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This Special Issue of Energies contains the successful invited submissions [1–21] on the subject
area of “Biomass Chars: Elaboration, Characterization and Applications”. After the organization of a
first edition, the guest editors have decided to continue focusing on char production from biomass and
their applications various applications. In response to our call for papers we received 27 submissions,
of which 21 have been published and six rejected during the peer review process. The geographical
distribution of the authors of the published papers is as follows:

• China (5)
• UK (1)
• France (4)
• Greece (1)
• Spain (1)
• Korea (6)
• Germany (1)
• Tunisia (1)
• Poland (1)

Published submissions are related to biomass char production methods, including pyrolysis,
and hydrothermal carbonization. In addition, various characterization techniques were used to
identify the physico-chemical, morphological, textural, surface chemistry and structural properties
of the products. The main applied techniques were thermogravimetric analysis (TGA), calorimetry,
pH measurements, scanning electron microscopy (SEM)–energy dispersive X-ray (EDX) analyses,
X-ray diffraction (XRD), nitrogen gas adsorption, Fourier transform infrared spectroscopy (FTIR), etc.
The different recovery routes of biomass-derived chars were also addressed. Particular attention was
paid to char gasification and combustion as well as to the applications of chars for gas storage and
soil amendment. The main results are described below. New developments are still under progress,
encouraging the organization of a third edition of this special issue.

Moulogianni and Bournaris have ranked the agro-energy regions in the Region of Central
Macedonia (RCM) according to their biomass production potential [1]. In this context, the authors have
developed a Multi-Criteria Analysis (MCDA) model using the ELimination and Et Choix Traduisant la
REalite (ELECTRE) III method through the construction of outranking relations. The authors concluded
that agro-energy regions with cereals and arable crops will have better results than regions with fruit
trees and other crops.

Khiari and Jeguirim have attempted to identify an environmentally friendly valorization method
for the huge amounts of grape marc generated in Tunisia by the wine industry [2]. Hence, the authors
have determined physico-chemical and energy characteristics of grape marc according to international
standards. Based on these characteristics, they proposed a pyrolysis process as a recovery route for the

Energies 2019, 12, 384; doi:10.3390/en12030384 www.mdpi.com/journal/energies1
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grape marc due to its high minerals content and the ability to create high added value derived products.
During the thermogravimetric analysis the biochar yield was about 40%, a value never previously
reported in the literature for an agricultural biomass subjected to slow pyrolysis. Such behavior may
be attributed to the high lignin and high minerals contents in grape marc, confirming its potential for
agricultural applications.

Lee et al. have studied an alternative for the recovery of food waste compost since the amount
generated every day is higher than the amount consumed in farms [3]. Hence, authors have
suggested producing biochar from food waste compost using pyrolysis processes. In this context,
they have analyzed the thermal degradation behavior, calorific value, and char composition (using
gas chromatography) during the pyrolysis of food waste compost. The authors showed that biochar
from the pyrolysis of food waste compost had a high carbon content of 51% at 300 ◦C. Hence, it seems
that food waste compost can be used as a promising alternative fuel at a low pyrolysis temperature,
like other lignocellulosic refuse-derived fuels (RDF)

Liu et al have studied the pyrolysis of rice straw in a horizontal tube reactor at temperatures
ranging from 500 to 900 ◦C [4]. The authors have monitored the gaseous nitrogen components
emitted during rice straw pyrolysis in order to identify the release mechanism of fuel-N into NOx

and N2O precursors. A high dependency between the gaseous products and temperature was found.
NH3 and HNCO were preferentially formed at lower temperatures and HCN tended to form at higher
temperatures. The authors have also noted that NO was also an important product and its formation
during the pyrolysis of rice straw was due to the direct oxidization reaction of –NH and –OH, the latter
being abundant in the raw material.

Hydrothermal carbonization (HTC) is an emerging technology used for bioenergy conversion
from bio-wastes such as sewage sludge, livestock manure, and food waste. Oh and Yoon have
studied the hydrothermal carbonization of poultry slaughterhouse sludge cake in a pilot-scale HTC
reactor at temperatures from 170 to 220 ◦C [5]. The authors have analyzed the gross energy recovery
efficiency based on the calorific value of the HTC-biochar and the ultimate methane potential of the
HTC-hydrolysate, indicating that poultry slaughterhouse sludge cake is a useful source for bioenergy
conversion with a total gross energy recovery (GERtotal) of 4318 MJ/kg attained at 180 ◦C.

Similar analysis were performed by Liu et al. during the hydrothermal carbonization of a major
energy crop, reeds [6]. The HTC experiments were performed in a batch reactor at 200–280 ◦C for
0.5 to 4 h. The authors indicated that the hydrochar mass yield changed from 66.7% to 19.2% and
high heating value (HHV) from 20.0 kJ/g to 28.3 kJ/g, respectively, by increasing the carbonization
temperature from 200 ◦C to 280 ◦C and decreasing the residence time from 2 h to 1 h.

The operating conditions in pyrolysis and hydrothermal carbonization strongly impact the
properties of biochars and hydrochars. Dieguez-Alonso et al. have used pine wood (PW) and
corn digestate (CD) as feedstocks for biochar and hydrochar production [7]. CD biochars showed
lower H/C ratios, thermal recalcitrance and total specific surface area than PW biochars, but higher
mesoporosity. CD and PW biochars presented higher naphthalene and phenanthrene contents,
respectively, which may indicate different reaction pathways. High temperatures (>500 ◦C) lead
to lower polycyclic aromatic hydrocarbon (PAH) content (<12 mg/kg) and higher specific surface
area. In hydrochars the high inorganic content favors decarboxylation over dehydration reactions.
Hydrochars showed mainly mesoporosity, with a higher pore volume but generally lower specific
surface area than biochars. Biochars presented negligible availability of NO3

− and NH4
+, irrespective

of the nitrogen content of the feedstock. For hydrochars, a potential increase in availability of NO3
−,

NH4
+, PO4

3−, and K+ with respect to the feedstock is possible.
The char characterization is a crucial step to identify the suitable recovery route for biochar.

Lee et al. have analyzed the chemical characteristics of biochar produced using food waste containing
low- and high-concentration salt and biochar flushed with water to remove the concentrated salt [8].
Peak analysis of XRD confirmed that it is difficult to find salt crystals in flushed char since salt remains
in the form of crystals when salty food waste was pyrolyzed was washed away after water flushing.
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In addition, the Cl content significantly decreased to 1–2% after flushing, similar to that of Cl content
in the standard, non-salted food waste char. On the other hand, a significant amount of Na was
found in pyrolyzed char even after flushing resulting from a phenomenon in which salt is dissolved in
water while flushing and Na ions are adsorbed. FT-IR analysis showed that salt in waste affects the
binding of aromatic carbons to compounds in the pyrolysis process. NMR spectroscopy experiments
demonstrated that the aromatic carbon content, which is an indicator of the stability of a biochar, is not
influenced by the salt content and increases with increasing pyrolysis temperature.

Lee et al. have followed up on their investigation by analyzing food-waste-derived biochar
structures obtained through pyrolysis and with different NaCl concentrations [9]. The authors
indicate that increased NaCl concentration in the samples inhibited cellulose and lignin decomposition,
ultimately increasing the biochar yield by 2.7% for 20%-NaCl concentration. NaCl added in solution
state exhibited templating effects, with maximum increase in the Brunauer–Emmett–Teller (BET)
surface area and pore volume of 1.23 to 3.50 m2·g−1 and 0.002 to 0.007 cm3·g−1, respectively,
after washing. Adding a high concentration (20%) of NaCl reduced the BET surface area. In contrast,
the mean pore diameter increased owing to the increased NaCl clustering area.

Different recovery routes for biomass-derived chars were examined in the literature such as
combustion, gasification, pollutants adsorption, soil amendments. Boukaous et al. have examined the
combustion characteristics of flax shives, beech wood, hemicellulose, cellulose, lignin, and their chars
prepared in a fixed-bed reactor at 850 ◦C [10]. The authors have assessed the thermal behavior based on
characteristic temperatures (ignition, maximum, and final temperatures), burnout time and maximum
rate. The results revealed that the combustion of pure pseudo-components behaved differently from
that of biomass. In contrast, the combustion of the hemicellulose and cellulose chars showed that they
have almost the same structure. Their overall thermal and kinetic behavior remained between that of
biomass and lignin.

Mami et al. have carried out combustion tests of olive mill solid wastes pellets (olive pomace (OP),
and olive pits (OPi)) in an updraft counter-current fixed bed reactor [11]. The authors have found that
the exhaust gases were emitted in acceptable concentrations compared to the combustion of standard
wood pellets reported in the literature (EN 303-5). Furthermore, it was shown that the bed temperature
increased from the ambient value to a maximum value ranging from 750 to 1000 ◦C as previously
reported in the literature. The results demonstrated the interest of using olive mill solid waste pellets
as an alternative biofuel for heat and/or electricity production

Kim et al. have examined experimentally the effect of oxygen-enriched air on char combustion [12].
During their investigation, a coal-heating reactor equipped with a platinum wire mesh in the reaction
chamber was used to analyze the combustion temperature, reaction time, and reaction kinetics.
The authors have found that increasing the oxygen content of the primary combustion air increased
the combustion temperature and decreased the reaction time. As the oxygen content increased from
21% to 30%, the average temperature increased by 47.72 K at a setup temperature of 1673 K, and the
reaction time decreased by 30.22% at the same temperature. The graphite sample exhibited similar
trends in temperature and reaction time, although the degree of change was smaller because the pores
produced during char devolatilization expanded the active surface available for oxidation of the char
sample. A mathematical model was used to define the intrinsic kinetics of the reaction. As the oxygen
content increased from 21% to 30%, the reaction rate of the low-rank coal char increased. These results
were also compared with those of the graphite sample

Char gasification is attracting nowadays growing interest. Liu et al. have studied the char
gasification of two coals (i.e., Shenfu bituminous coal and Zunyi anthracite) and a petroleum coke
under a steam and CO2 mixture (steam/CO2 partial pressures, 0.025–0.075 MPa; total pressures,
0.100 MPa) and CO2/steam chemisorption of char samples using a Thermogravimetric Analyzer
(TGA) [13]. As a result a modified model based on Langmuir–Hinshelwood model and assuming
that char–CO2 and char–steam reactions partially shared active sites was proposed and had indicated
high accuracy for estimating the interactions in char–steam–CO2 reaction. Moreover, it was found that
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two new model parameters (respectively characterized as the amount ratio of shared active sites to
total active sites in char–CO2 and char–steam reactions) in the modified model hardly varied with
gasification conditions, and the results of chemisorption indicate that these two new model parameters
mainly depended on the carbon active sites in char samples

The char gasification reactivity is strongly affected by the presence of inorganic elements in the
raw biomass. Feng et al. have examined the effect of chemical speciation (H2O/NH4Ac/HCl-soluble
and insoluble) of alkali and alkaline earth metallic species on the steam gasification of sawdust biochar
in a lab-scale, fixed-bed reactor, with the method of chemical fractionation analysis [14]. The results
indicated that H2O/NH4Ac/HCl-soluble AAEMs have a significant effect on biochar gasification
rates. The release of K occurs mainly in the form of inorganic salts and hydrated ions, while that of Ca
occurs mainly as organic ones. The sp3-rich or sp2-sp3 structures and different chemical-speciation
AAEMs function together as the preferred active sites during steam gasification. H2O/HCl-soluble
AAEMs could promote the transformation of biochar surface functional groups, from ether/alkene
C-O-C to carboxylate COO− in biochar, while they may both be improved by NH4Ac-soluble AAEMs.
H2O-soluble AAEMs play a crucial catalytic role in biochar reactivity.

In addition to the inorganic elements, char preparation methods may influence the gasification
reactivity. Dahou et al. conducted a study to investigate the parameters that influence the steam
gasification kinetics according to the biomass type and char preparation method [15]. Chars were
prepared using three different sets of low heating rate (LHR) pyrolysis conditions including different
temperatures and biomass bed geometry. The authors have shown by a characteristic time analysis
that these pyrolysis conditions were not associated with a chemical regime in a large amount of devices.
However, they have shown that conditions used to prepare the char had a much lower influence on
steam gasification kinetics than the biomass type.

The presence of heavy metals in waste wood may have negative effects during the gasification
process through toxicity emissions and facility damaging. Therefore, Al-Badri et al. have performed
thermodynamic equilibrium calculations for the Boudouard reaction (BR) and partial combustion
reaction (PCR) to explore the possible interactions and interferences among CCA-elements themselves
and with Ca, Na, S, Cl, Fe, and Ni during the gasification of contaminated waste wood [16]. The results
revealed that Ni-As interactions generate dominant species As2Ni5 and As8Ni11, which increase the
solid–gaseous transformation temperature of As. Moreover, the interactions between Ca and Cr
predominantly form C3Cr7; whereas the absence of Ca leads to Cr2Na2O4 causing instability in the Cr
phase transformation.

During the char gasification, an ash layer is accumulated on the char surface. The ash layer
increases the mass transfer resistance of O2 to the gasification surface, which may become the limiting
step of whole process. In this context, Lin et al. studied O2 diffusion in the ash layer formed on
cylindrical char samples using a specially designed one-dimension setup in a thermogravimetric
apparatus (TGA) [17]. The effective internal diffusion coefficient (De) was found to increase with an
increase in ash layer thickness, due to an increase in median pore diameter. Methods were established
to correlate De with operating conditions and to estimate the role of internal diffusion resistance in
overall mass transfer resistance.

The effect of ash melting phenomena was also assessed by Kim et al. through the development
of a one-dimensional (1-D) entrained-flow gasifier model [18]. The authors have included sensible
heat of slag and the fusion heat of ash in the heat balance equation in their model. To consider the
melting of ash, they have proposed an algorithm that calculates the energy balance for three scenarios
based on temperature. Based on the Texaco pilot plant gasifier, the model was validated. The obtained
results showed good agreement with previous experimental data. Kim et al. have concluded that the
sensible heat of slag and the fusion heat of ash must be included in the entrained flow gasifier model.

In addition to the thermal conversion, biomass chars could be physically or chemically activated
in order to elaborate efficient adsorbents. In this sense, Abdeljaoued et al. have produced an activated
carbon from coconut shells with suitable characteristics to separate CO2 from biogas [19]. The textural
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characterization of the adsorbent has been determined. Pure component adsorption isotherms of CO2

and CH4 at 30–70 ◦C have been measured. The obtained results revealed that the activated carbon had
high CO2 adsorption capacity. Equilibrium of adsorption of CO2 and CH4 adsorption on the produced
activated carbon reached 8.36 mmol/g and 4.63 mmol/g, respectively, at 30 ◦C and 10 bar.

Peredo-Mancilla et al. have compared the performance of different biomass-based activated
carbons for CO2 and CH4 adsorption [20]. In particular, authors have studied the influence of the
activation method on the adsorption uptake using three activated carbons obtained by different
activation methods (H3PO4 chemical activation and H2O and CO2 physical activation) of olive
stones. For the three adsorbents, the CO2 adsorption was more important than that of CH4.
The chemically-activated carbon presented a higher specific surface area and micropore volume,
which led to a higher adsorption capacity of both CO2 and CH4. For methane adsorption, the presence
of mesopores facilitated the diffusion of the gas molecules into the micropores. In the case of carbon
dioxide adsorption, the presence of more oxygen groups on the water vapor-activated carbon enhanced
its adsorption capacity.

Energy crops such as Miscanthus have attracted growing interest during the last decade. Saletnik
et al. have assessed the possibility of using biochar and ash from plant biomass to fertilise giant
miscanthus (Miscanthus x giganteus). Authors have examined the optimisation of the combination
of fertiliser applications of the aforementioned materials in the context of the plant yield obtained.
There was an increase in yield of 8–68% over the two years of research when compared with the control
plots. It was found that the application of biochar, ash from biomass and a combination of the two
at appropriate rates as a soil additive can substitute for classic mineral fertilisers and strengthen the
ecological aspects of energy crop cultivation.

We found the edition and selections of papers for this Special Issue very inspiring and rewarding.
We also thank the editorial staff and reviewers for their efforts and help during the process.
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Abstract: The aim of the present work is to study the effect of different activation methods for the
production of a biomass-based activated carbon on the CO2 and CH4 adsorption. The influence of
the activation method on the adsorption uptake was studied using three activated carbons obtained
by different activation methods (H3PO4 chemical activation and H2O and CO2 physical activation)
of olive stones. Methane and carbon dioxide pure gas adsorption experiments were carried out
at two working temperatures (303.15 and 323.15 K). The influence of the activation method on the
adsorption uptake was studied in terms of both textural properties and surface chemistry. For the
three adsorbents, the CO2 adsorption was more important than that of CH4. The chemically-activated
carbon presented a higher specific surface area and micropore volume, which led to a higher
adsorption capacity of both CO2 and CH4. For methane adsorption, the presence of mesopores
facilitated the diffusion of the gas molecules into the micropores. In the case of carbon dioxide
adsorption, the presence of more oxygen groups on the water vapor-activated carbon enhanced its
adsorption capacity.

Keywords: CO2 adsorption; CH4 adsorption; biomass; activated carbon

1. Introduction

As part of the efforts being made to fight climate change, governments of 195 countries signed
the Paris Agreement, in which they agreed to keep the increase of the global average temperature
well below 2 ◦C from the preindustrial temperatures [1]. In order to meet this target, the EU set a
20-20-20 goal: 20% increase of energy efficiency, 20% reduction of greenhouse gas (GHG) emissions
and 20% of EU energy from renewables by 2020. Furthermore, 10% of transportation fuels have to
come from renewable sources such as biofuels [2].

Biogas is a gaseous mixture produced when organic matter is degraded by micro-organisms under
anaerobic conditions in a process known as anaerobic digestion (AD); its main components are methane
(CH4) in a concentration of 50–70 vol% and carbon dioxide (CO2) ranging from 30–45 vol% Collected
biogas can be directly burned to produce electricity with an efficiency of roughly 38% [3]. Alternatively,
the energy density of biogas can be increased by an upgrading process in which the non-combustible
gas (CO2) and other impurities are separated to produce biomethane, a highly-purified methane
stream (around 98% purity), which can function as a vehicle fuel or can also be injected into the natural
gas grid.
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The use of biogas and biomethane as alternative energy sources has gained attention, because it
results in the reduction of greenhouse gases from both the burning of fossil fuels and from the landfill of
organic wastes, which accounts for 3.2% of the total GHG emissions of the EU. Consequently, in Europe,
more than 90% of the produced biogas is already being used for electricity generation, and the
upgrading of biogas is being promoted more and more [4]. EU energy production from biomethane
rose from 752 GWh in 2011 to 17.264 GWh in 2016 (+16.512 GWh). Moreover, in 2016, biomethane
production in Europe increased by 4.971 GWh (+40%), proving an accelerated development in the
sector [5].

Adsorption-based processes have been widely explored for the upgrading of biogas. They present
several advantages such as relatively low energy requirements and low capital investment costs,
flexibility of design, safety and simplicity of operation, as well as a high separation efficiency [6].
In this type of separation technology, the components of a gas mixture are separated by their molecular
characteristics and affinity to an adsorbent material. For this purpose, a variety of materials have been
studied including zeolites [7–9], carbon molecular sieves (CMS) [10–12], metal organic frameworks
(MOFs) [13–15] and activated carbons (ACs) [16–18]. Among these materials, activated carbons
present advantages in terms of: (i) hydrophobicity; thus, there is no need for a drying step before
upgrading; (ii) low heat of adsorption, therefore a low energy of regeneration; (iii) the possibility of
heteroatoms’ functionalization to modify their adsorption behavior; and (iv) high CO2 adsorption
capacity at ambient pressure [19]. Furthermore, activated carbons can be produced with a lower cost
than other adsorbents, with a wide range of available precursor materials. In fact, any carbonaceous
material can be used as a precursor for activated carbon production as long as it has a low ash
content and a high proportion of carbon [20]. In this sense, the use of agro-industrial wastes as
an alternative to coal and wood as precursors for activated carbon production has been widely
studied [21–23]. This waste-valorization process reduces the environmental and economic costs
associated with the precursors while eliminating the need for disposal or incineration of unwanted
agricultural by-products [24]. Materials such as corn cobs, palm shells, starch, coconut shells, durian
shell, olive stones and bamboo have already been studied for activated carbon production [19,25–32].
In particular, olive stones are seen as suitable precursors, giving activated carbon with high adsorption
capacities, important mechanical strength and low ash content [29,33]. A complete review of precursors,
activation methods and applications of biomass-based activated carbons is available elsewhere [34].

Depending on the activation conditions, ACs can present surface areas as high as 3000 m2 g−1.
Activated carbons can be produced in two ways: physical activation and chemical activation.
Physical activation is a two-step process that begins with the carbonization of the precursor at high
temperatures (up to 1073 K), a process in which the volatile compounds present in the precursor are
removed under an inert atmosphere (i.e., nitrogen atmosphere) producing a carbon-rich material.
Carbonization is followed by the activation step: the material is exposed to an oxidizing gas current
(such as air, CO2 and water vapor) at a temperature between 1073 and 1273 K. On the other hand,
chemical activation consists of the immersion of the raw material into a dehydrating agent followed
by a heat treatment step. Examples of dehydrating agents are sodium and potassium hydroxide
(KOH and NaOH), zinc chloride (ZnCl2) and phosphoric acid (H3PO4). Chemical activation with KOH
results in activated carbons with a high micropore volume, a key factor for CH4 and CO2 adsorption;
nevertheless, this activation agent presents the disadvantage of low production yields due to the
presence of potassium atoms on the resulting structure, which lowers the activated carbon yield;
thus, the carbon content of the obtained activated carbon is lower than that of the precursor material.
The use of ZnCl as the activation agent has environmental disadvantages due to zinc chloride’s high
corrosivity. Therefore, H3PO4 has become the most used impregnation agent for AC production [35].

Different activation methods and activation conditions (i.e., temperature and time of activation)
result in differences in the textural properties such as surface area, pore size distribution and micropore
volume, as well as in the chemical properties of the obtained activated carbons. The textural
properties are the most determining factor of the adsorption behavior in a physical adsorption process.
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However, specific interactions between the adsorbed gas and the adsorbent may also play a role in
the adsorption process, and they are unique for each adsorbent/adsorbate pair [36]. Therefore, it is
necessary to establish the best activation method for each particular adsorption process.

Several studies have been published on the CH4 and CO2 adsorption capacity of CO2

physically-activated carbon, as well as KOH chemically-activated carbons, but a less important number
of works report H3PO4 activation [19,25,31,35,37–42]. The literature review shows that the use of
olive stones as precursor materials for activated carbon production is a promising alternative for
biogas upgrading with the additional advantage of waste valorization. In this context, the present
work provides a novel systematic analysis of the influence of both the textural properties and surface
chemistry of olive stone activated carbons on the methane and carbon dioxide adsorption. The effect
of the activation method (physical versus chemical activation) on the properties of the obtained
activated carbons is also discussed. To this end, the adsorption capacity of both methane and carbon
dioxide is determined for three activated carbons produced from olive stones by different activation
methods: CO2 physical activation, H2O physical activation and H3PO4 chemical activation. The factors
influencing the gas adsorption capacity are discussed in terms of the effect of the activation method on
both the textural and chemical properties of the obtained activated carbon.

2. Materials

2.1. Sample Preparation

Three activated carbons were prepared using olive stones provided by an olive oil factory
located in Zarzis (Tunisia); two of them were obtained by physical activation and the other one
by chemical activation. Prior to the activation procedures, the raw materials, were thoroughly washed
with hot distilled water, dried under ambient conditions for 24 h and crushed to form particles with
a diameter between 1 and 3 mm. The activated carbon preparation methods are summarized in this
section. A detailed description of the selection procedure of the optimal activation conditions and
sample characterization can be found in [43–45].

2.1.1. Physical Activation

Two physical activation methods were carried out: activation with water vapor and activation
with carbon dioxide. Both methods followed a two-step scheme in which the first step was the
carbonization of the precursor under a continuous flow of purified nitrogen with a flow rate of
10 NL/h. Using a heating velocity of 5 K/min, the precursor was heated from room temperature
to a temperature of 873 K and kept at this final temperature for 60 min. Nitrogen flow was used in
order to evacuate the residual oxygen from the system. The second step was the activation of the
samples consisting of placing the sample under a gas flow of the activation agent at a flow velocity
of 10 Nl/h and a temperature of 1023 K for 360 min (temperature ramp of 15 K/min). For the water
vapor activated carbon (AC-H2O), the activation agent was water 70 vol. % in N2. Meanwhile, for CO2

activation, a flow of pure carbon dioxide was employed.

2.1.2. Chemical Activation

The olive stones were immersed in an orthophosphoric acid aqueous solution (50% w/w) at a
weight ratio of 1:3. The mixture was kept under stirring for 9 h at 383 K. Consecutively, the solution
was filtrated, dried and flushed by a stream of nitrogen at a temperature of 443 K for 30 min and an
extra 150 min at 683 K. The heating velocity during this whole procedure was 5 K/min. The sample,
referred to as AC-H3PO4, had a chemical activation yield of 33 wt%.

2.2. Samples Properties

The characterization of the activated carbons was done by means of textural properties (such as
surface area and pore volume) and surface chemistry. The specific surface area was calculated by means
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of the Brunauer–Emmett–Teller (BET) method [46] from the linear plot of the nitrogen adsorption
isotherm at 77 K in the relative pressure range of 0.05–0.15 (Figure S1 of the Supplementary Materials).
Total pore volume was determined by the amount of nitrogen adsorbed by each material at a relative
pressure P/P◦ = 0.99. The t-plot method was used for the calculation of the micropore volume.
The mesopore volume was defined as the difference between the total pore volume and the micropore
volume. Finally, the pore size distribution (PSD) (Figure S2 of the Supplementary Materials) was
obtained by non-local density functional theory (NLDFT) using a model for slit carbon pores. The
textural properties of the three activated carbons are summarized in Table 1 and can also be found in
the literature [43]. The three activated carbons are mainly microporous. The water vapor activated
carbon has a higher total pore volume VTOT due to the presence of an important volume of mesopores
(Vmeso = 0.30 cm3 g−1). The presence of mesopores on water vapor-activated carbons due to a higher
gasification of the carbon source of the precursor has been previously reported [43,47]. On the other
hand, the chemically-activated carbon AC-H3PO4 has significantly higher specific surface area (SSA)
and micropore volume Vμ than the physically-activated ones, in agreement with the literature [48].

Table 1. Textural properties of carbon materials. SSA, specific surface area; AC, activated carbon.

Sample SSA (m2 g−1) Vμ (cm3 g−1) VTOT (cm3 g−1) Vmeso (cm3 g−1)

AC-H3PO4 1178 0.45 0.49 0.04
AC-CO2 757 0.30 0.32 0.02
AC-H2O 754 0.28 0.58 0.30

The surface chemistry of the adsorbent can be of great importance for the adsorption process;
for this reason, the type and quantity of surface oxygenated groups were determined by means of a
home-made temperature programmed desorption device coupled with a mass spectrometer (TPD-MS).
In the TPD-MS experiments, a sample weighting 10 mg of each activated carbon was placed in a quartz
tube that was introduced to an oven. The temperature of the oven was then increased at a rate of
5 K per minute under vacuum conditions. The surface properties of the sample were analyzed in the
temperature range 298–1173 K. During the heating process, the quantitative evolution of gases was
analyzed by mass spectrometry. The total amount of emitted CO and CO2 during the TPD-MS analysis
was obtained by integration of the desorption peaks (see Table 2). With the increase of temperature,
oxygenated groups decomposed into CO2 and CO. The desorption temperature gives information
about the nature of oxygenated groups present on the carbon surface. Furthermore, by correlation
between diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of different
activated carbons and their TPD-MS profiles, it has been established that the emission of carbon
dioxide results from the decomposition of lactones, carboxylic acids and anhydrides, while carbon
monoxide is emitted by the decomposition of groups such as phenols, ethers and quinones [49].

Table 2. Cumulated amounts of the emitted CO and CO2 during the temperature programmed
desorption (TPD-MS) analysis of carbon materials.

Sample CO (mmol g−1) CO2 (mmol g−1)

AC-H3PO4 3.43 0.72
AC-CO2 1.06 0.38
AC-H2O 1.25 0.39

In this context, the chemically-activated carbon (AC-H3PO4) presented higher amounts
of oxygenated groups, mainly carboxylic acids, quinones and anhydrides. Among the
physically-activated carbons, the water vapor activation resulted in more surface oxygen in the
form of phenol and carboxylic acids. Meanwhile, carbon dioxide activation resulted in the formation
of quinones, lactones and carboxylic acids on the activated carbon surface [43].
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3. Experimental Methodology

3.1. High Pressure Manometric Adsorption Setup

The instrument used in the present study was a high pressure (HP) manometric device.
A schematic view of this “homemade” apparatus is provided in Figure 1. The fundamental elements
of this apparatus are the dosing cell (Vdos) and the adsorption cell (Vads). The pressure was measured
by a MKS pressure transducer Baratron Type 121 A MKS Instruments, München, Deutschland). (0.01%
uncertainty in the full scale from vacuum to 3.3 MPa) connected to the dosing cell. The two cells
were isolated by spherical valves, thus limiting the “dead space” volume. During the adsorption
experiments, the isothermal condition of the system was ensured by a heating wire controlled by
a Eurotherm 3208 PID. (Schneider Electric, Worthing, United Kingdom). Thermocouples located
at several points of the instrument allowed verifying the non-appearance of temperature gradients
within the system. This setup was designed to operate over wide a range of pressure (0–3.3 MPa) and
temperature up to 373.15 K [50,51].

Figure 1. Schematic diagram of the high pressure and high temperature (HP/HT) manometric
adsorption setup.

3.2. Determination of Excess Adsorption

Prior to the adsorption experiments, both the dossing cell volume and adsorption cell volume
need to be calculated. The volume of the dosing cell was measured by a gravimetric scheme in which
the pressure change at a given temperature due to a known quantity of carbon dioxide (CO2) was
recorded, using the NIST isothermal properties of carbon dioxide, the corresponding volume was
calculated [52]. The adsorption cell accessible volume, also known as void volume, in the presence of
the sample of activated carbon was calculated by helium (He) expansions from the dossing cell to the
adsorption cell (helium is considered as a non-sorbing gas). The experimental methodology applied
for the adsorption isotherms’ measurement was based on a mass balance principle. The uncertainty
in the calculations of the void and adsorption cell volume was always less than 0.5%. In all cases,
an out-gassing process consisting of keeping the sample under vacuum conditions at 473 K for 10 h
was performed before any experiment. The adsorption isotherms were obtained by an accumulative
process: successive doses (≈3 bar) of the adsorbate (CH4 or CO2) were introduced into the dosing
cell and expanded into the adsorption cell. The stability of the pressure was the chosen indicator of
equilibrium conditions. The reproducibility of the experiment was tested by repeating one of the
adsorption isotherm 3 times, and the absolute standard deviation was found to be less than 1%.

3.3. Parametrization of Excess Adsorption Isotherms

The excess adsorption isotherms were fitted to a modified Langmuir model:

nexc = nL
p

p + pL

(
1 − ρg(p, T)

ρads

)
(1)
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In this expression, nexc represents the adsorbed amount of gas (mol kg−1) at a pressure p (MPa);
pL is the pressure at which half of the adsorption sites are occupied (monolayer), also known as
the Langmuir pressure; nL is the maximum Langmuir capacity, which corresponds to the adsorbed
amount in which the monolayer is filled; ρg is the gas density (kg m−3) at pressure p and temperature T.
Meanwhile, ρads (kg m−3) stands for the adsorbed phase density; in this work, it was fixed to the
inverse of the van der Waals volume of each gas (373 kg m−3 for methane and 1027 kg m−3 for
carbon dioxide) [53]. The Langmuir model has the advantage of taking into account the volume of
the adsorbed phase. It has a theoretical basis, whilst other models such as Toth (1995) [54] and Sips
(1948) [55] are empirical. This model was initially developed for the low pressure region; nevertheless,
it provides a reasonable estimation of the excess adsorption isotherms at higher pressures [17].

The best fit of the Langmuir model for each adsorption isotherm was obtained by minimizing the
root mean square error (RMSE) provided by Equation (2) [7]:

RMSE =
1
k
·
√√√√ k

∑
1
(nexp − ncalc)2 (2)

where nexp and ncalc are the experimental and calculated adsorption amounts in mol kg−1 at a pressure
p for a number k of data points in the adsorption isotherm.

4. Results

CH4 and CO2 adsorption isotherms were obtained for the set of three olive stone-based activated
carbons (Figures 2 and 3) up to a pressure of 3.2 MPa at two working temperatures: 303.15 and
323.15 K, with a reproducibility superior to 99% (average absolute deviation of less than 1%). All the
isotherms were fitted by the Langmuir two-parameter model (see Equation (1)), and the obtained
fitting parameters and root mean square error (RMSE) are presented in Table 3 (CH4 adsorption) and
Table 4 (CO2 adsorption). The goodness of the fitting process is depicted by the RMSE values; values
under 0.09 were obtained for the fitting of all the isotherms.

Figure 2. CH4 adsorption isotherms for the three olive stone-based activated carbons: AC-H3PO4

(black circles), AC-CO2 (red diamonds) and AC-H2O (turquoise triangles). Open symbols represent
the adsorption data at 303.15 K, while the data at 323.15 are shown by the filled symbols.
Uncertainties: Δp = 0.01 MPa, ΔT = 0.2 K. The obtained Langmuir fitting isotherms are shown by the
solid lines.
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Figure 3. CO2 adsorption isotherms for the three olive stone-based activated carbons: AC-H3PO4

(black circles), AC-CO2 (red diamonds) and AC-H2O (turquoise triangles). Open symbols represent
the adsorption data at 303.15 K, while the data at 323.15 are shown by the filled symbols.
Uncertainties: Δp = 0.01 MPa, ΔT = 0.2 K. The obtained Langmuir fitting isotherms are shown by the
solid lines.

A higher adsorption of carbon dioxide than methane can be noticed for the three ACs (Figures 2 and 3).
This is a typical behavior of activated carbon adsorption that can be explained by the presence of a
quadrupole moment on the molecule of carbon dioxide that leads to stronger adsorptive/adsorbent
interactions. Another possible explanation can be given in terms of the critical point of the gases: the critical
temperature (190 K) and critical pressure (4.59 MPa) of methane were much lower than those of carbon
dioxide (304.45 K and 7.38 MPa), which means that carbon dioxide was in the form of a condensable vapor,
while methane acted as a supercritical gas at the adsorption conditions. A lower adsorption and lower
maximum Langmuir capacity (nL) upon an increase in the adsorand Tables 3 and 4, indicating a physical
adsorption process. Furthermore, for both adsorptives, the chemically-activated carbon AC-H3PO4 showed
a higher adsorption capacity; the adsorption tendency varied in the following order: AC-H3PO4 > AC-H2O
> AC-CO2.

Table 3. Langmuir fitting parameters for the CH4 adsorption isotherms.

CH4 Adsorption

Sample Temperature (K) nL (mol kg−1) ρL (MPa) RMSE

AC-H3PO4
303.15 6.518 0.932 0.042
323.15 6.369 1.182 0.037

AC-CO2
303.15 3.913 0.273 0.043
323.15 3.830 0.076 0.031

AC-H2O 303.15 5.417 0.714 0.067
323.15 5.301 1.011 0.056

The superior adsorption of AC-H3PO4 can be explained in regards to the textural properties
of the samples (see Table 1); the chemically-activated carbon had the highest specific surface area
and micropore volume, both adsorption-enhancing factors. A higher surface area means more
available physisorption sites, while a linear relationship between the micropore volume and the
adsorption of both methane and carbon dioxide has been reported [21,56]. Concerning the difference
in the methane adsorption capacity of the two physically-activated carbons, the presence of the
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mesoporosity of the structure of the water vapor-activated carbon AC-H2O is thought to be the
determining factor. Both physically-activated carbons had similar SSA and micropore volume, with
the only difference being the mesopore volume. In fact, it has been shown that activated carbons that
combine both micropores and mesopores can adsorb a significantly higher amount of CH4 than their
totally microporous counterparts [57].

Table 4. Langmuir fitting parameters for the CO2 adsorption isotherms.

CO2 Adsorption

Sample Temperature (K) nL (mol kg−1) ρL (MPa) RMSE

AC-H3PO4
303.15 10.873 0.488 0.080
323.15 10.254 0.733 0.065

AC-CO2
303.15 5.878 0.181 0.059
323.15 5.191 0.273 0.020

AC-H2O 303.15 7.968 0.371 0.073
323.15 7.721 0.772 0.087

While methane adsorption by activated carbons is only influenced by the textural properties of the
adsorbent, the carbon dioxide adsorption is also thought to be related to the surface chemistry. In the
present work, the influence of the surface chemistry was depicted by normalizing the CO2 adsorption
isotherms by the surface area (Figure 4). One could expect that by doing this, the adsorption of the
chemically-activated carbon would still be the most important due to a higher micropore volume.
In reality, the AC-H2O showed a higher adsorption. Chemical activation with phosphoric acid
(H3PO4) was reported to produce acid activated carbon surfaces [58], which seems to reduce the
interactions between the basic surface groups and the carbon dioxide molecules, explaining its lower
adsorption when the textural effect is eliminated by normalizing the adsorption isotherms by the
specific surface area. However, the negative influence of acid surface groups on the AC-H3PO4 was
small compared to the effect of its higher surface area, thus showing a higher adsorption capacity
when no normalization of the isotherms was done (Table 4).

Among the two physically-activated carbons, AC-H2O had the highest quantity of oxygenated
surface groups (Table 2), which explains its dominant adsorption when SSA normalized. An increase
in the CO2 adsorption capacity in the presence of oxygen-containing surface functionalities by means
of acid-base interactions and hydrogen bond formation between the adsorbate and the activated
carbons surface was shown [59,60]. The high electronic density of oxygen on the oxygenated surface
groups, due to electron gain from the carbon surface atoms, allowed them to act as electron-donors, in
which case the CO2 adsorbate molecules behaved as basic groups.

Table 5 shows the comparison of the adsorption capacities of the activated carbons studied
in this work with other biomass-based activated carbons of the literature. It can be seen that the
adsorption values were well in the range reported in the literature for both carbon dioxide and methane.
Their competitive adsorption capacities and higher carbon dioxide adsorption capacity over methane
made the olive stone activated carbons a suitable material for further studies on the CH4 and CO2

storage and separation.
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Figure 4. SSA normalized CO2 adsorption isotherms of the activated carbons: AC-H3PO4

(black circles), AC-CO2 (red diamonds) and AC-H2O (turquoise triangles). Open symbols represent
the adsorption data at 303.15 K, while the data at 323.15 are shown by the filled symbols 323.15 K.

Table 5. Adsorption capacities of different biomass-based adsorbents.

CO2 and CH4 Adsorption Capacity

Sample Precursor Activation Agent Temperature (K)
CH4 Adsorption

Capacity (mol kg−1)
CO2 Adsorption

Capacity (mol kg−1)

AC-H3PO4 * Olive stones H3PO4 303.15 6.518 10.873
AC-CO2 * Olive stones CO2 303.15 3.913 5.878
AC-H2O * Olive stones H2O * 303.15 5.417 7.968

BC [19] Babassu coconut CO2 293 5.343 10.49
CS [19] Coconut shell CO2 293 7.259 14.67

Pinpel20 [61] Wood pellets CO2 303 3.36 6.66
MSS-AC [62] Mango Seeds H3PO4 303 0.858 8.788
CS-H2O [39] Cherry stones H2O 303 8.36 14.45

* This work.

5. Conclusions

In this work, the effects of the textural and chemical properties of three activated carbons on the
adsorption behavior of carbon dioxide and methane were studied. For this purpose, three activated
carbons produced from olive stones by CO2 physical activation, H2O physical activation and H3PO4

chemical activation were employed. The activated carbons were mainly microporous. The activated
carbon obtained by chemical activation with phosphoric acid of the precursor material presents a
higher surface area, total pore volume and micropore volume, which led to a higher adsorption
capacity for both methane and carbon dioxide. Even though the two physically-activated carbons had
similar surface areas and micropore volume, the water vapor-activated carbon had also an important
volume of mesopores that facilitated the diffusion of the methane molecules into the micropores;
thus, its methane adsorption capacity was higher. In the case of carbon dioxide, adsorption-specific
interactions between the adsorptive and adsorbent were also found to participate in the adsorption
process. Amongst the two physically-activated carbons, H2O-activated carbon had the highest content
of oxygen surface group and therefore a higher CO2 adsorption capacity. Nevertheless, even if the
surface chemistry of the adsorbents can influence the adsorption of carbon dioxide, textural properties
are still the main governing parameters. Finally, the three activated carbons from olive stones had
a higher adsorption of carbon dioxide than methane, meaning a higher selectivity towards carbon
dioxide than methane. Furthermore, their carbon dioxide and methane adsorption capacities were
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found to be in the range of other biomass-based activated carbons reported in the literature, making
them suitable candidates for the upgrading of biogas.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/11/
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Figure S2: Pore size distribution (PSD) of the olive stone activated carbons obtained by means of density functional
theory (DFT). Figure S3: Emitted CO2 during temperature programmed desorption-mass spectroscopy (TPD-MS)
of the olive stone activated carbons. Figure S4: Emitted CO during temperature programmed desorption-mass
spectroscopy (TPD-MS) of the olive stone activated carbons.
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Abstract: We assess the possibility of using biochar and ash from plant biomass to fertilise giant
miscanthus (Miscanthus x giganteus). The paper concerns the optimisation of the combination of
fertiliser applications of the aforementioned materials in the context of the plant yield obtained.
There was an increase in yield of 8–68% over the two years of research when compared with the
control plots. It was found that the application of biochar, ash from biomass and a combination of the
two at appropriate rates as a soil additive can substitute for classic mineral fertilisers and strengthen
the ecological aspects of energy crop cultivation. The interpretation of the results obtained enabled
the selection of optimum fertiliser applications, resulting in a significant increase in the yield of plants
and an improvement in soil chemical properties. It was found that the highest yield of dry matter of
giant miscanthus plants, after both the first and second year of cultivation, was obtained by applying
the fertiliser containing ash at a rate of 1.5 t ha−1, together with biocarbon and the combination of
biochar and ash at a rate of 1.5 t ha−1.

Keywords: biochar; ash from biomass; giant miscanthus; fertilisation

1. Introduction

Plant biomass, due to its specific chemical structure and high calorific value, can be used in
numerous conversion processes aimed at the production of solid, liquid and gaseous fuels [1].
The acquisition of energy from biomass is possible through its conversion in the form of direct
combustion, co-incineration with coal, gasification, pyrolysis, and fermentation [2].

The factors determining the growth performance of biomass in energy crops are the choice
of plant species and production cycle, including the location of the plantation and appropriate
fertilisation. In turn, the proper preparation of the material and the optimisation of the technological
process, including the management of waste products, i.e., ashes generated during combustion,
affect the efficiency of using biomass as an energy source. Both the cultivation of energy crops and
the utilisation of the ash from biomass are part of sustainable energy management and have a huge
impact on the environment. Agroenergy is also recommended from an environmental protection
point of view to carry out agrotechnical sanitation in contaminated areas, especially those with toxic
metals [3]. Ash from biomass, according to data available in the literature, can favourably affect the
physicochemical properties of soils to a comparable or even greater degree than mineral fertiliser [4].
According to the latest research, the effective improvement of the physicochemical properties of
soils and the increase in fertility of less fertile soils can be obtained by using biochar. Biochar is a
material formed in the process of thermal conversion of biomass under conditions of limited access
of oxygen, which results in the formation of a product with a high carbon content and very good
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sorption properties [5]. In addition, it was proven that biochar has high chemical reactivity to organic
and inorganic compounds present in the soil environment, and therefore its potential use in the
reclamation of chemically degraded soils is more and more frequently discussed. From an agricultural
point of view, the introduction of biochar into soils provides many benefits by improving physical,
chemical and biological properties, which in turn contributes to an increase in crop yield [6,7].

From an agricultural point of view, the introduction of biochars into soils as agents that improve
their properties seems to be beneficial due to the possibility of improving the conditions for the growth,
development and increased yield of crops [7]. In addition, in view of the rapid effects and relatively
low costs of using them, biochar compounds are more and more often used in the remediation and
soil protection process [8]. The performance of biochar introduced into the soil environment mainly
depends on the raw materials used for its production, as well as the parameters of the pyrolysis
process. They determine the contents of macro- and microelements, as well as harmful substances
such as heavy metals. The heterogenous chemical composition of biochars allows their interaction
with a large group of inorganic and organic compounds present in the soil [9]. Various properties of
these materials allow reactions with mineral and organic particles in the soil, as well as the formation
of mineral–organic complexes [10]. Biochars introduced into the soil are characterised by high stability
and resistance to biological decomposition, which is why they are considered a highly effective agent
of carbon dioxide sequestration in the soil [11]. In addition, the application of biochars not only
allows the soil to increase its carbon content, but also other biogenic compounds, such as phosphorus,
potassium, magnesium and nitrogen [12,14]. The high ion-exchange capacity and the specific surface
of biochars contribute to the reduction of leaching of biogenic elements from the soil environment
and reduce the emission of nitrogen oxide [14]. Biochars introduced into the soil as fertiliser materials
also affect the increase in soil pH [15]. The research conducted so far has shown that biochars contain
numerous alkaline substances, such as calcium carbonate, which may affect the soil pH, and the best
results in the form of pH increase can be obtained in heavily acidified soils [16,17]. Biochar added
to the soil also affects its physical properties by increasing the ability to form soil aggregates and
resistance to erosion or improvement in water retention [18]. The improvement of physical properties
of soils after the application of the biochar additive mainly depends on its properties, which are
predominantly determined by the technology used in its production [19,20]. The highly porous
structure of biochars can also create a favourable environment for the existence of microorganisms,
which results in increased fertility and soil productivity [21].

Giant miscanthus (Miscanthus x giganteus) is a long-term energy crop, characterised by high yield
potential. This impressive grass originates from tropical, subtropical and more temperate areas of
Southeast Asia. In its natural environment it can reach 6 meters in height, and the diameter of stiff
sprouts can be 20 mm. It has been known in Europe for about 50 years; it was originally treated as
an ornamental plant, and then started to be used for energy purposes. This plant is a natural hybrid
that was created by crossing Miscanthus sinensis and Miscanthus sacchariflorus. This interspecific hybrid
belongs to the group of plants with the C-4 photosynthetic cycle, which is an efficient process of
photosynthesis. In the first year of cultivation, the miscanthus can reach a height of about 2 meters
and the yield is at the level of 2–5 t ha−1 dry matter. In the second year of cultivation, the plants can
reach a height of more than 3 meters and the obtained yield can be at the level of 8–10 t ha−1 dry
matter. In order to ensure the correct rate of plant growth, it is important to apply an appropriate
fertilizer dose in the initial growing period. The maximum potential harvesting of miscanthus starts
from the third year of cultivation. High biomass yields, which can reach over 20 t ha−1 of dry matter,
can keep to 10 years during harvesting.Biomass from the giant miscanthus is a very high-quality form
of ’fuel’ intended for direct combustion. It also has high potential as a substrate in bio-oil production,
gasification and charring processes [22,23].

The purpose of the paper is to assess the possibility of using biochar and ash formed through
the plant biomass combustion process as a fertiliser used in the cultivation of giant miscanthus
(Miscanthus x giganteus) and the optimisation of the combination of fertiliser applications. Prior to the
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studies, the following research problem was formulated: if biochar and ash from plant biomass can be
used as a fertiliser in the cultivation of energy crops, which has a positive effect on soil properties and
increases crop yields?

2. Results

2.1. Names of Tests

The tests used for further identification are described by symbols, due to the type and application
rate of the fertiliser used:

B1/P1 (control test—no fertiliser),
P2 (fertilised with ash at a dose of 1.5 t ha−1),
P3 (fertilised with ash at a dose of 3.0 t ha−1),
P4 (fertilised with ash at a dose of 4.5 t ha−1),
B2/P1 (fertilised with biochar at a dose of 11.5 t ha−1),
B2/P2 (fertilised with biochar and ash at doses of 11.5 and 1.5 t ha−1, respectively),
B2/P3 (fertilised with biochar and ash at doses of 11.5 and 3.0 t ha−1, respectively),
B2/P4 (fertilised with biochar and ash at doses of 11.5 and 4.5 t ha−1, respectively).

2.2. Biochar and Biomass Ash

Tables 1 and 2 present the results of the pH value, total carbon and total nitrogen content, ash and
water content, volatile substances and contents of available forms of the chosen minerals in biochar
and biomass ash used as fertilisers.

Table 1. pH value, contents of absorbable forms of macroelements and percentage content of carbon
and nitrogen in biochar and ash from biomass.

pH (KCl)

Carbon Nitrogen P2O5 K2O Mg

% mg kg−1

x ± SD

Biochar 6.59 ± 0.21 74.35 ± 0.24 0.93 ± 0.07 1382 ± 41 5752 ± 63 645 ± 22

Ash 12.89 ± 0.32 1.22 ± 0.22 0.17 ± 0.01 6394 ± 52 91133 ± 4 31306 ± 74

x—average, SD—standard deviation.

Table 2. Contents of water, ash and volatile substances in biochar and ash from biomass.

Water Ash Volatile Substances

%

x ± SD

Biochar 9.11 ± 0.03 11.57 ± 0.21 66.42 ± 0.18

Ash - - 94.42 ± 0.27

x—average, SD—standard deviation.

Table 3 presents the contents of selected macro- and microelements in biochar and ash from
biomass. Ash from biomass was characterised by a higher content of all the ingredients studied than
that found in biochar. Bearing in mind that fertilisers used in agriculture may contain toxic metals,
the fertiliser material applied was examined. Aluminium, arsenic, cadmium and lead were not present
in the materials analysed.
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Table 3. Contents of selected macro- and microelements in biochar and ash from biomass.

Al As Ca Cd Cr Cu Mn

mg kg−1

x ± SD

Biochar < 0.01 < 0.01 18,520 ± 21 < 0.01 < 0.01 10 ± 0.8 240 ± 2.5

Ash < 0.01 < 0.01 131,220 ± 35 < 0.01 50 ± 0.9 110 ± 0.7 1930 ± 9.5

Mo Na Ni Pb S Sr Zn

mg kg−1

x ± SD

Biochar < 0.01 < 0.01 < 0.01 < 0.01 880 ± 12 < 0.01 130 ± 11.5

Ash < 0.01 < 0.01 40 ± 2.5 < 0.01 19,710 ± 23 < 0.01 710 ± 8.2

x—average, SD—standard deviation.

2.3. Soil

Figure 1 shows the pH value of the soil before the experiment (2015) and after the first and second
year of cultivation, depending on the fertiliser used. The soil taken from the area on which the field
experiment was carried out was, as in the previous experiment, characterised by an acid reaction (pH in
1M KCl—4.98). The pH value of the soil determined for the control plots (no fertilisation) was 5.13,
after both the first and second year of cultivation. There were no statistically significant differences for
this variant when compared to the results obtained prior to the experiment. The addition of biochar,
ash and their mixture in the soil influenced the increase in the pH value of the soil to a statistically
significant extent when compared to the results obtained in 2015 (in 13 cases out of the 16 analysed).
Depending on the type of fertiliser used and its application rate, there was an increase in the study
parameter by a value in the range from 0.19 to 1.29 after the first year and from 0.04 to 1.13 after
the second year of cultivation when compared to the control group. The highest concentrations of
hydrogen ions in the soil, after both the first and second year of cultivation of giant miscanthus were
determined in the case of fertilisation with ash at an application rate of 4.5 t ha−1 and a combination of
biochar and ash at an application rate of 3.0 and 4.5 t ha−1.

Figure 1. pH value of the soil before the experiment (2015) and after the first and second year of
cultivation, depending on the fertiliser used. Differences between average values marked with the
same Arabic letters are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.
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Figure 2 presents the contents of absorbable forms of phosphorus, potassium and magnesium
in the soil before the experiment (2015) and after the first and second year of cultivation, depending
on the fertilisers used. The analyses performed before the field experiment showed the contents of
absorbable forms of phosphorus, potassium and magnesium in the soil at a level of 48, 90 and 95 mg
kg−1 respectively. The contents of the study elements in the fertiliser variants showed, in most cases,
statistically significant differences in comparison with the control plots and the year 2015 (before the
experiment). After the second year of cultivation of giant miscanthus (2017), the contents of the form
of phosphorus, potassium and magnesium available to plants in the soil on plots without the use of
fertilisers amounted to 58.75, 104.00 and 95.25 mg kg−1, respectively. Thus, a slight decrease in the
potassium content and an increase in the content of phosphorus and magnesium was noted in relation
to the previous season.

(a)

 

(b) 

Figure 2. Cont.
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(c) 

Figure 2. Contents of absorbable forms of phosphorus P2O5 (a), potassium K2O (b), and magnesium
Mg (c) in the soil before the experiment (2015) and after the first and second year of cultivation,
depending on the fertiliser used. Differences between average values marked with the same Arabic
letters are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.

Figure 3 presents the percentage of total carbon and total nitrogen before the experiment (2015)
and after the first and second year of cultivation, depending on the fertiliser used. The content of
carbon in the soil in the area selected for the field experiment was 0.64%. After the first year of
cultivation of giant miscanthus (2016), an increase of 3.13% (control plots) was noted in the carbon
content in the soil. In 2017, this content increased to 3.17%; however, it was not a statistically significant
change. The experimental factors in the form of fertilisation with ash did not significantly change
this parameter in relation to the control plots after the first and second year of cultivation. Only
fertilising with biochar and the combination of biochar with ash contributed to an increase in the
concentration of total carbon in the soil when compared to the control plots. The highest carbon
content determined in the soil samples collected was 4.41% after the first year and 4.34% after the
second year of the experiment.

The content of carbon in the soil before the experiment was 0.63% and it increased to 1.16% after
the first year of cultivation (control plots). In 2017, there was a statistically insignificant decrease in the
content of this parameter to the value of 1.06%. The fertilisers used in the experiment did not have
a significant impact on the change in the carbon content when compared to the control plots after
the first year of cultivation (carbon content in the range from 1.15 to 1.27%). After the second year,
small fluctuations in these parameters were noted; however, in most cases they were not statistically
significant. The carbon content in the soil, after the use of fertilisers, was in the range 1.13–1.26%.

The content of nitrogen in the arable land studied was 0.26% before the field experiment.
The content of this element in the control plots dropped to 0.02% and 0.07%, respectively, after the
first and second year of cultivation. The concentration of nitrogen in the soil, after the use of fertilisers,
was in the range 0.002–0.07% after the second year of the experiment. The following was observed.
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(a) 

(b) 

Figure 3. Content of carbon (a) and nitrogen (b) in the soil before the experiment (2015) and after the
first and second year of cultivation, depending on the fertiliser used. Differences between average
values marked with the same Arabic letters are not statistically significant at the level of α ≤ 0.05
according to the Bonferroni test.

Table 4 presents the total contents of selected macro- and microelements and heavy metals in the
soil before the experiment (2015) and after the first and second year of cultivation, depending on the
fertiliser used. The highest concentration of the macroelements examined (total contents of calcium,
sodium and sulphur) in both 2016 and 2017 was recorded after the use of fertiliser in the form of a
combination of biochar and ash at an application rate of 1.5 t ha−1. The largest increase in the totals of
the soil macroelements examined after the first and second year of the experiment when compared to
the year 2015 was 50% and 31%, respectively. The lowest total contents of Ca, Na and S in 2016 and
2017 were recorded in the case of fertilising with ash (all fertiliser application rates).
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The highest total contents recorded for the microelements examined in soil samples collected after
the first and second year of cultivation of giant miscanthus, respectively, were found in plots that were
fertilised with biochar and biochar with ash at an application rate of 4.5 t ha−1. The decrease in the
totals of the soil microelements after the first and second year of the experiment was determined to be
15% and 13%, respectively, in comparison with the initial values obtained, i.e., before the experiment
was carried out for all the aforementioned variants of fertiliser dosage. The lowest total value found
during analysis of microelements in the soil in 2016 and 2017 was recorded in the case of fertilising
with biochar and ash at an application rate of 3.0 t ha−1 and ash alone at this application rate. In the
soil samples studied, no arsenic, cadmium or nickel was found in the material collected before the
experiment or after the first and second year of the experiment—values were below the detection limit
(0.01 mg kg−1) of the analytical method used. The marked concentration of lead changed slightly
depending on factors and the year of research, but it should be emphasised that, again, in no case did
it exceed the permissible contents for soil used for agricultural purposes.

Principal component analysis of variables (elements) for the soil after the first and second year of
cultivation of giant miscanthus identified two factors describing the level of variation in the group
with values for the first year for factor 1 (70%) and factor 2 (18.7%), as well as for the second year for
factor 1 (46.6%) and factor 2 (24.4%), respectively. The selection of the number of main components
was made using the scree test and the Kaiser criterion. The first factor included the following variables:
calcium, copper, manganese, sodium, lead, sulphur, zinc (first year) and calcium, sodium, sulphur,
zinc (second year). The second factor was represented by the following variables: sodium (first year),
and copper and manganese (second year). It was noted that factor 1 is most strongly associated with
the variable Ca, while factor 2 with the variable Mn (first year). In the second year of research it was
found that factor 1 is mainly associated with the variable Zn, while factor 2 is most strongly associated
with the variable Na. The projection of variables on the factor plane is presented in Figure 4.

  
(a) (b) 

Figure 4. Variable plot in the system of the first two factor axes for the soil after the first (a) and second
(b) year of cultivation of giant miscanthus.

2.4. Biomass of Giant Miscanthus

Figure 5 presents the yield of biomass of giant miscanthus (dry matter—d.m.) after the first
year of cultivation, depending on the fertiliser used. The average yield of biomass obtained from the
control plots (no fertiliser) was 1.04 t ha−1 of d.m. The largest values of the parameter studied of 1.22,
1.22 and 1.75 t ha−1, respectively, were recorded in the case of fertilising with ash at an application
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rate of 1.5 t ha−1, with biochar and with the combination of biochar and ash at an application rate of
1.5 t ha−1. The highest yield of biomass of plants in 2016 was obtained by introducing the fertilisation
factor in the form of the combination of biochar and ash at an application rate of 1.5 t ha−1. Fertilisation
with ash at doses of 3.0 and 4.5 t ha−1 and its combinations with biochar affected yield, with values of
0.75, 0.57, 0.90 and 0.86 t ha−1 of d.m., respectively.

After the second year of cultivation of giant miscanthus, the average yield of biomass in the
control plots was 8.82 t ha−1 of d.m. As in the previous year, the highest values of average yield of dry
matter of 9.50, 13.04, and 9.80 t ha−1, respectively, were recorded for the plots fertilised with the lowest
application rate of ash, biochar alone, and the combination of biochar and ash at a dose of 1.5 t ha−1.
The highest yield of dry matter of plants in 2017 was recorded on plots fertilised only with biochar
before the experiment. Fertiliser application rates of ash of 3.0 and 4.5 t ha−1 and its combination with
biochar negatively influenced crop yield—there was a decrease in the average yield of dry matter of
plants when compared with the control plots of 1.43, 2.56, 0.23, and 0.38 t ha−1, respectively (Figure 5).

(a) 

(b) 

Figure 5. Biomass yield of giant miscanthus after the first (a) and second (b) year of cultivation,
depending on the fertilisation used. Differences between average values marked with the same Arabic
letters are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.
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Figure 6 presents the calorific value of biomass of giant miscanthus, depending on the fertiliser
used and the year of research. The calorific value of biomass after the first year of cultivation ranged
from 17.54 to 17.75 MJ kg−1 of d.m., while after the second year of cultivation it ranged from 17.65 to
17.72 MJ kg−1 of d.m. There were no statistically significant differences between the values measured.
When assessing the calorific value of the biomass of giant miscanthus in laboratory tests, both after the
first and second year of cultivation, no effects were found on changes in the parameters analysed in
relation to the use of fertilisers.

(a) 

(b) 

Figure 6. Calorific value of giant miscanthus after the first (a) and second (b) year of cultivation,
depending on the fertiliser used. Differences between average values marked with the same Arabic
letters are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.
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Table 5 presents the total contents of selected macroelements in the biomass of giant miscanthus,
depending on the fertiliser used and year of research. The highest concentration of the macroelements
studied in the above ground parts of plants in 2016 and 2017, respectively, was recorded after the
use of fertiliser in the form of ash at the lowest application rate and ash at an application rate of
3.0 t ha−1. The greatest increase in the total of the macroelements studied in the biomass of plants was
recorded after the first and second year of the experiment in the control plots, with increases of 13%
and 7%, respectively. The lowest total content of the elements studied in 2016 and 2017, respectively,
was recorded for the fertiliser in the form of biochar and the combination of biochar and ash at a dose
of 1.5 t ha−1. Among the ions analysed, the highest concentration in the biomass of giant miscanthus
was found for potassium—after both the first and second year of cultivation. There was a change in
the content of this element, depending on the combination of factors used in the experiment; however,
not all changes were statistically significant. When analysing the results of the total contents of selected
macroelements, it was found that aboveground parts of plants of giant miscanthus contained the least
sodium and iron. The fertiliser did not produce statistically significant changes in the contents of these
elements in the biomass after the first and second year of cultivation when compared to control tests.

Table 6 presents the total contents of selected microelements and heavy metal s in the biomass of
giant miscanthus, depending on the fertiliser used and the year of research. In the aboveground parts
of the plants analysed after the first year of cultivation, manganese, strontium, zinc and aluminium
were found. No strontium was recorded in samples obtained after the second year of cultivation.
The concentration of these elements was determined to be at a very low level and did not show
statistically significant variability between the experimental plots. Plant biomass obtained after
the second year of research was characterised by a lower content of the elements analysed when
compared to the previous year. In the plant samples studied, no arsenic, cadmium, chromium, copper,
molybdenum, nickel or lead was found after both the first and second year of the experiment—values
were below the detection limit (0.01 mg kg−1) in the analytical method used.
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Principal component analysis of variables (elements) for the biomass of giant miscanthus after the
first and second year of cultivation selected two factors describing the level of variability in the group
with values, respectively, for the first year: factor 1 (27.7%) and factor 2 (21.7%), and for the second year:
factor 1 (33.9%) and factor 2 (24.4%). The selection of the number of main components was made using
the scree test and the Kaiser criterion. The first factor included variables such as aluminium, potassium,
magnesium, sodium, sulphur (first year) and aluminium, manganese, phosphorus, sulphur (second
year). The second factor was represented by variables such as iron, manganese, phosphorus (first
year) and calcium, potassium, magnesium (second year). It was noted that factor 1 is most strongly
associated with variables K and S, while factor 2 is associated with variables Fe and Mn (first year).
In the second year of research, it was found that factor 1 is mainly associated with variables S and Sr,
while factor 2 is most strongly associated with variable K. The projection of variables on the factor
plane is presented in Figure 7.

 

  
(a) (b) 

Figure 7. Variable plot in the system of the first two factor axes for the biomass of giant miscanthus
after the first (a) and second (b) year of cultivation.

3. Discussion

The cultivation of plants is becoming more and more effective due to the use of numerous
means of support, including different types of fertilisers. The agents most commonly used in modern
agriculture, which contain easily absorbable mineral components, are fertilisers [24].

Recent years have seen the intensive development of research on the use of unconventional
materials as plant fertilisers and for soil reclamation. This research concerns the use of, among other
materials, sewage sludge, ash from biomass, brown coal or biochar. In addition, the literature presents
only rudimentary information on the use of biochar and ash from biomass as a fertiliser material in the
cultivation of perennial energy crops.

The soil reaction plays an important role in many processes occurring in the soil environment.
It is important in the uptake of nutrients by plants and affects the mobility of heavy metals, such as
cadmium, lead or nickel [5,16]. The alkalizing effect associated with the application of biochar to
the soil environment relates to the alkaline compound content and the application rate. The clearest
changes can be obtained in the case of heavily acidified soils, where a significant decrease is visible in
the share of H+ and Al3+ [17]. Much of the research conducted so far indicates that the addition of
biochar produces an increase in soil pH [25–28]. Research conducted by Nigussie et al. [29] showed
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that biochar produced from corn stalks and applied to soils contaminated with chromium produced an
increase in pH and ion exchange in the soils analysed. Clear effects on the soil pH after the application
of ashes can be obtained by the application of fertiliser doses at the level of 10–20 t ha−1 [30]. However,
the use of such high doses of ash could result in the introduction of too large quantities of nutrients or
heavy metals into the soil.

According to the analyses performed, the use of fertiliser in the form of a combination of biochar
and ash at an application rate of 4.5 t ha−1 produced the greatest increase in the content of absorbable
forms of phosphorus (P2O5), potassium (K2O) and magnesium (Mg) in the soil on which perennial
energy crops were grown.

The high potential of biochars for exchangeable ion sorption affects the increase in the
concentration of macro- and microelements in the soil profile, which is why it modulates their
effective uptake by plants, as well as reduces the risk of their leaching and being displaced to surface
and underground waters [12]. The introduction of biochar into the soil may have a positive effect,
including on the increase in the phosphorus content in the soil environment. As emphasised by
Chan et al. [14], the use of biochar in the soil at a fertiliser dose of more than 50 t ha−1 significantly
increases the concentration of phosphorus in the soil. The increase in the phosphorus content in the
soil after the application of biochar results from the content of easily absorbable forms of this element
in biochars, as well as from its ability to react on the soil reaction, thus producing changes in the
solubility of phosphorus forms [31,32]. Numerous authors report that the addition of biochars to the
soil affects the intensive growth of soluble forms of potassium in the soil solution [33,34]. Liu et al. [35]
note an increase in the contents of macroelements in the soil compared to the control following the
application of biochar from the vegetative parts of bamboo and rice straw. In their paper, the authors
used biochars obtained from the pyrolysis process with parameters of 500 ◦C and 600 ◦C and a
process duration of 60 min. Fertiliser doses of biochar from bamboo and rice straw amounted to 5, 18,
and 10.5 t ha−1, respectively. According to many authors, ash from plant biomass is characterized by a
high amount of the biogenic elements necessary for the proper growth of plants, thanks to which it
can supplement deficiencies of macro- and microelements in the soil [36]. Piekarczyk [25] states that
the use of ash from wheat straw (1.0 t ha−1) as a fertiliser material produced an increase in absorbable
forms of macroelements in the soil, at the same time indicating that these changes were not statistically
significant. The author explains this result by the relatively low content of nutrients in the ash used.
It should be noted that changes in soil fertility resulting from the introduction of ash depend on
the ash source, its elemental composition and the size of the dose applied [37]. In research on the
long-term effects of the use of wood ash agents, Klavina et al. [38] note an increase in the concentration
of magnesium and phosphorus in peat soils. The authors also inform us about the positive impact of
ash on the calcium content and the formation of soil pH.

Biochar and ash from biomass used in field experiments were characterised by total carbon
contents of 74.35% and 1.22%, respectively. This was reflected in the results obtained, which indicate the
lack of a fertilising effect of ash itself on changes in the total carbon concentration in the soil. Fertilisers
in the form of biochar and its combination with ash produced an increase in the concentration of
carbon in the soil, in comparison with the control plot (statistically significant changes in most cases).
Similar results were obtained by Doan et al. [39], who reported that the use of biochar from cattle
manure in the corn cultivation slightly increased the C content of the soil. In research on the impact
of biochar and compost on soil properties in a tropical climate, Ghosh et al. [40] determined that the
organic carbon content in the soil after the application of biochar was almost twice as high as in the
control plot (an increase from 1.18 to 2.13%). It should also be emphasised that stable forms of carbon
are characterised by high resistance to biological decomposition, which is why biochar can be treated
as an effective agent for carbon sequestration in the soil [11,41,42].

Research conducted as part of the cultivation of giant miscanthus showed that fertilising with a
combination of biochar and ash at a dose of 1.5 t ha−1 produced the greatest increase in the total calcium,
sodium and sulphur contents after the first and second year of cultivation, when compared to 2015.
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For the aforementioned fertiliser, a decrease was noted in the total concentration of the microelements
in 2016 and 2017 when compared to their concentration before the experiment. Many researchers point
to biochar’s great potential as a material that can be used to reduce the mobility of heavy metals in the
soil [43,44]. According to Bielinska et al. [45], ash from fluidised bed combustion of hard coal used
for agricultural purposes did not produce an increase in the amount of zinc, copper and cadmium
in the soil. One of the key features of energy crops should be the high level of biomass productivity.
On the basis of the research conducted, it was found that the highest yield of dry matter of giant
miscanthus plants, both after the first and second year of cultivation, was obtained by fertilising with
ash at an application rate of 1.5 t ha−1, with biochar, and the combination of biochar and ash at a dose
of 1.5 t ha−1. The aforementioned fertilisers produced an increase in yield in 2016 compared to the
control plots by 17%, 17% and 68%, respectively. The dry matter yield of plants recorded in 2017 was
several times higher than in the previous year, and the recorded changes for the aforementioned factors
in relation to the control plots were 8%, 48% and 11%, respectively. In research on the yield of osier
cultivated using the Eko-Salix system (five-year rotation), Szczukowski et al. [46] determined the dry
matter yield of plants to be on average 7.46 t ha−1 per year. Kwasniewski [47] states that the average
yield of fresh biomass of energy willow obtained from 30 selected plantations located in Poland was
7.0 t ha−1 (first year of cultivation). Field experiments carried out so far in Poland have shown that
the average yield of willow cultivated using the short rotation system ranged from 10 to 15 t ha−1 of
dry matter [48,49]. Kobylinski and Olszewska [50], conducting research on energy efficiency in the
production of giant miscanthus, recorded a dry matter yield of plants of 1.5 t ha−1 in the first year
of cultivation and 9 t ha−1 in the second year of cultivation. These values increased to the level of
15 t ha−1 in the third year of cultivation. The authors claim that the slow rate of plant development
in the early period of cultivation, environmental conditions and the small doses of mineral fertilisers
affected the low biomass yield obtained in the first year. It should also be emphasised that the full
yield of perennial energy crops may be obtained after 3–4 years of cultivation.

Research conducted by Puchalski et al. [51] confirms the positive effect of the use of plant biomass
ash on the yield of two varieties of topinambour (Helianthus tuberosus L.). The fertiliser dose used
was 12.8 t ha−1, which produced an increase in the dry matter yield of plants after the first year of
cultivation compared to the control plot of 7% for the Albik variety and 21% for the Gigant variety.
However, it should be noted that the lower doses of ash used in the experiment did not produce
statistically significant changes in the yield. In our own research, a significant increase in the yield of
osier and giant miscanthus was obtained after the application of ash at a dose of 1.5 t ha−1. The majority
of research conducted so far on the response of giant miscanthus to the fertiliser applied concerned the
use of inorganic nitrogen. However, the results obtained were contradictory and did not give a definite
answer concerning the positive effect that fertilising with nitrogen has on plants. Many authors state
that fertilising with nitrogen did not affect the growth and yield of various types of miscanthus [52–55].

Research conducted so far on the use of biochar in plant production has concentrated in the
area of cultivation of such plants as corn, radish, rape, rice and potatoes [14,43,56–58]. According to
Liu et al. [59], the use of biochar at doses below 30 t ha−1 (field conditions) produced, to varying
degrees, an increase in the yield depending on the type of cultivation. The authors note a growth
in crop yield of 30%, 29%, 13%, 11%, 8% and 7%, respectively, for legumes, vegetables, grasses,
wheat, corn and rice. The literature also states that biochars from sewage sludge can be used for the
fertilisation of plants. Hossain et al. [60], following the use of 10 t ha−1 of biochar from sewage sludge
in the cultivation of cherry tomatoes, obtained a 64% increase in production, compared to the control
plot. However, it should be noted that there is an upper limit to the amount of biochar that should
be applied with respect to crop productivity. Lehmann et al. [61] note that plants respond positively
to the addition of biochar to the soil at doses of up to 55 t ha−1. The authors report that the use of
higher doses does not produce a statistically significant impact on the increase in plant yield. Increased
plant production due to the use of biochar as a fertiliser material can be observed as changes in plant
growth, nutrient uptake and yield [62]. It should be noted that the research conducted so far has been

36



Energies 2018, 11, 2535

of a short-term character; therefore, the assessment of the long-term impact of biochar on the soil and
plants seems to be justified.

The calorific value of the biomass of giant miscanthus harvested after two years of research ranged
from 17.54 to 17.75 MJ kg−1 of d.m. There were no statistically significant changes in the parameters
investigated after the use of fertilisation factors. The results obtained are consistent with the data
contained in the available literature [63–65].

The average total contents of the elements studied in the biomass of giant miscanthus after the
first and second year of cultivation were determined to be a series of decreasing values of K > Ca
> P > S > Mg > Al > F e> Mn > Zn> Na > Sr and K > Ca > P > S > Mg > Mn > Fe> Al > Zn > Na.
In 2017, there was a decrease in the average total contents of the macroelements analysed in the
biomass obtained from experiments in relation to the previous year. Similar results were obtained
by Borkowska and Lipinski [66] in research on the contents of selected elements in the biomass of
energy crops. These authors recorded a high concentration of calcium and potassium in comparison
with other elements for giant miscanthus, sugar miscanthus and two clones of osier. According to
Szyszlak-Barglowicz [67], various levels of mineral fertilisation did not significantly affect the contents
of macroelements studied in the biomass of Virginia fanpetals. The analysis of the concentration of N,
P, K, Ca and Mg in the stems and leaves of the study plants showed the highest content of potassium
and calcium.

No harmful compounds such as arsenic, cadmium, chromium and lead were found in the biomass
of the aboveground parts of plants collected from experimental plots. Academic literature states that
with the increase in concentration of heavy metals in the substrate, we should expect an increase in the
contents of metals in the biomass of miscanthus. Experiments confirm this relationship with respect to
cadmium and copper. In the case of the cultivation of miscanthus on a substrate contaminated with
lead, there were no significant changes in the content of this element in plants [68]. In research on the
impact of fertilisation with sewage sludge on the contents of heavy metals in osier, Kalembasa et al. [69]
note the lack of a significant dependence between the lead content in leafless plant shoots as controls
and items with fertiliser treatments. However, the authors note that plants from plots on which the
highest fertiliser dose was applied contained more heavy metals than those fertilised with a smaller
amount of sewage sludge. Bearing in mind the environmental aspects, particular attention should be
paid to the potential presence of heavy metals in plant biomass for energy purposes, and one should
conduct in-depth qualitative characteristics [70].

4. Materials and Methods

4.1. Site Description

Two-year field trials were conducted in Krasne (Subcarpathian Voivodship, Poland, 50◦04′16.1” N
22◦04′37.6” E) over 2015–2017. They were located on arable land of the IVb land quality class in
split-block system in four repetitions. The total number of plots in the field experiment was 32; the area
of each was 35 m2 (7 m length, 5 m width) and to the harvest 24 m2 (6 m length, 4 m width).

4.2. Experimental Design

The area covered by the research was agricultural fallow left without any intervention for more
than 10 years. In order to prepare the soil for cultivation (autumn 2013), mulching was performed
with a bush cutter, followed by weeding in the form of a Roundup 360 SL spray (dose: 6 l ha−1); after
two weeks, disc ploughs and deep ploughing were performed using a mouldboard plough. In the
spring of 2015, treatments for improving the soil (levelling the land surface, breaking up the soil
lumps and destroying emerging weeds) were performed in the form of harrowing, with the use of a
passive pneumatic seed drill. Based on the results of analyses performed before the experiment and
the nutritional needs of plants, recommendations for fertiliser application were developed. Fertiliser
treatments with biochar at a dose of 11.5 t ha−1, ash from biomass at doses of 1.5, 3.0, 4.5 t ha−1 and a
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combination of these were used. In April 2015, fertilizers were sown manually, and then mixed with
the soil to a depth of approximately 20 cm by means of a rototiller. Seedlings of giant miscanthus
were obtained from a private supplier (Lublin Voivodship, Poland). On 16 April 2015, seedlings were
manually planted on the experimental plots: planting depth: 10–15 cm; spacing of seedlings: 1 m;
spacing of rows: 0.8 m; density: 13,000 plants ha−1. The biomass harvest from the plots was performed
in February 2016 and 2017 using a brushcutter with a cutting disc, rejecting extreme rows (height of the
cut above the soil surface—10 cm). In the second year of the experiment, no re-application of fertiliser
in the form of biochar and ash from biomass was carried out.

4.3. Fertiliser Material

The biochar, in the form of coal scales, originated from the processing of biomass from energy
crops (commercially available, Poland). The fertiliser material in the form of ash from the combustion
of a mixture of biomass from energy crops and plant biomass of agricultural origin was obtained from
the Tauron power station (Stalowa Wola, Poland). Biochar was subjected to a grinding process with the
use of the Laarmann CM-1000 high-speed cutting mill. The grinding process was performed using a
sieve with a mesh size of 10 mm. Ash generated from the combustion of plant biomass did not require
additional treatment before its application.

4.4. Biomass Production

The yield of plants was assessed at the end of each growing season. The plant material collected
was dried at 70 ◦C, weighed and the biomass yield of dry matter in t ha−1 was calculated.

4.5. Examination of Samples

Samples of soil, biochar, ash from biomass and the aboveground parts of giant miscanthus plants
were subjected to laboratory analyses using current analytical standards (Table 7).

Table 7. Parameters analysed with research methods.

Item Parameter Research Method

1 pH w KCl PN-ISO 10390:1997 [71]

2 Content of absorbable forms of
phosphorus (P2O5) PN-R-04023:1996 [72]

3 Content of absorbable forms of
potassium (K2O) PN-R-04022:1996/Az1:2002 [73]

4 Content of absorbable form of
magnesium (Mg) PN-R-04020:1996/Az1:2004 [74]

5 Content of carbon, nitrogen and
hydrogen PN-EN 15104:2011 [75]

6 Ash content PN-EN 13775:2010 [76]
7 Content of volatile substances PN-EN 15138:2011 [77]
8 Calorific value PN-EN 13918:2010 [78]

9 Total content of selected macro-
and microelements

Method using atomic emission spectrometry with
excitation in argon plasma (ICP-OES)

The determination of the pH of the study materials was performed by measuring the concentration
of hydrogen ions, i.e., the activity of hydrogen ions (H+) with the use of the potentiometric method.
The analysis was performed in KCl solution with a concentration of 1 mol dm-3, assuming a mass ratio
of the study sample to solution volume of 1:2.5. Measurements were performed using the Nahita pH
meter, model 907 (AUXILAB, Beriáin, Spain).

Analyses of the contents of ash and volatile substances in the study materials using
thermogravimetric methods were performed using the TGA 701 apparatus by LECO (LECO
Corporation, Saint Joseph, MI, USA). The content of total carbon and nitrogen was tested using the
TrueSpec CHN analyser by LECO (LECO Corporation, Saint Joseph, MI, USA).The AC500 calorimeter
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by LECO (LECO Corporation, Saint Joseph, MI, USA) was used to determine the calorific value of the
materials analysed.

The mineralisation of the study material was performed in three repetitions. Contents of elements
in samples were determined using a method based on inductively coupled plasma atomic emission
spectroscopy (ICP-OES), with the use of the iCAP Dual 6500 analyser (Thermo Fisher Scientific,
Schaumburg, IL, USA). The mineralisation of the study samples was performed in Teflon containers
using a mixture of acids under specific conditions (Table 8). In each case, a 0.2-g sample was mineralised.
The sample obtained in this way was supplemented with mineralised water to make a volume of
50 mL. In the calibration step, standard solutions for all elements were prepared from the spectroscopic
grade reagent (Thermo) with a three-step curve. The curve fit factor for all elements was over 0.99.
Selection of a measuring line of appropriate length was validated by the method of standard additions.
The recovery on selected lines was above 98.5% for each of the elements. Each time, the CRM 1515
(Certified Reference Material) was used and the selection of appropriate lines was implemented using
the standard addition method. Each time we also used internal standards for matrix curve correction;
these were Yttrium (Y) and Ytterbium (Yb), two elements not detected in the samples. The detection
limit of the analytical method used for the elements studied was no worse than 0.01 mg kg−1 [79].

Table 8. Parameters of the mineralisation process.

Material Acid Temperature and Time Power Application Note

Soil

8 mL HNO3 65%
5 mL HCl 37%
1 mL HF 40%

5 mL H3BO3 5%

-temperature increase to 200 ◦C,
time: 15 min;

- maintaining at temperature of
200 ◦C,

time: 15 min

1500 W

HPR-EN-13 [80]

Biochar 7 mL HNO3 65%
1 mL H2O2 30% HPR-PE-19 [81]

Plant biomass 6 mL HNO3 65%
2 mL H2O2 30% HPR-AG-02 [82]

Ash from biomass
7 mL HNO3 65%

1 mL HCl 37%
1.5 mL HF 40%

- temperature increase to 220 ◦C,
time: 20 min;

- maintaining at temperature of
220 ◦C,

time: 15 min

HPR-EN-04 [83]

4.6. Statistical Analyses

The verification of the influence of the experimental factors used on the parameters analysed and
existing dependencies was performed using ANOVA statistical analysis by means of the Bonferroni
post hoc test. A materiality level of α ≤ 0.05 was applied. Principal component analysis (PCA) was
also applied. This indirect ordination technique allows one to analyse a large number of variables to
detect structure and regularity in relationships between them. Statistical analyses were performed
using Statistica 12 software (StatSoft Polska, Krakow, Poland).

5. Conclusions

While verifying the research hypothesis, it should be stated that biochar and ash from plant
biomass can be used as a fertiliser in the cultivation of energy crops. The results of research presented
in this paper confirm that biochar and ash from biomass used at an appropriate dose have a positive
effect on the chemical properties of the soil and increase the yield of giant miscanthus. The result of
the research indicates that biochar is a better fertiliser than biomass ash due to the wider spectrum of
activity. However, the research conducted needs to be continued in order to monitor soil properties
and assess the crop yield to be obtained in the following years. Deepening knowledge in this area is an
attempt to direct the circulation of inorganic matter in the environment, and at the same time forms an
important support for environmental protection, with particular emphasis on phytoremediation and
the utilitarian dimension of sustainable energy management. The introduction of biochar into the soil
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in combination with ash from biomass may be an alternative to traditional forms of mineral fertiliser,
as well as a means to strengthen the ecological aspect of agro-energy.

Author Contributions: Conceptualization, B.S.; Data curation, B.S. and G.Z.; Formal analysis, B.S., G.Z., M.B. and
M.C.; Methodology, B.S., G.Z., M.B. and M.C.; Project administration, C.P.; Supervision, C.P.; Writing—original
draft, B.S. and G.Z.; Writing—review & editing, C.P.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kumar, P.; Barret, D.M.; Delwiche, M.J.; Stroeve, P. Methods for pretreatment of lignocellulosic biomass for
efficient hydrolysis and biofuel production. Ind. Eng. Chem. Res. 2009, 48, 3713–3729. [CrossRef]

2. Tripathi, M.; Sahu, J.N.; Ganesan, P. Effect of process parameters on production of biochar from biomass
waste through pyrolysis: A review. Renew. Sustain. Energy Rev. 2016, 55, 467–481. [CrossRef]

3. Kalembasa, D. Amount and chemical composition of ash from biomass of energy crops. Acta Agrophys. 2006,
7, 909–913.

4. Pels, J.R.; Nie, D.S.; Kiel, J.H.A. Utilization of ashes from biomass combustion and gasification. In Proceedings
of the 13th European Biomass Conference & Exhibition, Paris, France, 17–21 October 2005.
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Abstract: Food-waste-derived biochar structures obtained through pyrolysis and with different
NaCl concentrations were investigated. Increased NaCl concentration in the samples inhibited
cellulose and lignin decomposition, ultimately increasing the biochar yield by 2.7% for 20%-NaCl
concentration. NaCl added in solution state exhibited templating effects, with maximum increases in
the Brunauer–Emmett–Teller (BET) surface area and pore volume of 1.23 to 3.50 m2·g−1 and 0.002
to 0.007 cm3·g−1, respectively, after washing. Adding a high concentration (20%) of NaCl reduced
the BET surface area. In contrast, the mean pore diameter increased owing to the increased NaCl
clustering area. Increased NaCl clustering with increased added NaCl was shown to have positive
effects on NaCl removal by washing. Furthermore, as the NaCl adhered to the KCl scattered in the
food waste, a high NaCl concentration also had positive effects on KCl removal. This study reports
on an investigation on the effects of varying NaCl concentrations injected in solution form on the
structure of food-waste biochar during pyrolysis. The templating effect was considered using both
added NaCl and NaCl already contained in the food waste, with implementation of a desalination
process essential for food-waste treatment for recycling.

Keywords: food waste; food-waste biochar; pyrolysis; NaCl template; desalination

1. Introduction

Carbon-negative biochar can be obtained from biomass via pyrolysis in an oxygen-limited
environment [1]. Following the recent 2015 Paris Agreement, which expanded responsibility for
greenhouse gas emissions mitigation to both developing and advanced countries, biochar production
based on biowaste pyrolysis has become a novel alternative for biomass treatment [2–4].

The two main factors determining biochar characteristics are the physical properties of the raw
material and the pyrolytic conditions (e.g., temperature, heating rate, and retention time) [5]. Pyrolysis
methods can be broadly categorized into fast or slow techniques, respectively featuring a high heating
rate of 100–1000 ◦C·s−1 to produce gas or oil or a low heating rate of 20–100 ◦C·min−1, which is more
effective for biochar production [6,7].

The feedstocks most commonly used in commercial-scale or academic research are green waste
materials, such as wood chips, crop residue, switch grass, and sugarcane, and organic wastes, such as
sewage sludge and dairy manure [8]. For example, Van Zwieten et al. [9] reported the characteristics
of biochar produced from papermill waste via slow pyrolysis at 550 ◦C, and Kloss et al. [10] analyzed
the characteristics of slow pyrolysis for different sources (wheat straw, poplar wood, and spruce
wood) at different temperatures (400, 460, and 525 ◦C). Furthermore, Ronsse et al. [11] compared
different feedstocks, including pine wood, wheat straw, green waste, and dried algae, to analyze
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the corresponding characteristics of the resultant biochar obtained via slow pyrolysis. However,
although various feedstocks were comparatively analyzed in previous studies, the feedstocks
themselves were mostly limited to the waste of a single organic crop.

Food is the largest waste source containing a blend of various organics and can be a good energy
source with high energy content [12]. However, establishing an appropriate recycling method is
challenging, as the NaCl content of food waste necessitates specific treatments. At present, composting
is the main treatment method for food waste. However, the presence of NaCl continues to affect the
compost quality. According to a recent review on food-waste usage by Pham et al. [13], conversion
into biochar may be a promising alternative for food-waste treatment, but there is a lack of research on
pyrolysis compared to anaerobic digestion and hydrothermal carbonization. Lee et al. [14] verified the
potential application of food-waste pyrolysis at 300–500 ◦C and desalination to biochar production.
Nonetheless, the biochar characteristic dependence on the different food source must be investigated.

In Korea, despite seasonal and source differences due to unique food cultures, the average NaCl
content of dried food-waste biomass is 3.45% [15]. This implies that desalination is a prerequisite to
food-waste recycling, which may increase the value of biochar. Recently, studies using molten NaCl as
a template for increasing porosity have been reported. Among them, Fechler et al. [16] generated a
porous material by mixing eutectic NaCl with C material and washing the resulting substance with
water, and Liu and Antonietti [17] used molten NaCl and glucose to generate a porous C structure.
These reports suggest the possibility of a desalination technique that removes the NaCl already present
in the food waste, similar to the activation process for activated carbon.

In this context, the present study investigated whether the same activation effects as those obtained
for molten NaCl can be achieved by adding NaCl in solution form to food waste. The corresponding
changes in biochar structure, Brunauer–Emmett–Teller (BET) surface area, and pore size were examined
for varying NaCl concentrations.

2. Materials and Methods

2.1. Materials

Food-waste samples were prepared using data from the Korean Ministry of the Environment
(Table 1) [18]. The food waste was broadly classified into grains, vegetables, fruits, and meat, consisting
of 10 ingredients with weight percent (wt %) values of 16, 51, 14, and 19, respectively. Whole ingredients
of food waste sample were raw except the cooked rice. And the weight measurements were made at
room temperature (25 ◦C). The prepared samples were dried at 105 ◦C for 24 h and ground into powder.

Table 1. Standard Food-Waste Samples.

Classification Composition Ratio (wt %)
Food-Ingredient Processing Methods

Food Ingredients Processing Method

Grains 16 Rice (16)

Vegetables 51

Napa cabbage (9) Cutting width: <100 mm
Potato (20)

Chopped into 5 mm piecesOnion (20)
Daikon (2)

Fruits 14
Apple (7) Split lengthwise into 8 pieces

Mandarin/orange (7)
Meat 19 Meat (19) Cutting width: ~3 cm.
Total 100 100

2.2. Experimental Methods

The experiment had four steps: sample preparation, NaCl injection and drying, pyrolysis,
and washing. Each independent experiment was repeated twice, and the results were presented
as mean values. Solutions of 5, 10, and 20% NaCl were added to 120 g dried food-waste
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samples, corresponding to 6.32, 13.34, and 15.00 g of NaCl dissolved in distilled water, respectively.
The NaCl-free and 5, 10, and 20% NaCl-containing samples are referred to as the 0, 5, 10, and 20%-NaCl
samples hereafter. The resulting mixtures were dried at 105 ◦C for 24 h. Next, the 0%-NaCl dried food
samples and those impregnated with NaCl were placed in an electric furnace. The temperature was
increased to 500 ◦C at 20 ◦C/min (the lowest speed of slow pyrolysis), and the pyrolysis was maintained
for 1 h. To prevent sample oxidation, 99.99% N2 gas (SJGAS, Incheon, Korea) was continuously injected
into the furnace at 10 L/min through the flowmeter. The samples were subsequently removed from the
furnace and cooled at room temperature until the ambient temperature was reached, after which the
produced char was weighed. Figure 1 is a schematic of the pyrolysis reactor used in the experiment.

Figure 1. Schematic of the pyrolysis reactor used in this study.

To analyze and compare the differences in BET surface area among the samples, activated C was
prepared as follows to be used as a control: For activation, 1 M sodium hydroxide (NaOH) solution
was injected into a 0%-NaCl dried food sample at a 1:2 ratio. The sample was then dried at 105 ◦C
before being subjected to pyrolysis under identical conditions as described above. Then, it was washed
until the washing water reached pH 7 and dried.

2.3. Analysis Methods

2.3.1. Characterization Analysis Methods

When pyrolysis was complete, a CHNS analyzer (2400SeriesIICHNS/O, Perkin Elmer, Boston,
MA, USA) was used to estimate the biochar elemental composition. Under the assumption that C +
nitrogen (N) + O + sulfur (S) + hydrogen (H) + sodium (Na) + chlorine (Cl) = 100%, the O content
was calculated using the equation 100 (%) − (C + N + S + H + Na + Cl) = O. To estimate the Cl
content of the food-waste biochar, combustion ion chromatography (CIC; AQF-2100H, Mitsubishi
Chemical Analytech, Chigasaki, Japan) was used. Note that, although CIC was found to be suitable
for quantifying the 0%-NaCl biochar and the washed biochar from which the NaCl had been removed,
the unwashed 5, 10, and 20%-NaCl biochar samples exceeded the CIC quantifiable range. This was
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because the NaCl concentrated during pyrolysis. Thus, the following Equation (1) was used, based on
the quantified Na content:

(Na content of sample (%)−Na content of 0% biochar (%))×35.45 (Atomic mass of Cl)
22.98 (Atomic mass of Na)

= Cl content of sample (%)
(1)

To quantify the Na content of the biochar, atomic absorption spectroscopy (AAnalyst400, Perkin
Elmer, Boston, MA, USA) was used.

2.3.2. Structural Analysis

BET and scanning electron microscopy (SEM)–energy dispersive X-ray (EDX) analyses were
conducted to study the influence of the NaCl in the food waste on the biochar. The biochar
microstructures were observed using SEM (Hitachi Ltd. S-4800 Ibaraki, Japan) with EDX (Oxford,
EDX S-10, Abingdon, UK), and the BET surface areas were measured to check the templating effect
before and after washing. The BET surface area was estimated based on N2 gas sorption analysis at
77 K using a specific surface analyzer (BELSORP-MAX, BEL Japan Inc, Osaka, Japan).

To investigate the structural changes in the food-waste-derived biochar according to NaCl
concentration, X-ray diffraction (XRD; DMAX 2500, Rigaku, Tokyo, Japan; 18 kW, 60 kV/300 mA)
was employed. The 2θ range recorded for the samples was 10–90 ◦C. To investigate the presence of
NaCl in the biochar as well as its influence, the value for 99%-NaCl powder was estimated, which was
compared with the Joint Committee on Powder Diffraction and Standards (JCPDS) entry for NaCl
(5–628) to establish the standard value. Fourier transform infrared spectroscopy (FT-IR; VERTEX 80V,
Bruker Optics, Billerica, MA, USA) was performed and the KBr pellet method was used, in which
a 1 mg sample was mixed with KBr powder and pressurized into a thin film. The structure was
analyzed by transmitting 400–4000 nm infrared waves. All biochar samples used in the experiment
were analyzed without prior treatment.

3. Results and Discussion

3.1. Biochar Characterization

Table 2 lists the chemical compositions of the food-waste-derived biochar for each NaCl
concentration. As the NaCl in biochar can be removed by washing, the biochar samples before
and after washing were analyzed to study the changes. The biochars before washing were compared
with the 0%-NaCl food-waste-derived biochar as a control. Increased NaCl content was found to
be accompanied by decreased C, H, and N contents, whereas the Na and Cl were condensed to
crystal form. This indicates that the NaCl injected in an ionized state in the solution formed NaCl
crystals during the drying and pyrolysis processes, thereby concentrating the NaCl in the biochar
and preventing evaporation during pyrolysis. Regarding the post-wash compositions, the C, H, and
N contents increased again in a trend similar to that in the control, whereas the Na and Cl contents
decreased. This indicates that, although the increased NaCl content per unit weight made it seem as if
the relative C, H, and N contents had decreased, the atomic content per unit weight of these materials
was recovered as the washing removed the NaCl.
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Table 2. Chemical composition of food-waste-derived biochar with different NaCl contents. (A: washed
biochar; B: unwashed biochar; –: Not detected.).

(wt %) C H N S O Na Cl

B_0% 76.29 ± 0.05 2.94 ± 0.02 6.04 ± 0.15 – 14.13 ± 0.10 0.24 ± 0.03 0.38 ± 0.01
B_5% 62.47 ± 0.23 2.39 ± 0.10 5.05 ± 0.01 – 12.62 ± 0.15 7.02 ± 0.01 10.47 ± 0.02
A_5% 75.90 ± 0.13 2.90 ± 0.07 6.03 ± 0.09 – 12.16 ± 0.04 2.20 ± 0.10 0.82 ± 0.10
B_10% 52.43 ± 0.54 2.06 ± 0.05 4.04 ± 0.02 – 10.59 ± 0.35 12.29 ± 0.09 18.60 ± 0.14
A_10% 76.21 ± 0.11 3.00 ± 0.01 5.91 ± 0.19 – 12.04 ± 0.01 2.09 ± 0.14 0.77 ± 0.16
B_20% 38.95 ± 0.89 1.98 ± 0.50 3.41 ± 0.05 – 8.63 ± 1.08 18.64 ± 0.99 28.40 ± 1.53
A_20% 74.92 ± 1.36 3.97 ± 0.72 6.21 ± 0.01 – 12.30 ± 1.09 2.27 ± 0.30 0.34 ± 0.15

Comparison of the Na and Cl contents before and after washing showed that the washing
removed most of the NaCl. The post-wash Na content in the 5, 10, and 20%-NaCl biochar was
higher than that in the 0%-NaCl control. This may be attributed to the influence of the biochar cation
exchange capacity, under which a proportion of the Na+ ions generated during washing adsorbed to
the biochar [14]. Higher Cl content values were obtained for the 5 and 10%-NaCl biochar samples
after washing compared to those of the 0%-NaCl biochar. However, the 20%-NaCl biochar exhibited
similar contents to that of the control as the content decreased following washing. This similarity was
due to the increased NaCl content of that specimen, which caused the NaCl to cluster rather than
disperse. The SEM analysis (Section 3.2.2.) also confirmed that clustered NaCl crystals were scattered
throughout the biochar for the 20%-NaCl biochar, whereas relatively small, scattered crystals were
observed in the 5 and 10%-NaCl biochar samples. In other words, for 5 and 10%-NaCl content, the
crystals were bound to the biochar in a scattered state, and complete NaCl removal through washing
was difficult. However, for 20%-NaCl content, a large number of clustered NaCl crystals was obtained.
Thus, complete removal is possible.The biochar yield, calculated as follows Equation (2):

Weight after pyrolysis (g)− Impregnated NaCl content (g)
Amount of Food waste (g)

× 100 = Char Yield (%) (2)

As Table 3 indicates, the food-waste biochar yield after NaCl injection was higher than that for
NaCl-free food waste in general. Further, as the impregnated NaCl content increased, the char yield
increased. In other words, the NaCl injection influenced the pyrolysis, thereby affecting the char yield.

Table 3. Effect of NaCl Concentrations on Food Waste Biochar Yield.

Added NaCl Food Waste (g) NaCl Content (g)
Weight after
Pyrolysis (g)

Char Yield (wt %)

0% 120.00 - 27.29 ± 0.18 22.77 ± 0.15
5% 120.00 6.32 34.79 ± 0.28 23.73 ± 0.23

10% 120.00 13.34 42.04 ± 0.41 23.92 ± 0.34
20% 120.00 30.00 60.59 ± 2.40 25.49 ± 2.01

3.2. Structural Analysis

3.2.1. Brunauer–Emmett–Teller Analysis and Pore Size Distribution

Table 4 lists the BET surface area and pore analysis results for the biochar. For the NaCl-free (0%)
biochar, the BET surface area was 1.226 m2·g−1. For the NaCl-containing biochar, increases in both
BET surface area and pore volume after washing were observed, with differences according to NaCl
content. This phenomenon was due to the empty spaces following NaCl removal by washing. Note
that the SEM results discussed below (Section 3.2.2.) provide additional support for these findings.

When the total pore and mesopore volumes were compared, almost identical values were obtained;
thus, most pores were mesopores. The approximately two-fold increase in mesopore volume after
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washing also indicated that the mesopores were likely to have been caused by NaCl. The average pore
diameter of washed sample is lower than unwashed sample. The average pore dimeter before washing
is not induced by NaCl but generated by the volatilization of organic matter. On the other hand, the
pore diameter after washing is contained the pore induced by NaCl templating effect. In Section 3.2.2.
showed that a single NaCl crystal size is about 2 nm. Therefore the average pore diameter is decreased
after washing since the relatively small pore created by NaCl templating effect.

In contrast to the increase in total pore and mesopore volumes with increased NaCl content, the
BET surface area exhibited a decreasing trend. An initial increase accompanied the NaCl content
increase from 5 to 10%, but this was followed by a decrease when 20%-NaCl content was reached.
This is thought to have been due to the excess NaCl allowing the clustered NaCl to exceed the large
dispersion of NaCl. In other words, the higher the NaCl content was, the larger the NaCl crystals were;
this yielded pores with a larger diameter and volume when the NaCl was removed. In contrast, the
BET surface area decreased because of the growth of large mesopores instead of the even dispersion of
relatively small mesopores.

There are other studies using NaCl as a template and washing as an activation process. Liu and
Antonietti [17] used molten NaCl injected into a single source type, and Lu et al. [19] injected
small-particle NaCl powder. But, these approaches differ from that of the present study. The findings
of this study suggest that NaCl in solution form can have templating effects, and that the washing
process induced activation effects.

In terms of competence, the BET surface areas and pore volumes observed in this study are not
comparable to those of activated carbon. To explain this difference, the same sources were used in an
experiment in which the activation method was implemented; the results are listed in the bottom row
of Table 4. NaOH samples were prepared for activation by NaOH injection, followed by drying and
pyrolysis at 500 ◦C, as in the main experiment. Washing was subsequently performed for neutralization.
Between the biochar samples activated using 10%-NaCl and NaOH, the NaOH-treated biochar had a
larger pore diameter. However, the difference in BET surface area was not substantial (0.414 m2·g−1).
Despite the increased pore diameter, the small increase in BET surface area for NaOH activation may
indicate increased pore depth compared to activation based on NaCl crystals.

Studies investigating NaOH activation have reported high BET values for a single organic crop
waste source, e.g., fir wood (380 (m2/g)) [20], coconut shell (1842 (m2/g)) [21], and flamboyant
pods (1076 (m2/g)) [22]. However, Dai et al. [23] obtained low BET surface area values (12.73 and
12.99 (m2·g−1)) for livestock excretion as a source. This indicates that the BET surface area deviates
significantly according to the source, and a lower BET surface area is generally produced when a
mixed source is employed. The results of NaCl activation in this study indicate lower BET values than
those of the abovementioned studies. However, the overall BET surface area reduction is likely to
have resulted from the raw material and not the activation method, based on the comparison with
NaOH activation.

Table 4. Brunauer–Emmett–Teller (BET) Surface Area and Pore Volume Analysis of
Food-Waste-Derived Biochar with Different NaCl Contents.

Sample
BET Specific
Surface Area

(m2·g−1)

Total Pore Volume
(p/p0 = 0.990)

(cm3·g−1)

Average Pore
Diameter (nm)

Mesopore Surface
Area (m2·g−1)

Mesopore Volume
(cm3·g−1)

B_0% 1.226 0.00201 6.552 0.672 0.00176
B_5% 0.824 0.00193 9.475 0.465 0.00177
A_5% 2.946 0.00458 7.556 1.158 0.00377
B_10% 1.184 0.00341 11.505 0.902 0.00329
A_10% 3.500 0.00623 8.501 1.686 0.00537
B_20% 0.795 0.00256 14.119 0.651 0.00248
A_20% 2.485 0.00653 12.610 1.623 0.00613
NaOH 3.914 0.01746 17.845 2.452 0.01675
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3.2.2. Scanning Electron Microscopy Analysis

Figure 2 presents images at different magnifications taken before and after biochar washing
according to NaCl content. The NaCl crystals are embedded in the biochar surface. In the pre-wash
images, the NaCl crystals are clustered together, except for the 20%-NaCl case, in which they are
scattered. When crystals cluster, larger pores remain when they are removed through washing.
The post-wash images show square-shaped pores identical to the NaCl crystals on the biochar surface.
The pore diameter increased from 1.4 to 1.77 and then to 2.3 nm for NaCl contents of 5, 10, and 20%,
respectively. In other words, the NaCl injected into the food waste occupied the interparticle spaces,
thereby exerting a templating effect that created pores as it left the spaces upon washing. Higher NaCl
content corresponded to larger crystals; hence, larger pores were created. The results also suggest that
templating effects can be produced using NaCl in solution in addition to molten NaCl.

 
(a) 0%-NaCl-x8000 

 
(b) 5%-NaCl-x8000 (pre-wash) 

 
(c) 5%-NaCl-x8000 (post-wash) 

 
(d) 5%-NaCl-x2000 (post-wash) 

 
(e) 10%-NaCl-x8000 (pre-wash) 

 
(f) 10%-NaCl-x8000 (post-wash) 

Figure 2. Cont.
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(g) 10%-NaCl-x2000 (post-wash) 

 
(h) 20%-NaCl-x8000 (pre-wash) 

 
(i) 20%-NaCl-x8000 (post-wash) 

 
(j) 20%-NaCl-x2000 (post-wash) 

Figure 2. (a–j) scanning electron microscopy (SEM) images of biochar samples with different
NaCl contents before and after washing: (a) 0%-NaCl-x8000; (b) 5%-NaCl-x8000 (pre-wash);
(c) 5%-NaCl-x8000 (post-wash); (d) 5%-NaCl-x2000 (post-wash); (e) 10%-NaCl-x8000 (pre-wash);
(f) 10%-NaCl-x8000 (post-wash); (g) 10%-NaCl-x2000 (post-wash); (h) 20%-NaCl-x8000 (pre-wash);
(i) 20%-NaCl-x8000 (post-wash); (j) 20%-NaCl-x2000 (post-wash).

The EDX results of a marked range of figures (a), (c), and (e) in Figure 3 are shown in (b), (d),
and (f) in Figure 3, respectively. The EDX results in Figure 3 indicate the places where intercrystal
fusion or binding occurred; peaks corresponding to Na, K, and Cl can be seen together. One possible
explanation for this phenomenon is the formation of a novel crystal shape upon binding. This may
occur through the reformation of some crystals during sintering, as the melting point decreases when
sylvite (KCl) and NaCl coexist [24] or through fusion of the injected NaCl and KCl already present in
the food sample.

 
(a) 5% biochar 

 
(b) 5% biochar EDX result 

Figure 3. Cont.
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(c) 10% biochar 

 
(d) 10% biochar EDX result 

 
(e) 20% biochar 

 
(f) 20% biochar EDX result 

Figure 3. (a–f) NaCl crystal shape deformations and EDX results for biochar samples with different
NaCl contents. (a) 5% biochar; (b) 5% biochar EDX result; (c) 10% biochar; (d) 10% biochar EDX result;
(e) 20% biochar; (f) 20% biochar EDX result.

3.2.3. Fourier Transform Infrared Analysis

The results of the FT-IR analysis of the biochar according to NaCl content are presented in Figure 4.
For the 0%-NaCl biochar sample, a peak appeared at 550 cm−1. For the biochar samples containing
NaCl that underwent pyrolysis, a peak appeared at 570 cm−1, as if the peak at 550 cm−1 had shifted
to the right. Vandecandelaere et al. [25] reported that peaks at 550 cm−1 indicate the presence of
HPO4

2− ions, whereas peaks at 575 cm−1 are related to PO4
3− ions. Furthermore, Bekiaris et al. [26]

showed that P=O stretching in hydroxyl apatite, apatite, and amorphous calcium phosphate dibasic
in biochar yields 570-cm−1 peaks. In other words, if NaCl is present in the biomass during pyrolysis,
phosphorus-compound decomposition to PO4

3− rather than HPO4
2− is induced. The peak at 520 cm−1

representing C-Cl bonding [27] and that at 646 cm−1 corresponding to C-Cl bending vibration [28]
were not detected in the samples examined in this study. Therefore, the NaCl injection did not induce
bonding with C.

The broad peak over the 700–1600 cm−1 range in Figure 4 indicates the presence of cellulosic and
ligneous constituents. For the NaCl-free (0%) biochar, peaks appeared at 1030, 1070, and 1120 cm−1.
With increased NaCl content, the peak at 1030 cm−1 shifted to the right, whereas that at 1120 cm−1

moved to 1130–1150 cm−1. The peaks at 1030 and 1120 cm−1 represent symmetric C-O stretching
(cellulose, hemicellulose, and methoxy groups of lignin) and the symmetric C-O stretching
characteristic of aliphatic C-O-C in the cellulose group, respectively [29,30]. The shifting of these
peaks to the right indicated changes in cellulose from aliphatic C-O-C to alcohol C-O stretching or
antisymmetric stretching of C-O-C (glycosyl), as the NaCl in the biochar induces hemolytic cleavage
in cellulose [31]. During pyrolysis, cellulose generates levoglucosan production due to heterocyclic
cleavage of the glycosidic linkage [31]. However, when NaCl is present, the glycosidic bond breaking
is inhibited [31]. Thus, a peak representing the glycosidic linkage appears at 1130–1150 cm−1 for the
NaCl-containing biochar.

52



Energies 2018, 11, 2341

Although the 0, 5, and 10%-NaCl biochar samples mostly displayed similar peaks, the 20%-NaCl
biochar exhibited a phase that could be clearly distinguished. These peaks appeared more prominent
at 1230 and 1370–1430 cm−1, positions respectively corresponding to the C-H and O-H bending
frequencies in lignin [28,32,33]. The peaks at 2918 and 2850 cm−1 and 3000-3100 cm−1 became more
distinct, respectively representing alkanes/aliphatic C-H stretching [34–37] and C-H stretching in
aromatic compounds [38,39]. The peaks at 2918 and 2850 cm−1 are caused by alkyl adsorption and
are strongest in the FT-IR spectra of lignin [40]. The peak at 3000–3100 cm−1, which corresponds to
aromatic C-H stretching, is another peak appearing in the spectra of macromolecule units such as
lignin [38]. In the present study, the finding that food-waste biochar with 20%-NaCl content produced
more distinct peaks for lignin than biochar containing 5 or 10%-NaCl did can be taken to indicate
that high NaCl content inhibits lignin degradation during pyrolysis. This is further supported by the
fact that the peak at 1700 cm−1 corresponding to the carbonyl C=O stretching vibration in cellulose
and lignin showed a minor increase for the 5 and 10%-NaCl biochar, whereas a marked increase
was detected for the 20%-NaCl biochar. The high NaCl content of the latter probably inhibited the
lignin degradation.

The presence of Na during pyrolysis acts as an inhibitor to the conversion of cellulose and lignin
into levoglucosan [31,41]. As mentioned above, hemolytic cleavage is induced for cellulose, so that
conversion into glycoladehyde and formic acid, rather than levoglucosan, occurs [31]. For lignin,
degradation producing a guaiacol group is induced [41]. Thus, for food waste with high NaCl content,
a competitive pathway is induced to replace the original degradation pathway, thereby inhibiting fast
degradation of lignin and cellulose, and a proportion of these materials is left behind in the biochar.
This increase in the residual lignin and cellulose may be interpreted as the cause of the increase in
biochar yield reported in Section 3.1 and the increase in H content that accompanied the increase in
NaCl content.

The peak at approximately 1560 cm−1 indicates C-N stretching and N-H bending [35,42,43].
The peaks in this region are especially strong for 20%-NaCl biochar, suggesting that high NaCl content
may enhance N capture during pyrolysis. The peak representing a nitrile group at 2350 cm−1 is also
absent from the 0%-NaCl biochar [28], but gains intensity as the NaCl content increases. This provides
additional support for the positive effect of NaCl content on N capture. A possible explanation may lie
in the protein coagulation caused by inorganic NaCl, although further research is required to determine
the precise cause [44].

 
(a) 

 
(b) 

Figure 4. Cont.
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(c)  

(d) 

Figure 4. FT-IR results for (a) 5%, (b) 10%, and (c) 20%-NaCl biochar after and before washing, with the
results for 0%-NaCl biochar. (d) FT-IR results for 0%, 5%, 10%, and 20%-NaCl biochar after washing.

3.2.4. X-ray Diffraction Analysis

The results of the XRD analysis of the NaCl powder are presented in Figure 5e. The NaCl peaks
appear at 27.4, 31.5, 45.5, 56.5, 65.5, 75.5, and 84◦. In Figure 5, the XRD result for the 0%-NaCl
food-waste biochar indicates peaks at 18.5, 28.4, 30.1, 40.5, 50.3, 66.5, and 74◦, with a broad peak in the
vicinity of 25◦. To analyze the influence of the NaCl content on the biochar structure, the results shown
in Figure 5a–d for the biochar samples with varying NaCl concentrations before and after washing
were compared with those for the control 0%-NaCl biochar shown in Figure 5e.

Table 5 summarizes the XRD peaks for each sample. The pre-wash biochar samples clearly display
NaCl peaks. For the post-wash biochar samples, the NaCl peaks either disappear or lose intensity,
indicating that the washing removed most of the NaCl content. The pre-wash results indicate that
increased NaCl content in the samples generally shifted the NaCl peak from 31.2 to 31.4 and 31.7◦, i.e.,
from left to right, for 5, 10, and 20%-NaCl content, respectively. This shifting of the peak to a lower
angle indicates expansion of the space lattice [45,46]. In the BET surface area analysis discussed above
(Section 3.2.1.), the average post-wash pore diameter was found to increase with the NaCl content. The
increased pore diameter following the NaCl removal indicates that the increase in NaCl content in turn
increased the NaCl crystal size. In other words, the peak shifting from left to right may have been due
to the increased crystal size reducing the expansion when the imparted energy was the same, so that a
larger expansion occurred in the biochar with lower NaCl content because of the small crystal size.

 
(a) (b) 

Figure 5. Cont.
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(c) (d) 

 
(e) 

Figure 5. XRD results for (a) 5%, (b), 10%, and (c) 20%-NaCl biochar samples after and before washing,
with 0%-NaCl biochar result. (d) XRD results for 0%, 5%, 10%, and 20%-NaCl samples after washing.
(e) XRD result for NaCl powder.

The peaks at 3.14, 2.22, and 1.81 Å correspond to KCl (JCPDS #41–1476) [34,47]. Regardless of
NaCl concentration, the peaks for the pre-wash biochar shifted to the right and then shifted back to the
left after washing, being detected at 28.4◦ and 40.5◦, i.e., the same positions as the KCl in the control.
The peaks detected in the pre-wash biochar appeared in the position between standard KCl and halite.
Note that, when KCl and NaCl are present together, the melting point decreases and reformation
occurs during sintering [24]. As shown in Figure 3, the crystal cube shape was deformed for the K, Na,
and Cl bindings.

According to Broström et al. [24], XRD analysis of a mixture of NaCl and KCl showed the KCl
peaks shifting to the right compared to the standard, i.e., to 29 and 41◦. This could be explained by
partial binding between the NaCl injected into the food waste during pyrolysis and the KCl already
present in the food waste, which caused the KCl peak to shift to the right (to 28.8 and 41◦). This was
followed by the emergence of peaks at 28.4 and 40.5◦ due to the independent KCl content remaining
after washing, which removed only the KCl bound to NaCl. As Figure 5d shows, the larger the NaCl
injection volume was, the smaller the KCl peak intensity was. The peak intensities at 28.4 and 40.5◦

were 3872 and 1827, 3831 and 1849, 3582 and 1741, and 3248 and 1560 for the 0, 5, 10, and 20%-NaCl
samples, respectively. This indicates a decrease in peak intensity with increased NaCl content. As the
NaCl content was increased, a higher proportion of the KCl dispersed in the food waste could combine
with the injected NaCl. Thus, the amount of residual KCl decreased as the larger amount of KCl bound
to the NaCl was removed by washing.

Peaks at 3.78 and 2.61 Å were not detected in the 0%-NaCl biochar but did appear in the
NaCl-containing biochar. The peaks at these positions indicate the presence of cellulose [48,49].
As mentioned in Section 3.2.3., when NaCl is added to cellulose undergoing pyrolysis, decomposition
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of the cellulose into levoglucosan is inhibited [31]. For NaCl-free food waste, the cellulose decomposes
to produce levoglucosan during pyrolysis. However, cellulose degradation is inhibited for food waste
containing NaCl. Thus, the residual cellulose produced the above peaks. In the pre-wash biochar,
the peaks appeared indefinite around 3.78 Å. This can be explained by the strong intensity of the
NaCl crystal peak comparatively weakening the cellulose peaks. Therefore, although it was difficult to
detect both peaks together in the 20%-NaCl biochar, which had the strongest NaCl peaks, they became
discernible after washing, which reduced the NaCl peak intensity.

Table 5. X-ray diffraction analysis peaks for NaCl and food-waste-derived biochar with different
NaCl contents.

NaCl 0% B_5% A_5% B_10% A_10% B_20% A_20%

18.7
(4.74)

20.8
(4.27)

20.8
(4.27)

20.8
(4.27)

20.8
(4.27)

20.8
(4.27)

23.5
(3.78)

23.5
(3.78)

23.5
(3.78)

27.4
(3.25)

27
(3.30)

27.2
(3.26)

27.2
(3.27)

27.2
(3.27)

27.4
(3.25)

27.2
(3.27)

28.4
(3.14)

28.8
(3.10)

28.4
(3.14)

28.8
(3.10)

28.4
(3.14)

28.8
(3.10)

28.4
(3.14)

30.8
(2.90)

31.5
(2.84)

31.2
(2.86)

31.6
(2.83)

31.4
(2.85)

31.6
(2.83)

31.7
(2.82)

31.6
(2.83)

33
(2.71)

33
(2.71)

33
(2.71)

33
(2.71)

34.3
(2.61)

34.3
(2.61)

34.3
(2.61)

34.3
(2.61)

34.3
(2.61)

34.3
(2.61)

40.5
(2.22)

41
(2.20)

40.5
(2.22)

41
(2.20)

40.5
(2.22)

41
(2.20)

40.5
(2.22)

45.5
(1.99)

45
(2.01)

45.5
(1.99)

45
(2.01)

45.5
(1.99)

45.5
(1.99) 45.2

(2.00)

50.3
(1.81)

51
(1.79)

50.3
(1.81)

50.3
(1.81)

50.3
(1.81)

53.5
(1.71)

53.8
(1.70)

56.5
(1.63)

55.5
(1.65)

56.5
(1.63)

56
(1.64)

56.4
(1.63)

56.5
(1.63)

56.2
(1.63)

61.5
(1.51)

61.5
(1.51)

65.5
(1.42)

65.2
(1.43)

65.7
(1.42)

66.2
(1.41)

66.5
(1.40)

67.5
(1.39)

66.5
(1.40)

66.5
(1.40)

75.5
(1.26)

74
(1.28)

74.7
(1.27)

75.2
(1.26)

84
(1.15)

82.5
(1.17)

83.5
(1.16)

84
(1.15)

Finally, the 0%-NaCl biochar had a peak at 30.8◦, which indicates the presence of dolomite
(CaMg(CO3)2) [34]. On the other hand, biochar samples with added NaCl had peaks at 20.8◦ and 33◦,
which indicates the presence of struvite (NH4MgPO4·6H2O) [50], and there is no peak at 30.8◦. As
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mentioned in Section 3.2.3, when NaCl is present during pyrolysis, phosphorus compound decomposes
to the form of PO4

3− not the form of HPO4
2−. These XRD results support those of the FT-IR. A

magnesium (Mg) component contained in the food waste became dolomite during pyrolysis. When
NaCl is present during pyrolysis, Mg combined with PO4

3− and crystallized.

4. Conclusions

Food waste is difficult to recycle due to the innate NaCl content. It is essential to remove NaCl
in order to utilize food waste biochar. The use of NaCl in food waste and desalination process as
a template and activation process, respectively, could be a way to improve the value of the biochar.
Therefore, this study investigated changes in biochar structure according to varying NaCl solution
concentrations added to food waste and desalination. As the NaCl concentration increased from 0% to
20%, cellulose and lignin decomposition inhibited during pyrolysis, ultimately increasing the biochar
yield by 2.7% for 20%-NaCl concentration. Furthermore, the added NaCl formed crystals exerting a
templating effect, inducing an increase in BET surface area and pore volume in the biochar when it was
washed. In comparison to the NaOH-based activation method, the NaCl templating method yielded a
minor difference BET surface area, while the pore depth was found to be shallower. Adding 20% NaCl
reduced the BET surface area while the mean pore diameter increased, owing to the increased NaCl
clusters. The phenomenon in which the NaCl clustering increases as a NaCl concentration increases
was shown to have positive effects on NaCl removal through washing. Further, as the NaCl adhered
to the KCl scattered among the food waste, the high concentration of NaCl also had positive effects on
the KCl removal. Finally, a NaCl induced form of struvite and yielded a valuable biochar that can be
used as a soil fertilizer.
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Abstract: Thermogravimetric analysis was employed to investigate the combustion characteristics
of flax shives, beech wood, hemicellulose, cellulose, lignin, and their chars. The chars were prepared
from raw materials in a fixed-bed reactor at 850 ◦C. In this study, the thermal behavior based
on characteristic temperatures (ignition, maximum, and final temperatures), burnout time and
maximum rate was investigated. The kinetic parameters for the combustion of different materials
were determined based on the Coats-Redfern approach. The results of our study revealed that
the combustion of pure pseudo-components behaved differently from that of biomass. Indeed,
principal component analysis showed that the thermal behavior of both biomasses was generally
similar to that of pure hemicellulose. However, pure cellulose and lignin showed different behaviors
compared to flax shives, beech wood, and hemicellulose. Hemicellulose and cellulose chars had
almost the same behaviors, while being different from biomass and lignin chars. Despite the difference
between flax shives and beech wood, they showed almost the same thermal characteristics and
apparent activation energies. Also, the combustion of the hemicellulose and cellulose chars showed
that they have almost the same structure. Their overall thermal and kinetic behavior remained
between that of biomass and lignin.

Keywords: biomass; combustion; thermogravimetric analysis; kinetic parameters; thermal
characteristics

1. Introduction

Biomass is one of the most environment-friendly renewable sources of energy being used for
human needs. Usually, its conversion is considered to be a carbon-free process, because the resulting
CO2 was previously captured by plants. Based on life-cycle assessment comparisons, net carbon
emissions from biomass per unit of electricity are below 10% of those from the emissions from fossil
fuels [1]. Furthermore, the use of biomass and char as alternative energy carriers in the industry
is growing as a result of the depletion of fossil energy. Biomass can be converted into heat and
electrical power through several methods, where the easiest one is the direct combustion via a steam
turbine dedicated to power production. At present, biomass is already used in several processes for
heat and power production [2]. Different criteria have been used in the literature to compare the
performance of biomass combustion power generation. Among these criteria, the more important are:
The capacity of power production [3], the technology used [4], and the composition of biomass [2].
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Also, other classifications can be addressed when comparing pollution generated by the combustion
of biomass. Indeed, this last one is becoming more important due to global warming [5].

The contribution of biomass sources in global electricity generation from renewable energy in 2014
was about 7.24% [1]. This contribution can be made directly by the combustion of biomass or one of its
derivatives. There are three main pseudo-components that constitute biomass, namely hemicellulose,
cellulose, and lignin. Hemicellulose constitutes 16 to 23 wt%, cellulose between 42 and 49 wt%,
while lignin represents 21 to 39 wt% of the biomass [6]. These last three can be thermochemically
valorized in several ways. Indeed, the pyrolysis of pseudo-components has already been studied in
the literature [7], and the interaction between these three polymers during pyrolysis has also been
investigated [8]. Moreover, the gasification of these pseudo-components has been examined at different
temperatures [9] and using supercritical water conditions [10]. The effect of cellulose and lignin content
on the combustion has also been highlighted in the literature [11].

Lignin, which is generally considered as a chemically non-recoverable residue, is usually burned to
generate the power and heat required for biomass treatment operations in simultaneous saccharification
and co-fermentation processes [12]. According to life-cycle assessments conducted by Daylan and
Ciliz [13], the heat generated by the combustion of the residual lignin satisfied and ensured the
necessary heat and power needed during the process of ethanol production from lignocellulosic
biomass. On the other hand, in the gasification process of biomass, it is the char produced by the
process which is burned to provide the heat needed by the pyrolysis and the gasification processes [14].
In the fast internally circulating fluidized bed used for biomass gasification, the residual char from the
pyrolysis and gasification processes is burnt in a separate reactor to ensure a major part of the heat
required for the pyrolysis and the gasification reactions [15].

Now, the design and the scale-up of combustors require several details concerning the reactivity
of the solid fuel to be used [16]. Guizani et al. [17] showed that the pyrolysis temperature of
biomass, during the production of char, affected the structure and the reactivity of produced char
in a considerable manner. Also, the behavior of biomass cannot be condensed to that of one single
pseudo-component because of the chemical and physical alterations caused by the use of acids and
bases during the separation of the different pseudo-components [18]. Indeed, the knowledge of the
reaction kinetics of the solid fuel is essential to correctly design the reactor for the combustion reaction.
Also, the more the solid fuel is burnt at a low temperature and a high conversion rate, the shorter
the burnout time is; in other words, the reactivity of the substance is higher [19]. Hence, the most
reactive substance is the one which shows the highest rate of consumption at the lowest temperature
on one hand, and the lowest activation energy on the other. In literature, several authors evaluated the
reactivity of substances from thermogravimetric (TG) curves based on; (i) the ignition temperature [20];
(ii) the maximum rate of mass loss [21]; (iii) the activation energy [22]; or (iv) a combination of different
parameters from the TG curves [19]. Indeed, El may et al. [19] estimated the reactivity of different
substances as the ratio of the maximum rate of mass loss to maximum temperature. In their case,
they did not distinguish between the different stages of the reaction. Haykırı-Açma et al. [23] reported
that the most important characteristic temperatures of the combustion reaction were the ignition
temperature and the maximum temperature, which corresponded to the maximum consumption rate.
Other researchers have compared the TG combustion profiles of different chars obtained from biomass
pyrolysis and coal [22] and found that biomass chars, based essentially on the maximum temperature,
were more reactive than coal and lignite. According to the latter paper, it seemed that the activation
energy had less influence on the reactivity compared to the maximum temperature. In this context,
a deeper analysis appears to be necessary to better understand the relationship between the different
parameters cited above.

Solid fuel combustion has widely been studied in the literature. However, to the best of our
knowledge, the combustion characteristics of cellulose, hemicellulose, lignin, and their chars have
not been deeply examined. In addition, the synergistic effect of the pseudo-components during the
combustion reaction has not been previously discussed. Consequently, the effect of the heating rates

61



Energies 2018, 11, 2146

and the sample structure may affect not only the rate of combustion, but also important characteristics
such as ignition and final temperatures.

The aim of this work is to determine various parameters associated with the combustion reaction
(kinetic parameters, burnout time, ignition temperature, final temperature, and maximum rate of
consumption) using thermogravimetric analysis (TGA). The raw materials considered in this study are
beech wood, flax shives, cellulose, hemicellulose, lignin, and their respective chars. Also, in this paper,
the relationship between the different determined parameters of the combustion reaction of biomasses
and the pure pseudo-components has been discussed in order to better compare the reactivity of the
substances with each other. The availability of such data for kinetic and thermal parameters allows an
appropriate design of biomass and char combustor.

2. Materials and Methods

2.1. Raw Materials

“ETS Lignex” and “La Coopérative Terre de Lin” companies provided respectively the beech wood
and the flax shives used for this study. Beechwood has been chosen in order to compare our results with
the literature, while flax shives have been chosen due to their availability in Europe which represents
about 85% of the world’s production of scutched flax fibers [24]. The pseudo-components employed
were used in their pure form: Microcrystalline cellulose was provided from Merck (Kenilworth, NJ,
USA, Ref. 1.02330.0500-500G), hemicellulose was provided from Tokyo Chemical Company Co. Ltd.
(Tokyo, Japan, Ref: X0078-100G) and lignin was provided from Sigma-Aldrich (St. Louis, MO, USA,
Ref: 471003-100G). All samples were sieved with a diameter of less than 40 micrometers (μm) in order
to limit the effects of heat and mass transfer as recommended in [25].

2.2. Char

A fixed-bed reactor was used to prepare the char of the five raw materials by pyrolysis.
The pyrolysis was ensured at 850 ◦C during 2 h under a pure nitrogen flow of 500 mL·min−1. Afterward,
the samples were cooled down under nitrogen to room temperature. The device was already described
in a previous work [26]. Experiments were carried out at atmospheric pressure. The proximate and
ultimate analyses of the raw material before and after pyrolysis are given in Tables 1 and 2, respectively.
The ultimate composition of different raw materials was performed using the CHN elemental analyzer,
while the proximate composition was determined based on TG analysis [27]. Low heating value (LHV)
of different raw materials were calculated according to Channiwala’s correlation [28].

Table 1. Ultimate and proximate characterization of raw materials.

Component C (%) H (%) O (%) N (%) VM * (%) FC ** (%) Ash (%) LHV (MJ·kg−1)

Flax shives 45.7 5.77 48.12 0.41 75.47 21.77 2.76 17.71
Beech wood 47.38 6.11 46.51 0 80.15 18.92 0.92 18.91

Cellulose 41.74 6.08 52.18 0 96.26 3.74 0 16.34
Hemicellulose 41.47 6.48 52.05 0 80.18 19.57 0.25 16.72

Lignin 57.04 4.76 38.21 0 68.42 24.86 6.72 21.42

* Volatile matter, ** Fixed carbon.

Table 2. Ultimate and proximate characterization of char samples.

Component C (%) H (%) O (%) N (%) VM * (%) FC ** (%) Ash (%) LHV (MJ·kg−1)

Flax shives char 75.87 3.2 19.73 1.21 1.67 81.61 16.72 27.84
Beech wood char 78.24 3.13 18.63 0 1.59 93.83 4.58 28.97

Cellulose char 81.4 3.25 15.35 0 0.39 99.25 0.37 30.64
Hemicellulose char 71.19 3.2 25.61 0 0.74 98.83 0.43 25.96

Lignin char 58.04 2.65 39.3 0 2.75 71.67 25.58 18.78

* Volatile matter, ** Fixed carbon.
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2.3. Thermogravimetric Experiments

TGA is one of the most frequently used techniques for solid characterization in an inert or
oxidative atmosphere [29,30]. In this work, experiments were performed using a TG SDT Q600-TA
instruments analyzer (TA Instruments, New Castle, DE, USA). Pure synthesized air constituting of 21
vol% of oxygen and 79 vol% of nitrogen was used as oxidative gas with a flow rate of 50 mL·min−1.
The mass of the sample used in the crucible was 6.5 ± 0.2 mg for all samples. The sample was
introduced at room temperature and atmospheric pressure. In this work, experiments were performed
under non-isothermal conditions at different heating rates: 10, 20, 30 and 40 ◦C·min−1. TG experiments
were repeated three times for each heating rate to improve the accuracy of the results.

2.4. Kinetic Modelling

Several non-isothermal methods have been reported in the literature to determine the
apparent kinetics of the biomass and char combustion reactions from the TG mass loss profiles.
The kinetic parameters determined by thermogravimetric measurements are very sensitive to the
calculation methods used [19,31]. Therefore, their determination in this study was carried out
using the Coats-Redfern method by taking into consideration two different models proposed in
the literature [32,33]. Indeed, the Coats-Redfern method is considered the best approach for the
determination of kinetic parameters for a combustion reaction [21,34–36]. On the other hand and in
contrast to other isoconversional methods, the Coats-Redfern method may integrate some particular
models that take into account the effect of boundary and diffusion control [21,37].

The conversion rate, X, was calculated based on the variation of the mass loss of the sample,
as follows:

X = 1 − mt − m f

mi − m f
(1)

where mi and mf are the initial and the final masses, respectively.
The reaction rate can be expressed by the following relation:

dX
dt

= k(T) f (X) (2)

where k(T) is the rate constant and is defined as:

k(T) = A· exp
(
− Ea

RT

)
(3)

where A is the pre-exponential factor, Ea the apparent activation energy, R the ideal gas constant and
f (X) is the kinetic model used for solids conversion.

The final form of the decomposition kinetics of biomass was written as follows:

dX
dt

= A· exp
(
− Ea

RT

)
f (X) (4)

The rearrangement of the relation (4) gave rise to the Equation (5), as follows:

dX
f (X)

=
k
β

dT (5)

where β is the heating rate and is defined as:

β =
dT
dt

(6)
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The integration of the relation (5) gave the following relation:

g(X) =
∫ X

0

dX
f (X)

=
A
β

∫ T

T0

exp
(
− Ea

RT

)
dT (7)

where g is the integral function of conversion [21,37]. By using the Coats-Redfern method [38],
the relation (7) became:

ln
∣∣∣∣ g(X)

T2

∣∣∣∣ = ln
[

AR
βEa

(
1 − 2RT

Ea

)]
− Ea

RT
(8)

The analytic integration of this relation is essentially governed by the form of the function “g” and
the order of the reaction considered, as already detailed in articles of interest in the literature [21,39].

3. Results and Discussion

3.1. Thermogravimetric and Differential Thermogravimetic (DTG) Characteristic Curves

The combustion of cellulose, hemicellulose, lignin, beech wood, flax shives, and their chars was
studied under the same experimental conditions and for different heating rates. Figures 1 and 2 show
the evolution of TG and DTG curves for the combustion reaction with temperature. This study was
carried out over temperatures ranging from 25 ◦C to 1000 ◦C. The mean deviation was calculated based
on the reproducibility of the experiments and was found to be between 2.68 and 5.53%. The deviation
was more pronounced at high temperatures, probably due to the very low mass in the crucible.
Humidity evaporation was observed between ambient temperature and 150 ◦C, as already mentioned
in previous works [19,31].

3.1.1. Raw Materials Combustion

Figure 1 shows the TG and DTG curves of the combustion of flax shives, beech wood,
hemicellulose, cellulose, and lignin. As illustrated in this figure, the raw materials were completely
consumed at 550 ◦C, except for lignin, which required a temperature in the vicinity of 850 ◦C. Based on
the curves of Figure 1, it can be seen that the raw materials exhibited more than one stage, unlike char,
which showed a unique stage in Figure 2. Despite the difference in the composition of beech wood
and flax shives, see Table 1 for details, the two biomasses typically had the same behavior, with only
a slightly higher reactivity for beech wood. Indeed, the biomass DTG showed the existence of two
peaks—the first peak appeared in the interval from 225 to 375 ◦C, and the second peak from 375 to
450 ◦C. This indicated the existence of at least two steps, depending on the combustion mechanism.

The combustion of hemicellulose showed the presence of three peaks, two of them were completely
overlapping as seen in Figure 1c. This could be explained by the heterogeneity of hemicellulose,
which is majorly constituted of xylose along with a small part of glucuronic acid and other sugars.

As seen in Figure 1d, the combustion of pure cellulose showed only one peak. Indeed, this can be
explained by the occurrence of only the combustion of the volatile fraction of cellulose; note the low
fixed carbon content (about 3.74%) of cellulose may be the reason the peak of combustion for the latter
was not detected.

The lignin combustion showed a different behavior compared to those previously, as shown in
Figure 1e. Indeed, the combustion of lignin showed the existence of two independent stages. The first
stage was located at low temperature, between 200 and 450 ◦C, while the second was located at high
temperature, between 800 and 900 ◦C. Also, the second stage of the combustion reaction might be
accompanied by the decomposition of calcium carbonates, which happens at high temperature [22,40].
Zhou et al. [41] observed the same behavior for the pyrolysis of lignin. Surprisingly, we did not see this
behavior with both biomasses, although some experiments have been carried out up to 1200 ◦C. Indeed,
after 500 ◦C, the mass loss of the sample was almost negligible. This could probably be explained by
the fact that the combustion of char (the second stage in Figure 1e) from pure lignin was different from
the behavior of char from biomass. Pure lignin has a complex and branched structure compared to
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cellulose and hemicellulose. Also, significant interactions have been reported in the literature between
cellulose and lignin during their pyrolysis [8,9], which can modify the global structure of char.

Figure 1. Mass loss and conversion rate of different raw materials combustion.

3.1.2. Char Combustion

DTG curves of the different bio-char samples demonstrated only one single stage, as shown
in Figure 2. This was explained by the existence of only one uniform structure in each char used.
However, every char (from cellulose, hemicellulose, lignin, and biomasses) showed different behaviors
when compared to one another, as shown in Figure 2. Indeed, the chars produced from pure
pseudo-components did not have the same properties as the ones produced from biomass. This has
already been observed in the literature, where some DTG curves of biomass samples showed one or
two stages [22]. Probably, this can be explained by the importance of lignin in the biomass samples.

In some works in the literature, two DTG peaks can be observed during the combustion of char
from biomass, more particularly in cases where the pyrolysis temperature of the biomass is less than
600 ◦C. This can be explained by the combustion of residual unconverted biomass [17].
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Figure 2. Mass loss and conversion rate of different char samples.

3.2. Thermal Analysis

The DTG curves allowed the determination of various parameters related to the combustion
reaction, as shown in Figure 3. These parameters were determined and are discussed in the following
sections. The evolution of these parameters with the heating rate obtained from the DTG curves has
been summarized in Tables S1 and S2 of the supplementary materials.

Figure 3. Example of the graphical determination of thermal parameters (for Flax shives with
β = 10 ◦C·min−1).
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3.2.1. Ignition and Final Temperatures of Combustion Reaction

The ignition temperature (Ti) is the temperature at which the combustion reaction begins, while the
final temperature (Tf) indicates the end of the combustion reaction. These temperatures are essential to
ensure the perfect design of the combustor and avoid unburned solid fuel at the outlet of the reactor [22].
It should be noted that Ti is also used to compare the reactivity of several substances [19–23,42–44].
Several methods have been reported and used in the literature to determine Ti and Tf [32,45–48]. In this
work, Ti and Tf have been determined according to the work of Grønli et al. [46], which was based
on the use of the second derivative of the mass loss curves. Tables 3 and 4 show the evolution of Ti
and Tf during the combustion reaction for different raw materials over a heating rate of 10 ◦C·min−1.
Hemicellulose presented the lowest Ti, followed by lignin and biomasses, while cellulose demonstrated
the highest Ti. At the end of the first stage, hemicellulose displayed the lowest Tf, while biomasses and
cellulose presented almost the same Tf. Furthermore, the Tf of lignin was the highest. In the second
stage of combustion, the Ti of the biomasses and hemicellulose remained close to each other. However,
the Ti of lignin remained higher.

The Ti of the char from raw materials had approximately the same behavior. These temperatures
remained higher compared to the biomasses and the pure pseudo-components. Also, hemicellulose and
cellulose chars showed almost the same Ti and Tf. As for lignin combustion, the char from lignin
showed the highest Ti and Tf.

Table 3. Characteristics of the combustion stages of raw materials (β = 10 ◦C·min−1).

Raw Materials
First Stage Second Stage

Δt (min)
Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1) Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1)

Flax shives 228 335 318 0.198 404 436 426 0.12 20.80
Beech wood 245 339 325 0.25 431 444 437 0.164 19.90

Hemicellulose 207 314 291 0.132 448 561 515 0.046 35.40
Cellulose 297 335 323 0.491 - - - - 3.80

Lignin 227 346 314 0.043 806 837 823 0.389 61.00

Table 4. Characteristics of the combustion of char samples (β = 10 ◦C·min−1).

Chars Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1) Δt (min)

Flax shives char 441 479 458 0.234 3.8
Beech wood char 441 501 468 0.282 6

Hemicellulose char 532 620 587 0.208 8.8
Cellulose char 513 627 587 0.235 11.4

Lignin char 748 801 784 0.279 5.3

3.2.2. Burnout Time

The burnout time (tR) is defined as the time between the Ti and the Tf. In this work, the tR has
been calculated taking into account the entire reaction interval through the two stages. Overall, tR of
the combustion of beech wood and flax shives was almost the same. Hemicellulose was the first to
burn, and it took more time than the biomasses. The lignin tR was the longest, since the second stage
of its combustion needed a higher temperature. The cellulose tR was not significant, since the second
stage was not visible. The tR of char samples has been shown in Table 4. The same trend as for the
tR of the raw materials was not obtained. Indeed, it seems that the char produced by holocellulose
compounds required more time than chars from beech wood, flax shives, and lignin.

3.2.3. Maximum Temperature

The maximum temperature (Tmax) is defined as the temperature where the maximum reaction
rate (dX/dt) occurs. This temperature is a very important criterion for evaluating the reactivity of
substances [19–23,42–44]. Indeed, the lower the Tmax, the higher the reactivity of the substance.
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According to Table 3, hemicellulose was the most reactive substance. The Tmax for flax shives,
beech wood, hemicellulose, and cellulose were very similar. As for the char samples, the ones
produced from biomass pyrolysis remained the most reactive, while the lignin char proved to be the
least reactive, as shown in Table 4. Also, the chars of cellulose and hemicellulose showed almost the
same behavior.

3.2.4. Maximum Rate

Maximum rate (rmax) is also usually considered as a criterion to classify the reactivity of
substances [19,22]. Indeed, the higher the rmax and the lower the Tmax, the more reactive the substance.
The maximum reactivity of the different raw materials and char samples are shown in Tables 3 and 4,
respectively. In the first stage, the most reactive raw material was cellulose. However, for the second
stage, lignin appeared to be the most reactive at high temperatures.

As shown in Figure 1, these parameters, cited above, evolved by increasing the heating rate,
more particularly in the first stage of the combustion of raw materials and char. However, the effect of
heating rate was more pronounced on rmax than on other parameters.

3.3. Principal Component Analysis

As shown above, the reactivity classification of different substances varied from one criterion to
the other. The results were examined using the principal component analysis (PCA), which checks
the global behavior of the different raw materials, taking into account the different criteria discussed
above. Figure 4 shows the PCA for the first and the second stage of combustion of the raw materials.

PCA is a multivariate technique used in data processing usually presented in a table containing
variables and observations. PCA has the goal to detect the existence of similarities or inter-correlation
between variables, based on the treatment of observations. PCA is represented by only one orthogonal
variable called principal components F1 and F2. In this study, PCA was used to analyze the behavior
of raw materials and char based on the different thermal parameters discussed above [49,50].

PCA is a graphical representation of a cloud of points initially drawn in a multidimensional space.
The number of dimensions in our case represents the number of axes or variables in this space, and it
corresponds to six (Ti, Tmax, Tf, β, Δt, and rmax). In order to facilitate the analysis of the existence of
any correlation between each of two variables separately, a projection of this cloud in an orthogonal
space (F1 and F2) is created, as previously specified. Often, these two axes have no physical meaning,
however, they ensure the maximum recovery of information from the projection of the cloud of points.
Obviously, a bad projection of a variable on this new space may not be representative, and therefore,
the information about this variable is deformed. The conclusions drawn in this case may not have a
physical meaning. The closer the segment representing this variable is to the radius of the circle in
Figure 4a (segment in red), the better the parameter is represented in this new space. In this study,
overall, all parameters were well represented, as shown in Figures 4 and 5.

Figure 4a analyses the existence of a possible linear correlation between the different parameters
considered in this study. The correlation coefficient between each two parameters is calculated from the
cosine of the angle formed between these two parameters shown by segments in Figure 4a. Tables S3,
S4, and S5 detail the values of these correlation coefficients. For example, Figure 4a shows that the
cosine of the angle formed by Ti and Tmax was about 0.798. Also, Ti and Tmax showed a positive
correlation given that they were in the same direction (the same remark can be made for Tf and β in
Figure 4a). This means that an increase in Ti implies an increase in Tmax. A negative correlation can
be shown when the correlation coefficient tends to negative values; this means that the two variables
show an opposite trend. Δt and Tmax in Figure 4a illustrate a negative trend.

The set of four points delimited in Figure 4b for each sample represents the evolution of the
different parameters (Ti, Tf, Tmax, rmax, and Δt) with the heating rate (10, 20, 30, and 40 ◦C·min−1)
(the evolution of the temperature Tf with the heating rate is shown in Figure 4b, as an example).

According to PCA, some qualitative conclusions can be addressed, as follows:
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Regarding the first stage of raw materials combustion:

- A strong positive dependence between Ti, Tmax, and rmax.
- A strong positive dependence between β and Tf.

- Opposite evolution between Δt and the rest of the parameters.
- Overall, there is no dependence between Ti, Tmax, and rmax.

Regarding the second stage of raw materials combustion:

- A clear opposite trend between Δt and β.
- Δt and β seemed to be unrelated to Ti, Tf, Tmax, and rmax during this stage.

- A strong positive dependence between Ti, Tmax, and Tf.

Regarding the combustion of chars:

- A strong positive dependence between Ti, Tmax, and Tf.

- A strong positive dependence between β and rmax.
- Surprisingly, no characteristic temperature seemed dependent on β.

As shown in Figure 4b, flax shives and beech wood exhibited behavior closest to the hemicellulose
(overlapped segments), out of the three pseudo-components. Lignin was less reactive and took more
time to be completely consumed. The Figure 5b shows that the chars produced from beech wood
and flax shives were more reactive than the chars from pseudo-components. Also, the char from
holocellulose was more reactive than that from lignin. This analysis also showed that the cellulose,
hemicellulose, and lignin contents can modify the co-combustion of pseudo-component/biomass or
pseudo-component/char blend. Indeed, in the case of a cellulose/biomass blend, an increase in Tmax

and rmax can be expected; while increasing the lignin content can reduce Tmax and rm.

Figure 4. Principal component analysis (PCA) for raw materials: (a,b) represent the first stage
combustion; (c,d) represent the second stage combustion.
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Figure 5. Principal component analysis (PCA) for char samples: (a) Correlation between variables;
(b) Effect of heating rate on different variables.

3.4. Mechanism and Kinetic Parameters of Combustion

3.4.1. Mechanism

Usually, the mechanism of biomass combustion is composed of two stages, as shown in Figure 1.
Some authors reported that the first stage illustrated the combustion of the holocellulose component,
while the second stage concerned the combustion of lignin according to mechanism 1 [20,34].

Mechanism 1
Holocellulose + O2 → Ash + CO2 + H2O

Lignin + O2 → Ash + CO2 + H2O

Other authors reported that the mechanism of combustion followed the combustion of volatile
matter (1st stage) and then fixed carbon (2nd stage), according to mechanism 2 [21,51,52].

Mechanism 2
Volatiles + O2 → Ash + CO2 + H2O

Char + O2 → Ash + CO2 + H2O

In light of the results shown above, it seems that both hemicellulose and lignin showed two
independent stages. Therefore, the first stage is explained by the combustion of volatile matter derived
from the pyrolysis of biomass, while the second stage can be explained by the combustion of residual
char produced in the first stage. Cellulose showed only one stage given its low fixed carbon content,
as shown in Table 1 (3.75 wt%). Moreover, the second stage of combustion of hemicellulose and lignin
corresponded approximately to the same stage of combustion of char produced by hemicellulose
and lignin pyrolyzed in the fixed-bed reactor. This observation favored the plausibility of the
second mechanism.

In some works in the literature, the reactivity of substances was classified according to the
activation energy of their combustion reaction [20]. Therefore, in our case, the activation energy for
the combustion reaction was determined for different materials. The combustion of different raw
materials was successfully modeled by using two independent reactions (Mechanism 2), with the
exception of cellulose (which was modeled using one single reaction, given its low fixed carbon content,
as discussed above). The combustion of char samples was modeled assuming one single reaction,
according to the DTG curves, see Figure 2.

3.4.2. Kinetic Parameters

The plot of ln|g(X)/T2| of relation (8) versus 1/T gave a straight line with a slope of −Ea/R.
Relation (8) was applied in the range of temperatures between Ti and Tf of each combustion stage
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for different heating rates. The term 2RT/Ea can be neglected (compared to 1 in this case) [37]. The Ea

was calculated from the slope of relation (8), while A was calculated from the y-intercept. Since this
relation was supposed to be independent of the heating rate, the Ea and A were calculated as average
values based on the four heating rates.

Several models that take into account the effect of boundary and diffusion control have been tested
in order to establish the linearity of relation (8) [21,53,54]. Indeed, flax shives, beech wood, cellulose,
lignin, and their char samples followed the first-order kinetics model according to model 1 (relation (9)).
The first order is usually considered for combustion reactions [55–58]. The latter model has been
the most frequently used in literature and takes into account only the chemical reaction. However,
the best fit for hemicellulose combustion was model 2 (relation (10)). In this model, the kinetics of the
combustion reaction were fully controlled by the diffusion of oxygen inside the hemicellulose particles.
The diffusion limitation has already been observed in the combustion of the pine samples as reported
by [52].

Kinetic model function 1:
g(X) = (1 − X) (9)

Kinetic model function 2:
g(X) =

[
1 − (1 − X)1/3

]2
(10)

The activation energy and the pre-exponential factor for different raw materials are shown in
Table 5. A detailed table of kinetic parameters for the raw materials and the char samples has also
been provided in Table S6 of the supplementary materials. The deviation of the regression on Ea

and A reported in Table 5 has been calculated with respect to the different heating rates. Therefore,
the variation in the value of Ea with the different heating rates can be explained by the experimental
error on one hand, and, on the other, by the limitations of heat transfer, which tended to increase with
high heating rates, as shown in Table S6.

The values of the activation energies shown in Table 5 were globally close to those found in the
literature, see Table S7. However, some authors have found much lower values of activation energies
for biomass combustion reactions, such as Senneca [59], Sahu et al. [60], and Kumar et al. [61]. For the
activation energy of the char combustion, they were globally close to those found in the literature,
as shown in Table S8.

Despite the different nature of flax shives and beech wood, their Ea remained similar to each
other in the first stage (82.54 ± 2.49 and 99.26 ± 3.10 kJ·mol−1, respectively). Also, hemicellulose and
cellulose showed Ea in the same range, with a slight elevation for cellulose (172.33 ± 15.14 and
212.21 ± 8.23 kJ·mol−1, respectively). However, cellulose and hemicellulose showed high Ea compared
to the biomasses. Lignin had the lowest Ea in this stage (45.97 ± 0.82 kJ·mol−1). In the second
stage, the Ea of both biomasses and those of the holocellulose components were mostly the same
(between 66.08 ± 3.00 and 79.51 ± 1.90 kJ·mol−1); unlike lignin, which showed a high Ea in this stage
(348.43 ± 15.57 kJ·mol−1) and reacted only at high temperatures.

Table 5. Kinetic parameters of the combustion reaction of different raw materials.

Samples

Raw Materials Char Samples

First Stage Second Stage Only One Stage

Ea (kJ·mol−1) logA Ea (kJ·mol−1) logA Ea (kJ·mol−1) logA

Flax shives 82.54 ± 2.49 9.06 ± 0.51 66.89 ± 2.73 5.26 ± 0.32 134.90 ± 22.32 17.33 ± 0.63
Beech wood 99.26 ± 3.10 11.53 ± 0.32 79.51 ± 1.90 10.17 ± 0.67 151.68 ± 26.3 14.86 ± 6.21
Hemicellulose 172.33 ± 15.14 24.55 ± 2.08 66.08 ± 3.00 1.67 ± 0.08 180.32 ± 15.26 30.19 ± 1.14

Cellulose 212.21 ± 8.23 33.43 ± 2.30 - - 218.37 ± 7.11 20.54 ± 2.61
Lignin 45.97 ± 0.82 1.36 ± 0.11 348.43 ± 15.57 25.09 ± 7.72 263.91 ± 32.49 20.54 ± 3.92
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The flax shives and beech wood char samples showed almost the same range of Ea (134.90 ± 22.32
and 151.68 ± 26.3 kJ·mol−1, respectively). The same remark for hemicellulose and cellulose can be
made with respect to their Ea (180.32 ± 15.26 and 218.37 ± 7.11 kJ·mol−1, respectively). Lignin char
showed the highest Ea (263.91 ± 32.49 kJ·mol−1) compared to other chars. This observation coincides
with the PCA, shown in Figure 5. As reported by several authors, this can be explained by a porous
and highly disordered carbon structure of lignin [22,62].

4. Conclusions

In this study, the combustion of flax shives, beech wood, pure pseudo-components, and their
chars has been investigated based on TGA. During the combustion reaction, biomass (despite
being essentially comprised of cellulose, hemicellulose, and lignin) exhibited a different behavior
compared to its pure pseudo-components. This means that the physical interactions between the
pure pseudo-components present in biomass cannot be neglected. It also demonstrated that biomass
with a higher cellulose content showed faster conversion rates, higher hemicellulose contents in the
biomass led to a lower Ti, and higher lignin content implied a higher Ea and a higher Tf. This study
also confirmed that the combustion reaction of biomass could be modeled as two independent
reactions. Indeed, the first reaction concerned the combustion of the volatile content, while the
second corresponded to the combustion of the fixed carbon component. It is therefore important for
the design of the combustor to take into account the substance limiting the process.

As this study showed, char produced from flax shives and beech wood had the same behavior both
thermally and kinetically. Also, the same remark can be made for char produced from hemicellulose
and cellulose. However, the char from lignin behaved differently from those from biomass and the
holocellulosic pseudo-components.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/8/2146/s1.
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Nomenclature

A Pre-exponential factor (s−1)
dX/dt The first derivative of conversion rate with respect to time
DTG Differential thermogravimetry
Ea Activation energy (kJ·mol−1)
mf Final mass (kg)
mi Initial mass (kg)
mt Mass at temperature T (kg)
n Reaction order (-)
R Gas constant (8.314 J·K−1·mol−1)
R2 Correlation coefficient (-)
T Temperature (K)
Tf Final temperature (K)
TG Thermogravimetry
TGA Thermogravimetry analysis
Ti Ignition temperature (K)
X Conversion degree (-)
Greek symbols

β Heating rate (K·min−1)
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Abstract: A study was conducted to investigate the parameter that has influence on steam gasification
kinetics between the biomass type and char preparation. Thermogravimetric analysis (TGA) was
carried out on steam gasification of seven biomass samples as well as chars from three of these
samples. Chars were prepared using three different sets of low heating rate (LHR) pyrolysis conditions
including temperature and biomass bed geometry. It was shown by a characteristic time analysis that
these pyrolysis conditions were not associated with a chemical regime in a large amount of devices.
However, it has been shown experimentally that conditions used to prepare the char had a much
lower influence on steam gasification kinetics than the biomass type.

Keywords: biomass; steam gasification; kinetics; pyrolysis conditions; thermogravimetric analysis;
characteristic time analysis

1. Introduction

Today, there is a consensus about the increasing need of biomass use for energy applications.
Given the limited availability of wood, it seems essential to identify and to convert other biomass
resources such as agricultural co-products. Among the various techniques for biomass conversion to
energy, the gasification process is a promising one [1] such as in the case of hydrogen production [2–4]
or liquid fuel synthesis [5–7]. This process includes two main steps that can overlap: biomass pyrolysis
leading to char formation and gasification of the char producing syngas, i.e., a gas mixture of mainly
CO and H2. It has been shown that, with steam as a gasifying agent, the char gasification reaction has
the slowest reaction under typical operating conditions [8]. Therefore, the design of industrial gasifiers
requires the understanding and control of the steam gasification kinetics.

Since char is the starting material for gasification, it is important to identify the main parameter
affecting char gasification kinetics.

In literature, two charring parameters are identified as having a potential influence on the steam
gasification kinetics including pyrolysis operating conditions and biomass type [9]. The influence of
pyrolysis conditions is largely related to the heating rate. Differences are especially noted between
slow pyrolysis—low heating rate (LHR), <50 ◦C·min−1—and fast pyrolysis—high heating rate (HHR),
500 ◦C·min−1 [10]. The steam gasification rate increases when the heating rate increases, which is
linked to char morphology differences. During LHR pyrolysis, the char keeps its natural porosity
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while, in HHR pyrolysis, larger cavities are formed [9]. This larger surface area in the case of HHR
pyrolysis along with the higher content in oxygen and hydrogen results in more available active
sites [11]. The influence of the biomass type is basically related to the inorganic elements content of
the biomass [12], which can attain high values for some resources such as agricultural residues [13].
In particular, alkali and alkaline earth metals (AAEMs) have a catalytic effect on gasification [14–17].
In contrast, elements such as silicon or phosphorus have an inhibiting effect [18,19].

To explain the origin of the influence of these two parameters, the first step is to determine the
regime of the transformation, i.e., the phenomenon—chemical reaction or transfer—limiting its kinetics.
Char preparation in conditions outside the chemical regime could result in variations in the properties
of the chars. Differences between the chars obtained could lead to differences between their gasification
behaviors. The regime of the transformation can be assessed through an analysis of the characteristic
times of the phenomena involved. In literature, such an analysis has already been conducted by several
authors. For instance, this can include pyrolysis [20–24], pyrogasification [8], and torrefaction [25] at
the particle scale. However, most of these studies were performed for fast pyrolysis (HHR) and not
slow pyrolysis (LHR). Moreover, time scale analysis is usually applied to a particle (for micrometric to
centimetric scale particles), but more rarely to a bed of fine particles. One example can be found for
torrefaction for which Gonzalez Martinez et al. [25] performed such an analysis at particle as well as at
bed scale.

The present work combines the analysis of these characteristic times both at a particle scale and at
a bed scale and an experimental study through thermogravimetric analysis (TGA). It focuses on slow
pyrolysis (LHR) conditions (10 to 24 ◦C·min−1) and parameters as the amount of biomass treated, i.e.,
geometry (height and surface) of the crucible and the working temperature (450 ◦C or 800 ◦C in one or
two steps). Gasification was carried out on seven biomass samples as well as on chars prepared from
three of these samples in four different sets of conditions. It aims to assess the relative influence of
the two parameters previously discussed including char preparation conditions and biomass type on
steam gasification kinetics.

2. Materials and Methods

2.1. Biomass Samples

Seven biomass samples covering a variety of compositions were selected for this study.
The selection mainly includes agricultural residues. Samples were ground below 200 μm in a rotor
mill. The ash content and inorganic element composition of the samples was measured, according to
solid fuel standards NF EN 14775 [26] and NF EN ISO 16967 [27], respectively. Values obtained for
each biomass sample can be found in Table 1. From these values, the three main inorganic elements in
mass were identified.

The main inorganic elements contained in all biomasses are Ca and K. The third main element
is Si, Mg, or P. Rice husk and wheat straw can be classified as silica-rich. Sunflower seed shells and
alfalfa have a high potassium content. The others are rich in calcium.
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Table 1. Ash and inorganic element content of the biomass samples (on dry basis).

Biomass Sample
Rice
Husk

Wheat
Straw
[28]

Apple
Orchard
Residue

[28]

Apricot
Orchard
Residue

[28]

Vineyard
Residue

[28]

Sunflower
Seed

Shells
Alfalfa

Ash at 550 ◦C (wt %) 14.1 6.8 3.8 3.7 2.6 3.3 7.8
Si (mg·kg−1) 60,750 20,757 820 990 1012 258 510
K (mg·kg−1) 5363 13,063 3771 7254 5045 12,926 25,695
Ca (mg·kg−1) 1718 5627 9472 10,927 7808 6392 9694
Mg (mg·kg−1) 538 693 872 1374 1604 2812 1123
P (mg·kg−1) 630 1373 1325 1161 1011 1323 2997

Na (mg·kg−1) 270 164 25 41 37 20 289
Al (mg·kg−1) 166 429 71 104 151 257 83
Fe (mg·kg−1) 163 299 58 88 113 233 109
Mn (mg·kg−1) 183 50 11 20 42 12 <11

Main Inorganic Elements
Si Si Ca Ca Ca K K
K K K K K Ca Ca
Ca Ca P Mg Mg Mg P

2.2. Char Preparation

LHR pyrolysis in 1 L·min−1 N2 was carried out in three different sets of conditions in order to
prepare large amounts of char from the different biomass feedstocks. Two devices were used to carry
out the pyrolysis. They are illustrated in Figure 1.

 

(a) (b) 

Figure 1. (a) Device M used for pyrolysis; (b) Device P used for pyrolysis.

Device M consists of a sample holder swept by nitrogen and placed in an oven. It can be used
for large quantities of sample (30 g to 50 g depending on biomass) but only operates at moderate
temperatures (450 ◦C). Device P consists of a mesh basket sample holder placed in a tube swept by
nitrogen and heated by induction. It can reach higher temperatures (800 ◦C), but a lower amount of
sample (approximately 5 g) can be converted at once.

Each set of conditions for char preparation from the biomass samples is described in Table 2.
The first set of conditions (char M) is at a low temperature (450 ◦C) while the two other sets of
conditions (char M-P and char P-P) have two temperature steps (450 ◦C and 800 ◦C) in the same or
different devices.

In addition, char was produced from in-situ pyrolysis of the biomass before gasification in the
thermo-balance (see following section), which pyrolysis conditions (char TGA) are listed in Table 2.
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Table 2. Pyrolysis conditions for char preparation from the biomass samples.

Char TGA Char M Char M-P Char P-P

Device for treatment at 450 ◦C TGA Device M Device M Device P
Sample holder dimension at 450 ◦C

height × diameter (mm × mm) 2.5 × 7 40 × 70 40 × 70 48 × 32

Heating rate to 450 ◦C (◦C·min−1) 24 10 10 24
Holding time at 450 ◦C (min) 60 60 60 60

Cooling between treatment at 450 ◦C
and 800 ◦C No – Yes No

Device for treatment at 800 ◦C TGA – Device P Device P
Heating rate to 800 ◦C (◦C·min−1) 24 – 24 24

Holding time at 800 ◦C (min) 30 – 30 30

TGA: thermogravimetric analysis.

2.3. Steam Gasification Reactivity

Steam gasification reactivities of the four types of char (Table 2) were obtained through
thermogravimetric analysis (TGA). Experiments were carried out at an atmospheric pressure using a
Setsys thermobalance (SETARAM, Caluire, France) coupled with a Wetsys steam generator. For chars
M, M-P, and P-P, which is a mass of 3 mg to 4 mg—i.e., the mass experimentally determined to be
independent from heat and mass transfer influence—was placed in a cylindrical crucible of 2.5 mm
height and 7 mm diameter. Samples were heated at 24 ◦C·min−1 until 800 ◦C under 0.05 L·min−1

N2 except for char TGA, which starting material was biomass and for which an intermediate step at
450 ◦C was performed, which is shown in Table 2. In this last case, a mass of 14 mg of biomass was
placed in the crucible. Samples were swept by N2 for 45 min after the final temperature was reached to
ensure pyrolysis completion and mass stability. Gas was then switched to a mixture of 20 vol % H2O
in N2.

Steam gasification reactivities of the biomass samples were also measured. It corresponds to
the preparation of char TGA described in the previous section, which is directly followed by steam
gasification. The experimental procedure was similar to the one used for chars.

A solid conversion was then defined from mass loss measured as a function of time during TGA
by using the following expression.

X =
mi − m(t)
mi − m f

, (1)

where mi, m(t), and mf are the masses of char before gasification (at the time of steam injection) at the
time t and at the end of gasification (remaining ash), respectively.

The gasification rate could then be defined as the variation of conversion versus the
equation below.

r = X
dX
dt

. (2)

An average reactivity between two values of conversion X1 and X2 was also defined below.

rX1−X2 =

∫ tX2
tX1

r(t)dt
1 − X(t)

tX2 − tX1

. (3)

2.4. Characteristic Time Calculation

The characteristic time of a phenomenon is the theoretical time needed for a process to occur when
it is only controlled by this phenomenon [29]. It depends on the operating conditions. Phenomena
to consider can be chemical reactions, heat transfers, mass transport, or other phenomena. From
comparing characteristic times, the limiting phenomenon can be identified and the regime of the
process can be defined.
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In this study, characteristic times were calculated for char preparation through pyrolysis and for
steam gasification of the char to represent the chosen experimental procedure as closely as possible
in which the two reactions occur one after the other. Analysis of the characteristic times of the
pyrolysis step is important since, if other phenomena than the chemical reaction occur, it could result
in the production of different chars in the different conditions. Since char is the starting material to
gasification, it could mean that these chars would behave differently during gasification. Analysis of
the characteristic times of the gasification step is meant to validate the results from steam gasification
TGA since reactivities are meaningful only in a chemical regime, i.e., when the chemical reaction is the
leading phenomenon.

Phenomena involved in each process are illustrated in Figure 2.

 
(a) (b) 

Figure 2. (a) Phenomena involved in pyrolysis; (b) Phenomena involved in gasification.

In the case of pyrolysis, the process is not led under isothermal conditions. Therefore, the
characteristic times of the phenomena were compared to the heating time.

Characteristic times of each phenomenon as well as heating time are defined in Tables 3 and 4 for
pyrolysis and gasification, respectively.

Table 3. Characteristic time definition for the pyrolysis of biomass.

Phenomenon Definition of Characteristic Time

Pyrolysis chemical reaction tpyro = 1
kpyro

External heat transfer by convection tconv =
ρsolidcp solid Lc

ht

External heat transfer by radiation trad =
ρsolidcp solid Lc

ωsolidσ(Tgas + Tsolid)(T 2
gas + T 2

solid)

Internal heat transfer by conduction tcond =
ρsolidcp solid L 2

c
λsolid

Heating theating =
Tgas − Tsolid

rheating

Table 4. Characteristic time definition for the gasification of biomass.

Phenomenon Definition of Characteristic Time

Gasification chemical reaction tgasi f = 1
kgasi f

External mass transfer tmass ext =
ρsolid RTgas Lc

hm PH2O MH2O

Internal mass diffusion tdi f f int = L2
c

De f f

Pyrolysis and gasification chemical reactions of kinetic parameters were taken from literature.
Pyrolysis kinetic parameters were taken from Di Blasi’s review [30]: results were calculated both for the
fastest [31] and the slowest [32] laws. For gasification, a law taking into account biomass composition
was chosen [18]. Among a fast-reacting biomass, alfalfa, and a slow reacting one, barley straw were
chosen for comparison. All kinetic constants and their parameters values are gathered in Table 5.
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Table 5. Kinetic constants for pyrolysis and gasification reactions.

Reaction Kinetic Constant Expression Biomass k0 (s−1)
Ea

(kJ·mol−1)
mK
mSi

a b

Pyrolysis kpyro 0exp
(
− Ea pyro

RTgas

) Rice husk 5.8 × 1014 200 - - -
Sunflower

shells 1.0 × 103 78.15 - - -

Gasification kgasi f 0exp
(
− Ea gasi f

RTgas

)
P0.6

H2O

(
a mK

mSi
+ b
) Barley

straw 8.8 × 104 167 0.1 0.18 0.59

Alfalfa 8.8 × 104 167 50 0.18 0.59

Characteristic lengths used in characteristic time calculations are defined in Table 6.

Table 6. Characteristic lengths used for characteristic time calculations with dp the particle diameter,
Dc the bed diameter, and Hc the bed height.

System Considered
Characteristic Length

Lc Definition
Device

Characteristic Length Lc
Value (m)

Particle scale dp
6

All devices 3.3 × 10−5

TGA 6.3 × 10−4

Bed scale Dc Hc
2Dc + 4Hc

Device M 1.6 × 10−3

Device P 5.3 × 10−3

Properties of the solids—biomass and char—were estimated from literature data or from our own
measurements. They are gathered in Table 7.

Table 7. Physical properties of biomass and char particles and beds.

Property Biomass Particle Biomass Bed Char Particle Char Bed

Porosity εsolid (-) - 0.5 (estimated) 0.7 [33] 0.5 (estimated)
Tortuosity τsolid (-) - - 3 [34] 1.57 [35]

Density ρsolid (kg·m−3) 860 430 (measured) 400 (estimated) 200
Specific heat cp solid (J·kg−1·K−1) 1266 [36] 1266 - -

Thermal conductivity λsolid
(W·m−1·K−1)

0.18 [37] 0.09 - -

Emissivity ωsolid (-) 0.9 [37] 0.9 - -

Lastly, transfer coefficients were obtained from correlations from literature. They use gas
properties from literature [37] and are defined in Table 8.

Table 8. Definition of transfer coefficients.

Transfer Coefficient Coefficient Definition Correlation

Heat transfer coefficient
ht (W·m−2·K−1)

λgas Nu
Lc

Nu = 2 +
(

0.4Re
1
2 + 0. 06 Re

2
3

)
Pr0.4 [38]

Effective diffusion
coefficient Deff (m2·s−1)

εsolid
τsolid

DH2O−N2 DH2O−N2 =
0.001T1.75

gas

(
1

MH2O
+ 1

MN2

) 1
2

Pgas

(
(Σv)

1
3
H2O+(Σv)

1
3
N2

)2 [39]

Mass transfer coefficient
hm (m·s−1)

DH2O−N2 Sh
Lc

Sh = 2 +
(

0.4Re
1
2 + 0.06Re

2
3

)
Sc0.4 [38]

Gas properties have a satisfactory accuracy while biomass and char properties as well as heat and
mass transfer coefficients and kinetic parameters are estimated or calculated from empirical equations.
Therefore, this low accuracy on the values used for calculations must be taken into account when
analyzing the results obtained for characteristic times.
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3. Results and Discussion

The experimental method used to demonstrate the influence of char preparation and biomass
type involves various experimental devices at different scales. Therefore, it is necessary to look at the
time scales of the phenomena involved in the process to determine its regime, i.e., chemical regime
or regime led by heat or mass transfer. The analysis was conducted separately on pyrolysis and on
gasification since these two steps were experimentally separated.

3.1. Characteristic Time Analysis

3.1.1. Analysis of Characteristic Times of the Pyrolysis Step

Characteristic times of the pyrolysis step are represented in Figure 3 for particle scale and for
bed scale in the conditions of TGA, device M, and device P for a particle size below 200 μm. Results
are shown as a function of temperature between 200 ◦C and 450 ◦C, i.e., in the range of temperature
corresponding to biomass degradation, according to the literature [40].
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Figure 3. Characteristic times of the pyrolysis step as a function of temperature for: (a) particle scale
in TGA conditions; (b) bed scale in TGA conditions; (c) bed scale in device M conditions; and (d) bed
scale in device P condition. TGA: thermogravimetric analysis.
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Calculations at particle scale were carried out for each of the three device conditions but
results showed very negligible differences that were not noticeable through graphical representation.
Therefore, only results obtained from TGA conditions are presented in this paper.

In all four cases, heating time and pyrolysis reaction times are the same except for heating time in
device M conditions, but its variation is negligible. Only the three heat transfer characteristic times
vary since they depend on the geometry of the system. Clearly, these characteristic times increase
when the scale of the system—particle and beds of different sizes—increases.

When comparing heat transfers to the pyrolysis chemical reaction, it can be seen that their
characteristic times are of the same order magnitude at least in part of the temperature range.
This indicates that these phenomena occur simultaneously and none can be neglected.

Moreover, since pyrolysis was experimentally carried out in a dynamic mode, these times
need to be compared with the heating time. For the phenomena to have enough time to occur,
heating time should be higher than the phenomena characteristic times. In this study, heating times
chosen for preparing the chars are of the same order of magnitude as the characteristic times of the
phenomena involved.

In conclusion, characteristic time analysis shows that the pyrolysis step does not occur in a
chemical regime. All phenomena occur simultaneously—none of them is negligible—and heating is
too fast for the phenomena to occur.

Not being in a chemical regime during pyrolysis could result in chars that have different properties.
Having different starting materials for gasification could, therefore, induce different kinetic behaviors.
This is why it is important to check experimentally that chars produced under various conditions give
the same gasification kinetics.

3.1.2. Analysis of Characteristic Times of the Gasification Step

Characteristic times of the gasification step are represented in Figure 4 for particle scale and bed
scale under TGA conditions. Results are shown as a function of temperature between 500 ◦C and
1000 ◦C with the experimental study carried out at 800 ◦C in our study.
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Figure 4. Characteristic times of the gasification step as a function of temperature for TGA conditions
at: (a) particle scale and (b) bed scale.
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At both scales, gasification chemical reactions with characteristic times remain the same. Mass
transfer times slightly increase when the scale increases. However, at both scales and for both
gasification kinetic laws, the gasification chemical reaction times are significantly higher—five to
eight orders of magnitude—than mass transfer times. Therefore, according to time scales analysis,
the gasification chemical reaction is the limiting phenomenon and mass transfers are negligible in
comparison. The process occurs in the chemical regime.

This result is important since it means that kinetics obtained through TGA in these conditions
should be intrinsic. According to this analysis, they exclusively represent the gasification chemical
reaction without any bias from mass transfers.

However, Di Blasi’s review [9] states that, even in TGA, typical operating condition mass transfers
can have a non-negligible effect on char gasification. To verify this result experimentally for the
conditions of the work presented in this study, gasification was carried out on different masses of
the same char sample ranging from the full crucible (14 mg) to 3 mg. Only gasification of 4 mg or
below showed the same kinetics. Higher masses of samples reacted more slowly, which indicated
mass transfer limitations. These observations were close to previous results obtained on the same
apparatus under similar conditions [12]. It shows the limits of characteristic time analysis, which relies
on parameters known with limited accuracy.

3.2. Influence of Biomass Type

The influence of the biomass type on gasification kinetics was investigated through TGA of the
biomass samples, i.e., preparation of char TGA and gasification of this char. Results from the mass loss
as a function of time in these experiments are presented in Figure 5. Replicates are not shown in this
paper but were carried out to ensure repeatability of the process, which was validated—variability can
be seen in Figure 6 through error bars.

Figure 5. TGA of biomass samples presented as a mass loss and as a function of time. Pyrolysis:
0.05 L·min−1 N2, 24 ◦C/minutes, 1 h hold at 450 ◦C, 15-min hold at 800 ◦C. Gasification: 0.05 L·min−1

mixture 80 vol % N2/20 vol % H2O, 800 ◦C.

It can be noted that mass loss profiles obtained during the pyrolysis of biomass samples are
very similar.

The highest mass loss is observed for temperatures below 450 ◦C with approximately 75% of the
mass volatilized. Subsequently, around 5% of the mass is lost between 450 ◦C and 800 ◦C. These yields
align with results from literature [41]. They can be compared with char yields obtained after pyrolysis
in other devices used for char preparation, which are gathered in Figure 6.
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Figure 6. Char yield obtained in each char preparation condition (see Table 2).

There is a visible difference between values obtained at the thermo-balance scale and values
obtained on devices M and P. This observation might be due to heat transfer limitations that are
higher in the devices M and P, which are seen with characteristic times and can result in a lower solid
conversion, i.e., a higher char yield. However, large scale values are close to what is expected for slow
pyrolysis at pilot or industrial scale—35% char, 30% condensable products, and 35% non-condensable
products [40,42].

The focus is made on the gasification step in Figure 7 and presented as a solid conversion and as a
function of time.
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Figure 7. Solid conversion of biomass samples as a function of time during the gasification step (char
TGA, 0.05 L·min−1 mixture 80 vol % N2/20 vol % H2O, 800 ◦C). Including data from Dupont et al. [28].

Three families of behavior can be identified, which is identified in literature [18]:

• Family 1 and its conversion rate is the highest and is constant and then increases such as in apple
orchard residue, apricot orchard residue, and vineyard residue.

• Family 2 and its conversion rate is the slowest and is continuously decreasing such as in a rice
husk and wheat straw.

• Family 3 and its conversion rate is intermediate and is constant and then decreases such as in
sunflower seed shells and in alfalfa.

In addition, average reactivities of these biomass samples can be compared. Values of average
reactivities between 1% and 80% conversion rates are gathered in Figure 8.
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Figure 8. Gasification average reactivity between 1% and 80% conversion of biomass samples (char
TGA, 0.05 L·min−1 mixture 80 vol % N2/20 vol % H2O, 800 ◦C).

Substantial variation between biomasses is noted due to a factor of almost 50 between average
reactivities of rice husk—slowest sample to be gasified at 1.2%·min−1—and alfalfa—fastest sample to
be gasified at 54.7%·min−1.

These results could be related to inorganic composition of biomass samples. Silica-rich samples
tended to have lower reaction rates than silica-poor samples. Among the latter, the reaction rate tends
to increase with increasing content of potassium, which is in accordance with literature [18,43]. Other
physicochemical characterizations such as a surface area measurement or H and O quantification have
not been performed in the present study and may bring a better understanding of the results.

3.3. Influence of Char Preparation

To investigate the influence of char preparation, steam gasification kinetics of chars prepared in
different conditions were compared. To carry out this comparison, samples with extreme behaviors
were selected from the study of biomass samples. Sunflower seed shells and alfalfa were chosen for
their high reactivity, high potassium content, and low silicon content. The rice husk was chosen for its
low reactivity, low potassium content, and high silicon content.

TGA of the gasification step was conducted on this chars selection. Results expressed in the form
of solid conversion as a function of time are presented in Figure 9. Reactivities between 1% and 80%
were derived from these results and are given in Figure 10.
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Figure 9. Solid conversion of chars as a function of time during gasification (0.05 L·min−1 mixture 80
vol % N2/20 vol % H2O, 800 ◦C).
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Figure 10. Gasification average reactivity between 1% and 80% conversion of biomass and char samples
(see Table 2).

For each biomass, chars prepared in different conditions—in particular LHR pyrolysis conditions
and not in a chemical regime—have the same reactivity during gasification. One exception for char
M-P comes from the sunflower seed shells. No explanation was found regarding this result but it may
be found by characterizing the chars. However, variations are negligible compared to differences that
are observed between fast-reacting and slow-reacting biomass types. There is a factor of 1.2 in average
between reactivities of the various char samples from each biomass, which is very low when compared
to the factor of almost 50 calculated between reactivities of rice husk and alfalfa.

4. Conclusions

Thermogravimetric analysis (TGA) of biomass samples and of chars prepared from these
biomasses in different LHR pyrolysis conditions outside the chemical regime showed that the biomass
type has a significantly higher influence on steam gasification kinetics than char preparation conditions.
In the range of the seven studied biomass samples, a factor of almost 50 was measured between average
reactivities of the two samples with extreme behavior (rice husk with 1.2%·min−1 and alfalfa with
54.7%·min−1). In comparison, chars prepared in conditions outside the chemical regime from various
amounts of biomass depending on the crucible geometry (height and surface) and several working
temperatures (450 ◦C or 800 ◦C in one or two steps) showed a much lower difference with an average
factor of 1.2 for a given biomass type.

The influence of biomass type could be assumed to be related to inorganic content of the biomass as
opposed to its molecular constituents—lignin, hemicellulose, cellulose. This assumption is supported
by literature data. However, further investigations are in progress and consist of physicochemical
characterization of chars from different biomass samples. It will confirm if inorganic composition is
the main influential parameter or if it should rather be explained by structural or textural properties of
the char.
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Nomenclature

cp solid (J·kg−1·K−1) Specific heat of the solid phase (bed or particle)
dp (m) Particle diameter
Dc (m) Diameter of the cylindrical bed
Deff (m2·s−1) Effective diffusion coefficient
DH2O-N2 (m2·s−1) Diffusion coefficient of the mixture N2-H2O
hm (m·s−1) External mass transfer coefficient
ht (W·m−2·K−1) Heat transfer coefficient
Hc (m) Height of the cylindrical bed
kgasif (s−1) Kinetic constant of the gasification reaction
kpyro (s−1) Kinetic constant of the pyrolysis reaction
MH2O (kg·mol−1) Molecular weight of water
MN2 (kg·mol−1) Molecular weight of nitrogen
Nu (–) Nusselt number
PH2O (Pa) Partial pressure of steam
Pgas (Pa) Pressure of the gas
Pr (–) Prandtl number
r (s−1) Gasification rate
rheating (K·s−1) Heating rate
R (J·mol−1·K−1) Universal gas constant
Re (–) Reynolds number
Sc (–) Schmidt number
Sh (–) Sherwood number
tcond (s) Internal heat conduction time
tconv (s) External heat convection time
tdiff int (s) Characteristic time of internal mass diffusion
tgasif (s) Characteristic time of the gasification chemical reaction
theating (s) Heating time
tmass ext (s) Characteristic time of external mass transfer
tpyro (s) Characteristic time of the pyrolysis chemical reaction
trad (s) External radiation time
Tgas (K) Gas temperature
Tsolid (K) Solid (bed or particle) temperature
X (–) Solid conversion
εsolid (–) Porosity of the solid phase (bed or particle)
λgas (W·m−1·K−1) Thermal conductivity of the gas phase
λsolid (W·m−1·K−1) Thermal conductivity of the solid phase (bed or particle)
ρsolid (kg·m−3) Density of the solid phase (bed or particle)
σ (W·m−2·K−4) Boltzmann constant
(Συ)H2O (m3·mol−1) Diffusion volume of H2O
(Συ)N2 (m3·mol−1) Diffusion volume of N2

τsolid (–) Tortuosity of the solid phase (bed or particle)
ωsolid (–) Emissivity of the biomass
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Abstract: A considerable proportion (about 64%) of biomass energy is produced from woody
biomass (wood and its wastes). However, waste wood (WW) is very often contaminated with
metal(loid) elements at concentrations leading to toxicity emissions and damages to facilities during
thermal conversion. Therefore, procedures for preventing and/or alleviating the negative impacts of
these elements require further development, particularly by providing informative and supportive
information regarding the phase transformations of the metal(loid)s during thermal conversion
processes. Although it is well known that phase transformation depends on different factors such as
elements’ vaporization characteristics, operational conditions, and process configuration; however,
the influences of reaction atmosphere composition in terms of interactions and interferences are
rarely addressed. In response, since Cu, Cr, and As (CCA-elements) are the most regulated elements
in woody biomass, this paper aims to explore the possible interactions and interferences among
CCA-elements themselves and with Ca, Na, S, Cl, Fe, and Ni from reaction atmosphere composition
perspectives during the gasification of contaminated WW. To do so, thermodynamic equilibrium
calculations were performed for Boudouard reaction (BR) and partial combustion reaction (PCR) with
temperature ranges of 0–1300 ◦C and 0–1800 ◦C, respectively, and both reactions were simulated under
pressure conditions of 1, 20, and 40 atm. Refinement of the occurred interactions and interferences
reveals that Ni-As interactions generate dominant species As2Ni5 and As8Ni11, which increase the
solid–gaseous transformation temperature of As. Moreover, the interactions between Ca and Cr
predominantly form C3Cr7; whereas the absence of Ca leads to Cr2Na2O4 causing instability in the
Cr phase transformation.

Keywords: waste wood; interactions; interferences; partial combustion reaction in gasification;
Boudouard reaction in gasification; MTDATA

1. Introduction

Waste wood (WW) is the term used for wood material that has previously been used for various
purposes and is now being treated as a waste material; in the context of this study the waste wood is
being utilized for energy production [1]. It comprises a wide variety of wood materials primarily from
industrial and commercial activities and from construction and demolition operations [2,3]. Since it
is collected from diverse sources, WW may contain both physical and chemical contaminants [1,4].
Physical contaminates can simply be separated by sorting or using mechanical techniques. However,
the majority of chemical contaminants are usually linked to the metal(loid) elements contained in wood
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that has been treated with preservatives, paintings, coatings, and other related activities, and, of course,
mechanical separation is not applicable.

Essentially, gasification process involves the conversion of solid carbonaceous fuels into
combustible gases composed of a mixture of N2, H2O, CH4, H2, CO2, CO, and very small quantities of
low molecular weight hydrocarbons and contaminants including ash, tar, and carbon particles [5,6].
In general, biomass gasification consists of four processing steps: drying, pyrolysis of dried biomass
particles (de-volatilization), partial oxidation of pyrolysis gases and/or char, and char gasification
(reduction) [7], as depicted in Figure 1 [8]. Technically, gasification is an exothermic partial oxidation
of biomass operating at high temperatures between 800 and 1300 ◦C with the presence of gasifying
mediums such as carbon dioxide, steam, and air (or a mixture of air and steam) [7,9–11]. Further,
the compositions and properties of the gasification products vary according to the operational
conditions, gasifier type, and biomass materials.

Figure 1. Schematic of the processes in a typical gasifier.

Currently, because of its efficiency and flexibility [12], gasification is vastly employed for
generating renewable energy and waste disposal. However, when conducting gasification, metal(loid)s
in biomass can cause severe human health and environmental problems as well as significant technical
damages when they present at high concentrations. Hence, to avoid and/or limit the risks of
metal(loid) elements, the transformation behaviours of these elements across the different phases
require further investigating.

A range of studies [13–17] have focused on the distribution of the metal(loid)s between gaseous
and solid phases during gasification. These studies report that the partitioning of metal(loid) elements
can be directly influenced by a combination of several factors such as feedstock characteristics,
operational conditions, and process agents. In fact, phase transformation temperatures of metal(loid)s
cannot be accurately determined using traditional analytical tools/instruments because the generated
species cannot be easily identified, and hence measured. As such, the mass distribution of metal(loid)
elements during gasification is a quite complex problem. Fortunately, thermodynamic equilibrium
modelling based on Gibbs energy minimization has effectively been used for yielding the best
predictions of the behaviours of metal(loid) elements, and in turn allowing for precise evaluation of
the speciation during the thermochemical processes [18–25].
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Jiang et al. [18] studied the solid–gaseous transition of Zn, Pb, Ni, Mn, Mg, Fe, Cu, Cr, Co,
Cd, As, and Al in five biomass samples during typical gasification scenarios. This study reports
that the most volatilized elements are As, Cd, Pb, and Zn, whereas Cu, Co, Ni, and Mn are
moderately volatilized, and the phase transformation temperatures of Mg, Fe, Cr, and Al are > 1200 ◦C.
Froment et al. [19] assessed the volatilization and condensation of certain elements in woody biomass
during gasification with temperatures ranging from 500 to 1500 ◦C, and pressure conditions from 1 to
10 bar. The calculation results showed that Zn, Pb, Se, Sb, S, N, Hg, F, Cd, and Cl completely volatilized
as either elemental or species, whereas, Ca, Si, Al, P, Cu, Mn, Ti, Fe, Cr, Mg, and Ba remained as oxides
in the condensed phase, except copper which condensed as Cu3As. Kramb et al. [20] modelled the
behavior of As during the gasification of CCA-treated wood, and reported that about 99.6% of As
can be captured. Thompson and Argent [21] categorized the trace elements in a PRENLFO gasifier
into “virtually immobile (Cr, Ba, Ni, V), somewhat mobile (Mo, Be, Cu), mobile (Sb, B) and almost
totally mobilized (As, Cd, Pb, Sn, Zn)”. Kilgallon et al. [22] investigated the impacts of both pressure
conditions and chlorine/sulphur on element phase transitions. Reed et al. [23] reported the speciation
prediction of Cd, As, B, Co, Be, Pb, Cu, Sb, V, Sn, and Zn in fuel gas from a gasifier. They explicitly
partitioned these elements into three groups: condensed phase (Cu, Be, V, Zn and Co; at T50 � 900 K),
gas phase (As without Ni, B without Ca, Sb, and Sn), and condensed phase (As with Ni, B with
Ca, Cd, and Pb; at T50 < 900 K). Liu et al. [24] also reported the speciation of Ni, As, Pb, Cd, Se,
and Sb during underground coal gasification with specific agent injection and pressure. A study by
Bradshaw et al. [25] showed that the elements Hg, As, Pb, Sb, Cd, Sn, Se, and Te, and alkali metals
remained in fuel gas, and the species of Pb, Sb, and Cd can pass through the path of fuel gas forming
surface deposits.

Although the modelling of phase transformation yields beneficial information (e.g., elemental
vaporization and condensation, optimized operational conditions) about the distribution of metal(loid)
elements, factors including the interactions and interferences among these elements cannot be ignored.
In particular, metal(loid)s can interact and/or interfere, leading to the generation of new species,
which may induce remarkable influence on the volatilization of metal(loid)s. At present, to the
best of the authors’ knowledge, there has been no single study towards the assessment of occurred
interferences between metal(loid)s during thermochemical processes. In fact, only a study by K.
Svoboda [26] investigated the instantaneous interferences of both HF and HCl on H2S sorption.
Also, two studies evaluated the effect of interactions on elemental behaviour during coal combustion.
Contreras et al. [27] evaluated the interactions between Cd, As, Sb, and Hg, and pointed out that some
species can be dominant under specific conditions. For example, As-Cd interaction forms Cd3(AsO4)2,
which reduces the concentration of gaseous oxides. Yan et al. [28] showed that interactions among
Se, Hg, and As lead to the generation of HgSe (g) and AsSe (g) as dominant species under
reduced conditions.

In this paper, thermodynamic equilibrium calculations were carried out to explore the possible
interactions and interferences between Cu, Cr, and As (CCA-elements) themselves and with Ca,
Na, S, Cl, Fe, and Ni in contaminated WW during two reactions of gasification: Boudouard reaction
(BR) and partial combustion reaction (PCR). The calculations were performed using MTDATA software
(Version 5.10, NPL, London, UK) to predict the phase transformation temperatures and speciation of
the considered metal(loid)s. Moreover, contaminated WW samples with complete composition data
were selected from the ECN PHYLLIS2 database [29] for the modelling.

2. Thermodynamic Equilibrium Modelling

Thermodynamic equilibrium modellings for Boudouard reaction (BR) and partial combustion
reaction (PCR) were carried out using the multiphase module of the MTDATA software coupled with
the Scientific Group Thermodata Europe (SGTE) database. With each modelling, the calculations
were conducted to study the effects of the occurred interactions and interferences on the fate of the
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CCA-elements as consequence of different contents of CCA-elements and of Ca, Na, S, Cl, Fe, and Ni
in WW samples.

For model simulations, a primary search of the SGTE database was carried out to reveal the
relevant species of CCA-elements. A complete list of the adopted species are given in Table 1. The best
fit probability distributions of the composition data of the selected WW samples (#2712, #679, #1779,
#1364, #871, #1448, #3498, #2901, #2900) [29] are estimated through the @Risk analysis simulation
package (Version 6.1, Palisade Corp., Ithaca, NY, USA), and the estimation results are exhibited in
Table 2. As an illustrative example, the statistical analysis of the moisture content is demonstrated in
Figure 2. The elements to be introduced to the MTDATA were grouped into major elements (Ar, C, N,
O, and H) and minor elements (As, Cr, Cu, Co, Cl, Ca, Ni, S, Na, and Fe). Note that the mass ranges of
the minor elements, Table 3, were assumed inconsistent with the information provided by the ECN
PHYLLIS2 database [29] concerning the contaminated woody biomass.

Table 1. The selected Cu, Cr, and As (CCA-elements) species.

Species As Cr Cu

Gaseous

As4O10, AsS, As4S4AsH2,
AsH3, As4O8, As, As2, AsN,
AsO, AsO2, AsCl3, AsH,
As4O6, As4O7, As3, As4O9.

ClCr, CrHO, CrHO2CrHO3,
CrH2O2, CrH2O3, Cl4Cr,
Cl5Cr, Cl6Cr, ClCrO,
CrH2O4, CrH3O3, Cl4CrO,
Cr, Cr2, CrH, CrH3O4,
CrH4O4, Cl2Cr, Cl3Cr, CrO2,
CrO3, Cr2O, ClCrO2,
Cl2CrO, Cl2CrO2, Cl3CrO,
CrS2, CrH4O5, CrN, CrO,
Cr2O2, Cr2O3, CrS.

Cl5Cu5, Cu, Cl3Cu3, Cl4Cu2,
CuO, CuS, ClCu, Cu2S,
Cu2, CuH, CuHO, Cl2Cu,
Cl2Cu2, Cl4Cu4.

Liquid AsCL3, As4S4. - -

Solid

As, As2Cu3O8, As2Fe3O,
As2S2, AsNa3, AsCu3,
As2Ca3O8, As2Co3O8,
AsNa3O4, AsNi, As2Ni5,
As8Ni11, AsCrO4, As2Cr3O8,
AsS, AsCu3O4, As2Ni3O8,
As2O5, As2S3, AsFeO4.

AsCrO4, Cl3Cr, CoCr2O4,
Cr, Cr2O12S3, CrS, CaCrO3,
CaCr2O4, Cl2Cr, Cr2O3,
Cr5O12, Cr8O21, CrNa2O4,
Cr2Na2O4, As2Cr3O8,
C2Cr3, C3Cr7, C6Cr23,
C6CrO6, Cr2FeO4, CrN,
Cr2N, Cr2NiO4, CrO2, CrO3.

CuH6O7S, CuH10O9S, CuO,
Cu2O, CuO4S, Cu2O4S,
Cu2O5S, CuS, Cu2S, AsCu3,
AsCu3O4, As2Cu3O8, CCuN,
CCuO3, CaCu, Ca2CuO3,
ClCu, Cl2Cu, Cu, CuFeO2,
CuFe2O4, Cu2Fe2O4,
CuFeS2, Cu5FeS4, CaCu5,
Ca2Cu, CaCu2O3,
CuH2O2, CuH2O5S.

Table 2. Statistical analysis results of the composition data.

Composition Min Mean Max 5% 95%

Moisture content (Ar) (%) 4.68 14.86 33 3.82 27.31
Ash content (Ar) (%) 0.79 12.09 70.41 0.843 48.54
Carbon (C) (Dry) (%) 43.31 46.55 49.8 42.84 50.24
Hydrogen (H) (Dry) (%) 5.26 5.69 5.93 5.26 5.95
Nitrogen (N) (Dry) (%) 0.19 1.06 1.93 0.069 2.04
Oxygen (O) (Dry) (%) 37.13 40.57 55.79 37.3 47.34
Sulphur (S) (Dry) (%) 0.03 0.09 0.18 0.02489 0.176
Chlorine (Cl) (Dry) (mg/kg) 113 556.49 1000 48.19 1077.8
Copper (Cu) (Dry) (mg/kg) 4.8 63.64 385 5.04 286.8
Nickel (Ni) (Dry) (mg/kg) 2.8 15.69 46 2.19 43.99
Arsenic (As) (Dry) (mg/kg) 1.3 5.5 13 1.35 35.45
Cobalt (Co) (Dry) (mg/kg) 0.8 4.88 25 84% 21.92
Chromium (Cr) (Dry) (mg/kg) 21 30.2 37 21.73 36.87
Sodium (Na) (Dry) (mg/kg) 210 703.92 1613 162.0 1645.5
Calcium (Ca) (Dry) (mg/kg) 2200 4061.41 6537 2247.0 8959.29
Iron (Fe) (Dry) (mg/kg) 340.3 655.96 1082 348.16 2037.09
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Table 3. Mass ranges of minor elements.

Element
Concentration

(mole/h)
Element

Concentration
(mole/h)

Element
Concentration

(mole/h)

As 0, 0.7, 1.4, 5 Ca 0, 100, 250, 500, 1000 Ni 0, 5, 10, 20
Cu 0, 4, 6, 8 Cl 0, l0, 50, 100 Na 0, 100, 200, 500
Cr 0, 5, 10, 21 Fe 0, 50, 100, 500 S 0, 0.05, 0.1, 0.2

Moreover, the operational conditions and process agents for each reaction are presented in Table 4,
in which the required oxygen for PCR and the required carbon dioxide for BR are determined using
Equation (1) [30] and Equation (2) [7], respectively, as follows:

C + 0.5O2 → CO, (1)

C + CO2 � 2CO. (2)

Note that the air composition (under standard dry at atmospheric pressure) consists of 1.28% Ar,
23.2% O2, 0.046% CO2, and 75.47% N2. Biomass feed rates for both reactions were calculated by means
of the higher heating value (HHVd) from Equation (3) [30].

HHVd = 0.3491C + 1.1783H + 0.1005S − 0.015N − 0.1034O − 0.0211Ash. (3)

Table 4. Operational parameters and gasification agents for partial combustion reaction (PCR) and
Boudouard reaction (BR).

Parameter PCR BR

Temperature range (◦C) 0–1800 0–1300
Pressure (atm) 1 1
Equivalence ratio (kg/h) 0.2 0
Biomass rate (m3/h) 3.59 3.59
Air rate (m3/h) 0.72 -
Steam rate 1.44 -
Steam/Air 2:1 -
CO2 - 1.19
CO2/Biomass - 1:3

Figure 2. Cont.
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Figure 2. (a) Probability distribution of moisture content; (b) p-value; and (c) interval confidence of
probability distribution.

3. Results and Discussion

3.1. Under Partial Combustion Reaction (PCR)

3.1.1. Equilibrium Composition of CCA-Elements

Initially, the modelling of PCR was based on composition data in Table 2 (the mean values)
and process parameters of PCR in Table 4 in order to predict the equilibrium partitioning of the
CCA-elements. The simulation results show that, at temperatures ≤1350 ◦C, about 100% of Cu
remained in solid phase as a dominant species of CaCu resulting from Ca-Cu interaction (Figure 3).
When the temperature increases from 1350 to 1800 ◦C, new gaseous species CuH (0.47–4.49%),
Cu2 (0.02–0.43%), and CuCl (5.5 × 10−3–5.544 × 10−1%) are formed due to Cu-Cl and Cu-H interactions.
At temperatures between 1450 and 1600 ◦C, Cu is proportionally distributed as elemental between
gaseous phase (4.29–94.52%) and solid phase (88.84–33.57%).
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Figure 3. Speciation of copper.

The predicated distribution of Cr is shown in Figure 4. Obviously, at temperatures ≤1550 ◦C,
Cr remained in solid phase as C3Cr7 (100%), and this was mainly due to C-Cr interaction. Additionally,
at temperatures between 1550 and 1800 ◦C, the mass percentage of C3Cr7 decreased from 100% to
67.34%, while at the same time it was released as elemental Cr (3.16–32.48%) and as a new set of
gaseous species generated by Cr-Cl, Cr- H, Cr- N, and Cr-O interactions; the total mass percentage of
these gaseous species was less than 0.2%.

Figure 4. Speciation of chromium.

Figure 5 shows the equilibrium distribution of As. It is clear that at temperatures ≤1400 ◦C,
As is predicated as stable solid species AsNa3 (100%) and As2Ni5 (99.99–99.15%) as consequence of
As-Na interaction and As-Ni interaction, respectively. As the temperature increases from 1400 to
1800 ◦C, the mass percentage of As decreases rapidly in solid phase, and it reforms as new gaseous
species predominately by interactions. Among them, the dominant ones are As2 (1.90–46.00%),
AsH (0.24–7.13%), and As (5–46.55%). Indeed, AsH is generated by As-H interaction.
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Figure 5. Speciation of arsenic.

To highlight the influence of increased pressure conditions on phase transition temperatures of
CCA-elements, the reaction pressure was set to 20 atm and to 40 atm. Not surprisingly, Cr remained
completely in condensed phase under both pressures, as shown in Figure 6a. Whereas, under 20 atm,
the phase transformation temperatures of Cu and As increased by 300 and 250 ◦C, respectively,
compared to those under 1 atm. Also, under 40 atm, the phase transformation temperatures of Cu and
As, respectively, increased by 350 and 300 ◦C compared to those predicated under 1 atm, as depicted
in Figure 6b,c.

3.1.2. Influence of Elemental Contents

Since the elemental content is one of the most important factors that directly affects species
formation, different element content in WW samples were simulated to identify the possible
interactions and interferences in terms of speciation during PCR, such that the element concentration
were introduced to the model as presented in Table 3. Note here that the interactions and interferences
that lead to appreciable effects on elemental phase transformation temperature and species formation
were ranked as significant.

Influences on CCA-elements

In this case, the concentrations of each CCA-elements were individually changed. The simulation
results show that the CCA-elements contents exhibit almost no influence on their phase transformation
temperatures, but only concentration shifts are observed as shown in Figure 7a–c. Nevertheless,
an exception is that when As concentration is relatively high (5 mole/h), its solid–gaseous
transformation temperature decreased by 400 ◦C because the Ni contained becomes less than the limit
to interact with As, and hence captures 100% of the As. Additionally, As2Ni5 (solid) and AsN (gaseous)
are the dominant species of As.
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Figure 6. Cu, Cr, and As (CCA-elements) solid/gaseous transitions under 1, 20, and 40 atm:
(a) chromium; (b) copper; (c) arsenic.
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Figure 7. Resulting phase transformations of CCA-elements by changing the concentrations of each
element individually: (a) copper; (b) chromium; (c) arsenic.

Influences of Ca, Na, S, Cl, Fe, and Ni on CCA-element

An illustration of the occurred interactions and interferences between CCA-elements and
individual presence/absence of each of the elements Ca, Na, S, Cl, Fe and Ni are given in Figure 8.
Note that, in all the simulations, the CCA-elements concentrations were kept fixed (as listed in Table 2)
while the concentrations of other minor elements were considered as in Table 3.
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Figure 8. Interactions and interferences between the CCA-elements and each of Ca, Na, S, Cl, Fe,
and Ni.

1. Copper

As presented in Figure 8, Cu interacts with Ca and Cl; however, all Cl-Cu interactions release
only a single gaseous species—ClCu. The solid and gaseous species formed by Ca-Cu interactions are
listed in Table 5. The analysis shows that the dominant species in solid phase are CaCu, CaCu and
CaCu5, and CaCu when Ca is present, respectively at concentrations of 250, 500, and 1000 mole/h.
On the other hand, the presence of Ca at low concentrations would not be sufficient to interact with
Cu; alternatively, it interacts with O and Cr, forming CaCr2O4 and CaO, respectively. Further, it is
noted that the volatilization of Cu is not affected by the various concentrations of Ca, which is similar
to Cl-Cu interactions.

Table 5. Calcium-copper interactions during PCR.

Ca Concentration
(mole/h)

Species
Temperature
Range (◦C)

100
Cu <s> 0–800
Cu <s>, Cu <g>, CuH <g> 850–950
Cu <s>, ClCu <g>, Cu <g>, CuH <g> 1000–1800

250
CaCu <s> 0–800
Cu <g>, CuH <g>, CaCu <s> 850–1150
ClCu <g>, Cu <g>, Cu2 <g>, CuH <g>, CaCu <s> 1350–1800

500

CaCu <s>, CaCu5 <s> 0–800
Cu, Cu <g>, CuH <g> 850–950
Cu <g>, CuH <g>, CaCu <s> 1000–1150
ClCu <g>, Cu <g>, Cu2 <g>, CuH <g>, CaCu <s> 1250–1800

1000

CaCu <s> 0–800
Cu <g>, CuH <g>, CaCu <s> 850–950
Cu <g>, CuH <g>, CaCu <s> 1000–1150
ClCu <g>, Cu <g>, Cu2 <g>, CuH <g>, CaCu <s> 1250–1800

2. Chromium

The analysis reveals that Ca plays an important role in Cr distribution across the solid and
gaseous phases (Figure 9 and Table 6). That is, Na and Cr interact only when the concentration of
Ca is ≤100 mole/h, leading to the formation of instable solid specie Cr2Na2O4 between 1100 and
1550 ◦C. CaCr2O4 (solid) is the most likely to be generated by Ca-Cr interactions when Ca is present at
100 mole/h, thereby about 100% of Cr remains in solid phase at temperatures ≤1550 ◦C. As the Ca
content increases (> 100 mole/h), Ca-Cr interferences and C-Cr interactions take place simultaneously,
forming C2Cr3 and C3Cr7 in solid phase at temperatures up to 1550 ◦C. A most apparent observation
in this case is the concentration shift in gaseous phase of Cr.
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Other interactions, specifically, S-Cr and Cl-Cr interactions, exhibit no influence on Cr
volatilization and solely yield gaseous species CrS, ClCr and Cl2Cr, respectively.

Figure 9. Effects of Ca on Cr phase formation.

Table 6. Chromium-calcium interactions.

Ca Concentration
(mole/h)

Species
Temperature
Range (◦C)

0

Cr2Na2O4 <s> 0–300
C2Cr3 <s>, Cr2Na2O4 <s> 350–400
Cr2Na2O4 <s> 450–600
Cr <g>, C2Cr3 <s>, Cr2Na2O4 <s> 650–1200
ClCr <g>, Cl2Cr <g>, Cr <g>, CrHO <g>, CrS <g>,
C2Cr3 <s>, Cr <s>, C3Cr7 <s>, C6Cr23 <s> 1250–1800

100

C2Cr3 <s>, CaCr2O4 <s>, CrN <s>, Cr2Na2O4 <s> 0–300
C2Cr3 <s>, Cr2Na2O4 <s> 350–400
C2Cr3 <s>, CaCr2O4 <s> 450–600
ClCr <g>, Cr <g>, C2Cr3 <s>, CaCr2O4 <s> 650–1200
ClCr <g>, Cl2Cr <g>, Cr<g>, C2Cr3 <s> 1250–1800

250–500

C2Cr3 <s> 0–300
C2Cr3 <s>, C3Cr7 <s> 350–600
C3Cr7 <s> 650–1200
C2Cr3 <s>, ClCr <g>, Cl2Cr <g>, Cr <g>, CrH <g>,
C3Cr7 <s>, CrO <g>, CrS <g>, CrN <g> 1250–1800

10000
C3Cr7 <s> 0–600
Cr <g>, C3Cr7 <s> 650–1200
ClCr <g>, Cl2Cr <g>, Cr <g>, CrH <g>, CrO <g>,
CrS <g>, CrN <g>, C3Cr7 <s> 1250–1800

3. Arsenic

When Ni content is present at various concentrations, all Ni-As interactions generate solid specie
As2Ni5, by which the phase transformation temperature of As (Figure 10) increases to about 450 ◦C.
In contrast, the absence of Ni leads to the formation of As2 (gaseous) and AsNa3 (solid) as dominant
species, as shown in Figure 11. Similarly, Na-As interactions yield AsNa3. While the absence of
Na shows no influence on the As phase formation; it enhances Ni to capture As, generating As2Ni5
(100–99.15%) up to 1400 ◦C, as illustrated in Figure 12. Also, S tends to interact with As, yielding,
at very low mass percentage, gaseous specie AsS between 1750 and 1800 ◦C.
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Figure 10. Arsenic distribution according to the presence/absence of Ni.

Figure 11. Arsenic speciation in the absence of Ni.

Figure 12. Arsenic speciation in the absence of Na.

Assessing CCA-elements Reactivity

All the minor elements were introduced to the model at the same concentration (0.25 mole/h) to
assess the reactivity of the CCA-elements. In this case, the resulted speciation of CCA-elements are
demonstrated in Figure 13a–c.
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Figure 13. Speciation of CCA-elements when all minor elements are present at the same concentrations:
(a) copper; (b) chromium; (c) arsenic.

As can be seen in Figure 13a, the behavior of Cu between 0 and 700 ◦C indicates that Cu
interacts favorably with As and S, forming the solid species AsCu3 (81.89–78.24%) and Cu2S (100%),
respectively. At temperatures above 700 ◦C, Cu is redistributed as elemental and a set of gaseous
species, and its phase transformation temperature becomes 1200 ◦C, which is less than about 11%
of that obtained with equilibrium composition (Figure 3). The predictive calculations, as shown in
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Figure 13b, originate the Cr solid species CoCr2O4 (100% between 0–300 ◦C), Cr2FeO4 (100% between
350–500 ◦C), and CaCr2O4 (100% between 550–1450 ◦C) to the Co-O-Cr, Fe-O-Cr, and Ca-O-Cr
interactions, respectively. Figure 13c shows As species formation. Intuitively, AsCu3 (27.27% between
0–400 ◦C) and As8Ni11 (72.73% between 0–800◦C) are the most probable solid species from Cu-As and
Ni-As interactions, respectively.

In this view, the distribution profiles of CCA-elements during gasification offer important trend
towards their emissions control. More specifically, the presence of Ni and S enhances As and Cu
capture in ash, respectively. Also, Cu and As interactions cause both of them to remain in solid phase,
and the elements Ca, Co, and Fe are favored to Cr retention.

3.2. Under Boudouard Reaction (BR)

The modelling of BR was carried out using the composition data and BR process parameters,
respectively, as reported in Tables 2 and 4. The simulation scenarios were considered similar to those
for the case of PCR. On the whole, the obtained results were similar to those observed with the
PCR model, except that at equilibrium partitioning, about 99.99% of the CCA-elements remained in
solid phase at temperatures less than 1300 ◦C; also no gaseous species were formed under pressure
conditions of 20 and 40 atm. Table 7 demonstrates the phase and species formation of CCA-elements
at equilibrium composition under 1 atm.

Table 7. Phase transformations and speciation of the CCA-elements.

Elements Solid Phase Temperature (◦C) Gaseous Phase Temperature (◦C)

Cr C3Cr7 0–1300
Cr 1000–1300

CrCl 1250–1300
CrH 1300

Cu CaCu 0–1300
Cu, CuH 900–1300

Cu2, ClCu 1150–1300

As
AsNa3 0–800 As, As2, AsH, AsH2 1150–1300
As2Ni5 850–1300 AsH3 1150–1300

4. Conclusion

This paper introduces two predictive models for PCR and BR to understand the behavior of
CCA-elements in terms of interactions and interferences during the gasification of contaminated WW.
The refinement of the predicated results from PCR modelling indicates that most of the occurred Ni-As
interactions led to about 100% of As remaining in solid phase at temperatures less than 1400 ◦C. It also
indicates that Ca-Cr interferences form solid specie C3Cr7, but the absence of Ca causes instability
in Cr distribution at temperatures from 1100 to 1550 ◦C. Whereas Co-O-Cr, Fe-O-Cr, and Ca-O-Cr
interactions reduced the Cr volatilization as consequence of the generated solid species CoCr2O4,
Cr2FeO4, and CaCr2O4, respectively. Most importantly, in both PCR and BR, the presence of Na and
or Ni played a vital role for As remaining in solid phase at temperatures ≤800 ◦C. Eventually, these
modellings are valuable for mitigating the negative impacts of toxicity emissions associated with
CCA-elements; particularly, by systematically blending different types of contaminated WW prior
to gasification.
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Abstract: Combustion tests and gaseous emissions of olive mill solid wastes pellets (olive pomace
(OP), and olive pits (OPi)) were carried out in an updraft counter-current fixed bed reactor. Along the
combustion chamber axis and under a constant primary air flow rate, the bed temperatures and
the mass loss rate were measured as functions of time. Moreover, the gas mixture components
such as O2, organic carbon (Corg), CO, CO2, H2O, H2, SO2, and NOx (NO + NO2) were analyzed
and measured. The reaction front positions were determined as well as the ignition rate and the
reaction front velocity. We have found that the exhaust gases are emitted in acceptable concentrations
compared to the combustion of standard wood pellets reported in the literature (EN 303-5). It is
shown that the bed temperature increased from the ambient value to a maximum value ranging from
750 to 1000 ◦C as previously reported in the literature. The results demonstrate the promise of using
olive mill solid waste pellets as an alternative biofuel for heat and/or electricity production.

Keywords: olive mill solid wastes (OMSWs); fixed bed combustor; pellets; combustion parameters;
gaseous emissions

1. Introduction

Agro-industrial by-products are viable alternatives to fossil fuels to reduce greenhouse gases
emissions such as CO2 and NOx [1–3]. Among these by-products, olive mill solid wastes (OMSWs) are
generated in large quantities in the leading producers in the olive oil industry, including Spain, Italy,
Greece, and Tunisia. However, these by-products can present serious environmental problems affecting
soil, air, and water when stockpiled and left untreated. However, these lignocellulosic biomasses can
be considered as a promising source of renewable energy [4,5]. Indeed, these residues can be separated
as olive pomace (OP) and olive pits (OPi). Olive pits (OPi) are a major bio-fuel in Spain [6], which is
used in combustion processes to produce heat [7] owing to its low moisture content, high heating value,
uniform size, and relatively high bulk density [8]. Using this material as a biofuel can be considered as
an economically viable alternative to fossil fuels [9]. Despite this potential, only a few studies have
been dedicated to characterizing this biofuel for the purpose of energy conversion [5]. Nevertheless,
the value of the utilization of olive pomace as a biofuel is widely recognized [10,11]. Moreover, both OP
and OPi can be processed into cylindrical pellets (up to 40 mm length, at standard diameter from 6 to
10 mm, typically 6 mm). This process increases the energy density of these pellets [12,13].
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Although the pelletization is a very complicated technique, with the potential for technical
problems to arise, we concluded that when using the olive mill solid wastes with moisture content
in the vicinity of 15%, and at the optimal conditions of frequency and temperature as we mention
below, no problems will be encountered. The reason for this is that the lignocellulosic biomass contains
its own binder (abrasive matter). However, it should be mentioned that in the case of this study,
pelletization was successful without any additive binder and with the appropriate individual die.
The samples of about 1 mm in size needed neither milling nor moisture adjustment and could directly
be pelletized after homogenization.

The combustion behavior of pellets, either mixed with other residues or only derived from the
OMSWs, has been studied in small powered pellets boilers (<50 kW). These investigations have shown
that olive solid residue pellets are ecologically beneficial and are an environmentally friendly energy
source for producing heat and/or electricity [14–16]. Nevertheless, the combustion of such biofuels in
fixed/fluidized beds is rarely reported in the literature. Moreover, these high calorific pellets have not
been commonly used in large-scale combustion systems. Indeed, except for the high quality woody
pellets like DIN-plus which is commercialized in European markets, pellets like those considered in
our work have not yet been investigated which may be because of the additional cost of transport and
pelletization. For this reason, countries like Spain and Italy are still using raw olive mill by-products
which have been dried and exhausted without pelletization. However, the pelletization has proven to
be very suitable for heat production (domestic use for household boilers and stoves) [14,15]. Due to
the higher ash volume (≈5%) of olive residues in comparison with woody biomass for DIN plus (<1%)
filtering/ash management/burner suitability, as well as standardized industrial pellet requirement,
must be considered for large-scale application. Further, their combustion produces more emissions
than high quality woody pellets.

González et al. [14] have studied the combustion of different pellets made from olive stones (OPi),
tomato residues, and cardoon, respectively, in a mural boiler used for domestic heating (11.6 kW).
The results were compared with forest wood pellets which are recommended as standard fuels.
The authors showed that when using OPi pellets, characterized by lower percentages of sulfur and
nitrogen contents, they obtained a significant decrease in NOx and SO2 emissions. These biofuels
represented the most favorable and attractive fuels from an environmental point of view by comparison
to the tomato, cardoon, and forest wood pellets.

In the same context, Miranda et al. [17] conducted combustion tests on OMSWs (OPi and OP)
in their raw state (not pelletized). They used a prototype furnace to analyze the main combustion
emissions: CO, CO2, NOx, N2O, SO2, and O2. The tests resulted in a good combustion efficiency with
relatively low emissions.

Several groups are currently focusing on the modeling of the combustion of pellets in reactors such
as pilot fixed bed/fluidized bed, before expanding these studies to large scales (industrial plants) [18].
The choice of the fixed bed reactor for our study is based on its relative simplicity, which will be
easier to eventually model. At the same time, our study allows the determination of the independent
characteristic numbers needed to scale our results to an industrial scale [19–21].

To the best of our knowledge, the combustion of olive solid residues, such as OP and OPi, in a
counter-current fixed bed reactor has not been reported in the literature. In this study, the combustion
pellets tests were carried out in the 40 kW fixed bed reactor “KLEAA” at Karlsruhe Institute of
Technology (KIT) (Germany) [22,23]. To determine the combustion characteristics of these samples,
the axial temperature evolution was measured. This permits the determination of the reaction front
positions in terms of time during the combustion process. In addition, the mass loss is continuously
measured during the test. Further, gaseous emission such as CO, CO2, H2, H2O, O2, and organic
carbon (Corg) were analyzed and measured as well as other pollutants: SO2 and NOx (NO + NO2).
Consequently, some scale independent characteristic numbers such as the reaction front velocity
uRF, the ignition rate (IR), the mass conversion rate (MCR) and the specific heat release rate (HR)
were derived. These specific numbers can serve to quantify and to assess the combustion quality.
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All obtained results are compared to those of similar studies in literature and to standard wood pellets
(EN-303-5).

2. Materials and Methods

2.1. Samples Preparation

Olive pomace (OP) and olive pits (OPi) used in this study were obtained from the Zouila Oil Press
Company located in the Sahel region of Tunisia (Mahdia-Tunisia). About 6 kg of pellets were prepared
from the biofuels at EIFER (European Institute for Energy Research, Karlsruhe, Germany): 100% OP
with a die compaction rate of 1:5 (conical pressing) and 100% OPi with a compaction rate of 1:4 at
24 mm press channel length for both. The pellet press used is a Kahl lab scale flat matrix press 14–175
(with a maximum olive pellet production in the range 15–20 kg/h). The specific optimum rotation
frequency was determined to be 85 Hz, and the optimum temperature for stable pellets in literature was
75 ◦C. The produced pellets were in compliance with the German and European standards (EN 303-5,
EN 17225-6). After pelletization and air-cooling, the pellets were stored for minimum 24 h under room
conditions to equalize any moisture differences as shown in Table 1.

Table 1. Operating pelletization condition.

Pelletizer Performance 100% Olive Pomace (OP) 100% Olive Pits (OPi)

Pelletizing temperature (◦C) 60 51
Biomass moisture (% w.b.) 14.7 ± 0.5 15.3 ± 0.3

Pellet moisture (% w.b.) 12.4 ± 0.4 13.7 ± 0.2

(% w.b. is the percentage on wet basis).

Table 1 indicates that the moisture content decreases after pelletization. This decrease is due
to the evaporation associated with the rising temperature during the pelletization process. Finally,
the obtained products were moisture-balanced cylindrical pellets of 6 mm diameter and 20–30 mm
in length. As it is notable, the two OMSWs were pelletized under two different temperatures 60 and
51 ◦C for OP and OPi, respectively. Indeed, because of its oil content and lubricity, pelletizing of olive
pomace caused higher resistance (see compaction rate), and the higher friction, subsequently, raised
the temperature to evaporate more water than during olive pits pelletizing. Hence, final moisture
contents should be different because pelletization started with different initial moistures under different
temperatures and calculations were done on wet basis. It can be observed that the difference between
final moisture content on wet basis does not exceed 1.3%. Thereby, even though the moisture directly
affects the low heating value (LHV), the difference between the two fuel types will be small.

2.2. Samples Characterizations

2.2.1. Raw Samples Characterizations

Ultimate and proximate analysis of the raw samples as olive pomace (OP), olive pits (OPi) and
sawdust (S) are summarized in Table 2.

Tables 2 and 3 show the ultimate and proximate analyses and the energy characteristics of the
used raw materials. These characteristics are compared with those found in the literature for different
agro-industrial wastes. All analyses were carried out at the Chemical and Microbiological Institute UEG
GmbH (Germany). Ultimate, proximate and energy contents were realized according to the standards
analytical methods for solid fuels. High heating value (HHV) is measured using a calorimetric bomb,
and the LHV is then calculated using:

LHV = HHV − Lv

(
9% H + % M

100

)
(1)
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where, LHV is the low heating value, HHV is the high heating value, % H is the hydrogen content and
% M is the moisture content.

The energy density (ED) is obtained when multiplying the bulk density ρBD by the LHV:

ED = ρBD × LHV (2)

where, ED is the energy density and ρBD is the bulk density.

Table 2. Raw materials characteristics.

Samples Equivalent
Formula d.b.a.f. a

Ultimate Analysis (% d.b.) Proximate Analysis (% d.b.)
% C % H % O % N % S % ash % FC % VM

Olive pomace (OP) CH1.54O0.56N0.024 52.2 ± 0.8 6.70 ± 0.3 39.6 ± 0.6 1.50 ± 0.1 0.08 ± 0.01 5.10 ± 0.10 18.90 * ± 0.3 76.0 ± 1.0
Olive pits (OPi) CH1.97O0.92N0.018 41.4 ± 0.4 5.20 ± 0.2 52.5 ± 0.9 0.91 ± 0.1 <0.2 0.80 ± 0.1 15.20 * ± 0.2 84.0 ± 0.8

Sawdust (S) CH1.49O0.6N0.0035 51.5 ± 0.5 6.40 ± 0.3 41.9 ± 0.5 0.20 ± 0.1 <0.1 0.5 ± 0.1 24.50 * ± 0.10 75.0 ± 1.0
Spruce wood [24,25] CH1.41O0.59N0.0033 51.9 6.10 40.9 0.30 0.30 1.70 18.10 80.2

Wood [26,27] CH1.46O0.6N0.0016 51.6 6.3 b 41.5 0.10 0.10 b 1.0 17.0 82.0
Palm Kernels [3,27] CH1.52O0.58N0.038 51.0 6.50 39.5 2.30 0.27 5.20 17.50 77.30
OP (Turkish) [28] CH1.36O0.53N0.021 51.3 5.85 36.9 1.27 0.08 4.51 17.90 71.17

OP (Italy) [29] CH1.57O0.91N0.034 44.2 5.80 48.2 1.80 - 5.40 29.60 65.0
OPi (Spain) [17] CH1.71O0.57N0.0009 52.2 7.48 40.0 0.06 <0.1 0.56 18.50 80.94
OPi (Spain) [30] CH1.6O0.82N0.0019 44.8 6.0 49.1 0.10 0.01 1.40 13.80 74.40

% d.b. is the percentage on dry basis; * Calculated by difference: % O = 100 − (% H + % C + % N), % FC = 100 − (%
ash + % VM), a dry basis ash free, b Average value, - Not determined.

Table 3. Energy contents in the raw materials.

Samples LHV (MJ/kg) ρBD
(
kg/m3) ED (GJ/m3)

Olive pomace (OP) 17.90 ± 0.40 539 ± 10 9.60 ± 0.50
Olive pits (OPi) 17.29 ± 0.20 764 ± 12 13.20 ± 0.36

Sawdust (S) 16.30 ±0.10 103 ± 3 1.60 ± 0.06
Spruce wood [24,25] 18.10 105 1.90
Palm Kernels [26,27] 17.00 500 8.50

OC (Turkish) [31] 19.60 591 11.58
OC (Jordan) [32] 23.056 558 12.86
OPi (Spain) [8] 14.70 ** 651.90 ** 9.85

Oke (Greece) [33] 19.36 573 11.09
Rice Husks [34] 14.90 200 2.820

OC: Olive cake, Oke: Olive kernels, ** As received.

Furthermore, Table 2 shows high Nitrogen contents for OP and OPi in comparison with
the sawdust (0.2%) and wood (0.1%). This fact will explain why nitrogen oxide emissions were
relatively high.

As can be seen from Table 2, the ash content in the two samples (OP and OPi) is high (3% and
4.7%) compared with 0.5% value for sawdust. For the two samples, the Energy density is higher than
many biomass types in Table 3. Hence, the pelletization process is a compulsory process to increase
the energy density of pellets and to make their transport and storage easier, ensuring a high hardness
and long durability [35,36].

2.2.2. Pellets Samples Characterizations

Two pellets samples types were prepared: 100% olive pomace (OP) and 100% olive pits (OPi).
It needs to be clarified that the number of pellets used depends on the nature of characterization test
we realize. For example, in the case of measuring the average length, diameter, and unit density (mass
of the pellet divided by its volume) at least a 100 pellets are required to decrease the error according
to the central limit theorem ( ε ∼ 1√

N
), where ε is the error and N is the number of samples. For the

bulk density determination, the volume of the container (100 cm3 in our case) ensured a large number
of pellets was achieved. For the moisture content determination, the volume of the stove allowed a
maximum of 10 crucibles containing one 1 pellet each to be used. The same process was undertaken
when determining the ash content with a muffle furnace. However, for measuring the HHV via a
calometric bomb, we used about 1 g of pellet and we repeated the test 5 times to attain the average
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value (this test is delicate and costly). In addition, during the pyrolysis tests to determine the volatile
matter in a thermogravimetric balance, tests were repeated 3 times because this test type is time and
cost intensive. Nevertheless, it was found that relative uncertainties were smaller than 5% of the
mean value.

The main chemical characteristics of the produced pellets based on ultimate and proximate
analysis are summarized in Table 4. These analyses are compared to the standard wood pellets
and to other pellets presented in the literature. We observe that our prepared pellets show typical
compositions when compared to other biomasses available in the literature [16,17,37].

The ash content was determined using a muffle furnace for which the temperature was fixed
at 815 ◦C. The resulting values were lower than those fixed by the European normalization (<5%).
In addition, the nitrogen content was 1.26% for OP and 0.61% for OPi, respectively. These values
were relatively higher than 0.11% obtained for wood pellets. The sulphur content was <0.1% for both
samples. Therefore, SOx emissions are expected to be insignificant.

Table 4. Pellets characteristics.

Samples Equivalent
Formula d.b.a.f.

Ultimate Analysis (% d.b.) Proximate Analysis (% d.b.)

% C % H % O % N % S % ash % FC % VM

100% OP CH1.3O0.57N0.021 49.50 ± 0.50 5.4 ± 0.5 43.70 * ± 1.80 1.3 ± 0.6 <0.10 2.90 ± 0.10 17.70 * ± 0.10 79.40 ± 0.20
100% OPi CH1.65O0.74N0.011 46.50 ± 0.80 6.3 ± 0.1 46.60 * ± 0.90 0.5 ± 0.1 <0.10 1.90 ± 0.10 15.70 * ± 0.20 82.40 ± 1.00

wood pellets CH1.4O0.63N0.002 46.30 ± 0.20 5.4 ± 0.2 48.19 * ± 1.00 0.11 <0.10 0.30 ± 0.02 24.30 ± 0.90 75.40 ± 0.70
OP (Spain) [16] CH1.52O0.49N0.032 54.75 6.17 37.00 1.98 <0.10 5.55 17.28 77.17
OP (Spain) [17] CH1.65O0.47N0.007 58.20 6.00 35.40 0.40 0 2.50 17.69 79.81

* Calculated by difference.

In Table 5 the LHV values range between 17.45 and 20.36 MJ/kg. The energy density values
of our samples were reasonably good (14.42 GJ/m3 for OPi and 15.59 GJ/m3 for OP). However,
the effect of pelletization was much more notable with OP than with OPi. This is because of the
difference in the bulk density between the two raw materials attributable to the better compressibility
of the pomace (along with higher pressing energy needs) compared to the pits. On the other hand,
the durability (Du), which is determined as a function of the percentage of fine particles leaving the
pellets after appropriate mechanical tests, showed acceptable percentages with high regression factor
(R2 = 0.985) [38]. Indeed, after pelletization the pellets can be stored for longer before its use. During
this period fine particles can leave the pellets so that the mass and, thereby, the energy of the fuel
decreases. By using a centrifugation system based in a gyratory motor under standard normalizations
(ISO 17831-1), the mechanical durability can be determined by weighing the mass before starting the
experiment and subsequently. Thereafter, a percentage of material which is remaining in the fuel
can be calculated: This is the so-called durability. The durability provides a reasonable assessment
in regard to the transport and storage of a given solid biofuel [39]. Values of durability for both
prepared samples (OP and OPi) were in the same range of standard wood pellets. In addition, obtained
durability (88–89%) for the peanut hull pellets agreed with our results [38].

Table 5. Energy contents in the pellets samples.

Samples LHV (MJ/kg) ρBD
(
kg/m3) ED (GJ/m3) Du (% w.b.)

OP pellets 19.02 ± 0.40 820 ± 15 15.59 ± 0.62 88 ± 2
OPi pellets 18.38 ± 0.10 785 ± 10 14.42 ± 0.25 85 ± 2

wood pellets 17.45 ± 0.30 660 ± 8 11.51 ± 0.33 89 ± 2
OP (Spain) [16] 20.36 780 15.80 -

OP (Tunisia) [37] 19.23 920 17.69 -
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3. Combustion Test

The experimental studies were carried out in a batch fixed bed reactor (KLEAA) characterized by
a nominal power of 40 kW. This device is located at the Institute for Technical Chemistry (ITC) at the
Karlsruhe Institute of Technology (KIT) in Germany.

The counter-current fixed bed reactor KLEAA has three main components: The combustion
chamber composed by a fixed bed and a heated furnace, the post (or secondary) combustion chamber,
and the flue gas cleaning system, which is equipped with a heat exchanger, a bag filter, and a
carbon absorber.

The facility is suited to perform limited tests of solid fuel samples (about 3 kg for each test).
The fuel bed has a total volume of 10 L. The furnace, and the secondary combustion chamber can
be heated electrically up to a temperature of 1100 ◦C. The major components of the installation
are represented schematically in Figure 1. A more detailed description of the facility is available
elsewhere [21–23].

Figure 1. Sketch of the counter-current fixed bed reactor (KLEAA) facility at ITC, Karlsruhe, Germany.

The fixed bed has a height, h, of 250 mm and a diameter, d, of 230 mm. It is equipped with thirteen
K-type thermocouples which are arranged in 20 mm intervals along the chamber’s axis to measure the
central bed temperature as it is shown in Figure 2.
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Figure 2. The fixed bed reactor and the thermocouples disposition.

Two experimental tests were performed with the biofuel pellets:

• 3.5 kg of 100% olive pomace (OP).
• 3.75 kg of 100% olive pits (OPi).

The pellet samples were introduced into the combustion chamber. Then, the pellet samples were
moved to the hot furnace, so that the fixed bed will be heated by radiation from the hot furnace
wall (900 ◦C). The primary air was supplied at the bottom of the fixed bed via a sintered metal plate.
The flow rate of the primary air was fixed at 10 Nm3/h. The temperatures of the primary and the
secondary air (25 Nm3/h) were about 25 ◦C. Gaseous emissions were analyzed based on physical
phenomena. Respectively CO, CO2, and H2O were analyzed by infrared techniques, Corg by flame
ionization detector, O2 by a paramagnetic system, and H2 by heat conductivity. Trace gases, such as
NO, NOx, N2O, and SO2 were followed and also measured at the outlet of the post-combustion
chamber. Thus, CO2, CO, H2O, and SO2 were measured at the outlet of the post-combustion chamber.
A heat exchanger has served for the heating of the water recovery system. After the combustion, the fly
ash was emitted and collected in a special box under the grate via an ash filter. A pressure regulator
ensured a pressure drop across the plant of about 50 Pa.

As stated earlier, there are limited studies on the types of biofuels in this study. Therefore,
our results are compared to the results of some previous experiments conducted with conventional
wood pellets under almost similar conditions [21–23,40,41].

4. Results and Discussion

4.1. Temperature Evolution in the Fuel Bed

Figure 3 shows the evolution of the bed temperature as a function of time at various bed heights
from the bottom during the combustion process of olive pomace (OP), olive pits (OPi), and the standard
wood pellets. The thermocouple-based temperature measurements were collected at time intervals
of 5 s.

Starting from the bed top to the bottom, the temperature profiles of the pellets samples show
three distinct stages: (1) the ignition delay time, (2) the main combustion phase, and (3) the final
char combustion.
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During the ignition delay time, the bed surface is heated slowly. Hence, it dries and ignites by
the radiation heat coming from the hot furnace wall. Then the ignition front propagates from the
top of the bed downwards opposite to the gas flow [42]. The ignition delay time was measured by
thermocouples T2 and/or T3 (blue and pink). It was determined to be equal to 3.5 min, 3.2 min,
and 5.1 min, respectively (Figures 3 and 4).

 

Figure 3. Thermocouples’ readings during the passage of the flame front. (a) 100% olive pomace (OP);
(b) 100% olive pits; (c) standard biofuel wood pellets.
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Figure 4. Reaction front positions derived from experimental pellets tests: (a) standard wood pellets;
(b) 100% olive pomace (OP); (c) 100% olive pits (OPi). Experimental conditions: Primary air 10 Nm3/h;
primary air temperature 25 ◦C and combustion chamber temperature 900 ◦C.

Thereafter, the main combustion phase starts when the flame front reaches and passes the
thermocouples successively, and the temperature increases rapidly from ambient to almost 1000 ◦C.
We observed that the temperatures rise from the initial values (25–30 ◦C) to reach about 880 ◦C for
wood pellets, 800–875 ◦C for OPi, and approximately 975 ◦C for OP. The observed overshoots of
temperature can be explained by the highly exothermic combustion of a small amount of carbon
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(coke). The arrival time and the position of the reaction front are derived from the inflection point
of the temperature curves. After the passage of the reaction front, the thermocouples recorded the
temperature of the hot combustion gas.

For the time interval between 30 min and 45 min (Figures 3 and 4), the reaction front reaches the
bottom of the bed, and the fuel bed temperature rises again due to the heat generated by the residual
char oxidation with air (T9, T10, T12, and T13). In this stage, some of the thermocouples may have
lower temperatures than others. This resulted in a faster convective cooling [43]. A second difference
appears in the maximum value of the temperature, especially during the residual carbon combustion.
The OP generated a higher flame front temperature reaching 1200 ◦C by comparison with 1090 ◦C
and 1050 ◦C for the OPi and the wood pellets, respectively. The high temperature observed in the
case of olive pomace pellets can be attributed to its high heating value (22.03 MJ/kg on a dry basis).
Indeed, this characteristic is strongly related to the carbon content in this sample type (49.5%) [37,44],
by comparison with the 46.5% carbon content and 19.4 MJ/kg (HHV on a dry basis) for OPi [14],
and also to the 46.3% carbon content and 18.5 MJ/kg (on a dry basis) for the wood pellets [45].

During the main combustion phase characterized by the combustion of the pyrolysis gases,
no effect on heat release is observed. Thus, the temperatures profiles are quite similar for the different
biofuel pellets. However, during the burning of char, the heat release (HR) appears quite different due
to different amounts of residual carbon (Table 6). Consequently, the maximum of temperature differs
significantly for each sample.

4.2. Mass Loss History in the Fuel Bed and Reaction Front Velocity

Further analysis of experimental results leads to the determination of some combustion
parameters, such as:

The reaction front velocity:

uRF =
dh
dt

(3)

where uRF is the reaction front velocity, h is the bed height, and dt is the time increment.
The mass conversion rate:

MCR =

.
m

A(1 − Yash)
(4)

where MCR is the mass conversion rate,
.

m is the mass loss rate, A is the fuel bed cross section, and Yash
is the ash mass fraction.

The ignition rate:
IR = uRF × ρBD (5)

IR is the ignition rate, and other variables are defined in the above equations.
The specific heat release rate:

HR = MCR × HHV (6)

where HR is the heat release, and the two other variables are defined in the above equations.
These characteristic numbers are useful to predict and understand quantitatively the combustion

process in the fixed bed. Moreover, these parameters are independent and good indicators of the
combustion behavior in large industrial facilities. They are determined in similar ways as described in
the literature [22,23,46–48].

4.2.1. Reaction Front Velocity

The position of the reaction front is obtained based on the inflection point in the temperature
profiles shown above. In Figure 4a–c, the reaction front position is plotted as a function of the
elapsed time, and almost linear curves are obtained. This result indicates a steady and uniform
propagation of the flame front. For both samples (OP and OPi), the reaction front velocities were equal
to 3.50 mm/min and 4.00 mm/min respectively (Figure 4b,c); whereas, in the case of wood pellets the
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reaction front velocity is almost 4.40 mm/min (Figure 4a). The regression factor (R2) exceeds 0.90 for
all reported regressions.

4.2.2. Mass Loss History

The mass conversion rate (MCR) is defined as the mass loss per unit area and per unit time. It is
obtained directly from the measured mass of the fixed bed, and thereafter, corrected by considering
the ash content of the fuel.

The ignition rate (IR) defines the quantity of fuel ignited per unit area and per unit time due to the
reaction front. This ignition rate is a crucial parameter used to estimate the grate position, where the
reaction front reaches its limit at the bottom of the bed, indicating the end of the fuel combustion.
Moreover, the heat release rate (HR) is determined by multiplying the HHV value and the mass
conversion rate (Equation (6)).

However, the specific heat release in the main combustion zone (HR I) is calculated using MCR
I and the HHV of the fuel. In the char residual oxidation phase, this value (HR II) is obtained from
values of MCR II and HHV, respectively of the residual coke. It should be noted that the HHV of
residual coke is calculated according to [49,50]:

HHVcoke = 19.6 Ycoke + 14.119 (7)

where Ycoke is the mass fraction of carbon in the coke, which is approximately 0.85 for lignocellulosic
biomass coke [51,52]. HHVcoke then is approximately 30.80 MJ/kg.

Figure 5 shows the mass loss of OP, OPi, and the standard wood pellets as a function of time.
During the ignition interval from 0 to 3 min, the mass decreases slightly. This zone corresponds to the
moisture evaporation and to the start of devolatilization. Thereafter, in the main combustion phase,
the mass decreases steadily and almost linearly. In this important zone, it is possible to determine the
two combustion parameters described above: The mass conversion rate (MCR I) and the specific heat
release HR I. Finally, in the char oxidation zone, the decrease of the mass slows down again. MCR II
(Figure 5) and HR II (Table 6) confirm this observation. The HR parameter should be below 1 MW/m2

in the bottom of the bed [23].
The decrease of the heat release rate (HR II) in the third zone can be explained by the small

oxidation rate of carbon. Moreover, the ignition rates (IR) for OP and OPi are 0.05 (kg/m2)/s and
0.06 (kg/m2)/s, respectively. These values are of the same order of magnitude of the standard wood
pellets (0.05 (kg/m2)/s).

Table 6. Specification Heat Release in the fuel bed.

Heat Release 100% OP 100% OPi Wood Pellets

HR I (MW/m2) 0.96 ± 0.06 0.98 ± 0.08 1.01 ± 0.06
HR II (MW/m2) 0.12 ± 0.01 0.12 ± 0.02 0.070 ± 0.005
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Figure 5. Mass loss curves in the fuel bed: (a) 100% OP; (b) 100% OPi; (c) standard wood pellets.
Experimental conditions: Primary air 10 Nm3/h; primary air temperature 25 ◦C, and combustion
chamber temperature 900 ◦C.
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4.3. Gaseous Emissions

4.3.1. Gaseous Emissions Analysis above the Bed

Figure 6 shows the temporal evolution of the gas concentrations measured directly above the
fixed bed (freeboard zone) versus the time during the combustion tests of the different samples.
The considered gaseous emissions are respectively; O2, CO2, H2O (steam), H2, and Corg (organic
carbon). All components are expressed in % vol. wet basis. Moreover, the local constant of air (λ) is
plotted on the right axis.

At the beginning of all experimental tests, only the O2 concentration in the flue gases is detected
in the freeboard due to the primary air supply, and then it decays quickly from the ambient level of
21% to zero percent. In contrast, the H2O mass flow increases due to the fuel bed drying process.
After 4 to 5 min, the fuel ignites. Consequently, the concentrations of CO and CO2 increases rapidly,
while, H2, Corg, and H2O are released. Hence, the concentration of O2 is significantly decreased.
In addition, we observe that the gaseous emissions remain at a roughly constant level during
the combustion process. This period is called: The main combustion zone or the quasi-stationary
combustion zone [23]. During the time interval [37 min, 56 min], the reaction front reaches the bottom
of the bed. Consequently, we observe a rise in the O2 concentration again, while the concentrations of
H2 and Corg are decreased to their minimum levels. During this period, the char residue burning is
enhanced exhibiting a little increase of CO2. In contrast, CO rises also steeply with the decrease in CO2

and stabilizes between 20% and 28%. This observation can be attributed to the gasification process for
which the residual char is exposed, especially in the presence of CO2 in the medium [21] according to
the following reaction:

C + CO2 → 2CO (8)

In this zone, the OP pellets are characterized by a high emission of CO which rises to 23% by
comparison to 20.2% for the OPi. But, this concentration remains quietly smaller than the 24.5% for the
wood pellets. However, during the combustion process, these values remain still higher than those of
CO2 emissions. This growth may be attributed to the gasification process of the residual char in the
presence of the water/steam (H2O) according to the following reaction:

C + H2O → CO + H2 (9)

Indeed, this reaction yields an increase in CO and H2 at the same time [21,53]. Moreover, Figure 6a
shows that OP results in the highest percentage of CO2 (≈13%) compared to the 11% for OPi. This result
can be attributed to the high percentage of carbon content (about 49.5%) against only 46.5% of the
OPi. After a combustion time within the interval from 43 to 70 min, all gaseous emissions tend to zero,
indicating the end of fuel conversion process.

Therefore, the comparison of the different samples shows that the wood pellets (Figure 6c) have
the most stable emissions compared to OP and OPi. Such behavior may be attributed first, to the lower
moisture content (about 6.5%) compared with other samples, and second, to the chemical complexity
of OMSWs samples when compared with wood pellets. Indeed, the chemical composition of the olive
mill solid wastes is more complex with polyphenols, pectin, and fatty acids. In addition, this difference
of behavior between woody pellets and OMSWs pellets can be attributed to the fact that the used
reactor was designed to be fed by woody biomass rather than by olive mill by-products. Hence,
modifications concerning primary air and secondary air positions and flow rates should be undertaken
to increase the reactor efficiency when using OMSWs pellets.
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Figure 6. Concentrations of gaseous emissions analysis above the fixed bed (in the freeboard): (a) 100%
standard wood pellets, (b) OP and (c) 100% OPi. Experimental conditions: Primary air 10 Nm3/h;
primary air temperature 25 ◦C and combustion chamber temperature 900 ◦C.
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4.3.2. Gaseous Emissions Analysis in the Post-Combustion Chamber

Figure 7 shows the temporal distribution of the traces of gas concentrations versus time in the
flame front, especially, at the outlet of the post-combustion chamber. More specifically, we focus in
this section on NOx (nitrogen oxides), N2O (nitrous oxide), and SO2 (sulphur dioxide), expressed
in mg/Nm3, dry at normal temperature (25 ◦C) and pressure. Meanwhile, O2, CO2, and CO
concentrations are also considered.

 

 

Figure 7. Traces of gases measured at the outlet of the post-combustion chamber (a) 100% OP; (b) 100%
OPi and (c) wood pellets.
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When examining Figure 7, we observe that the emissions of NOx at the secondary combustion
chamber are relatively high when compared to the SO2 emission. This increase may be attributed
to the fuel-N combustion occurring in the post-combustion especially in the presence of a high flow
of injected secondary air. Hence, a notable increase of the temperature in the medium results in NO
formation (or thermal NO), and the corresponding mechanism is the so-called Zel’dovich mechanism.
This mechanism consists of molecules dissociation at high temperature so that each molecule of oxygen
and nitrogen in lean flame condition (Equivalence ratio less than 1.0) is dissociated into two atoms.
Hence, the pair of reactions was first proposed by Y.B. Zel’dovich [54]:

O + N2 → NO + N (10)

N + O2 → NO + O (11)

Furthermore, the reduction of CO is consistent with the increase of the excess air in the secondary
combustion chamber [55]. In contrast, Garijo et al. [56] and Staiger et al. [57] indicate that an increase
in the CO concentration or another carbonaceous compound can inhibit the formation of NOx. This is
mainly due to a reduction of the temperature by heat absorption in the medium. On the other hand,
the emissions of NOx (Figure 7a) of the OP showed the highest value with about 895 mg/Nm3

compared to 720 mg/Nm3 (Figure 7b) of the OPi and to almost 255 mg/Nm3 (Figure 7c) of the wood
pellets. In fact, this result is expected because the nitrogen content in olive pomace (1.26%) is higher
than that of wood pellets (0.11%) and also than that of olive pits (0.61%) [58,59]. Moreover, this NOx

concentration growth can also be justified by the abundance of O2 supplied to the post-combustion
chamber [28]. In contrast, the emissions of SO2 during the combustion tests of the pellets samples (OP
and OPi) exhibit only small traces of this compared to standards biofuels (ex. wood pellets). This may
be attributed to the low sulphur contents (≤0.1) for the different samples.

4.3.3. Conversion Unit of Gaseous Emissions

The gaseous emissions that we obtained were corrected and converted at 10% and 13% O2

according to the following formula:

XO2,re f = XO2,meas

21 − [O2]re f

21 − [O2]meas
(12)

The purpose of this conversion is to allow comparison between our results and those found by
authors working under same conditions (10% O2 and 13% O2) and for which gaseous concentrations
were expressed either in ppm or in mg/Nm3as it is summarized in Table 7.

where X is the gas concentration, the subscript “O2, ref” refers to the fixed oxygen concentration
under which we want calculate X, and the subscript “O2, meas” is related to the measured X value
under the fixed oxygen value during the experiment.

We notice that gaseous emissions obtained in our study, with a fixed bed of 40 kW, are in the same
range as other lignocellulosic materials. However, the concentrations of nitrogen oxides (NO2 + NO)
obtained at the post-combustion chamber were equal to 142 ppm and 116 ppm, at 10% O2 for OP
and OPi, respectively. These values are of the same magnitude than 113 ppm NOx obtained for the
standard wood pellets. However, these values are higher than value obtained with the DIN plus
(54 ppm at 10% O2) [60]. In fact, the concentrations of NOx were comparatively smaller (<30 ppm at
13% O2), during the combustion of commercial pine pellets in a domestic pellets boiler (22 kW) [61].
Moreover, these values are close to those found in the literature for various pellets such as exhausted
olive mill solid wastes (EOMSW) (115 ppm at 10% O2), and olive pruning pellets (340 ppm at 10%
O2) [62]. Furthermore, the values of SO2 varied between 14 and 22 ppm at 10% O2 and between 10
and 16 ppm at 13% O2 according to the obtained results. Nevertheless, these values remain lower than
36 ppm at 10% O2 obtained for Sunflower shells [63]. Mohon et al. [64] showed that the combustion
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of grass pellet and three different types of wood pellets, when tested in a prototype pellet furnace
(7–32 kW), emit between 0 and 7 ppm of SO2 at 10% O2.

Table 7. Emissions values corrected at respectively; (a) 10% O2 and (b) 13% O2.

Samples O2% CO2% CO 1 % H2O% H2% CO 2 (ppm) NOx (ppm) SO2 (ppm)

100 OP 11 6.84 11.58 8 7.63 (a) 1446
(b) 1054

(a) 142
(b) 104

(a) 22
(b) 16

100 OPi 10.37 5.85 10.64 8 7.72 (a) 133
(b) 97

(a) 116
(b)84

(a) 17
(b) 12

Wood pellets 9.94 7 12.62 11.57 5.26 (a) 46
(b) 34

(a) 13 for N2O;
100 for NO

(b) 11 for N2O;
73 for NO

(a) 14
(b) 10

Spent coffee ground
(SCG) [65] 4 5 - - - (a) 2456

(b) 1785

(a) 245 for NO;
39 for N2O

(b) 178 for NO;
28 for N2O

-

Wood DIN plus [60] 12 6 - - - (b) 153 (b) 19 -

EOMSW [36] 12 8 - - - (a) 795
(b) 578

(a) 115
(b) 85 -

Sawdust (S) [36] 12 6 - - - (a) 277
(b) 202

(a) 36
(b) 26 -

Sunflower shells [61] 13 - - - - (a) 252 (a) 55 (a) 36

French Wood pellets [61] 15 6 - - - (a) 277 (a) 36 (a) 7

Pine pellets [62] 13.22 4.5 - - - (b) 470 (b) 50 -

OMSW: olive mill solid waste, EOMSW: exhaust olive mill solid waste; 1 At the primary combustion chamber;
2 At the post-combustion chamber.

5. Conclusions

In this paper, olive pomace OP and olive pits OPi have been investigated as renewable and
environmentally friendly energy sources. More precisely, we focused on the combustion of the
pelletized biofuels in a 40 kW counter-current fixed bed reactor. The temperature inside the bed
and the mass loss were measured. Three distinct phases for the progress of the combustion process
were observed: The ignition delay time, the main combustion phase, and the char oxidation phase.
Moreover, some crucial combustion parameters were evaluated: The reaction front velocity, the ignition
rate, the heat release rate, and the mass conversion rate.

We have found that the results are quite similar to results of the standard wood pellets which
are used currently in European markets. Moreover, we have observed that the gaseous emissions
are produced in acceptable concentrations compared to Germany and European standards. Hence,
these results motivate future investigations to reuse the olive mill solid wastes for producing
alternative biofuels which can be used for heat and/or electricity production, either in domestic
or in industrial plants.
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Nomenclature

A Fuel bed cross-section (m2)
HHV Higher heating value (MJ·kg−1)
HR Heat release rate (MW·m−2)
IR Ignition rate (kg·m−2·s−1)
MCR Mass conversion rate (kg·m−2·s−1)
h Bed height (mm)
ṁ Mass loss rate (kg·s−1)
u Velocity (mm·min−1)
y Mass fraction (-)
ρ Density (kg·m−3)
L Latent heat (kJ·kg−1)
Subscripts and Superscripts

ash ash
RF Reaction front
Ccoke Carbon in coke
BD Bulk density
v vaporization
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Abstract: Biomass is a widely distributed and renewable source of carbon. The main objective of this
work is to produce an activated carbon from coconut shells with suitable characteristics to separate
CO2 from biogas. The textural characterization of the adsorbent has been determined. Pure component
adsorption isotherms of CO2 and CH4 at 30, 50 and 70 ◦C have been measured. The results reveal that
the activated carbon had high CO2 adsorption capacity. Equilibrium of adsorption of CO2 and CH4

adsorption on the produced activated carbon reached 8.36 mmol/g and 4.63 mmol/g, respectively,
at 30 ◦C and 10 bars. Moreover, the performance of the produced activated carbon, as a potential
adsorbent for CO2 capture from a CO2/CH4 gas mixture, has been evaluated under dynamic conditions
in a dedicated fixed-bed setup. The CO2 and CH4 adsorption capacities of the produced activated
carbon are estimated to be 1.86 and 0.52 mol/kg, respectively, at 30 ◦C and 1 bar.

Keywords: biogas purification; coconut shells; biomass valorization; textural characterization;
adsorption isotherms; breakthrough curves

1. Introduction

Biogas is a biofuel that is naturally produced by the decomposition of various types of organic
matter. Upgrading of biogas has gained important attention due to the steady growth in global
energy demand, coupled with the depletion of fossil fuel resources, their unaffordable prices, and the
environmental damage they cause [1–3].

Methane and carbon dioxide are the main components of biogas. The energy value of biogas is
much lower than natural gas due to the presence of carbon dioxide. Thus, to increase its heating value,
the carbon dioxide content must be reduced. From the economic side, the CO2 removal is the most
important step in biogas upgrading.

Capture and storage of CO2 has gained an important place in efforts to reduce greenhouse gas
emissions [4,5].

Key economic and environmental factors promote the development of energy-efficient CO2

separation technologies [6].
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Among the various processes proposed to remove CO2 from biogas, namely adsorption,
absorption, membrane and cryogenic separation, pressure swing adsorption (PSA) processes are
often used [7–13].

The selection of the adsorbent is a key factor for the efficient operation of a PSA unit.
The properties of the adsorbents are one of the most important aspects of unit performance for
a determined cycle configuration [14]. Many solid adsorbents have been investigated for the
separation of CO2 from gas effluents, such as zeolites, calcium oxides, activated carbons, hydrotalcites,
metal–organic framework (MOF) materials and supported amines [15–20]. Over the past few decades,
the use of biomass to prepare carbon-based materials to reduce greenhouse gas emissions has attracted
special attention [21–26].

In general, activated carbons can be synthesized from a wide range of biomass materials
given that they present low levels of inorganic compounds (ash content) and high carbon content.
Many carbon-based materials such as peat, wood, lignite, coal and nut shells are being used in
the production of commercial activated carbons. The (CNS) is characterized with high lignin, high
carbon content and low ash content; these properties make the material suitable for the production of
microporous activated carbons [27,28].

Two conventional methods for biomass activation have been reported: physical and chemical
activation procedure [29,30].

Chemical activation is considered an ineffective environmental procedure as it uses solvents to
dissolve reagents, extract and wash products, separate mixtures, clean reaction apparatus and disperse
products for practical applications. On the contrary, physical activation is ecological in relation to
chemical activation. In the present work, a physical activation method using a single step was selected.

The activated carbon produced can be found in pellet, powder or granular form [31–33]. The main
purpose of this work is to produce an activated carbon from dry CNS utilizing a physical activation
procedure and to evaluate the textural characteristics and the performance of the produced adsorbent
for CO2 separation from biogas effluents.

2. Material and Methods

2.1. Precursor Material

CNS was selected as carbon-based material for the production of the activated carbon. The carbon
material was ground and sieved and particles between 1 and 3 mm were selected. The UNE 32-004-84
standard was adopted to conduct the proximate analysis using a thermogravimetric analyser TAG24
Ultimate analyses were carried out in a LECO VTF-900 and in a LECO CHNS-932, respectively.

The non-isothermal mass-loss profile of the precursor material in carbon dioxide atmosphere was
determined using a thermogravimetric analyzer Setaram TGA92 (France) in order to elucidate optimal
activation time and temperature.

The raw CNS was introduced in a platinum crucible (70 μL) and was dried for one hour at 100 ◦C in
nitrogen flow; then a carbon dioxide (activating agent) flow (50 mL/min) was used to heat up the sample
up to 1000 ◦C using a heating rate of 15 ◦C/min and kept at this final temperature during 30 min.

2.2. Activated Carbon Production

Once the activation conditions were selected, the production of the activated carbon was initiated.
A vertical tubular kiln was used for that purpose. The raw CNS was introduced in a quartz jacketed
reactor and then placed in the vertical tubular kiln. The experimental set-up has been described
elsewhere [34].

After a drying step, the reactor was cleaned with N2 flow for 30 min at ambient temperature and
a CO2 gas flow rate of 100 mL/min was used to heat up the system up to 900 ◦C at a heating rate of
10 ◦C/min. A thermocouple was placed in the reactor to control the temperature variation. The sample
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was kept at this temperature in carbon dioxide atmosphere for 73 min. Then the gas was shifted to
nitrogen and the sample was cooled down to ambient temperature.

The adsorption capacity of CO2 of the synthetized activated carbon was tested in a TGA
92 thermogravimetric analyzer from Setaram following the procedure described elsewhere [35].

The produced activated carbon particles between 1 and 2 mm were selected for this study.
A Micromeritics ASAP 2010 was used for the characterization of the adsorbent by N2 physical
adsorption at −196 ◦C. A Micromeritics TriStar 3000 volumetric apparatus was used to assess the CO2

adsorption at 0 ◦C.
Before gas adsorption experiments, the sample was purged overnight at 100 ◦C under vacuum.

The N2 adsorbed quantity, at a relative pressure of 0.99, was used to calculate the total pore volume (Vp).
The Brunauer–Emmett–Teller (BET) equation was used to estimate the apparent surface area using
the N2 adsorption isotherms at −196 ◦C [36]. The helium density was determined using an Accupyc
1330 equipment at 35 ◦C. The micropore volume (W0) was calculated using Dubinin–Radushkevich
(DR) and Dubinin–Astakhov (DA) equations [37] .The average micropore width was estimated by
means of the Stoeckli–Ballerini relation [38]. A Micromeritics Autopore IV 9500 mercury porosimeter
was used to calculate the apparent density at 0.1 MPa.

2.3. Adsorption Isotherms

To evaluate the performance of the prepared adsorbent for biogas upgrading, adsorption
isotherms of pure CO2 and CH4 experiments were conducted using a high-pressure magnetic
suspension balance, Rubotherm-VTI.

Three temperatures (30, 50 and 70 ◦C) and pressure up to 10 bars were selected for the study.
Before the adsorption experiment, the sample (approximately 1 g) was placed in the measuring cell,
which was dried at 100 ◦C for 120 min under vacuum. The temperature was then decreased to the desired
temperature, and pressurized with pure CO2 or CH4 gas. When equilibrium was achieved, the weight
variation of the sample, the pressure and temperature were collected. Experiments with helium were
performed to account for the buoyancy correction. CO2 and CH4 absolute quantity adsorbed at pressures
up to 10 bars were calculated based on the procedure mentioned in a precedent work [39].

2.4. Breakthrough Measurements

To study the performance of the synthesized activated carbon for CO2/CH4 separation under
dynamic conditions, breakthrough measurements of an equimolar gas mixture were performed in
a lab-scale fixed-column packed with 5.914 g of adsorbent material. The experimental set-up is
described in detail elsewhere [40].

The amount of gas flow at the exit of the fixed bed was measured using a mini CORIFLOW meter
from Bronkhorst. The concentration of the outlet gas was assessed using a dual-channel micro-gas
chromatograph, Varian CP-4900, fitted with a thermal conductivity detector (TCD).

The column was filled with the CNS adsorbent to evaluate the CO2/CH4 adsorption under
dynamic conditions. An equimolar biogas CO2/CH4 gas mixture was fed (30 mL/min STP) to the
column and the performance of the sample was evaluated under isothermal conditions (30 ◦C) at 1 bar.
The adsorbed gases were completely desorbed by flowing 50 mL/min STP of He and increasing the
column temperature to 180 ◦C at 1 bar.

Adsorption–desorption cycles were carried out to explore the reproducibility of the system,
where adsorption was maintained until saturation was achieved and desorption was carried out until
the adsorbent bed was totally regenerated. For the adsorption step, the concentrations of CO2 and
CH4 in the bed effluent gas were incessantly controlled as a time-depending function (breakthrough
curve), and for dynamic equilibrium, the capacity of adsorption of adsorbent was determined when
the concentration of CO2 is equal to that of the feed.
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Breakthrough time, tb, defined as the time required for the detection of CO2 at the exit of the
column, and the adsorption capacity of CO2 at equilibrium, were calculated as the average of the
values obtained from the six successive cycles [34].

3. Results and Discussion

3.1. Precursor Material

The data obtained from the proximate and ultimate analyses of CNS are summarized in Table 1.
Proximate analysis shows that CNS are characterized by low ash content (0.42 wt.%), which is
a desirable feature for activated carbon production. Ultimate analysis shows that the raw material
possesses a high carbon content (i.e., 51.6 wt.%) and low hydrogen and oxygen contents. In addition,
the absence of sulfur in the raw material eliminates the possibility of sulfur dioxide emission during
the production process. These data make CNS a promising material to be utilized as an activated
carbon precursor.

Table 1. Proximate and ultimate analyses of the raw (CNS).

Proximate Analysis (wt.%) Ultimate Analysis (wt.%, daf)

Sample Moisture Ash (db) C H N S O

CNS 12.55 0.42 51.6 5.6 0.1 0 42.7

db: dry basis; daf: dry ash free basis.

Weight loss of the CNS during heat treatment under carbon dioxide is presented in Figure 1.
This figure indicates that the greater weight losses for (CCS) mainly occur between 27 and 627 ◦C.
The first mass loss at 100 ◦C corresponds to humidity and other guest molecules adsorbed on the
material. Waste agricultural biomass commonly consists of cellulose, hemi-cellulose and lignin.
The second and third peaks in the derivative of the thermogravimetric (TG) curve (DTG curve)
represent the fragmentation of hemi-cellulose and that of cellulose, respectively.

Figure 1. Mass loss and rate of mass loss profiles for CNS. The solid line corresponds to the
thermogravimetric (TG) curve and the dashed line represents the derivative of the curve (DTG).
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According to the experimental results of the weight-loss profile, the activation temperature was
set at 900 ◦C and three activation times were selected, 35, 73 and 115 min, which correspond to the
following yields, as estimated from Equation (1): 21.51, 16.92, and 10.47%, respectively.

Yield (%) =

(
mass of the sample after activation (g)

initial mass of dried sample (g)

)
× 100 (1)

3.2. (CNS )Activated Carbon Characterization and Evaluation

3.2.1. Textural Characterization

Figures 2 and 3 represent the N2 and CO2 adsorption isotherms at −196 and 0 ◦C, respectively,
on the activated carbon produced from CNS.

Figure 2. Adsorption isotherm of N2 at −196 ◦C for the synthetized adsorbent.

Figure 3. Adsorption isotherms of CO2 at 0 ◦C for the synthetized adsorbent.

According to the International Union of Pure and Applied Chemistry (IUPAC ) classification,
the N2 adsorption isotherm is of type I; this indicates that the produced activated carbon is strictly
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microporous. As can be noted from Figure 2, the nitrogen uptake is high at low relative pressure
(p/p0 < 0.1) and can be explained by micropores filling. As expected, the use of CO2 as activating
agent in a single step physical activation method mainly develops microporosity in biomass activated
carbons [41].

CO2 adsorption in Figure 3 assesses the narrower microporosity (<1 nm). A wide narrow
micropore size distribution characterizes the shape of the CO2 isotherm.

As can be noted from Table 2, the BET surface area estimated, 1378 m2/g is considerably high and
it is on the range of a commercial biomass-based carbon (500–1500 m2/g). Micropores (W0) represent
more than 85% of the whole volume of pores (Vp). It is also observed that average narrow micropore
size, L0 as estimated from CO2 adsorption, is close to the average micropore size, L0 as estimated from
N2 adsorption.

Table 2. Main textural characteristics of the produced CNS-activated carbon.

Adsorbate Vp (cm3/g) SBET (m2/g)
Dubinin

n Smic (m2/g) L0 (nm) E0 (kJ/mol) W0 (cm3/g)

N2 0.63 1378 2 1043 1.04 21.76 0.54
CO2 - - 1.77 1126 0.84 24.22 0.47

3.2.2. Adsorption Isotherms

The experimental adsorption isotherm data collected at 30, 50 and 70 ◦C were fit to three different
models to account for the equilibrium of adsorption, namely Sips, Toth and Dual-Site Langmuir (D-S),
(Equations (2)–(8)).

The first isotherm model used for the representation of the experimental data is the Sips model
whose equation is given as follow [42]:

q =
qs(bP)

1
n

1 + (bP)
1
n

(2)

where q (mol/g) refers to the gas adsorbed quantity and qs (mol/g) the adsorbed quantity at
equilibrium, P (Pa) the adsorption pressure and b the affinity constant. The parameter n indicates the
heterogeneity of the system. Generally, n value is greater than unity; thus, the higher the value of n,
the more heterogeneous the system that is obtained.

qs (mol/g) was considered temperature independent whereas n and b (Pa−1) were considered
temperature dependent as shown in Equations (3) and (4) [42].

b = b0 exp
[

Q
RT0

(
T0

T
− 1
)]

(3)

1
n
=

1
n0

+ α

(
1 − T0

T

)
(4)

In the equations above, b0, n0 and α are the constants related to the temperature-dependent
correlations; R (J/(mol.k)) is the ideal gas constant and T (K) is the temperature. Q is the isosteric heat
of adsorption at a fractional loading of 0.5 and T0 (K) is the reference temperature (30 ◦C).

The Toth model is used as the second isotherm model for fitting the experimental results which is
represented by Equation (5) [42]:

q∗ = q∗s
b∗P[

1 + (b∗P)t
] 1

t
(5)

where q* (mol/g) is the adsorbed quantity, q*s (mol/g) is adsorbed quantity at equilibrium and P (Pa)
is the adsorption pressure. b* (Pa−1) and t are characteristic of the adsorbate–adsorbent couple. Thus,
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as n in the Sips relation, t characterizes the heterogeneity of the system. However, t is generally less
than unity.

As in the Sips relation, the dependence of the equilibrium parameters with temperature in the
Toth equation must also be taken into account [42].

t = t0 + α∗
(

1 − T
T0

)
(6)

In Equation (6), t0 and α* are the constants related to the temperature dependency of t.
The variation of b* (Pa−1) with temperature is analogue to the dependence of b (Pa−1) in the Sips
equation, but in this case, Q accounts for the isosteric heat of adsorption at a nil fractional loading.

Finally, the third isotherm model selected for the prediction of the experimental results is
the Dual-Site Langmuir model (D-S) (Equation (7)). This model accounts for the heterogeneity of
adsorption of a pure component on the adsorbent which is composed of two homogeneous but
different energy sites [43–45]. All assumptions of the Langmuir model are applicable to each site,
with an absence of interactions between the two.

q =
qs1b1P

1 + b1P
+

qs2b2P
1 + b2P

(7)

where qs1 (mol/g) and qs2 (mol/g) are respectively the equilibrium adsorbed quantity at sites 1 and
2, so the adittion of those quantities define the total capacity of saturation (qs = qs1 + qs2) (mol/kg);
b1 (Pa−1) and b2 (Pa−1) represent free energy parameters for sites 1 and 2 respectively, or affinity ,
which depend on temperature as shown in Equation (8), where the subscript j refers to free energy
sites (1 or 2), b0,j are the pre-exponential factors or entropies of adsorption, and Ej (J/mol) are their
energies of adsorption [42].

bj = b0,j exp
( Ej

RT

)
j = 1, 2 (8)

The comparison between experimental and fitted data of adsorption of pure CO2 and CH4 on the
CNS-activated carbon is shown in Figures 4 and 5. The experimental pure CO2 and CH4 adsorption
isotherms of the CNS adsorbent at 30, 50 and 70 ◦C are represented by symbols. Sips, Toth and
Dual-Site Langmuir (D-S) model fitting are represented by dashed lines with symbols.

Figure 4. CH4 isotherm at different temperatures (dashed line with symbols for Sips, Dual-Site
Langmuir and Toth models predictions and symbols for experimental data).
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Figure 5. CO2 isotherm at different temperatures (dashed line with symbols for Sips, Dual-Site
Langmuir and Toth models fitting and symbols for experimental results).

Capacity of adsorption is an important factor to estimate the gas separation aptitude of an
adsorbent. As can be noted, the CO2 uptake capacities of CO2 and CH4 increased by increasing the
pressure but decreased when the temperature increased. This is the expected behaviour for a physical
adsorption-based process. The activated carbon produced presents a high CO2 adsorption capacity
compared to that of CH4 over the studied pressure and temperature range.

The Excel tool Solver was used to fit the experimental results to the different models, and the
different values of the parameters were calculated by minimizing the minimum residual sum of squares
(SSR) i.e., by reducing the gap between the model predictions and empirical amounts adsorbed at the
evaluated temperatures for a specific adsorbate–adsorbent system. Equation 9 shows the objective
function used in Solver.

SSR (%) =
T3

∑
T1

N
∑

i=1
(qexp,i − qmod,i)

2

N
× 100 (9)

where qexp,i (mol/g) and qmod,i (mol/g) are the empirical and prediction models of the amounts
adsorbed, respectively, and N is the number of experimental points.

Figures 4 and 5 show the results for the three models. The optimal fitting parameters and the
values of the minimum residual sum of squares (SSR) are reported in Table 3.

As can be noted in Table 3, the maximum adsorption capacities predicted by the three models
for CO2 are always much higher than those for CH4. Such a difference in adsorption capacity is
advantageous for separation via adsorption. The Toth’s predictions of the adsorbed amounts at
saturation are higher than those estimated by Sips and Dual-Site Langmuir, respectively. This difference
can be justified by the fact that experimental data only correspond to fractional loadings of up to about
0.5 [46].

It is clearly observed that values of b*, b1, b2 and b are reduced with temperature increase.
This supposes that, at high temperature, the attraction of molecules to the surface is weaker.

The n constant in the Sips model and the t constant in the Toth model reflect the degree of
heterogeneity of the system. As can be noted in Table 3, the heterogeneity of the system remains
practically unchanged with the temperature increase.
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Table 3. Sips, Dual-Site Langmuir, and Toth-fitting parameters models to CO2 and CH4 pure component
adsorption isotherms for the CNS-activated carbon.

Model Component T (◦C) qs1, qs2, qs and qs*(mol/kg)
b1, b2, b and b*

(kPa)
n (Sips)
t(Toth)

ff
ff*

SSR (%)

Dual-site

CH4

30

1.00 6.63

0.0137 - -

0.04

0.0012

50
0.0078 - -
0.0008

70
0.0049 - -
0.0006

CO2

30

1.86 10.50

0.0235 - -

0.20

0.0017

50
0.0133 - -
0.0010

70
0.0078 - -
0.0006

Sips

CH4

30
8.32

0.0013 1.21
0.25 0.0350 0.0008 1.20

70 0.0006 1.18

CO2

30
14.25

0.0016 1.30
0.22 0.1250 0.0009 1.31

70 0.0006 1.29

Toth

CH4

30
11.64

0.0022 0.54
0.21 0.0350 0.0013 0.56

70 0.0008 0.57

CO2

30
20.73

0.0039 0.47
0.12 0.1350 0.0022 0.47

70 0.0013 0.48

3.2.3. Breakthrough Curves

In Figure 6, it can also be noted that the CNS adsorbent bed presents a stable performance in
consecutive cycling under fixed-bed operations.

Figure 7 shows an example of six-consecutive adsorption and desorption experiments for an
equimolar CO2/CH4 gas mixture fed to the adsorption fixed-bed at 1 bar. It was used as carrier
gas during the preconditioning and regeneration steps. It is observed that during the initial period
preceding the saturation of the bed, both components in the feed gas, CO2 and CH4, are completely
adsorbed on the CNS activated carbon bed. Then, as expected according to the data from the adsorption
isotherms (see Figures 4 and 5), CH4 breaks through first.

The CH4 breakthrough curve presents a so-called roll-up (see Figure 7). This is because the
CH4 adsorbed is displaced by CO2 adsorption. This phenomenon has been previously reported for
a similar separation in [47]. The strong adsorption of CO2 over CH4 can be justified by the fact that the
molecules have different adsorption strength.

From Figure 7, it has to be noted that consecutive breakthrough curves overlap showing that
the adsorbent was totally regenerated in each cycle and maintained a stable adsorption performance
over the six successive sorption cycles. Based on the timing noted in the concentration fronts of CH4

and CO2, the CO2/CH4 gas separation is technically possible on the CNS-based activated carbon.
The required time for the CO2 front to reach the column outlet is approximately 18 min, whereas CH4

need a much shorter time to breaks the column (6 min).
The adsorption capacities of CO2 and CH4 of the produced activated carbon are estimated to be

1.86 and 0.52 mol/kg, respectively, at 30 ◦C and 1 bar.
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Figure 6. Breakthrough experiments composed of six successive sorption cycles for an equimolar
CO2/CH4 gas mixture at 1 bar. (Solid lines with symbols represent the concentration profiles of CH4,
CO2 and He. The blue solid line represents the temperature).

Figure 7. Breakthrough curves for a 50/50 vol % CO2/CH4 binary gas mixture at 1 bar.
(Symbols represent CO2 and CH4 concentrations for different cycles).

For the design of the PSA, it is essential to determine precisely the breakthrough time of CO2 at
the adsorption pressure chosen. This could be done experimentally or using a simulation tool with
a model already validated. CH4, separated from CO2, has to be collected from the bed exit during
the period preceding the breakthrough of CO2. Just before CO2 breaks through, the collection of CH4

should be stopped and the bed undergoes the next step according to the retained PSA cycle design
(equalization, depressurization, regeneration, etc.).
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3.2.4. Adsorption Selectivity

Aiming to assess the efficiency of the produced activated carbon for CO2/CH4 separation,
the adsorption selectivity (SCO2/CH4) was calculated using Equation (10) [48]

SCO2 /CH4 =
xCO2

xCH4

yCH4

yCO2

(10)

where x refers to the molar fraction in the adsorbed phase and y refers to the molar fraction in the gas.
The selectivity of CO2 over CH4 for the CNS at 1 bar and 30 ◦C was approximately 3.6. It was

found that the value of selectivity was comparable to that of carbon-based adsorbents [49].
Many works reported that (MOF) possess high CO2 selectivity and high CO2 working capacities

compared to zeolites and carbon-based adsorbents [50–52]. In general, the separation of CO2/ CH4

can be affected by many parameters such as temperature and pressure.

4. Conclusions

In this work an activated carbon from dry CNS using one-pot activation procedure was produced.
The results of this study showed that the activated carbon presented good development and high BET
surface area. The characterization of the CNS-based activated carbon indicated that the adsorbent is
basically microporous with a BET surface of 1378 m2/g. CNS can be utilized as a suitable precursor to
prepare a microporous activated carbon for CO2 adsorption from biogas streams.

Pure component CO2 and CH4 adsorption isotherms were carried out at three different
temperatures. As expected, CO2 is the strongest adsorbate. Afterwards, breakthrough tests consisting
of six successive sorption cycles were run in a lab-scale fixed-column. The CNS based activated carbon
maintains its activity during the experiments which reflect a perfect cyclability and regenerability
under the evaluated conditions.

Based on the timing observed in the concentration fronts of CH4 and CO2, the gas separation of
CO2/CH4 is technically feasible using the CNS-based activated carbon. For instance, the CO2 and CH4

adsorption fronts reach the outlet of the column after approximately 18 min and 6 min, respectively.
The adsorption capacities of CO2 and CH4 of the produced activated carbon are estimated to be

1.86 and 0.52 mol/kg, respectively, at 30 ◦C and 1 bar.
The collected preliminary data report that the synthesized CNS-adsorbent shows suitable

characteristics for the CO2/CH4 separation.
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Abstract: Food waste compost has a high Na content, which interferes with plant growth when used
as a soil enhancer and therefore makes it difficult to use. And, compared to the amount of compost
produced every day, the amount of consumption required in farms is smaller, and the rest is buried
underground, which releases greenhouse gases and pollutes underground water. This research compared
and analyzed thermal degradation behavior, calorific value, and gas spectrometry during the pyrolysis
between food waste compost and sawdust to suggest producing food waste compost biochar by pyrolysis
as a new alternative solution to utilize the massive amount of food waste compost. Biochar from
pyrolysis of food waste compost had a high carbon content of 51% at 300 ◦C, and the carbon content
decreased as the pyrolysis temperature increased. According to the thermogravimetric analysis (TGA) and
derivative thermo-gravimetric (DTG) analysis results, compost showed the largest weight reduction from
240 ◦C to 365 ◦C. The weight reduction temperature ranges for compost and sawdust were quite similar.
This occurred because food waste of the compost was degraded, but sawdust of compost remained
nearly during the composting process. A gas chromatography and mass spectrometry (GC-MS) analysis
found that the gases were fragments of fatty acids, protein, and hemi-cellulose. These results could
also have been caused by degradation of microorganisms involved in the composting process, sawdust,
and small fragments of food waste. In the calorific value of biochar, the highest value (24.33 kJ/g) was
obtained 300 ◦C. At a low pyrolysis temperature, carbon fixation occurred easily since the food waste in
compost was degraded by microorganism, and the volatilization of sawdust, which plays an important
role in determining the calorific value, was also small. That is why the highest calorific value was shown
at 300 ◦C, not 400 ◦C or 500 ◦C. Hence, it seems that food waste compost can be used as a promising
alternative fuel at a low pyrolysis temperature, as other lignocellulosic refuse-derived fuels (RDF).

Keywords: food waste compost; sawdust; pyrolysis; biochar; thermogravimetric analysis (TGA);
calorific value

1. Introduction

Even though food waste, which has a high content of organic matter, contains much potential energy,
it is not used frequently. It takes compost produced from the composting process, which is mainly applied
for food waste treatment and recycling, a lot of time to fully mature, and it is difficult to produce compost
with consistent quality. In addition, when the compost has high Na content, it interferes with plant
growth, which makes it difficult to use [1,2]. The salt content in food waste in Korea is high because
of its unique food culture, and it is difficult to use food waste as compost [3]. As of 2015, 33.9% of the
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13,546.9 tons/day of the food waste generated in Korea is treated via composting, and only 6.49% is
recycled for farms [4]. This amount accounts for just 2.1% of the total food waste, and it shows that
the recycling rate is very low. Furthermore, compared to the amount of compost produced every day,
the amount of consumption required in farms is smaller, and the rest is not consumed and has to be
used as landfill, which releases greenhouse gases, pollutes underground water [5], and causes other
environmental problems. Accordingly, a new solution is needed to utilize the excess food waste compost
that is not used for its original production purposes and requires treatment.

Pyrolysis is a process that breakdown of large complex molecules into several smaller molecules [6].
Gases, such as carbon dioxide and carbon monoxide, liquids such as bio-oil, or solid chars such as
charcoal are generated during this process [6]. Pyrolysis reduces the large volume of biomass which is
difficult to recycle and converts it into the material which has an economic value, such as bio-oil and
biochar [7]. In fact, many studies have been conducted on the recycling of organic waste using pyrolysis.
Iman and Capareda [8] analyzed the characteristics of synthetic gases and biochar produced by pyrolysis
on dry grass, at temperatures ranging from 400 ◦C to 600 ◦C and demonstrated that biofuel can be
produced through pyrolysis. Jahiru reviewed the previous studies that used pyrolysis and produced
biofuels, but most were limited to botanical waste such as rice, straw, nut shells, and sugarcane [9].

There have also been studies that used compost as biomass. Agustin [10] performed a study using
the gases generated from the composting process, including a study on compost degradation to produce
hydrogen gases, but it did not utilize the compost itself. Ghorbel et al. [5] performed pyrolysis on farm
breeding compost and cardboard, compared them, and revealed that the value of compost as a biofuel
was not good enough, as cardboard had a much higher calorific value than compost. Ryu et al. [11]
performed a study that combined mushroom compost with coal tailings and recycled it as a pellet-type
fuel, but compost was only used to play a supporting role for coal tailings. In addition, the main source
of compost used in these studies was vegetable waste, and no study performed pyrolysis of food waste
compost to produce solid fuels. This is because there was a lack of awareness about the necessity of
re-treating the waste that had been previously treated, or they were not convinced of the possibility of
converting it into valuable matter. A new study is required to explore the scope of fuels other than those
researched previously.

Lee et al. [12] researched the possibility of turning food waste containing grain, vegetables, or meat
into a fuel. Pyrolysis at temperatures ranging from 200 ◦C to 400 ◦C produced a product with calorific value
ranging from 23.7 to 29.7 kJ/g, whose energy content did not lag behind Ghorbel [5] calorific value from
cardboard pyrolysis of 22.8 to 26.8 kJ/g, Phan et al. [13] calorific value from waste wood char pyrolysis of
27.1 to 31.4 kJ/g, and Ryu et al. [14] calorific value from pine wood pyrolysis of 31.7 to 32.5 kJ/g. In other
words, it is possible to recycle food waste compost into a solid fuel, unlike compost containing vegetable
matter only.

Hence, after performing pyrolysis of food waste compost, this study aims to compare and analyze
the calorific values and thermal degradation of biochar produced at pyrolysis temperatures in the range
300–500 ◦C. Gas chromatography and mass spectrometry (GC-MS) of gases generated from food waste and
sawdust contained in compost will also be used to examine the value of biochar as an energy-storing fuel.

2. Materials and Methods

2.1. Materials

Food waste compost was collected from the Un-Jeong Environment Management Center, Paju-si,
Gyeonggi-do, Korea. To remove large foreign matter, this study used food waste compost sieved through
a 1.18 mm sieve.

The Un-Jeong Environment Management Center receives 20 tons of food waste from the region each
day and washes it with water to remove salt. 10 tons of solid matter is obtained from the dehydrating
process and is converted into compost in an aerobic composting tank. 1.1 tons of sawdust is added each day
as a bulking agent. The aerobic composting tank goes through two stages. The 1st stage involves 14 days
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of accelerated degradation, and the 2nd stage involves 20 days of maturation. The process produces 3 tons
of compost every day.

2.2. Experimental Method

The experiment was carried out in four steps, including sample homogenization, pyrolysis, washing,
and dehydration. Food waste compost was placed in a pyrolysis furnace at 300 ◦C, 400 ◦C, and 500 ◦C
for 2 h. Nitrogen gas was added at 5 L/min to prevent oxidation. The 200 g of food waste compost sample
was put in an open container with a width, length, and height of 5 cm, 20 cm, and 4.5 cm, and was then
placed into the pyrolysis furnace. Figure 1 shows the reactor design.

Figure 1. The pyrolysis reactor design diagram.

After the sample completed pyrolysis, it was cooled down to room temperature. Some portion
of the sample was washed in distilled water at a 1:10 ratio for 30 min to remove any remaining salt,
which is characteristic of Korean food waste. Biochar in the washed sample was separated using a 47 mm
glass microfiber filters (Whatman, Maidstone, UK), and was dried again at 100 ◦C. Samples from each
pyrolysis temperature were analyzed for chemical composition, thermal degradation behavior, calorific
value, and gases released during pyrolysis. Whole experiment proceeded three times, and analysis
results represent average values. This process allowed the food waste compost pyrolysis characteristics
to be examined as a potential solid fuel. Sawdust was added to the food waste composting process as
a bulking agent. Sawdust is not degraded well by microorganisms and is likely to remain in the compost.
This study also compared sawdust with a compost samples when analyzing the characteristics of compost
and pyrolysis biochar.

2.3. Analysis Method

To obtain the elemental composition of food waste compost and biochar after pyrolysis, this study
used the CHNS analyser (2400 Series II CHNS, Perkin Elmer, Boston, MA, USA). The raw compost and
sawdust were analyzed only once as it is considered homogeneous as it was made using a specimen in
the form of fully blended and sieved powder. All the biochar samples obtained from the three times of
experiments were analyzed, and average values are stated. This study measured the Cl content using
the combustion ion chromatography (AQF-2100H, Mitsubishi Chemical Analytech, Chigasaki, Japan) to
determine the salt content in food waste compost, as well as the amount of salt removed from the biochar.
An atomic absorption photometer (AAnalyst400, PerkinElmer, Boston, MA, USA) was used to measure the
Na content.

To measure the energy amount of the biochar, this study measured the calorific value using a calorimeter
(6400Automatic Isoperibol Calorimeter, Parr, Moline, IL, USA). The thermal degradation behavior was
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investigated with a thermogravimetric analyser (TGA), and the heating rate was set at 10 ◦C/min and
20 ◦C/min in different experiments. The balance purge and sample purge was nitrogen gas 40 mL/min,
20 mL/min each. GC injection temperature is 320 ◦C, and 520 ◦C. Gases generated during pyrolysis were
analyzed using thermogravimetric analysis (TGA)—gas chromatography (GC)—mass spectrometry (MS),
and based on TGA results, this study analyzed released gases during the highest weight loss period.

3. Results and Discussion

3.1. Characterization of Raw Material and Biochar

The chemical composition of the sawdust, food waste compost, and food waste is shown in Table 1.
This study referenced other papers for data on food waste. Jo et al. [15] used mixed food produced
according to the average composition of Korean food waste. Similar to this study, Zhang, Ruihong, et al. [16]
were provided with food waste from a waste management company in Northern California. Kwon and
Lee et al. [17] were provided with food waste from a university cafeteria in Seoul.

Table 1. Physical-chemical characterization of food waste compost and sawdust.

Sample C H N Moisture
Dry Basis

Reference
Ash Volatile Fixed Carbon

Food waste compost 29.7 4.3 2.9 21.6 ± 4.4 9.8 78.3 11.9 This study
Sawdust 24.4 2.9 - 28.6 ± 3.1 0.6 83.3 16.14

Mixed food 47.5 12.2 2.9 85.7 ± 2.9 3.8 ± 0.1 79.0 ± 2.7 17.25 Jo et al. [15]
Food waste 46.8 - 3.2 - - 85.3 ± 0.7 4.54 Zhang, Ruihong, et al. [16]

Cafeteria food waste - - - 80.0 ± 2.3 1.3 ± 0.3 93.6 ± 1.9 - Kwon and Lee et al. [17]

Carbon and volatile content in food waste compost were found to be lower than that of food
waste in other studies because organic matter contained in food waste was degraded and volatilized by
microorganisms through the composting process [18]. While the carbon content in food waste was greatly
decreased, its nitrogen content did not change very much because nitrogen is a nutrient necessary for the
growth of microorganisms and is absorbed into microorganisms to form their cells, while some nitrogen is
degraded and volatilized into ammonia.

The carbon content in food waste compost decreased by about 40% compared with food waste down
to 29.7%, which is twice as high as the 14.8% content in farm breeding compost from Ghorbel study [5].
Unlike Ghorbel’s finding that farm breeding compost has little value as a fuel, food waste compost is more
promising as a source of energy.

Food waste compost showed higher carbon and ash content than sawdust, but a lower
moisture content. Notably, the amount of ash produced from sawdust was small, whereas, the ash
content in food waste compost was more than 50 times higher. It was also higher than the content of
food waste. The high ash content in food waste compost is due to the composting process, where the
remaining inorganic matter that was not degraded after the organic matter is degraded and volatilized are
concentrated. Table 2 shows the C, H, N, and S content in biochar produced after pyrolysis of food waste
compost and the salt content analysis results:

Table 2. Element and salt content analysis of biochar at various pyrolysis temperatures.

(wt %) C H N S Cl Na

Compost 29.73 4.27 2.90 - 0.66 0.77
300 1 51.04 ± 0.11 5.53 ± 0.09 4.55 ± 0.09 - 0.18 ± 0.03 0.64 ± 0.02
300 2 51.83 ± 0.16 5.39 ± 0.10 4.68 ± 0.22 - 1.13 ± 0.14 1.57 ± 0.12
400 1 48.67 ± 0.46 4.28 ± 0.09 3.74 ± 0.05 - 0.30 ± 0.03 1.11 ± 0.08
400 2 47.58 ± 0.45 3.75 ± 0.74 3.25 ± 0.88 - 1.73 ± 0.03 1.91 ± 0.05
500 1 51.72 ± 1.31 2.24 ± 0.21 3.39 ± 0.31 - 1.03 ± 0.24 1.52 ± 0.01
500 2 48.42 ± 0.55 1.94 ± 0.07 3.61 ± 0.39 - 2.52 ± 0.02 2.64 ± 0.00

1 Washed biochar. 2 Unwashed biochar.
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According to the salt content of compost before pyrolysis, around 1.4% of the salt content remained,
despite the fact it was washed to remove salt from the food waste before the composting process. It shows
that washing raw food waste cannot completely remove salt content, even though some salt on the surface
can be washed away, and additional treatment is required. In addition, salt remaining after washing is one
of the primary factors that decreases its value as compost.

The Cl and Na content of biochar after pyrolysis of food waste compost increased as the pyrolysis
temperature increased, which demonstrated that salt was not volatilized but concentrated during pyrolysis,
while the organic matter was reduced in weight and volatile substances were released as gases. Na and Cl
did not exist independently. Instead, they existed as solid NaCl. Therefore, salt was not volatilized during
pyrolysis [19]. After washing, the Cl and Na content decreased rapidly, demonstrating that they were
removed through washing after carbonization. The Na content after washing was relatively higher than
the Cl content because some Na ions from washing water were absorbed due to biochar’s cation exchange
capacity (CEC) [17]. When the Cl content is high in combustion fuel, it can cause corrosion and boiler
slagging, and it is regulated as it can produce hazardous substances such as hydrochloric acid (HCl) and
polychlorinated dibenzodioxins (PCDD). The British-adopted European Standard (BS EN 15359: 2011) [20]
for solid recovery fuel defines Grade 1 fuel as having a Cl content less than 0.2%, Grade 2 as less than 0.6%,
and Grade 3 as less than 0.8%. The Cl content in biochar washed after pyrolysis at 300 ◦C to 400 ◦C was
0.18% and 0.3%, which put them into Grade 1 and Grade 2, respectively.

Another characteristic found in the table is the carbon content in biochar more than doubled compared
to raw food waste compost. That content level is similar to or higher than that of food waste, which means
that its possibility as a fuel is further increased. Its carbon, nitrogen, and hydrogen content all tended
to decrease as the pyrolysis temperature increased because volatile substances were released as gases,
and degradation and weight reduction occurred during pyrolysis.

Differences were also observed before and after washing. There were few differences at 300 ◦C,
and differences increased as pyrolysis temperature increased. It seems that each element content per unit
weight increased relatively as concentrated NaCl was removed during washing.

3.2. Thermogravimetric Analysis

To examine the thermal degradation behavior of food waste compost, sawdust and compost were
analyzed with a TGA.

Figure 2a,b show TGA and DTG results for sawdust. The weight is reduced as moisture is evaporated
at temperatures below 100 ◦C. If this range is excluded, there are two decomposition ranges: one from
275 ◦C to 360 ◦C, and another from 500 ◦C to 550 ◦C. Weight reduction in the range of 275 ◦C to 360 ◦C
seems to be the result of hemi-cellulose decomposition [5,21] and lignin decomposition, which takes place
gradually over temperatures ranging from 160 ◦C to 900 ◦C [22]. According to the thermal degradation
behavior of pine sawdust in Ningbo Gao [23], hemi-cellulose decomposition took place at temperatures
ranging from 225 ◦C to 375 ◦C, similar to the results found in this study. In the range of 500 ◦C to 550 ◦C,
like the findings of Ulloa et al. [24], TGA-DTG results from coal and in radiated pine sawdust blend,
weight reduction could be explained by the transition into aliphatic or aromatic compounds due to char
decomposition and lignin volatilization.

According to the food waste kinetic study by Jo et al. [15], the key differential thermogravimetric (DTG)
peaks in food waste were reached from 325 ◦C (10 ◦C/min) to 366 ◦C (20 ◦C/min) due to carbohydrate
decomposition, and from 336 ◦C to 376 ◦C and from 399 ◦C to 446 ◦C due to protein and fat decomposition,
and from 330 ◦C to 360 ◦C and from 200 ◦C to 500 ◦C due to cellulose and lignin decomposition.
According to the DTG peaks in Figure 3 for food waste compost, there were two decomposition ranges
of 250 ◦C to 370 ◦C and 500 ◦C to 560 ◦C, which were different from the results presented by Jo et al.
The 250 ◦C to 370 ◦C temperature range was similar to the hemi-cellulose decomposition range (240 ◦C to
365 ◦C) described by Vamvukaa [21] and Ghorbel [5], whereas the 500 ◦C to 560 ◦C range was similar to
the saturated fatty acid degradation range (480 ◦C to 550 ◦C) stated by Souza et al. [25] and the polypeptide
decomposition range (500 ◦C or higher) described by Bihari-Varga et al. [26].
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Figure 2. (a) Sawdust at 600 ◦C, 20 ◦C/min; (b) Sawdust 1000 ◦C, 10 ◦C/min.
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Figure 3. (a) Compost at 600 ◦C, 20 ◦C/min; (b) Compost at 1000 ◦C, 10 ◦C/min.

As mentioned earlier, these differences could be interpreted as a phenomenon that occurred
as compost was degraded by microorganisms beforehand, even though the raw material properties
were similar. Carbohydrates, proteins, and fat in food waste are digested by microorganisms during
the composting process and are degraded into glucose, polypeptide, and fatty acids, or most of them
convert into carbon dioxide or ammonia. In the end, small fractions of food waste remain in the final
compost [18].

When the thermal degradation tendencies of sawdust and compost were compared,
their decomposition took place in nearly the same temperature ranges. This happens when most
of the food in food waste compost is degraded, and sawdust, which is not degraded, accounts for
most of the compost. Their hemi-cellulose decomposition ranges of 275 ◦C to 360 ◦C and 250 ◦C
and 370 ◦C were nearly identical. When their second decomposition ranges were compared, it was
found that compost tended to be degraded more than sawdust. According to James [18], fat in
food waste composting was degraded more slowly than protein or carbohydrate, and after 412 h
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of composting, protein fractions were very low while fat fractions remained high. Hence, one can
see that decomposition in compost is greater than sawdust because the decomposition of fatty acids,
a byproduct of fat decomposition, and the decomposition of char, which also occurred in sawdust,
took place simultaneously in the second decomposition range in food waste compost.

3.3. Mass Spectrometry Analysis

To analyze the gases released during the pyrolysis of sawdust and compost, this study performed
a TGA-GC-MS analysis within the largest decomposition temperature range. Figure 4 show GC-MS
peak results for gases released from the TGA process of compost and sawdust, and each peak is
described in Tables 3 and 4. Since Si-C compounds found in sawdust and compost TGA-GC-MS results
around 12~36 (min) in Figure 4 are influenced by moisture which is one of the emitted gases (H2O,
CH4, CO2, etc.) during the decomposition process into several smaller molecules [27], it was excluded
from the interpretation. The Si-C compounds are not produced by the degradation of food waste
compost. But the detection was inevitable since it is a GC column substance measured by the moisture
generated by the food waste compost’s decomposition affects the GC column.

Figure 4. Cont.
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Figure 4. (a) Sawdust TGA-GC-MS results; (b) Compost TGA-GC-MS results.

Table 3. TGA-GC-MS analysis results for sawdust.

Temperature Time (min) MW Compound Name Formula

320 ◦C

1.973 130 thiocyanic acid, methylene ester C3H2N2S2
2.279 122 Butanoic acid, 4-chloro C4H7O2Cl
6.617 96 furfural C5H4O2
7.21 98 furanmethanol C5H6O2

8.503 84 2(5H)-furanone C4H4O2

Table 4. TGA-GC-MS analysis results for compost.

Temperature
Time
(min)

MW Compound Name Formula

320 ◦C

1.962 285 fumaric Acid 2-dimethylaminoethyl-heptyl ester (N-contain) C15H27O4N
2.296 88 Thiophene, Tetrahydro C4H8S
6.634 96 1H-pyrazole, 3,4-dimethyl(C) C5H8N2
7.213 88 methylene cyclo propane carboxylic acid C5H6O2
8.497 84 2(5H)-furanone(C,P) C4H4O2
9.694 106 Benzaldehyde C7H6O
9.892 157 Glycine, N-Cyclopropylcarbonyl-methyl ester C7H11O3N

520 ◦C

2.356 202 1,3-propanediol, 2-methyl-dipropanoate(Fatty acids, aliphatic compounds) C10H18O4
2.866 78 Benzene C6H6
3.334 258 oxalic acid butyl 2-Ethylhexyl ester(Fatty acids, aliphatic compounds) C14H26O4
5.764 214 pentanoic acid 2-Ethylhexyl ester C13H26O2
8.384 214 propanoic acid, 2,2-Dimethyl-,2-Ethylhexyl ester C13H26O2

Based on the TGA results, the TGA-GC-MS analysis was conducted at the biggest weight
reduction range around 320 ◦C and around 520 ◦C. Sawdust analysis result in Table 3 shows most
of the substances are emitted is furan groups. Furans organics were produced by hemi-cellulose
decomposition [23,27]. Compared with TGA-GC-MS analysis result and sawdust TGA result at
a 320 ◦C, detecting of furan groups at 320 ◦C is reasonable because a large weight loss at 320 ◦C is
caused by the decomposition of hemi-cellulose. On the other hand, sawdust GC-MS results at 520 ◦C
show that only Si-C compounds are detected. As in the TGA results, most weight loss is done at
around 320 ◦C, so the amount of emission gases at around 520 ◦C appears to be small. Si-C compounds
detected in this section indicates that the substances slight decomposition occurs, and moisture from
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the light gas (H2O, CH4, CO2, etc.) produced during the decomposition process seems to have affected
the GC-MS results.

Food waste compost analysis result at 320 ◦C shows that furan groups are detected as
in sawdust. This indicates that the sawdust contained in the compost is broken down and discharged.
Fatty acids, which are generated from thermo-chemolysis of fat during the composting process,
are detected in the form of methyl esters in pyrolysis gases, and include propanoic acids and
2,2-dimethyl-,2-ethylhexyl esters. In addition, C12–C19 polymeric carbon compounds are also found
as products of fatty acid degradation [28]. In particular, while C12–C19 carbon compounds could
have simply come from fat fractions in food waste, they also could have originated from degradation
by microorganisms. As compost includes many microorganisms in the final product, both of those
possibilities are considered.

Smidt, Ena, et al. [29] detected m/z 202, 258 compounds as the decomposition products
of fatty acids, or aliphatic compounds. Oxalic acid butyl 2-ethylhexyl esters, 1,3-propanediol,
and 2-methyl-dipropanoate were detected in the TGA-GC-MS results. This confirmed that the second
decomposition of food waste compost yielded fatty acids and aliphatic compounds, as mentioned in the
TGA-DTG results. Nitrogen compounds, which are released by protein decomposition, were detected
in the form of glycine and fumaric acid 2-dimethylaminoethyl-heptyl esters. Proteins in food waste,
however, were not present with a high content in compost, and it seems that proteins were absorbed
as elements essential for bacteria and microorganisms. In other words, they had been discharged by
microorganism decomposition. In addition, low molecular weight compounds, such as benzene and
benzaldehyde, are produced by microorganism pyrolysis [30], but they are also generated by lignin
and hemi-cellulose decomposition. Therefore, it is difficult to track their exact origin.

3.4. Biochar Production

Table 5 shows biochar mass yield results. They were calculated by dividing the weight of the
residue after pyrolysis by that of the input at each temperature.

Table 5. Food waste compost biochar yield.

Temperature (◦C) Before Pyrolysis (g) After Pyrolysis (g) Yield (%)

300 200.52 ± 0.38 88.52 ± 2.07 44.14 ± 0.95
400 200.32 ± 0.16 60.57 ± 0.04 30.24 0.05
500 200.31 ± 0.12 45.09 ± 3.20 22.51 ± 1.61

As the pyrolysis temperature increased, the yield decreased by 14% from 300 ◦C to 400 ◦C,
which was higher than the 8% decrease observed between 400 ◦C to 500 ◦C. The weight reduction was
greatest from 300 ◦C to 400 ◦C as demonstrated in TGA results in Section 3.2.

Figure 5 compares the calorific values of food waste compost biochar, pre-pyrolysis raw material
compost, and the food waste calorific values of Lee et al. [12] and Jo et al. [15]. Food waste compost
showed 17.85 kJ/g, a lower calorific value than raw food waste 19.46 kJ/g, because the organic
matter in food waste was degraded. As a result, the substances that increase the calorific value
(e.g., carbon) was relatively lower. After pyrolysis, food waste compost has increased in the calorific
value compared with raw food waste compost as the pyrolysis temperature changes from 300 ◦C
to 500 ◦C. Considering a large amount of organic matter was degraded by microorganisms, the calorific
value did not show a large decrease; sawdust played a supporting role. In fact, Chen and Leung [31]
showed that sawdust had a calorific value of 18.064 kJ/g.
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Figure 5. Calorific values of food waste compost biochar and raw material.

The calorific value of biochar, which was produced after pyrolysis of food waste compost, tended
to decrease from 24.33 kJ/g to 18.46 kJ/g as the pyrolysis temperature increased. This tendency was
also found in Ghorbel’s study [5], in which the calorific value fell from 25.3 kJ/g to 22.8 kJ/g when the
pyrolysis temperature increased from 250 ◦C to 350 ◦C and pyrolysis was performed for 2 h. By contrast,
Lee et al. [12], who performed pyrolysis of food waste, found that the calorific value increased from
23.7 kJ/g to 28.17 kJ/g when the pyrolysis temperature rose from 200 ◦C to 400 ◦C. This occurs because
Lee et al. [12] used food waste as a raw material, while this study used food waste compost. When raw
food waste is used for pyrolysis, the carbon content increases as volatile substances and containing
moistures are removed by supplied energy, and key components are carbonized [32]. Demirbas [33]
interpreted the char generation process from biomass through pyrolysis with the following scheme:

1st stage: Biomass → Water + Unreacted residue (1)

2nd stage: Unreacted residue → (Volatile + Gases) 1 + (Char) 1 (2)

3rd stage: (Char) 1 → (Volatile + Gases) 2 + (Char) 2 (3)

In other words, while the raw food waste requires much energy for the 1st, 2nd, and 3rd
stages, food waste compost has a lower moisture content and has already been degraded fracture
by microorganisms. Therefore, the reaction at the 1st and 2nd stage can take place with lower energy.
At 300 ◦C, Char 1 is produced and increases the calorific value. Since the compost has low volatile
matter and water content, 300 ◦C is enough to conduct 1st and 2nd stage. But when the pyrolysis
temperature increases, volatilization occurs in Char 1 and decreases the carbon content, the yield,
and the calorific value.

In addition, in food waste compost, sawdust plays an important role in producing a calorific value.
This is in contrast to raw food waste. As described in the TGA results, hemi-cellulose, a major
component in sawdust, is degraded rapidly from 300 ◦C to 400 ◦C, and lignin and other components
continue to be degraded at 400 ◦C or higher. Therefore, food waste compost shows a lower calorific
value when the pyrolysis temperature increases from 300 ◦C to 500 ◦C.
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Consequently, food waste compost already degraded by microorganisms has carbon fixation at
a low pyrolysis temperature and produces a high calorific value. Sawdust, which plays an important
role in producing the calorific value, shows little volatilization, and it shows a higher calorific value
than food waste at 300 ◦C pyrolysis temperature.

4. Conclusions

This study intended to examine the value of biochar produced from pyrolysis of food waste
compost as an energy storing fuel. Food waste compost had a lower carbon and higher ash content
than food waste because the organic matter was degraded. This decreased the carbon content during
the composting process, while the ash content increased relatively. Biochar from pyrolysis of food
waste compost had a high carbon content of 51% at 300 ◦C, and the carbon content decreased as the
pyrolysis temperature increased. According to the TGA-DTG analysis results, compost showed the
largest weight reduction from 240 ◦C to 365 ◦C. The weight reduction temperature ranges for compost
and sawdust were quite similar. This occurred because organic matter in food waste was degraded,
and sawdust, which showed relatively lower degradation, remained during the composting process.
A GC-MS analysis on gases released in these ranges found that the gases were fragments of fatty acids,
protein, carbohydrate, and hemi-cellulose. These results could also have been caused by degradation
of microorganisms and sawdust involved in the composting process or small fragments of food waste.
This study measured the calorific value of biochar and found that biochar showed the highest calorific
value of 24.33 kJ/g at 300 ◦C in proportion to the carbon content. At a low pyrolysis temperature,
carbon fixation occurred easily since the food waste in compost was degraded by microorganisms,
and the volatilization of sawdust, which plays an important role in determining the calorific value,
was also small. That is why it showed a higher calorific value than food waste at 300 ◦C. Hence, it
seems that food waste compost can be used as a promising alternative fuel compared with other
refuse-derived fuels (RDF) since food waste compost is able to convert into a fuel that shows similar
calorific values to other fuels with a smaller energy supply.
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Abstract: A one-dimensional model is developed to represent the ash-melting phenomenon,
which was not considered in the previous one-dimensional (1-D) entrained-flow gasifier model.
We include sensible heat of slag and the fusion heat of ash in the heat balance equation. To consider the
melting of ash, we propose an algorithm that calculates the energy balance for three scenarios based on
temperature. We also use the composition and the thermal properties of anorthite mineral to express
ash. gPROMS for differential equations is used to solve this algorithm in a simulation; the results
include coal conversion, gas composition, and temperature profile. Based on the Texaco pilot plant
gasifier, we validate our model. Our results show good agreement with previous experimental data.
We conclude that the sensible heat of slag and the fusion heat of ash must be included in the entrained
flow gasifier model.

Keywords: Texaco pilot plant; reactor modelling; ash fusion temperature (AFT); melting phenomenon

1. Introduction

Generally, an entrained flow gasifier (EFG) uses finely pulverized coal with steam and oxygen
co-current to make syngas. This design forms a uniform internal temperature, and has a residence time
of only a few seconds [1]. The coal conversion reaches approximately 100%, because the gasifiers use
pulverized coal at high temperature. An EFG is not affected by the rank of the coal [2]. Currently many
commercial EFGs are operated by enterprises such as (General Electric) GE, Shell, Siemens, CB&I, MHI
and ThyssenKrupp [3]. These types of gasifiers are operated at a temperature higher than the AFT.
The ash, which is a coal residue, is discharged in the form of molten slag. The slag that is discharged to
the bottom has a considerable amount of sensible heat. The design of the gasifier should consider this
heat, because it affects the internal maximum temperature.

Existing EFG models [4–6] focus on calculating the composition of the gas. To improve the
model, representations of the reaction mechanism of coal have been improved. Previous models have
proposed various reaction kinetic models, such as random pore model [7], shrinking core model [8,9],
and shrinking sphere model [10]. In addition, equilibrium models have been suggested calculating
the reaction between gases [11–14]. Most of the studies [7–13,15] have focused on developing reaction
models and adjusting parameters. The energy balance is not considered sufficiently to find the optimal
gasifier design. They have developed heat balance with two variables: (i) input and output heat flow;
and, (ii) reaction heat.

The Texaco pilot plant is a typical EFG. Several studies (Table 1) [4–6,16,17] have attempted to
model it based on experimental data [18] acquired from the Electric Power Research Institute (EPRI).
Wen et al. (1979) proposed a model that uses three reaction zones: (i) pyrolysis and volatile combustion
zone; (ii) combustion and gasification zone; and, (iii) only gasification zone; the model applies a
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Stokes’ law approximation instead of momentum balance [16]. Govind and Shah (1984) used the
same kinetics as those of Wen et al., but neglected the momentum balance [17]. Vamvuka et al. (1995)
used thermogravimetric analysis data to develop the kinetics based on bituminous coal, but does
not consider the momentum balance [4,5]. Hwang et al. (2015) expressed two reaction zones
without considering the ‘pyrolysis and volatile combustion’ zone; this model applies the Stokes’
law approximation, and adjust parameters, such as outer wall temperature and the reaction rate
constant [6].

Table 1. Texaco pilot plant entrained flow gasifier (EFG) model based on the Electric Power Research
Institute (EPRI) data.

Researcher Kinetics Momentum Energy Balance

Wen et al. 3 reaction zones Stokes’ law approximation Thermal

Govind and Shah 3 reaction zones Not considered Thermal

Vamvuka et al. Parameter based on
thermogravimetric analysis Not considered Thermal

Hwang et al. 2 reaction zones Stokes’ law approximation Thermal

All of these models of the EFG have limitations. For energy balance, they all consider only input
and output heat flow, and reaction enthalpy; they neglect energy that is absorbed by the melting of
ash, and therefore do not accurately represent the inside of the gasifier in the real world. As a result,
the calculated temperature is too high. For this purpose, previous papers introduce an additional
term that represents heat loss to the outer wall. This calculation of heat loss requires assumptions
about variables such as wall temperature, overall heat transfer coefficient, and thermal conductivity.
These assumptions decrease the accuracy of the models.

The objective of this study is to improve the existing one-dimensional EFG model by including the
ash-melting phenomenon instead of approximating it as heat loss at the outer wall. We propose a model
to increase the accuracy of the temperature profile. The resulting model can predict the composition
change of the product gas. We apply a shrinking sphere model to consider the combustion reaction,
and then suggest reaction kinetics to calculate the amount of ash. We also design a new algorithm to
consider the melting phenomenon of ash to improve the accuracy of the predicted temperature profile.
We discuss the energy balance equation in three cases, according to the temperature: (i) temperature is
lower than AFT; (ii) temperature in the first cell is higher than AFT; and, (iii) temperature in the second
cell is higher than AFT. Finally, we compare the simulation results with the experimental results.

2. EFG Model

2.1. Basic Assumptions

To build the model, we assumed that:

• The inside of the gasifier is cylindrical; this assumption is suitable for modeling the Texaco
EFG [17].

• Coal and gas mass flow rates are constant.
• Temperature and gas concentration are uniform in the radial direction.
• Each cell is perfectly mixed.
• The reactor consists of equally divided cells (Figure 1). The reaction rate depends on each

cell’s conditions.
• Spherical coal particles react from the outer surface while moving through the cell from front to

end. As the reaction of the coal progresses, the size of the particles decreases.
• All of the coal grains in the same cell are uniform.
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• Ash changes to slag after temperature exceed an AFT.
• Ashes are inert.

Figure 1. Gasifier internal scheme that considers melting of ash. Red dot: ash; brown dot: slag.

2.2. Reaction Kinetics

The reaction type can be divided into a heterogeneous reaction and a homogeneous reaction.
The heterogeneous reaction indicates that the coal particles react with the gas. Coal reacts with oxygen,
carbon dioxide, steam, and hydrogen (Table 2). The water gas shift reaction (WGS) and CO oxidation
were considered as major reactions. The WGS reaction proceeds rapidly at a high temperature, and was
therefore considered to be at equilibrium. CO oxidation was regarded as irreversible; as a consequence,
gasification and combustion reaction could be expressed without dividing the reaction zone. Therefore,
we solved reaction kinetics based on the single reaction zone; i.e., the six reaction schemes that are
presented below were considered equally from the first cell to the last cells. The EFG does not produce
much methane [19], so the methane-steam reforming reaction was not considered in this model.

Table 2. Homogeneous and heterogeneous reaction list used in this study.

Reaction Type Reaction Description

Heterogeneous

R1 : Ca HbOc NdSe A f +
(

a
φ∗ + b

4 − c
2 − e

2

)
O2 →

(
2
∅
− 1
)

aCO2 + 2
(

1 − 1
∅

)
aCO +

(
b
2 − e

)
H2O + eH2S + d

2 N2 + f A Coal↔O2

R2 : Ca HbOc NdSe A f + aCO2 → 2aCO + cH2O + ( b
2 − c − e)H2 + eH2S + d

2 N2 + f A Coal↔CO2

R3 : Ca HbOc NdSe A f + (a − c)H2O → aCO +
(

a + b
2 − c − e

)
H2 + eH2S + d

2 N2 + f A Coal↔H2O

R4 : Ca HbOc NdSe A f +
(

2a − b
2 + c − e

)
H2 → aCH4 + cH2O + eH2S + d

2 N2 + f A Coal↔H2

Homogeneous R5 : CO + H2O ↔ CO2 + H2 WGS
R6 : CO + 1

2 O2 → CO2 CO oxidation

* φ is a function of absolute temperature T, and adjusts the ratio of complete and incomplete combustion.

∅ = 2w+2
w+2 , w = 2500 · exp

(
− 6249

T

)
. [4].

To incorporate the coal components in reaction kinetics, the ultimate analysis was applied.
The reaction kinetics (Table 3) of coal used in this study was based on Hwang et al.’s work.
One difference is that we have attempted to quantify ash. We introduce subscript f, which means that
the ash component contained in 1 g of coal, and is the result of the proximate analysis. The subscripts
a through e represent elements contained in 1g of coal. For heterogeneous reactions, the reaction rate
of coal was proportional to both the surface area of the coal particles and the partial pressure of each
gas. In homogeneous reactions, all of the gases were assumed to be ideal.
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Table 3. Reaction kinetics and parameters that were used in this study.

action Type Reaction Rate (g/s) k (g/(m2·atm·s)) Reference

Heterogeneous

k1πdc
2PO2 6180·e(− 10,233.9

T )

[5,6]k2πdc
2PCO2 198, 100·e(− 10,233.9

T )

k3πdc
2PH2O 198, 100·e(− 10,233.9

T )

k4πdc
2PH2 385·e(− 17,451.7

T )

Homogeneous

Equilibrium Equilibrium Constant Reference

K =
PCO2 PH2
PCO PH2O

−2.4198 + 0.003855·T + 2180.6
T [20]

Reaction Rate (mole/s) k (m3/(mole·s)) Reference

k6CCOCCO2 3.09·e(− 11,199
T ) [21]

3. Solving Procedure

3.1. Mass Balance

For mass balance, only production and consumption due to the reaction were calculated.
The kinetics of the coal reaction was based on one coal grain. The number of coal particles per
unit volume came from the following Equation (1):

Nv =
Wc,0

mcvc A
(1)

The four coal reactions caused the coal conversion when the coal particles passed through the
unit cell. Δz is unit cell length. The change of coal mass was calculated as

ΔWc = −Nv·A
4

∑
i=1

Ri·Δz (2)

Mass balance of the ash could be expressed in the same way as that of coal. The only difference is
that the stoichiometric coefficients f are added. The stoichiometric coefficients that correspond to ashes
were all equal to f (Equation (3)). For slag, the mass balance was not considered separately. When the
temperature was higher than AFT, ash was regarded as slag.

ΔWa = −Nv·A
4

∑
i=1

Ri· f ·Δz (3)

For gas mass balance, R5 and R6 were also included. R6 is irreversible, so it was applied in the
same manner as the heterogeneous reactions. α means the degree of deviation from equilibrium.
To calculate α, we used Equation (4)

K =

(
FCO2 − α

)·(FH2 − α
)

(FCO + α)·(FH2O + α
) (4)

After converting this to an explicit form, we took a small root of the quadratic equation. The reason
was that large roots make the mole flow negative.

Equation (5) is the mass balance of gases where ξi is a stoichiometric coefficient for each
component. Heterogeneous and homogeneous reactions were considered in different forms. The terms
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on the right side of the equation mean in order: (i) initial value; (ii) heterogeneous reactions; (iii) CO
oxidation; and, (iv) each cell reaches equilibrium.

Fi = Fi,0 −
(

Nv·A·Δz·
4

∑
j=1

ξi,j·
Rj

MWi

)
+ (R5·ξi,5)± α (5)

3.2. Energy Balance

Heat flow of input and output and reaction enthalpy were considered equally in all cells. In some
existing models [5,6,16,17], oxygen, steam, and coal temperature were set differently. When the
temperatures of coal and gas are separately calculated, the temperature difference between them is
generally ~10 K [22]. In this study, we simplified the problem by assuming that the gas temperature
was the same as the coal temperature.

Coal residue is ash or slag depending on temperature condition (Figure 1). To consider ash melting,
energy balance was calculated by dividing it into three cases. At temperature <AFT, Equation (6) was
applied. It did not incorporate the fusion heat of ash.

Δ

{(
Wc·cp,c + Wa·cp,a + Ws·cp,s + ∑

i
Fi·cp,i

)
T

}
= −Nv·A·

6

∑
j=1

Rj·ΔHj − Hloss (6)

Cells with temperature >AFT were considered using Equations (7) and (8). Equation (7) was
applied only to the first cell, which has temperature >AFT. This equation calculates all of the latent
heat of the accumulated ashes.

Δ

{(
Wc·cp,c + Wa·cp,a·Ws·cp,s + ∑

i
Fi·cp,i

)
T

}
= −Nv·A·

6

∑
j=1

Rj·ΔHj + Wa·ΔHash − Hloss (7)

Equation (8) was applied to the remaining cells. It considers the heat of fusion of ash that occurs
as it passes through each cell.

Δ

{(
Wc·cp,c + Wa·cp,a·Ws·cp,s + ∑

i
Fi·cp,i

)
T

}
= −Nv·A·

6

∑
j=1

Rj·ΔHj + 
Wa·ΔHash − Hloss (8)

Calculation of the heat loss must consider radiation, convection, and conduction. In addition,
the thermal conductivity varies depending on the material of the refractory. If these cannot be
reasonably estimated, the overall heat transfer coefficient will produce large errors. In a previous
study, the heat transfer coefficient was indirectly estimated instead of calculating the heat loss [6,16,17];
the authors claimed that 30% of the reaction heat was lost to the outer wall, and that the corresponding
calorific value is about 7–10% of the heating value of coal. However, heat losses typically considered
in an EFG range from 1 to 4% [23,24]. This value is dependent on the gasifier scale. When compared
with industrial gasifiers, pilot-scale gasifiers have higher heat losses. Therefore, we assumed a heat
loss of 4%.

3.3. Solving Algorithm

The length of the gasifier was divided into 1650 cells (500 parts/m). Each cell was a system.
Mass and energy balance were calculated sequentially. The computational algorithm was terminated
when it reached the end of the reactor, and we obtain a sufficiently smooth curve in the simulation
result. The information calculated in each cell was as follows:

• Information about coal: coal conversion, coal mass flow rate.
• Molar flow rate of product gas.
• Temperature profile.
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The proposed algorithm (Figure 2) was designed to apply the energy balance of three cases
according to temperature. gPROMS simulation software (Process Systems Enterprise Ltd., London,
UK) was used to perform the algorithm. The DASolver was applied; it could be used to solve
differential equations in the steady state. Both the relative tolerance and absolute tolerance were fixed
as 1.0 × 10−5.

Figure 2. Algorithm that includes the melting of ash.

4. Required Information for Simulation

4.1. Operating Variables and Reactor Size

Required inputs, including operating variables and particle sizes (Table 4), were those of the
existing pilot gasifier. These results were compared with those of previous studies. The experimental
conditions were presented in the work of Govind and Shah, which is the same as for their simulation
conditions. Experimental information on the outer wall temperature of the gasifier was not provided.
The existing model assumed that the temperature of the outer wall started at 2100 K, and then decreased
linearly [16,17]. We indirectly estimated the amount of heat loss from the coal heating value, instead of
assigning an initial outer wall temperature.
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Table 4. Comparison of operating variables and gasifier size between this and previous studies.

Operating Variables This Work Wen Govind

Coal feed rate (g/s) 50 75 77
Steam to coal ratio (-) 0.24 0.24 0.241

Oxygen to coal ratio (-) 0.86 0.86 0.86
Feed coal temperature (K) 900 900 505
Feed gas temperature (K) 900 900 697(H2O), 298(O2)
Gasifier pressure (MPa) 2.0 2.0 2.4

Gasifier wall temperature (K) Not considered 2100–600(Z/L) 2100–600(Z/L)

Gasifier Size This Work Wen Govind

Gasifier length (cm) 330 330 330
Inner diameter (cm) 152 152 152

4.2. Coal Properties

This study considered Illinois no. 6 coal, which is the same type using previous modeling studies.
The results (Table 5) of coal elemental analysis were acquired from the EPRI [18]. Density and specific
heat capacity of the coal were the same as in previous work [16,17]. We considered a smaller particle
size (41 μm) of coal than did previous work, for two reasons. First, 41 μm is closer to the size of the
particles that were used in the EFG in real industry; particularly, when entering a dry feed, the particle
size is < 100 μm [25]. Second, the reaction of coal is directly related to particle size and kinetic
parameters, so particle size is an important factor in kinetics. Therefore, the kinetic parameter and
particle size must be taken from the same reference. We used the same kinetics parameters and the
coal particle size as Hwang’s model [6].

Table 5. Element analysis (wt %), coal properties, and feed conditions that were used in this study.

Element Measurement

C 74.05
H 6.25
O 1.32
N 0.71
S 1.77

Ash 15.33

Coal Properties Assumed

Density (g/cm3) 1.80
Specific heat capacity (cal/(g·K)) 0.45

Feed Conditions Set

Feed particle size (μm. ) 41
Velocity (cm/s) 50

4.3. Ash and Slag Properties

The EPRI provided only the coal analysis data; it does not provide information about ash. One of
way to remedy this lack of information is to assume the ash component. However, the physical
properties differ depending on the ash component. Calculate of thermal properties that consider its
components is a difficult task. In some documents [26,27], a formula for predicting thermal properties
according to the temperature have been proposed. However, they were out of the range of gasifier
operating temperature.

In this study, different approaches were used. Coal ashes are composed of minerals (Figure 3).
About 70–90% of the constituents are CaO, Al2O3, and SiO2. They also include such as Fe2O3 and
MgO [28,29]. In this work, we adopt the thermal properties of gehlenite (Figure 3) to represent ash.
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Figure 3. Ternary phase diagram of Al2O3-CaO-SiO2. Brown: gehlenite.

The properties (Table 6) of ash and slag used in this study were obtained from the literature because
the ash was considered to be a well-known mineral, and its thermal properties were set accordingly.

Table 6. Thermal properties of ash and slag used in this study.

Thermal Properties Value Reference

Fusion heat of ash (J/g) 627.6 [30]
Ash fusion temperature (K) 1863 [30]

Specific heat capacity of ash (J/(g·K)) −0.976 + lnT + 279
T − 1.094·105

T2 + 1.169·107

T3 [31]
Specific heat capacity of slag (J/(g·K)) 1.15 [32]

5. Results and Discussion

5.1. Model Valdation

To validate the model, several main variables were selected: final coal conversion rate;
major product gas composition at exit; and, the hydrogen-to-carbon monoxide ratio (H2/CO).
The results (Table 7) of this simulation are presented together with the results of the previous researchers
and experimental data. We did not arbitrarily adjust the kinetic parameters that were used in this
study. We applied the same reactor size and operating conditions of the existing pilot gasifier. For this
reason, results of this work were similar to results of previous studies. In addition, we considered the
melting phenomenon of ash that was not considered in the existing one-dimensional (1-D) model and
reduced the estimated heat loss in the previous model. As a result, the modeling results are improved.

Table 7. Simulation results and comparison of previous models with experimental data (Dry based).

Major Variables This Work Wen [16] Govind [17] Experiment [17]

Conversion (%) 98.8 98.9 98.1 98.6
H2 (mole %) 38.6 39.8 40.0 39.1
CO (mole %) 57.7 56.6 55.5 57.6
H2/CO ratio 0.668 0.703 0.721 0.679
CO2 (mole %) 2.56 2.92 3.95 2.95

164



Energies 2018, 11, 1015

5.2. Simulation Results

5.2.1. Coal Conversion

Most of the reaction proceeded rapidly at the front of the gasifier (Figure 4). Only 10% of coal was
reacted at around 0.15 m of the gasifier, but 80% had reacted at 0.24 m. This increase occurred because
the combustion reactions were accelerated. The reaction rate of coal decreased as the size of coal
particles decreased. Especially after oxygen was completely consumed, the reaction rates were very
slow. This trend is characteristic of typical EFGs; it is consistent with the results in past research [5,6,16].
The final coal conversion was 98.8%.

Figure 4. The profile of the coal conversion and coal mass flow rate.

5.2.2. Gas Composition

The mole fractions of the major gases changed over the reactor length (Figure 5). Oxygen was
abruptly consumed near 0.25 m; this change is the result of rapid combustion. Syngas was generated
in an oxygen-free environment. Steam was slightly generated in the front of the gasifier; afterwards,
the proportion of steam was controlled by WGS equilibrium. After all of the oxygen was consumed,
the gas composition did not change significantly. CH4, H2S, and N2 were < 1% of the product; they are
not represented in Figure 5. Trends in the graph agreed with trends that were reported in previous
research [5,6,16]. The exit gas consists mainly (mole fraction 98.9%) of carbon dioxide, hydrogen,
steam, and carbon monoxide. All of these compositions are determined by WGS equilibrium, which is
a function of temperature and is closely related to the outlet temperature of the gasifier. The attempt to
calculate the temperature is the first step in predicting the composition of the gas, and this study is
significant in that respect.

Figure 5. The profile of the major product gas mole fraction.
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5.2.3. Temperature and Heat Flow

Simulations were used to calculate two temperature profiles (Figure 6). The heat balance of
the first case (Figure 6, blue line) considered the sensible heat of the slag and the latent heat of the
ash. The second case (Figure 6, red line) neglected these phenomena; both were set to 0. Below AFT,
the temperatures of the two cases were the same, but the peak and outlet temperatures differed between
the two cases. The same results were obtained in the temperature range below AFT; they are acceptable
because the melting of ash had not yet been considered. The maximum temperature was calculated as
2112 K when sensible heat of the slag and the latent heat of the ash were considered, but 2155 K when
they were neglected. The exit temperatures were 1464 K when the sensible heat of the slag and the
latent heat of the ash were considered, and 1521 K when they were neglected; the difference between
the two outlet temperatures was 57 K. The difference can be explained, as follows. The heat capacity of
ash and slag is not taken into account in the system, and the corresponding energy was transferred
to the gas, so the calculated temperature increased. Previous models have released heat to outside.
EFGs generally use thick refractories. The assumption that a significant amount of heat escapes to the
outside must be modified: these two temperature profiles show that the ash melting phenomenon
must be considered when the internal temperature of the gasifier is calculated. This is a reasonable
conclusion, given the fact that the internal peak temperature of the gasifier is higher than the AFT.

Figure 6. Differences in temperature profile depending on whether melting of ash is considered or not.

In this study, ash accounted for 15% of the mass of the coal and 7% of the total mass. The effect
of sensible heat of slag is evident when the heat flows are divided into the solid and gas (Figure 7).
Solids include coal, ash, and slag. After most of the reaction has proceeded, the solids are mainly in
slag form. Especially at the exit condition, >99% of the solid was slag, which accounted for 5.0% of
the total heat. In the coal that was used in this study, the ash was not negligible. As a result, our new
attempt was meaningful. This phenomenon must be considered, especially for coal that has high
ash content.

5.3. Consideration of Ash Melting Effect

The melting of ash has a similar effect on energy balance, as does heat loss from the outer wall.
Because the ash melts and absorbs energy, the temperature of the system is lowered. In contrast,
the loss to the outer wall lowers the temperature because heat escapes from of the system. These are
different phenomena that occurred inside the gasifier, and were considered independently.

We quantitatively calculated the melting effect. This approach used the same method that was
used to consider the heat loss. Based on the coal heating value, the latent heat of the ash and the
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sensible heat of the slag were calculated. The melting effect at the outlet was ~1%. This is not negligible
given that heat loss is assumed to be 4% in this study. We calculated the melting effect at the exit as

Slag Sensible Heat + Ash Fusion Heat
Coal Heating Value(HHV)

=
Ws,L·cP,s,L·TL + Wa,L·XL·ΔHash

Wc,0 ·HHV o f Illinois No.6
(9)

In this way, we corrected the overestimate of heat loss that occurred in previous studies.
In addition, we could explain some of the uncertainty of heat loss.

Figure 7. Heat flow of solid and gas.

5.4. Applicability of High Ash Content Coal and Limitations

Coal containing a large amount of ash can be applied in the same manner. If information about
the ash component is available, then it can be used to calculate the slag properties and incorporate
thermal properties in the heat balance. When the ash content is high, modeling errors can be reduced
by considering the fusion heat of ash and the sensible heat of the slag.

However, the reaction kinetic parameters that are cited in this study represent only coal
combustion and gasification, so the model is only applicable to the entrained coal gasifier. In addition,
lab-scale or pilot-scale data of other coal that has high ash content should be used to further assess
applicability of this model.

6. Conclusions

This study suggests that a heat-balance model of an EFG must consider the effects of melting of ash.
We attempted modeling based on kinetic models similar to those of previous researchers. Our proposed
1-D model is the only one that includes ash in the heat-balance and temperature-calculation algorithm.
Gas production and coal conversion trends were similar to those of existing ones, and the results at the
exit were mostly consistent with the experiments.

This result is meaningful in that it reflects actual phenomena occurring inside the EFG. Ash melts
in any slagging-type gasifier. We can expect to calculate the internal temperature more accurately
based on this study. These results can be used to guide the choice of design elements of EFG, such as
material and thickness of the refractory wall.

One limitation of this model is that information on the ash component was not available. We used
minerals to express ash components. This demerit must be eliminated. For further research, advanced
modelling should use thermal properties based on ash analysis data. This model can be extended to
account for radial direction temperature distribution.
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Nomenclature

A cross section area of gasifier (m2)
C molar concentration (mole/m3)
cp specific heat capacity (J/g·K for solid, J/mole·K for gas)
dc coal particle size (m)
F molar flow rate of gas (mole/s)
H enthalpy (J)
Hloss heat loss to outer wall (J/s)
HHV high heating value of coal (J/g)
K equilibrium constant of water gas shift reaction (-)
ki rate constant of ith reaction
L reactor length (m)
mc mass of one coal particle (g/#)
MW molecular weight (g/gmole)
Nv number of particles contained in coal (#/m3)
Pi partial pressure of gas i (atm)

Rj
reaction rate of j (g/s for heterogeneous reaction, mole/s for
homogeneous reaction)

T temperature (K)
vc coal velocity (m/s)
Wa ash mass flow rate (g/s)
Wc coal mass flow rate (g/s)
Ws slag mass flow rate (g/s)
w phi control function according to temperature (-)
X Coal conversion (-)
Z the coordinates of the axis of the gasifier in the previous model (m)
z the coordinates of the axis of the gasifier in this model (m)
Greek Characters

α degree of deviation from equilibrium (mole/s)

φ
the stoichiometric coefficient to adjust the complete, incomplete
combustion

ξ stoichiometric coefficient
Subscripts

a the weight of C contained in 1 g of coal
b the weight of H contained in 1 g of coal
c the weight of O contained in 1 g of coal
d the weight of N contained in 1 g of coal
e the weight of S contained in 1 g of coal
f the weight of ash contained in 1 g of coal
i gas species
j reaction
L value at the reactor exit
0 value at the reactor inlet
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