. The biochar CO, adsorption suggested possible applications beyond energy
conversion technologies. The decision support analysis revealed that peach stones, cherry stones, and
grape pomace biochar achieved the most promising results for all evaluated applications (biofuel;
catalyst; CO, sequestration and soil amendment; supercapacitor) in contrast to colza, softwood, or
sunflower husks char.

Keywords: biomass; carbonization; biochar characterization; decision support analysis

1. Introduction

The average annual biomass produced in the land-based sectors (agriculture and
forestry) of the European Union (EU) is 1466 Mt dry matter between 2006 and 2015 (956 Mt
agriculture and 510 Mt forestry, respectively). Some of the biomass should stay in the field
to maintain the carbon sink and the other ecosystem services [1].

Currently, biomass residues from agriculture, forest, and food industry are used for
different purposes. Portugal is a huge producer of wine. The wine industry generates a
significant amount of grape pomace—20-25% of the grape used in wine production [2]. The
grape pomace consists of seeds, skins, and stems in different proportions. Bulgaria is well
known for having long-term traditions in cultivating agricultural produce, which is usually
used for human and animal food as well as raw materials for biofuel manufacturing [3,4].
This Member State is one of the biggest European sunflower producers [5], mainly processing
it into sunflower oil. The remaining sunflower husks have pronounced energy potential. In
addition, the fruit-growing sector (cherries, peaches, plums, etc.) plays a remarkable role
in the Bulgarian industry, as well as the cultivation of wheat and colza [6]. The production
of cherries and peaches has increased during the last years [7]. The fruit stones remaining
after fruits’ processing, together with other types of biomass residue generated by the food
industry, are foreseen as possible energy carriers by the Ministry of Energy of Bulgaria [8].
These residues could be converted into solid biofuel, or some of them can be directly burnt,
such as fruit stones. Different technologies of biomass conversion are applied depending
on the targeted products.
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The agriculture biomass can be used in several thermochemical and biochemical
conversion processes (gasification, pyrolysis, anaerobic digestion, etc.), obtaining valuable
products [9-11]. Recent study proposes biochar (from maple leaf) for the removal of anionic
and cationic dyes [12]; others obtain good adsorptive characteristics of biochar of diverse
origin [13-15].

The process of carbonization is often used for producing biochar from different feed-
stocks (e.g., coal, biomass, refuse-derived fuels, sludge, and others). The resulting products
typically show increased carbon content and higher calorific value [16,17]. Biomass car-
bonization at low temperature improves not only its energy content but also facilitates
its handling, transportation, and storage. Additionally, carbonized biomass is easy to be
ground and, thus, it requires less energy for pulverization [2,18]. Pala et al. [2] studied
the hydrothermal carbonization of grape pomace at 175-275 °C and torrefaction (under
nitrogen atmosphere at 250 and 300 °C), and obtained mass yield biochar ranging between
47 and 78%. Ronsse et al. [19] investigate biochar from different feedstocks after slow
pyrolysis and carbonization. The used biomass was carbonized at four temperatures (300,
400, 600, and 750 °C) and two residence times, 10 min and 60 min. It is observed that the
biochar yield for wood, straw, green waste, and algae is 20-25% in the temperature range of
450-750 °C. The authors point out that the biochar yield depends mainly on the residence
time, especially at temperatures above 400 °C. Wang et al. [20] report similar temperature
dependence during carbonization of palm fiber, where the biochar yield changes from
24 to 18% between 400 and 700 °C. Wystalska et al. [21] produce biochar from sunflower
husks at different temperatures (480, 530, and 580 °C), heating time (65 and 120 min), and
retention time (10 and 60 min). The authors suggested that the obtained biochar can be
used as source of chemical elements, which are important for the plants” growth (Ca, B, Mg,
and P). Zabaniotou et al. [22] studied the sunflower shells’ utilization in a captive sample
reactor at temperatures between 300 and 600 °C and in inert atmosphere (helium). The
estimated activation energy (E) of the devolatilization stage is 78.15 k] /mol. The same
authors confirmed that the maximum gas yield is obtained at 500 °C, while the maximum
oil yield is at 400 °C.

Currently, biochar is of particular interest to a wide range of research fields and
economic sectors [23,24]. The properties of biochars are investigated for soil improve-
ment [25-27]. According to [28,29], biochar application is a promising and effective method
for remediation of various contaminations including heavy metals in soil. The application
of biochar as catalyst for biodiesel production is proposed by [30,31]. Investigations of
biochar obtained from pyrolyzed almond shells show encouraging results in producing
sustainable and cost-effective electrodes for bioelectrochemical systems, as they perform
comparably to carbon felt electrodes [32]. Similar are the findings of Chen et al. [33] who
examine walnut shell biochar. The material was used to prepare the microbial fuel cell
(MEFC) electrode. The authors conclude that the investigated biochar is a promising MFC
electrode material.

However, the specific properties of the derived biochar strictly depend on the feedstock
used, the chosen conversion technology, and the operating conditions [34]. The products’
characteristics are evaluated using different analytical methods and procedures [35], thus,
providing valuable data allowing to determine the possible aspect of biochar utilization [36].

According to Wagqas et al. [37] and Balat [38], very important advantages of biochar
combustion are the reduced emissions of air pollutants and the opportunity for increased
fuel diversification. Biomass pyrolysis or carbonization normally reduces the volatile
matter by between 30 and 60%, depending on the applied conditions. This considerably
influences combustion emissions. Gao X. and Wu H. [39] burned pulverized biochar in
a Drop Tube Furnace (DTF) and observed a significant reduction in particulate matter’s
emissions in comparison to feedstock combustion. Current research is focused on detailed
characterization and kinetic analyses of biomass combustion [22,40—-43]. Increasing interest
in biochar combustion was also identified [44,45]. Biomass is associated as a potential
renewable source of energy merely due to its wide availability. However, not only may
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energy conversion processes be the best or the most efficient use for any kind of biomasses,
but added-value processes may also be a potential option. In this sense, decision support
methods become important to unlock the unrevealed potential of bioenergy as stated by
the European Green Deal initiative of the European Commission [46].

In this paper, the properties of the obtained biochar produced from agro-forest feed-
stock were analyzed, aiming to select the best potential application—biofuel, catalyst, for
CO, sequestration and soil amendment or supercapacitor development—since those are
known to be potentially efficient applications [47-50].

Decision analysis has been used in order to assess the best application according
to the properties of the obtained biochar. The use of a multi-criteria decision approach
demonstrates its strength in the selection of the most efficient biomass/biochar along with
the conversion routes of biorefinery value chains, considering the detailed proprieties of
biomass and a life cycle impact perspective [51]. Decision methods were also focused on
finding the best option to produce electricity, considering the pathway life cycle emissions
and energy efficiency [52]. In another investigation on energy conversion, with an accent
on biofuel, decision techniques [53] were applied to analyze the technology maturity,
conversion efficiency, costs, emissions, and land requirement. However, none of the
mentioned studies considered the biomass properties, biomass carbonization, and different
product characterization as well as obtaining their application perspective based on a
multi-criteria decision approach.

The main goal of the present study was (a) to carbonize biomass residue; (b) to charac-
terize the obtained biochar; and (c) to explore its potential application as biofuel, catalyst,
supercapacitors, or as CO, sequestration and soil amendment—since those are known to be
probable efficient applications [47,48,50]. To this end, six different types of biomass residue
(agro-forest) were studied, originating from two European countries with well-established
agricultural traditions. The biomass residue was investigated prior to the present research,
applying the following methods: proximate, ultimate, ash, lignocellulosic, and HHV analy-
ses. The residue was carbonized in an inert atmosphere (nitrogen) using a Horizontal Tube
Furnace (HTF), in accordance with Ferreira et al. [54]. The derived biochar was examined
through a set of physical and chemical analyses. In focus were the following global param-
eters: (i) the effect of feedstock on biochar yield; (ii) biochar thermal decomposition in air,
its stability, and kinetics; (iii) biochar characterization using proximate, ultimate, EDS, and
HHYV analysis; morphology and specific surface area; technical parameters, such as bulk
density, pH, EC, and salt content; (iv) application prospective, based on a multi-criteria
decision approach.

A previous study by the authors applied multi-criteria decision analysis to evaluate
the best application of biochar produced from grape pomace biomass, considering the mea-
sured biomass characteristics and conversion process properties [54]. The decision focused
on the carbonization conditions and the potential use of the products for biofuels, biofer-
tilizer, or catalysts for biofuel production. In the present investigation, the authors used
similar methods but assessed a larger number of process variables, thus increasing the accu-
racy of the methods. Moreover, a greater variety of biomass sources was examined herein.
The chosen decision methods—Pareto front evaluation and compromise programming—are
mathematical techniques typically used in multi-criteria, multi-objective decision analysis,
as well as in the optimization field.

2. Materials and Methods
2.1. Used Biomass

Six different types of biomass residues were used in this study—grape pomace, cherry
stones, peach stones, colza, sunflower husks, and softwood (containing raw carpwood
and bark). The grape pomace biomass was provided by a local Portuguese wine producer
of Agrovil, while the other biomass was from Bulgaria. The fruit residues were from
“Fructo Sliven” Joint-Stock Company (Sliven, Bulgaria) and the colza was delivered by the
Agricultural production and consumer cooperative in Batak town. The sunflower husks
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and the softwood were supplied by Rosina Oil Ltd. (Resen, Bulgaria) and Axel Trade 2009
LTD, Samokov town, Bulgaria, respectively.

The proximate, ultimate, and ash analyses as well as the higher heating values of the
biomass residues are published elsewhere [1-3]. The lignocellulosic composition of the
biomass investigated in the present study is published in [2,3]. Herein, the lignin content
corresponds well with the literature data [4-8].

2.2. Horizontal Tube Furnace and Test Conditions

The carbonization was performed in electrically heated HTF shown in Figure 1. The
apparatus has an alumina recrystallized tube, with a length of 55 cm and an inner diameter
of 4 cm, and operates at a maximum temperature of 1300 °C. The wall temperature is
continuously monitored by thermocouple type S. The experiments were carried out at
a wall temperature of 500 °C, at a heating rate of 33 °C/min, and an inert atmosphere
(nitrogen), with a residence time of 1 h and nitrogen flow rate of 1 L/min. The mild heating
conditions aimed at producing biochar with multiple application potential [3]. Two ceramic
crucibles were placed in the middle of the HTF, each of them containing sample mass of
approximately 1 g. The used biomass was ground and sieved to obtain a particle size below
1 mm. For this purpose, a sieve with an aperture size of 1 mm was used, through which
95% by mass of the ground material passes. The HTF was purged for 20 min with nitrogen,
assuring that the carbonization process will be conducted in absence of oxygen. When the
wall temperature reached 500 °C, the samples were heated for one hour and then cooled
down into the HTF under nitrogen atmosphere.

To the ventilation
Crucibles with System
biomass
Insulation , Gas flow (N,
Water in Ltﬂt(%fi" volatiles, H;0,
)

Cooled etc.)
flange

=17/

Nitrogen

Horizontal fube
‘ furnace
Y Water out

Water out v

Figure 1. Experimental apparatus and scheme of the HTF.

2.3. Experimental Methods Used for Biochar Characterization

Thermogravimetric analysis (TGA) of the obtained biochar was carried out with TA In-
struments SDT 2960 V3.0F (New Castle, DE, USA). The apparatus has a weighing precision
of £0.01% and sensitivity in the mass measurements of 0.1 mg. The thermogravimetric
tests were performed using a sample weight between 7 to 11 mg, depending on the density
of the biomass used [39]. Each biochar sample was heated from 25 to 1100 °C, in air and at
four heating rates, namely 10, 20, 30, 40 °C/min. The temperature was measured with an
experimental uncertainty of £1 °C.

The biochar morphology was examined with the use of a conventional Scanning
Electron Microscope (SEM)—Hitachi, (Tokyo, Japan) S2400 model, with an acceleration
voltage of 20 kV, with digital image acquisition with Esprit software, with Bruker (Billerica,
MA, USA) coupled light element EDS SDD detector. The chemical composition was
depicted through an Energy Dispersive X-ray Spectroscopy (EDS) detector.

The specific surface area of the obtained biochar was estimated through the Brunauer—
Emmett-Teller (BET) method. To this end, the samples were degassed in apparatus Flow-
Prep 60, Micromeritics (Norcross, GA, USA), under continuous flow of helium. FlowPrep
60 combines flowing gas and a vacuum with heat to remove atmospheric contaminants,
such as water vapor and adsorbed gases, from the sample’s surface and pores. After this
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preparation, the samples’ specific surface areas were measured through TriSTAR II 3020,
Micromeritics. It calculates BET specific surface area by measuring the gas adsorption of
carbon dioxide (CO»,).

Biochar proximate, ultimate, calorimetric, and bulk analyses were carried out follow-
ing the standards and procedures applied for the biomass analysis [40—43]. The parameters
pH, electric conductivity (EC), and salt content were determined according to [44], using a
multi-parameter measuring device (T, pH; EC and salt content) of type Combo HANNA
Instruments HI 98129 (Woonsocket, RI, USA). It was equipped with a combined pH elec-
trode and calibrated with pH-buffer solutions (HI 73127) having pH =4, 7, and 10 (20 mL)
and EC-buffer solution (HI 70031P) having an EC of 1413 uS/cm (20 mL). The salt content
was obtained in ppm. The biochar aqueous extracts were prepared with deionized water
in a ratio of 1:20. The sample extraction was carried out in graduated tubes, shaking the
samples for 1 h.

2.4. Kinetic Analysis

The kinetic parameters (activation energy, E, and pre-exponential factor, A) were
calculated from the TGA data using a model based on the Arrhenius equation [39,45,46].
The mass conversion, o, was determined through the following equation:
m; —mr

A @

where m; is the initial mass at time t = 0 s; mr—the mass at the temperature T; mf—the final
mass of the sample.

The biochar thermal decomposition was modeled using a first-order mechanism based
on the Coats—Redfern method [37,39,47]. Thus, Equation (1) can be expressed as Equation (2):

W= A fla) e
where f(a) is the hypothetical model of the reaction mechanism and R is the universal
gas constant.

Several studies used this model based on first-order mechanism because it produces
the best correlation coefficient for the lignocellulosic biomass combustion process, consider-
ing that the composition of the biomass does not influence the overall reaction mechanism
of the lignocellulosic biomass oxidation. However, several works have been developed to
identify the best model for kinetic analysis [19,29].

2.5. Decision Support Analysis

Biochar has versatile physicochemical properties which proposes its use for a diversity
of potential applications. Not only the properties, but the conversion process can also
be more beneficial for specific utilizations. At present, four potential applications have
been studied: the use of biochar as biofuel, as catalyst, for CO, sequestration and soil
amendment, or for supercapacitor development.

Although the maturity level of industrial biofuel production is not at a full commercial
stage, e.g., issues with continuous yield capacity, the biofuel pathway is still one of the
most attributive to biomass due to its energy content [48]. On the other hand, catalyst
processes are known to use carbon-based materials, where biochar can have its role. In
addition, biochar’s physical and chemical properties can be adjusted to best fit a specific
application [49]. Similar features of biochar can be applied to other processes, such as CO,
sequestration and soil amendment, or supercapacitor development due to its large specific
surface area, porous structure, surface functional groups, and high mineral content [50,51].

In the present work, different criteria were selected for each of the explored application
opportunities. Thus, the analyzed criteria were the ones that recurrently appear to have the
highest influence in each application, balanced by a less complex/expensive characteriza-



Appl. Sci. 2023,13, 3240

6 of 18

tion. The decision problem was based on the definition of the process conditions that are
best in terms of proposing the biochar utilization as a biofuel, catalyst, CO, sequestration,
and soil amendment product, or for supercapacitor development, given the decision criteria
shown in Table 1.

Table 1. Decision variables for each application.

CO; Sequestration and Soil

Biofuel (12 Variables) Catalyst (6 Variables) Amendment (9 Variables) Supercapacity (9 Variables)

. Decision Best . Decision Best . Decision Best . Decision Best
Variable Goal Value Variable Goal Value Variable Goal Value Variable Goal Value
Mo(gt)u re lower 4.49

° 82.62%C 82.62%C 82.62%C
EDS/Content o EDS/Content o EDS/C, K, o
Ash (%, db) lower 1.29 (%) of C, K higher 10.05%K, (%) of C, K higher 10.05%K, CabD higher 10.05%K,
Y 8.20%Ca, d 8.20%Ca, T 8.20%Ca,
HHV lower 3334 Ca,P 227%P Ca,P 2279%p  Content (%) 227%P
(M]/kg) )
Ultimate Ultimate Ultimate
o . analy- . analy- . analy- .
Ashes (%) higher 1.36 sis/Content higher 82.35 sis/Content higher 82.35 sis/Content higher 82.35
(%) of C (%) of C (%) of C
94.1, L . i
E (kJ/mol) 99.71 Specific Specific Specific
stage 2—10, lower 8 4 4 ’ surface area higher 331.62 surface area higher 331.62 surface area higher 331.62
20, 30, 40 °C 02 (m?/g) (m2/g) (m?/g)
Bulk density . Bulk density .
higher 0.4455 higher 0.4455
3 8 3 8
E (kJ/mol) 96.73, (g/cm”) (g/cm®)
stage 3—10, lower 100.34, EC (1uS/cm) higher 1960 EC (uS/cm) higher 1960
20, 30,40 °C 105.4,
99.5 pH higher 1108 Salteontent e 980

(ppm)

Among all tested types of biochar, several possible solutions were found fitting to the
applications, but there was no one-fits-all solution, e.g., a decision technique is necessary to
choose the preferred process in accordance with the variables. The decision analysis was
performed with the following methods: Pareto dominance analysis and an approach of
compromise programming [3,52].

2.5.1. Pareto Dominance Analysis

The concept of dominance as a viable approach for comparing several criteria or
objectives was first introduced in solving multi-objective optimization problems [52].

In a decision problem, the complexity exists when finding a solution that is not
exclusively dependent on one criterion (e.g., search for the solution with the highest HHV),
but is rather dependent on several criterion simultaneously. In such cases, there can be
better solutions in terms of one criterion that are worse in another. Thus, the question is
which is preferential. Normally, several solutions are possible, but in a trade-off perspective.
However, it is possible to analyze whether a solution is better than others with respect to
several criteria, or in most criteria, and this relies on the definition of dominance. In a set
of N solutions x; = {x1, x, ... , xn} of a problem with p decision criteria f, = {f1(xx), f2(xn),
..., fm(xy)}, solution x; dominates solution x; if and only if x1 is not worse than x; in all
criteria and x1 is strictly better than x, in at least one criterion (Equation (3)).

x] = xziff{fi(xl) < f,-(xz)vi el,. ,pEI] el,. ..,pfj(X2) < fj(Xz) 3)

The signs < and < (Equation (3)) represent the desire to minimize all the criteria
(e.g., for simplicity, all criteria in Table 1 were mathematically translated into minimization
criteria, whereas for the maximization of HHYV, the inverse was applied).

A solution x;, is called non-dominated if it is better in all criteria than all other solutions.
On the other hand, a solution has weak dominance if it is better in at least one criterion
or strong dominance if it has better or equal results in all criteria. The goal of this paper
was to find the set of variables that produces the best solutions possible for the specified
applications, e.g., non-dominated (or the least dominated possible).
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2.5.2. Compromise Programming Approach

Assuming that there is a desired set of variables, as the best possible (Table 1), the
method of compromise programming privileges a solution that is closer to such a scenario.
The closeness is defined by a metric distance (d,), measured by a specific vector—the
Euclidean distance—between a solution x, and a reference point in the solutions space that
represents that perfect scenario.

The reference point, the fictitious solution representing the best possible scenario,
is given by the coordinates of the preferred values (lowest or highest possible) of all the
criteria presented for each product—biofuel and catalyst (see Table 1). For the sake of
simplicity, all criteria are translated into minimization problem. The preferred solution will
be the one that has the shortest distance for this reference solution (Equation (4)).

1/p

dn = [ Loy [fon(n) = 2l @

where f,; (x,,) is the value of solution » in the criterion 11, M is the number of all solutions, z;, stands
for the result of the reference solution in criterion 1, and p is the number of criteria—different for
each product—biofuel (12), catalyst (6), CO, sequestration (9), supercapacitor (9).

3. Results and Discussion
3.1. Biochar Yield

The relative mass yield of the biochar, obtained in the present work, and the relevant
literature data are summarized in Table 2.

Table 2. Yield and EDS analysis of biochar derived from different feedstock.

Type of Softwood with Sunflower
Biomass Colza Cherry Stones Peach Stones Grape Pomace Bark Husks
Biochar derived from different feedstock
Biomass (g) 1.05 1.06 1.05 1.06 1.05 1.03
Biochar (g) 0.30 0.31 0.34 0.37 0.28 0.33
Biochar yield
(%), present 28.66 = 0.14 29.24 +0.73 32.26 +1.32 35.07 +0.40 26.35 + 1.09 3148 £ 0.77
work
Biochar 27.50 [14]
yield (%), 28-30 [36] 27.00 [13] 33.56 [11] 39.68 [37] 27.00 [38] 31.59 [39]
EDS analysis
Carbon (%) 78.67 76.71 76.17 73.94 82.62 65.42
Oxygen (5) 15.75 14.14 19.41 17.08 16.66 19.17
Ash (%) 5.58 9.14 13.32 8.99 0.73 15.41
K (10.05) > Si
K (2.88) > Ca K (430) > P (1.52) > Ca K (4.23) > Ca Ca (8.20) > K
Descending (2.35) > Na @ 2'7) c (0.45) > A1(0.43) (2.97) > P (0.80) Si, K, Al (0.06) > (6.27) > Mg
order of ash 0.16) > M : a >Fe (040)> >Mg(0.32)>Si 7\ (0.43) > S (0.42)
& (1.58) > M & Ca (0.55)
component (%)  (0.15) > S (0.03) © 99') - Gi (0%1) Mg, P (0.21) >S (0.28) > Al ’ > Na (0.05) > P
> P (0.01) : : (0.04) > Na (0.16) (0.04)
(0.02)
The results expressed in % were obtained using Equation (5):
p & Lq
_ )
Y, = —iecharfin 1609 )

Mpiomass,init

where Yy, is the relative biochar yield, my;ocnarfin is the measured mass of the biochar, and
Mpiomass,init 15 the initial mass of the biomass residue prior to the carbonization process.
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The grape pomace showed the highest biochar yield with 35.07 £ 0.40%, while the
lowest one was derived from the softwood, 26.35 &= 1.09%. Similar results were reported
in [55,56]. The presently obtained biochar yield, derived from sunflower husks, soft-
wood, peach and cherry stones, and colza is in agreement with the results from other
experiments [18,21,53,56,57] (Table 2). An observable difference was found only for the
grape pomace samples, which was dedicated to the variations in the biomass composition
(seeds/skin/stems).

3.2. Thermogravimetric Analysis of Biochar
The effects of the feedstock and the heating rate on the TGA are expressed in
Figures 2 and 3.

50 Biochar 500°C at 20°C/min s Biochar 500 C at 20 C/min
——Peach stone ——Peach stone
80F Sunflower husks Sunflower husks
S Softwood = 301 Softwood
S 6ok —Colza ‘g ——Colza
28 Grape pomace ° 20l Grape pomace
= ——Cherry stone B ——Cherry stone
& 407 Y © Y
L (a]
! 10
Us L L L L L () L !
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature ( C) Temperature ( C)
100+ Biochar 500°C at 40 C/min 25 - Biochar 500 C at 40 C/min
——Peach stone - ——Peach stone
20 Sunflower husks 20 Sunflower husks
o Softwood - Softwood
< —Colza g —Colza
g oor Grape pomace s 15F ——Grape pomace
= ——Cherry stone < —Cherry stone
= 40f Sio0r
2 o)
=
20f st
=
0 . L ) : 0 L= A —
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature ("(') Temperature (®)
Figure 2. Effect of feedstock on the oxidation of six types of biochar at given heating rate (20 and
40 °C/min), TGA and DTG in air.
100 Cherry stone biochar T ;
k ¢ . Cherry stone biochar —10 "C/min
L — / ° .
20 ig »E‘m‘ln 15+ —20 C/min
& 0 ;0 .»Cfm‘m £ 30 'C/min
w r /- = o
% 9 30 fm‘m = 10l ~40 C/min
= 40 C/min >0
40+ 2
2 [a]
= 5t
20F
U Il L I () N N
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature (C) Temperature (‘ C)

Figure 3. Effect of heating rate on cherry stone biochar oxidation, TGA and DTG in air.

The maximum mass reduction of about 98 wt. % was determined for the biochar
derived from softwood carbonization. The TGA revealed two-staged conversion: de-
volatilization (stage 2) and char combustion (stage 3). Stage 1, corresponding to the water
mass loss up to 180 °C, was not considered because the samples showed low moisture
content. Due to the reduced biochar’s content of volatiles (Table 1), stage 2 was weakly
expressed in comparison to the TGA of biomass [3] and occurred in the temperature range
from 180 to 560 °C. Stage 3 took place between 400 and 720 °C for all studied biochar types
and heating rates.
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Comparison of the DTG data for colza, sunflower husks, and softwood revealed that
their maximum mass reduction was between 370 and 400 °C, which corresponds with
the high percentage of cellulose in their feedstock composition. The process of thermal
decomposition of these types of biochar required less energy to initiate the combustion
process than the one obtained from cherry and peach stones.

The DTG curves of peach and cherry stones and grape pomace showed their maximum
at 400-500 °C and released a higher amount of heat during the combustion. The effects
were associated with the highest lignin content, reported in [2,3], and the highest HHV of
the biochar, derived from kernel/seed-containing biomass.

The weight loss rate decreased when increasing the heating rate. Both TGA and
DTG curves were slightly shifted to the right with an increase in heating rate (Figure 3).
The same effects were described by Fan et al. [37]. The authors explain the appearance
of this phenomenon through the stronger thermal shock occurring in a short time and a
greater temperature gradient between inside and outside that the sample develops. When
the heating rate increases, the temperature of the biomass particle drops more abruptly,
showing greater energy absorption [58].

3.3. Kinetic Analysis

Comprehensive kinetic analysis was carried out, applying the model described in
Section 2.4, and considering two-staged combustion: biochar devolatilization (stage 2) and
combustion (stage 3). Generally, all six types of biochar showed similar kinetic profiles.
The calculated kinetic parameters and their corresponding correlation factors R? are given
in Table 3.

Table 3. Calculated kinetic parameters and correlation factor R?.

Biochar Colza Cherry Stones  Peach Stones  Grape Pomace Softwood Sunflower Husks
Heating rate 10 °C/min
Stage 2
E (kJ/mol) 95.21 111.9 119.2 125.2 131.7 94.1
A(1/s) 1.44 x 10° 2.69 x 100 6.06 x 10° 1.19 x 108 8.92 x 107 9.1 x 10*
R? 0.9906 0.9934 0.9904 0.9900 0.9913 0.9848
Stage 3
E (kJ/mol) 96.73 209.4 305.4 148.9 134.97 2743
A(1/s) 2.69 x 100 1.21 x 1016 2.35 x 1019 5.40 x 108 3.7 x 107 1.42 x 1011
R? 0.9782 0.9935 0.9868 0.9926 0.9543 0.9703
Heating rate 20 °C/min
Stage 2
E (kJ/mol) 99.71 119.5 112.9 125.7 149.7 114.9
A(1/s) 1.20 x 100 1.79 x 107 2.31 x 10° 7.62 x 107 5.86 x 107 2.62 x 107
R? 0.9907 0.9826 0.9911 0.9944 0.9928 0.9914
Stage 3
E (kJ/mol) 100.34 208.9 231.9 172.3 196.9 166.8
A(1/s) 2514 x 10° 2.76 x 1012 3.03 x 1013 8.47 x 107 9.92 x 1011 1.85 x 1010
R? 0.9833 0.9645 0.9684 0.9909 0.9931 0.9674
Heating rate 30 °C/min
Stage 2
E (kJ/mol) 86.3 110.6 84.4 91.6 160.9 96.9
A(1/s) 445 x 10* 3.73 x 100 6.16 x 103 4.64 x 10* 6.61 x 1010 3.32 x 10°
R? 0.9976 0.9948 0.9862 0.9953 0.9929 0.9831
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Table 3. Cont.

Biochar Colza Cherry Stones  Peach Stones  Grape Pomace Softwood Sunflower Husks
Stage 3
E (kJ/mol) 478.30 118.1 105.4 283.2 157.1 276.2
A(1/s) 7.26 x 103 3.67 x 10° 7.95 x 103 4.25 x 1016 9.3 x 108 433 x 10V
R? 0.9925 0.9919 0.9828 0.9933 0.9901 0.9775
Heating rate 40 °C/min
Stage 2
E (kJ /mol) 102.4 116.6 86.3 85.6 86.9 80.2
A(1/s) 4.39 x 10° 1.62 x 107 7.14 x 103 1.97 x 10* 1.32 x 10* 1.08 x 10*
R? 0.9951 0.9915 0.9909 0.9943 0.988 0.9846
Stage 3
E (kJ /mol) 112.6 109.4 463.5 99.5 562.9 4299
A(1/s) 9.76 x 10° 1.21 x 10° 5.52 x 10% 9.87 x 103 1.12 x 103 4.99 x 10%
R2 0.9769 0.9934 0.9833 0.9935 0.9759 0.964

The oxidation of the currently examined biochar showed high E values, which re-
sulted from the high thermal resistance of the feedstock’s main constituents (hemicellulose,
cellulose, and lignin). Limited numbers of references on biochar oxidation were found in
the literature [38,59,60]. The presently obtained biochar oxidation kinetics were compared
with literature data for the stage char oxidation of similar types of biomass, burnt under
comparable experimental conditions. Lopez-Gonzalez et al. [36] reported E of 126 k] /mol
to 167 kJ /mol at a heating rate between 10 and 40 °C/min in case of fir wood oxidation. In
parallel to the current study, the authors used the Coats—Redfern method for first-order
reaction. In the present experiment, the obtained E for softwood biochar oxidation was
134.97 and 562.9 k] /mol at the same heating rates. Increasing the heating rate led to higher
E in both studies. A similar trend was observed when comparing the present results with
those reported by Botelho et al. [61]. The authors evaluate the combustion characteristics
of raw and torrefied grape pomace (200-300 °C) in a thermogravimetric analyzer (using a
heating rate of 10 °C/min) and in DTF, at 1100 °C. They report an apparent E of 84.9 and
85.2 k] /mol for the devolatilization (assumed to resemble stage 2 of the present study),
whereas the E values for the char oxidation (stage 3) were 137.5 and 109.2 k] /mol for the
raw and the torrefied grape pomace, respectively.

3.4. SEM and EDS Analysis

Figure 4 shows SEM images of all biochar types, expressing the particles’ morphology
and structure.

Carbonization disrupts the smooth structure of the biomass, creating cracks and pores
on the biochar surface, and fragmentation of particles (smaller and spherical particles)
with the temperature increase [62]. The shape of the biochar particles derived from peach
and cherry stones was rounder and had higher porosity. Colza and softwood showed the
largest particle size.

The EDS analysis showed that the biochar derived from softwood had the highest
carbon content (82.62%), while the lowest value was obtained from the sunflower husks
(65.42%). The highest and the lowest oxygen content were in peach stone (19.41%) and
cherry stone (14.14%), respectively. The EDS elemental composition for all biochar types is
summarized in Table 2.

The biochar carbon content (EDS analysis, Table 2) corresponds with the data obtained
in the present ultimate analysis (Table 4). The data for sunflower husks and grape pomace
also correspond well with the ultimate analysis, presented by Colantoni et al. [63]. The au-
thors reported 72.1% of carbon in the sunflower husks and 73.77% in grape pomace biochar.



Appl. Sci. 2023,13, 3240 110f18

100 pm

- 1 o
e 8,
..

MAG: 300 x HV: 20.0 kV
Peach stones Sunflower husks Softwood

R >

MAG: 200 x_HV: 20.0 kV

Figure 4. SEM images of the biochar morphology.

Table 4. Biochar characteristics.

Biochar
Colza Cherry Stones Peach Stones  Grape Pomace  Softwood Sunflower Husks
Proximate analysis (wt. %)
Moisture 5.32 4.49 4.95 2.84 5.38 9.33
Ashes (db) 7.08 4.47 1.92 12.44 1.29 4.83
Volatile matter (db) 32.10 25.86 30.57 17.91 40.49 4413
Fixed carbon * (db) 55.51 65.18 62.57 66.81 52.85 41.71
Ultimate analysis (wt. %, db)
C 73.52 67.01 81.56 77.61 82.35 76.76
H 3.66 3.22 3.61 3.52 3.78 3.50
N 1.97 4.28 <0.10 2.64 0.97 224
o* 8.25 16.33 7.66 0.75 6.04 3.13
S <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Cl <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
HHV, MJ/kg 24.94 28.62 33.34 28.11 30.88 31.05
Specific surface area 252.30 265.74 306.72 293.27 331.62 278.25
(m~/g), SpET
Bulk density (g/cm?) 0.1585 0.4455 0.4301 0.3737 0.2028 0.2700
pH 9.70 9.55 9.10 11.08 8.38 9.93
EC (uS/cm) 1015 372 84 1960 56 897
Salt content (ppm) 508 186 42 980 28 448
* by difference.

3.5. Biochar Characterization Using Proximate, Ultimate, Calorimetric, BET, and Combined
pH/EC Analyses

The results from biochar proximate, ultimate, and calorimetric analysis are summa-
rized in Table 4.

The biochar, derived from biomass containing kernel, showed the highest fixed car-
bon content, although the effect cannot be directly related to the concentrated carbon
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content. The descending order of the fixed carbon per biochar type is as follows: grape
pomace > cherry stones > peach stones > > colza > softwood > sunflower husks. As ex-
pected, the opposite trend was observed regarding the content of volatile matter. Figure 5
shows the Van Krevelen diagram, according to Van Krevelen and Te Nijenhuis [64], and
Misse et al. [65], of the used raw biomass and the obtained biochar.

2.50
2.00
=
E 1.50
S
T 1.00
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
O/Cratio
x biochar GP raw biomass GP raw biomass SFH
raw biomass softwood raw biomass CP raw biomass PS
raw biomass CS * biochar SFH B biochar softwood
4 biochar CP # biochar PS @ biochar CS

Figure 5. Van Krevelen diagram of the used raw biomass and the obtained biochar.

The comparison of the hydrogen/carbon (H/C) and the oxygen/carbon (O/C) atomic
ratio was considered in order to verify the elements’ selective loss during the process of
dehydration and carbonization [66].

Biochar showed considerably lower H/C, and O/C ratios. According to Wagqas et al. [67],
the fuels with low H/C and O/C ratios are preferable due to their low smoke, water vapor
production, and energy losses. The H/C ratio is often seen as an indicator for carbon
stability in biochar [68], which together with the O/C ratio is directly associated with
the aromaticity, biodegradability, and polarity of biomass and biochar [66,69]. According
to other authors [62,66,69,70], the higher the carbonization temperature is, the lower the
observed H/C and O/C ratios are in the resulting biochar samples.

The conversion of agricultural biomass residue to biochar in pyrolytic conditions
is proposed as a promising option for feedstock utilization for various sustainable pur-
poses such as a substitution of renewable and environment-friendly energy source [38,71],
e.g., for household briquette production [72]. Expectedly, the measured biochar HHV
(Table 4) increased on average by 30-50% in comparison to the biomass; the effect was
observed also in [38,71,73]. The biochar HHV, proximate, and ultimate analyses confirmed
the conclusion of Angin [74], concerning its considerable potential to be used as a renew-
able energy carrier. However, the biochar thermal and surface stability and reactivity are
dependent on the feedstock type and conversion temperature [75].

Recently, in focus is the biochar’s prospect of becoming a low-cost sorbent for CO,
capturing [38]. Wagqas et al. [67] investigated the potential of biochar as a fuel and catalyst
in the context of different energy recovery technologies.

The experimentally measured specific surface area in m?/ g (Spgt), obtained from
the CO; adsorption at 0 °C, bulk density, pH, EC in uS/cm, and salt content in ppm are
summarized in Table 4. The Sggr values obtained in the present work were in line with
data reported in similar experiments. For instance, Manya et al. [76] investigated biochar
derived from vine shoots. The authors use biomass with particle sizes in the range of
0.1-1.0 cm diameter and 1.0-3.5 cm long, which is pyrolyzed in a packed-bed reactor
at peak temperature of 600 °C and at an absolute pressure of 0.1 MPa. They report the
biochar’s specific surface area of 228 m? /g which is calculated from CO, adsorption at
0°C.
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The recently measured EC varied in a wide range (from 56 to 1015 uS/cm, Table 4),
and typically correlated with the total salt content. The results are in accordance with an
independent study, reporting variations in biochar EC from 70 to 13,800 uS/cm.

All six types of the currently obtained biochar showed alkaline pH—from 8.38 to
11.08. Wagqas et al. [67] suggested that the biochar alkaline pH could improve (increase the
efficiency of) some processes of energy recovery technologies, such as anaerobic digestion
of biologically degradable feedstock—e.g., neutralizing the natural acidic effect of such
processes and, thus, enhancing the subsequent processes leading to biogas generation.

3.6. Decision Analysis

Independent studies investigate the significance of the ash content and ash-forming
elements of biomass envisaged to be used as solid biofuels [77,78]. Vassilev et al. [77]
identify correlations and associations among the ash yields and contents of the general
ash-forming elements of a huge variety of biomass. Thus, the origin and the role of these
elements (grouped as follows: (1) Si-Al-Fe-Ti, (2) Ca-Mg-Mn, and (3) K-P-5-Cl-Na) are
determined along with the benefits and the obstacles of their associations for biofuel
combustion. For instance, the enrichment of elements from group (3) is generally associ-
ated with the most critical technological and environmental challenges during biomass
thermochemical conversion.

The results from the decision support analysis, based on the experimentally measured
biochar characteristics, are shown in Tables S1-54, Supplementary material. Table S1
presents a summary of the results, obtained in terms of biochar potential application as
biofuel. The biochar from cherry stones showed the highest potential application as fuel
since most of its parameters dominated among the rest of the investigated biochar (number
of weak domination events—meaning that cherry stones have better values in 34 situations
or in single variables comparison). It showed the most beneficial balance between all
parameters reading the distance metric. However, both feedstock and biochar appeared
rich in K and P, which according to Vassilev et al. [77] is a good reason for exploring
other utilization pathways. In this point of view, independent studies consider biochar as
valuable energy carrier, suitable not primarily for direct combustion but rather as a resource
or even additive that facilitates the production of liquid or gaseous biofuels [79].

The results from the decision support analysis regarding the possible char application
as catalyst are generalized in Table S2, Supplementary material. In this case, grape pomaces
appear to have the highest potential, closely followed by peach stones and cherry stones.
The conclusion is based on the obtained higher number of domination events, balanced
by the distance metric, which seems to be concurrent. Although peach stones dominated
in most solutions, it is the cherry stones and grape pomace that achieved better balance
among all variables. Both peach stones and grape pomace can be considered the most
advantageous for this application. Waqas et al. [67] provided a detailed literature review
and experimental research focused on the application opportunities of biochar as a catalyst
suitable for various processes. The authors suggest that biochar can act as a promising
low-cost adsorbent for CO, capturing due to its highly porous structure and sorptive
capacity. They further propose the subsequent conversion of the absorbed CO, to fuel,
although detailed research is required on the process parameters and kinetic mechanisms
that enhance the catalytic conversion of CO, to biofuels. Mohamed et al. [80] investigate
biomass-derived CaO sorbent for CO, capture and conclude that the examined material is
suitable for producing CO, adsorbents. All six types of biomass analyzed in the present
study showed a relatively high content of CaO.

Conder et al. [81] summarize detailed studies on currently investigated carbon-based
materials, obtained by biomass carbonization and/or activation. The authors state that acti-
vated carbons, known for having versatile properties (e.g., specific surface area, significant
porosity, heteroatoms in their graphene matrix, etc.), are highly valued materials for the
production of electrochemical capacitors.
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According to [82], each biochar is unique, having different chemical and physical prop-
erties which depend on the feedstock and the applied technology/operating parameters for
biomass conversion. Moreover, the use of biochar as soil amendment is generally a highly
challenging issue due to the very strict regulations for the biochar contents of major and
trace elements, feedstock origin, the choice of its conversion technology, and many other
obstacles [83], which may suggest some biochar as being merely a waste or hazardous
material rather than having soil amendment purposes.

Racioppi et al. [84] investigate the response of ancient and modern wheat varieties
to biochar application as soil amendment. The authors observed that the addition of
biochar affects soil properties as follows: it increases the content organic matter, pH, and
the content of phosphorus (P), potassium (K), and sulfur (S) in the soils as well as the
shoot and root biomass of wheat. However, biochar can improve soil health and crop
productivity, depending on the rate of wood biochar and fertilizers addition, but these
parameters should be studied with respect to the properties of the soil, the agricultural
plants, the biochar origin, and production technology.

Table S3, Supplementary material, shows results from the currently performed decision
support analysis, aiming to estimate the biochar potential application for CO, sequestration
and soil amendment processes. The grape pomace expressed the highest potential for
application in CO; sequestration and/or soil amendment processes, dominating over a
large number of events. Although the metric distance was worse than for cherry stones,
grape pomace indicated good balance between all variables. Thus, grape pomace was
considered as the most advantageous for this application, followed by peach stones and
cherry stones.

Table 54, Supplementary material, reports the results from the decision support anal-
ysis for supercapacitor process application. This analysis showed solutions that are very
similar to the ones encountered in CO, sequestration analysis, where the salt content was
used instead of pH. Consequently, grape pomace was again the most suitable for this
application, followed by peach stones and cherry stones.

The results revealed that no solution is completely dominant because no non-dominated
solutions were identified. All solutions accounted for 0% of full domination in all parame-
ters in each application. The complexity of the decision is in part in such event, and that is
why weak domination can be enlightened. The metric distance resumes equilibrium of all
variables and a perfect solution does not exist. Generally, peach stones, cherry stones, and
grape pomace achieved the most promising results for all applications in comparison to
colza, softwood, or sunflower husks.

4. Conclusions

In the present research, biochar was produced from six different types of biomass in
a laboratory-scale reactor of type HTF, in nitrogen, at a residence time of one hour, atmo-
spheric pressure, and at mild temperature conditions (500 °C). Based on the experimentally
measured physical and chemical features of the derived biochar, a decision-supporting tool
was applied, focused on its potential role/application as biofuel, catalyst, CO, sequestra-
tion, and soil amendment, and as supercapacitor. The general results can be summarized as
follows: (i) The effect of feedstock on biochar yield allowed to deduce a direct proportional-
ity for the biomass lignin content and the biochar yield, e.g., the biomass having the highest
lignin content—grape pomace (49.62%), showed the highest mass yield (35.07%) of biochar
and vice versa for the colza and softwood. The highest HHV were obtained for the same
three types of biomass (grape pomace 21.20; peach stones 22.36; cherry stones 23.62 MJ/kg)
and derived biochar (grape pomace 28.11; peach stones 28.62; cherry stones 33.34 MJ /kg).
As expected, the opposite was observed proportionality for the content of volatiles and
fixed carbon in char, in comparison to biomass feedstock; (ii) Biochar thermal decomposi-
tion showed similar dependence on the feedstock constituents: cellulose, hemicellulose,
and lignin. Two general stages were identified from the TGA /DTG analysis of biochar in
air: devolatilization (stage 2)—between 180 and 560 °C, and oxidation (stage 3)—between
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560 and 720 °C, accompanied by a slight shift to the higher temperatures with an increase in
heating rate. The kinetic analysis confirmed that the activation energy of biochar oxidation,
obtained for the devolatilization (stage 2), decreased when increasing the heating rate,
except for colza and cherry stones, while during char combustion (stage 3), the opposite
tendency was observed—except for cherry stones and grape pomace; (iii) Generally, all
types of biochar showed considerably lower H/C and O/C ratios in comparison to biomass,
thus increasing their thermal stability. The results proposed the potential use of biochar
as renewable energy carriers; (iv) The SEM images showed satisfactory porosity of the
particle surface, which coincided with the Specific surface area (m?/ ), ST, estimated
from biochar CO, adsorption; (v) The experimentally measured EC and total salt content
widely varied (EC from 56 to 1015 uS/cm; salt content between 28 and 980 ppm), which
along with the alkaline pH (8.38-11.08) suggested further possible biochar applications
as a valuable additive, enhancing the efficiency of different energy recovery technologies
or even soil amendment. Biochar particular characteristics, described in Section 3.4. and
Section 3.5, suggested the need of implementing a decision support analysis for deter-
mining the unrevealed application perspective of the obtained biochar; (vi) The decision
support analysis showed that grape pomace, peach stones, and cherry stones achieved the
most promising results for all tested applications (as biofuel, catalyst, CO, sequestration
and soil amendment, and supercapacitor) comparatively to colza, softwood, and sunflower
husks.
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biofuel application; Table S2: Decision support analysis for catalyst application; Table S3: Decision
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support analysis for supercapacitor process application.
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