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1. Introduction

This book contains the successful invited submissions [1–15] to a Special Issue of Energies on
the subject area of “Biomass Chars: Elaboration, Characterization, and Applications”. The invited
editors have decided to focus the Special Issue on the specific topic of biomass transformation and use.
In fact, biomass can be converted to energy, biofuels, and bioproducts, via thermochemical conversion
processes such as combustion, pyrolysis, and gasification. Combustion technology is most widely
applied on an industrial scale. However, biomass gasification and pyrolysis processes are still in the
research and development stage. The major products from these processes are syngas, bio-oil, and
char (called also biochar for agronomic applications). Among these products, biomass chars have been
receiving increasing attention for different applications such as gasification, co-combustion, catalyst or
adsorbent precursors, soil amendment, carbon fuel cells, and supercapacitors.

This Special Issue provides an overview for biomass chars production methods (pyrolysis,
hydrothermal carbonization, etc.), the characterization techniques (scanning electronic microscopy,
X-ray fluorescence, nitrogen adsorption, Raman spectroscopy, nuclear magnetic resonance
spectroscopy, X-ray photoelectron spectroscopy, temperature programmed desorption, mass
spectrometry, etc.), their properties and their suitable recovery processes.

Topics of interest for the call included, but were not limited to the production of biochar for:

• Biofuel production
• Soil amendment
• Carbon sequestration
• Heterogeneous catalysis
• Syngas production
• Pollutant adsorption

Responses to our call had the following statistics:

• Submissions (25);
• Publications (15);
• Rejections (10);
• Article types: research article (15).

The authors’ geographical distribution (published papers) is:

• China (4)
• USA (2)
• Canada (2)

Energies 2017, 10, 2040 1 www.mdpi.com/journal/energies
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• France (2)
• Italy (1)
• Spain (1)
• Korea (1)
• Lithuania (1)
• Tunisia (1)

Published submissions are related to biochar elaboration, characterization and application.
The different papers show the diversity of research conducted recently on biochars. Agriculture,
biofuel, adsorbent, catalyst, these versatile materials can be used for various applications. Recent
developments have shown that the return to soil is a promising issue since the carbon balance is
negative due to the carbon sequestration. Other benefits are described below, new developments are
still under progress, encouraging the organization of a second edition of this special issue.

2. Short Review of the Contributions in This Issue

Concerns about climate change and food productivity have spurred interest in biochar, a form of
charred organic material typically used in agriculture to improve soil productivity and as a means of
carbon sequestration. Zambon et al. [1] have shown an innovative approach in agriculture by the use
of agro-forestry waste for the production of soil fertilizers for agricultural purposes and as a source
of energy. A common agricultural practice is to burn crop residues in the field to produce ashes that
can be used as soil fertilizers. This approach is able to supply plants with certain nutrients, such as
Ca, K, Mg, Na, B, S, and Mo. However, the low concentration of N and P in the ashes, together with
the occasional presence of heavy metals (Ni, Pb, Cd, Se, Al, etc.), has a negative effect on soil and,
therefore, crop productivity. Their work describes the opportunity to create an innovative supply chain
from agricultural waste biomass. Olive (Olea europaea) and hazelnut (Corylus avellana) pruning residues
represent a major component of biomass waste in the area of Viterbo (Italy). In this study, the authors
have evaluated the production of biochar from these residues. Furthermore, a physicochemical
characterization of the produced biochar was performed to assess the quality of the two biochars
according to the standards of the European Biochar Certificate (EBC). The results of this study indicate
possible cost-effective production of high-quality biochar from olive and hazelnut biomass residues.

Characteristics of biochar vary with pyrolysis temperature. Chloropicrin (CP) is an effective
fumigant for controlling soil-borne pests. Liu et al. [2] have investigated the characteristics of biochars
prepared at 300◦C, 500◦C, and 700 ◦C by Michelia alba (Magnolia denudata) wood and evaluated their
capacity to adsorb CP. The study also determined the potential influence of biochar, which was
added to sterilized and unsterilized soils at rates of 0%, 1%, 5%, and 100%, on CP degradation.
The specific surface area, pore volume, and micropores increased considerably with an increase in
the pyrolytic temperature. The adsorption rate of biochar for CP increased with increasing pyrolytic
temperature. The maximum adsorption amounts of CP were similar for the three biochars. Next, this
study examined the degradation ability of the biochar for CP. The degradation rate constant (k) of
CP increased when biochar was added to the soil, and k increased with increased amendment rate
and pyrolysis temperature. The results indicate that biochar can accelerate CP degradation in soil.
The findings of this study will be instructive in using biochar as a new fertilizer in fumigating soil
with CP.

Biochar is increasingly applied in agriculture; however, due to its adsorption and degradation
properties, biochar may also affect the efficacy of fumigant in amended soil. In their research,
Fang et al. [3] have intended to study the effects of two types of biochars (BC-1 and BC-2) on the efficacy
and emission of methyl isothiocyanate (MITC) in biochar amendment soil. Both types of biochars
can significantly reduce MITC emission losses, but, at the same time, decrease the concentration of
MITC in the soil. The efficacy of MITC for controlling soil-borne pests (Meloidogyne spp., Fusarium
spp. Phytophthora spp., Abutilon theophrasti, and Digitaria sanguinalis) was reduced when the biochar
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(BC-1 and BC-2) was applied at a rate higher than 1% and 0.5% (on a weight basis) (on a weight basis),
respectively. However, increased doses of dazomet (DZ) were able to offset decreases in the efficacy
of MITC in soils amended with biochars. Biochars with strong adsorption capacity (such as BC-1)
substantially reduced the MITC degradation rate by 6.2 times, and increased the MITC degradation
rate by 4.1 times following amendment with biochar with high degradability (e.g., BC-2), compared to
soil without biochar amendment. This was attributed to the adsorption and degradation of biochar
that reduces MITC emission losses and pest control.

Long and Boyette [4] have chosen Yellow poplar (Liriodendron tulipifera) as the woody biomass for
the production of charcoal for use in a liquid fuel slurry. Charcoal produced from this biomass resulted
in a highly porous structure similar to the parent material. Micronized particles were produced from
this charcoal using a multi-step milling process and verified using a scanning electron microscope and
laser diffraction system. Charcoal particles greater than 50 μm exhibited long needle shapes much like
the parent biomass while particles less than 50 μm were produced with aspect ratios closer to unity.
Laser diffraction measurements indicated D10, D50, and D90 values of 4.446, 15.83, and 39.69 μm,
respectively. Moisture content, ash content, absolute density, and energy content values were also
measured for the charcoal particles produced. Calculated volumetric energy density values for the
charcoal particles exceeded the no. 2 diesel fuel that would be displaced in a liquid fuel slurry.

Biomass pyrolysis and the valorization of co-products (biochar, bio-oil, syngas) could be
a sustainable management solution for agricultural and forest residues. Depending on its properties,
biochar amended to soil could improve fertility. Moreover, biochar is expected to mitigate climate
change by reducing soil greenhouse gas emissions, if its C/N ratio is lower than 30, and sequestrating
carbon if its O/C and H/C ratios are lower than 0.2 and 0.7, respectively. However, the yield
and properties of biochar are influenced by biomass feedstock and pyrolysis operating parameters.
The objective of the research study carried by Brassard et al. [5] was to validate an approach based on
the response surface methodology, to identify the optimal pyrolysis operating parameters (temperature,
solid residence time, and carrier gas flowrate), in order to produce engineered biochars for carbon
sequestration. The pyrolysis of forest residues, switchgrass, and the solid fraction of pig manure,
was carried out in a vertical auger reactor following a Box–Behnken design, in order to develop
response surface models. The optimal pyrolysis operating parameters were estimated to obtain biochar
with the lowest H/C and O/C ratios. Validation pyrolysis experiments confirmed that the selected
approach can be used to accurately predict the optimal operating parameters for producing biochar
with the desired properties to sequester carbon.

In the work of Fuente-Hernández et al. [6], the liquid phase hydrogenation of furfural has been
studied using a biochar-supported platinum catalyst in a batch reactor. Reactions were performed
between 170 ◦C and 320 ◦C, using 3 wt % and 5 wt % of Pt supported on a maple-based biochar
under hydrogen pressure varying from 500 psi to 1500 psi for reaction times between 1 h and 6 h
in various solvents. Under all reactive conditions, furfural conversion was significant, whilst under
specific conditions furfuryl alcohol (FA) was obtained in most cases as the main product, showing
a selectivity around 80%. Other products as methylfuran (MF), furan, and trace of tetrahydrofuran
(THF) were detected. Results showed that the most efficient reaction conditions involved a 3% Pt
load on biochar and operations for 2 h at 210 ◦C and 1500 psi using toluene as solvent. When used
repetitively, the catalyst showed deactivation, although only a slight variation in selectivity toward FA
at the optimal experimental conditions was observed.

Investigation into clean energies has been focused on finding an alternative to fossil fuels in
order to reduce global warming while at the same time satisfying the world’s energy needs. Biomass
gasification is seen as a promising thermochemical conversion technology, as it allows useful gaseous
products to be obtained from low-energy-density solid fuels. Air–steam mixtures are the most
commonly used gasification agents. The gasification performances of several biomass samples and
their mixtures were compared by González-Vázquez et al. [7] in the present work. One softwood
(pine) and one hardwood (chestnut), their torrefied counterparts, and other Spanish-based biomass
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wastes such as almond shells, olive stones, grape and olive pomaces, or cocoa shells were tested,
and their behaviors at several different stoichiometric ratios (SR) and steam/air ratios (S/A) were
compared. The optimum SR was found to be in the 0.2–0.3 range for S/A = 75/25. At these conditions
a syngas stream with 35% of H2 + CO and a gas yield of 2 L gas/g fuel were obtained, which represents
a cold-gas efficiency of almost 50%. The torrefaction process does not significantly affect the quality of
the product syngas. Some of the obtained chars were analyzed to assess their use as precursors for
catalysts, combustion fuel, or for agricultural purposes such as soil amendment.

Waste residues produced by agricultural and forestry industries can generate energy and are
regarded as a promising source of sustainable fuels. Pyrolysis, where waste biomass is heated under
low-oxygen conditions, has recently attracted attention as a means to add value to these residues.
The material is carbonized and yields a solid product known as biochar. In the study presented by
Yang et al. [8], eight types of biomass were evaluated for their suitability as raw material to produce
biochar. Material was pyrolyzed at either 350 ◦C or 500 ◦C and changes in ash content, volatile solids,
fixed carbon, higher heating value (HHV), and yield were assessed. For pyrolysis at 350 ◦C, significant
correlations (p < 0.01) between the biochars’ ash and fixed carbon content and their HHVs were
observed. Masson pine wood and Chinese fir wood biochars pyrolyzed at 350 ◦C and the bamboo
sawdust biochar pyrolyzed at 500 ◦C were suitable for direct use in fuel applications, as reflected by
their higher HHVs, higher energy density, greater fixed carbon, and lower ash contents. Rice straw
was a poor substrate as the resultant biochar contained less than 60% fixed carbon and a relatively low
HHV. Of the suitable residues, carbonization via pyrolysis is a promising technology to add value to
pecan shells and Miscanthus.

Material dielectric properties are important for understanding their response to microwaves.
Carbonaceous materials are considered good microwave absorbers and can be mixed with dry
biomasses, which are otherwise low-loss materials, to improve the heating efficiency of biomass
feedstocks. In the work of Ellison et al. [9], dielectric properties of pulverized biomass and biochar
mixtures were presented from 0.5 GHz to 20 GHz at room temperature. An open-ended coaxial-line
dielectric probe and vector network analyzer were used to measure dielectric constant and dielectric
loss factor. Results have shown a quadratic increase of dielectric constant and dielectric loss with
increasing biochar content. In measurements on biochar, a strong dielectric relaxation was observed
at 8 GHz as indicated by a peak in dielectric loss factor at that frequency. Biochar was found to be
a good microwave absorber and mixtures of biomass and biochar can be utilized to increase microwave
heating rates for high temperature microwave processing of biomass feedstocks. These data can be
utilized for design, scale-up, and simulation of microwave heating processes of biomass, biochar,
and their mixtures.

Wood pellets are a form of solid biomass energy and a renewable energy source. In 2015,
the new and renewable energy (NRE) portion of wood pellets was 4.6% of the total primary energy
in Korea. Wood pellets account for 6.2% of renewable energy consumption in Korea, the equivalent
of 824,000 TOE (ton of oil equivalent, 10 million kcal). The burning phases of a wood pellet can be
classified into three modes: (1) gasification; (2) flame burning; and (3) charcoal burning. At each wood
pellet burning mode, the volume and weight of the burning wood pellet can drastically change, these
parameters are important to understand the wood pellet burning mechanism. Kang et al. [10] have
developed a new method for measuring the volume of a burning wood pellet that involves no contact.
To measure the volume of a wood pellet, they have taken pictures of the wood pellet in each burning
mode. The volume of a burning wood pellet was calculated by image processing. The difference
between the calculation method using image processing and the direct measurement of a burning
wood pellet in gasification mode was less than 8.8%. In gasification mode, mass reduction of the wood
pellet is 37% and volume reduction of the wood pellet is 7%. Whereas in charcoal burning mode, mass
reduction of the wood pellet was 10% and volume reduction of the wood pellet was 41%. By measuring
volume using image processing, continuous and non-interruptive volume measurements for various
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solid fuels were possible and could provide more detailed information for CFD (computational fluid
dynamics) analysis.

Annually, the olive oil industry generates a significant amount of by-products, such as olive
pomace, olive husks, tree prunings, leaves, pits, and branches. Therefore, the recovery of these residues
has become a major challenge in Mediterranean countries. The utilization of olive industry residues
has received much attention in recent years, especially for energy purposes. Accordingly, the primary
experimental study carried out by Tamošiūnas et al. [11] aimed at investigating the potential of
olive biomass waste for energy recovery in terms of synthesis gas (or syngas) production using the
thermal arc plasma gasification method. The olive charcoal made from the exhausted olive solid waste
(olive pomace) was chosen as a reference material for primary experiments with known composition
from the performed proximate and ultimate analysis. The experiments were carried out at various
operational parameters: raw biomass and water vapor flow rates and the plasma generator power.
The producer gas principally involved CO, H2, and CO2 with the highest concentrations of 41.17, 13.06,
and 13.48%, respectively. The produced synthesis gas has a lower heating value of 6.09 MJ/nm3 at the
H2O/C ratio of 3.15 and the plasma torch had a power of 52.2 kW.

Solid char is a product of biomass pyrolysis. It contains a high proportion of carbon, and lower
contents of H, O, and minerals. This char can have different valorization pathways such as combustion
for heat and power, gasification for syngas production, activation for adsorption applications, or use
as a soil amendment. The optimal recovery pathway of the char depends highly on its physical and
chemical characteristics. In the study presented by Guizani et al. [12], different chars were prepared
from beech wood particles under various pyrolysis operating conditions in an entrained flow reactor
(500–1400 ◦C). Their structural, morphological, surface chemistry properties, as well as their chemical
compositions, were determined using different analytical techniques, including elementary analysis,
scanning electronic microscopy (SEM) coupled with an energy dispersive X-ray spectrometer (EDX),
Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. The biomass char reactivity
was evaluated in air using thermogravimetric analysis (TGA). The yield, chemical composition,
surface chemistry, structure, morphology, and reactivity of the chars were highly affected by the
pyrolysis temperature. In addition, some of these properties related to the char structure and chemical
composition were found to be correlated to the char reactivity.

Zhao et al. [13] have studied the structure and physicochemical properties of biochar derived
from apple tree branches (ATBs), whose valorization is crucial for the sustainable development
of the apple industry. ATBs were collected from apple orchards located on the Weibei upland of
the Loess Plateau and pyrolyzed at 300, 400, 500, and 600 ◦C (BC300, BC400, BC500, and BC600),
respectively. Different analytical techniques were used for the characterization of the different biochars.
In particular, proximate and element analyses were performed. Furthermore, the morphological, and
textural properties were investigated using scanning electron microscopy (SEM), Fourier-transform
infrared (FTIR) spectroscopy, Boehm titration, and nitrogen manometry. In addition, the thermal
stability of biochars was also studied by thermogravimetric analysis. The results indicated that the
increasing temperature increased the content of fixed carbon (C), the C content and inorganic minerals
(K, P, Fe, Zn, Ca, Mg), while the yield, the content of volatile matter (VM), O and H, cation exchange
capacity, and the ratios of O/C and H/C decreased. Comparison between the different samples has
shown that highest pH and ash content were observed in BC500. The number of acidic functional
groups decreased as a function of pyrolysis temperature, especially for the carboxylic functional
groups. In contrast, a reverse trend was found for the basic functional groups. At a higher temperature,
the Brunauer–Emmett–Teller (BET) surface area and pore volume are higher mostly due to the increase
of the micropore surface area and micropore volume. In addition, the thermal stability of biochars
also increased with the increasing temperature. Hence, pyrolysis temperature had a strong effect on
biochar properties, and therefore biochars could be produced by changing the pyrolysis temperature
in order to better meet their applications.
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Wanassi et al. [14] have investigated the use of phenolic resin and waste cotton fiber as green
precursors for the successful synthesis using a soft template approach of a composite carbon with
carbon nanofibers embedded in a porous carbon network with ordered pore structure. The optimal
composite carbon (PhR/NC-1), exhibited a specific surface area of 394 m2·g−1 with the existence of
both microporosity and mesoporosity. PhR/NC-1 carbon was evaluated as an adsorbent of Alizarin
Red S (ARS) dye in batch solution. Various operating conditions were examined and the maximum
adsorption capacity of 104 mg·g−1 was achieved under the following conditions, i.e., T = 25 ◦C, pH = 3,
contact time = 1440 min. The adsorption and desorption heat was assessed by flow micro-calorimetry
(FMC), and the presence of both exothermic and endothermic peaks with different intensities were
shown, indicating a partially reversible nature of ARS adsorption. A pseudo-second-order model
proved to be the most suitable kinetic model to describe the ARS adsorption according to the linear
regression factor. In addition, the best isotherm equilibrium has been achieved with a Freundlich
model. The results have shown that the eco-friendly composite carbon derived from green phenolic
resin mixed with waste cotton fibers improved the removal of ARS dye from textile effluents.

The treatment of NOx from automotive gas exhaust has been widely studied, however the
presence of low concentrations of NOx in confined areas is still under investigation. As an example,
the concentration of NO2 can approximate 0.15 ppmv inside vehicles when people are driving on
highways. This interior pollution becomes an environmental problem and a health problem. In the
work carried out by Ghouma et al. [14], the abatement of NO2 immission was studied at room
temperature. Three activated carbons (ACs) prepared by physical (CO2 or H2O) or chemical activation
(H3PO4) were tested as adsorbents. The novelty of this work consisted in studying the adsorption of
NO2 at low concentrations that approach real life emission concentrations and was experimentally
realizable. The ACs presented different structural and textural properties, as well as functional surface
groups, which induced different affinities with NO2. The AC prepared using water vapor activation
presented the best adsorption capacity, which may originate from a more basic surface. The presence of
a mesoporosity may also influence the diffusion of NO2 inside the carbon matrix. The high reduction
activity of the AC prepared from H3PO4 activation was explained by the important concentration of
acidic groups on its surface.
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thank the editorial staff and reviewers for their efforts and help during the process.
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Abstract: Biomass pyrolysis and the valorization of co-products (biochar, bio-oil, syngas) could be
a sustainable management solution for agricultural and forest residues. Depending on its properties,
biochar amended to soil could improve fertility. Moreover, biochar is expected to mitigate climate
change by reducing soil greenhouse gas emissions, if its C/N ratio is lower than 30, and sequestrating
carbon if its O/Corg and H/Corg ratios are lower than 0.2 and 0.7, respectively. However, the yield
and properties of biochar are influenced by biomass feedstock and pyrolysis operating parameters.
The objective of this research study was to validate an approach based on the response surface
methodology, to identify the optimal pyrolysis operating parameters (temperature, solid residence
time, and carrier gas flowrate), in order to produce engineered biochars for carbon sequestration.
The pyrolysis of forest residues, switchgrass, and the solid fraction of pig manure, was carried out in
a vertical auger reactor following a Box-Behnken design, in order to develop response surface models.
The optimal pyrolysis operating parameters were estimated to obtain biochar with the lowest H/Corg

and O/Corg ratios. Validation pyrolysis experiments confirmed that the selected approach can be
used to accurately predict the optimal operating parameters for producing biochar with the desired
properties to sequester carbon.

Keywords: pyrolysis; auger reactor; engineered biochar; forest residues; agricultural biomass;
response surface methodology

1. Introduction

In 2014, the Intergovernmental Panel on Climate Change reported that “global emissions of
greenhouse gas (GHG) have risen to unprecedented levels despite a growing number of policies to
reduce climate change” [1]. GHG emissions need to be lowered by 40% to 70% compared to the 2010
values by mid-century, and to near-zero by the end of the century, if we are to limit the increase in
global mean temperature to two degrees Celcius [1].

Pyrolysis, the thermochemical decomposition of biomass under oxygen-limiting conditions at
temperatures between 300 and 700 ◦C, can be a sustainable management solution for agricultural
and forest biomasses, and is proposed as a strategy to mitigate climate change. The resulting
co-products of pyrolysis are: a liquid bio-oil, non-condensable gases, and a solid biochar. The yields
and characteristics of the products depend on pyrolysis operating parameters and biomass feedstock
properties. Non-condensable gases are generally used to heat the pyrolysis unit. Bio-oils have heating
values of 40%–50% of that of hydrocarbon fuels [2], and could be used to replace fossil heating oil.

Energies 2017, 10, 288 8 www.mdpi.com/journal/energies
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Biochar can be used as a soil amendment to improve soil fertility and has been proposed as a tool for
mitigating climate change [3], because of its potential for carbon (C) sequestration. When biomass is
converted into biochar and is applied to soil, C can be stored for more than 1000 years [4,5]. In other
words, biochar production is a way for C to be drawn from the atmosphere, and is a solution for
reducing the global impact of farming [6]. Woolf et al. [7] reported that biochar and its storage in
soil can contribute to a reduction of up to 12% of current anthropogenic CO2 emissions. Moreover,
there is evidence that biochar amendment to soil can help reduce GHG emissions, and particularly
N2O [8], a powerful GHG, with a global warming potential of 298 [9]. Specifically, agriculture is
a major source of N2O, contributing approximately 70% of Canadian anthropogenic N2O emissions.
Agricultural soils contribute to about 82% of these emissions [10]. Despite the many potential benefits
of soil amendment with biochar, special attention must be paid to the negative side effects. For example,
heavy metals (e.g., Cu, Zn, and Mo) could be found in biochar and accumulate in soil, leading to
phytotoxicity problems.

The yield and characteristics of pyrolysis products are influenced by different factors, including
biomass feedstock and pyrolysis operating parameters (solid residence time, vapor residence time,
temperature, heating rate, and carrier gas flowrate). Thus, not all biochars are created equal and
biochars should be designed with special characteristics for their use in environmental or agronomic
settings [11,12]. Biochars with a low N content, and consequently a high C/N ratio (>30), could be
more suitable for the mitigation of N2O emissions from soils [8,13]. Moreover, biochars produced
at a higher pyrolysis temperature and with an O/Corg ratio < 0.2, H/Corg ratio < 0.4, and volatile
matter below 80%, may have a high C sequestration potential [13]. In fact, a H/Corg ratio < 0.4 would
indicate a BC+100 of 70% (i.e., at least 70% of the C in biochar is predicted to remain in soil for more
than 100 years), as an H/Corg ratio in the range 0.4–0.7 would indicate a BC+100 of 50% [14].

It is also important to select the proper pyrolysis technology to obtain the desired yield and
properties of the product. Among all the existing pyrolysis technologies, the auger reactor is one
of the most attractive designs that has been developed [15]. It enjoys some popularity because of
its simplicity of construction and operation [16]. In an auger reactor, biomass is continuously fed to
a screw, where it is heated in oxygen-free conditions, and then the auger rotation moves the product
along the auger axis to the end of the reactor. The gases and organic volatiles leave the reactor at the
end of the reactor, and the biochar is collected at the bottom. Gas exits may also be performed along the
auger reactor wall, in order to decrease the vapor residence time. The yield of bio-oil (condensed gases)
in auger reactors is variable, depending on the operating parameters, but is typically in the range of
40 to 60 wt % of the feedstock, which is lower than what is normally achieved with fluidized-bed
reactors. This is because the heat transfer in an auger reactor is lower. Therefore, small-diameter
reactor tubes which have a limited distance between the inner reactor tube surface and the internal
auger shaft, are needed. In order to increase the heat transfer, some auger reactors combine a small
inert solid particulate heat carrier (usually sand or steel shot) with relatively small particles of biomass
(1 to 5 mm). The residence time of the vapors is much longer in auger reactors than in fluidized beds,
which increases the likelihood of secondary reactions and consequently increases the yield of char [16].

The hypothesis of this research project is that it is possible to produce a biochar with beneficial
characteristics from an environmental perspective, when pyrolysis operating parameters are suitably
selected in a vertical auger reactor. Thus, the main objective was to validate a response surface
methodology approach used to identify the optimal pyrolysis operating parameters (temperature,
solid residence time, and nitrogen flowrate), in order to produce engineered biochars with the ideal
characteristics for C sequestration.
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2. Materials and Methods

2.1. Description of the Response Surface Methodology Approach

2.1.1. Development of the Statistical Models

Response surface methodology (RSM) was selected as an approach to determine the optimal
pyrolysis operating parameters, in order to produce engineered biochars that can be used to sequester
carbon. RSM is a collection of statistical and mathematical techniques for developing, improving,
and optimizing processes [17], and is used to illustrate the relationship between the response variables
(dependent variables) and the process variables (independent variables). In this study, the selected
independent variables were the pyrolysis temperature, solid residence time in the heater block, and N2

flowrate, which are three parameters known to influence the yields and characteristics of products
in an auger pyrolysis reactor [18]. The biochar yield and three indicators of biochar potential for
climate change mitigation (C/N, H/Corg, and O/Corg ratios), were the response variables studied.
Biochars with the highest C/N ratio are expected to reduce soil GHG emissions, and those with the
lowest H/Corg and O/Corg molar ratios are expected to have a high C sequestration potential [13].

The Box-Behnken design was selected for collecting data. For an experiment of three factors,
this incomplete factorial design requires three evenly spaced levels for each factor, coded −1, 0, and +1
(Table 1). Two variables (−1 and +1 levels) are paired together in a 22 factorial, while the third factor
remains fixed at the center (level 0). A total of 15 experiments run in a random order are necessary,
including three repetitions of an experiment, with the three independent variables fixed at their
central point.

The method of least squares from the RSREG procedure of SAS [19] was used to estimate
the parameters of the quadratic response surface regression models (Equation (1)), fitted to the
experimental data obtained from the Box-Behnken design:

Y = β0 + β1T + β2R + β3N + β4T2 + β5(R × T) + β6R2 + β7(N×T) + β8(N × R) + β9N2 (1)

where Y is the studied response variable (biochar yield, C/N, H/Corg, and O/Corg ratios); β0, . . . β9

are the regression coefficients to be estimated; and T, R, and N are the values of the independent
variables (temperature, solid residence time, and N2 flowrate, respectively). The significance of each
independent variable was determined by the analysis of variance (ANOVA). A lack of fit test was
performed to check the adequacy of the model.

2.1.2. Determination of the Stationary Points

A canonical analysis [19] was used to determine the nature of the stationary point (or the point on
the surface where the partial derivatives are equal to zero), which can be a point of maximum response,
a point of minimum response, or a saddle point. In the case of a saddle point, a RIDGE statement [19]
was used to indicate the direction in which further experimentation should be performed, to produce
the fastest decrease or increase in the estimated response, starting at the stationary point.

2.1.3. Validation of the Statistical Models

In order to validate the quadratic response surface regression models, a biochar was produced
with the pyrolysis operating parameters determined from the response surface analysis, for producing
a biochar with the optimal properties to maximize C sequestration (i.e., the lowest O/Corg and H/Corg

ratios). A second biochar with the opposite characteristics (highest O/Corg and H/Corg ratios) was
produced from each biomass. Predicted values from the response surface models vs. the actual values
of the O/Corg, H/Corg, C/N ratios and yield, were compared using linear regression.
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2.2. Pyrolysis Experimental Setup and Procedure

2.2.1. Description of the Vertical Auger Pyrolysis Reactor

In order to validate the selected approach, pyrolysis tests were carried out in a vertical auger
pyrolysis reactor (Patent CA 2830968), developed by the Institut de recherche et de développement en
agroenvironnement (IRDA) in collaboration with the Centre de recherche industriel du Québec (CRIQ).
The pyrolysis unit (Figure 1) was installed at the IRDA research facility (Deschambault, QC, Canada).
It included a hopper, a horizontal feed screw, a vertical screw passing through a 25.4 cm long heater
block, a canister for the biochar recovery, and a condensation system. The feedstock in the hopper
was fed to the heater block by a horizontal and vertical feed screw in a 2.54 cm diameter steel tube.
The rotation speed of the two screws was controlled separately by gear motors, thus controlling the
biomass flow rate. An agitator was installed and fixed at the hopper lid in order to facilitate and ensure
the supply to the horizontal screw when using materials with a low density. Then, the feedstock was
transported through the 25.4 cm long reactor within the vertical screw. The feedstock residence time in
the reactor was set by controlling the rotation speed of the vertical screw, and was calculated in relation
to the pitch of the screw (3.8 cm). Thermal power was supplied by two heating elements of 1500 Watts,
inserted in a copper block surrounding the tube in the reaction zone. A thermocouple inserted in the
middle of the cooper block registered the outside tube temperature and was used as the set point
to control the heating elements. Temperatures were acquired every 10 s by a data logger (CR10X,
Campbell Scientific, Edmonton, AB, Canada). At the exit of the vertical screw, the solid product of
the pyrolysis (char) dropped into the canister (31.4 cm high and 16.8 cm diameter). A pot (15.2 cm
high) was placed into the canister in order to recover the accumulated char. A flange at the bottom
of the canister gave access to the pot. Moreover, the fine particles were separated from the gas by
an inner baffle (10.2 cm diameter and 10.5 cm long) placed at the exit of the vertical screw. The gas was
evacuated by an opening in the upper part of the canister and was directed to the condensation system.
Every flange was tightened with a high temperature graphite gasket (1034 kPa) in order to prevent the
entry of oxygen into the system. The air flowing into the system was purged with nitrogen, which was
injected from the hopper’s lid at volumetric flowrates ranging from 1 to 5 L·min−1, controlled by
a flowmeter (Aalborg Instruments, New York, NY, USA; accuracy ±2%). While the nitrogen flow
ensured that the pyrolysis reaction occurred in a non-oxygen environment, it also helped to evacuate
the pyrolysis gas.

2.2.2. Biomass Selection and Analysis

The type of feedstock utilized for pyrolysis (e.g., woody biomass, crop residues, grasses,
and manures) influences the yield and characteristics of the biochar, including the concentrations of
elemental constituents, density, porosity, and hardness [20]. Moreover, the yield of the biochar from
biomass can be influenced by its lignin, holocellulose, and extractives contents [21]. Three biomasses
with different physico-chemical properties were selected for the pyrolysis experiments: wood pellets
made from a mixture of Black Spruce (Picea mariana) and Jack Pine (Pinus banksiana), the solid fraction
of pig manure (SFPM), and switchgrass (Panicum Virgatum L.). In Canada, forest biomass residues
such as logging residues are present in large quantities. Moreover, forest biomass is the most common
feedstock used for pyrolysis. Woody biomass has a high C content and low N content, which can
lead to a biochar with a high C/N ratio. Switchgrass, a perennial grass, shows great characteristics
for bioenergy production, because of its medium to high productivity (8 to 12 t DM·ha−1·yr−1),
its sustainability, its great ability to use water and nutrients, its adaptation to the climate of Eastern
Canada, and its relatively high gross calorific value (GCV), of between 18.2 to 19.1 MJ·kg−1 [22].
SFPM was selected because pyrolysis could be a sustainable management solution for the surplus of
pig manure in some regions, where phosphorus (P) spreading in fields is restricted by regulations.
Pyrolysis of the solid fraction of pig manure concentrates P in biochar [23], which facilitates its
exportation outside of the region in surplus.
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Figure 1. Schematic view of the vertical auger pyrolysis reactor.

All biomasses were ground and sieved to a particle size between 1.0 and 3.8 mm, prior to pyrolysis.
The chemical properties of biomasses (proximate and ultimate analysis) were analysed at the IRDA
laboratory (Quebec City, QC, Canada). The C, H, N, and ash content of the biomass were evaluated by
dry combustion (Leco TruSpec, St. Joseph, MI, USA). The O content was calculated by subtracting the
C, H, N, and ash contents from 100 wt %. Chlorine (Cl) extraction with water and dosage by titration
with silver nitrate (AgNO3) was used to determine the Cl content. Cellulose, hemicellulose, and lignin
contents were analysed according to the AFNOR method [24].

2.2.3. Pyrolysis Experiments

Preliminary pyrolysis tests and a review of the literature were carried out in order to identify
the range of pyrolysis operating parameters needed to obtain typical biochar yields in the pyrolysis
auger reactor, ranging from 15% to 45%. For the three selected biomasses, the range of the N2

flowrate selected was between 1 and 5 L·min−1, and the range for the solid residence time was
between 60 and 120 s. The range of the pyrolysis temperature found for wood and SFPM was
between 500 and 650 ◦C, and between 450 and 600 ◦C for switchgrass. For the selected solid residence
times, the biomass flowrate in the pyrolysis reactor depended on the biomass properties, and varied
from 0.61 to 1.08 kg·h−1 for wood, from 0.42 to 0.8 kg·h−1 for SFPM, and was fixed at 0.57 kg·h−1

for switchgrass.
The Box-Behnken design was carried out for each biomass with the defined range of pyrolysis

operating conditions (Table 1), for a total of 45 experiments (Tables A1–A3).
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Table 1. Box-Behnken design: list of independent variables and levels.

Independent Variable Biomass
Values of the Coded Levels

−1 0 +1

Temperature (◦C)
Wood 500 575 650
SFPM 500 575 650

Switchgrass 450 525 600

Solid residence time (s) Each biomass 60 90 120
N2 flowrate (L·min−1) Each biomass 1 3 5

2.2.4. Products Yield and Biochar Characteristics

Bio-oil (Equation (2)) and biochar (Equation (3)) yields were calculated on a wet biomass basis,
the non-condensable gas (Equation (4)) yield was calculated by the difference, and the liquid organic
yield (Equation (5)) was calculated by subtracting the water content from the bio-oil yield:

Yieldbio−oil(wt %) =
mB1 + mB2

m f
× 100 (2)

Yieldbiochar(wt %) =
mBiochar

m f
× 100 (3)

Yieldgas(wt %) =
m f − mBiochar − mB1 − mB2

m f
× 100 (4)

Yieldliquid organics(wt %) =
100 − water content
100 × yield bio − oil

(5)

where mB1 is the mass of bio-oil produced in the first condenser (g), mB2 is the mass of bio-oil produced
in the second condenser (g), mbiochar is the mass of biochar collected in the canister (g), mf is the mass
of feedstock pyrolysed (g), and the water content is the water content of bio-oil (wt %) measured
following the Karl-Fischer titration method [25].

Biochar samples were analysed for moisture, volatile matter, and ash contents, based on the ASTM
D1762-84 standard [26]. The organic carbon (Corg), total carbon (Ctot), hydrogen (H), nitrogen (N),
and oxygen (O) were also analysed, using the same method as that employed for the analysis
of biomasses.

3. Results and Discussion

3.1. Analysis of Biomass

The physicochemical properties of wood, SFPM, and switchgrass, are presented in Table 2.
An ultimate analysis (C, H, N, O) shows large variations between the biomasses. The C content of
wood is the highest, at 47.7%, and is the lowest for SFPM (40.0%). This is inversely proportional to the
ash content, which is highest for the SFPM (11.5%), and lowest for wood (0.57%). SFPM has high N
and Cl contents (2.96% and 3609 mg·kg−1, respectively) when compared to wood and switchgrass.
The O content is low for SFPM (28.2%), when compared to wood (40.0%) and switchgrass (42.5%).
The H content ranges from 3.23% (switchgrass) to 6.39% (wood). The water content of SFPM (13.0%) is
higher than switchgrass (7.2%) and wood (6.5%).

Based on an analysis of the lignocellulosic components, wood could necessitate a higher
temperature to decompose because its lignin content (24%) is higher than that of SFPM and
switchgrass (12.9% and 11.2%, respectively). In fact, the proportion of cellulose, hemicellulose,
and lignin in biomass, will influence the degree to which the physical structure is modified during
processing [27]. Hemicellulose and cellulose, which are more volatile during thermal degradation [28],
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are degraded at 200–300 and 300–400 ◦C, respectively, and lignin is degraded between 200 and 700 ◦C,
representing a wide range in temperatures [29].

Table 2. Biomasses physicochemical properties.

Unit Wood SFPM Switchgrass

Ctot wt % 47.7 40.0 45.8
N wt % 0.128 2.96 0.425
O wt % 40.0 28.2 42.5
H wt % 6.39 5.85 3.23

Water content wt % 6.5 13.0 7.2
Ash d.b.% 0.57 11.5 1.6
Cl mg·kg−1 10 3 609 28

Lignin wt % 24.0 12.9 11.2
Cellulose wt % 30.4 11.9 42.9

Hemicellulose wt % 29.9 22.0 30.1

3.2. Response Surface Models

3.2.1. Biochar Yield

The yields of products from the 45 pyrolysis tests carried out following the Box-Behnken design,
are presented in Appendix A for wood (Table A1), switchgrass (Table A2), and SFPM (Table A3).
The highest bio-oil yields were obtained from wood (48.6% to 63.6%) and switchgrass (44.8% to 61.4%),
and pyrolysis of these materials was associated with low biochar yields (17.5% to 31.2% and
16.8% to 26.4%, respectively). Conversely, the pyrolysis of SFPM produced lower yields of bio-oil
(38.3% to 46.7%) and higher yields of biochar (32.1% to 40.4%). The canonical analysis indicated that the
stationary points of the three response surface models are saddle points. Thus, results from the RIDGE
analysis, indicating the direction toward which further pyrolysis experiments should be performed,
in order to obtain the minimal and maximal estimated values of biochar yield, are presented in Table 3.
It is known that biochar yield decreases as pyrolysis temperature increases [30]. Based on the results of
the analysis of variance for the models, the biochar yield is significantly dependent on the pyrolysis
temperature for the three biomass feedstocks (Pr < 0.05; Appendix B), as the solid residence time is
only significant for the switchgrass biochar. In contrast to what is reported in some studies [18,31],
the biochar yield was not significantly influenced by the N2 flowrate, which influences the vapor
residence time. The predicted biochar yield is the highest for the pyrolysis of SFPM (maximum of 40%),
due to the high ash content of the feedstock, which is found in biochar after pyrolysis. The biochar
yield from switchgrass and wood pyrolysis are similar. However, the predicted highest value for
wood (27.8%) is higher than for switchgrass (25.2%), despite the highest pyrolysis temperature being
demonstrated for wood. It reflects the higher lignin content of wood, which preferentially forms char
during pyrolysis [21].

Table 3. Estimated values of biochar properties and estimation of optimal pyrolysis operating
parameters from the response surface models.

Biochar Yield (wt %) H/Corg O/Corg C/N

Wood Min Max Min Max Min Max Min Max
Estimated value 17.2 27.8 0.54 0.81 0.14 0.25 477 539

Temperature (◦C) 646 507 646 515 642 517 639 522
Residence time (s) 89 79 99 79 103 80 75 90

N2 Flowrate (L·min−1) 3.6 3.4 2.9 3.9 2.8 4.1 2.8 4.4

Switchgrass

Estimated value 17.4 25.2 0.47 0.77 0.10 0.23 100 108
Temperature (◦C) 593 451 588 456 594 462 588 466
Residence time (s) 78 88 106 80 102 75 74 72

N2 Flowrate (L·min−1) 3.3 2.8 3.1 3.4 2 3.4 3.3 3.1
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Table 3. Cont.

Biochar Yield (wt %) H/Corg O/Corg C/N

SFPM

Estimated value 32.2 40 0.66 0.90 0.14 0.21 11.5 12.8
Temperature (◦C) 649 507 628 508 631 543 594 614
Residence time (s) 95 79 94 79 94 73 84 103

N2 Flowrate (L·min−1) 3 3.4 1.6 3.6 1.7 4.4 4.9 1.5

3.2.2. H/Corg and O/Corg Ratios

The minimum values of H/Corg and O/Corg indicate a high biochar C stability [32–35], and thus,
a maximum potential for C sequestration. H/Corg and O/Corg ratios of biochars produced from
the 45 pyrolysis tests significantly varied for a single biomass, depending on the pyrolysis operating
parameters (Tables A1–A3). The response surface models demonstrated that the biochar produced from
the three biomasses only demonstrates a good potential for C sequestration if the operating parameters
are properly selected. A minimum stationary point was only found for the O/Corg molar ratio of
biochar made from switchgrass; otherwise, saddle points were found. Minimum and maximum values
of H/Corg and O/Corg, predicted from the RIDGE analysis, are presented in Table 3. The minimum
predicted H/Corg ratios are 0.47, 0.54, and 0.66 for biochars produced from switchgrass, wood,
and SFPM, respectively. This means that, for the optimal pyrolysis operational parameters, at least 50%
of the C in biochar is expected to remain in the soil for more than 100 years [14]. The predicted minimum
O/Corg ratio below 0.2 (0.10, 0.14, and 0.14 for switchgrass, wood, and SFPM, respectively) confirms
the C sequestration potential of biochars produced with similar pyrolysis operating parameters. In fact,
the pyrolysis operating parameters needed to obtain the minimum H/Corg and O/Corg ratios for each
biomass, are similar. Conversely, the maximum predicted H/Corg and O/Corg values for the three
biomasses are always above 0.7 and 0.2, respectively. Harvey et al. [36] found that pyrolysis conditions
are the primary factors controlling the thermal stability of the resulting biochar. More specifically,
Zhao et al. [37] demonstrated that biochar recalcitrance (i.e., its ability to resist decomposition) is
mainly determined by pyrolysis temperature. The ANOVA analysis confirmed this fact: the pyrolysis
temperature always significantly influenced (Pr < 0.05) the H/Corg and O/Corg ratios (Tables A4–A6).
Moreover, the solid residence time significantly impacted the indicators of C stability for the pyrolysis
of switchgrass: as the residence time increased, the H/Corg and O/Corg ratios decreased. Di blasi [38]
also reported that the solid residence time has an influence on the physical and chemical characteristics
of biochar. The addition of a heat carrier material in an auger reactor could decrease the solid residence
time required to provide sufficient reaction heat and time [18]. Finally, Antal and GrØnli [21] reported
that biochar characteristics can also be modified with a change in the sweeping gas flow rate, which has
an impact on the vapor residence time. Statistical analysis revealed that the N2 flowrate has a significant
impact on the O/Corg ratio of SFPM and wood biochars. A lower O/Corg ratio is obtained with lower
N2 flowrates.

3.2.3. C/N Ratio

Biochars with a C/N ratio higher than 30 could help in decreasing the N2O emissions from
soil [13]. Results of the experimental Box-Behnken design showed that the C/N ratio markedly varies
among biomasses, from 430 to 541 for wood, 95 to 115 for switchgrass, and 11.0 to 13.0 for SFPM.
The Canonical analysis of the response surface models shows that a maximum stationary point was
found for the C/N ratio of wood biochar, and that saddle points were identified for switchgrass and
SFPM biochars. The minimum and maximum values estimated from the RIDGE analysis are presented
in Table 3. The ANOVA (Tables A4–A6) showed that none of the pyrolysis operating conditions
significantly influenced the C/N ratio of biochar. In fact, because the N content of biomasses is
low, particularly for wood and switchgrass (0.128% and 0.454%), the impact of pyrolysis operating
parameters on the N content of biochar, and consequently on its C/N ratio, is low. Even if the C/N
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ratio for a single biomass does not significantly vary, depending on the pyrolysis operating parameters,
there are large variations among the biomasses. In the literature, it was found that the C/N ratio is
highly dependent on the type of biomass feedstock used for pyrolysis [8,39]. In the present study,
the biomass C/N ratio (13.5, 108, and 372 for SFPM, switchgrass, and wood, respectively) is similar to
the C/N ratio of biochar produced from the corresponding biomass, and the C/N ratios of biochars
produced from wood pyrolysis are the highest (430 to 565), and ranged from 95 to 115 for switchgrass
pyrolysis. Thus, based on their chemical composition, biochars made from these two biomasses have
the potential to mitigate N2O emissions from soil. Biochars produced from the pyrolysis of SFPM have
a C/N ratio lower than 30 (11.0–13.0) and could potentially increase N2O emissions from soil, due to
their high N content [39] and low C content.

3.3. Experimental Validation of the Models

In order to validate the quadratic response surface regression models, two biochars were produced
from wood (B1 and B2), switchgrass (B3 and B4), and SFPM (B5 and B6) (Table 4). B2, B4 (two replicates),
and B6 were produced with the pyrolysis operating parameters (temperature, residence time, and N2

flowrate) determined from the response surface analysis for producing a biochar with the optimal
properties in order to maximize the C sequestration potential (i.e., the lowest O/Corg and H/Corg

ratios). B1, B3, and B5 were produced using the optimal parameters for producing a biochar with the
opposite characteristics (highest O/Corg and H/Corg ratio). In fact, because the predicted optimal
pyrolysis parameters needed to obtain the optimal O/Corg and H/Corg ratios are similar, the selected
temperature, residence time, and N2 flowrate, were average values. For example, the lowest H/Corg

and O/Corg ratios predicted for wood biochar would be obtained at 646 ◦C and 642 ◦C, respectively
(Table 3). Thus, the selected temperature for the production of biochar with the best C sequestration
potential was 644 ◦C (Table 4). The pyrolysis operating parameters for biochar production that were
used to validate the models, and the corresponding yields and properties of the resulting biochars are
presented in Table 4. B2, B4, and B6 were produced at a higher temperature, during a longer residence
time, and with a lower N2 flowrate than B1, B3, and B5, respectively. Their ash contents are higher,
whereas their H and O contents are lower. Moreover, the C and N contents of B2 and B4 are higher than
B1 and B3, respectively. The water content is always low (about 1%), whereas the biochars produced at
higher temperatures are more alkaline.

Table 4. Products yields and physicochemical properties of biochars produced with optimal pyrolysis
operating conditions.

Unit B1 B2 B3 B4 1 B4 2 B5 B6

Pyrolysis parameters

Biomass Wood Wood SG 3 SG SG SFPM 4 SFPM
Temperature ◦C 516 644 459 591 591 526 630

Res. time s 80 101 78 104 104 76 94
N2 flowrate L·min−1 4.0 2.9 3.4 2.6 2.6 4.0 1.7

Products yields

Biochar % (w.b.) 26.4 18.5 26.9 18.9 18.6 46.4 34.9
Bio-oil % (w.b.) 58.2 51.5 60.2 49.4 49.0 37.9 41.5

Biochar properties

Ctotal % (w.b.) 71.6 80.0 67.1 79.5 80.2 51.5 49.2
Corg % (w.b.) 70.7 76.0 64.9 79.1 79.9 47.4 45.2

H % (w.b.) 4.8 3.73 4.85 3.36 3.35 3.73 3.36
O % (w.b.) 21.6 13.4 22.9 10.0 9.59 15.6 13.7
N % (w.b.) 0.141 0.166 0.641 0.828 0.780 4.40 4.05

Psoluble mg·kg−1 13.7 7.16 109 26.7 32.1 165 55.7
Water content % (w.b.) 0.9 1.2 1.5 1.0 1.8 0.9 0.9
Ash (750 ◦C) % (d.b.) 1.4 2.1 4.1 5.6 5.4 23.6 28.1

pH 6.8 7.6 6.4 8.7 8.9 8.6 9.3
1 First pyrolysis test for B4 production; 2 Second pyrolysis test for B4 production; 3 Switchgrass; 4 Solid fraction of
pig manure.
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The observed vs. predicted values for the biochar yield, C/N, H/Corg, and O/Corg ratios,
are illustrated in Figure 2. A comparison of the linear regressions with the 1:1 line indicates that
the models fit the experimental data for the yield (R2 = 0.97), C/N (R2 = 1.0), H/Corg (R2 = 0.88),
and O/Corg (R2 = 0.73). B2 and B4 are expected to have a better potential for mitigating climate change,
have a high C sequestration potential (H/Corg < 0.7; O/Corg < 0.2), and have the potential to reduce
soil GHG emissions (C/N ratio > 30).
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Figure 2. Biochar yield, C/N, H/Corg, and O/Corg ratios: observed vs. predicted values.

4. Conclusions

Results from this study demonstrated that the response surface methodology approach can be
used to accurately predict the optimal operating parameters of a vertical auger reactor (temperature,
solid residence time, and nitrogen flowrate), required to produce engineered biochars with specific
characteristics for C sequestration. It was highlighted that the pyrolysis products’ yields and biochar
characteristics highly depend on the pyrolysis operating conditions and biomass feedstock. Biochar
produced from wood and switchgrass can only present a high potential for C sequestration if the
pyrolysis operating parameters are properly selected. In fact, the minimum H/Corg and O/Corg

ratios predicted from the response surface models reached values lower or equal to 0.54 and 0.14,
respectively, for a pyrolysis temperature ranging from 588 to 646 ◦C, a solid residence time from
99 to 106 s, and a N2 flowrate from 2.0 to 3.1 L·min−1. Moreover, regardless of the pyrolysis operating
conditions, the biochars produced from the pyrolysis of wood and switchgrass could help to decrease
soil N2O emissions, because their C/N ratios are higher than 30. Further experiments have to be
carried out with the produced biochars, in order to evaluate their effect on soil GHG emissions and C
sequestration, and to validate the hypothesis made in this study.
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Appendix A. Experimental Data: Box-Behnken Design

Table A1. Pyrolysis of wood—Experimental data.

Operational Parameters Products Yields Biochar Properties

T
Res.

Time
N2 Bio-Oil

Liquid
Organics

Biochar Syngas C/N H/Corg O/Corg

◦C s L·min−1 % % %

500 60 3 57.6 39.0 31.2 10.9 517 0.84 0.25
500 90 1 61.9 39.9 24.6 13.2 491 0.68 0.19
500 90 5 55.2 36.3 30.2 14.2 531 0.92 0.29
500 120 3 63.6 41.9 23.4 12.4 541 0.68 0.19
575 60 1 49.1 31.8 22.6 28.0 483 0.68 0.19
575 60 5 56.8 37.8 22.2 20.5 512 0.74 0.22
575 90 3 60.0 38.1 20.7 18.8 565 0.65 0.19
575 90 3 60.6 40.6 20.6 18.2 487 0.65 0.18
575 90 3 61.5 39.4 20.2 17.8 504 0.62 0.17
575 120 1 58.8 34.4 21.2 19.6 503 0.60 0.15
575 120 5 54.4 35.2 19.9 25.2 500 0.63 0.18
650 60 3 56.0 36.8 18.3 25.2 430 0.59 0.16
650 90 1 52.4 31.3 18.0 29.0 491 0.51 0.13
650 90 5 48.8 27.8 17.5 33.1 497 0.57 0.15
650 120 3 48.6 27.4 17.6 33.3 466 0.53 0.13

T: temperature; Res. Time: solid residence time; N2: Nitrogen flowrate.

Table A2. Pyrolysis of Switchgrass—Experimental data.

Operational Parameters Products Yields Biochar Properties

T
Res.

Time
N2 Bio-Oil

Liquid
Organics

Biochar Syngas C/N H/Corg O/Corg

◦C s L·min−1 % % % %

450 60 3 57.8 35.4 25.6 16.4 114 0.81 0.25
450 90 1 59.2 34.3 26.4 14.0 106 0.77 0.21
450 90 5 60.1 37.1 24.9 14.4 102 0.82 0.24
450 120 3 59.4 34.1 24.4 15.9 101 0.69 0.19
525 60 1 61.4 34.7 20.5 17.9 100 0.64 0.18
525 60 5 55 33.4 19.9 24.5 105 0.72 0.21
525 90 3 58.3 37.2 20.2 21.2 115 0.60 0.16
525 90 3 58.5 31.0 21.3 19.9 95 0.61 0.16
525 90 3 59 30.8 20.0 20.6 99 0.58 0.14
525 120 1 56.8 42.3 21.9 21.1 102 0.57 0.14
525 120 5 54.5 27.9 20.9 24.1 103 0.54 0.14
600 60 3 51.5 30.8 16.8 30.5 98 0.58 0.15
600 90 1 48.9 21.3 18.7 31.9 105 0.48 0.10
600 90 5 44.8 20.4 17.3 37.2 99 0.49 0.11
600 120 3 48.1 21.8 18.5 32.9 102 0.46 0.10

T: temperature; Res. Time: solid residence time; N2: Nitrogen flowrate.
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Table A3. Pyrolysis of SFPM—Experimental data.

Operational Parameters Products Yields Biochar Properties

T Res. Time N2 Bio-Oil Liquid Organics Biochar Syngas C/N H/Corg O/Corg

◦C s L·min−1 % % % %

500 60 3 42.8 12.5 41.6 14.9 11.6 0.92 0.21
500 90 1 45.7 12.4 38.8 15.1 12.4 0.80 0.16
500 90 5 39.3 10.6 40.4 19.5 12.0 0.91 0.21
500 120 3 41.7 10.8 39.6 17.0 12.5 0.85 0.18
575 60 1 46.7 10.8 36.7 15.0 12.3 0.75 0.16
575 60 5 40.1 11.7 38.5 20.6 11.5 0.85 0.23
575 90 3 42.3 11.7 35.8 21.0 12.7 0.78 0.18
575 90 3 43.7 12.1 36.0 19.4 12.4 0.76 0.16
575 90 3 43.6 11.9 34.8 19.8 11.4 0.74 0.17
575 120 1 45.7 12.0 34.7 17.7 12.9 0.65 0.14
575 120 5 38.6 9.2 35.9 24.5 12.1 0.72 0.16
650 60 3 42.7 10.5 33.8 21.8 12.6 0.66 0.14
650 90 1 44.0 7.7 32.4 22.8 13.0 0.61 0.13
650 90 5 38.3 9.3 32.1 28.8 11.0 0.74 0.18
650 120 3 39.1 8.5 32.6 27.2 12.8 0.68 0.14

T: temperature; Res. Time: solid residence time; N2: Nitrogen flowrate.

Appendix B. ANOVA Tables

Table A4. ANOVA for the model of wood biochar.

Wood Factor DF Mean Squares F Value Pr > F

Temperature 4 53.001 29.96 0.0011 *
Yield Res. time 4 8.0950 4.580 0.0632

N2 flowrate 4 2.9350 1.660 0.2936

Temperature 4 0.0287 18.78 0.0033 *
H/Corg Res. time 4 0.0063 4.120 0.0763

N2 flowrate 4 0.0070 4.580 0.0631

Temperature 4 0.0043 22.04 0.0022 *
O/Corg Res. time 4 0.0010 4.930 0.0552

N2 flowrate 4 0.0014 7.430 0.0247 *

Temperature 4 1452.1 1.250 0.3972
C/N Res. time 4 471.35 0.410 0.7982

N2 flowrate 4 304.41 0.260 0.8904

DF: Degrees of freedom; Res. Time: solid residence time; * Significant at Pr < 0.05.

Table A5. ANOVA for the model of switchgrass biochar.

Switchgrass Parameter DF Mean Squares F Value Pr > F

Temperature 4 29.441 87.23 <0.0001 *
Yield Res. time 4 0.8077 2.390 0.1822

N2 flowrate 4 0.7911 2.340 0.1876

Temperature 4 0.0368 45.51 0.0004 *
H/Corg Res. time 4 0.0083 10.30 0.0124 *

N2 flowrate 4 0.0014 1.700 0.2847

Temperature 4 0.0061 72.32 0.0001 *
O/Corg Res. time 4 0.0017 20.26 0.0027 *

N2 flowrate 4 0.0003 3.000 0.1298

Temperature 4 29.954 0.530 0.7194
C/N Res. time 4 21.608 0.380 0.8125

N2 flowrate 4 2.1106 0.040 0.9964

DF: Degrees of freedom; Res. Time: solid residence time; * Significant at Pr < 0.05.

19



Energies 2017, 10, 288

Table A6. ANOVA for the model of SFPM biochar.

SFPM Parameter DF Mean Squares F Value Pr > F

Temperature 4 27.624 96.31 <0.0001 *
Yield Res. time 4 2.7895 9.730 0.0141 *

N2 flowrate 4 0.8267 2.880 0.1381

Temperature 4 0.0207 18.07 0.0036 *
H/Corg Res. time 4 0.0030 2.630 0.1592

N2 flowrate 4 0.0054 4.680 0.0606

Temperature 4 0.0009 5.020 0.0533 *
O/Corg Res. time 4 0.0008 4.470 0.0661

N2 flowrate 4 0.0014 8.040 0.021 *

Temperature 4 0.2138 0.850 0.5509
C/N Res. time 4 0.1987 0.790 0.5793

N2 flowrate 4 0.6988 2.770 0.1466

DF: Degrees of freedom; Res. Time: solid residence time; * Significant at Pr < 0.05.
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Abstract: Concerns about climate change and food productivity have spurred interest in biochar,
a form of charred organic material typically used in agriculture to improve soil productivity and as
a means of carbon sequestration. An innovative approach in agriculture is the use of agro-forestry
waste for the production of soil fertilisers for agricultural purposes and as a source of energy.
A common agricultural practice is to burn crop residues in the field to produce ashes that can
be used as soil fertilisers. This approach is able to supply plants with certain nutrients, such as
Ca, K, Mg, Na, B, S, and Mo. However, the low concentration of N and P in the ashes, together
with the occasional presence of heavy metals (Ni, Pb, Cd, Se, Al, etc.), has a negative effect on
soil and, therefore, crop productivity. This work describes the opportunity to create an innovative
supply chain from agricultural waste biomass. Olive (Olea europaea) and hazelnut (Corylus avellana)
pruning residues represent a major component of biomass waste in the area of Viterbo (Italy). In this
study, we evaluated the production of biochar from these residues. Furthermore, a physicochemical
characterisation of the produced biochar was performed to assess the quality of the two biochars
according to the standards of the European Biochar Certificate (EBC). The results of this study indicate
the cost-effective production of high-quality biochar from olive and hazelnut biomass residues.

Keywords: biochar; biomass; soil fertiliser; olive; hazelnut

1. Introduction

Biochar is a carbon-rich material produced by thermal decomposition of biomass under
oxygen-limited conditions [1]. According to the International Biochar Initiative (IBI), biochar is
primarily used for soil applications for both agricultural and environmental gains [2]. The IBI definition
differentiates biochar from charcoal, whose use is as a fuel for heat, as an absorbent material, or as
a reducing agent in metallurgical processes [1,3]. Thermo-chemical processes include (i) slow pyrolysis
(conventional carbonization); (ii) fast pyrolysis; (iii) flash carbonization; and (iv) gasification [4–7].
During the last two decades, pyrolysis process received more attention from the scientific community,
since it is an efficient method for converting biomass into bio-fuel [5,8]. The pyrolysis process and its
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parameters, such as final temperature, pressure, heating rate, and residence time, greatly influence
biochar quality [5]. The advantage of slow pyrolysis is to retain up to 50% of the carbon (C) feedstock
in stable biochar [9], which makes it suitable as soil fertiliser. High-temperature pyrolysis (>550 ˝C)
produces biochar with high aromatic content and, therefore, recalcitrant to decomposition [10].
Biochars produced through low-temperature processes (<550 ˝C) typically have a less-condensed C
structure and are expected to give a better contribution to soil fertility [11]. The nature of the biomass
feedstock also influences the properties of the produced biochar [3,12]. The relation between biochar
properties and its potential to improve agricultural soils is a nascent focus area and the appropriate
pyrolysis conditions are still unclear [13]. Numerous recent studies focused on methodologies for
the chemical characterisation of biochars [13–15], other studies investigated the intrinsic potential
of biochar as a soil amendment [16,17], although further efforts are required to obtain biochar with
suitable properties [3]. One of the attractive characteristics of biochar as a soil amendment is its
porous structure, which improves water retention and increases soil surface area [2]. Moreover,
the concentration of biochar into soil has been related to an improved nutrient use efficiency,
either through nutrients contained in biochar or through physicochemical processes that allow
a better uptake of soil-inherent or fertiliser-derived nutrients [2]. The application of biochar increases
physical and chemical qualities of soils, resulting in greater productivity of the agro-ecosystem [18].
Biochar, due to its biological and chemical stability, can also act as a C sink. The recalcitrance of biochar
to microbial degradation enables the long-term sequestration of C in soil [2,19].

Biochar application in agriculture, positively affects the water holding capacity; this property
derives from the distribution and the degree of cohesion of the pores in biochar, which depends on
the particles size and aggregation, as well as the organic matter (OM) content. The effect of biochar
on water holding capacity is dependent on both the high internal surface area of biochar and the
capability to aggregate soil particles with OM, minerals, and microorganisms. The increase in soil
porosity also allows a better percolation of excess water towards the deeper layers of the soil, therefore
increasing ventilation.

This work aims to determine the opportunity to create an innovative supply chain from
agricultural waste biomass, especially regarding olive (Olea europaea) and hazelnut (Corylus avellana)
in order to evaluate the production of biochar from their pruning residues. Biomass residues in
Mediterranean areas come mainly from agricultural and agro-industrial activities, as well as forest
by-products. Only a few woody residues are used to produce fertilisers and as renewable energy
resources [20]. In contrast, typical management strategies in the agricultural industry do not provide
any valorisation of these biomasses, which are burnt in the field to prevent proliferation of plant
diseases [20]. However, this landfill choice affects the soil structure since OM in woody biomass
residues must be completely decomposed before used as fertiliser.

2. Materials and Methods

2.1. Biomass from Olive and Hazelnut Prunings

In the area of Viterbo, pruning residues from olive and hazelnut are rarely utilised as a source of
energy in burning stoves or boilers; they are, instead, burnt in situ, therefore reducing the formation of
soil organic carbon. During summer, besides pruning residues, suckers are removed before the harvest,
representing another significant loss of biomass. Approximately 15 m3 of biomass samples from
both olive and hazelnut have been collected in farms of the Viterbo province. Recent studies [21,22]
have investigated the possibility of enhancing olive and hazelnut residue waste management as
a means to produce soil fertilisers and energy, therefore reducing the environmental impact of
such residual organic wastes. Biomass from pruning crop operations (Figure 1a,b) represents
an attractive resource that could be exploited for (i) fuel production (combustion and/or gasification)
and (ii) biochar production (pyrolysis) that can be used as soil fertiliser.
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Figure 1. Pruning residues from (a) olive and (b) hazelnut after crop operations; and (c) bio-shredding.

A pelletization procedure was developed and applied on bio-shredding obtained from olive and
hazelnut residues (Figure 1c). Pruning residues were collected on site and immediately transferred to
the laboratory for sifting and exsiccation (Figure 2) until a water content of 15% was achieved. Final
water content as low as 15% is necessary for further refining of the product and pellet production. The
humidity concentration in the prunings is very notable, because we can improve the technical process
for pellet production by biomass. In Italy there are not many companies and total supply chains
that work the prunings for pellet production and for use of these residual agriculture sub-products
(Figure 3).

 

Figure 2. Schematic of the pelletization process showing (a) pellet mill; (b) olive and hazelnut pellet;
and (c) packaging.

 

Figure 3. Biochar production from pellets showing (a) the Elsa Research carbonization system;
(b) a schematic representation of the conversion process; and (c) the final product (biochar).

25



Energies 2016, 9, 526

2.2. Pyrolysis Process

Pyrolysis of biomass is commonly considered as a thermo-chemical conversion process [7,23].
Pyrolysis is carried out under partial (or complete) absence of oxygen and relies on capturing the
off-gases from thermal decomposition of the organic materials [19]. The physicochemical characteristics
of biochar are determined by the type of feedstock and by the temperature of pyrolysis. For example,
higher salt and ash contents are expected in wheat straw than in wood-derived biochar [24], and C
content and N content are greater in pine chips than in poultry litter-derived biochar [25]. A higher
pyrolysis temperature results in greater surface area, lower biochar recovery, higher ash content,
elevated pH, minimal total surface charge [26], and lower cation exchange capacity [24]. Removal of
volatile compounds at higher pyrolysis temperatures also cause biochars to have higher C content
and lower hydrogen (H) and O content [26]. Pyrolysis of agro-forestry residues is typically carried
out with temperatures between 400 and 800 ˝C. With these conditions, the feedstock is converted to
liquid products (so-called tar or pyrolysis oil) and/or gas (syngas), which can be used as fuels or raw
materials for subsequent chemical transformation. The residual solid carbonaceous material obtained
(biochar) could be further refined to products, such as activated carbon.

2.3. Biochar Production form Olive and Hazelnut Pellets

The carbonisation system Elsa Research (Blucomb Ltd., based in Udine, Italy) was used to
produce the biochar from olive and hazelnut pellets; biomass conversion was achieved by pyrolytic
micro-gasification (Figure 3). The Elsa Research carbonisation system works with natural ventilation
and does not require being powered by batteries or electricity. A chimney is typically used to increase
the air draft for fuels that have difficulties igniting.

Physicochemical characterisation of the biochar obtained from the Elsa Research carbonisation
system was performed at the European Biochar Institute, which released the EBC based on the quality
of the biochar.

3. Results

3.1. From Biomass to Biochar: Conversion Rates Analyses

Auto-thermal conversion of biomass was carried out under natural ventilation. Quantitative
analyses of pyrolysed biomass and produced biochar, as well as the conversion rates, are reported for
10 and four sessions of pyrolysis, respectively, for olive and hazelnut pellets (Table 1). A statistical
comparison between olive and hazelnut performances during pyrolysis is reported in Table 2, showing
the total conversion rates, mean, and standard deviation (SD) of the results obtained in the experiments.

Table 1. Conversion rates of biomass obtained from each pyrolysis session.

Olive Hazelnut

Session Biomass
(kg)

Biochar
(kg)

Conversion
Rate Session Biomass

(kg)
Biochar

(kg)
Conversion

Rate
1 38.35 8.11 0.209 1 37.69 8.11 0.215
2 39.07 8.21 0.210 2 36.25 7.96 0.220
3 38.88 8.19 0.211 3 37.03 8.09 0.218
4 38.96 8.16 0.209 4 37.11 8.09 0.218
5 34.09 7.10 0.208
6 39.02 8.23 0.211
7 38.89 8.19 0.211
8 38.93 8.19 0.210
9 38.97 8.20 0.210

10 38.81 8.13 0.209
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Table 2. Comparisons and statistical values of conversion rates of olive and hazelnut.

Olive Hazelnut

Biochar (kg) Conversion Rate Biochar (kg) Conversion Rate

Total 384.47 80.71 148.08 32.25
Mean 0.210 0.218

SD 0.00088 0.00188

Further analyses were carried out to investigate the calorific power of the two biochars produced.
Composition, structure, heat value of the gas, tar liquid, and semi-char solid products depend on
the pyrolysis temperature [7]. Quantity and quality of resulting outputs from biomass pyrolysis are
related to the chemical composition of the operating temperature and the feedstock [7,27]. The calorific
values calculated were compared with those provided by the producers in order to make energy
considerations on the process. The results obtained are consistent with other pyrolysis processes.
The latter led to the volatilisation of a fraction of biomass with a calorific value ranging between 75%
and 85% of the starting biomass. The calorific value is measured in terms of the high calorific value [28].
Table 3 distinguishes two types of calorific value (usually expressed in MJ/kg): (i) the higher calorific
value that it is the amount of heat produced by a complete combustion of a mass unit of a sample,
at constant volume, in an atmosphere rich of oxygen at standard conditions (25 ˝C, 101.3 kPa);
and (ii) the lower calorific value (PCI) that does not include the heat of the condensation of water [28].

Table 3. Analysis of the calorific power of pyrolysis reaction for the two biochars produced in this study.

Olive Wood Units Pellet Biochar

Higher calorific value MJ/kg 19.47 31.71
Lower calorific value MJ/kg 16.17 30.48

Calorific value from pyrolysis MJ/kg 12.37
Percentage of calorific value from pyrolysis % 0.76

Hazelnut Wood Units Pellet Biochar
Higher calorific value MJ/kg 19.02 26.62
Lower calorific value MJ/kg 16.71 25.66

Calorific value from pyrolysis MJ/kg 14.21
Percentage of calorific value from pyrolysis % 0.85

Pyrolysis does not produce energy from heat; rather, it leads to the production of gas from
biomass. In general, pyrolysis involves the heating of biomass to temperatures greater than 400 ˝C in
the absence of oxygen [29]. At these temperatures, biomass thermally decomposes releasing a vapour
phase and biochar (solid phase). On cooling the pyrolysis vapour, polar and high-molecular-weight
compounds condense out as bio-oil (liquid phase) while low-molecular-weight volatile compounds
remain in the gas phase (syngas) [6]. The physics and chemistry of pyrolysis process results are
extremely complex, and are dependant depending on both the rector conditions and the nature of the
biomass [29]. The combustion of gas in the Elsa Research system occurs in “close-coupled combustion”
(micro-gasification). Biochars produced by Blucomb Ltd. (Udine, Italy) (spin-off) for the European
project were analysed by Eurofins laboratories, accredited for the certification of the EBC. International
biochar experts developed the EBC in order to consider it in the European context as a voluntary
industrial standard [30]. The EBC guarantees a sustainable biochar production, with a low-risk use
in agronomic systems. Biochar produced in accordance with the standards of the EBC fulfils all of
the requirements of sustainable production and environmental impact by certifying (i) sustainable
production and provision of biomass feedstock; (ii) energy efficient, low emission pyrolysis technique;
(iii) low contaminant level in the biochar; and (iv) low hazard use and application of the biochar. These
standards are in compliance with current environmental European regulations [31].
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3.2. Elemental Analysis

The chemical composition of biochar is determined also by the source of biomass employed.
Biochar produced from wood, for example, is denser and has higher C content („80%) [32].
These properties reflect the chemical complexity of lignin, which makes it more resistant to thermal
degradation. The elemental composition, plotted as H/C vs. O/C ratios (Figure 4), is often used to
describe maturity, decomposition rate, and combustion behaviour of fossil chars and coal [33,34].
When applied to biochar, the H/C and O/C ratios can be suitable indicators of the degree of
carbonisation. High ratios typically point to primary plant macromolecules, such as simple
carbohydrates and cellulose [35]. An H/C ratio of ď0.2 indicates C of plant origin with elevated
carbonisation [36].

Figure 4. Example of Van Krevelen diagram of biochars obtained through different pyrolisis processes.
The red square shows the optimum elemental ratio values of H/C and O/C for biochar production.

The O/C ratio is an indicator of the presence of polar functional groups, which influence the
stability of biochar by preventing a dense, graphite-like structure of the material [37]. Therefore,
the O/C ratio is useful to assess hydrophilicity and hydrophobicity of the charred material. The ratios
of H, O, and C can also be used to differentiate between materials obtained by different processes.
In the view of C sequestration and for material with complex aromatic structure and low presence of
functional groups, optimum ratios of H/C and O/C are approximately ď0.6 and ď0.4, respectively [38].
Nitrogen in biochar is an important nutrient, its concentration is related to the concentration in the
starting material, with values between 1.8 and 56 g¨ kg´1, although N in biochar is in a form often not
readily bioavailable [39]. The C/N ratio, an indicator of the bioavailability of an organic compound,
is highly variable and ranges between 7 and 500 [38].

The results of elemental analyses of the two biochars investigated in this study are reported
in Table 4. Both biochars are characterised by values well below the limits established by the EBC,
in particular the olive and hazelnut biochars have high values of C and low H/C and O/C ratios.
A low H/C ratio indicates that the produced biochars are also recalcitrant to microbial degradation.
These results indicate that our production process yield high-quality biochars with a level of
carbonisation that makes it suitable for C sequestration, as confirmed by the H/C ratios.
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Table 4. Elemental analyses from EBC (Method DIN 51732).

Elements Units
Hazelnut
Biochar

Olive
Biochar

EBC Biochar
Base

EBC Biochar
Premium

H (Hydrogen) % w/w 1.21 1.58 - -
C (Carbon, total) % w/w 78.1 90.1 >50 >50

N (Nitrogen, total) % w/w 0.64 0.42 - -
O (Oxygen) % w/w 1.2 1.7 - -

Carbonate as CO2 % w/w 2.62 1.17 - -
Carbonate (organic) 75.5 89.8

H/C ratio (molar) 0.18 0.21 <0.6 <0.6
O/C rate (molar) 0.012 0.014 <0.4 <0.4
Sulphur (total) % w/w 0.07 <0.03

3.3. Nutrients and Trace Elements

Biomass residues containing high concentrations of minerals, such as those obtained from
herbaceous plants produce biochars with high ash content [32], maintain in the biochar matrix most
of the nutrients present in the starting material (Table 5). These types of biochar have a lower total
carbon (TC) content and cohesion than those obtained from wood-pruning biomass. The low C content,
together with elevated concentrations of nutrients, makes biochars from herbaceous material more
readily available for microorganisms [2]. The concentration of phosphorus (P) and potassium (K) in the
biochar is related to the initial content in the feedstock. The content of P and K are typically between
2.7 and 480 g¨ kg´1 and 10 to 58 g¨ kg´1, respectively [39].

Table 5. Determination from microwave digestion (method: DIN 22022-1).

Elements Units Methods
Hazelnut
Biochar

Olive
Biochar

EBC Biochar
Base

EBC Biochar
Premium

P (Phosphorus) mg/kg ISO 11885 590 330 - -
Mg (Magnesium) mg/kg ISO 11885 2900 1400 - -

Ca (Calcium) mg/kg ISO 11885 38,000 11,000 - -
K (Potassium) mg/kg ISO 11885 5500 3500 - -
Na (Sodium) mg/kg ISO 11885 2100 260 - -

Fe (Iron) mg/kg ISO 11885 6500 1500 - -
Si (Silicon) mg/kg ISO 11885 25,000 9700 - -
S (Sulphur) mg/kg ISO 11885 910 200 - -
Pb (Lead) mg/kg ISO 17294-2 66 20 <150 <120

Cd (Cadmium) mg/kg ISO 17294-2 <0.2 <0.2 <1.5 <1
Cu (Copper) mg/kg ISO 17294-2 100 6 <100 <100
Ni (Nickel) mg/kg ISO 17294-2 9 8 <50 <30

Hg (Mercury) mg/kg DIN EN 1483 <0.07 <0.07 <1 <1
Zn (Zinc) mg/kg ISO 17294-2 340 84 <400 <400

Cr (Chromium total) mg/kg ISO 17294-2 22 15 <90 <80
B (Boron) mg/kg ISO 17294-2 32 10 - -

Mn (Manganese) mg/kg ISO 17294-2 350 380 - -

EBC biochar base and premium report the limits required by the EBC protocol of certification.
The total ash content ranged between 6.2% and 18.8% (w/w) for biochar from pellets of olive and
hazelnut wood. The nutrient content is much greater in hazelnut biochar than olive, which was
evident especially for Mg, Ca, Fe, S, Cu, and Zn. Biochar from hazelnut pellets could bring a greater
contribution of nutrients to the soil and, therefore, be less resistant to microbial decomposition. Heavy
metal content in both biochars was well below the EBC limits. Only Cu in the hazelnut biochar was
close to the maximum value established by the EBC.
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3.4. PAHs (Polycyclic Aromatic Hydrocarbons) Composition

PAHs are ubiquitous in the environment, being by-products of the incomplete combustion of
organic material [40]. The chemical structure of PAHs makes them highly resistant to biodegradation
and oxidation [41]. The presence of PAHs in pyrolytic reactions above 700 ˝C is well established [42],
although they can be produced in pyrolysis reactions of less than 700 ˝C at low concentration [43].
It is, therefore, critical to ensure PAH concentrations remain below the limits established by the EBC.
The 16 priority US EPA PAHs are typically used to assess the total PAH content; the limits established
by the EBC are of <12 and <4 mg/kg for biochar standard and premium, respectively. The PAH
composition of the two biochars analysed in this study (Table 6), shows that both biochars are well
below the EBC limits, with values ranging from <0.1 to 1.1 mg/Kg.

Table 6. PAHs determination from toluene extract.

Elements Units Methods
Limits Hazelnut

Biochar
Olive

BiocharGW 1 * GW 2 *

Naphthalene mg/kg DIN EN 15527 - - 0.9 1.1
Acenaphthylene mg/kg DIN EN 15527 - - <0.1 <0.1
Acenaphthene mg/kg DIN EN 15527 - - <0.1 <0.1

Fluorene mg/kg DIN EN 15527 - - <0.1 <0.1
Phenanthrene mg/kg DIN EN 15527 - - 0.3 0.3

Anthracene mg/kg DIN EN 15527 - - <0.1 <0.1
Fluoranthene mg/kg DIN EN 15527 - - 0.1 0.1

Pyrene mg/kg DIN EN 15527 - - 0.1 0.1
Benz(a)anthracene mg/kg DIN EN 15527 - - <0.1 <0.1

Chrysene mg/kg DIN EN 15527 - - <0.1 <0.1
Benzo(b)fluoranthene mg/kg DIN EN 15527 - - <0.1 <0.1
Benzo(k)fluoranthene mg/kg DIN EN 15527 - - <0.1 <0.1

Benzo(a)pyrene mg/kg DIN EN 15527 - - <0.1 <0.1
Indeno(1,2,3-cd)pyrene mg/kg DIN EN 15527 - - <0.1 <0.1
Dibenz(a,h)anthracene mg/kg DIN EN 15527 - - <0.1 <0.1
Benzo(g,h,i)perylene mg/kg DIN EN 15527 - - <0.1 <0.1

SUM PAHs (EPA) mg/kg calculated <12 <4 1.20 1.60

* (GW 1 = quality level basic related dry bases; GW 2 = quality level premium related dry bases).

Total PAH content of the two biochars are 1.2 and 1.6 mg/kg for olive and hazelnut, respectively.
Therefore, both biochars can be considered suitable for soil applications, since both are well below the
EBC threshold limit of 4 mg/kg for biochar premium.

3.5. pH, Electrical Conductivity (EC), and Density

In general, the pH of biochar is relatively homogeneous and varies from neutral to basic pH.
Feedstock of various origins produce biochar with an average pH between 6.2 and 9.6 [39]. Lower pH
is typically found for biochars obtained from green pruning feedstock and organic waste, while the
highest values are to be attributed to poultry litter biochar. The Table 7 reports the elements values,
according to their pH, electrical conductivity, salt content and density.

The two biochar have a pH of 8.4 and 9.9 for olive and hazelnut, respectively. The EBC indicates
a maximum limit of 10; therefore, biochar produced from these types of wood residues is slightly below
the limit established by the certification. The EC is of particular importance when adding biochar to
soils with high EC and salinity. The two biochars had an EC of 217 and 332 mS/cm, respectively, for
olive and hazelnut (as shown in Table 7). Both values are very low and do not represent a real risk for
the addition to soil even under conditions of high EC. In general, biochar has a lower density than
soil, with an average of 0.4 g¨ cm´3 compared to a soil of medium texture, with average of 1.3 g¨ cm´3.
When adding biochar to soils with little ventilation, this property can help to reduce the density by
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mitigating issues related to the compaction of soil. The olive and hazelnut biochars produced in this
study have a density of 0.45 and 0.44 g¨ cm´3, respectively.

Table 7. Elements value (pH, electrical conductivity, and density).

Elements Units Hazelnut Biochar Olive Biochar

pH values (CaCl2) - 9.9 8.4
Electrical conductivity μS/cm 332 217

Salt content g/kg 0.655 1.18
Salt content cal. with bulk density g/L 0.287 0.527

4. Conclusions

The two biochars analysed in this study show excellent physicochemical properties, which
makes them suitable for agricultural applications. Both biochars can be certified as Biochar Premium
according to the regulations of the EBC; this allows a potential commercialisation of the biochars,
with higher prices than Biochar Base, typically less expensive, but with a higher content of PAHs.
The benefits of using Biochar Premium as soil fertiliser includes improved productivity, increased
water holding capacity of the soil (e.g., [44–46]), and a better retention of nutrients and agrochemicals
in soils, all of which should offset initial investment and provide added profits per application. Biochar
fuel commands a high-value application, offering numerous benefits, and an authentic alternative
to develop the biomass utilization efficiency [4,47]. The added value of biochar is also linked to
other issues, such as those involving agricultural and environmental sustainability. As claimed by
many studies [1,16], biochar as a soil amendment can improve soil health and increase agricultural
productivity with further environmental benefits related to global warming mitigation [16,48–52].
Based on our results, we intend to define an agro-forestry chain to use the residual waste biomass for
the production of high quality biochar for agronomic and commercial purposes. We are proceeding to
evaluate the properties of biochar for soil improvement.

Acknowledgments: This work was supported during my visiting professor at Strathclyde University.

Author Contributions: All authors contributed equally to the work done.

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

References

1. Lehmann, J.; Stephen, J. Biochar for Environmental Management—Science and Technology; Routledge: Abingdon,
UK, 2009.

2. Sohi, S.; Lopez-Capel, E.; Krull, E.; Bol, R. Biochar, climate change and soil: A review to guide future research.
Civ. Eng. 2009, 6618–6664.

3. Manyà, J.J. Pyrolysis for biochar purposes: A review to establish current knowledge gaps and research needs.
Environ. Sci. Technol. 2012, 46, 7939–7954. [CrossRef] [PubMed]

4. Anupam, K.; Sharma, A.K.; Lal, P.S.; Dutta, S.; Maity, S. Preparation, characterization and optimization for
upgrading Leucaena leucocephala bark to biochar fuel with high energy yielding. Energy 2016, 106, 743–756.

5. Jahirul, M.I.; Rasul, M.G.; Chowdhury, A.A.; Ashwat, N. Biofuels production through biomass pyrolysis—A
technological review. Energies 2012, 5, 4952–5001. [CrossRef]

6. Hoogwijk, M.; Faaij, A.P.C.; van den Broek, R.; Berndes, G.; Gielen, D.; Turkenburg, W. Exploration of the
ranges of the global potential of biomass for energy. Biomass Bioenergy 2003, 25, 119–133. [CrossRef]

7. Panwar, N.L.; Kothari, R.; Tyagi, V.V. Thermo chemical conversion of biomass – Eco friendly energy routes.
Renew. Sustain. Energy Rev. 2012, 16, 1801–1816. [CrossRef]

8. Demirbas, A. Partly chemical analysis of liquid fraction of flash pyrolysis products from biomass in the
presence of sodium carbonate. Energy Convers. Manag. 2002, 43, 1801–1809. [CrossRef]

9. Gaunt, J.L.; Lehmann, J. Energy balance and emissions associated with biochar sequestration and pyrolysis
bioenergy production. Environ. Sci. Technol. 2008, 42, 4152–4158. [CrossRef] [PubMed]

31



Energies 2016, 9, 526

10. Singh, B.P.; Cowie, A.L. A novel approach, using 13C natural abundance, for measuring decomposition of
biochars in soil. In Proceedings of the Carbon and Nutrients Management in Agriculture, Palmerston North,
New Zealand, 13–14 February 2008; Currie, L.D., Yates, L., Eds.

11. Steinbeiss, S.; Gleixner, G.; Antonietti, M. Effect of biochar amendment on soil carbon balance and soil
microbial activity. Soil Biol. Biochem. 2009, 41, 1301–1310. [CrossRef]

12. Di Blasi, C.; Branca, C.; Lombardi, V.; Ciappa, P.; di Giacomo, C.; Chimica, I. Effects of particle size and
density on the packed-bed pyrolysis of wood. Energy Fuels 2013, 27, 6781–6791. [CrossRef]

13. Brewer, C.; Schmidt-Roht, K.; Satrio, J.; Brown, R. Characterization of Biochar from fast pyrolysis and
gasification systems. Environ. Prog. 2009, 28, 386–396. [CrossRef]

14. Sánchez, M.E.; Lindao, E.; Margaleff, D.; Martínez, O.; Morán, A. Pyrolysis of agricultural residues from
rape and sunflowers: Production and characterization of bio-fuels and biochar soil management. J. Anal.
Appl. Pyrolysis 2009, 85, 142–144. [CrossRef]

15. Keiluweit, M.; Nico, P.S.; Johnson, M.G.; Kleber, M. Dynamic molecular structure of plant biomass-derived
black carbon (biochar). Environ. Sci. Technol. 2010, 44, 1247–1253. [CrossRef] [PubMed]

16. Agegnehu, G.; Bass, A.M.; Nelson, P.N.; Muirhead, B.; Wright, G.; Bird, M.I. Biochar and biochar-compost as
soil amendments: Effects on peanut yield, soil properties and greenhouse gas emissions in tropical North
Queensland, Australia. Agric. Ecosyst. Environ. 2015, 21, 372–385. [CrossRef]

17. Beesleya, L.; Moreno-Jiménez, E.; Gomez-Eyles, J.L.; Harris, E.; Robinsond, B.; Sizmure, T. A review of
biochars’ potential role in the remediation, revegetation and restoration of contaminated soils. Environ. Pollut.
2011, 159, 3269–3282. [CrossRef] [PubMed]

18. Laird, D.A.; Fleming, P.; Davis, D.D.; Horton, R.; Wang, B.; Karlen, D.L. Impact of biochar amendments on
the quality of a typical Midwestern agricultural soil. Geoderma 2010, 158, 443–449. [CrossRef]

19. Lehmann, J. A handful of carbon. Nature 2007, 447, 143–144. [CrossRef] [PubMed]
20. Di Giacomo, G.; Taglieri, L. Renewable energy benefits with conversion of woody residues to pellets. Energy

2009, 34, 724–731. [CrossRef]
21. Colantoni, A.; Longo, L.; Evic, N.; Gallucci, F.; Delfanti, L. Use of Hazelnut’s pruning to produce biochar by

gasifier small scale plant. Int. J. Renew. Energy Res. 2015, 5, 873–878.
22. Di Giacinto, S.; Longo, L.; Menghini, G.; Delfanti, L.; Egidi, G.; de Benedictis, L.; Riccioni, S.; Salvati, L.

Model for estimating pruned biomass obtained from Corylus avellana L. Appl. Math. Sci. 2014, 8, 6555–6564.
23. White, J.E.; Catall, W.J.; Legendre, B.L. Biomass pyrolysis kinetics: A comparative critical review with

relevant agricultural residue case studies. Anal. Appl. Pyrol. 2011. [CrossRef]
24. Kloss, S.; Zehetner, F.; Dellantonio, A.; Hamid, R.; Ottner, F.; Liedtke, V.; Schwanninger, M.; Gerzabek, M.H.;

Soja, G. Characterization of slow pyrolysis biochars: Effects of feedstocks and pyrolysis temperature on
biochar properties. J. Environ. Qual. 2012, 41, 990–1000. [CrossRef] [PubMed]

25. Gaskin, J.W.; Steiner, C.; Harris, K.; Das, K.C.; Bibens, B. Effect of low-temperature pyrolysis conditions on
biochar for agricultural use. Trans. Asabe 2008, 51, 2061–2069. [CrossRef]

26. Novak, J.; Lima, I.; Xing, B. Characterization of designer biochar produced at different temperatures and
their effects on a loamy sand. Ann. Environ. Sci. 2009, 3, 195–206.

27. Ceylan, R.; B-son Bredenberg, J. Hydrogenolysis and hydrocracking of the car-bonoxygen bond. 2. Thermal
cleavage of the carbon–oxygen bond in guaiacol. Fuel 1982, 61, 377–382.

28. Jothibasu, K.; Mathivanan, G. Enhancing combustion efficiency using nano nickel oxide catalyst in biomass
gasifier. Int. J. Core Eng. Manag. (IJCEM) 2015, 2, 31–41.

29. Laird, D.A. Review of the pyrolysis platform for coproducing bio-oil and biochar. Biofuels Bioprod. Bioref.
2008, 3, 547–562. [CrossRef]

30. European Biochar Certificate (EBC). Guidelines for a Sustainable Production of Biochar; European Biochar
Foundation: Arbaz, Switzerland, 2012; pp. 1–23.

31. European Parliament, Council of the European Union. Regulation (EC) No. 1907/2006 of the European
Parliament and of the Council of 18 December 2006 concerning the Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH), establishing a European Chemicals Agency, amending Directive
1999/45/EC and repealing Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No
1488/94 as well as Council Directive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC,
93/105/EC and 2000/21/EC. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%3A02006R1907-20140410 (accessed on 10 April 2014).

32



Energies 2016, 9, 526

32. Demirbas, A. Effects of temperature and particle size on bio-char yield from pyrolysis of agricultural residues.
J. Anal. Appl. Pyrolysis 2004, 72, 243–248. [CrossRef]

33. Hammes, K.; Smernik, R.J.; Skjemstad, J.O.; Herzog, A.; Vogt, U.F.; Schmidt, M.W.I. Synthesis and
characterisation of laboratory-charred grass straw (Oryza sativa) and chestnut wood (Castanea sativa)
as reference materials for black carbon quantification. Org. Geochem. 2006, 37, 1629–1633. [CrossRef]

34. Krevelen, V. Coal Science; Elsevier: Amsterdam, The Netherlands, 1957.
35. Chun, Y.; Sheng, G.; Chiou, G.T.; Xing, B. Compositions and sorptive properties of crop residue-derived

chars. Environ. Sci. Technol. 2004, 38, 4649–4655. [CrossRef] [PubMed]
36. Kuhlbusch, T.A.J.; Crutzen, P.J. Toward a global estimate of black carbon in residues of vegetation fires

representing a sink of atmospheric CO2 and a source of O2. Glob. Biogeochem. Cycles 1995, 9, 491–501.
[CrossRef]

37. Laine, J.; Yunes, S. Effect of the preparation method on the pore size distribution of activated carbon from
coconut shell. Carbon N. Y. 1992, 30, 601–604. [CrossRef]

38. Schimmelpfennig, S.; Glaser, B. One step forward toward characterization: Some important material
properties to distinguish biochars. J. Environ. Qual. 2012, 41, 1001–1013. [CrossRef] [PubMed]

39. Chan, K.Y.; Xu, Z. Biochar: Nutrient properties and their enhancement. Biochar Environ. Manag. Sci. Technol.
2012, 67–84.

40. Keith, L.H.; Telliard, W.A. Priority pollutants I-a perspective view. Environ. Sci. Technol. 1979, 13, 416–423.
[CrossRef]

41. Preston, C.M.; Schmidt, M.W.I. Black (pyrogenic) carbon: A synthesis of current knowledge and uncertainties
with special consideration of boreal regions. Biogeosciences 2006, 3, 397–420. [CrossRef]

42. Ledesma, E.B.; Marsh, N.D.; Sandrowitz, A.K.; Wornat, M.J. Global kinetic rate parameters for the formation
of polycyclic aromatic hydrocarbons from the pyrolysis of catechol, a model compound representative of
solid fuel moieties. Energy Fuels 2002, 16, 1331–1336. [CrossRef]

43. Garcia-Perez, M. The Formation of Polyaromatic Hydrocarbons and Dioxins during Pyrolysis: A Review of the
Literature with Descriptions of Biomass Composition, Fast Pyrolysis Technologies and Thermochemical Reactions;
Washington State University: Pullman, WA, USA, 2008; pp. 1–58.

44. Fellet, G.; Marchiol, L.; delle Vedove, G.; Peressotti, A. Application of biochar on mine tailings: Effects and
perspectives for land reclamation. Chemosphere 2011, 83, 1262–1267. [CrossRef] [PubMed]

45. Karhu, K.; Mattila, T.; Bergstrom, I.; Regina, K. Biochar addition to agricultural soil increased CH4 uptake
and water holding capacity—Results from a short-term pilot field study. Agric. Ecosyst. Environ. 2011, 140,
309–313. [CrossRef]

46. Streubel, J.D.; Collins, H.P.; Garcia-Perez, M.; Tarara, J.; Granatstein, D.; Kruger, C.E. Influence of contrasting
biochar types on five soils at increasing rates of application. Soil Sci. Soc. Am. J. 2011, 75, 1402–1413.
[CrossRef]

47. Liu, Z.; Quek, A.; Hoekman, S.K.; Balasubramanian, R. Production of solid biochar fuel from waste biomass
by hydrothermal carbonization. Fuel 2013, 103, 943–949. [CrossRef]

48. Reza, M.T.; Andert, J.; Wirth, B.; Busch, D.; Pielert, J.; Lynam, J.G.; Mumme, J. Hydrothermal carbonization
of biomass for energy and crop production. Appl. Bioenergy 2014, 1, 11–29. [CrossRef]

49. Hill, J.; Nelson, E.; Tilman, D.; Polasky, S.; Tiffany, D. Environmental, economic, and energetic costs and
benefits of biodiesel and ethanol biofuels. Proc. Natl. Acad. Sci. USA 2006, 103, 11206–11210. [CrossRef]
[PubMed]

50. Chandra, R.; Takeuchi, H.; Hasegawa, T. Hydrothermal pretreatment of rice straw biomass: A potential and
promising method for enhanced methane production. Appl. Energy 2012, 94, 129–140. [CrossRef]

51. Kim, D.; Yoshikawa, K.; Park, K.Y. Characteristics of biochar obtained by hydrothermal carbonization of
cellulose for renewable energy. Energies 2015, 8, 14040–14048. [CrossRef]

52. Civitarese, V.; Spinelli, R.; Barontini, M.; Gallucci, F.; Santangelo, E.; Acampora, A.; Scarfone, A.;
del Giudice, A.; Pari, L. Open-air drying of cut and windrowed short-rotation poplar stems. Bioenergy Res.
2015, 8, 1614–1620. [CrossRef]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

33



energies

Article

Thermal Properties of Biochars Derived from
Waste Biomass Generated by Agricultural and
Forestry Sectors

Xing Yang 1,2, Hailong Wang 2,3,*, Peter James Strong 4, Song Xu 1,*, Shujuan Liu 1, Kouping Lu 2,

Kuichuan Sheng 5,*, Jia Guo 6, Lei Che 7, Lizhi He 2, Yong Sik Ok 8, Guodong Yuan 9,10,

Ying Shen 2 and Xin Chen 1

1 School of Environment and Chemical Engineering, Foshan University, Foshan 528000, China;
yx20080907@163.com (X.Y.); liujuan_407@163.com (S.L.); chenxin20170331@163.com (X.C.)

2 Key Laboratory of Soil Contamination Bioremediation of Zhejiang Province, School of Environmental and
Resource Sciences, Zhejiang Agricultural and Forestry University, Lin’an, Hangzhou 311300, China;
kkping111@163.com (K.L.); helizhiyongyuan@163.com (L.H.); shenying@zafu.edu.cn (Y.S.)

3 Department of Environmental Engineering, Foshan University, Foshan 528000, China
4 Centre for Solid Waste Bioprocessing, School of Civil Engineering, School of Chemical Engineering,

The University of Queensland, St Lucia, QLD 4072, Australia; j.strong2@uq.edu.au
5 College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China
6 Zhejiang Chengbang Landscape Co. Ltd., Hangzhou 310008, China; guojiafuture@foxmail.com
7 School of Engineering, Huzhou University, Huzhou 313000, China; three_stone_cn@163.com
8 School of Natural Resources and Environmental Science & Korea Biochar Research Center,

Kangwon National University, Chuncheon 24341, Korea; soilok@kangwon.ac.kr
9 Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China;

gdyuan@yic.ac.cn
10 Guangdong Dazhong Agriculture Science Co. Ltd., Dongguan 523169, China
* Correspondence: nzhailongwang@163.com (H.W.); xuson@yeah.net (S.X.); kcsheng@zju.edu.cn (K.S.)

Academic Editor: S. Kent Hoekman
Received: 18 December 2016; Accepted: 24 March 2017; Published: 2 April 2017

Abstract: Waste residues produced by agricultural and forestry industries can generate energy
and are regarded as a promising source of sustainable fuels. Pyrolysis, where waste biomass is
heated under low-oxygen conditions, has recently attracted attention as a means to add value to
these residues. The material is carbonized and yields a solid product known as biochar. In this
study, eight types of biomass were evaluated for their suitability as raw material to produce biochar.
Material was pyrolyzed at either 350 ◦C or 500 ◦C and changes in ash content, volatile solids, fixed
carbon, higher heating value (HHV) and yield were assessed. For pyrolysis at 350 ◦C, significant
correlations (p < 0.01) between the biochars’ ash and fixed carbon content and their HHVs were
observed. Masson pine wood and Chinese fir wood biochars pyrolyzed at 350 ◦C and the bamboo
sawdust biochar pyrolyzed at 500 ◦C were suitable for direct use in fuel applications, as reflected by
their higher HHVs, higher energy density, greater fixed carbon and lower ash contents. Rice straw
was a poor substrate as the resultant biochar contained less than 60% fixed carbon and a relatively
low HHV. Of the suitable residues, carbonization via pyrolysis is a promising technology to add
value to pecan shells and Miscanthus.

Keywords: biochar; biomass; higher heating value (HHV); proximate analysis; renewable energy

1. Introduction

By 2020, the use of petroleum and other liquid fuels is estimated to reach nearly 100 million
bpd globally, and this is anticipated to increase a further 10% by 2035 [1]. This increase in energy
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demand, coupled to the depletion of petroleum resources, has intensified renewable energy research [2].
Biofuel derived from lignocellulosic biomass is one potential source of renewable energy. Biomass energy
currently provides almost 14% of the world’s primary energy. It is regarded as the renewable fuel
with the highest potential for sustainable development in the future, and its adoption can significantly
lower fossil fuel use and CO2 emissions [3]. In addition, a providing sustainable energy solution is
urgently required in developing countries.

In China, the use of biomass residues as a renewable energy source has increased in importance.
Approximately 70% of the Chinese population live in rural areas, where a large amount of agricultural
biomass residue is generated. It is a challenge to utilize these residues as a fuel in their original
form due to their low bulk density, low heating value and the volume of smoke they generate [4].
Lignocellulosic biomass is an abundant organic material that, in addition to its use as a fuel, can
be upgraded to generate biochar [5]. Biochar is a general term for a solid product derived from the
pyrolysis of agricultural or forestry biomass [6,7]. Pyrolysis is a process where a substrate is heated in
the absence of oxygen [3], and this conversion is a new strategy to potentially add value to biomass
residues [8].

Depending on its physical and chemical properties, biochar can range from a high-quality fuel [6]
to a soil amendment [9]. It may also be used to remediate contaminated soil [10–12] or sequester
carbon [13,14]. The processing method and pyrolysis temperature are the decisive elements affecting
biochar yield, but chemical and physical properties of the feedstock cannot be ignored [15,16]. There has
been considerable research regarding the use of biochar as a soil amendment, including the effect of
pyrolysis conditions and substrate type on biochar quality [8]. Moreover, numerous studies focus on
biomass as a substrate for the carbonization of biochar and its application as a fuel [17–19]. The resulting
biomass-derived biochar can be further processed into fuel briquettes after carbonization and can
partially address the challenges of waste biomass management related to air pollution and improving
transport efficiency [20]. For this reason, it is important to examine the thermal characteristics of
biochars generated from different biomass types and identify those most suited to biochar production.

In this study, biochars were generated using laboratory-scale pyrolytic carbonization of eight
types of waste biomass feedstocks commonly available in subtropical China. These feedstocks were
pine wood, Chinese fir wood, Chinese fir bark, bamboo leaves, bamboo sawdust, Miscanthus, pecan
shells and rice straw. To date, there is little research evaluating the thermal characteristics of biochar
generated from these biomass sources. The aims of this research were to:

(1) evaluate the influence of biomass types and pyrolysis temperatures on the thermal properties
of biochars;

(2) correlate biochar properties such as ash, volatile solid and fixed carbon contents to the higher
heating values (HHVs); and

(3) identify which waste biomass is best suited for fuel biochar production.

In brief, the outcome of this work would determine which substrates were suitable as fuel biochar
and provide technical guidance for using agricultural and forestry residues for biochar production.

2. Materials and Methods

2.1. Biomass Feedstock Preparation

Eight types of biomass from the agricultural and forestry sectors in subtropical China were
assessed. These were Masson pine wood, Chinese fir wood, Chinese fir bark, bamboo leaves,
bamboo sawdust, Miscanthus, pecan shells and rice straw. The biomass was obtained from Lin’an
City, northwest of Hangzhou, Zhejiang Province, China. The biomass feedstocks were air-dried,
chopped using a pulverizer, and finally ground to a size able to pass through 40-mesh sieves for
laboratory analyses.

35



Energies 2017, 10, 469

2.2. Biochar Production

Biochars were produced using a slow pyrolysis procedure, which was performed under an
inert nitrogen (purity ≥ 99.99%, flow rate: 200 mL min−1) atmosphere in a laboratory-scale (5 L)
fixed-bed tubular reactor made of stainless steel. The reactor was heated by an electrical furnace that
had the maximum temperature of 800 ◦C. The reactor was filled to 75% of its capacity and heated
to either 350 ◦C or 500 ◦C at a heating rate of 5 ◦C min−1. When peak temperature was reached,
it was held for 2 h. The pyrolyzed material was then cooled to room temperature under an inert
atmosphere. Sixteen biochar samples were generated from the eight kinds of feedstock pyrolyzed at
two temperatures. Biochar samples were ground to a size able to pass through 80-mesh sieves for
laboratory analyses.

2.3. Laboratory Analyses

The moisture, ash, fixed carbon content, volatile solids and the HHV were determined for
each feedstock and corresponding biochar samples. Moisture, ash and volatile solids content were
determined according to the NY/T1881-2010 Standard (China) [21]. For the moisture content, ground
samples were placed in an oven at 105 ◦C and dried until constant weight. Dried samples were cooled
in a desiccator for 1 h prior to weighing. For the ash content, samples were placed in an uncovered
crucible in a muffle furnace and the temperature was raised to approximately 275 ◦C in air with
a heating rate lower than 10 ◦C min−1 (i.e., ambient to 275 ◦C in less than 30 min). This was held for
30 min and then raised to 750 ◦C and held for 3 h. Samples were cooled in a desiccator for 20 min prior
to weighing. For the volatile solids content, the muffle furnace was preheated to 920 ◦C, samples were
placed inside and processed under an inert atmosphere (nitrogen) and kept at 900 ± 10 ◦C for 7 min.
Samples were cooled in a desiccator for 20 min prior to weighing. The HHV was determined according
to the GB/T 213-2008 Standard (China) [22] with a Bomb Calorimeter. The fixed carbon content
was calculated from the moisture, ash and volatile solids contents. All analyses were performed
in duplicate.

2.4. The Calculations of Biochar Yield, Energy Yield and Energy Density

The biochar (mass) yield (Gm) was calculated as the ratio of the mass of dry biochar (M2) to the
mass of dry biomass (M1) (Equation (1)). The energy yield (Ge) represented the energy contained in
biomass that was retained in the biochar. It was calculated using Gm and the HHVs of biochar (Q2)
and raw biomass (Q1) (Equation (2)). The energy density (ED) indicated the ratio of energy yield and
biochar yield, as presented below (Equation (3)) [23].

Gm =
M2

M1
× 100% (1)

Ge = Gm × Q2

Q1
(2)

ED =
Ge

Gm
(3)

2.5. Statistical Analyses

Statistical analyses were performed using the SPSS 17.0 statistical package program. The sample
means (n = 2) for proximate analyses and HHV were subjected to one-way analysis of variance
(ANOVA) and Duncan’s multiple range tests. Variability in the data was expressed as the standard
error, and the level of significance was set at p value <0.05. The correlations between raw biomass and
the biochars, as well as that between ash, volatile and fixed carbon content and HHV were based on
Pearson’s correlation coefficients (p < 0.01 and p < 0.05).
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3. Results and Discussion

3.1. Yield Analyses

The biochar and energy yields for the various substrates are displayed in Figure 1. In this
study, slow pyrolysis was used as this generally favors biochar production. Slow pyrolysis, which
incorporates longer residence times at slow heating rates at lower temperatures, produces primarily
charcoal, while at high temperatures it produces primarily gaseous products [24]. For example,
Nam et al. [25] obtained much higher mass yields of rice straw biochars using slow pyrolysis (45–48%)
compared to fast pyrolysis (27%). Fast pyrolysis, which incorporates short residence times, fast heating
rates, and moderate temperatures, favors the production of bio-oil [24].

Figure 1. Biochar and energy yield of various substrates pyrolyzed at 350 or 500 ◦C.

The biochar yields from bamboo sawdust (55%) and Miscanthus (51%) were relatively high
at 350 ◦C. All biochar yields decreased at the higher pyrolysis temperature [26], most notably for
bamboo sawdust, which decreased from 55% at 350 ◦C to 29% at 500 ◦C. However, at 500 ◦C the
biochar yields from pecan shells and rice straw remained relatively high—both at 39%. Yields are
known to vary due to the differences in the relative abundance of cellulose, hemicellulose and lignin
within different biomass, which have different thermal degradation kinetics [13]. Xiong et al. [27] also
observed biochar yields decreased at higher carbonization temperatures. The differences between
the resultant biochars were most likely attributable to the thermal resilience of lignin, as opposed to
hemicellulose and cellulose that decompose at temperatures lower than 400 ◦C (220 to 315 ◦C and 315
to 400 ◦C, respectively).

The energy yields displayed a similar trend to the biochar yields. For pyrolysis at 350 ◦C, the
biochar energy yields in decreasing order were: bamboo sawdust > pecan shells > Miscanthus >
Masson pine wood > Chinese fir bark > rice straw > Chinese fir wood > bamboo leaves. Energy yields
were lower after pyrolysis at 500 ◦C; the biochar energy yields in decreasing order were: bamboo
sawdust > Miscanthus > pecan shells > bamboo leaves > Chinese fir bark > rice straw > Masson
pine wood > Chinese fir wood. In the current study, the energy density of biochars pyrolyzed at
350 ◦C ranged from 1.44 to 1.69, with Masson pine wood, Chinese fir wood and pecan shell biochars
above 1.60. Although the energy density of bamboo sawdust biochar obtained at 500 ◦C (1.88) was
greatly improved compared that pyrolyzed at 350 ◦C (1.49), all other biochars generated at the higher
temperature had lower energy densities (ranging from 1.19 to 1.52). Masson pine wood, Chinese
fir wood and bamboo sawdust biomass are theoretically excellent biofuels because of their low ash
content, but environmental factors and transport costs limit their application [28].

Biochars contain less volatile solids and, to a certain point, have an increased energy density.
Harsono et al. [29] obtained 0.2 tons of biochar, 0.3 tons of biogas and 0.025 tons of bio-oil from one
ton of palm oil residues after slow pyrolysis. The biogas consisted mainly of CO2 (40–75%) and CH4

(15–60%) [30], and trace amounts of water vapor, hydrogen sulfide, siloxanes, hydrocarbons, ammonia,
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oxygen, carbon monoxide and nitrogen [31]. Biochar is lighter than the original material, making it
easier to transport. Biochar is also moisture resistant and resistant to microbial degradation, which
can lessen the impact of seasonal variations as they can be stored for much longer periods than raw
biomass [5]. Reza et al. [32] also reported that the biochar was about 41–90% of the original mass, but
contained 80–95% of the fuel value of the raw feedstock, i.e., biochar had higher energy density than
the raw biomass due to the mass lost to volatilization. In China, families used to collect agricultural and
forestry biomass such as crop residuals, weeds, branches and leaves for cooking and heating [33], and
lots of biomass residues were burnt in the field, which caused serious air pollution [34]. Wang et al. [35]
reported that PM2.5 concentrations increased because of biomass burning to an average of 134 μg m−3,
which was three times worse than clear days in Shanghai (from 2011 to 2013). Therefore, carbonization
by pyrolysis represents a better approach to utilize these residues.

3.2. Proximate Analyses

Proximate analysis is a measure of total biomass components in terms of moisture content, ash
content, volatile solids and fixed carbon of the solid fuel [36]. It is a relatively simple, cheap, robust
method that is widely used to describe the properties of biomass fuels [37]. In the current study, ash
and volatile solid contents varied significantly for the raw biomass as well as the biochars. In addition
to the pyrolysis conditions (peak temperature, heating rate and residence time), structural components
of the raw biomass also affected resultant biochars [38].

The ash content varied significantly (p < 0.05) among different feedstocks (Figure 2). The ash
content of pecan shells, bamboo leaves and rice straw were relatively high, while Chinese fir wood,
bamboo sawdust, Chinese fir bark and Masson pine wood had very low ash contents (all below 0.5%).
The rice straw had the largest ash content (14%), while the Chinese fir wood had the lowest (0.08%).
These results were consistent with Obernberger et al. [39], who found that wood generally had a
lower ash content than bark, straw or cereal. Variation in ash content is attributable to the different
concentrations of ash-forming elements, such as calcium carbonate, potassium silicates, iron and
other metals [40]. The ash content of different feedstocks in this study were consistent with data
from Liu et al. [41]. As ash is non-combustible, it negatively impacts a material’s calorific value [4].
In addition, processing combustible material with a high ash content requires more frequent residue
removal, as well as increased boiler maintenance due to higher dust emissions [42]. This results in
unnecessary down time and lowers process efficiency, which is why a biomass with a low ash content
is preferred as a fuel source.

Figure 2. Ash contents of biomass and biochars pyrolyzed at 350 or 500 ◦C. Different letters above the
columns indicate a significant difference (p < 0.05) between treatments. Error bars represent standard
error of the means (n = 2).
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In general, the pyrolysis (at 350 or 500 ◦C) increased the relative ash contents of the biochar,
but values varied greatly and ranged from 0.3% (Chinese fir wood at 500 ◦C) to 33.3% (rice straw
biochar at 500 ◦C). There were significant (p < 0.05) differences between the raw biomass and their
biochars (Figure 2). The majority of mass loss occurred below 350 ◦C and the ash content increased
dramatically at 350 ◦C (range: 0.6–16.2%), and generally increased (albeit less markedly) at 500 ◦C
(range: 0.3–19.1%). Ash contents were relatively higher for biochars from pecan shells, rice straw,
Miscanthus, Chinese fir bark and bamboo leaves (>10%), whereas the biochars made from Masson
pine wood, Chinese fir wood and bamboo sawdust were low (<3%). There was a significant (p < 0.01)
positive correlation between raw biomass and their biochars in terms of the ash content (Table 1).
The results indicate that a raw material with a high ash content generates a biochar with a high ash
content. Biomass from Masson pine wood, Chinese fir wood and bamboo sawdust had low starting
ash contents, which was reflected in their biochars.

Table 1. Correlation coefficients between properties of raw biomass and biochars pyrolyzed at 350 or
500 ◦C (n = 8).

Properties Samples Raw Biomass Biochar (350 ◦C) Biochar (500 ◦C)

Ash
content

Raw biomass 1 0.966 ** 0.969 **
Biochar (350 ◦C) 0.966 ** 1 0.991 **
Biochar (500 ◦C) 0.969 ** 0.991 ** 1

Volatile
solid

Raw biomass 1 0.794 ** 0.216
Biochar (350 ◦C) 0.794 ** 1 −0.059
Biochar (500 ◦C) 0.216 −0.059 1

Fixed
carbon

Raw biomass 1 0.518 * 0.096
Biochar (350 ◦C) 0.518 * 1 0.405
Biochar (500 ◦C) 0.096 0.405 1

Higher
heating
value

Raw biomass 1 0.733 ** 0.743 **
Biochar (350 ◦C) 0.733 ** 1 0.708 **
Biochar (500 ◦C) 0.743 ** 0.708 ** 1

Notes: * Correlation is significant at 0.05 level; ** Correlation is significant at 0.01 level.

The volatile solids of biomass and biochars are presented in Figure 3. In contrast to ash content,
volatile solids (VS) retention was primarily affected by the pyrolysis temperature. The VS contents
of the raw biomass were all greater than 50% (Chinese fir wood had the greatest content at 78%) and
an increase in pyrolysis temperature from 350 to 500 ◦C increased VS release. This is in agreement
with Sadaka et al. [43], who reported that VS decreased with increasing carbonization temperature
for switchgrass (Panicum virgatum L.). Bamboo sawdust had the greatest VS loss with increasing
temperature: the VS content decreased to 52% at 350 ◦C and 11% at 500 ◦C. The Chinese fir bark
biochars had the lowest VS content at the tested pyrolysis temperatures, which decreased from 71%
in the feedstock to 30% at 350 ◦C and dropped to 23% at 500 ◦C. Biomass typically consists of three
components: hemicellulose, cellulose and lignin [37]. The differences may be due to thermal stability
variances between hemicellulose, cellulose and lignin, and the relative abundance of these three
components in each biomass. Generally, hemicellulose is the most volatile, cellulose is less volatile,
while lignin is the most difficult to volatilize [37]. Bark is primarily composed of hemicelluloses
and cellulose, while the woody biomass may contain more lignin than bark. At 350 ◦C, almost all
hemicellulose and cellulose were pyrolyzed, while the lignin was more stable and continued to be
pyrolyzed at 500 ◦C. The VS for the full set of biochars generated at 500 ◦C had the smallest variation,
ranging from 11% to 23%, with the majority of the values between 14% and 20%. According to
Chaney [44], low-grade fuels with low volatile solid may result in smouldering, which can generate a
large amount of smoke and even toxic gases. A high VS content indicated easy ignition and that most
of the fuel will volatize during combustion [4]. In the present study, although the volatile solids content
of biochar mainly depended on pyrolysis temperature, a significant (p < 0.01) positive correlation was

39



Energies 2017, 10, 469

observed between raw biomass and their biochars from pyrolysis at 350 ◦C. However, there was no
significant correlation between raw biomass and the 500 ◦C biochar (Table 1).

 

Figure 3. Volatile solids contents of biomass and biochars pyrolyzed at 350 or 500 ◦C. Letters above the
columns indicate the significant difference (p < 0.05) between treatments. Error bars represent standard
error of the means (n = 2).

The fixed carbon content of biochar increased significantly (p < 0.05) with increasing pyrolysis
temperature due to the increased loss of volatile solids. Thus, the fixed carbon negatively correlated to
the VS (Figures 3 and 4), which was consistent with a previous study [43]. The fixed carbon content
followed the reverse pattern to the VS with all feedstocks. In addition, fixed carbon provided a
rough estimate of the heating value of a fuel and was the primary source of heat generated during
combustion [4]. In our study, the fixed carbon content ranged from 10% to 26% for the feedstocks, 38%
to 62% after pyrolysis at 350 ◦C, and 52% to 84% for biochars after pyrolysis at 500 ◦C. The fixed carbon
content increased two to four times after pyrolysis at 350 ◦C. The bamboo sawdust and Chinese fir bark
pyrolyzed at 500 ◦C displayed the largest and smallest changes to fixed carbon content (increasing by
97% and 6%, respectively) in comparison to the pyrolysis products generated at 350 ◦C. Rice straw
had the lowest fixed carbon contents after pyrolysis at 350 ◦C (38%) and 500 ◦C (52%), while Chinese
fir wood had the highest fixed carbon content at 350 ◦C (62%) and bamboo sawdust the highest at
500 ◦C (84%). The Pearson’s correlation test confirmed that the fixed carbon content of the 350 ◦C
biochar correlated negatively (p < 0.05) with that of the raw material (Table 1). However, there was no
significant correlation between 500 ◦C biochars and the raw biomass. As with volatile solids, pyrolysis
temperature was the dominant factor affecting the fixed carbon content of biochar.

 

Figure 4. Fixed carbon contents of biomass and biochars pyrolyzed at 350 or 500 ◦C. Letters above the
columns indicate the significant difference (p < 0.05) between treatments. Error bars represent standard
error of the means (n = 2).
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3.3. Higher Heating Value

The HHV is one of the most important parameters related to energy analyses. It is defined as
the energy released per unit mass or per unit volume of fuel after complete combustion, including
the energy contained in the water vapor in the exhaust gases [45]. The HHV indicates the best use
for biomass fuel, as it describes the energy content [36]. As is evident in Figure 5, the HHVs of
biomass feedstocks were generally similar (ranging from 18.44 to 20.10 MJ kg−1), but the HHVs were
lower for pecan shells (16.95 MJ kg−1) and rice straw (15.85 MJ kg−1). However, the HHVs of the
eight feedstocks differed after pyrolysis. The HHVs of bamboo sawdust and Miscanthus biochars
pyrolyzed at 500 ◦C were higher than those at 350 ◦C, while the opposite trend was observed for
bamboo leaves and rice straw biochars. This change was due to variations in structural components,
and their ratios, which were volatilized or carbonized to different extents at the two temperatures.
During the low-temperature carbonization period, the heating value of the biochar initially increased,
and decreased as the carbonized components that contributed to the HHV were most likely volatilized
to CH4 and H2 at higher temperatures [46]. This was also observed by Xiong et al. [27], who found
peak heating values of cotton stalk and bamboo sawdust biochar peaked after pyrolysis at 550 or
600 ◦C, respectively. For the 350 ◦C biochars the HHVs of Masson pine wood, Chinese fir wood and
Chinese fir bark were >30 MJ kg−1—comparable with the HHVs for coals ranging from brown coal
to bituminous coal [47]. According to Qian et al. [36], these HHVs were comparable to high quality
coal, which typically has a HHV of 25–35 MJ kg−1. Anderson et al. [48] also reported that biochars
derived from woody plants had higher HHVs. The Douglas-fir (Pseudotsuga menziesii) and Lodgepole
pine (Pinus contorta) biochars were higher in energy than charcoal, but these were lower in energy
compared to medium or high quality coal. In the current study, the bamboo sawdust biochar pyrolysis
at 500 ◦C had the highest HHV at 32.4 MJ kg−1, which was comparable with the HHV of bituminous
coal [47].

 

Figure 5. Higher heating values of the raw biomass and biochars pyrolyzed at 350 or 500 ◦C. Letters
above the columns indicate the significant difference (p < 0.05) between treatments. Error bars represent
standard error of the means (n = 2).

3.4. The Correlation between Proximate Analyses and HHV

There was no significant correlation between volatile solids content and HHV (Figure 6), whereas
HHV had significant correlations (p < 0.01) with ash and fixed carbon contents. Accordingly, biochar
samples with a low ash content or a high fixed carbon content display high HHVs. Therefore, suitable
substrates for fuel biochar production need to be selected according to their ash and fixed carbon
contents. In addition, there was a strong positive correlation (p < 0.01) between the HHVs of raw
biomass and their corresponding biochars (Table 1).
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The lower ash content (1.1%), higher fixed carbon (52.6%), energy density (1.69) and HHV
(32.3 MJ kg−1), as well as the higher energy yield (75.3%) indicate that Masson pine wood biochar
produced at 350 ◦C was the most efficient biofuel of the eight substrates tested. In addition, Chinese
fir wood biochar pyrolyzed at 350 ◦C was also a suitable fuel that displayed good thermal properties.
After pyrolysis at 500 ◦C, the thermal properties of bamboo sawdust biochar were enhanced, and
the higher HHV (32.4 MJ kg−1), energy density (1.88) and fixed carbon content (83.9%) made it a
higher quality fuel than that obtained at 350 ◦C (28.3 MJ kg−1 HHV; 1.49 energy density; 42.5% fixed
carbon content). The rice straw biomass was a poor energy source after pyrolysis, but it has potential
remediation applications as it is an effective adsorbent for soil pollutants [14,49] and a good nutrient
source due to its high concentration of inorganic elements [50]. Pecan shells and Miscanthus biochars
were well suited as energy sources due to their high energy yield when converted to biochar. In Europe,
Miscanthus is widely planted to produce liquid biofuels and chemical precursors, as well as improve
soil fertility and land aesthetics [51]. In the current study, carbonization via pyrolysis is an innovative
and promising method for the utilization of Miscanthus residues. The conversion efficiency for energy
and weight of the pecan shells was considerable, and combined with other data, we considered this
the best substrate for biochar production.

 

Figure 6. Correlation between the higher heating value and the contents of ash, fixed carbon and
volatile solids in biochars (n = 16).
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4. Conclusions

The results of this study demonstrate that the thermal properties and yields of biochars differ
vastly for different biomass feedstocks. The thermal properties of the biochars were dependent on
raw material characteristics and the temperature of carbonization during pyrolysis. Similarly, the
effects on volatile solid and fixed carbon content were more dependent on pyrolysis temperature,
while the ash contents of biochar were dependent on feedstock composition more than pyrolysis
temperature. The HHV of the biochars increased after the initial pyrolysis at 350 ◦C, but the increase
tapered or decreased with pyrolysis at 500 ◦C. Masson pine wood and Chinese fir wood biochars
pyrolyzed at 350 ◦C and bamboo sawdust biochar pyrolyzed at 500 ◦C were suitable for direct use
in fuel applications, as reflected by their higher HHVs, greater fixed carbon contents and lower ash
contents. Of the substrates, carbonization via pyrolysis is a promising technology to add value to
pecan shells and Miscanthus due to the higher energy and mass retention of the resultant biochars.
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Abstract: The objective of this study was to study the structure and physicochemical properties of
biochar derived from apple tree branches (ATBs), whose valorization is crucial for the sustainable
development of the apple industry. ATBs were collected from apple orchards located on the Weibei
upland of the Loess Plateau and pyrolyzed at 300, 400, 500 and 600 ◦C (BC300, BC400, BC500
and BC600), respectively. Different analytical techniques were used for the characterization of the
different biochars. In particular, proximate and element analyses were performed. Furthermore,
the morphological, and textural properties were investigated using scanning electron microscopy
(SEM), Fourier-transform infrared (FTIR) spectroscopy, Boehm titration and nitrogen manometry.
In addition, the thermal stability of biochars was also studied by thermogravimetric analysis.
The results indicated that the increasing temperature increased the content of fixed carbon (C), the C
content and inorganic minerals (K, P, Fe, Zn, Ca, Mg), while the yield, the content of volatile matter
(VM), O and H, cation exchange capacity, and the ratios of O/C and H/C decreased. Comparison
between the different samples show that highest pH and ash content were observed in BC500. The
number of acidic functional groups decreased as a function of pyrolysis temperature, especially for
the carboxylic functional groups. In contrast, a reverse trend was found for the basic functional
groups. At a higher temperature, the brunauer–emmett–teller (BET) surface area and pore volume are
higher mostly due to the increase of the micropore surface area and micropore volume. In addition,
the thermal stability of biochars also increased with the increasing temperature. Hence, pyrolysis
temperature has a strong effect on biochar properties, and therefore biochars can be produced by
changing pyrolysis temperature in order to better meet their applications.

Keywords: biochar; pyrolysis temperature; apple tree branch; physicochemical properties; structural

1. Introduction

Biochar is a carbon (C)-rich byproduct produced in an oxygen-limited environment [1], which has
been gaining increasing attention over the last decade due to its potential to mitigate global climate
change [2,3]. Biochar can be used not only as a soil amendment with the aim of improving soil
physical, chemical and biological properties [4,5], but also as an adsorbent to remove organic and
inorganic pollutants [6,7]. The functions and applications of biochars mostly depend on their structural
and physicochemical properties [8], therefore, it is very important to characterize the structural and
physicochemical properties of biochar before its use.

Various types of biomass (wood materials, agricultural residues, dairy manure, sewage
sludge, et al.) have been used to produce biochars under different pyrolysis conditions [9,10].
During pyrolysis, biomass undergoes a variety of physical, chemical and molecular changes [11].
Previous studies indicated that pyrolysis condition and feedstock type significantly affect the structural
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and physicochemical characteristics of the resulting biochar products [12–14]. Generally, woody
biomass provides a more C-rich biochar compared to other feedstocks since it contains varying
amounts of hemicellulose, cellulose, lignin and small quantities of other organic extractives and
inorganic compounds [15]. Xu and Chen [16] suggest that higher lignin and minerals content result
in a higher yield of biochar. Therefore, woody biomass is one of the most important sources for
biochar production.

The structural and physicochemical properties of biochar, such as surface area, pore structures,
surface functional groups and element composition, can also be influenced by varying the pyrolysis
condition, such as pyrolysis temperature, heating rate and holding time [17,18]. The pyrolysis
temperature is reported to significantly influence the final structural and physicochemical properties
of biochar due to the release of volatiles as well as the formation and volatilisation of intermediate
melts [18]. Previous studies indicated that higher temperature resulted in a higher C content, while the
losses of nitrogen (N), hydrogen (H) and oxygen (O) were also recorded [19]. In addition, increasing
the temperature lead to an increase the ash and fixed C contents, and to a decrease the content of
volatile materials [20]. Furthermore, the increase in pyrolysis temperature affects H/C and O/C ratios;
porosity; surface area; surface functional groups and cation exchange capacity (CEC) and so on [21].
In particular, biochar produced at high temperature has high aromatic content, which is recalcitrant
to decomposition [22]. In contrast, biochar produced at low temperature has a less-condensed C
structure and, therefore, may improve the fertility of soils [23]. Therefore, the pyrolysis temperature
was investigated in this study.

Weibei upland of the Loess Plateau has been recognized as one of the best apple production
areas in the world due to its special topography and climate features which are suitable for planting
apples [24]. Apple tree branches (ATBs) are a major agricultural residue in this region due to the quick
development of the apple-planted area in recent years. During the autumn of each year, the residues
might be burned by the fruit grower with the aim of reducing the occurrence of plant diseases and
insect pests, which then becomes an important source of atmospheric CO2. Thus, conversion of ATBs
into biochar has the potential to be used to mitigate environmental problems. In addition, the biochar
products also can be used as a soil amendment, which can improve the soil quality [25,26]. Therefore,
the aim of this study was to examine the structure and physicochemical properties of biochar produced
at different pyrolysis temperatures using ATB as feedstock. Such understanding is crucial for the
sustainable development of apple industry on the Weibei upland.

2. Materials and Methods

2.1. Feedstock Preparation

ATBs were collected from apple orchards located on the Weibei upland of the Loess Plateau,
Northwest China (34◦53′ N, 108◦52′ E). Prior to the experiments, ATBs were ground to a particle size
of less than 2 mm and then washed with deionized water several times to remove impurities. These
pre-prepared samples were dried at 80 ◦C for 24 h to remove moisture.

2.2. Biochar Production

Pyrolysis experiments were carried out in a muffle furnace (Yamato Scientific Co., Ltd, FO410C,
Tokyo, Japan) under nitrogen gas stream (at a rate 630 cm3·min−1, standard temperature and pressure
298 K, 101.2 kPa). The feedstock was placed in a stainless steel reactor of 20.5 cm internal length,
12.2 cm internal width and 7.5 cm internal height with a lid and subjected to pyrolysis at different
temperatures (300, 400, 500 and 600 ◦C, respectively) for 2 h 10 min. The pyrolysis heating rate
employed was 10 ◦C min−1. After pyrolysis, the reactor was left inside the furnace to cool to room
temperature. The biochars obtained were labeled as BC300, BC400, BC500 and BC600, respectively.
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All biochars were weighed and then the generated biochars were milled to pass through a 0.25 mm
sieve (60 mesh) for further analysis and use. The yield of biochar was calculated as follows:

Yield (%) =
mass o f biochar (g)

oven dry mass o f f eedstock (g)
× 100%

2.3. Characterization of Biochar

2.3.1. Proximate Analysis, pH and Cation Exchange Capacity

The contents of volatile matter (VM) and ash were determined using the American Society for
Testing and Materials (ASTM) D5142 method [27]. VM content was determined as weight loss after
heating the char in a covered crucible to 950 ◦C and holding for 7 min. Ash content was determined as
weight loss after combustion at 750 ◦C for 6 h with no ceramic cap. Fixed C content was calculated by
the following equation:

Fixed carbon % = 100% − (Ash % + Volatile matter %)

The pH of biochars was measured using a pH meter at a 1:5 solid/water ratio after shaking for
30 min. The CEC of biochar was estimated using an NH4

+ replacement method [28]. Briefly, 0.20 g
was leached five times with 20 mL of deionized water. Then, the biochar was leached with 20 mL of
1 mol·L−1 Na–acetate (pH 7) five times. The biochar samples were then washed with 20 mL of ethanol
five times to remove the excess Na+. Afterwards, the Na+ on the exchangeable sites of the biochar
was displaced by 20 mL of 1 mol·L−1 NH4–acetate (pH 7) five times, and the CEC of the biochar was
calculated from the Na+ displaced by NH4

+.

2.3.2. Elemental and Nutrients Analysis

A CHN Elemental Analyzer (Vario EL III, Heraeus, Germany) was used to determine the contents
of C, N and H. The O content (%) was calculated by the following equation: O (%) = 100 − (C % + H %
+ N % + Ash %). The H/C and O/C ratios were also calculated. Total nutrients (K, P, Fe, Mn, Cu, Zn,
Ca and Mg) in the biochar were extracted using a wet acid digestion method (concentration HNO3 +
30% H2O2) [29]. The nutrients in the digestion solution were determined using an ICAP Q ICP-MS
spectrometer (ThermoFisher, Waltham, MA, USA).

2.3.3. Surface Properties of Biochars

The surface morphology of these biochars was examined using an environmental scanning
electron microscopy (SEM) system (JEOL JSM-6360LV, Tokyo, Japan). Biochars were held onto
an adhesive carbon tape on an aluminum stub followed by sputter coating with gold prior to
viewing. The surface area and porosity of biochars were measured using a NOVA 2200e analyser
(Quantachrome Instruments, Boynton Beach, FL, USA) at liquid nitrogen temperature (77 K).
The Brunauer–Emmett–Teller (BET) surface area (SBET), micropore surface area (Smic) and micropore
volume (Vmic), total pore volume (VT) of the biochars produced at different temperatures were
determined using the BET equation, t-plot method and single point adsorption total pore volume
analysis, respectively [30]. Fourier-transform infrared (FTIR) spectra peaks of biochars were also
obtained on pressed pellets of 1:10 biochar/KBr mixtures using a Tensor27 FTIR spectrometer (Bruker,
Karlsruhe, Germany). The spectra were obtained at 4 cm−1 resolution from 400 to 4000 cm−1.
The amount of acidic and basic functional groups was measured by the Boehm method [31].

2.3.4. Thermal Stability Evaluation

The thermal stability evaluation of the biochars was performed by thermogravimetric analysis
(STA449F3, NETZSCH, Freistaat Bayern, Germany). Approximately 5 mg of biochar was weighed into
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an alumina crucible, the sample was subjected to a thermogravimetric analysis in a nitrogen flow (gas
flow of 50 mL·min−1) at a heating rate of 10 ◦C·min−1, from 50 ◦C to 1000 ◦C.

2.4. Statistical Analysis of Data

All data were reported as means ± standard deviation. The data were subjected to analysis of
variance (ANOVA) using SAS version 8.0 (SAS Institute Inc, Cary, NC, USA). The least significant
difference (LSD, p < 0.05) test was applied to assess the differences among the means.

3. Results and Discussion

3.1. Effect of Temperature on the Basic Characteristics of Biochars

3.1.1. Proximate Analysis

Table 1 presents the results of proximate analyses as a function of pyrolysis temperature. During
the pyrolysis process, the temperature kept rising and was then held at the peak temperature for 2 h
and 10 min before cooling down to room temperature. When the pyrolysis temperature increased
from 300 to 500 ◦C, the biochar yield sharply decreased from 47.94% to 31.71%. This was probably due
to most of the lignocellulosic material was decomposed at this temperature range [32]. While, when
the pyrolysis temperature further increased from 500 to 600 ◦C, the biochar yield only decreased
from 31.71% to 28.48%. This result indicated that most of the volatile fraction had been removed at
lower temperatures.

Table 1. Proximate, elemental and nutrients analysis of biochars produced at different temperatures.

Sample BC300 BC400 BC500 BC600

Proximate
analysis, dry

basis

Yeld (%) 47.94 ± 1.27 a 35.49 ± 1.39 b 31.73 ± 1.02 c 28.48 ± 0.72 d
Ash (%) 6.72 ± 0.02 d 7.85 ± 0.04 c 10.06 ± 0.15 a 9.40 ± 0.21 b

Volatile matter (%) 60.77 ± 0.86 a 29.85 ± 0.90 b 23.19 ± 0.34 c 14.86 ± 0.63 d
Fixed carbon (%) 32.50 ± 0.86 d 62.30 ± 0.93 c 66.75 ± 0.28 b 75.73 ± 0.76 a

Elemental
analysis, dry

basis

C (%) 62.20 ± 0.85 d 71.13 ± 2.39 c 74.88 ± 2.11 b 80.01 ± 4.58 a
H (%) 5.18 ± 0.19 a 4.03 ± 0.21 b 2.88 ± 0.08 c 2.72 ± 0.14 c
N (%) 1.69 ± 0.08 c 1.94 ± 0.06 a 1.77 ± 0.08 b 1.28 ± 0.06 d
O (%) 24.21 ± 0.62 a 15.05 ± 2.35 b 10.41 ± 2.05 c 6.59 ± 1.38 c

Nutrients
analysis, dry

basis

K (%) 0.57 ± 0.01 c 0.89 ± 0.03 b 1.10 ± 0.02 a 1.14 ± 0.04 a
P (%) 0.21 ± 0.01 c 0.28 ± 0.01 b 0.34 ± 0.01 a 0.34 ± 0.01 a

Ca (g·kg−1) 12.90 ± 0.46 d 16.81 ± 0.34 c 20.19 ± 0.22 b 20.89 ± 0.48 a
Mg (g·kg−1) 3.01 ± 0.06 d 4.04 ± 0.13 c 4.69 ± 0.10 b 5.64 ± 0.17 a
Fe (mg·kg−1) 268.35 ± 6.53 d 361.62 ± 8.99 c 480.52 ± 10.58 b 583.50 ± 5.38 a
Mn (mg·kg−1) 56.96 ± 2.30 d 79.26 ± 0.28 c 102.89 ± 4.95 a 89.41 ± 2.77 b
Cu (mg·kg−1) 20.29 ± 0.45 d 50.53 ± 1.96 c 85.07 ± 2.27 a 58.90 ± 1.22 b
Zn (mg·kg−1) 33.06 ± 0.48 c 53.30 ± 1.41 b 60.50 ± 0.17 a 61.68 ± 2.41 a

Note: Values in the same row followed by the same letter are not significantly different at p < 0.05 according to
least significant difference test. All data were reported as means ± standard deviation (n = 3). Fixed carbon was
estimated by difference: Fixed carbon % = 100% − (Ash % + Volatile matter %). O content was estimated by
difference: O % = 100% − (C% + H% + N% + Ash %).

The content of VM and fixed C for the generated biochars ranged from 14.86% to 60.77% and
33.60% to 73.50%, respectively. An increase in the pyrolysis temperature decreased the content of VM,
exhibiting a similar trend with the biochar yield, while an opposite trend was found for the content of
fixed C. This might due to the fact that the increasing temperature resulted in the further crack of the
volatiles fractions into low molecular weight liquids and gases instead of biochar [33]. Meanwhile,
the dehydration of hydroxyl groups and thermal degradation of cellulose and lignin might also
occurred with the increasing temperature [12]. These results confirmed that the increase in temperature
enhanced the stability of biochar for the loss of volatile fractions [34]. It was interesting that the ash
content remarkably increased from 6.72% to 10.06% with an increase in the pyrolysis temperature from
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300 to 500 ◦C. The increase in the content of ash resulted from progressive concentration of inorganic
constituents [35], which also was confirmed by our nutrients analysis (Table 1). When pyrolysis
temperature increased from 500 to 600 ◦C, some inorganic materials might volatilize as gas or liquid,
thus, the content of ash decreased at higher temperature (600 ◦C).

3.1.2. Elemental and Nutrients Analysis

The elemental composition for the generated biochars changed with pyrolysis temperature
(Table 1). The C content increased from 62.20% to 80.01%, while the H and O contents decreased
from 5.18% to 2.72% and 24.21% to 6.59% as the pyrolysis temperature increased from 300 to 600 ◦C,
respectively. These results were consistent with previous results [36]. The decrease in the contents of H
and O at higher temperature was likely due to the decomposition of the oxygenated bonds and release
of low molecular weight byproducts containing H and O [15]. Interestingly, the highest N content
was observed in BC400 (1.94%). This was attributed to the incorporation of nitrogen into complex
structures which were resistant to lower temperature and not easily volatilized [37]. Furthermore,
the ratios of H/C (the degree of aromaticity) [36] and O/C (the degree of polarity) [38] varied as a
function of pyrolysis temperature. In our study, the H/C and O/C ratios of biochars were significantly
decreased from 1.00 to 0.41 and 0.29 to 0.06 with the increasing temperature, respectively (Figure 1).
The gradually reduced in the H/C and O/C atomic ratios with the increasing pyrolysis temperature
was mainly contributed to the dehydration reactions [39], which could be well described by the Van
Krevelen diagram (Figure 1). In addition, the H/C and O/C ratios also indicated that the structural
transformations [36] and surface hydrophilicity of biochar [40], the higher extent of carbonization and
loss of functional groups containing O and H (such as hydroxyl, carboxyl, et al.) at higher temperature
resulted in the lower ratios of H/C and O/C, indicating that the surface of biochar was more aromatic
and less hydrophilic [41,42].
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Figure 1. The van Krevelen plot of elemental ratios for biochars produced at different temperatures.
Thick line represents the direction for dehydration reaction. Individual points are averages (n = 3) and
error bars are standard deviations.

In addition, the nutrients K, P, Ca, Mg, Fe and Zn were also increased with increasing the
pyrolysis temperature (Table 1). While, the highest concentration of Cu (85.07 mg·kg−1) and Mn
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(102.89 mg·kg−1) were found in BC500. Pituello et al. [43] suggested that some metals might volatilize
at high temperature. Sun et al. also found a decrease in the concentration of Ca and Mg as the pyrolysis
temperature increased from 450 to 600 ◦C using hickory wood as feedstock [21]. Thus, both the
volatility of the nutrients and the influence of temperature on the composition and chemical structure
of biochar can significantly affect the concentration of nutrients during the process [13].

3.1.3. pH and Cation Exchange Capacity

The generated biochars were generally alkaline (pH > 7) and the pH of biochar significant
increased from 7.48 to 11.62 when the pyrolysis temperature increased from 300 to 500 ◦C, and then
decreased to 10.60 in BC600 (Figure 2). This was probably due to the highest ash content in BC500.
The pH values and ash content were positively correlated (R2 = 0.97), hence, the minerals, especially
for the carbonates formation (such as CaCO3 and MgCO3) and inorganic alkalis (such as K and Na),
were probably the main cause of each biochars’ inherent alkaline pH [28].

Figure 2. The pH and cation exchange capacity (CEC) of biochars produced at different temperatures.
Individual points are averages (n = 3) and error bars are standard deviations.

CEC is an important property of biochar indicating the capacity of a biochar to adsorb cation
nutrients [20]. In our study, the CEC for the generated biochars significantly decreased from 66.59 to
18.53 cmol·kg−1 when the pyrolysis temperature increased from 300 to 600 ◦C (Figure 2), which was
consistent with previous study [44]. The shift in CEC may due to the reduction of functional groups
and oxidation of aromatic C with temperature [34], which was well supported by the lower O/C ratio
and our FTIR and Boehm titration results at higher temperature.

3.2. Effect of Temperature on the Surface Properties of Biochars

3.2.1. Surface Morphology (Scanning Electron Microscopy Analysis)

Figure 3 shows SEM micrographs (×4000) of biochars produced at different temperatures. The image
of BC300 showed that the biomass had softened, melted and fused into a mass of vesicles (Figure 3a) [45].
The vesicles were the result of volatile gasses released within the biomass. As temperatures increased, more
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volatile gasses released from the biomass, the vesicles on the surface of BC400 busted after cooling, thus
the morphology of BC400 exhibited a number of pore structure (Figure 3b). For the BC500, portions of the
skeletal structure appeared brittle because of the decomposition of more components (Figure 3c, ellipse).
The fracture phenomenon also appeared within the pore structure for the BC600, the last temperature that
samples were collected (Figure 3d, ellipse).

Figure 3. Scanning electron microscopy (SEM) micrographs (magnification 4000×) of biochars samples
pyrolyzed at: (a) 300 ◦C; (b) 400 ◦C; (c) 500 ◦C; and (d) 600 ◦C, respectively.

3.2.2. Surface Area and Pore Volume

The surface area and pore volumes produced at various pyrolysis temperatures were obtained
by N2 adsorption and the results shown in Table 2. An increase in the pyrolysis temperature from
300 to 600 ◦C resulted in a significant increase in the SBET from 2.39 m2·g−1 to 108.59 m2·g−1 and in
the VT from 2.56 × 10−3 cm3·g−1 to 58.54 × 10−3 cm3·g−1. In the same way, Smic and Vmic significant
increased from 0.10 m2·g−1 and 0.13 × 10−3 cm3·g−1 at 300 ◦C to 84.44 m2·g−1 and 37.87 × 10−3

cm3·g−1 at 600 ◦C, respectively. This evolution is somewhat similar to that reported in the literature [15].
The increase in the surface area and pore volumes might be caused by the progressive degradation of
the organic materials (hemicelluloses, cellulose and lignin) and the formation of vascular bundles or
channel structures during pyrolysis during the process [46,47]. Hemicellulose has a high reactivity
during thermal treatment at lower temperature (usually under 300 ◦C).

Table 2. Surface area and pore volumes of biochars produced at different temperatures.

Sample BC300 BC400 BC500 BC600

SBET (m2·g−1) 2.39 ± 0.12 d 7.00 ± 0.25 c 37.24 ± 0.80 b 108.59 ± 4.11 a
Smic (m2·g−1) 0.10 ± 0.01 d 1.47 ± 0.01 c 9.33 ± 0.73 b 84.44 ± 6.76 a

VT (10−3·cm3·g−1) 2.56 ± 0.25 d 6.52 ± 0.64 c 12.41 ± 0.32 b 58.54 ± 3.44 a
Vmic (10−3·cm3·g−1) 0.13 ± 0.01 d 0.52 ± 0.03 c 1.58 ± 0.10 b 37.87 ± 0.91 a

Note: Values in a row followed by the same letter are not significantly different at p < 0.05 according to LSD test.
All data were reported as means ± standard deviation (n = 3). SBET, Smic, VT and Vmic were the BET surface area,
micropore surface area, total pore volume and micropore volume, respectively.
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The presence of vesicles at BC300 also indicated that volatile components were formed and
released (Figure 3a). When the pyrolysis temperature increased from 300 to 400 ◦C, the rupture of
the hemicellulose along with other organic compounds generated more micropores within biochar
(Figure 3b) [48], thus, an increase in the surface area and pore volumes was found in BC400. Meanwhile,
some amorphous carbon structures were formed during this temperature range due to the degradation
of cellulose. Several researchers suggested that the micropores may be formed by amorphous carbon
structures [49]. The increase in the biochar porosity was found in BC500 due to the decomposition
of lignin and the quick release of H2 and CH4 as the temperature increased up to 500 ◦C (Figure 3c).
This result contributed to a sharp increase of the surface area and pore volumes (Table 2) [18]. Further
increases in the temperature to 600 ◦C resulting in a dramatic increase in SBET and VT, especially for
the Smic and Vmic. This was mostly contributed to the further degradation of lignin and the reaction
of aromatic condensation [30], which increased the release of VM (Table 1) and created more pores
(Figure 3d) [18]. The enhancement of the pore development at a higher temperature suggesting that
the increase of SBET and VT mostly dependent on the increase of the Smic and Vmic.

3.2.3. Fourier-Transform Infrared Analysis and Functional Groups

The FTIR spectra of biochars produced at four pyrolysis temperatures are presented in Figure 4
and the descriptions for peak assignments are provided in Table 3. As the pyrolysis temperature
increased, FTIR spectra of biochars revealed a decrease in the stretching of O–H (3200–3500 cm−1)
and C–H (2935 cm−1) [13], this was attributed to the acceleration of dehydration reaction in
biomass [30], which suggested a decrease in the polar functional groups with an increase in pyrolysis
temperature [50]. In particular, biochars began to increase aromatic C=C stretching (1440 cm−1) [29]
and out-of-plane deformation by aromatic C–H groups (885 cm−1) [51], while the symmetric C–O
stretching (1030–1110 cm−1) for the source material began to disappear with the increasing pyrolysis
temperature [51].

Figure 4. Fourier-transform infrared (FTIR) spectra peaks of biochars produced at: (a) 300 ◦C; (b) 400 ◦C;
(c) 500 ◦C; and (d) 600 ◦C, respectively.
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Table 3. Functional groups observed in the Fourier-transform infrared (FTIR) spectra of biocahrs
produced at different temperatures.

Wave Numbers (cm−1) Characteristic Vibrations (Functionality)
3500–3200 O–H stretching (water, hydrogen-bonded hydroxyl) [13]

2935 C–H stretching (aliphatic CHx; 2935-asymmetric) [13]
1600 Aromatic C=C and C=O stretching of conjugated ketones and quinones [52]
1440 C=C stretching (lignin carbohydrate) [29]
1325 O–H bending (phenols, phenolic; ligneous syringyl) [29]

1100–1030 Symmetric C–O stretching (cellulose, hemicellulose, and lignin) [51]
885 C–H bending (aromatic C–H out-of-plane deformation) [51]
781 Pyridine (pyridine ring vibration and C–H deformation) [53]

This result is likely due to the degradation and depolymerization of cellulose, hemicelluloses
and lignin [29]. Instead, intensities of O–H (1325 cm−1) stretching [29] and aromatic C=C and C=O
stretching of conjugated ketones and quinones (1600 cm−1) [52] decreased with temperature which
may suggest that phenolic and carboxylic compounds in lignin had been degraded [54]. There was
also pyridine in biochars (781 cm−1) [53], which was one of the heterocyclic nitrogen compounds
commonly observed during pyrolysis [55]. In general, the maximum loss was obtained in –OH, –CH2,
and C–O functional groups in biochars as a function of pyrolysis temperature, which was also apparent
from their elemental composition (Table 1). Relatively low values of O, H, and H/C in BC600 than
those in BC300 revealed the significant elimination of polar functional groups (–OH and C–O).

Different spectra reflected changes in the surface functional groups of biochars produced at
different temperatures. A Boehm titration method was used to quantify the surface functional groups of
biochars produced at different temperatures. The results showed that when the pyrolysis temperature
increased from 300 to 600 ◦C the concentration of total acidic functional groups, surface carboxylic
functional groups, surface phenolic functional groups and surface lactonic functional groups decreased
from 1.16 to 0.44 mmol·g−1, 0.49 to 0.23 mmol·g−1, 0.33 to 0.09 mmol·g−1 and 0.34 to 0.13 mmol·g−1,
respectively (Figure 5). This result was in agreement with the findings in previous studies [56,57].
During the pyrolysis process, organic materials were converted to water and carbonaceous gas, thus,
the higher temperature caused an increased in the quantity of volatile compounds resulting in a
decrease in the content of acidic groups [18], which was well supported by our FTIR results. It was
interesting that the total acidic and carboxylic functional groups significant decreased with increasing
temperatures (p < 0.05), whereas the temperature trend for phenolic and lactonic functional groups
content were less apparent (Figure 5). This was probably due to the fact carboxylic acids represented
48.63% of total acidic functional groups, on average, and were 1.5–2.5 times more abundant than
phenolic or lactonic functional groups. This result is similar to the one reported in the literature [15].
While, the total basic functional groups significant increased from 0.11 to 0.32 mmol·g−1 when the
pyrolysis temperature increased from 300 to 500 ◦C and then decreased to 0.22 mmol·g−1 at 600 ◦C.
The strong direct linear correlation between ash fraction and basic groups (R2 = 0.66) suggest that the
basic functional groups are mainly associated with the ash fraction [15], which also implied the highest
content of basic groups in BC500 (Figure 5 and Table 1).
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Figure 5. Variation in surface functional groups as a function of pyrolysis temperature. Individual
points are averages (n = 3) and error bars are standard deviations.

3.3. Effect of Temperature on the Thermal Stability of Biochars

Representative thermogravimetric (TG) analysis and differential thermogravimetry (DTG) curves
for both biochars are presented in Figure 6. During the process, two stages of weight losses were
observed (Figure 6a), which was also implied by the DTG curves (Figure 6b). The mass loss occurred
slowly under 200 ◦C and varied from 0.77% to 2.86% (Figure 6a; maximum at around 80 ◦C, Figure 6b)
(under 200 ◦C), suggesting that this reduction in mass loss commonly associated with the loss of
the initial moisture of the sample [58]. Above that, the main mass losses started at around 315 ◦C,
388 ◦C, 499 ◦C and 517 ◦C for BC300, BC400, BC500 and BC600, respectively. Meanwhile, a sharp
weight decrease took place between 313 ◦C and 500 ◦C, 388 ◦C and 644 ◦C, 499 ◦C and 738 ◦C, 517 ◦C
and 753 ◦C (Figure 6a) in the BC300, BC400, BC500 and BC600, respectively. This was probably
due to the fact the generated biochars had undergone a previous heat treatment before the thermal
analysis, thus, the tested biochar samples were thermally stable below the temperature which they
were produced [59]. For each of the tested biochar, only one peak was found during the temperature
range between the temperature they were produced and 1000 ◦C on the DTG curves (Figure 6b). It is
known that secondary pyrolysis reactions could be easily detected and observed if the temperature
exceeding the biochars’ primary decomposition temperature [58]. Thus, the weight loss over a wider
temperature range could be attributed to the degradation and decomposition of organic materials [21].
The maximum weight loss occurred at around 352 ◦C, 388 ◦C, 658 ◦C and 674 ◦C for BC300, BC400,
BC500 and BC600 (Figure 6b), respectively, suggesting that the higher the pyrolysis temperature was,
the better thermal stability the biochar showed, which is consistent with the literature [60]. The lower
temperature derived biochars were less thermally stable than the higher temperature derived biochars,
probably because they were not fully carbonized [21]. Above 600–700 ◦C, decomposition for all the
biochars finished, and the curves became stable. It was interesting that the total weight losses resulting
from thermal degradation were 52.19%, 33.32%, 23.80% and 27.27% for BC300, BC400, BC500 and
BC600, respectively. This was probably because BC500 had highest ash content.
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Figure 6. Thermogravimetric (TG). (a) Differential thermogravimetry (DTG); and (b) curves of biochars
produced at 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C, respectively.

3.4. Implications for Environmental and Agronomic Management

Biochar is a carbon-rich product and its addition to soil has been proposed as an effective method
for C sequestration [61]. However, the ultimate C sequestration efficiency of biochar mainly depend on
its stability, which is mainly effect by the production conditions including pyrolysis temperature [37].
Lehmann et al. suggested that a biochar can be used as an effective C sequestration agents in case its
O:C and H:C ratios less than 0.4 and 0.6, respectively [62]. Based on the results, ATB biochars produced
at higher temperatures (>400 ◦C) with H/C of 0.46–0.41 and O/C of 0.10–0.06, may exhibit a high C
sequestration potential. Thus, biochars produced at higher temperatures (>400 ◦C) could be more
resistant to mineralization than those pyrolyzed at lower temperature (≤400 ◦C), thus representing an
efficient technique for mitigating greenhouse gas emissions into the environment. In addition, biochars
produced at higher temperatures may prove beneficial for use as fertilizer due to their concentrations
of minerals like K and Na. However, our results also show that higher pyrolysis temperatures also have
the potential of accumulating heavy metals, which can cause soil pollution. Biochars from pyrolysis
processes are usually alkaline in nature, especially for the biochars produced at higher pyrolysis
temperatures. Therefore, the application of these higher temperature biochars can be useful to increase
the pH of acidic soils, which are in risk of aluminum toxicity [63]. In contrast, the application of these
higher temperature biochars to arid soils may be critical of concern due to their high salinity and
alkalinity. While, compared with the higher temperature biochars, ATB biochars produced at the lower
pyrolysis temperature (≤400 ◦C) have more organic functional groups on their surface, high cation
exchange capacity, lower pH values as well as less aromatic content. Thus, the ATB biochars produced
at the lower pyrolysis temperature (≤400 ◦C) may be used to enhance the soil nutrient exchange sites
as well as soil cation exchange capacity when they are applied to arid soils.

4. Conclusions

The structural and physicochemical properties of biochar derived from ATBs change with
pyrolysis temperature. The results show that yield, VM, CEC and H and O were decreased with
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increasing pyrolysis temperature, whereas total C, fixed C, BET surface area, pore volumes and
inorganic minerals (except for Cu and Mn) concentrations increased with the increase in pyrolysis
temperature. The pH and ash content increased as temperature increased up to 500 ◦C and decreased at
higher temperature. The increasing temperature also decreased the acidic functional groups, especially
for the carboxylic functional groups. While, reverse trend was found for the basic functional groups
of biochars. In general, higher temperatures (>400 ◦C) biochars possessing predominately aromatic
carbon structures and highly thermal stability, which can be useful to help mitigate climate change,
while, lower temperature (≤400 ◦C) biochars having more functional groups as well as relatively
low pH values may be more suitable for improving the fertility of high pH soils in arid regions.
Consequently different ATB biochars can be produced by changing the pyrolysis temperature in order
to better meet specific application needs.
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Abstract: Solid char is a product of biomass pyrolysis. It contains a high proportion of carbon,
and lower contents of H, O and minerals. This char can have different valorization pathways such
as combustion for heat and power, gasification for Syngas production, activation for adsorption
applications, or use as a soil amendment. The optimal recovery pathway of the char depends highly on
its physical and chemical characteristics. In this study, different chars were prepared from beech wood
particles under various pyrolysis operating conditions in an entrained flow reactor (500–1400 ◦C).
Their structural, morphological, surface chemistry properties, as well as their chemical compositions,
were determined using different analytical techniques, including elementary analysis, Scanning
Electronic Microscopy (SEM) coupled with an energy dispersive X-ray spectrometer (EDX), Fourier
Transform Infra-Red spectroscopy (FTIR), and Raman Spectroscopy. The biomass char reactivity
was evaluated in air using thermogravimetric analysis (TGA). The yield, chemical composition,
surface chemistry, structure, morphology and reactivity of the chars were highly affected by the
pyrolysis temperature. In addition, some of these properties related to the char structure and chemical
composition were found to be correlated to the char reactivity.

Keywords: biomass; pyrolysis; entrained flow reactor; char characterization

1. Introduction

Economic and environmental issues related to the non-avoidable depletion of fossil fuels are
urging governments all over the world to modify their strategies, and shift from a fossil-fuel-based
economy to a bio-resources-based one. Hence, bio-refining biomass instead of petroleum to obtain
energy and high added-value products represents a major challenge for a sustainable future [1].

In a bio-refinery, the biomass can be transformed into a variety of bio-based products such as
biofuels and bio-based chemicals and materials, just as in fossil fuel refineries. Energy can also be
obtained from biomass processing for the production of heat and electricity [2].

Different processes exist that allow the transformation of raw biomass into desirable bio-based
products and/or energy. For instance, biomass pyrolysis, which is a thermochemical process, has the
advantage of transforming the raw material after heating in the absence of oxygen into bio-oil,
gas and char that can be valorized separately [3]. The proportion of these three products depends
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strongly on the pyrolysis conditions; namely, reactor temperature and heating rate. Low temperatures
(<600 ◦C) favor the production of bio-oil and bio-char while high temperatures (>600 ◦C) maximize
the production of gas. At relatively low temperatures, a fast heating rate is desirable to maximize the
bio-oil yield.

As mentioned previously, the pyrolysis products may be valorized in different applications.
The bio-oil can be used as a fuel for heating, or for the production of chemicals [4]. Gas can be
energetically valorized into heat/electricity or further processed to produce biofuels. Depending on its
quality, the solid bio-char can be gasified [5], used for the production of activated carbons [6], for the
production of graphene [7], or for soil remediation [8].

The reactivity and physicochemical properties of the char are crucial for selecting the suitable
valorization pathway. The pyrolysis process highly affects the physicochemical properties of the
residual char as well as its reactivity. Indeed, the reactor temperature, the particle heating rate and
residence time in the reactor directly influence the char yield and properties. In particular, the char
chemical composition depends on the pyrolysis temperature [9]. As temperature increases, O and
H atoms are released in the gas phase due to the pyrolysis of biomass components and cracking
of the residual char. Moreover, some minerals are volatilized and the solid char becomes richer in
carbon [10–12].

The char texture and structural organization change over the pyrolysis reaction due to the thermal
degradation of the major biomass components; namely, cellulose, hemicellulose and lignin [13].
The structural features and surface chemistry of the bio-chars are affected by the pyrolysis temperature
and residence time. Surface functionality decreases as temperature increases due to biomass pyrolysis
and char cracking reactions [14]. Char structure gets more organized when increasing the temperature
and residence time in the reactor, and tends towards a graphite-like structure [15–17].

Other studies reported results on the evolution of the yield and above-mentioned physical
and chemical characteristics of bio-chars upon fast and slow pyrolysis and correlated them to the
pyrolysis experimental conditions such as temperature and heating rate [18,19]. For instance, in [18],
the authors found that the char yield decreased when increasing the heating rate up to a value of
600 ◦C/s, above which the char yield was constant. In [19], the authors analyzed chars coming from
slow and fast pyrolysis as well as gasification processes. They observed a pronounced decrease in
aromatic C-H functionality between slow pyrolysis and gasification chars using Nuclear Magnetic
Resonance (NMR) and Fourier Transform Infrared-Photoacoustic (FTIR-PAS) Spectroscopies. Moreover,
NMR estimates of fused aromatic ring cluster size showed fast and slow pyrolysis chars to be similar
(7–8 rings per cluster), while higher- temperature gasification char was much more condensed (17 rings
per cluster).

Analyzing the char structural evolution upon heat treatment, McDonald-Wharry et al. [15]
observed that the IV/IG Raman structural ratio was correlated with heat treatment temperature for
various types of chars. Morin et al. observed a decrease of beech char reactivity with an increasing
pyrolysis temperature [20]. Other authors also correlated several char properties, especially those
relating structural parameters of the char and their reactivities [21,22].

In the present work, beech wood pyrolysis experiments were performed in an entrained flow
reactor (EFR) at between 500 ◦C and 1400 ◦C for different gas residence times. These experimental
conditions were wide enough to obtain chars with various properties. The recovered chars were
characterized in terms of their morphological, structural, surface chemistry properties as well as
their reactivity towards oxygen. Correlations between the different char properties were identified.
Such correlations could be helpful for developing a preliminary understanding of char properties,
and therefore for identifying their potential valorization pathways.
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2. Materials and Methods

2.1. Raw Biomass

The raw biomass used in this work is beech wood supplied by the Sowood company. The raw
wood is finely ground with particles having sizes ranging from tens of microns to a few millimeters.
After sieving, particles having a mean size of 370 μm were selected for the pyrolysis experiments.
This mean size should be appropriate to avoid heat and mass transfer limitations during the EFR
pyrolysis experiments.

The moisture content was determined by drying at 105 ◦C according to the NF-EN-14774 standard.
Ash content was determined by burning the sample in air at 850 ◦C according to the NF-EN-14775
standard. The oxygen content was determined by difference to the sum of C, H, N and ash contents.
The proximate and ultimate analyses are shown in Table 1.

Table 1. Proximate and ultimate analyses of beech wood.

Proximate Analysis Value

Moisture [wt % ar *] 8.7
Volatile Matter [wt % db **] 84.3

Fixed carbon [wt % db] 15.2
Ash (815 ◦C) [wt % db] 0.5

Ultimate analysis [wt % db]
C 49.1
H 5.7
N 0.15
S 0.045

O (by difference) 44.5

* ar: as received; ** db: dry basis.

2.2. Experimental EFR Set Up

The EFR experimental set-up was previously described in detail by Billaud et al. [23]. It consists
of an alumina tube inserted in a vertical electrical heater with three independent heating zones.
The dimensions of the tube are 2.3 m in length and 0.075 m in internal diameter. The heated zone is
1.2 m long. The temperature along the heated zone is homogeneous and verified prior to the experiment
by moving a thermocouple vertically along this zone. The temperature profile is assumed to be the same
during the experiment, as it is not possible to monitor it along the z axis while injecting biomass and
collecting the products. The EFR works at atmospheric pressure and can reach a maximum temperature
of 1400 ◦C. The wood particles are continuously fed into the reactor using a gravimetric feeding system.
The main N2 gas stream is electrically pre-heated before entering the reactor. A sampling probe allows
collection of the gas produced, which is analyzed by a gas chromatograph. The remaining solid falls
by gravity in a settling box. Tars are condensed in a cold trap, while soot is collected by a filter, and is
weighed after the reaction to determine its volume.

2.3. Pyrolysis Conditions

The pyrolysis experimental conditions are summarized in Table 2. The biomass mass flow rate
(1 g/min) and particle size (370 μm) were the same for all experiments. The gas residence time was
controlled with the nitrogen flow rate, as the pyrolysis gas flow rate was much lower than that of
the N2. The mean gas residence time was determined knowing the nitrogen flowrate, the reactor
temperature, length and cross-section.

The chars analyzed in the present work are produced from the pyrolysis of the same biomass and
gathered from two experimental campaigns with two different objectives:
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• The first is related to medium-temperature pyrolysis (500–600 ◦C), aiming at maximizing
bio-oil production.

• The second concerns high-temperature pyrolysis aiming at maximizing the gas fraction [23].

For the first tests, the gas residence time was fixed at 16.6 s, while in the second tests it was fixed
at 4.3 s. At high temperatures, the gas expansion induces an increase in the volumetric flow rate,
lowering the residence time of gases. For practical purposes, it is not convenient to operate at lower
flow rates (due to oxygen introduction in the reactor). The particle residence time (which is much
more important than the gas residence time with regard to the final char characteristics) is calculated
considering slip velocity between solid particles and gas. This takes into account the particle density
and size, and their evolution as pyrolysis proceeds, between the density and size of wood particles
and those of char particles [24]. The robustness and accuracy of the model is validated over a wide
range of temperatures, atmospheres and particle sizes [23,25].

Table 2. Pyrolysis experimental conditions in the EFR.

Reactor Temperature
TPyr [◦C]

.
mbiomass [g/min] Gas Residence Time [s]

Particle Residence Time
tRes [s]

500 1 ± 0.1 16.6 ± 0.2 2.26
550 1 ± 0.1 16.6 ± 0.2 4.03
600 1 ± 0.1 16.6 ± 0.2 5.12
800 1 ± 0.1 4.3 ± 0.1 2.33

1000 1 ± 0.1 4.3 ± 0.1 2.40
1200 1 ± 0.1 4.3 ± 0.1 2.45
1400 1 ± 0.1 4.3 ± 0.1 2.52

The particle residence time varies more at low temperatures, while it remains almost the same
for temperatures above 600 ◦C. This is not obvious at first glance, but it has to do with the change
in particle slip velocity during the pyrolysis process. At low temperatures, the pyrolysis reaction
rate is not so high, and neither is the particle slip velocity. During the pyrolysis reaction, the particle
slip velocity changes from that of the biomass particle to that of the char particle. The latter is much
lower than the former. As the pyrolysis kinetics are slower at low temperatures, the change in particle
slip velocity (from that of wood to that of char) is also slow, and consequently the residence time is
also small. However, when increasing the temperature, the pyrolysis reaction accelerates, the char is
formed in a shorter time inside the reactor, the slip velocity drops more rapidly to that of a char particle
and, consequently, the residence time becomes higher (see the increase between 500 and 600 ◦C).

At higher temperatures >800 ◦C, the pyrolysis reaction rate is quite high and the char is formed in
the first centimeters of the reactor. As it has a lower slip velocity than the biomass, it resides inside the
reactor for a non-negligible period. One can see that the residence time at high temperatures is similar
to that obtained at 500 ◦C, despite a gas velocity that is, for a time, higher at higher temperatures.
As explained, this has to do with the particle slip velocity which is higher at 500 ◦C than at temperatures
above 800 ◦C.

As for the 500–600 ◦C experiments, a large sampling probe allowing recovery of all the pyrolysis
products is used. The mass of residual char is then directly weighed. The char yield is obtained by
the ratio between the total mass of the residual char and the cumulated mass of the injected biomass
during the pyrolysis experiment:

Ychar =
mchar∫ tend

0
.

mbiomass dt

For all the other experiments performed above 800 ◦C, about 80% of the products were sampled.
The char yield is then calculated using the ash tracer method, as described in detail in [24].
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2.4. Characterization Techniques of the Biomass Chars

2.4.1. Proximate and Ultimate Analysis

Ash content was determined by burning the samples in air at 850 ◦C according to the NF-EN-14775
standard. The oxygen content was determined by difference.

2.4.2. Morphology

The morphology of the parent wood and solid residues was studied via Scanning Electron
Microscopy (Philips model FEI model Quanta 400 SEM). SEM images were obtained in a high vacuum
mode for both secondary electrons (topography contrast) and backscattered electrons (chemical
contrast). The acceleration voltage and the electron beam spot size were carefully chosen. The solid
residues were coated with a thin gold layer by using Agar automatic sputter coater prior to the
observation. Energy Dispersive X-Ray analysis was also performed in order to identify the mineral
species and analyze their dispersion throughout the char matrix.

2.4.3. Surface Chemistry

The surface functional groups of the solid residues were characterized using a FTIR PerkinElmer
1720 spectrometer. The FTIR spectra were recorded in the spectral range between 4000 and 500 cm−1

with a resolution of 4 cm−1 and 32 scans in attenuated total reflection (ATR) configuration.

2.4.4. Structure

The structural evolution of the chars was assessed by Raman spectroscopy. Raman spectra of
the chars were recorded with a BX40 LabRam, Jobin Yvon/Horiba spectrometer. Several particles
were sampled and deposited on a rectangular glass slide for the Raman analysis. Raman spectra were
obtained in a backscattered configuration with an excitation laser at 635 nm. The Raman spectra at
each position give an average structural information of a large number of carbon micro-crystallites.
The Raman spectra were recorded at 6 locations of the char sample. The spectra were afterward
analyzed using a home-made software for the background correction, normalization with G band
height, average spectrum calculation, as well as different band height and integral areas measurements.

From these spectra, several parameters related to the structure were determined:

• ID: D band intensity height.
• Dpos: D band position.
• IG: G band intensity height.
• Gpos: G band position.
• IV: Valley region intensity height.
• The Total Raman Area (TRA):

TRA =
∫ 2000

800
I dν (1)

I is the intensity and dν is the increment of the wave number.
The different band specifications and ratios are further discussed in the results and

discussion section.

2.4.5. Reactivity towards Oxygen

Reactivity tests in air atmosphere were performed using the Mettler-Toledo TGA/DSC3+
thermogravimetric analyzer. The air flow rate was set at 50 mL/min. The samples were heated
from 30 ◦C to 700 ◦C with a heating rate of 10 ◦C/min and maintained at this temperature during 1 h.
The sample mass was below 5 mg to minimize heat and mass transfer limitations.
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The TG oxidation experimental data were analyzed with homemade software, for smoothing,
derivative calculation, derivative peak positions and values etc.

Hence, the different parameters related to the char reactivities in air were determined and can be
summarized as follows:

• α =
m(t)− m(ashes)
m(0)− m(ashes)

is the conversion level.

• T(2%) is the temperature at which α = 2%.

• T(50%) is the temperature at which α = 50% .

• T(98%) is the temperature at which α = 98%.

• dm
dt mean = − 1

Nexp
∑

Nexp
i=1

(
dm
dt i

)
is the mean reaction rate − dm

dt max is the maximum observed
reaction rate.

• T(peak) is the temperature at the maximum reaction rate.

• Rmean = − 1
Nexp

∑
Nexp
i=1

(
dm
dt i

1
mi

)
is the mean reactivity.

• Rindex = − 1
Nexp

∑
Nexp
i=1

(
dm
dt i

1
Ti

)
is the reactivity index.

T is the temperature, m(t) is the char mass at time “t”, m(0) is the initial char mass, m(ashes) is the
mass of the residual ashes, Nexp is the number of experimental values.

3. Results and Discussion

3.1. Pyrolysis Product Yields

Figure 1 shows an area plot of the pyrolysis product yield distribution as a function of the
reactor temperature. This area plot is drawn using the discrete values of the different yields obtained
from different experimental conditions given in Table 2. Tars include the condensable species in the
volatile matter and the initial moisture of the wood. At low temperatures (below 600 ◦C), tar and solid
together represent more than 50 wt % of the products. A temperature of 500 ◦C maximizes the oil
yield, which reaches 62.4 wt %, while the char yield is close to 14 wt %. Several investigations have
mentioned 500–550 ◦C as the optimal temperature for maximizing the bio-oil yield during biomass
pyrolysis [3]. The water content of the pyrolysis oil (tars) varied between 30% and 35% at 500 and
600 ◦C, respectively, which includes both moisture water and pyrolysis reaction water. The water
content of the oils obtained at higher temperatures was not evaluated.
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Figure 1. Pyrolysis product distribution (as received basis, a.r.b.) versus pyrolysis reactor temperature.

The production of gases increases with temperature, while that of tar and char decreases.
For instance, at 800 ◦C, the gas yield is close to 78 wt %, while the char yield is 7%. Furthermore,
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at high temperatures, the formation of soot was observed, starting from 1000 ◦C. A deep analysis
of the operating conditions’ effect on the pyrolysis product distribution can be found in previous
investigations [23,26]. The main focus of the present study was to identify the effect of the operating
conditions on the char characteristics.

The evolution of the char yield with the pyrolysis reactor temperature indicates two separate
ranges of linear decrease: low temperatures (500–600 ◦C) and high temperatures (600–1400 ◦C).
The char yield decreased from 14% to 8% between 500 ◦C and 600 ◦C (0.05%/◦C, R2 = 0.991),
while it decreased from 8% to 4% between 600 ◦C and 1400 ◦C (0.005%/◦C, R2 = 0.990). The relative
uncertainties in the char yields are estimated to be lower than 10%. The evolution of the char yield
would be thus significant.

The lower char yield at high temperatures may be explained by several factors. Higher heating
rates are known to induce lower char yields [18]. Moreover, volatile and char formation are two
parallel reactions, and the latter is probably favored at higher temperatures and higher heating rates.
Also, above 1000 ◦C, char gasification by H2O and CO2 is likely to consume part of the formed solid.

3.2. Microscopic Analysis of the Biochar Surfaces

In order to monitor the textural properties and the behavior of minerals on the different chars
upon different pyrolysis treatment, we performed SEM analysis coupled with EDX characterization at
different enlargements.

Five samples were chosen to observe the effect of the pyrolysis temperature on the surface and
the properties of the biomass particles: raw biomass, and samples pyrolysed at low (500, 600 ◦C) and
high (1200, 1400 ◦C) temperatures.

Figure 2 presents the surface of a particle of beech wood at different enlargements. The cell walls
of the raw biomass present a homogeneous surface without any holes; the EDX analysis shows the
presence of very small amounts of Ca and K, which are the main minerals present in the biomass.
The elemental cartography of the surface shows that K and Ca are homogeneously dispersed inside
the biomass.

 

 

Figure 2. SEM photographs and X-ray fluorescence analysis of the surface of the raw wood particles at
different enlargements (a) ×5000; (b) ×10,000; (c) ×20,000; and (d) ×50,000.
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Figures 3 and 4 show the surface of the samples pyrolysed at 500 and 600 ◦C respectively. Different
areas of the particles were observed in order to be sure that the description of these materials was
representative of the materials.

 

 

Figure 3. SEM photographs and X-ray fluorescence analysis of the surface of the biochar produced after
pyrolysis of wood particles at 500 ◦C and different enlargements (a) ×5000; (b) ×10,000; (c) ×20,000;
and (d) ×50,000.

 

Figure 4. SEM photographs and X-ray fluorescence analysis of the surface of the biochar produced after
pyrolysis of wood particles at 600 ◦C and different enlargements (a) ×5000; (b) ×10,000; (c) ×20,000;
and (d) ×50,000.
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The samples Char-500 and Char-600 present a smooth surface, comparable to the one of the raw
biomass. They don’t present any macropores (pores with diameter higher than 50 nm) and the shape
of the particles remains identical to the raw biomass particles. The only difference is the concentrations
of Ca and K, which increase with pyrolysis temperature (EDX spectra). The intensities of Ca and K
peaks increase greatly with the pyrolysis temperature, bearing comparison to the principal Au peak
(close to 2 keV). This phenomenon is due to the loss of volatile compounds from the raw biomass and
then to the concentration of Ca and K. It also indicates that Ca and K are not completely emitted in the
gas phase during the pyrolysis process when performed at 500 and 600 ◦C. Small amounts of Mg and
Mn were observed in both samples.

Figures 5 and 6 show the surface of the chars obtained at 1200 and 1400 ◦C respectively.
These photographs clearly show the modification of the particle surface shape at these temperatures
due to sintering. At high enlargement (×50,000) small particles at the surface of the chars can be
observed (Figures 4d and 5d). Analysis of the surface (EDX cartography—not shown) indicated that
these particles contain only carbon, and no minerals. For the char obtained at 1200 ◦C, the amounts
of Ca and K increased (with peak intensities comparable to that of Au) significantly, but the surface
didn’t present cracks or macropores (Figure 5d). Small amounts of Mg and Mn were also observed on
these samples.

Figure 6a illustrates the deep modification of the biomass structure after a thermal treatment at
1400 ◦C. This sample is different from the others, with an important macro/mesoporosity appearing at
the surface of the carbon residue (Figure 6d). This modification is also correlated with a decrease of
the K content. As can be observed from the EDX analysis presented in Figure 6, the relative intensity
of the K peak decreased significantly. This behavior can be explained by the sublimation/boiling of
potassium during pyrolysis performed at 1400 ◦C (boiling point 1420 ◦C, sublimation at 1500 ◦C),
leading to the appearance of large porosity at the surface of the char particle, or again to the char
gasification by H2O/CO2 formed during the pyrolysis stage. This is consistent with other results
obtained under similar conditions [23], which also showed that potassium released from char at
1400 ◦C was incorporated into soot particles.

 

 

Figure 5. SEM photographs and X-ray fluorescence analysis of the surface of the biochar produced after
pyrolysis of wood particles at 1200 ◦C and different enlargements (a) ×5000; (b) ×10,000; (c) ×20,000;
and (d) ×50,000.
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Figure 6. SEM photographs and X-ray fluorescence analysis of the surface of the biochar produced after
pyrolysis of wood particles at 1400 ◦C and different enlargements (a) ×5000; (b) ×10,000; (c) ×20,000;
and (d) ×50,000.

3.3. Chemical Composition

The chemical composition of the char samples is given in the Table 3. It shows that the char gets
richer in C and poorer in H and O as the pyrolysis temperature increases. The C content increased
from 47.1 mol % for the char-500 to 84 mol % for the char-1400. This enrichment in C with increasing
temperature is well known in the literature. The O and H contents decreased significantly from
15.4 mol % and 37.5 mol % to 6.2 mol % and 9.9 mol % for the char-500 and the char-1400, respectively.
Controlling the chemical composition of chars is relevant to many applications, such as tar removal,
which was seen to depend on the C content of chars prepared by pyrolysis of rice husks [26].

Also, the C content of the char was seen to be related to the stability of the char in the soil when
focusing on applications aiming at improving the soil quality or sequestrating the C for global warming
mitigation [27].

Table 3. C, H and O contents of the different chars.

Sample C [mol % afb] H [mol % afb] O [mol % afb]

char-500 47.1 ± 2.3 37.5 ± 0.8 15.4 ± 1.5
char-550 56.1 ± 1.3 32.4 ± 0.8 11.6 ± 0.5
char-600 63.4 ± 2.7 26.8 ± 1.1 9.9 ± 1.5
char-800 64.2 ± 1.5 26.9 ± 0.9 8.9 ± 0.6

char-1000 74.4 ± 3.1 15.0 ± 0.2 10.6 ± 2.8
char-1200 77.6 ± 2.6 14.0 ± 0.3 8.3 ± 2.2
char-1400 84.0 ± 2.7 9.9 ± 0.3 6.2 ± 2.4

3.4. FTIR Spectroscopy

FTIR spectra of the fresh wood and pyrolysis chars are shown in Figure 7. The wavenumber
range is divided into two sub-ranges for the sake of clarity. The FTIR spectra of the unheated wood
sample consist mainly of bands that can be attributed to carbohydrates (cellulose and hemicellulose)
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and lignin. The most prominent carbohydrate bands in the raw wood can be found between 1000 and
1200 cm−1, while those related to lignins were identified at approximately 1221, 1269, 1326, 1367, 1423,
1464, 1510 and 1596 cm−1 [11].
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Figure 7. FTIR spectra of the pyrolysis solid residues.

Noticeable changes can be observed in the spectra of the chars compared to the raw wood. The OH
band (around 3350 cm−1) decreased significantly, starting with the char-500. The peak at 1730 cm−1,
related to the presence of carbonyl groups of esters and uronic acids in the xylan of beech wood
progressively disappears as temperature increases. These functions belong to the hemicelluloses of
beech wood, which have the lowest thermal stability [19].

Moreover, the two small peaks at 1506 and 1458 cm−1, which are related to the Guaiacyl and
Syringyl units of the beech wood lignin, are much less pronounced in char-500 than in raw beech,
and completely vanish for the char-550 and beyond, confirming the high pyrolysis extent for this
experiment. The peak at 1369 cm−1 is probably related to the C-H deformation in cellulose and
hemicelluloses. This peak is only visible in raw beech, and no more in chars. The signal between
1000 and 1200 cm−1 is probably imputable to C-O vibrations in cellulose/hemicelluloses. It shows
a high decrease for the char-500 confirming a high cellulose/hemicelluloses pyrolysis extent for this
experiment. The signal vanishes completely for the char-550.

As stated previously, from 550 ◦C, the pyrolysis is nearly completed, which is reflected in the
closeness of the char-550, char-600 and char-800 spectra. Beyond 800 ◦C, the signal intensity is very low
through the infrared region of analysis. This denotes a much lower proportion of functional groups on
the char surface, which is in agreement with the results of the elemental analysis.
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3.5. Structural Changes of the Biomass Particles as Revealed by Raman Spectroscopy

The Raman spectra of the different chars are shown in Figure 8. The spectra are normalized
according to the G band height. Raman spectra of amorphous biomass chars are known to exhibit two
main peaks around 1350–1370 cm−1 and 1580–1600 cm−1, commonly called the D and G bands.
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Figure 8. Raman spectra of the pyrolysis solid residues.

Increasing the pyrolysis temperature strongly affects the char structure. When increasing the
temperature, Raman bands of pyrolysis residues appear as two overlapping but distinguishable peaks
at the positions of approximately 1350 and 1600 cm−1, which correspond to the in-plane vibrations
of sp2 -bonded carbon with structural defects D band and the in-plane vibrations of the sp2-bonded
graphitic carbon structures G band, respectively [26]. If a high proportion of amorphous carbon
structures is present—which is the case for biomass chars—these two bands overlap. This overlapping
is associated with hydrogen- and oxygen-rich amorphous carbon structures in the samples. This region
(between 1400 and 1550 cm−1) is called the valley region “V” [15].

Structural parameters such as the band intensity ratios ID
IG , IV

IG or IV
ID are indicators of the char

structure. IV represents the valley intensity (taken as the minimum signal intensity between the D
and G bands).

These structural parameters are summarized in Table 4. The D band position shifts to lower
wavenumbers as pyrolysis temperature increases (from 1363 cm−1 at 500 ◦C to 1327 cm−1 at 1400 ◦C),
while the G band position shifts to higher wavenumbers when increasing the pyrolysis temperature
(from 1576 cm−1 at 500 ◦C to 1596 cm−1 at 1400 ◦C). This tendency was also observed previously
during the characterization of chars prepared by cellulose slow pyrolysis at different temperatures [28].
This “red shift” in the D band peak position is more pronounced for low temperature chars, which have
the highest contents of oxygenated defects structures [29].

Table 4. Evolution of the Total Raman Area (TRA), D and G band position as well as intensity ratios as
a function of the pyrolysis reactor temperature.

Sample TRA Dposition
[cm−1]

Gposition
[cm−1]

ID
IG

IV
IG

IV
ID

char-500 410.87 ± 10.23 1363 ± 4 1576 ± 7 0.76 ± 0.05 0.82 ± 0.05 1.08 ± 0.04
char-550 418.53 ± 8.01 1351 ± 5 1576 ± 5 0.82 ± 0.03 0.74 ± 0.05 0.91 ± 0.05
char-600 368.25 ± 12.67 1357 ± 5 1588 ± 6 0.81 ± 0.07 0.65 ± 0.05 0.80 ± 0.03
char-800 438.93 ± 15.86 1366 ± 6 1599 ± 8 0.90 ± 0.08 0.62 ± 0.05 0.69 ± 0.07
char-1000 411.66 ± 14.34 1336 ± 5 1588 ± 6 1.01 ± 0.05 0.62 ± 0.05 0.62 ± 0.05
char-1200 362.75 ± 16.22 1326 ± 6 1590 ± 8 1.20 ± 0.06 0.63 ± 0.05 0.53 ± 0.05
char-1400 254.78 ± 12.35 1327 ± 7 1596 ± 4 1.44 ± 0.04 0.39 ± 0.05 0.27 ± 0.03
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Furthermore, the intensity in the wavenumber ranges of 800 to 1100 cm−1 and 1700 to 1900 cm−1

strongly decreases with increasing pyrolysis temperature. This is related to the decrease of the highly
reactive structures such as cycloheptane- and cyclooctane-centered ring systems, defective cyclic
clusters and aromatic rings with pyrene sizes in the region of 800 to 1100 cm−1, and to the pyrolysis of
carbonyl bearing structures in the region of 1700 to 1900 cm−1 [30]. The decrease of the Raman signal
in these regions (together with the valley region which is related to the amorphous carbon structures)
is reflected in a decrease of the TRA with temperature, which was also denoted in [16] for cane trash
chars, in [30] for mallee wood chars, as well as in [31] for miscanthus chars.

The Raman analysis also shows that the IV/IG ratio decreases sharply between 500 ◦C and
600 ◦C (from 0.82 to 0.65), reaches a plateau between 600 ◦C and 1200 ◦C, and then decreases
sharply between 1200 ◦C and 1400 ◦C to reach 0.4. At 1400 ◦C, the thermal treatment must have
been very severe to induce such a brutal change, indicating a probable graphitization in such
conditions. McDonald-Wharry et al. [15] observed that the IV/IG height ratios level out at values
approaching 0.4 for heat treatment between 700 and 1000 ◦C. However, the authors used different
heat treatment conditions, with a much lower heating rate (7–30 ◦C/min) and a dwell/hold time of
20 min. Afterwards, the char was allowed to cool in an inert atmosphere to the ambient temperature.
The authors think that this value obtained for IV/IG height ratios likely represents the overlap of
broad D and G bands in the valley, and may not represent any amorphous carbon content, as might be
the case for severe heat treatment.

The ratio IV
ID decreases from 1.08 for the char-500 to 0.27 for the char-1400 which an ordering of

the char structure. Moreover, the ID/IG ratio significantly increases with the pyrolysis temperature
(from 0.76 at 500 ◦C to 1.44 at 1400 ◦C), indicating a higher proportion of condensed aromatic ring
structures with defects. These D structures would be formed by the condensation of small aromatic
amorphous carbon structures (valley region which intensity highly decreased with temperature).
These results are in accordance with the dynamic molecular structure diagram established by
Keiluweit et al. [10].

Altogether, an increasing level of order can be noticed in the structure of the char as the pyrolysis
temperature increases, with a clearly distinguishable evolution of the Raman spectra of the different
chars, especially for the 1400-char sample, the structure of which seems to be highly modified
and ordered.

3.6. Char Reactivity towards O2

The reactivities of chars towards O2 were examined using thermogravimetric analysis.
The obtained results are shown in Figure 9. Plots of the normalized mass ( m

m0
= f (T)) and negative

mass loss rate (− dm
dt = f (T)) are presented for raw beech wood and the different prepared chars.

Considering the experiment done on beech wood as reference, the mass loss below 300 ◦C
decreases as pyrolysis temperature increases, indicating lower proportions of low, thermally stable
components (reactive carbonaceous structure, incompletely pyrolysed wood) in the chars. The chars
prepared at 500 ◦C and 550 ◦C (to a lower extent) show peaks (a maximum of degradation rate)
at a relatively low temperature of 325 ◦C, probably indicating the presence of unconverted wood.
The final residual mass increases with pyrolysis temperature, which was foreseeable, given that char
obtained at higher temperatures has higher mineral content.

The char oxidation characteristics, defined previously in the materials and methods section,
are summarized in Table 5. Char-600 unexpectedly shows higher thermal stability compared with
char-800 and char-1000. In fact, the temperature corresponding to 50% of conversion is slightly higher
for char-600 (405 ◦C) than for char-800 (379 ◦C) or char-1000 (389.4 ◦C). The prolonged char residence
time in the reactor after pyrolysis has probably contributes to the thermal stability enhancement.
Such behavior is confirmed by examination of the Raman spectra of the different samples. In fact,
analysis of the Raman Spectra shows that char-600 has a lower intensity in the regions between 800 and
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1200 cm−1 and 1700–1900 cm−1 when compared to the samples of char-800 and char-1000, respectively.
Raman signal in these regions can be associated with the highly reactive structure in the char [29].
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Figure 9. Normalized mass as a function of the temperature in the TG air oxidation experiments of the
pyrolysis chars.

As shown in Figure 10, although the evolution of T(50%) is somewhat chaotic between 500 ◦C and
1000 ◦C, it increases following a perfect linear relation (R2 = 0.9999) with the char yield for the chars
obtained between 1000 ◦C and 1400 ◦C. This could be linked to structural ordering and graphitization
above 1000 ◦C.
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Figure 10. Evolution of T50% with the char yield.

Moreover, the char mean reactivity significantly decreases as pyrolysis temperature increases,
going from 0.198 min−1 for the char-500 to 0.067 min−1 for the char-1400, which represents nearly
a threefold decrease.
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The reactivity of fast pyrolysis beech bark and beech stick chars obtained between 450 ◦C and
850 ◦C were shown to be highly dependent on the pyrolysis temperature [20]. The authors think
that at low pyrolysis temperatures, the high H and O contents of the char are associated with the
presence of amorphous carbon structures and active sites that increase the char reactivity; whereas,
when raising the pyrolysis temperature, the char reactivity decreases due the formation of more
aromatic, less functionalized and less reactive structures.

We looked for possible relationships between the different reactivity parameters and the content
of heteroatoms in the char (H and O). As shown in Figure 11, we found, for instance, that the mean
reaction rate − dm

dt mean is linearly correlated with the O/C ratio. This linear dependence clearly expresses
the influence of the surface functional groups containing O atoms on the char oxidation reaction rate.
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Figure 11. Mean mass loss rate of the char in the TG air oxidation experiments as a function of O/C
atomic ratio.

Table 5 indicates that Char-1400 clearly presents the highest thermal stability and the lowest
reactivity. In particular, Char-1400 has the lowest values for Rmean and Rindex compared to the other
samples. This thermal behavior may be linked to a more ordered carbonaceous structure [32],
as revealed by the Raman spectroscopy analysis and reflected in the values of ID/IG and IV/IG,
which were the highest and lowest, respectively, among all the samples, as well as representing the
lowest

(
O+H

C

)
atomic ratio.

Table 5. Characteristics of the char TG oxidation experiments.

Sample
T(2%)
[◦C]

T(50%)
[◦C]

T(98%)
[◦C]

T(− dm
dt max)

[◦C]

− dm
dt max

[%/min]
− dm

dt mean
[%/min]

Rmean
[min−1]

RIndex
[min−1]

Beech 254.0 337.3 472.7 332.1 12.86 1.488 0.196 0.0216
char-500 269.6 394.6 488.3 399.8 17.53 1.488 0.198 0.0191
char-550 264.4 389.4 483.1 389.4 13.31 1.440 0.142 0.0265
char-600 321.7 405.0 545.6 399.8 19.20 1.405 0.119 0.0198
char-800 285.2 379.0 613.3 368.5 16.27 1.378 0.074 0.0299
char-1000 243.5 389.4 623.8 384.2 16.35 1.430 0.077 0.0247
char-1200 238.3 431.0 597.7 431.0 10.62 1.402 0.074 0.0232
char-1400 280.0 509.2 639.4 530.0 12.86 1.369 0.067 0.0132

Moreover, T(50%) is, remarkably, correlated to the TRA following a linear relation (Figure 12).
This relationship, indicating that T(50%) increases when TRA decreases, makes sense, as the decrease
of TRA is mainly due to the decrease of the contribution of the most reactive carbon structures to the
Raman signal (amorphous carbon forms in the valley region and highly reactive groups on the two
sides of the Raman spectra), which are less present in the char when the pyrolysis treatment is more
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severe. Other researchers found a linear correlation between 1
T(50%)

and the 2490 cm−1 band width

(second order region in the Raman spectra) for cellulose chars treated between 600 and 2600 ◦C [19],
while others found a linear relationship between T(20%) and the area ratio of the G band to the TRA [22].
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Figure 12. Evolution of T(50%) with the TRA.

Reactivity index can also be correlated to the IV/ID structural ratio, as shown in Figure 13.
This evolution here again makes sense, as the more reactive and amorphous small aromatic structures
char contains, compared to condensed structures, the higher its reactivity.

Altogether, these oxidation reactivity tests show that the more severe the thermal treatment in the
EFR is, the lower the reactivity of the char samples towards O2 will be. The char reactivity, defined
through several parameters, is also found to be remarkably correlated with many characteristics of the
chars related to their structure and chemical composition.
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Figure 13. Evolution of R(index) with IV
ID .

4. Conclusions

This study examined the influence of biomass entrained flow pyrolysis conditions on the char
properties. It was shown that the pyrolysis reactor temperature highly affects the char yield and
properties in terms of morphology, surface chemistry, structure and reactivity. The char yield drops
substantially from 14% to 4% when increasing the reactor temperature from 500 ◦C to 1400 ◦C.
The surface chemistry became poor in surface functional groups beyond 800 ◦C. The morphology of
the chars was highly modified at high temperature with a loss of the initial wood cell architecture,
sintering, and macropore formation. Ca was seen to remain on the char while K highly devolatilizes at
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1400 ◦C. Raman analyses showed an increasing ordering of the carbonaceous structures as temperature
increases, with a higher content of condensed aromatic structures together with vanishing of the
amorphous ones. The char reactivity expressed by means of various parameters equally changed
with the pyrolysis temperature. For instance, the mean reactivity decreased nearly threefold for the
char-1400 compared to the char-500. Several correlations between reactivity parameters, such as dm

dt mean,
T(50%) and Rindex, were seen to be correlated with O/C, TRA and IV/ID, respectively, which evidenced
intimate relationships between chemical composition, structure and reactivity. These characterizations
also reveal that it is possible to tailor the char properties according to the desired application by
controlling the temperature and the particle residence time in an EFR. These two parameters should
have the highest impact on the final char properties. We are currently working to further correlate the
char properties of these two parameters and to measure their impacts on specific char physical and
chemical characteristics.
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Abstract: Wood pellets are a form of solid biomass energy and a renewable energy source. In 2015,
the new and renewable energy (NRE) portion of wood pellets was 4.6% of the total primary
energy in Korea. Wood pellets account for 6.2% of renewable energy consumption in Korea,
the equivalent of 824,000 TOE (ton of oil equivalent, 10 million kcal). The burning phases of
a wood pellet can be classified into three modes: (1) gasification; (2) flame burning and (3) charcoal
burning. At each wood pellet burning mode, the volume and weight of the burning wood pellet
can drastically change; these parameters are important to understand the wood pellet burning
mechanism. We developed a new method for measuring the volume of a burning wood pellet
that involves no contact. To measure the volume of a wood pellet, we take pictures of the wood
pellet in each burning mode. The volume of a burning wood pellet can then be calculated by image
processing. The difference between the calculation method using image processing and the direct
measurement of a burning wood pellet in gasification mode is less than 8.8%. In gasification mode
in this research, mass reduction of the wood pellet is 37% and volume reduction of the wood pellet
is 7%. Whereas in charcoal burning mode, mass reduction of the wood pellet is 10% and volume
reduction of the wood pellet is 41%. By measuring volume using image processing, continuous and
non-interruptive volume measurements for various solid fuels are possible and can provide more
detailed information for CFD (computational fluid dynamics) analysis.

Keywords: combustion; image processing; renewable; volume measurement; wood pellet

1. Introduction

With increased fossil fuel prices, the heating costs of households and industry have increased
rapidly. Many countries are interested in using renewable energy to decrease consumption of fossil fuel.
Wood pellet is a kind of solid biomass energy and a renewable energy source. In 2015, the new and
renewable energy portion of wood pellets was 4.6% with respect to the total primary energy in Korea.
Most of the renewable energy in Korea is from waste energy, reaching 63.5%. The other renewable
energy sources have much smaller contributions, with the bioenergy portion being 20.8%, wind energy
2.1%, solar power 6.4% and solar heat 0.2% [1]. In 2016, the total amount of wood pellet produced in
Korea was 52.7 thousand tons and the imported wood pellet amount was 1.72 million tons which was
mainly used in power plants for co-firing with coal [2]. Most of Korea’s imported wood pellet is from
Vietnam, Malaysia and Indonesia. The amount of imported wood pellet into Korea was about 8.5% of
the amount of wood pellet consumed in the EU in 2015 (20.3 million tons) [3].

European countries such as Germany, Austria, and Sweden have developed wood pellet boilers
and have common norms around the solid biomass boiler, EN 303-5:2012, which classifies and describes
the requirements and testing methods of the solid biomass boiler [4]. Fiedler reviewed the state of
the art of, small scale pellet-based heating system and relevant regulation in Sweden, Austria and
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Germany. He categorized pellet central heating boilers and burners [5]. Recently, lots of studies related
to pellet burning use mixed pellet with other solid fuel, such as coal [6], agricultural residue [7,8],
bamboo [9,10] and potato pulp [11].

Wood combustion is a complex process that involves many physical and chemical processes.
Burning phases of wood pellets can be classified into three modes: (1) gasification; (2) flame burning;
and (3) charcoal burning. At each wood pellet burning mode, the volume and weight of the burning
wood pellets can drastically change and these parameters are therefore important in understanding the
wood pellet burning mechanism. Volume change and burning time at each mode of wood pellet can be
important data in designing the combustor of the wood pellet boiler, especially the combustor with the
moving stoker type. The main design parameters of moving stoker type wood pellet combustor are
(1) shape of grate; (2) number of grate; (3) velocity and moving interval of grate; (4) and combustion
air distribution. Volume change and duration of each combustion mode of wood pellet can be useful
in determining those design parameters.

Thunman et al. presented a particle model of combustion of wood particles for Eulerian
calculations. They performed calculations and compared the results with experimental results for
more than 60 samples of particles of different sizes. The model they developed shows the strong
influence of shrinkage on devolatilization and char combustion times [12]. Park et al. [13] performed
an experimental and theoretical investigation of heat and mass transfer processes during wood
pyrolysis. They performed pressure calculations based on a new pyrolysis model and revealed that
high pressure is generated inside the biomass particles during pyrolysis. Moreover, sample splitting
was observed during the experiments. The splitting is due to both weakening of the structure and
the internal pressure generation that takes place during pyrolysis. At low heating rates, structural
weakness is the primary factor, whereas at high heating rates, internal pressure is the determining
factor [14]. Hshieh and Richards reported the effects of preheating wood on the ignition temperature of
wood char. They found that the preheated samples were further heated in air at 5 ◦C/min to unpiloted
ignition. Despite major chemical changes during the various preheating treatments, the ignition
temperatures were not significantly affected, except for a slight decrease (11 ◦C) after five days at 150 ◦C
in air [14]. Ward and Braslaw reported experimental weight loss kinetics of wood pyrolysis under
a vacuum. The results showed that kinetic parameters can be used to predict the volatilization rates of
wood as a function of temperature in a vacuum. The model can also be used to estimate the quantities
of each of the main components initially present in an unknown wood sample [15]. Lautenberger and
Fernandez-Pello studied a model for the oxidative pyrolysis of wood. They performed optimized
model calculations for mass loss rate, surface temperature, and depth temperatures and reproduced
the experimental data well, including the experimentally observed increase in temperature and mass
loss rate with increasing oxygen concentration [16]. Kung and Kalelkar determined the heat of
the pyrolysis reaction with a mathematical model [17]. Biswas et al. studied on effect of pelletizing
conditions on combustion behavior of single wood pellet. They measured a single burning pellet
weight by a precision scale during combustion test. They found that time for a single pellet combustion
increased with pelletizing temperature and time for flame combustion was about 50 s; time for char
oxidation was about 100 s [18]. Fagerström et al. also measured the weight of the wood pellet during
the combustion test using a precision scale to determine the release of ash forming elements after the
devolatilization phase and the char combustion [19]. Ström and Thunman developed a numerical
model for drying and devolatilization of moist wood particles in an inert condition [20]. The results
from the CFD calculation were compared with previous experimental data and both were in alignment.
Sengupta et al. measured yarn parameters by an image processing technique with a low cost web
camera. They measured diameter, diameter variation, and number of thick/thin places [21]. Taghavifar
and Mardani measured the contact area of a radial ply tire with the image processing method [22].
They captured RGB data of tire contact area image then converted it to hue, saturation and value (HSV)
data to calculate tire contact area.
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Arce et al. [23] investigated wood pellet combustion characteristics on a fixed bed reactor (FBR)
with various conditions. They concluded that the particle size of the wood pellet and water content
are major parameters on combustion and heat transfer. Moradian et al. [24] performed the combustion
test on a fluidized bed boiler with fuel of a normal solid waste and compared it to mixing with animal
wastes. They found that solid waste comprised of 20–30% animal waste reduced the bed temperature
by 70–100 ◦C and suppressed the deposition growth rate. Chun et al. [25] investigated pyrolysis and
gasification characteristics of sewage sludge with a high water and nitrogen content. Their study
focused on high quality gas and char production.

Gomez et al. [26] did a simulation study on the effect of water temperature on domestic biomass
boiler performance. Their results concluded that low water temperature increased heating performance
but also increased CO emission.

The main purpose of the present study was to measure the density and volume of a wood pellet
without disturbing combustion condition. Previous studies use a precise electric scale to measure
the weight of the burning wood pellet [13,15,18,19]. In this study, we calculate the volume of the
burning wood pellet based on the image processing method and we also determine the mass of the
burning wood pellet with measured density of the bare wood pellet and the charcoal of the wood
pellet. We took combustion state photographs for each mode by recoding video. In order to investigate
the volume reduction rate of a wood pellet in combustion, moving images of wood pellet combustion
were captured. From the captured moving images, we calculated the volume of the wood pellet at each
time point. This research will provide useful background for applying combustor design, analysis,
and operation to wood pellet boilers.

2. Method

In an image file format, such as JPG, N × M × 3 matrix data are used to construct an image.
Each N × M matrix has the information of the red, green and blue (RGB) data of the image, the three
elements of color. In the matrix, the first N × M matrix has x and y coordinate data. In the image file,
the RGB data can have values from 0 to 255, which is based on 8 bit data.

With the RGB data from an image file, we developed a volume calculation method for
an axisymmetric object. If the diameter of the finite volume of an axisymmetric object is known,
the volume can be calculated by integration of the finite volume. The radius of an axisymmetric object
can be obtained by image processing. With image data, if the border of the axisymmetric object is
found, the radius and finite height of a small volume of the axisymmetric object can be obtained.
With the obtained border data of the axisymmetric object from the image file, the volume of the
axisymmetric object can be calculated.

Figure 1 shows a sample image file of a wood pellet and the lines represent the following: x = 9,
150 and 252 pixel. Along the line in the picture, RGB data can be plotted as shown in Figure 2. On the
x = 9 line in the image data, there is no wood pellet image but only background. Therefore, the RGB
data along the line at x = 9 should not be changed abruptly. In contrast, on the x = 150 line in the image
data, both the background and the wood pellet are present. Therefore, if RGB data along the line at
x = 150 are plotted, there must be two abrupt changes at each border of the wood pellet (Figure 3).
On the line at x = 252 in the image file, both the background and a thin pin supporting the wood pellet
are present. Again, there must be two abrupt changes on the RGB line along the x = 252 line (Figure 4).
However, the distance between the two changes is shorter than the distance of the x =150 line.

Figure 5 shows a wood pellet in flame burning mode. There is a flame in the middle of the wood
pellet. Figure 6 represents RGB data along x = 150 of wood pellet of Figure 5. Compared to the RGB data
in Figure 3 of the wood pellet in gasification mode, the absolute values of RGB data of the wood pellet
in flame burning mode differ from each other, such as at y = 20 R value is about 200, G value is about
140 and B value is about 100. However, there are also two abrupt changes of RGB data at the x = 150
line, as seen in Figure 6. Thus, we can obtain a border line of the wood pellet in flame burning mode.
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If the boundary of the wood pellet is obtained, the volume of the pellet (an axisymmetric object)
can be assumed to be an infinitesimal cylinder. However, if the axis of symmetry is not parallel
with respect to the x-axis, the volume calculation will have error due to an incorrect estimation of
the diameter. It is very difficult to align a wood pellet with a vertical line. In Figure 1, the wood
pellet is tilted 8.2 degrees from a vertical line. In the error calculation, the diameter and height of
the wood pellet are 6 mm and 22 mm, respectively. If the misalignment angle is less than 10 degrees,
the maximum volume calculation error will be less than 0.5%. In the volume calculation, coordinate
transformation is used as follows:[

x′

y′

]
=

[
cos(θ) − sin(θ)

sin(θ) cos(θ)

][
x
y

]
(1)

Figure 1. Image file of a wood pellet in gasification mode and lines of x = 9, 150 and 252.

Figure 2. Red, Green and Blue (RGB) data of image file of wood pellet (Figure 1) along y pixel at x = 9.

Figure 3. RGB data of image file of wood pellet (Figure 1) along y pixel at x = 150.
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Figure 4. RGB data of image file of wood pellet (Figure 1) along y pixel at x = 252.

Figure 5. Image file of a wood pellet in flame burning mode and line of x = 150.

Figure 6. RGB data of image file of wood pellet in flame burning mode (Figure 5) along y pixel at
x = 150.

Figure 7 shows (a) a raw image file of a wood pellet; (b) the border line of the wood pellet and (c)
the border line of the wood pellet with rotation. As seen in this figure, the border line of the pellet is
precisely found.

To confirm the accuracy of this volume calculation method, we compare the volume of an “AAA”
type battery that is manually measured by vernier caliper with one that is measured by the image
processing method.

Figure 8 shows a picture of the battery and the captured boundary result by the image processing
program. The diameter and length of the “AAA” type battery are 10.27 mm and 42.39 mm, respectively.
If the battery is assumed to be asymmetrical, the volume of the battery is 3511.51 mm3. By the image
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processing method, the volume of the battery is calculated as 3502.37 mm3 with −0.26% error. With this
validation, volume calculation by the image processing method gives very accurate results.

 
(a) (b) (c) (d) 

Figure 7. Wood pellet image data and image process results (finding border of wood pellet). (a) Raw
image file; (b) Image file with border line; (c) Border line; (d) Border line with rotation.

 

Figure 8. Picture of “AAA” type battery and image process result.

3. Experimental Results and Discussion

3.1. Test Facility

We performed an experimental study to measure the volume and mass of a burning wood
pellet and captured images of a burning wood pellet. First, a wood pellet combustion facility was
manufactured. A schematic diagram of the combustion facility is shown in Figure 9. To measure the
air flow rate, a turbine type gas flow meter was used.

Figure 9. Schematic diagram of experimental facility.
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The combustion apparatus has 3 × 1.6 kW electric heaters with a fan and 2 × 0.5 kW bar type
heaters to raise the air temperature. Air with a high temperature of up to 600 ◦C passes through
a honeycomb mesh and a transparent quartz tube where a tested wood pellet is placed vertically.
Air temperature is measured by a K-type thermocouple. Images of the burning wood pellet are
captured by a digital video camera (SONY HDR-CX550). In the image processing program, a video
image file is converted into snapshot image files at 0.5 s intervals. The combustion chamber maintained
a steady state throughout the test.

3.2. Volume Measurement Results

Table 1 shows proximate and ultimate analysis results of the tested wood pellet and Table 2
represents wood pellet size and test condition.

Table 1. Proximate and ultimate analysis results of tested wood pellet. (Korea Institute of Energy
Research, Testing and Certification Center).

Higher Heating Value at Dry (MJ/kg, kcal/kg) 18.6 (4550)

Proximate analysis (weight %, as received)

Moisture 8.73
Volatile 73.98

Ash 0.40
Fixed carbon 16.89

Ultimate analysis (weight %, as dried and ash free)

Carbon 49.90
Hydrogen 6.21
Nitrogen 0.38
Oxygen 43.10
Sulfur 0.01

Table 2. Wood pellet size and air conditions.

Wood Pellet Air Condition

mass (g) 0.8065 Qair (Nm3/h) 11.2
length (mm) 22.01 T0 (◦C) 20.1

diameter (mm) 6.12 Th (◦C) 544.7

In the combustion of the wood pellet, there are three modes: (1) a gasification mode, (2) a flame
burning mode, and (3) a charcoal burning mode. When the wood pellet is inserted into the combustion
chamber with Th > 400 ◦C, there is no significant change in its appearance except that the surface color
of the pellet becomes dark. This period is the gasification mode. The wood pellet is heated during
this period and suddenly a flame starts from the head of the pellet; this flame then expands to the
entire wood pellet due to vigorous volatilization. This is the flame burning mode. If there is no flame
the charcoal burning mode starts. From the insertion of the wood pellet to the end of the charcoal
mode, a video sequence of the burning wood pellet is captured and the volume of the wood pellet
is subsequently calculated with an image process. To confirm the image processing result, we also
measured nine wood pellet volumes at each mode every 20 s (four wood pellets in gasification mode,
one wood pellet in burning mode, and four wood pellets in charcoal mode). Table 3 shows images of
wood pellet at each combustion mode and converted images.

Figure 10 shows the volume change results of a burning wood pellet by an off-line and an on-line
measurement. The on-line measurement refers to the measurement by the image processing method,
which can measure the volume of the burning wood pellet continuously.

The off-line measurement entails measuring the volume of the burning wood pellet by intermittent
sampling and it is repeated twice for each off-line measurement. For example, to check the volume of
the burning wood pellet at 80 s, we prepare a new wood pellet and put it in the combustion chamber
for 80 s, and then remove the burning chamber from the combustion chamber. After cooling the
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burning wood pellet, we measure the mass of the pellet on a scale and take pictures to measure the
volume of the pellet. In the off-line measurement, there is a possibility of error in mass and volume
measurements due to mass reduction during cooling of the burning wood pellet and measurement
period. There is a difference in the volume between on-line and off-line measurements, especially in
charcoal mode; the reason for this is shown in Figure 10.

Table 3. Images of wood pellet at each combustion mode.

Time/Volume Image Converted Image

Gasification
7.5 s

566.6 mm3

Flame burning
80 s

378.2 mm3

 

Charcoal burning
120 s

176.9 mm3

86



Energies 2017, 10, 603

Table 3. Cont.

Time/Volume Image Converted Image

Charcoal burning
180 s

50.8 mm3
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Figure 10. Comparison of volume measurement between off-line and on-line measurement.

At the beginning of the gasification mode, there is a volume increase caused by evaporation of
water and pyrolysis inside the wood pellet (Figure 10). In the gasification mode, the volume change is
very low. However, in the flame burning mode, an abrupt volume change occurs due to high energy
emission by flame burning. The charcoal burning mode takes a long time: up to 51.6% of the total
burn time. With this volume measurement method, we can easily and continuously measure volume
change of the burning wood pellet, without any disturbance of combustion condition, from gasification
mode to the end of combustion. At the end of combustion, the wood pellet’s volume was 5% of the
original pellet. We compare standardized char conversion time (char conversion time divided by
density of the wood pellet) to a previous study by Biswas et al. [18]. Char conversion time is defined as
the period starting at the moment when the flame around the pellet disappeared until the moment that
the glowing of the char stopped [18]. Biswas et al. concluded that standardized char conversion times
of the wood pellet with apparent density up to 1200 kg/m3 remain constant about 80–100 cm3·s/g.
In the present study, standardized char conversion time is 82.3 cm3·s/g, as shown in Figure 11.

During off-line measurement, we measure volume and mass of the wood pellet at each sampling.
From the measurement, we can find the density of the wood pellet at each sampling, i.e., density is
mass divided by volume. Figure 12 shows wood pellet density measurement results and data fitting
for calculation of the wood pellet. From the beginning of gasification mode to the end of flame burning
mode, the density of wood pellet decreases as a quadratic function. On the contrary, density of the
wood pellet at charcoal mode is almost constant and density average value is 307.5 kg/m3. So we
assume density as a quadratic function that passes through ρwood pellet (1213 kg/m3) at t = 0 s and
ρcharcoal (307.5 kg/m3) at the end of flame burning mode (t = 94 s) as the following equation:
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ρ = a t2 + ρcharcoal = 0.09627 t2 + 1213 (2)

Mass measurement by off-line (black square point) and calculation results of the mass of the
burning wood pellet based on volume measurement (line) are shown in Figure 13. The mass of the
burning wood pellet is calculated by multiplication volume measured by on-line method and density
fitted, as shown in Figure 12. The dash line represents the previous research result of residual mass
ratio by Biswas et al. [18]. Test conditions between the present study and previous studies differ
from each other, especially air temperature. Air temperature in the present study is about 545 ◦C and
800 ◦C in a previous study. With two data sets (the result from the present study and the result by
Biswas et al.), we can confirm the end time of flame burning. The end time of flame burning of the
present study is 97 s, and that of Biswas et al.’s is 50 s. So we add 47 s with time data of Biswas et al.
In spite of different test conditions, charcoal mode results are in alignment. However, air temperature
of Biswa et al.’s study is higher than that of the present study, so duration of gasification mode of
Biswas et al. is less than 5 s. In gasification mode of the present study, residual mass ratio is dropped
from 1.0 to 0.63 and in flame burning mode, residual mass ratio is dropped from 0.63 to 0.10. Compared
to residual volume ratio result in Figure 10, gasification modes differ from each other. Before flame
burning, volume change is less than 7% p (from 100% to 93%). However, mass reduction is about 37%
p (from 100% to 63%). Figure 14 shows the volume and mass reduction rate of the burning wood pellet
with respect to each burning mode. Volume and mass reduction rates during charcoal burning mode
drastically differ from each other.

A. K. Biswas et al. [16]
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At the end stage of wood pellet burning, 41% of the volume of the original wood pellet remains,
however, only 10% of the mass remains. In this study, charcoal burning mode takes 101 s, which is
51% of the whole combustion period. Conversely, flame burning mode takes 33 s, which is 17% of the
whole combustion period. Given this result, it is evident that the wood pellet combustor promotes
a relatively long period of charcoal burning mode with a bulky volume of charcoal.

4. Conclusions

In this research, we developed a volume measurement method for a burning wood pellet.
With a video camera, images of a burning wood pellet are continuously captured and then converted
to image files to calculate the volume of the wood pellet at each time point. Each of the off-line volume
measurements with division into eight parts of complete burning were conducted twice and compared
with on-line measurement data. Wood pellets used in the combustion test were 1st grade in Korea.
Conclusions and findings of the research are as follows:

1. Compared to the volume measurement taken by a ruler (vernier caliper), the error of the
developed volume measurement method is −0.26%.

2. With the image processing method, we can measure the instantaneous volume of the burning
wood pellet with high precision without disturbance of the combustion environment.

3. Three combustion modes of the wood pellet can easily be distinguished by the image processing
program. Gasification mode takes 32.3% of the total burn time, flame burning mode takes 16.7%,
and charcoal burning mode takes 51.0% under the tested conditions.
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4. From gasification mode to end of flame burning mode, density of burning wood pellet decreases
as a quadratic function. In charcoal mode, the density of the burning wood pellet is constant at
about 307.5 kg/m3.

5. In gasification mode in this research, mass reduction of the wood pellet is 37% and volume
reduction of the wood pellet is 7%. On the contrary, in charcoal burning mode, mass reduction of
the wood pellet is 10% and volume reduction of the wood pellet is 41%. Relatively large volume
reduction, small mass reduction and long burning duration in charcoal burning mode should be
considered in designing a wood pellet combustor.
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Abstract: Material dielectric properties are important for understanding their response to microwaves.
Carbonaceous materials are considered good microwave absorbers and can be mixed with dry
biomasses, which are otherwise low-loss materials, to improve the heating efficiency of biomass
feedstocks. In this study, dielectric properties of pulverized biomass and biochar mixtures are
presented from 0.5 GHz to 20 GHz at room temperature. An open-ended coaxial-line dielectric
probe and vector network analyzer were used to measure dielectric constant and dielectric loss factor.
Results show a quadratic increase of dielectric constant and dielectric loss with increasing biochar
content. In measurements on biochar, a strong dielectric relaxation is observed at 8 GHz as indicated
by a peak in dielectric loss factor at that frequency. Biochar is found to be a good microwave absorber
and mixtures of biomass and biochar can be utilized to increase microwave heating rates for high
temperature microwave processing of biomass feedstocks. These data can be utilized for design,
scale-up and simulation of microwave heating processes of biomass, biochar, and their mixtures.

Keywords: biochar; biomass properties; microwave applications; dielectric properties; bioenergy

1. Introduction

Biomass resources offer a plentiful, renewable energy alternative to fossil fuels and can reduce
CO2 emission due to the potential of net zero emissions [1]. Lignocellulosic biomass materials
can be converted to energy-dense products via thermochemical processes (namely pyrolysis and
gasification) [2,3]. During these conversion processes, the biomass feedstock is heated to temperatures
in the range of 400–700 ◦C, usually by conventional heating methods, i.e., conduction and convection [4].
In attempts to improve heating efficiency, recent studies have applied dielectric heating to these
thermochemical conversion processes [5–7]. Microwave processing has numerous advantages over
conventional methods, including no-contact energy transfer, volumetric energy absorption and
dissipation, and selective heating in samples composed of two or more materials.

To effectively design microwave reactors for processing biomass feedstocks, an accurate
knowledge of the dielectric properties of biomass materials is necessary to evaluate the dielectric
response of materials in an applied electric field [8]. Dielectric properties may be determined by the
complex relative permittivity expressed by [9]:

ε∗ = ε′ − iε′′ = ε′(1 − i × tanδ) (1)
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where ε′ is the relative dielectric constant, ε” is the relative dielectric loss factor, i =
√−1, and tan δ

is the loss tangent (tan δ = ε”/ε′). Dielectric constant and dielectric loss factor are dimensionless
entities, which are used to measure the ability of a material to store energy and the ability of a
material to dissipate energy as heat, respectively. Molecular mechanisms dictate the polarization
of molecules in an applied electric field and in the microwave frequency range, dipole rotation and
ionic conduction are the dominant mechanisms of molecular polarization [8]. Dielectric properties
of a material are dependent on many factors such as measurement frequency, material atomic and
molecular composition, and physical characteristics [10]. For materials composed of at least two
components, dielectric properties are function of the properties of the bulk material such as bulk
density, moisture content, and temperature [11].

Dielectric properties of a variety of lignocellulosic biomasses including woody biomass [11–15],
grassy biomass [16–18], oil palm [19], corn stover [20], and pulp mill sludge [21] have been presented
in the literature. Due to the low dielectric loss of most lignocellulosic biomasses, these materials alone,
especially if dry, require a lot of energy to reach high temperatures by dielectric heating if not aided by
a microwave absorbing material [22,23]. To reach the high temperatures required by thermochemical
conversion processes, a microwave absorbing material, characterized by high dielectric loss, can be
added to biomass feedstocks [6,24,25]. When a high-loss material is added to a low-loss material,
the dielectric loss of the overall mixture is increased, resulting in greater heat generation in the
bulk material.

Carbonaceous materials, including carbon black, carbon nanotubes, carbon fibers, graphene,
activated carbon, SiC, and pyrolytic biochar have been recognized as good microwave absorbers for
their potential to convert microwave energy into thermal energy [6,24,26,27]. In this study, biochar
was investigated for its microwave absorbing potential since it is a low cost and convenient feedstock
additive that is readily available as a byproduct of thermochemical conversion processes. When a
mixture of biomass and biochar is irradiated with microwaves, the biochar particles selectively heat,
followed by heat transfer to adjacent biomass particles by conduction and by convection. Few studies
have investigated the dielectric properties of pyrolytic biochars [17,19,27,28]. Motasemi et al. measured
the dielectric properties of hay, switchgrass, and corn stover during pyrolysis [16,17,20]. Low dielectric
properties were observed from room temperature to 450 ◦C during pyrolysis, but a sudden increase in
dielectric properties was observed as the feedstock was heated from 450 to 700 ◦C when the biochar
had been formed. Salema et al. [19] and Tripathi et al. [28] measured the dielectric properties of biochar
derived from pyrolysis of oil palm shell.

While dielectric properties of biomass and biochar have been investigated separately, dielectric
properties of biomass and biochar mixtures have never been measured to our knowledge. Dielectric
properties of mixtures of biomass and biochar at room temperature are important for the efficient
use of microwaves to initiate dielectric heating for thermochemical conversion processes. This study
aims to fill this knowledge gap by characterizing the dielectric properties of biomass/biochar mixtures
for four different biomass feedstocks readily available in Louisiana and southeastern United States:
energy cane bagasse, pine sawdust (Pinus sp.), live oak (Quercus sp.), and Chinese tallow tree wood
(Triadica sebifera (L.)). Each of the biomasses chosen for this study can be sourced from various biomass
waste streams, making them viable feedstocks for thermochemical conversion processes. Pine sawdust
is a forestry residue from logging operations and a waste from milling processes. Energy cane bagasse
is a byproduct of the sugar industry, a residual lignocellulosic material after the juices are pressed from
the cane. Chinese tallow tree is an invasive species whose population is controlled to protect native
species and wetlands in southeastern United States. Live oak is an urban waste from tree pruning
and other tree maintenance services. These lignocellulosic biomass wastes have great potential as
feedstocks for biofuel production processes due to their low cost, but the dielectric properties when
mixed with biochar as absorbers need to be investigated in order to effectively design microwave-based
processes and equipment.
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2. Materials and Methods

2.1. Biochar Preparation

The biochar used in these experiments was obtained from biomass pyrolysis of various feedstocks
(mostly pine sawdust). Ground biomass was packed into a stainless-steel tube and heated via induction
heating to 400–600 ◦C under a continuous flow of nitrogen gas. After complete pyrolysis, the tube was
cooled to room temperature and the biochar was collected from the tube. The biochar was ground and
sieved to obtain particle sizes less than 5 μm.

2.2. Biomass Sample Preparation

Energy cane, pine wood, live oak, and Chinese tallow tree samples were obtained by grinding
wood chips or shavings using a wood chipper and laboratory blender, and sieved to less than 5 μm
particle size. For each biomass, the following biochar mixtures were prepared: 0 wt %, 25 wt %,
50 wt %, 75 wt %, 100 wt % biochar. The moisture contents of each sample were measured on a wet
basis using a standardized oven drying method (ASTM E871-82) and are presented in Table 1. Bulk
density at the time of measurement was determined gravimetrically by dividing the weight of the
sample by the volume of the sample measurement cup (Table 1).

Table 1. Moisture content (MC) and density of each of the biomass/biochar samples measured.

Biochar
(% wt)

Energy Cane Sawdust Live Oak Chinese Tallow Tree

MC (% wet
basis)

Density
(g/cm3)

MC (% wet
basis)

Density
(g/cm3)

MC (% wet
basis)

Density
(g/cm3)

MC (% wet
basis)

Density
(g/cm3)

0 10.70 ± 0.13 0.21 11.09 ± 0.12 0.27 11.50 ± 0.00 0.40 11.33 ± 0.10 0.35
25 9.32 ± 0.20 0.25 9.68 ± 0.06 0.30 10.87 ± 1.00 0.41 9.00 ± 0.17 0.37
50 7.93 ± 0.00 0.29 8.05 ± 0.02 0.37 8.57 ± 0.30 0.46 7.30 ± 0.22 0.41
75 6.50 ± 0.01 0.32 6.57 ± 0.12 0.45 6.84 ± 0.05 0.49 6.63 ± 0.08 0.48

100 5.00 ± 0.01 0.56 5.00 ± 0.01 0.56 5.00 ± 0.01 0.56 5.00 ± 0.01 0.56

2.3. Measurement Procedure

For this study, the open-ended coaxial-line dielectric probe method was utilized, despite its
limitations for measurement of low-loss solid materials [14,29], due to its ease of use and ability to
cover a broad range of electromagnetic frequencies. This technique is convenient due to easy sample
preparation and small sample size requirement; however, it is sensitive to local inhomogeneities in the
test material due to the small measurement region of the probe [30]. If the sample is not homogenous,
the resulting measurement is an average value weighted by the intensity of the electric field which
is at its highest at the center conductor of the probe tip [31]. Air gaps in the measurement region are
another source of error when measuring granular solids [32] and methods to control these errors have
been developed and are discussed further [33]. Since the materials being measured in the present
study are pulverized to a fine powder consistency, these sources of error can be carefully prevented.
Precautions were taken to ensure firm contact of the probe with the sample and to make certain the
probe face was presented with a single, smooth, flat surface with gap-free contact. In this study, three
to five replicates were measured after agitating and recompressing the sample into the sample holder
to verify the consistency of the readings and avoid measurement errors due to sample inhomogeneity.

A schematic of the dielectric measurement setup is shown in Figure 1. The measurement system
consisted of an Agilent 85070 high-temperature dielectric probe connected via a coaxial cable to a
vector network analyzer (Agilent N5230C PNA-L). The specific sample requirements for the probe are
a minimum diameter >20 mm, a granule size <0.3 mm, and a minimum sample thickness given by the
following equation [31]:

sample thickness >
20√|ε∗| mm (2)
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where |ε∗| is the modulus of the permittivity given by:

|ε∗| =
√
(ε′)2 + (ε′′ )2 (3)

Figure 1. Sample measurement set-up consisting of a vector network analyzer (VNA) and high
temperature coaxial-line dielectric probe (Agilent 85070) inserted into sample.

The instrument was calibrated using open air, a short, and distilled water at 25 ◦C as reference
standards. The dielectric probe was fixed on a stand and the samples firmly pressed into a cylindrical
stainless steel cup (1 cm radius, 2 cm height) by raising an adjustable platform. Measurements
consisted of 101-point logarithmic sweep from 0.2 to 20 GHz. Dielectric constant and dielectric loss
factor readings were acquired for each biomass/biochar mixture. Due to observed issues with this
method at low frequencies, the data measured below 0.5 GHz were discarded. The permittivity
measurements at 2.45 GHz were obtained by interpolation of dielectric constant and dielectric loss
factor values at their respective neighboring frequencies. This frequency was selected as it is the most
commonly used frequency in the industrial, scientific, and medical (ISM) radio bands for microwave
heating applications. The accuracy of dielectric properties obtained from the probe is specified by the
manufacturer as [31]:

ε′ = ε′ ± 0.05|ε∗| (4)

ε′′ = ε′′ ± 0.05|ε∗| (5)

3. Results

In the context of this study, measurements performed at microwave frequencies showed
dependence of dielectric constant and dielectric loss factor on frequency, mixture ratio, and biomass
type. Figures 2 and 3 depict the frequency dependence of the real (ε′) and imaginary (ε”) parts
of permittivity, respectively, for each biomass/biochar mixture. Dielectric constant decreases with
increasing frequency for all samples over the measured frequency range. This observed monotonic
decrease is due to the decrease in polarization of the dielectric material with increasing frequency, as
it is described by Torgovnikov [11]. The phase of the charged particles of the dielectric lags behind
the phase of the electric field due to polarization relaxation. With increasing frequency, the number of
charged particles that are in phase with the electric field decreases, resulting in a decrease in dielectric
constant. Percent decreases of dielectric constant from the maximum at 0.5 GHz to the minimum at
20 GHz are denoted in Table 2. Dielectric loss factor increases to a maximum between 8 and 9 GHz for
the biomass/biochar mixtures less than or equal to 75% weight biochar. For the samples with 100%
weight biochar, dielectric loss factor decreases between 0.5 and 2 GHz followed by an increase, which
peaks at 8 GHz, then decreases from 8 to 20 GHz.

95



Energies 2017, 10, 502

Figure 2. Measured dielectric constant from 0.5 to 20 GHz of each biomass sample: (a) energy
cane bagasse; (b) pine sawdust; (c) live oak; and (d) Chinese tallow tree wood at the indicated
biochar contents.

Figure 3. Measured dielectric loss constant from 0.5 to 20 GHz of each biomass sample: (a) energy
cane bagasse; (b) pine sawdust; (c) live oak; and (d) Chinese tallow tree wood) at the indicated
biochar contents.
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Table 2. Percent differences (%) in dielectric constant from 0.5 to 20 GHz.

Biochar Energy Cane Pine Sawdust Live Oak Chinese Tallow Tree

0 8.83 8.98 21.48 11.61
25 5.06 2.35 27.04 24.37
50 11.86 7.64 30.81 28.09
75 25.49 28.91 34.98 35.02

100 44.41 44.41 44.41 44.41

Dielectric properties are dependent on bulk density of air-particle mixtures [34]. The biochar
measured in this study is denser than the biomass materials, thus the measured permittivity values of
the various biomass/biochar mixtures partially reflect the effect of density on the apparent permittivity.
The observed increase in dielectric properties with increasing biochar content cannot be attributed to
the biochar alone since with an increase in biochar, there is also an increase in density. To eliminate
the effect of density on dielectric properties, the measured permittivity data of each mixture at its
respective density was transformed to the corresponding permittivity value at a mean bulk density by
the Landeau and Lifshitz, Looyenga equation [10]:

ε′2 =

[
ε1

1/3 − 1
ρ1

ρ2 + 1

]3

(6)

where ρ is bulk density and ε represents permittivity. The subscripts 1 and 2 denote the original
measured parameter and the transformed parameter, respectively.

Figure 4 illustrates the dielectric constant and dielectric loss factor as a function of biochar content
and corrected to a mean density (0.32, 0.39, 0.46 and 0.43 g/cm3, for energy cane, pine sawdust, live
oak, and Chinese tallow tree, respectively) using Equation (6). For all biomasses measured, the real
and imaginary parts of dielectric properties are shown to increase as biochar content increases. Since
biochar has a greater dielectric constant than the biomass samples, addition of biochar to the biomass
feedstock increases the overall dielectric constant of the bulk material. At 2.45 GHz, the average
dielectric constant of the raw biomasses and biochars are 2.13 and 4.06, respectively, corresponding to
twofold increase. A regression analysis was performed and it was determined that the permittivity of
the mixture follow a quadratic function of biochar content. The dependency of permittivity on biochar
content can be described by a quadratic function of the form y = Ax2 + Bx + C, and the coefficients of
the quadratic regression and the regression coefficient are presented in Table 3.

Dielectric loss tangent is the ratio of the loss factor to dielectric constant and its dependency on
mixture ratio is depicted in Figure 5a. The loss tangent is an indicator of the ability of a material
to dissipate electromagnetic energy. A high dielectric loss factor and moderate dielectric constant
would be indicative of a good microwave absorber. Similarly, to dielectric constant and dielectric
loss, the regression analysis of the loss tangent follows an increasing quadratic trend with increasing
biochar content. Penetration depth is defined as the distance into the material at which the power of
an incident electric field has decayed by 1/e and is calculated by the following equation (where λ0 is
the frequency of free space):

δp =
λ0

2π
√

2ε′

(√
1 + (ε′′ /ε′)2 − 1

)− 1
2

(7)

Penetration depth was calculated for each biomass/biochar mixture and is shown to decrease
quadratically with increasing biochar content (Figure 5b). Knowledge of penetration depth of a
material is important for scale-up of microwave heating systems and is useful for designing reactor
geometry and dimensions. The coefficients of quadratic regression analysis for loss tangent and
penetration depth as functions of biochar content are presented in Table 4.
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Table 3. Quadratic regression coefficients (y = Ax2 + Bx + C) for the dependence of dielectric constant
(ε′) and dielectric loss factor (ε”) on biochar content for each biomass type at 2.45 GHz.

Sample
ε′ ε”

A B C R2 A B C R2

Energy cane 0.8187 0.5373 1.9260 0.9604 1.9732 −0.9848 0.0615 0.9429
Pine sawdust 2.0488 −0.2974 2.1348 0.9711 1.6801 −0.6170 0.0639 0.9914

Live oak 2.0412 0.3712 2.3027 0.9947 1.5136 −0.5243 0.1488 0.9767
Tallow tree 1.5599 0.6214 2.1689 0.9891 1.5184 −0.4990 0.1205 0.9896

Figure 4. Dielectric constant and loss factor measurements as a function of biochar content at 2.45 GHz
for each biomass: (a) energy cane bagasse; (b) pine sawdust; (c) live oak; and (d) Chinese tallow tree
wood). Error bars indicate standard deviations.

Figure 5. (a) Dielectric loss factor and (b) penetration depth as a function of biochar content at 2.45 GHz
frequencies for each biomass.
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Table 4. Quadratic regression coefficients (y = Ax2 + Bx + C) for loss tan and penetration depth as a
function of mass fraction of biochar.

Sample
Loss Tan Penetration Depth

A B C R2 A B C R2

Energy cane 0.2992 2.06 × 10−12 2.06 × 10−12 0.8827 162.4 −294.7 137.3 0.9963
Pine sawdust 0.2802 2.52 × 10−12 0.0101 0.9941 98.5 −172.9 79.1 0.9938

Live oak 0.1909 5.96 × 10−12 0.0490 0.9814 7.8 −29.7 25.2 0.9789
Tallow tree 0.2219 1.72 × 10−12 0.0397 0.9929 17.3 −44.8 31.0 0.9996

Comparison of the different biomasses studied show that each biomass exhibits similar, but
independent dielectric properties. To illustrate the effect of biomass type on dielectric properties,
loss tangent was plotted as a function of frequency for 25% biochar (Figure 6a) and 75% biochar
(Figure 6b) mixtures. In comparing the measurements on the different biomass at similar biochar
contents, it is clear that differences exist between the different materials. By comparing the dielectric
properties values of the different biomasses, it is observed that an increased biochar content amplifies
the apparent dielectric constant of the mixture.

Figure 6. Effect of biomass type on the loss tangent of two biomass/biochar mixtures: (a) 25% wt
biochar and (b) 75% wt biochar.

4. Discussion

As seen by the quadratic increase in the loss tangent with increasing biochar, mixtures of
biomass and biochar are shown to exhibit greater heat generation ability compared to biomass alone.
Carbonaceous solid materials are not heated via dipole polarization like water and other polar liquids,
but rather via Maxwell-Wagner-Sillars polarization, or interfacial polarization effects. Carbonaceous
materials have delocalized sp2 π-electrons, which move freely within interfacial regions of chars.
An applied electric field induces a current in the π-electrons, which is in phase with the electric field.
Over time the π-electrons become out of phase with the electric field and collisions between electrons
generates energy in the form of heat. Thus, the good microwave absorption of biochar reported in
literature discussing microwave heating is most likely attributable to the effect of Maxwell-Wagner
Sillars polarization [27].

Frequency dependence of biochar is much more pronounced than the frequency dependence
of the raw biomasses in this study. An interesting feature of the biochar permittivity data is the
dielectric relaxation observed at 8 GHz. This relaxation is seen in the mixtures with high biochar
content (75% and 100% wt biochar) and it is indicative of a relaxation frequency of the biochar. It is
thought that this frequency could correspond to a wavelength that is equal to the mean free path of the
free π-electrons in the biochar interlayers.

A wide range of dielectric properties values have been presented in the literature for carbonaceous
materials (Table 5). Dielectric properties of carbonaceous materials are dependent on the origin of
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the material. Atwater and Wheeler [32] measured the dielectric properties of three different activated
carbons and found the permittivity to be dependent on the origin of the material. In addition,
measurement techniques and material conditions at the time of measurement should also be noted as
a cause of discrepancy between dielectric measurements on similar materials.

Table 5. Dielectric properties of several carbonaceous materials at 2.45 GHz.

Sample ε′ ε” Reference

Pyrolysis biochar 6.00 1.22 This study
Oil palm char 2.83 0.23 [19]

Activated carbon 5.30 0.37 [35]
Activated carbon 14–40 4–26 [36]

Graphite 4.20 0.11 [35]

Dielectric properties have been found to increase with moisture content due to the high degree of
polarization of water molecules under electromagnetic radiation [21]. In this study, moisture contents
ranged from 5.00 ± 0.01% for the biochar samples to 11.16 ± 0.33% for the average of the biomass
samples (Table 1). Despite this decrease in moisture content with increase in biochar, increase of
biochar in the mixture increases the dielectric constant and loss factor. If water content was the
dominant driving force for variation in dielectric properties, we would expect to see the opposite trend.
This confirms that dipole rotation of water molecules is not a dominant mechanism for the dielectric
properties of these samples. Permittivity also tends to increase with increasing density [34]. With
addition of biochar to biomass, density of the samples increases (Table 1), which could be a cause of
the increasing dielectric properties with increasing biochar content. However, as discussed previously,
the measured permittivity values were corrected to a medium density using Equation (6) to be able to
observe the effect of biochar content without the effect of density.

5. Conclusions

The dielectric properties of biomass and biochar mixtures were measured from 0.5 to 20 GHz
at room temperature. Results from this study indicate the dependence of permittivity on frequency,
biomass type, and mixture ratio. Dielectric properties were found to increase quadratically with
increasing biochar content for all biomasses. Dry biomass materials require a considerable amount
of microwave energy to reach high processing temperatures by microwave irradiation due to low
dielectric properties. Biochar, a byproduct of biomass pyrolysis, was found to be a good microwave
absorber and can be used as an additive to biomass feedstocks to increase microwave absorption in
the bulk material and accelerate heating rates. The dielectric properties data presented in this study
are important for the design, simulation, and scale-up of microwave reactors for high temperature
microwave processing of biomass materials. Biomass and biochar mixture ratios can be optimized for
a given microwave geometry.
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Abstract: Annually, the olive oil industry generates a significant amount of by-products, such as
olive pomace, olive husks, tree prunings, leaves, pits, and branches. Therefore, the recovery of these
residues has become a major challenge in Mediterranean countries. The utilization of olive industry
residues has received much attention in recent years, especially for energy purposes. Accordingly,
this primary experimental study aims at investigating the potential of olive biomass waste for energy
recovery in terms of synthesis gas (or syngas) production using the thermal arc plasma gasification
method. The olive charcoal made from the exhausted olive solid waste (olive pomace) was chosen
as a reference material for primary experiments with known composition from the performed
proximate and ultimate analysis. The experiments were carried out at various operational parameters:
raw biomass and water vapour flow rates and the plasma generator power. The producer gas
involved principally CO, H2, and CO2 with the highest concentrations of 41.17%, 13.06%, and 13.48%,
respectively. The produced synthesis gas has a lower heating value of 6.09 MJ/nm3 at the H2O/C
ratio of 3.15 and the plasma torch had a power of 52.2 kW.

Keywords: biomass; olive pomace; charcoal; thermal plasma; gasification; synthesis gas

1. Introduction

Currently, significant quantities of raw biomasses are found in waste streams in the European
Union (EU). In 2014, economic activities and households generated approximately 2.6 billion tonnes of
wastes in the EU [1]. Recent developments show that additional improvement on resource efficiency
is possible, which can lead to significant environmental, economic, and social benefits. Therefore,
converting waste into useful products is a key objective to obtain various benefits, including a reduction
of greenhouse gas emissions and job creation [2].

The olive oil industry has been mainly concentrated in the Mediterranean region, where a very
large amount of waste, such as olive pomace, olive husks, tree prunings, leaves, pits, and branches
are being generated annually. Spain, Italy, Greece, Turkey, Tunisia, Portugal, Syria, and Morocco are
the major olive oil producers worldwide [3]. The EU produced 69%, and exported 65%, of the world’s
olive oil in the last five years [4]. Consequently, the estimated quantities of wastes derived from the
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olive oil industry in the EU accounts for 6.8 million tons/year with a promising energy content of
around 18 MJ/kg [5,6].

There are several waste-to-energy conversion pathways into useful products depending on the
waste/biomass characteristics and the requirement of the end product and its applications [7–10].
Regarding physicochemical conversion, such as extraction and esterification of biomass to vegetable
oil or biodiesel production, biochemical conversion and thermochemical conversion methods have
also been extensively applied. Biochemical methods allow the biomass/waste conversion into liquid
or gaseous fuels by anaerobic digestion or fermentation with a final primary product of methane or
ethanol, respectively. Thermochemical conversion methods include pyrolysis, liquefaction, combustion,
and gasification. Although biomass/waste combustion is the main applied process, the overall
efficiency of heat production is low. Among all four methods, gasification has been considered
to be a more attractive process to exploit the energy from renewable and non-renewable solid biomass
with a lower content of moisture when compared to liquefaction at a higher conversion efficiency.
The method can be applied not only for direct generation of heat and electricity but also for generation
of transportation fuels and chemicals by using low-value feedstocks.

The investigation of olive industry waste feedstock utilization into electrical and thermal power,
as well as biogas, biofuels, and synthesis fuels, both by biochemical and thermochemical means,
has been extensively studied in [5,6,11–21]. Recently, thermal plasma has attracted the attention
as a state of the art waste-to-energy method, showing a better environmental performance over
conventional waste treatment technologies in terms of life cycle assessment, as well as process
efficiency [22]. Plasma methods can handle not only biomass, but also harmful/toxic wastes, which
can be completely converted into products having considerable amounts of useful energy content.
In general, plasma, which consists of charged (electrons, ions) and neutral particles, is defined as
the fourth state of matter. Depending on the species temperature, plasma can be classified as a
high-temperature plasma (fusion plasma) or a low-temperature plasma (gas discharges). The latter
group of plasma is the subject of interest of this paper. Low-temperature plasmas, typically related
to the pressure, can be classified into thermal plasma, which is in thermal equilibrium (all of the
species—electrons, ions, neutrals—are at the same temperature, Te = Ti = Tgas), and cold plasma,
which is described by a non-equilibrium state (where the electron temperature is much higher than the
ion and neutral gas species, Te > Ti > Tgas) [23–25].

Thermal plasma gasification process is an allothermal process that requires an external source
of power to heat up and sustain high temperatures. However, conventional autothermal gasification
has some limitations related to energy efficiency, material yield, syngas purity, compactness, dynamic
response and flexibility that might be overcome by plasma utilization [26]. From the chemical
point of view, the thermal plasma can significantly contribute to the gasification by enhancing the
reaction kinetics due to the generation of active radicals within the plasma medium and improving
high-temperature cracking of tars in the generated gas (syngas). From the thermal aspect, enthalpy
provided by the plasma can easily be controlled by adjusting the electrical power of the source
delivered to the system, thus making the process independent, contrary to the autothermal gasification
process. Therefore, numerous investigations have been performed by utilizing thermal plasmas (direct
current (DC), microwave (MW), radio frequency (RF)) for biomass/waste treatment to value-added
secondary products, such as synthesis gas, hydrogen, biofuels, chemicals, etc. [27–33].

The purpose of the present experimental investigation was to evaluate, for the first time,
the potential of olive biomass waste for energy recovery in terms of synthesis gas, or syngas, production
using the thermal arc plasma gasification method. The olive charcoal derived from the exhausted
olive solid waste (EOSW) (olive pomace) was chosen as a reference material for primary experiments.
A DC plasma torch was used as a source for high-temperature, enthalpy, and active radical generation.
Water vapour was used as a main gas to form the plasma. The experiments were carried out at the
various operational parameters: treated material flow rate, water vapour flow rate, and power of the
plasma torch.
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2. Materials and Methods

2.1. Raw Material

The exhausted olive solid waste was used as a feedstock for charcoal production. This residue
was provided by the Zouila factory from the region of Mahdia (Tunisia). The exhausted olive solid
waste was the solid by-product obtained after the extraction of the residual oil using hexane as a
solvent. It includes basically pulp, skin, and stone. The ultimate analyses of olive pomace are shown
in Table 1 and compared with available data from the literature for other lignocellulosic biomass.

Table 1. Ultimate analysis of different biomasses.

Biomass Type C a (wt %) H a (wt %) N a (wt %) S a (wt %)

Olive pomace (this study) 47.04 5.73 0.87 <0.06
Olive tree wood [34] 48.20 5.30 0.70 0.03

Pine Sawdust [35] 51.30 6.40 0.20 0.01
Miscanthus [36] 47.60 6.00 0.30 0.02

Corn cob [37] 46.40 5.40 1.0 0.02
a Weight percentage on dry basis.

2.1.1. Thermogravimetric Study

Thermogravimetric analysis was carried out using a Mettler-Toledo TGA/DSC3+ (Mettler-Toledo
Pte Ltd., Cresent, Singapore). Before each test, 10 mg of olive pomace was put in an alumina crucible.
TGA experiments were performed under nitrogen atmosphere of 100 mL/min flow rate at heating
rates of 5 ◦C/min from room temperature to 800 ◦C. Figure 1 shows the thermogravimetry (TG) and
derivative thermogravimetry (DTG) curves obtained during the pyrolysis of olive pomace pyrolysis.
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Figure 1. TG and DTG curves of olive pomace under inert atmosphere at 5 ◦C min−1.

According to this figure, pyrolysis occurs in two noticeable steps: the first step is attributed
to the devolatilization. This took place between 150 ◦C and 340 ◦C. This step corresponds to the
volatile matter removal and the char formation. In this range, two maximum weight loss rates were
observed at 244 ◦C and 312 ◦C, respectively. These peaks are attributed to hemicellulose and cellulose
degradation. At 190 ◦C, a slight maximum weight loss rate is shown. This can contribute to the earlier
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decomposition of lignin. Several researchers have found similar thermal profiles [38–41]. During the
first step of pyrolysis, the chemical bonds in the three major constituents of olive pomace, namely
cellulose, hemicellulose, and lignin, are thermally cracked. The second pyrolysis step of olive pomace
happens in the range of 340–450 ◦C. During this step, various parallel and serial reactions occur
either homogeneously or heterogeneously. These reactions include dehydration, cracking, reforming,
condensation, polymerization, oxidation, and gasification reactions [39].

Residual mass at 450 ◦C is about 30.33% of the initial mass for the olive pomace. Based on the
thermogravimetric analysis, pyrolysis experiments at a large scale were conducted at 450 ◦C in order
to prepare the olive pomace charcoal for plasma gasification. The impact of heating rates and particle
size were studied by the authors previously in [42].

2.1.2. Olive Charcoal Preparation

The experiments of slow pyrolysis of the olive pomace were carried out at an industrial scale
in a horizontal multi-stage reactor at the Olive Coal factory (Eljem, Tunisia). The reactor shown in
Figure 2 includes four fixed-cylinders. The first cylinder was used essentially for the drying step while
the pyrolysis stage occurs slowly in the other cylinders. Each cylinder was comprised of a conveying
screw to ensure the progress of the EOSW.

Figure 2. Scheme of the pyrolysis reactor (red colour: hot gases).

The hopper is tightly sealed in order to avoid the access of air into the feedstock section.
The process is firstly launched with a natural gas burner. The pyrolysis reaction results in fine charcoal
as a solid product and combustible pyrolysis gases as a volatile product. The pyrolysis gas was
composed of a complex mixture of non-condensable constituents, such as hydrogen, carbon monoxide,
carbon dioxide, and methane. Moreover, it comprises condensable constituents, such as water vapour,
heavy tars, and other hydrocarbons. Pyrolysis gases, produced by the heated biomass, flowed
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downwards and went through a collector to be burned in the combustion chamber. The combustion
temperature of the gases reached 1200 ◦C and the generated heat was used for the pyrolysis process.

The input olive pomace had a moisture content between 15% and 20%. It was dried with thermal
energy, provided by hot gas, recovered by a heat exchanger from the exhaust gases of the combusted
pyrolysis gases. The water evaporated during the drying of the EOSW in the first cylinder was rejected.

The pyrolysis cylinders were heated to different increased temperatures of 450 ◦C, 550 ◦C, and 650 ◦C,
which is heated by a hot combustion gas. Therefore, the EOSW is heated only by its contact to the wall
of the cylinder. The residence time in each stage was about 20 min. A thermocouple was utilized to
determine the temperature of char inside the reactor. The final temperature was about 450 ◦C. Finally,
the obtained charcoal is discharged from the reactor by a rotary valve.

2.1.3. Olive Pomace Charcoal Characterization

Tables 2 and 3 show the proximate and the ultimate analysis of the prepared olive pomace char.
Hence, moisture content was measured gravimetrically by the oven drying method conforming to the
EN 14774-1 standard. Volatile matter was examined using a thermogravimetric method at 900 ◦C for
7 min according to the NF EN 15148 standard. Ash was determined at 815 ◦C, conforming to the ISO
1171 standard. The higher heating value (HHV) was determined by employing an adiabatic oxygen
calorimeter, according to the NF EN 14918 standard. Ultimate analysis was determined by SOCOR
laboratory (France), as reported by the NF EN 15104 standard.

Table 2. Proximate analysis of olive pomace charcoal.

Biomass Type
Moisture

(% Dry Basis)
Volatile Matter
(% Dry Basis)

Fixed Carbon
(% Dry Basis)

Ash
(% Dry Basis)

Olive pomace char coal 22 17.4 77 5.6

Table 3. Energy content and ultimate analysis of different chars.

Parameters
This Study Olive

Pomace Char
Olive Mill

Waste Char [43]
Olive Wood
Biochar [44]

Hazelnut Wood
Biochar [44]

Pyrolysis
temperature 450 ◦C 480 ± 10 ◦C 400–800 ◦C 400–800 ◦C

C a (wt % ) 80.4 75.3 90.1 78.1
H a (wt % ) 2.87 3.64 1.58 1.21
N (wt %) 0.42 0.94 0.42 0.64

S a (mg/kg) 271 ND ND ND
HHV a (MJ/kg) 30.89 29.21 31.71 26.62
LHV a (MJ/kg) 30.30 28.35 30.48 25.66

a On dry basis; ND: not determined.

The obtained results are compared with those found in the literature for different biomass chars.
The ultimate analysis revealed that the olive wood char has the highest carbon content, followed by
our charcoal. The content of nitrogen found in olive pomace and olive wood chars are of equal amount.

It can also be observed that chars from the olive tree have closer energy content, if compared to
hazelnut wood char. Hence, the pyrolysis process can increase the heating value by 75–85% from the
initial biomass heating value [44].

2.2. Plasma Gasification Setup

The experimental setup used in this research is shown in Figure 3. Its basic parts consists of a DC
plasma torch (1); a chemical reactor (2); a charcoal feeding system (3); and a producer gas sampling
and analysis system (4).
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Figure 3. Scheme of the plasma gasification setup.

The DC arc plasma torch was used as a source for high temperature, enthalpy, and active radical
generation, which operated at atmospheric pressure. Its power ranged from 45 kW to 52.2 kW at a fixed
arc current intensity of 180 A and voltage drop of 250–290 V. The plasma torch operated on superheated
water vapour at a flow rate in the range of G1 = (2.4 − 4.64) × 10−3 kg/s. Therefore, the water
vapour was superheated to 500 K, serving as the main gas to form the plasma and as a source for
active particle/radical (O, H, OH) generation inducing and accelerating the thermochemical reactions.
A hafnium cathode of the plasma torch was protected by a small amount of air (G0 = 0.62 × 10−3 kg/s)
to avoid its erosion. The thermal efficiency (η) of the plasma torch ranged between 0.67 and 0.75 and
the mean generated temperature exceeded 2800 ± 7% K.

The chemical reactor is 1 m long with a 0.4 m inner diameter. Its inner walls are insulated with a
refractory material (ceramic coating) to avoid excessive overheating. The EOSW charcoal was fed by a
screw feeder from a hopper at an average flow rate of 1.3 × 10−3 kg/s. The maximum particle size of
charcoal was less than 2 mm. Around 10 kg of the EOSW charcoal was used within the seven individual
experimental runs. At the bottom of the plasma-chemical reactor there is a by-product removal section,
and in the middle, an outlet chamber for the producer gas sampling and analysis. The producer gas
was analysed by means of an Agylent 7890 A gas chromatograph (GC) equipped with dual-channel
thermal conductivity detectors (TDCs) and a MRU AIR SWG 300-1 gas analyser (MRU Instruments,
Inc., Houston, TX, USA). Each experimental point was measured three times to obtain an average
concentration of the produced gas. In each case, the relative deviation was below ±5%.

2.3. Main Chemical Reactions

The gasification of the EOSW charcoal to syngas encompasses various complex chemical reactions.
Active radicals produced by the plasma torch in the arc discharge chamber can considerably accelerate
the reaction kinetics [45,46]. The primary chemical heterogeneous and homogeneous reactions of the
charcoal gasification are described in Table 4.
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Table 4. The main thermo-chemical heterogeneous and homogeneous reactions during solid waste
gasification [47].

Oxidation Reactions

1. Carbon partial oxidation C + 1
2 O2 → CO –111 MJ/kmol

2. Carbon monoxide oxidation CO + 1
2 O2 → CO2 –283 MJ/kmol

3. Carbon oxidation C + O2 → CO2 –394 MJ/kmol
4. Hydrogen oxidation H2 +

1
2 O2 → H2O –242 MJ/kmol

Gasification Reactions Involving Steam

5. Water–gas reaction C + H2O ↔ CO + H2 +131 MJ/kmol
6. Water–gas shift reaction CO + H2O ↔ CO2 + H2 –41 MJ/kmol
7. Steam methane reforming CH4 + H2O ↔ CO + 3H2 +206 MJ/kmol

Gasification Reactions Involving Hydrogen

8. Hydrogasification C + 2H2 ↔ CH4 –75 MJ/kmol
9. Methanation CO + 3H2 ↔ CH4 + H2O –227 MJ/kmol

Gasification Reactions Involving Carbon Monoxide

10. Bouduard reaction C + CO2 ↔ 2CO +172 MJ/kmol

3. Results and Discussion

3.1. Relation between the Water Vapour Flow Rate and the Power of the Plasma Torch

Since the experiments were carried out at the various operational parameters, such as treated
material flow rate, water vapour flow rate, and power of the plasma torch, however, there is a direct
relation between the water vapour used as a plasma forming gas and the power of the plasma torch.
The change in water vapour flow rate changes the power of the plasma torch due to the increase of the
voltage drop in the arc at a fixed current intensity. This relation is shown in Figure 4.

Figure 4. Relation between the water vapour flow rate and the power of the plasma torch at the
constant arc current intensity of 180 A.

As could be seen from the above figure, as the water vapour flow rate increased from
2.4 × 10−3 kg/s to 4.64 × 10−3 kg/s, the voltage drop in the arc discharge chamber of the plasma
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torch also increased from 250 V to 290 V. The increasing water vapour flow rate tangentially supplied
through the ring into the arc discharge chamber intensifies the heat transfer mechanism between
the arc column and the injected water vapour surrounding the arc and, therefore, the flow changes
from laminar to turbulent along the arc discharge chamber. As a result, the electric field of the arc,
as well as the arc potential, increases significantly leading to the increased voltage drop [48]. Therefore,
this directly influences the plasma torch power, which, during experiments, increased from 44 kW to
52.2 kW, due to the relation P = VI, where P is power (W), V is the voltage of the arc (V), and I is the
current of the arc (A). Consequently, the operational parameters related to the increased water vapour
flow rate at the fixed arc current simultaneously means the increased power of the plasma torch.

3.2. Produced Syngas Composition

In this paragraph, the effects of the water vapour to charcoal (H2O/C) ratio, as well as the plasma
torch power on the gasification of the EOSW charcoal, are discussed.

Firstly, the experiments were performed in order to determine the reaction time required to reach
equilibrium (operating) conditions during charcoal gasification, i.e., an elapsed time to reach the
highest concentrations of the formed gases. This is shown in Figure 5.

Figure 5. Concentration of formed gaseous products during charcoal gasification vs. the time required
to reach equilibrium conditions. Arc current I = 180 A, plasma torch power P = 52.2 kW.

It can be seen from the figure that a reaction time required to reach the optimal operating
gasification conditions, at which the concentrations of H2 and CO were at the highest level,
was approximately 25 min. The same tendency was observed during other experiments at the different
regime parameters, such as the H2O/C ratio and the power of the plasma torch. Additionally, the main
produced gases were H2, CO, and CO2, and only traces of other lighter hydrocarbons were detected.

Afterwards, the influence of the H2O/C ratio on the generated gas concentrations was
investigated. The results are shown in Figure 5. As the H2O/C ratio increased from 1.85 to 3.15,
the concentrations of H2 and CO2 increased from 20.3% and 12.3% to 41.17% and 18.68%, respectively,
and only at 3.15 to 3.57, decreased to 36.19% and 13.48%, respectively. Meanwhile, the concentration of
CO increased all the time, from 8.35% to 14.15%. Since the charcoal steam gasification is an allothermal
process requiring an external heat source for initiation of endothermic reactions, it is possible to
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highlight just three independent main gasification reactions: water–gas reaction (WG) (Equation (5)),
water–gas shift (WGS) (Equation (6)), and the Bouduard reaction (Equation (10)). However, it is a
simplified explanation, since other chemical elements (H, N, O, S, etc.) and compounds could be
involved as reactants and/or products [49]. Therefore, H2, CO2, and CO formation mechanisms
and variations of concentrations could be explained by these gasification reactions. In this research,
the thermal plasma torch was utilized to provide heat for endothermic reaction initiation. The increase
of concentrations of H2 and CO2 at the H2O/C ratio of 3.15 can be explained by the dominance of WG
and WGS reactions, whereas the decrease at the H2O/C ratio from 3.15 to 3.57, due to the dominance
of reversed shift reaction and the Bouduard reaction, as well as less favourable WG reaction.

The figure also indicates the dependence of the H2/CO ratio, which was in the range of 2.43 to
3.15, on the H2O/C ratio. The H2/CO ratio mostly depended on the variation of the concentrations of
H2 to CO. At the beginning, as the H2O/C ratio increased from 1.85 to 3.15, the H2/CO ratio increased
from 2.43 to 3.15. However, between the H2O/C ratios of 3.15 to 3.57 the latter decreased from 3.15
to 2.56 due to the decrease in H2 and CO concentrations. Generally, a desired H2/CO ratio for the
Fischer–Tropsch synthesis (FTS) of syngas to produce diesel and gasoline is around 2.1:1 [9]. Therefore,
the produced syngas required an adjustment to reduce the H2 content or increase the CO content by a
WGS reaction (Equation (6)). Nevertheless, the primary experiments showed a promising result for
syngas production from the EOSW charcoal.

However, the lower heating value (LHV) of the produced syngas was of low quality.
The dependence of the LHV of the syngas on the H2O/C ratio is shown in Figures 6 and 7. It could
be observed that the LHV of the syngas increased from 3.24 MJ/nm3 to 6.09 MJ/nm3 at the H2O/C
ratio in the range of 1.85 to 3.15. However, at the H2O/C ratio of 3.15 to 3.57, the LHV decreased
from 6.09 MJ/nm3 to 5.69 MJ/nm3. This was mostly induced by the decrease of H2 concentration
determined by a reversed water–gas shift reaction.

Future prospects will be to assess the performance parameters of the thermal plasma gasification
system in terms of cold gas efficiency, carbon conversion efficiency, syngas yield, specific energy
requirements, etc.

Figure 6. Effect of the H2O/C ratio on the produced gas concentrations.
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Figure 7. Effect of the H2O/C ratio on the lower heating value of the syngas.

3.3. Comparison with Similar Gasification Methods

In this paragraph a comparative study in terms of syngas production with similar gasification
methods, both conventional (commercially available and near commercial) and plasma, is discussed.
The results are summarized in Table 5.

Table 5. Comparison with other similar coal/charcoal gasification methods.

Method
Gasifying

Agent
Material H2 (vol %) CO (vol %) H2/CO

LHVsyngas

(MJ/nm3)
Ref.

Conventional gasification (Lurgi, HTW, Siemens, Shell, etc.)

Moving Bed Oxygen Coal * 28.1–42.3 15.1–61.2 0.5–2.7

4–11 [47,50]

Steam/air 16.2–23.3 17.1–27.8 0.69–1.35
Fluidized Bed Oxygen Coal * 32.8–40.0 31.0–53.0 0.71–0.85

Steam/air 12.6–28.56 12.54–30.7 0.56–1.0
Entrained flow Oxygen Coal * 28.1–42.3 15.1–61.2 0.51–2.72

Steam/air 15.7–25.5 16.1–31.0 0.82–2.00
Transport flow Oxygen Coal * 36.2–41.9 25.5–39.1 0.92–1.64

Steam/air 11.8–15.7 13.3–23.7 0.5–1.18

Plasma gasification (MW, DC)

MW Steam/air Coal 48 23 2.08 -
[51]O2/air Coal 21.3 51.7 0.41 -

MW Steam Coal 62 20 3.1 10.9
[52]Charcoal 58 17 3.41 10.4

DC thermal arc
plasma Steam/air Coal 58.7 35.5 1.65 - [53]

DC thermal arc
plasma Steam/air Coal 39 34 1.14 - [31]

DC thermal arc
plasma Steam Charcoal 41.17 13.06 3.15 6.09 This work

* Coal—means various types of coals (brown, lignite, bituminous, sub-bit, anthracite).
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There are a number of various gasification technologies. However, according to the configuration
of the gasifier, all of the existing gasifiers can basically be divided into four main configurations:
moving bed, fluidized bed, entrained flow, and transport flow [50]. This division is suitable for plasma
gasification (plasma gasifiers) as well, where torches or arcs are being used as an external heating source.
Nevertheless, despite the fact that the end/final product is usually similar, its syngas, conventional
gasification, and plasma gasification technologies differ significantly. Traditional gasification methods
require high pressures (greater than 30 Bar), long residence times of treated materials (up to several
hours), special catalysts and their recovery, higher investment and maintenance costs, etc. [54]. Here,
where the thermal plasma comes from with its advantages, such as an easy control of the gasification
process, operation at atmospheric pressure, short residence time (up to several minutes), no need
of catalysts and their recovery, flexibility and smaller size of the equipment of the same capacity,
ability to generate reactive species, etc. Nevertheless, the concentrations of the produced H2 and
CO, the H2/CO and the LHV in both cases are at comparable levels. One of the greatest advantages
of the plasma gasification are the low environmental emissions and better environmental impact in
terms of life cycle assessment [10,22]. Therefore, this makes plasma an attractive method to use in
waste-to-energy applications. However, despite the mentioned advantages, plasma gasification has
not been fully commercially proven yet because of the large energy penalty, especially of the DC arc
plasma and, consequently, the techno-economic feasibility of such units. High power consumption
to operate plasma torches, periodic changes of their electrodes, expensive power supply units,
and instability of the plasma flame, especially for MW and RF discharges, makes it challenging
for further commercialization.

If compared just between the plasma means, the simplest among these and the most widely used
is a DC arc plasma. The power capacity of the MW and RF plasmas can reach several kilowatts (3–5 kW,
in some cases up to 10 kW) [51,53], whereas that of the DC arc plasma from hundreds of kilowatts up
to several megawatts. This makes the DC arc plasma closer to industrial scale applications, as well as
its reliability in operation. The greatest disadvantage of the DC arc plasma is a shorter lifetime of the
electrodes due to the electric arc erosion. Moreover, in this particular case, the quality of the produced
syngas was lower if compared to Yoon et al. [52], who used MW discharge for coal gasification.

To sum up, the overall situation for the plasmas being applied for syngas production from coal
or other carbonaceous materials/wastes is promising in terms of its flexibility, environmental issues,
easy process control, generation of active radicals, etc. This primary experiments with the charcoal
made from an exhausted olive solid waste showed a promising result for future experiments with the
thermal water vapour plasma method for syngas production.

4. Conclusions

In the current primary experimental research, the potential of synthesis gas production from the
charcoal derived from the exhausted olive solid waste (olive pomace) by utilizing thermal arc plasma
was investigated. The experiments were carried out at different H2O/C ratios, as well as different
plasma torch powers. A direct relation between the water vapour flow rate and the plasma torch power
at a constant arc current intensity was demonstrated. The main reaction products were hydrogen
(41.17%) and carbon monoxide (13.06%), forming syngas, which comprised approximately 55% in
the produced gas. The highest LHV of the produced syngas was 6.09 MJ/nm3 and the H2/CO ratio
was 3.15. The performed experiments showed great potential for syngas production from the charcoal
derived from olive pomace as a residue/waste from the olive oil industry. Therefore, the future outlook
will rely on a more detailed investigation of the performance parameters of the plasma gasification unit
and its comparison with similar gasification methods in terms of cold gas efficiency, carbon conversion
efficiency, syngas yield, specific energy requirements, etc.
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Abstract: Investigation into clean energies has been focused on finding an alternative to fossil fuels in
order to reduce global warming while at the same time satisfying the world’s energy needs. Biomass
gasification is seen as a promising thermochemical conversion technology as it allows useful gaseous
products to be obtained from low-energy-density solid fuels. Air–steam mixtures are the most
commonly used gasification agents. The gasification performances of several biomass samples and
their mixtures were compared. One softwood (pine) and one hardwood (chestnut), their torrefied
counterparts, and other Spanish-based biomass wastes such as almond shell, olive stone, grape and
olive pomaces or cocoa shell were tested, and their behaviors at several different stoichiometric
ratios (SR) and steam/air ratios (S/A) were compared. The optimum SR was found to be in the
0.2–0.3 range for S/A = 75/25. At these conditions a syngas stream with 35% of H2 + CO and a
gas yield of 2 L gas/g fuel were obtained, which represents a cold-gas efficiency of almost 50%.
The torrefaction process does not significantly affect the quality of the product syngas. Some of the
obtained chars were analyzed to assess their use as precursors for catalysts, combustion fuel or for
agricultural purposes such as soil amendment.

Keywords: biomass gasification; bubbling fluidized bed; biomass mixtures; torrefaction; syngas;
air–steam oxidation; char reuse

1. Introduction

The constant growth of the world’s energy demand, combined with the limited reserves of
fossil fuels, their fluctuating prices and the environmental damage they cause, has led to the search
for a sustainable and environmentally friendly fuel that complements traditional fossil fuels as
the main energy source. This aim is supported by several different trans-national policies starting
with the Kyoto Protocol of 1998 and most recently the Paris agreement and the European Union’s
“Horizon 2020” program, which aims to improve efficiency until reaching a 20% reduction in Europe’s
energy consumption and a 20% increase in the use of renewable energy [1–3]. According to the
International Energy Agency (IEA), the use of renewable energy sources in Spain reached 14.9% of
overall consumption in 2014, with Spain taking twelfth place among IEA members [4].

Some of the reported advantages of biomass, such as its CO2 life cycle neutrality [5], its moderate
NOx or SO2 emissions and its autonomy as a resource [6], make it a very useful feedstock for achieving
these fixed goals. The energy conversion of biomass can be performed in different ways, bio and
thermochemical being the most common. Biochemical conversion can be achieved by fermentation
or anaerobic digestion [7–9], whilst the thermochemical processes include combustion, pyrolysis and
gasification, with the oxidizing agent being the major difference between them, since combustion
requires an excess of air while pyrolysis takes place in an inert atmosphere. Of these techniques,
gasification is one of the most promising as it allows solid matter with a low energy value to be
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converted into a clean gaseous fuel that is easy to handle [10] by partially oxidizing carbonaceous
fuels from low temperatures (600–650 ◦C), thereby preventing sintering, agglomeration and other
ash-melting-related problems [11,12].

The quality and composition of the outlet gas depends on the selected fuel, oxidizing agent
(oxygen, air, steam, carbon dioxide or their mixtures) and its ratio, gasification equipment (fixed,
fluidized bed or entrained flow gasifier) and reaction conditions (temperature or bed material) [13].
This product has many possible uses ranging from the direct production of heat and electricity to the
production of a wide variety of chemicals [14,15].

The gasification process takes place in five stages: pyrolysis, volatiles and char combustion,
char gasification and gas–gas reactions [16–18], the main reactions being:

Water-Gas Reaction I

C + H2O → CO + H2 ΔH = 131.3 kJ/mol

Water-Gas Reaction II

C + 2 H2O → CO2 + 2 H2 ΔH = 89.7 kJ/mol

Water-Gas Shift Reaction III

CO + H2O → CO2 + H2 ΔH = −41.2 kJ/mol

Methane-Steam Reforming Reaction IV

CH4 + H2O → CO + 3H2 ΔH = 206 kJ/mol

Water-gas (I), (II) and water-gas shift reactions (III) are the most important when using air/steam
mixtures as gasifying agent, as in the present work. The last reaction, methane-steam reforming, is
highly useful as it increases the quantity of H2 in the gaseous product [19].

Gasification is quite a well-known energy conversion technique that is commonly applied to
biomass, using different types of reactor and gasifying agents. For example, Guizanni et al. [20] used
a Macro-TG analyzer to study the influence of the conversion degree (20%, 50% and 70%) and the
oxidizing agent used (CO2, H2O or their mixture) during beech wood gasification on its char structure,
surface chemistry and mineral content. Kuo [21] used different air–steam blends to gasify raw bamboo
and two of its torrefied products (250, 300 ◦C) in downdraft fixed bed equipment to study their cold
gas efficiency and carbon conversion in each case. Entrained flow gasifiers have also been used in some
cases, as in Chen’s work [22], where torrefied bamboo was gasified in an O2-impoverished atmosphere,
or as in Hernandez’s study [16] in which grape marc was oxidized using different steam/O2 mixtures.
The latter concluded that the optimum quantity of steam in the oxidizing agent blend ranges between
40% and 70% in mole percentage.

The gasification equipment most widely used is the bubbling fluidized bed, as it has some major
advantages like the possibility of using many different fuels and gaseous agents, permitting a wide
flexibility of operation [14,23]. Of the works developed at bench-scale those of Makwana [24] and
Skoulou [15] both used air to respectively gasify rice husk and olive kernels. Rapagna [25] partially
oxidized almond shells in pure steam, whilst Kulkarni [26] used N2-O2 blends to gasify torrefied pine.
Zaccariello [23] co-gasified plastic wastes, wood and coal in a pre-pilot plant concluding that the gas
yield increases and H2 decreases with plastic content in the feeding mixture. Mohd Salleh [27] treated
the biochar of empty fruit bunches in an air atmosphere with the aim of determining the effect of
temperature (500–850 ◦C) on the quality of the product gas, focusing on its composition and HHV.
Pinto [28] gasified straw-lignin pellets in steam/oxygen, using stoichiometric ratios (SR) of 0 to 0.3 and
a steam-to-biomass ratio (SBR) of 0.7 to 1.2 at different temperatures in the range of 750–900 ◦C, and
achieved conversions of over 65% at 900 ◦C, for SR = 0.2 and SBR = 1.0. Gil et al. [29] used a pilot scale
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bubbling fluidized bed to study the influence of the selected gasifying agent (air, steam and steam/O2)
and its ratio to biomass (pine chips) on the distribution of the gas product (gas, char and tar yields)
and its quality (H2, CO, CO2, CH4). It is also worth noting that if air, O2 or their blends with steam are
employed as the gasifying agent, an auto-thermal process is obtained [10,19,30].

As has been widely reported, raw biomass presents certain problems of its own. These are its
general heterogeneity, low energy density and highly hygroscopic behavior, which can negatively
affect its storage, handling, grinding and transportation properties [31–33]. These limitations can
be remedied by torrefaction, which is a thermal pre-treatment at a mild temperature (200–300 ◦C),
for 30–180 min, in an inert (N2) or low reactive atmosphere (3%–6% O2) [34], in which moisture and
light volatiles originating from the decomposition of hemicellulose are eliminated [35,36]. As a result,
the treated biomass has a much lower moisture content and a higher energy density, qualities that
enhance its hydrophobicity and grinding properties [37]. This process can be successfully combined
with gasification [28,29,33].

The aim of the present work is to compare the behavior of different biomass samples (wood,
torrefied biomass, agricultural and industrial wastes) after gasification in a bubbling fluidized bed
gasifier at mild temperatures (600 ◦C), using an air–steam mixture at different stoichiometric and
steam/air ratios (SR, S/A) as oxidizing agent. The quality of the product gas flow was analyzed on
the basis of its composition (CO, H2, CH4), high heating value (HHV), gas yield (ηgas) and cold-gas
efficiency (ηcold-gas). In addition, the possibility of reusing the carbon-rich partially oxidized chars in
agricultural applications, for thermal conversion or as a catalyst-sorbent precursor was evaluated.

2. Materials and Methods

2.1. Gasification Equipment

A highly versatile gasification pilot plant allowing the use of different fuels and steam and air
flows was employed. In this way, a wide range of stoichiometric ratios (SR) [38], steam-to-biomass
ratios (SBR) [29] and steam-air ratios (S/A) [16] could be tested. These parameters can be defined
as follows:

SR =

(
Oxygen

fuel

)
used(

Oxygen
fuel

)
stoichiometric

(1)

SBR =
Total water supplied

( g
min

)
Fuel supplied to SR

( g
min

) (2)

S
A

=
Total water supplied

( g
min

)
Total air supplied

( g
min

) (3)

Depending on the fuel’s characteristics the plant can treat up to nearly 10 kg/h, providing a
maximum of 55 kWth. The plant consists of the following components: fuel feeding, gas inlet and
pre-heating, gasification reactor, outlet gas cleaning system and control and monitorization systems
that are shown in Figure 1.

The fuel feeding system includes a 16.7 L storage hopper and an 8 mm-diameter refrigerated
worm gear that introduces the sample into the fluidized bed reactor. The auger’s rotation speed can be
calibrated so that it provides the mass flow of fuel required in each case.

The reactive gases (air, N2 or O2) are supplied by two Bronkhorst High-Tech mass flow controllers
that can provide up to 240 NL/min of overall gas, which is enough to satisfy the reaction and
fluidization requirements of this equipment. A Wilson 307 piston pump feeds in the selected mass
flow of liquid water which is subsequently heated up to 400 ◦C to ensure a continuous condensate-free
flow of steam into the reactor. The mix of gases involved in the reaction process is then pre-heated by a
4.5 kW Watrod SS310 circulation heater.
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The SS310 cylindrical gasification reactor is 1 m in length, has an inside diameter of 77 mm
and approximately 1.3 kg of coal ash (212–710 μm) was used as reaction bed. The reactor ends in
a 529 mm long and 133 mm diameter freeboard. Both the reactor and freeboard are surrounded by
two independent ovens that can supply a maximum power of 22 kW, which is sufficient to raise the
temperature at the reactor wall to 920 ◦C.

 
 
 

1. Fuel feeding system 
1.1. Hopper 
1.2. Worm gear 

2. Gas inlet 
2.1. Air, O2, N2 controllers 
2.2. Water pump 
2.3. Pre-heater 

3. Gasifier 
3.1. Reactor 
3.2. Freeboard 

4. Cleaning system 
4.1. Cyclones 
4.2. Heat exchanger-gas cooler 

5. Control system 
 
 
 

Figure 1. Photograph of the gasification plant with its main components.

After completing the reaction process, the outgoing gas flow crosses a double cyclone system
heated at 400 ◦C, where particulate matter is eliminated, and then a heat exchanger where condensed
water and light tars are separated from gaseous emissions. After this first cleaning step, the remaining
flow goes through a cold trap that captures the heavier tars. The cleaned gases are sent to four
Rosemount Binos® 100 gas analyzers where the main gases (CO, CO2, H2, CH4 and excess O2) are
measured in terms of volume percentage.

There is also a control system that measures and continuously monitors every parameter involved
in the reaction process, such as the inlet and outlet gas flows, temperatures or pressure drop to assure
full control of the whole process.

2.2. Biomass Characterization

As previously mentioned, this work focuses on testing the gasification behavior of nine biomass
samples of different origin (wood, forest and food industry wastes). One hardwood and two softwood
samples (chestnut (CHE) and pine (PIN) sawdust, respectively) together with their torrefied products
(CHET, PINT) , obtained by heating at 280 ◦C for 1 h in a Nabertherm RSR horizontal tubular rotary
furnace [37], were studied. In addition, two Spanish seasonal products, almond shells (AS) and olive
stones (OS), were tested. Two wastes obtained from well-known Spanish food industries, grape (GP)
and olive pomaces (OP), and a sample of cocoa shell (CS) were also studied.

Every sample was air-dried at room temperature for several hours to eliminate external moisture
and then ground and sieved down to the range 0.1–1 mm. After this, they were fully characterized;
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fixed carbon (FC) and oxygen (O) contents were calculated by difference in mass percentage in dry
basis [39,40]:

FC (%) = 100 – (VM + Ash) (4)

O (%) = 100 – (Ash + C + N + H + S) (5)

Bulk density (BD) was determined using a commercial device (Quantachrome Instruments
Autotap-tapped density analyzer), by measuring the mass and volume of each sample in a 250 mL test
tube after 300 hits.

Gaseous emissions were measured and recorded by means of gas analyzers and suitable software,
and the results were used to calculate the gas yield (ηgas) [16] by applying a balance to the inert gas
(N2) that came into the reactor as part of the air, the HHV of the syngas obtained [41], measured
in kJ/Nm3, and the cold-gas efficiency [42]:

ηgas =

.
Qoutlet−gas

.
mfuel

(6)

HHVgas =
(
xCO·3018 + xH2 ·3052 + xCH4 ·9500

)
(7)

where
.

Q and
.

m are the volumetric and mass flows, respectively, and xi is the volume percentage of
each gas in the product flow.

ηcold−gas = ηgas·
HHVgas

HHVfuel
(8)

The samples that presented the best results were mixed in different mass ratios and their
thermogravimetric profiles were studied, using a Setaram TAG24 thermogravimetric analyzer (Caluire,
France). To this end 5 mg of fuel was subjected to a 15 ◦C/min temperature ramp from room
temperature to 900 ◦C maintained for 1 h. The gas flow was fixed at 50 mL/min of air impoverished to
simulate the oxidizing gas used during the gasification experiments.

In addition, the particle size distribution of the samples used in the biomass mixtures was
determined by sieving 80 g of sample for 15 min on a Retsch AS200 sieve shaker (Haan-Gruiten,
Germany) using three sieves with mesh sizes of 150, 500 and 710 μm.

2.3. Char Samples

As previously mentioned, the gasification conditions selected for this work (a mild temperature
and high steam content in the oxidizing gas flow) imply lower carbon conversion levels and an increase
in the amount of partially oxidized chars compared to those obtained in more aggressive atmospheres.
Such chars could be reused as fertilizer, fuel for pure combustion or as precursor for catalysts or
sorbents as suggested by Qian et al. [43].

With this aim in mind, chars obtained from samples CHE, OS and GP were studied using a Quanta
FEG 650 scanning electron microscope (SEM) (Eindhoven, The Netherlands) coupled to an Ametek
energy dispersive X-ray analyzer (EDX) (Tilburg, The Netherlands), in order to obtain structural and
semi-quantitative composition information.

In addition, textural characterization of some of the studied samples was also carried out by
applying nitrogen physical adsorption at −196 ◦C on a Micromeritics ASAP 2010 and their surface
area was calculated by means of the Brunauer-Emmet-Teller (BET) equation.

3. Results and Discussion

3.1. Biomass Analysis

The ultimate and proximate analysis, HHV and bulk density are listed in Table 1.

121



Energies 2017, 10, 306

Table 1. Proximate and ultimate analyses, high heating value (HHV) and bulk density of the studied
samples.

Samples

Ultimate Analysis
(wt %, db)

Proximate Analysis
(wt %, db) HHV

(MJ/kg, db)
BD

(kg/m3)
C N H S O Ash VM * FC

CHE 50.2 0.3 5.6 0.01 43.4 0.5 81.2 18.3 19.1 296
CHET 51.3 0.4 5.4 0.02 42.6 0.3 80.0 19.7 19.6 374
PIN 51.0 0.3 6.0 0.02 42.2 0.4 85.1 14.5 19.9 226

PINT 56.1 0.4 5.7 0.01 37.4 0.5 77.1 22.4 22.0 265
AS 49.4 0.3 5.9 0.05 42.9 1.5 78.9 19.6 19.6 655
OS 51.2 0.3 6.0 0.03 41.9 0.6 81.5 17.9 20.5 781
GP 45.5 1.8 5.1 0.17 34.7 12.7 67.6 19.7 18.7 772
OP 49.4 1.6 5.4 0.12 37.4 6.2 72.5 21.3 20.3 772
CS 48.0 2.7 5.9 0.21 35.3 7.9 70.4 21.7 19.1 490

* VM = volatile matter; FC: fixed carbon; db: dry basis.

3.2. Preliminary Selection of Operation Conditions

The aim of this work is to determine the best gasification conditions for the selected biomass
samples from the wide range of SR and S/A ratios originally studied. To this end PIN was subjected to
reaction atmospheres with different S/A ratios (85/15, 75/25, 50/50, 25/75 and 15/85), combined with
a SR from 0.1 to 0.7, implying a SBR range from 0.14 to 8.58. The results obtained shown in Figure 2,
prove that too large SR impoverishes the properties of the outlet flow and leads to a decrease in CO, H2

and CH4, and hence HHV. On the other hand, a too low stoichiometric ratio, SR, minimizes the ηgas,
and causes a decrease in the energy yield. In addition, a high S/A ratio seems to improve the properties
of the outlet gas but slows down the reaction due to the smaller flow of carrier gas that impoverishes
the phase contact in the gasifier. Because of this, an SR range between 0.1–0.4 and a medium-high S/A
ratio (50/50, 75/25), i.e., a SBR from 0.24 to 4.69, were selected for the rest of the experiments. These
ranges are reasonably similar to the ones commonly reported in the literature [12,15,38].
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Figure 2. Gas yield and HHV of the gas obtained for PIN at different steam/air ratios.

3.3. Effect of SR and Steam/Air Ratio on the Product Gas Properties

The sum of gaseous emissions obtained, (CO + H2), ηgas (Lgas/gfuel) and ηcold-gas (%) for the
previously selected conditions are presented in Figure 3. In addition, details of the gaseous emissions
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(CO, H2, CH4) and their calculated HHV are shown in Table 2. Some general statements can be made
on the basis of these results. For example every gaseous emission (CO, H2, CH4), and thus HHV,
decreases as SR increases for both tested S/A ratios. The gas yield shows the opposite trend (Figure 3),
with a linear increase with SR, for both of the tested steam/air ratios. As cold gas efficiency relates
these two terms that have conflicting tendencies, an optimum value is achieved, in most cases in the
SR range selected, again for both S/A ratios.

A comparison of the biomass samples shows that quite high values were obtained in the total
amount of syngas produced from OS, AS, PIN and PINT. By contrast, raw and torrefied chestnut (CHE
and CHET), the pomaces (GP and OP) and CS gave poorer yields. This result is much more marked
in the experiments carried out at a higher S/A (75/25), where two distinct groups can be observed,
with CHET, the best of the second group, yielding 20% syngas at a SR = 0.2, whilst PIN and PINT
nearly reach 30% at this point. The highest levels for the combination CO + H2 were obtained for
OS at both S/A ratios (50/50 and 75/25), though it was slightly higher in the second case (35% and
30% at SR = 0.2 and 37%–42% at SR = 0.1). From the slight differences between PIN-CHE and their
torrefied couples PINT-CHET, it can be concluded that torrefaction does not significantly improve the
gasification properties for either hardwood or softwood, as previously reported by Kulkarni et al. [26].

The highest ηgas values were obtained with the torrefied samples (PINT and CHET), with values
close to 2.5 and 2 Lgas/gfuel, respectively, at SR = 0.4. At SR = 0.2 the values are slightly lower, reaching
1.5 Lgas/gfuel in the case of PINT. For all the samples excepting PINT, the ηgas results obtained at
both S/A are similar, so it can be concluded that the steam feeding does not significantly affect the
gas-volume production.

It can also be seen that the ηcold-gas of most samples presents an optimum value in the selected
SR range, between 0.1 and 0.4. Important differences between the samples become apparent on
considering different steam-air ratios. The best results for the 50/50 air–steam ratio were obtained with
PINT and AS, with yields close to 35% at a SR between 0.2 and 0.3 in both cases. OS and CS present a
linear increase in the range studied, which means that these samples require a richer air atmosphere to
optimize their gasification process at a low S/A ratio. CHET presents its maximum yield at a SR close
to 0.25, reaching 30%. All the other samples show levels under 25%.

Things change considerably at the 75/25 steam-air ratio. In this case OS reaches values close
to 50% in the SR range between 0.2–0.3, followed by PINT and AS with yields over 40% and 35%,
respectively, in the same range as in the previous case, generally considered as the optimum range for
biomass gasification in other previous works [26,43,44]. All the other samples reach levels below 30%,
with the worst values, just slightly over 10%, corresponding to CHE and CS. A significant difference is
observed in the case of the ηcold-gas of the raw samples and their corresponding torrefied counterparts
at both S/A ratios. As can be seen, the values of the torrefied samples are much higher, whilst in the
case of the pure gaseous emissions they are quite similar. This can be attributed to the higher density
of the samples after the torrefaction process. As a result a smaller mass of sample is required to obtain
the same gas flow, which leads to a higher yield.

When analyzing the influence of S/A on the gaseous composition and HHV of the outlet gas,
no general conclusion can be drawn. From Table 2 it can be seen that an increase in this ratio from
50/50 to 75/25 does not influence every sample in the same way. In the case of CHE and CHET
their behavior is quite similar, as every gaseous compound (CO, CH4 and H2), and therefore HHV,
decreases as the S/A increases. The only exceptions are the H2 emissions with CHET at a SR of below
0.2 and the CO emissions with CS at a SR of above 0.3 which increase as the S/A ratio increases.
The gaseous behavior with PIN, PINT and OS is quite similar, as CO remains almost unvaried as
the steam/air increases while CH4, H2 and HHV experience a slight increase in their values as the
S/A ratio rises from 50/50 to 75/25. AS and GP also present the same evolution as CO decreases,
whereas CH4 remains nearly constant and H2 increases, meaning the overall HHV remains constant
or undergoes a slight decrease. OP shows the most changeable behavior with the variation in S/A,
as CO, H2 and in turn HHV increase with the steam/air ratios, but only at SR values of below 0.2.
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On the other hand CH4 decreases as the steam/air ratio increases from 50/50 to 75/25. From Table 2,
it can be seen that the quantity of steam supplied plays a key role in the composition of the outgoing
gas, and in the richness of the syngas obtained during the gasification process, but this is very much
dependent on the type of fuel and the operation conditions (SR). Consequently, no general statement
can be made about the influence of S/A on the gasification process, so each sample must be carefully
studied individually and its gasification conditions optimized to maximize the components required
in the gaseous stream product.

Table 2. Gaseous emissions (vol. %) and HHV (in MJ/Nm3) obtained for the studied samples.

Samples
50% Steam-50% Air (v/v) 75% Steam-25% Air (v/v)

SR SBR CO CH4 H2 HHV SR SBR CO CH4 H2 HHV

CHE

0.1 1.1 11.4 2.4 8.9 3.5
0.2 0.7 11.1 3.8 9.0 4.1 0.2 2.2 6.9 2.2 6.0 2.5
0.3 1.1 8.2 2.9 6.8 3.0 0.3 3.2 4.3 1.6 3.4 1.6
0.4 1.4 5.7 1.5 4.0 1.8 0.4 4.3 3.7 0.5 0.4 0.7

CHET

0.15 0.5 14.4 4.5 10.3 4.9 0.1 1.1 10.9 3.4 14.0 4.5
0.2 0.7 12.6 3.9 9.2 4.3 0.2 2.2 9.4 2.8 9.5 3.5
0.3 1.1 9.5 2.9 6.9 3.2 0.3 3.3 5.9 1.7 6.0 2.2
0.4 1.5 5.5 1.4 3.3 1.7 0.4 4.4 2.6 0.5 1.4 0.7

PIN

0.15 1.1 15.4 5.4 14.6 6.0
0.24 0.6 13.4 4.1 10.6 4.7 0.2 1.5 13.4 4.6 13.0 5.2
0.3 0.8 10.5 2.9 9.1 3.6 0.3 2.3 10.0 3.2 10.3 3.8
0.4 1.0 7.2 1.6 6.3 2.4 0.4 3.0 7.7 2.2 8.3 2.9

PINT

0.15 0.6 18.5 6.2 11.9 6.3 0.1 1.2 21.0 5.3 18.2 7.1
0.2 0.8 14.4 4.9 9.9 5.1 0.2 2.3 11.9 4.4 13.6 5.0
0.3 1.2 10.1 3.6 7.5 3.7 0.3 3.5 9.4 3.1 11.3 3.9
0.4 1.6 7.2 1.7 5.4 2.3 0.4 4.7 7.9 2.2 5.8 2.6

AS

0.1 0.2 19.7 11.1 12.5 8.5 0.1 0.7 16.1 6.1 20.1 7.0
0.2 0.5 14.3 8.6 10.3 6.5 0.2 1.4 13.3 5.1 17.4 5.9
0.3 0.7 11.2 6.7 8.5 5.2 0.3 2.2 10.4 3.5 14.2 4.5
0.4 1.0 9.3 5.0 7.1 4.1 0.4 2.9 7.6 2.5 10.8 3.3

OS

0.1 0.3 25.0 5.3 12.0 6.8 0.1 0.8 23.5 8.9 18.7 8.9
0.2 0.5 18.6 5.3 9.7 5.7 0.2 1.5 17.0 6.4 16.4 6.8
0.3 0.8 14.5 4.7 8.1 4.7 0.3 2.3 14.2 5.0 14.0 5.6
0.4 1.0 12.2 4.4 7.1 4.2 0.4 3.1 10.6 4.1 11.5 4.5

GP

0.1 0.3 11.1 6.7 12.0 5.6 0.1 0.9 9.2 6.3 14.4 5.5
0.2 0.6 7.9 4.5 9.4 4.0 0.2 1.8 6.8 4.3 10.2 3.9
0.3 0.9 5.8 3.3 6.5 2.9 0.3 2.8 5.4 2.7 7.0 2.7
0.4 1.2 3.6 1.6 2.7 1.5

OP

0.1 0.3 12.5 6.3 11.9 5.6 0.1 1.0 12.0 5.2 13.9 5.4
0.2 0.7 8.6 4.5 7.7 3.9 0.15 1.6 9.9 4.0 12.9 4.5
0.3 1.1 6.4 3.2 4.8 2.7 0.3 3.2 5.0 1.2 3.2 1.5
0.4 1.4 6.2 2.3 3.6 2.1

CS

0.1 0.3 6.7 3.7 5.9 3.1 0.1 1.1 8.3 5.5 14.1 5.0
0.2 0.7 6.0 2.3 4.6 2.3 0.15 1.6 6.7 4.3 12.2 4.1
0.3 1.1 5.5 1.6 3.6 1.8 0.2 2.1 4.7 3.0 8.4 2.8
0.4 1.4 4.8 1.4 2.9 1.6 0.3 3.2 2.8 2.0 4.8 1.8
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3.4. Selection of Optimum Conditions and Biomass Mixtures

An analysis of the results shows that OS exhibited the best gasification behavior and the highest
syngas production whereas the highest gas yield was provided by PINT. The two biomasses were
mixed and gasified at 600 ◦C, at a SR of 0.25, as both of them showed optimum cold gas efficiency
in the SR range of 0.2–0.3, at a steam/air ratio of 75/25 in order to maximize syngas production.
Three OS/PINT mass ratios (25/75, 50/50, 75/25) were tested and the results were compared with
those obtained from the gasification of pure fuels in the same conditions. GP/PINT mixtures were also
tested in the same conditions at the same ratios, as GP showed good grinding and handling properties
but discrete performance in gasification. All the obtained results are shown in Figure 4.
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Figure 4. Results of the syngas composition (a) (CO + H2), (b) gas yield and (c) cold-gas efficiency of
the biomass mixtures.

As can be seen from the results in Figure 4, none of the tested mixtures outperform the best of the
single samples, excluding all possibility of synergy. Not only this, but in the OS/PINT series, only the
75/25 steam/air ratio improves the syngas composition yielded by the worst of the single biomasses
(PINT) whilst gas and thermal yield results are similar to the worst cases. The results of the GP/PINT
series are even poorer, at least at the particle size studied in this work. A possible explanation for this
impoverishment is provided by the DTG profiles in Figure 5. As can be seen, both OS and GP have
ignition temperatures slightly lower that than of PINT (370, 353 and 389 ◦C, respectively). In addition
to this, whilst the peak temperatures are similar (541, 530 and 542 ◦C), OS presents a previous peak
at approximately 450 ◦C. This temperature difference may lead, in poor oxygen atmospheres as is
the case, to the quasi-total oxidation of one of the fuels, which would remove most of the O2 from
the reaction environment ,whilst the other fuel would experience a low reaction rate, a phenomenon
known as oxygen starvation [45].
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Figure 5. Combustion profiles, expressed as the derivative thermogravimetric (DTG) of the samples.

Another interesting feature visible to the naked eye was the heterogeneity of the samples in the
size range selected (0.1–1mm). This was especially marked in the case of OS and GP, where two phases,
a very thin powdery one and another phase with larger and harder sphere-shaped particles, were
observed. An examination of their particle size distribution in Figure 6 shows that the raw OS and GP
samples had a higher content of small particles whilst PINT presents a higher percentage of large ones.
This lends support to the hypothesis of oxygen starvation as the more reactive fractions of both fuels
react sooner, thereby consuming most of the oxidizing agent.
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Figure 6. Cumulative particle size distribution of the biomass samples used for mixtures.

3.5. Chars Study

As previously mentioned, of the potential advantages of carrying out the gasification process
at a mild temperature and in a steam-rich environment are the increase in the production of syngas
and, at the same time, the possibility of reusing the partially oxidized chars through their thermal
conversion, as sorbent or catalyst precursor, or even for soil amendment. To this end SEM and EDX
analyses were carried out on three of the studied samples: a lignocellulosic sample, CHET (Figure 7a,b),
a hard sample, OS (Figure 7c,d) and an intermediate sample, GP (Figure 7e,f).
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 7. SEM images of (a,b) CHET; (c,d) OS and (e,f) GP chars at ×80 and ×300 magnifications.

SEM images were obtained at two different magnifications (×80 and ×300) to respectively identify
the sample’s shape and general structure and to study its surface in more detail. A comparison of the
images obtained at ×80 shows that in all three cases there are two kinds of particles: particles that have
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been almost totally oxidized that appear in clear color and particles that are much darker which are the
ones more suitable for thermal conversion. This is confirmed by the EDX results, where it can be seen
that the carbon composition ranges from 10%–15% in particles basically formed by elements like Si, Al,
Ca, K and O in significant quantities, to 90% in OS, 80% in CHET or close to 75% in GP, all of which are
high values that suggest an important remaining HHV. The presence of elements such as Ca and K
together with a high N content is highly suitable for agricultural soil improvement [46]. In addition,
K is also considered as a natural catalyst for biomass gasification in CO2 atmosphere, controlling it,
together with external surface area at low conversion degree. On the other hand, at high conversion
levels it is correlated with the catalytic index (CI) = (K + Ca + Mg + Na + Fe)/(Si + Al). [47].

With respect to the particle’s shape and surface it can be said that those of CHET present a much
more heterogeneous structure with an undefined shape, where both porous and non-porous particles
co-exist. This can be seen in detail in the image taken at ×300 (Figure 7b). In contrast, the GP sample
consists mainly of spherical particles, with a large quantity of pores (Figure 7f). The OS sample seems
to be intermediate between the previous two, with spherical and amorphous particles, with and
without pores. To complement the SEM images, textural characterization was carried out and BET
surface areas of 2, 27 and 132 m2/g for OS, CHET and GP, respectively, were determined. Due to this,
GP with its high C content, specific surface and porous structure seems to be the most suitable char
sample to use as a possible precursor to obtain sorbents or catalysts

4. Conclusions

The effect of certain operational variables, SR and S/A, during gasification of different types
of biomass on product gas quality, composition and cold-gas-efficiency was evaluated. The results
were used for the optimization of the low-temperature gasification of biomass in a purpose-built
atmospheric bubbling fluidized bed reactor. It was found that the same gasification conditions do
not affect every biomass in the same way, as its performance depends on its particular characteristics.
In some cases, richer steam environments maximize the production of the syngas, whilst in other cases
it is maximized in poorer environments, so gasification conditions must be carefully tested for each
individual biomass. What can be taken as a general rule is that the total richness of syngas decreases
as the SR increases.

The torrefaction process does not significantly improve gasification performance, by enhancing
the richness of the syngas stream, but it increases the yield. The gas yield linearly increases with
SR at approximately the same ratio for all samples. A higher S/A does not apparently affect this in
any significant way. Cold gas efficiency (ηcold-gas) exhibits, in most cases, a second-order polynomial
behavior in the range studied, with a maximum in the 0.2–0.3 range. This occurs in all cases for the
75/25 steam/air ratio. In a comparison of the fuel samples, OS and AS presented the highest syngas
yield in the outlet gas, with values slightly over 35% at SR = 0.2 in both cases when gasified at the
highest S/A tested (75/25). On the other hand, PINT cold-gas efficiency reached more than 1.5 L/gfuel
at a SR higher than 0.2 for both the S/A tested. The OS sample presented efficiencies close to 50%
in the SR range of 0.2–0.3 for a S/A ratio of 75/25. For the 50/50 S/A ratio the results are slightly
lower, dropping to 35% in the same range as for AS and PINT. The char study has shown that the OS
samples achieve C percentages of up to 90%. The other samples (CHET and GP) present particles
with C mass content of over 75%, in addition to a porous structure and substantial surface areas, up
to 132 m2/g in the case of GP. This indicates that they may be effective in other thermal conversion
techniques, like combustion, or even as precursors for catalysts or sorbent manufacturing. The presence
of nutrients such as N and K suggests that they could also play a positive role in soil amendment.
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Abstract: Biochar (BC) is increasingly applied in agriculture; however, due to its adsorption and
degradation properties, biochar may also affect the efficacy of fumigant in amended soil. Our research
is intended to study the effects of two types of biochars (BC-1 and BC-2) on the efficacy and emission
of methyl isothiocyanate (MITC) in biochar amendment soil. Both types of biochars can significantly
reduce MITC emission losses, but, at the same time, decrease the concentration of MITC in the soil.
The efficacy of MITC for controlling soil-borne pests (Meloidogyne spp., Fusarium spp. Phytophthora
spp., Abutilon theophrasti and Digitaria sanguinalis) was reduced when the biochar (BC-1 and BC-2)
was applied at a rate of higher than 1% and 0.5% (on a weight basis) (on a weight basis), respectively.
However, increased doses of dazomet (DZ) were able to offset decreases in the efficacy of MITC in
soils amended with biochars. Biochars with strong adsorption capacity (such as BC-1) substantially
reduced MITC degradation rate by 6.2 times, and increased by 4.1 times following amendment with
biochar with high degradability (e.g., BC-2), compared to soil without biochar amendment. This is
due to the adsorption and degradation of biochar that reduces MITC emission losses and pest control.

Keywords: biochar; methyl isothiocyanate (MITC); dazomet; degradation; adsorption

1. Introduction

Soil fumigants are commonly used worldwide to control soil-borne fungal pathogens, nematodes
and weeds in high-value crops such as cut flowers and vegetables. Following the phase-out of methyl
bromide (MBr), dazomet (DZ) provided a widespread approach for improving the effectiveness
of soil disinfestations [1–3]. In moist soil, DZ rapidly decomposes to its active ingredient, methyl
isothiocyanate (MITC), which is toxic to soil-borne pests, especially fungi, some soil arthropods,
and ectoparasitic nematodes [4,5]. However, the high application rates of DZ (294–450 kg·ha−1) and
high vapor pressure of MITC (20.7 mmHg at 20 ◦C) result in the significant volatilization of MITC
following fumigation, and this may cause environmental and health problems because of the irritant,
lachrymatory and toxic properties of the gas [4,6]. Hence, it is imperative to develop strategies to
minimize the emissions of MITC while ensuring high activity against pathogens. Applying biochar (BC)
to the soil surface has been demonstrated to reduce the losses of the fumigant caused by volatilization.
For example, Wang et al. reported that a small amount of biochar added to the soil surface can reduce
1,3-dichloropropene emissions by more than 92% and reduce chloropicrin losses by 85.7%–97.7% [7,8].
Biochar soil amendments, therefore, offer a possible approach for reducing the emission of MITC [9].
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Biochar is a carbon-rich, porous, intentionally produced charcoal made in low oxygen conditions
from natural organic materials [10]. Because of its specific properties—high carbon content, rich pore
structure, and stable physical and chemical properties—biochar has a potential role in carbon
sequestration and the suppression of emissions of greenhouse gases from soil, as well as the
improvement of crop productivity and soil health. Consequently, biochar soil amendments are
attracting increasing attention from policy makers in China and other countries. However, types
of biochar that have an exceptionally high sorption [10] or degradation [7,11] capacity for organic
chemicals, especially pesticides, may have both positive and negative impacts on pest management.
On the one hand, the high retentive qualities of biochar may prevent or reduce the leaching of
soil-applied herbicides and insecticides [12,13] and may decrease the rate at which they are degraded
by soil microorganisms. On the other hand, types of biochar that have strong sorption or degradation
affinities for pesticides may result in low effective concentrations for pest management, meaning that
greater amounts of pesticide must be applied to achieve the same level of pest protection. For example,
Kookana et al. demonstrated a decreased efficacy of herbicides and lower bioavailability of pesticides in
biochar-amended soils [14,15]. Depending on the sorption strength of the particular biochar, amending
the soil with biochar may adversely impact pest control [10].

Obviously, biochar has great potential in terms of reducing emissions of the MITC fumigant, but it
also has the potential to adversely impact pest control. Therefore, it is necessary to find a balance
between reducing emissions and ensuring adequate agricultural pest control when using biochar and
MITC. Previously, our experiments have shown that some biochars could drastically accelerate and
some biochars could decelerate the degradation of MITC [16], while both types of biochar accelerated
degradation and adsorption potential to reduce MITC emission. However, the impact of biochar on the
efficacy and fate of MITC remains poorly understood. Furthermore, it is not clear how MITC fumigation
would be impacted by types of biochar that have different physical and chemical characteristics as a
result of different feedstock and production parameters. Here, we select two type of biochars: one
suppresses MITC degradation and the second accelerates its degradation, in order to investigate the
effects of biochar on the efficacy, emission, degradation and adsorption of MITC in biochar-amended
soil and to determine the appropriate balance between reducing MITC emissions and ensuring its
availability for pest control. The information obtained from this study will be useful for evaluating the
effect of biochar on the bioavailability and efficacy of MITC and for evaluating the use of biochar to
reduce MITC emissions, as well as identifying the necessary conditions for optimal degradation.

2. Results and Discussion

2.1. Effects of Biochar Amendment on Methyl Isothiocyanate (MITC) Emissions

MITC emission losses were markedly reduced in soil amended with biochar (Figure 1).
The maximum air concentrations of the MITC in the chambers were 22.8, 12.3, and 14.4 mg·L−1

in the CK (soil without biochar), BC-1, and BC-2 treatments, respectively. Compared with fumigation
without biochar, BC-1 and BC-2 reduced the total fumigant emission losses by 46.1% and 36.8%,
respectively. Correspondingly, the emission rates of MITC decreased in soil treated with BC-1 and
BC-2. In the three treatments, the emissions flux initially increased with time, exhibiting a peak flux at
1 h after injection, before subsequently declining with time. The maximum emissions fluxes of MITC
were 0.17, 0.11, and 0.12 mg·L−1·min−1 in the CK, BC-1 and BC-2 treatments, respectively. The results
indicated that BC-1 or BC-2 amendments in the soil surface could significantly reduce MITC emissions
in the air.

The trend of MITC concentrations in the soil was similar to that in the chamber air, increasing
initially and then declining with time (Figure 2). The concentrations of MITC in the soil treated with
biochar (BC-1 or BC-2) were significantly lower than in CK. The maximum concentrations of MITC
were 21.5, 14.8, and 15.6 mg·L−1 in the CK, BC-1, and BC-2 treatments, respectively. These results
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showed that biochar amendments could reduce the concentrations of MITC in the soil, potentially
reducing its efficacy for controlling soil-borne pests.

Figure 1. Concentration of methyl isothiocyanate (MITC) in chamber treatments and emission rates of
MITC. Data points indicate means of three replicate cells, and error bars indicate standard errors of
the mean.

Figure 2. Concentration of MITC in soil. Data points indicate means of three replicate cells, and error
bars indicate standard error of the mean.

2.2. Effects of Biochar Amendment on the Efficacy of MITC against Soil-Borne Pests

The efficacies of MITC with respect to root-knot nematodes (Meloidogyne spp.), weed seeds
(Abutilon theophrasti and Digitaria sanguinalis) and key soil-borne fungi (Fusarium spp. and Phytophthora spp.)
in soil amended with BC-1 or BC-2 are listed in Tables 1 and 2, respectively. As shown in Table 1,
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the corrected mortality of nematodes following fumigation of unamended soil did not differ from that
in soil amended with BC-1 at rates of 0.1% to 5%; however, the corrected mortality of nematodes was
significantly lower in soil amended with 10% BC-1. When the BC-1 amendment rates were less than 2%
and 1%, there was no significant difference in the efficacies of MITC on control of Digitaria sanguinalis
and Abutilon theophrasti, respectively. Compared with samples without biochar, the efficacy of MITC
against Phytophthora spp. and Fusarium spp. was reduced significantly when the BC-1 amendment
rates were greater than 2% and 1%, respectively. The above results indicated that BC-1 amendment
rates less than or equal to 1% did not have negative effects on MITC’s control of soil-borne pests.

Table 1. Pest control efficacy of methyl isothiocyanate (MITC) in soil amended with biochar BC-1.

Treatment
% Corrected
Nematode
Mortality

% Control of
Digitaria

sanguinalis

% Control of
Abutilon

theophrasti

% Control of
Phytophthora spp.

% Control of
Fusarium spp.

DZ + 0% BC-1 75.48 (±1.5) a 68.98 (±2.5) a 92.87 (±1.5) a 69.92 (±2.9) a,b 64.50 (±4.7) a

DZ + 0.1% BC-1 72.88 (±7.7) a,b 69.0 (±1.0) a 90.34 (±2.1) a 72.86 (±4.3) a 64.08 (±11.8) a

DZ + 0.25%BC-1 71.91 (±5.6) a,b 70.17 (±2.4) a 88.17 (±2.6) a 67.94 (±4.5) a,b 62.99 (±15.7) a

DZ + 0.5% BC-1 75.81 (±6.3) a 70.30 (±4.3) a 88.51 (±2.1) a 69.92 (±6.1) a,b 66.93 (±1.4) a

DZ + 1% BC-1 74.66 (±1.2) a 68.10 (±2.1) a 77.66 (±4.1) b 71.03 (±4.4) a,b 57.60 (±5.3) a,b

DZ + 2% BC-1 66.22 (±4.1) a,b 59.78 (±4.0) b 62.76 (±3.7) c 69.94 (±5.1) a,b 42.99 (±3.0) c

DZ + 5% BC-1 65.48 (±8.0) a,b 58.65 (±3.4) b 52.87 (±1.1) d 63.81 (±5.0) b 45.24 (±3.7) b,c

DZ + 10% BC-1 59.51 (±8.3) b 59.52 (±2.4) b 47.56 (±3.0) e 54.29 (±1.4) c 44.20 (±5.2) b,c

Values are means ±SD (n = 3) and letters indicate statistical results. Different letters indicate statistical
significance at the p ≤ 0.05 level using Duncan’s multiple range test, the same letter means not different.

Table 2. Pest control efficacy of MITC in soil amended with biochar BC-2.

Treatment
% Corrected
Nematode
Mortality

% Control of
Digitaria

sanguinalis

% Control of
Abutilon

theophrasti

% Control of
Phytophthora spp.

% Control of
Fusarium spp.

DZ + 0% BC-2 100.00 a 100.00 a 100.00 a 100.00 a 99.16 (±1.8) a

DZ + 0.1% BC-2 100.00 a 100.00 a 100.00 a 98.86 (±1.3) a 97.98 (±2.8) a

DZ + 0.25%BC-2 100.00 a 100.00 a 100.00 a 98.44 (±4.5) a 95.29 (±6.7) a

DZ + 0.5% BC-2 90.22 (±14.1) a,b 100.00 a 100.00 a 97.86 (±3.1) a 99.16 (±1.1) a

DZ + 1% BC-2 77.56 (±3.5) b 64.28 (±2.5) b 85.68 (±1.3) b 99.80 (±2.4) a 96.44 (±8.3) a

DZ + 2% BC-2 51.22 (±14.1) c 45.78 (±2.0) c 56.34 (±4.7) c 89.34 (±4.1) b 83.05 (±4.4) b

DZ + 5% BC-2 24.48 (±6.0) d 23.65 (±2.4) d 38.17 (±5.1) d 75.81 (±7.9) c 71.75 (±6.2) c

DZ + 10% BC-2 33.51 (±3.9) c,d 14.42 (±5.4) e 23.56 (±3.8) e 44.39 (±3.5) d 50.20 (±5.2) d

Values are means ±SD (n = 3) and letters indicate statistical results. Different letters indicate statistical
significance at the p ≤ 0.05 level using Duncan’s multiple range test, the same letter means not different.

The effects of BC-2 on MITC’s efficacy against soil-borne pests were similar to BC-1
(Table 2). The efficacy of MITC against root-knot nematode (Meloidogyne spp.) and weed seeds
(Abutilon theophrasti and Digitaria sanguinalis) was inhibited significantly after BC-2 amendment at rates
above 1% in soil. However, the efficacy against Fusarium spp. and Phytophthora spp. was not reduced
by BC-2 amendment rates at or below 1% compared with unamended soil. An amendment rate of less
than or equal to 0.5% in BC-2 did not have negative effects on MITC’s control of soil-borne pests.

To obtain a sufficient control effect, a larger amount of DZ is required in soil amended with biochar.
The efficacy of MITC against soil-borne pests was investigated in soil amended with 1% BC-1 or 0.5%
BC-2, respectively (Tables 3 and 4). The results indicated that the tested biochars (BC-1 or BC-2) have
a negative impact on the biological activity of MITC on most soil-borne pests at a lower application
rate of DZ (for example, 25 or 50 mg·kg−1). For BC-1, to achieve the comprehensive prevention of all
pests in amended soil, an amount of DZ greater than or equal to 125 mg·kg−1 was required. For BC-2,
a DZ application rate greater than or equal to 100 mg·kg−1 did not have negative effects on MITC’s
control of soil-borne pests. Consequently, increased doses of DZ were able to offset decreases in the
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efficacy of MITC in soils amended with biochar. The pest control efficacy of MITC in Daxing soil is
higher than that in Tongzhou soil (for example, Tables 3 and 4). This may be because Tongzhou soil
has a history of previous applications of Metham sodium (MS) or DZ (history), while Daxing soil does
not (nonhistory). Many studies show that accelerated MITC degradation in history soils resulted in a
significant reduction in Verticillium dahliae, Sclerotium rolfsii and Fusarium spp. mortality compared to
exposure in nonhistory soils [17,18].

Table 3. Results of MITC against nematodes and fungal pathogens and weeds in soil amended with
biochar BC-1.

Treatment
% Corrected
Nematode
Mortality

% Control of
Digitaria

sanguinalis

% Control of
Abutilon

theophrasti

% Control of
Phytophthora spp.

% Control of
Fusarium spp.

DZ0 0 0 0 0 0
DZ0 + 1%BC-1 0 0 7.9 (±3.5) a 0 5.9 (±3.0) a

DZ25 19.62 (±6.2) 33.45 (±4.5) a 46.23 (±5.5) a 25.87 (±2.0) 29.97 (±1.2)
DZ25 + 1% BC-1 17.45 (±5.3) 12.54 (±2.3) 21.45 (±2.8) 32.34 (±1.2) a 24.61 (±2.9)

DZ50 33.77 (±2.3) a 56.44 (±3.7) a 88.21 (±1.6) a 41.56 (±3.2) a 54.90 (±4.4) a

DZ50 + 1% BC-1 28.93 (±3.4) 24.78 (±5.7) 64.78 (±3.2) 34.48 (±4.4) 47.92 (±6.0)
DZ75 45.68 (±5.9) 67.09 (±4.9) a 94.11 (±2.4) a 58.72 (±6.1) a 66.89 (±3.3) a

DZ75 + 1% BC-1 49.31 (±7.8) a 31.43 (±6.2) 65.64 (±3.6) 50.94 (±2.4) 54.92 (±2.0)
DZ100 66.94 (±8.9) 74.33 (±3.2) a 100.00 70.34 (±4.9) a 81.61 (±3.3)

DZ100 + 1% BC-1 65.67 (±4.0) 61.09 (±8.5) 95.69 (±4.4) 64.95 (±7.8) 82.69 (±2.1)
DZ125 71.09 (±6.5) 90.22 (±5.7) 100.00 81.97 (±8.1) 89.23 (±1.9)

DZ125 + 1% BC-1 67.77 (±8.4) 85.38 (±4.3) 96.13 (±1.1) 79.81 (±2.1) 84.09 (±2.2)
DZ150 76.88 (±4.8) 98.22 (±1.4) 100.00 95.93 (±4.0) 95.77 (±6.9)

DZ150 + 1% BC-1 73.55 (±8.4) 100.00 94.56 (±2.1) 96.07 (±3.1) 90.75 (±2.2)
DZ175 82.53 (±2.4) 100.00 100.00 100.00 100.00

DZ175 + 1% BC-1 79.72 (±1.8) 100.00 100.00 100.00 100.00
a p < 0.05 (t-Test) (n = 3) vs. control groups without biochar amendment.

Table 4. Results of MITC against nematodes and fungal pathogens and weeds in soil amended with
biochar BC-2.

Treatment
% Corrected
Nematode
Mortality

% Control of
Digitaria

sanguinalis

% Control of
Abutilon

theophrasti

% Control of
Phytophthora spp.

% Control of
Fusarium spp.

DZ0 0 0 0 0 0
DZ0 + 0.5%BC-2 28.56 (±2.0) a 0 8.06 (±1.0) a 12.98 (±8.1) a 17.12 (±7.0) a

DZ25 45.98 (±5.9) 57.55 (±2.3) a 92.39 (±3.1) a 43.41 (±4.9) 46.02 (±3.0)
DZ25 + 0.5% BC-2 53.88 (±6.8) a 29.32 (±4.5) 43.84 (±6.1) 62.40 (±5.8) a 64.22 (±2.7) a

DZ50 84.22 (±1.8) 100.00 a 100.00 a 92.63 (±2.7) a 91.21 (±6.5) a

DZ50 + 0.5% BC-2 80.34 (±1.9) 62.76 (±2.8) 76.59 (±3.5) 84.69 (±4.7) 83.51 (±7.9)
DZ75 100.00 100.00 a 100.00 99.80 (±8.3) 98.95 (±1.5)

DZ75 + 0.5% BC-2 100.00 96.34 (±2.4) 100.00 93.60 (±5.3) 97.28 (±2.0)
DZ100 100.00 100.00 100.00 97.28 (±3.8) 100.00

DZ100 + 0.5% BC-2 100.00 100.00 100.00 94.57 (±2.4) 100.00
DZ125 100.00 100.00 100.00 100.00 100.00

DZ125 + 0.5% BC-2 100.00 100.00 100.00 100.00 100.00
DZ150 100.00 100.00 100.00 100.00 100.00

DZ150 + 0.5% BC-2 100.00 100.00 100.00 100.00 100.00
DZ175 100.00 100.00 100.00 100.00 100.00

DZ175 + 0.5% BC-2 100.00 100.00 100.00 100.00 100.00
a p < 0.05 (t-Test) (n = 3) vs. control groups without biochar amendment.

2.3. Effects of Biochar Amendment on MITC Degradation and Adsorption

The degradation parameters of MITC in soil, biochar alone, and soil amended with biochar
(BC-1 or BC-2) are listed in Table 5. The results show that MITC degradation is slower in BC-1 alone
and soil amended with BC-1 (at 1%) than in soil alone. Compared with the control, the degradation rate
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of MITC was 6.2 times slower in soil amended with 1% BC-1, and the degradation rate was as much as
14 times slower in pure BC-1. It is clear that BC-1 can significantly inhibit the degradation of MITC.
In contrast, BC-2 is able to drastically accelerate the degradation of MITC. The MITC degradation
rates (k) in soil amended with 1% BC-2 or BC-2 alone increased 4.1 times and 11.3 times over those
in soil alone, respectively. We also observed that the MITC degradation was significantly accelerated
after amending the soil with biochar that possessed a high degradation capacity. The above results
indicated that biochar has the ability to degrade MITC and that the degradation capacity differs with
the type of biochar.

Table 5. MITC degradation in pure biochar, biochar-amended soil, and unamended soil.

Treatment k (Day−1) t1/2 (Day) r2

Soil 1.23 ± 0.07 c 0.56 0.98
BC-1 + soil 0.17 ± 0.01 d 4.08 0.91
BC-2 + soil 6.23 ± 0.41 b 0.11 0.73

BC-1 0.08 ± 0.03 d 8.66 0.37
BC-2 15.19 ± 1.78 a 0.05 0.97

Values are means ±SD (n = 3) and letters indicate statistical results. Different letters indicate statistical
significance at the p ≤ 0.05 level using Duncan’s multiple range test, the same letter means not different.

Previous studies have shown that the major degradation pathway for MITC is reaction with
hydroxyl (·OH) radicals [19]. In addition, there are many organic radicals existing in biochar [20,21],
and these free radicals could induce ·OH generation. Fang et al. [22] reported that the proposed
mechanism of ·OH generation was for free radicals in biochar to transfer electrons to O2 to produce the
superoxide radical anion and hydrogen peroxide, which reacts further with free radicals to produce
·OH. This indicates that the ·OH generated on biochar may contribute to MITC degradation. Moreover,
Chen et al. suggested that the H/C (hydrogen atom/carbon atom ratio) atomic ratio of organic
components in biochar can be used to characterize their aromaticity and polarity [23]: the higher the
H/C value, the lower the aromaticity. Therefore, higher H/C values mean that more functional groups
are able to generate ·OH and more MITC could be degraded. For example, BC-2 biochar had a higher
H/C value (0.25), and the MITC degradation rate in BC-2 was greater.

Soil amended with BC-1 inhibited MITC degradation, possibly due to BC-1’s high adsorption
capacity for MITC. To clarify the mechanism by which biochar inhibits MITC degradation,
we investigated the biochar adsorption kinetics for MITC at different temperatures. The parameters
of MITC adsorption by biochar are listed in Table 6. The r2 values of all treatments were at least
0.82, and the calculated amounts of MITC adsorption at the equilibrium time (qe) approached the
values measured in the experiment, indicating that the observed adsorption of MITC to biochar
provides a good fit to Bangham models [24]. At 30 ◦C, the amounts of MITC adsorbed onto BC-1
and BC-2 at the equilibrium time (qe) were 57.87 mg·g−1 and 11.97 mg·g−1, respectively, indicating
that BC-1 has a higher adsorption capacity (for MITC) than BC-2 but much lower than AC (activated
charcoal, 211.91 mg·g−1), possibly because MITC may be bound to BC-1 and is not available to degrade.
In addition, BC-1 has a low H/C value, and chemical degradation was weak, so the MITC degradation
rate in BC-1 or soil amended with BC-1 was lower than in unamended soil. As the temperature
increased from 15 ◦C to 45 ◦C, the adsorption rates of biochar increased; however, the amount of
adsorption at the equilibrium time (qe) fell as the temperature increased. Kołohynska et al. note that
the sorption capacity of biochar depends mainly on the polarity, aromaticity, surface area, and pore
size distribution, etc. [25]. The tested biochars have different surfaces and different pore structures,
providing different adsorption rates and adsorption capacities. In general, the adsorption capacity
of biochar for MITC increased with the SSA (specific surface area) of the biochar [25]. For example,
BC-1 had a larger SSA (382.81 m2·g−1) with a higher amount of adsorption (57.87 mg·g−1), while BC-2
(SSA 36.14 m2·g−1) had a smaller SSA and lower amount of adsorption (11.97 mg·g−1).

138



Energies 2017, 10, 16

Table 6. The kinetic parameters of biochar (BC-1 and BC-2) adsorption of MITC at 15, 30, and 45 ◦C.

Biochar Temperature qe (mg·g−1) k (h−z) z r2

BC-1
15 ◦C 87.62 0.002 1.67 1.00
30 ◦C 57.87 0.01 2.26 1.00
45 ◦C 50.88 0.06 2.18 0.82

BC-2
15 ◦C 21.08 0.02 1.38 0.99
30 ◦C 11.97 0.13 1.08 0.88
45 ◦C 10.80 0.15 1.95 0.84

Activated
charcoal (AC)

15 ◦C 233.58 0.0005 1.79 0.98
30 ◦C 211.91 0.02 1.34 0.97
45 ◦C 273.39 0.01 1.68 0.99

As noted above, the degradation rates of MITC were much lower in biochar (BC-1) and
biochar-amended soil than in unamended soil. This occurred because MITC was adsorbed onto
the biochar and thus degraded much more slowly, decreasing as the adsorption capacity increased.
In contrast, BC-2 has a weaker absorbability of MITC but possesses a higher degradability; thus,
the degradation rates of MITC were much faster in the biochar (BC-2) and biochar-amended soil
than in unamended soil. Therefore, biochar’s good absorbability or degradability of MITC were
speculated to play an important role in reducing or accelerating MITC’s degradation rate in soil
amended with these types of biochar. Studies have shown that the degradation of MITC comprises
both biological and chemical degradation and that biodegradation accounted for 51%–97% of the
total degradation [26,27]. The slow degradation rate of MITC in biochar-amended soil is likely due to
reduced microbial degradation. In addition, the surface of biochar contains a large number of chemical
functional groups [23], and a vast amount of free radicals may potentially accelerate the degradation of
MITC via radical reaction. In summary, the dissipation of MITC in soil amended with biochar depends
on the balance between the amount of adsorption and degradation and is positively correlated with
the SSA and H/C values, respectively.

However, the effects of biochar on fumigant emissions are known to be complex. Studies have
shown that the emission of 1,3-D was reduced after biochar was applied to the surface, due to
the enhanced adsorption of 1,3-D onto the biochar [8,28], while the emission of chloropicrin (CP)
was reduced by biochar due to the accelerated degradation of CP in soil amended with biochar [7].
We found that biochar used in this experiment can significantly reduce the volatilization of MITC
by degradation or adsorption. However, at the same time, biochar amendments also decrease the
concentration of MITC in the soil, which potentially reduces its efficacy for controlling soil-borne
pests. Through adsorption or degradation, biochar can minimize the concentration of MITC in the
soil at different levels. In addition, the amount of reduction varies with different types of biochar.
BC-1 has a high SSA (382.2 m2·g−1) and a small H/C value (0.01), with a k value of 0.08 d−1 and qe

value of 57.87 mg·g−1 at 30 ◦C, meaning that it has a greater absorbability of MITC, resulting in a
reduced concentration of MITC in the air and soil. On the contrary, BC-2, with a larger H/C value
(0.25) and a smaller SSA (36.1 m2·g−1), (the k value was 15.19 d−1, qe value was 11.97 mg·g−1 at
30 ◦C), has a greater degradative effect on MITC and leads to a reduction of MITC both in air and soil.
However, the reduction of MITC in the air and soil with the amendment of BC-1 was greater than that
in BC-2 (Figures 1 and 2), which may be due to the greater adsorption of MITC by BC-1 rather than
the degradation of MITC by BC-2. It is precisely because the concentration of MITC is reduced in soil
amended by biochar that its efficacy in controlling soil-borne pests is reduced. For example, 5% BC-1
or 2% BC-2 amendments significantly reduce the efficiency of Phytophthora spp. and Fusarium spp.
Increased doses of DZ were able to offset decreases in the efficacy of MITC in soils amended with
biochar. When the DZ rate was only 25 mg·kg−1, the efficacy of MITC against Abutilon theophrasti was
reduced in soil amended with 1% BC-1, compared with unamended soil. However, the above reduction
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in efficacy was alleviated by increasing the application dose of DZ to 100 mg·kg−1 (corresponding to a
field rate of 360 kg·ha−1).

Wang et al. have indicated that biochar amendment at less than 1% in soil did not have negative
effects on the levels of pathogens and nematode control achieved by chloropicrin fumigation [7], and
the efficacy of Dimethyl Disulfide (DMDS) for controlling root-knot nematodes and Fusarium spp.
was not reduced when biochar was applied at a rate less than 2% and 0.5%, respectively [29].
Another study noted that, while nematode control was adequate in the specific system studied,
biochar amendment could adversely impact pest control depending on the sorption strength of the
particular type of biochar [10]. The actual impact on the efficacy will be a function of the interplay
between the application rates of the pesticide and the biochar and the sorption capacity of the specific
biochar for the specific pesticide. This issue should be considered when determining the desirable
physical and chemical characteristics of biochar for agronomic systems. In the specific experimental
system studied here, adequate pest control was achieved at a standard biochar application rate
(13 Mg·ha−1). However, different source materials and different production processes create types
of biochar with different physical and chemical properties, as well as different adsorption properties
or degradability. For example, biochars produced at higher temperatures have been shown to have
substantially higher sorption capacities than those produced at lower temperatures. It is apparent
that the potential detrimental impact of biochar amendments on pest control must be taken into
account when considering the use of biochar in agriculture. In summary, the impact of biochar soil
amendments on the efficacy of MITC against soil-borne pests depends on the biochar type, amendment
rate, and the application dose of DZ. Because biochar can play a significant role in reducing fumigant
emissions [7,8], it is important to select an appropriate biochar amendment that does not affect the
efficacy of fumigants such as MITC.

3. Materials and Methods

3.1. Soil, Biochars and Chemicals

Soil samples were collected from the top 20 cm of cucumber greenhouses in Tongzhou and Daxing,
Beijing, where the occurrences of nematodes and soil-borne pathogens were severe. The samples
were taken at the end of the cropping season. The soil from Tongzhou was composed of 73.24% sand,
5.83% silt, and 20.93% clay, with an organic matter content of 9.12 g·kg−1 soil and a pH of 7.1; the soil
from Daxing was composed of 81.44% sand, 10.34% silt, 8.22% clay, with an organic matter content of
14.50 g·kg−1 soil and a pH of 8.2. The soil was sieved through a 2 mm mesh and then mixed thoroughly
before use. The soil moisture was adjusted to 15% (w/w).

The two types of biochar (BC-1 and BC-2) were made at 500 ◦C from Crofton weed and wood
pellets, respectively. BC-1 was composed of 86.48% C, 11.70% O, 1.10% H, and 0.72% N, with an SSA
of 382.21 m−2·g−1 and a pH of 10.5. BC-2 was composed of 82.94% C, 4.13% O, 1.70% H, and 0.42% N,
with an SSA of 36.14 m−2·g−1 and a pH of 10.2. Particularly, BC-1 has a very low H/C (hydrogen
atom/carbon atom ratio) value (0.01), while BC-2 with a high H/C value (0.25). The specific surface
area (SSA) was determined by a V-Sorb 2800P surface area (Gold APP Instruments Corporation, China),
and elemental composition was measured using a CHN element analyzer (vario PYRO cube, Elementar
Analysensysteme Gmbh, Germany) [30]. The biochar was sieved through a 2 mm screen before use.
An analytical standard of MITC (98.0% purity,) was provided by Damas-beta (ShenZhen, China). DZ 98
MG was obtained from Nantong Shizhuang Chemical Co., Ltd., JiangShu, China. Sodium sulfate
anhydrous and ethyl acetate (both analytical grade) were obtained from Beijing Chemical Works,
Beijing, China.

3.2. Emission Determination

The columns were constructed of two open stainless steel columns (each 6.0 cm high with 15 cm
internal diameter) [31]; one was used as a soil column, while the other was used as a chamber to collect
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the emitted gas. MITC emissions were measured after MITC was injected into soil columns at 6.0 cm
depth and the application of BC-1 or BC-2 to the surface soil (1.5 cm depth). Soil (water content
14% w/w) was packed into each soil column to a bulk density of 1.3 g·cm−3. Pre-weighed (5.4 g,
corresponded to biochar rates of 1%) BC-1 or BC-2 were uniformly mixed into the top 1.5 cm layer of
the soil column before packing. Soil without biochar was used as a blank control (CK). After MITC
(100 mg·kg−1 soil) was injected, the soil column and the chamber were sealed together using aluminum
foil tape. Each treatment was repeated three times. Then, the soil columns were placed in incubators
at 28 ◦C.

After 0.25, 0.5, 1, 2, 3, 4, 8, 12, 16 and 24 h, 0.5 mL of gas was taken from the chamber and
from the soil (at 6.0 cm depth) by a gastight syringe to determine the MITC concentrations. Previous
gas-sealed tests have indicated that gas contentions in chambers remain unchanged more than 5 days,
longer than our testing time of 24 h. Each gas sample was put into a 20 mL clear headspace vial
containing 0.2 g of sodium sulfate that was immediately crimp-sealed with an aluminum cap and
Teflon-faced butyl-rubber septum. The headspaces of the vials containing soil gas samples were
analyzed using an Agilent 7890A gas chromatograph (GC) coupled with an Agilent 7694E headspace
sampler and a micro electron capture detector (Agilent Technologies Inc., Palo Alto, CA, USA). The gas
chromatography conditions were the same as those in the degradation experiments (Section 3.4),
and autosampler headspace conditions were as follows: 1.0 mL sample loop; 125, 130, and 135 ◦C for
sample equilibration, loop, and transfer line temperatures, respectively.

3.3. Dose-Response Experiment

The soil samples were amended with BC-1 and BC-2 (Tongzhou soil amended with BC-1, Daxing
soil amended with BC-2, respectively) at rates of 0.1%, 0.25%, 0.5%, 1%, 2%, 5%, and 10% (w/w),
in order to determine the effects of various amendment rates of biochar on the efficacy of DZ fumigation.
Six hundred grams of soil amended with or without biochar was weighed into 2.5-L desiccators.
DZ was uniformly mixed into the soil of each desiccator at the rate of 100 mg·kg−1 soil (corresponding
to a field rate of 360 kg·ha−1). Ten Abutilon theophrasti seeds and fifteen Digitaria sanguinalis seeds
were buried at 2 cm below the soil surface in each desiccator [32] after the application of DZ, and the
desiccator was immediately sealed with a cover. The desiccators were placed in incubators at 28 ◦C.
The desiccators were opened after 7 days of incubation, and the residual fumigant was released for
a day. The weed height was measured with a caliper. Fusarium spp. and Phytophthora spp. were
isolated from the soil and assessed quantitatively using the methods described by Komada [33] and
Masago et al. [34], respectively. Root-knot nematodes (Meloidogyne spp.) were extracted from 100 g
subsamples using the methods described by Liu [35].

To determine the effects of MTTC in controlling soil-borne pests in soil amended with biochar,
DZ was applied at rates of 25, 50, 75, 100, 125, 150, and 175 mg·kg−1 soil (corresponding to rates of 90,
180, 270, 360, 450, 540, 630 kg·ha−1 in the field; its recommended dosage is 294–450 kg·ha−1) amended
with or without 1% BC-1 or 0.5% BC-2 (Tongzhou soil amended with BC-1, Daxing soil amended with
BC-2). Other operations were similar to the experiment described above.

The nematode mortality was calculated according to Equation (1):

X =
N1

N1 + N2
, (1)

where X is nematode mortality (%), N1 is the number of dead nematodes, and N2 is the number of live
nematodes. The numbers of dead and live nematodes were counted under a dissecting microscope.

The corrected nematode mortality was calculated according to Equation (2):

Y =
X1 − X2

100 − X2
× 100, (2)
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where Y is the corrected nematode mortality (%), X1 is the nematode mortality in treatments (%),
and X2 is the nematode mortality in the control (%).

The efficacy of controlling fungi or weeds was calculated according to Equation (3):

Y =
X1 − X2

X1
× 100, (3)

where Y is the efficacy in controlling fungi or weeds, X1 is the fungal population or weed height in the
control, and X2 is the fungal population or weed height in treated plots.

3.4. Degradation Experiment

A laboratory incubation experiment was conducted to determine the effect of biochar amendments
on the degradation of MITC, using a method similar to that reported in Qin et al. [36]. Soil samples
(Tongzhou soil) at 10% water content (w/w) were amended with biochar BC-1 or BC-2 at the rate
of 1% (w/w). Eight grams of amended or unamended soil was placed in a 20-mL clear headspace
vial, and 5 μL of ethyl acetate containing 48 mg·mL−1 of MITC was added to each vial. The vials
were sealed with an aluminum cover and Teflon-faced septa immediately after fumigant application.
The treated vials were then inverted and placed in incubators at 30 ◦C. After incubation for 0.5, 1, 3, 4,
7, 10, 15, 30, 40, 60 and 90 days, three replicate samples from each treatment were removed from the
incubator and immediately stored at −80 ◦C until the analysis of the MITC concentration. In the same
experiment, we also determined the degradation rate of MITC in pure biochar using the following
method. A total of 0.2 g biochar was weighed into a 20 mL clear headspace vial, and the vials were
crimp-sealed with an aluminum cap and Teflon-faced butyl-rubber septum immediately after adding
5 μL standard solution of MITC-ethyl acetate. Other operations were similar to those described in the
experiment above.

The extraction procedure for soil samples was similar to the methodology described by Hadiri [37].
Eight grams of anhydrous sodium sulfate and 8 mL ethyl acetate were added to each frozen vial, and the
vials were recapped immediately. The vials were vortexed for 30 s, placed in a table concentrator and
shaken for 60 min, and then subsequently allowed to settle for 1 h. After settling, the supernatants
were filtered (using a 0.22-μm nylon syringe filter) into 2 mL vials for the fumigant analysis by Agilent
7890 A gas chromatography. A gas chromatograph with a micro-ECD (GC-μECD) and an HP-5
capillary column (30 m length × 320 μm × 0.25 μm film thickness) (Agilent Technologies, Inc.) was
used to analyze the MITC. The detector and inlet temperatures were 300 ◦C and 250 ◦C, respectively.
The oven temperature was held at 60 ◦C for 10 min. Under these conditions, the retention time of MITC
was 5.4 min. Preliminary experiments indicated that the MITC recovery efficiency in the soil ranged
from 89% to 103% using the above procedures. The LOD (lowest detectable limit) and LOQ (limit of
quantitation) for MITC in the soil samples were 0.004 and 0.0170 mg·kg−1, respectively. First-order
kinetics were used to fit the MITC degradation behavior, using the following equation:

C = C0 × exp(−kt), (4)

where C (mg·kg−1) and C0 (mg·kg−1) are the concentrations in soil at time t (day) and time t0 (day),
respectively; k (day−1) is the first-order rate constant; and t is the incubation time (day):

t1/2 = 0.693/k. (5)

When using the first-order kinetics model, the half-life of degradation was calculated using
Equation (5). The first-order kinetics model was fitted using Origin Pro 8.0 software (version 8.0,
OriginLab Corporation, Wellesley Hills, MA, USA).
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3.5. Adsorption Experiment

For the adsorption experiment, 0.1 g biochar was weighed into a number of 20 mL clear headspace
vials. The two types of biochar (BC-1 and BC-2,) and one activated charcoal (AC) were tested at three
temperature settings (15, 30 and 45 ◦C). All of the vials for each sampling time were placed in a
container. The container was constructed of two open stainless steel cylindrical boxes of 12 cm ID,
each 4 cm high, similar to the permeability cell described by Papiernik et al. [31]. Before assembling the
container, approximately 0.2 g of pure solid MITC was added to a 2 mL vial, which was placed in the
bottom of the container. This amount of fumigant was sufficient to generate a saturated vapor phase
inside the container. The container was sealed with aluminum tape and carefully placed in incubators
with the required temperature setting. After incubation for 3, 6, 12, 24, 48, 72 and 96 h, a container was
removed from the incubator. The aluminum tape was removed and the container was opened and
ventilated for half an hour in a fume hood. The biochar was then extracted and analyzed for adsorbed
MITC using the same method described in the degradation experiments.

The Bangham model [24] was tested against the adsorption kinetic data, and the rate constant k of
adsorption was calculated using the Bangham Equation (6), as follows:

ln
(

ln
qt

qt − qe

)
= ln k − z × ln t (6)

where qt (mg·g−1) is the amount of MITC adsorption at time t (h); qe (mg·g−1) is the calculated amount
of adsorption at equilibrium; t (h) is the time in hours; k (h−z) is the rate constant of adsorption; and z
is a constant in relation to the adsorbent.

4. Conclusions

Both of the biochars used in this study (BC-1 and BC-2) can significantly affect the degradation
rate of MITC (reduce or accelerate). The dose-response experiments indicated that there were no
negative effects on the control of pathogens, nematodes and weeds when the biochar amendment was
less than 1% or 0.5% for BC-1 and BC-2, respectively, in soil at conventional dosages of the fumigant
dazomet. The information obtained in this study will be useful for evaluating the effects of biochar on
the bioavailability and efficacy of MITC.
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Abstract: The characteristics of biochar vary with pyrolysis temperature. Chloropicrin (CP) is an
effective fumigant for controlling soil-borne pests. This study investigated the characteristics of
biochars prepared at 300, 500, and 700 ◦C by michelia alba (Magnolia denudata) wood and evaluated
their capacity to adsorb CP. The study also determined the potential influence of biochar, which
was added to sterilized and unsterilized soils at rates of 0%, 1%, 5%, and 100%, on CP degradation.
The specific surface area, pore volume, and micropores increased considerably with an increase in
the pyrolytic temperature. The adsorption rate of biochar for CP increased with increasing pyrolytic
temperature. The maximum adsorption amounts of CP were similar for the three biochars. Next, the
study examined the degradation ability of the biochar for CP. The degradation rate constant (k) of
CP increased when biochar was added to the soil, and k increased with increased amendment rate
and pyrolysis temperature. The results indicate that biochar can accelerate CP degradation in soil.
The findings will be instructive in using biochar as a new fertilizer in fumigating soil with CP.

Keywords: chloropicrin; biochar; pyrolysis temperature; adsorption; degradation

1. Introduction

Biochar is produced during pyrolysis of organic material under oxygen-limited and relatively low
temperature conditions [1]. The application of biochar to agricultural soil can improve soil fertility and
the nitrogen-use ratio; selectively immobilize nutrient elements [2]; adsorb heavy metals and organic
contaminants; transform Cu2+ and Zn2+ for plant uptake [3,4]; and change the soil physicochemical
properties, including pH, organic carbon, and cation exchange capacity [5,6]. Biochar has received
increasing recognition as a soil amendment for sequestering carbon to mitigate climate change [7,8].
In addition, biochar can affect the fate of pesticides in soil. Yang et al. and Zhang et al. suggested
that wheat straw-derived biochar affects the degradation of organic chemicals in soil, presumably
through adsorption, and indicated that biochar can decrease the microbial degradation of Diuron [9,10].
Jones et al. found that biochar suppresses simazine biodegradation and reduces simazine leaching [11].
However, Jablonowski et al. observed that increased degradation of atrazine residues likely occurred
through the transfer of atrazine-adapted soil microflora from different soils and regions to non-adapted
soil [12]. Therefore, the influence of biochar on pesticides produces variable results.
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Chloropicrin (CP) is applied as a fumigant to many crops to control soil-borne disease and
nematodes [13,14]. The influence of biochar on CP degradation in soil remains poorly understood.
Biochar, which is a type of charcoal, possesses a high specific surface area (SSA) that may decrease
CP degradation because of its strong capacity to adsorb this fumigant. However, chloropicrin is a
polyhalide that can be degraded by free radical-induced reactions [15], and biochar typically contains
high quantities of free radicals [16] that could potentially accelerate CP degradation. Thus, the
application of biochar as a new fertilizer into the soil could accelerate the degradation of CP, and,
accordingly, affect the efficacy of CP to soil borne pests. Biochar produced under different temperatures
has different properties. For example, biochar produced under high pyrolysis temperatures typically
has a relatively high surface area and aromaticity and can, therefore, resist decomposition. This type
of biochar is known as a green adsorbent [2,17,18]. In contrast, low-temperature pyrolysis favors a
greater recovery of C and several other nutrients (e.g., N, K, and S) that are increasingly lost at higher
temperatures [19].

The objectives of this study were to determine the structure and surface chemical properties
of biochar prepared under different pyrolysis temperatures (300, 500, and 700 ◦C, marked as B300,
B500, and B700, respectively) and to evaluate the effects of amending soil with these biochars on CP
degradation and adsorption. Additionally, the study evaluated the interplay between CP degradation
and adsorption. The results will be instructive in how to use biochar as a new fertilizer in fumigating
field with CP.

2. Results and Discussion

2.1. The Composition and Structure of Biochar

The Boehm titration results (Table 1) indicates that, in general, the carboxyl concentration
decreased and the phenol hydroxyl concentration increased as the pyrolytic temperature increased.
The phenol hydroxyl and carboxyl concentrations changed dramatically from 300 ◦C to 500 ◦C.
The lactone concentration did not change significantly with changes in temperature, but these
molecules were present in the highest concentration of all the oxygen-containing functional groups.
In addition, the changes in carboxyl and lactone concentrations were not significant between B500
and B700. The elemental composition is shown in Table 1. An increase in the pyrolytic temperature
resulted in a decrease in the hydrogen and oxygen content, and an increase in the carbon content.
The calculated H/C values were lower under high temperatures, indicating that the biochar was
highly carbonized and showed a highly aromatic structure. The higher H/C values for B300 and B500
indicates that most of the carbon-containing compounds had not decomposed under low pyrolytic
temperatures, including lignin and cellulose components [20,21]. Additionally, the (O + N)/C and
O/C ratios decreased sharply with increasing pyrolytic temperature, indicating that the biochar had
high polarity and was hydrophilic under high temperatures [22,23].

The SSA, pore size, and ash content of the different biochars are shown in Table 1. The SSA and
pore volume increased and the pore size decreased as the pyrolytic temperature increased. In addition,
the scanning electron microscopy (SEM) images showed that the pore volume (Figure 1A,C,E) and the
number of micro-pores on the biochar surfaces (Figure 1B,D,F) increased. The pore canal gradually
collapsed as the pyrolytic temperature increased which caused the pore volume to increase. At high
pyrolytic temperatures, an immense heat flow was released from the inner feedstock and burst through
the micro-pores. The changes in the properties of the biochars produced under different temperatures
were due to the decomposition of hemicellulose, cellulose, and lignin. The corresponding temperatures
for maximum decomposition of hemicellulose and cellulose were 300 ◦C and 355 ◦C, respectively,
while the temperature for lignin decomposition ranged between 150 to 900 ◦C [20,21]. Therefore,
as the temperature increased from 300 ◦C to 700 ◦C, the surface characteristics of biochar changed
dramatically, which caused obvious differences in surface properties. Intense heat was released from
the inner parts of the feedstock and burst through the micropores at high pyrolytic temperatures,
resulting in an increase in the number of micropores [1].
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Table 1. Characteristics of biochar produced at different temperatures.

Types
Oxygen-Containing Functional Groups

Carboxyl (mmoL/g) Phenol Hydroxyl (mmoL/g) Lactones (mmoL/g)

B300 0.37 ± 0.03 1 a 0.01 ± 0.001 a 2 0.56 ± 0.01 a
B500 0.29 ± 0.01 b 0.32 ± 0.01 b 0.44 ± 0.01 b
B700 0.26 ± 0.01 b 0.39 ± 0.01 c 0.47 ± 0.03 b

Elemental composition

Carbon
(mol %)

Hydrogen
(mol %)

Nitrogen
(mol %)

Oxygen
(mol %)

(O + N)/C 3 O/C H/C

B300 67.97 a 2.68 a (B500) 0.94 a 24.28 a 0.37 0.36 0.04
B500 76.17 b 2.36 b (B300) 0.99 b 14.35 b 0.20 0.19 0.04
B700 83.55 c 1.62 c 0.97 c 6.58 c 0.09 0.08 0.01

SSA, pore size and ash content

SSA (m2/g) 4 BJH pore size
(nm)

Pore volume
(cm3/g)

Ash content (%) pH (1:2.5)

B300 1.81 15.59 0.00034 4.62 ± 0.01 a 7.42 ± 0.05 a
B500 68.36 5.34 0.02 5.86 ± 0.14 b 9.39 ± 0.08 b
B700 364.63 4.35 0.13 7.74 ± 0.01 c 10.14 ± 0.11 c

1 Data were expressed as means ± S.E. (n = 3); 2 The difference was analyzed by ANOVA based on Duncan
multiple comparison (p < 0.05); 3 H/C: atomic ratio of hydrogen to carbon. O/C: atomic ratio of oxygen to
carbon. (O + N)/C: atomic ratio of the sum of nitrogen and oxygen to carbon; 4 The specific surface area (SSA) of
biochar was measured using the BET-N2 method. The pore volume and pore diameter were calculated under an
absorption capacity with a relative pressure of 0.99 and the Barrett-Joyner-Halendar (BJH) method, respectively.

Figure 1. SEM images of biochars under different pyrolytic temperatures. B300 is shown in (A,B);
B500 is shown in (C,D); and B700 is shown in (E,F). (A,C,E) are magnified 2000× and (B,D,F) are
magnified 5000×.
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The ash content of the biochars increased gradually with an increase in temperature (Table 1),
which indicates that at higher temperatures there was a greater decomposition of organic matter
and a reduction in the biochar yield rate. However, compared with other feedstocks (e.g., chicken
manure, rice straw), wood has a lower ash content [24] and, therefore, has good potential as a feedstock.
Additionally, the pH of the biochars increased with an increase in the pyrolysis temperature, which
indicates that the biochars were alkaline, as indicated by Lehmann [25].

2.2. Adsorption Kinetics

The Lagergren pseudo-first-order model fit the adsorption kinetics of biochar to CP well (Table 2).
The adsorption equilibrium time was approximately 36 h (Figure 2) and 24 h in biochar and active
carbon, respectively, at 30 ◦C. The adsorption rate constants were 0.01, 0.07, and 0.24 min−1 for B300,
B500, and B700, respectively, which shows that the adsorption rate gradually increased as the pyrolytic
temperature increased. This result may be due to changes in the biochar characteristics, such as the
number of micropores and adsorption sites on the surface of the biochar. An increase in the pyrolytic
temperature from 300 ◦C to 700 ◦C did not result in significant differences in the quantity of CP on the
three biochars at equilibrium. The adsorption capacity of the biochars was considerably lower than that
of active carbon. The large SSA of biochar appears to be in accordance with its high adsorption capacity
for CP; however, this result conflicts with the adsorption results of B700, whose SSA is 364.63 m2·g−1.
Therefore, other factors, such as the number of adsorption sites on the adsorbent, may account for
the adsorption performance of biochar. The following section discusses how the properties of CP
adsorption to biochar were studied by determining the adsorption isotherm.

Table 2. Fitting results of adsorption kinetics of biochar for chloropicrin (CP).

Biochar Type qe (mg/g) k (min−1) R2

B300 23.81 0.01 0.98 1

B500 25.72 0.07 0.87
B700 26.03 0.24 0.74
AC 176.86 0.27 0.88

1 The adsorption kinetics was fitted by Lagergren pseudo-first-order kinetics equation.

Figure 2. The fitting curve of adsorption kinetics using the Lagergren pseudo-first-order model.
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2.3. Adsorption Isotherm

The isotherm equation was fitted using three models, and the Freundlich equation provided the
best degree of fit (Table 3, Figures 3 and 4). Therefore, the discussion below focuses mainly on the
parameters of this equation. According to the principles of the Freundlich model, the process of CP
adsorption to biochar is associated with heterogeneous adsorption and biochar surfaces that contain
sites with different adsorption energies. The parameter n increased with an increase in the pyrolytic
temperature. The larger the value of n, the more nonlinear the adsorption isotherm became, and
the more its behavior deviated from linearity. The kf value increased with an increase in pyrolytic
temperature, which indicated the following adsorption capacity trend: B700 > B500 > B300. This result
was not in agreement with the adsorption kinetics data. However, the sum of the amount of CP in the
gas and biochars was considerably lower than the applied amounts (Table 4), which indicated that
the CP was degraded by the biochar. The degradation ratio increased as the pyrolytic temperature
increased, and 8%–25%, 14%–36%, and 44%–80% of applied CP was degraded in B300, B500, and B700,
respectively. The adsorption capacity of CP to B700 was strong, and the degradation ability was high;
therefore, the maximum adsorption amounts of CP in B300, B500, and B700 were similar.

Table 3. Fitting results of different adsorption isotherm models 1.

Biochar
Type

Langmuir Freundlich D-R

qmax kL R2 kf n R2 qmax E R2

B300 0.51 0.004 0.82 0.26 1.1 0.82 4.79 0.29 0.67
B500 2.24 0.1 0.86 0.53 3 0.93 1.73 0.49 0.58
B700 1.97 1.64 0.92 1.1 5.04 0.94 1.81 3.78 0.82

1 The adsorption isotherms employed the Langmuir, Freundlich, and Dubinin-Radushkevitch (D-R) models to
describe the adsorption capacity of biochar. Compared with other equations, the Freundlich equation provided
the best degree of fit.

Figure 3. The fitting curve of the adsorption isotherm using Freundlich and Langmuir equations.

Figure 4. The fitting curve of the adsorption isotherm using Dubinin-Radushkevitch (D-R) models.
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Table 4. The fate of CP after application to the biochars.

Biochar
Types

Applied
Amount

(mg)

Amount in
Gas Phase

(mg)

Amount in
Biochar

(mg)

Degradation
Amount

(mg)

Degradation
Ratio (%)

Average
Degradation
Ratio (%)

B300

0.4 0.11 ± 0.003 1 0.22 ± 0.01 0.07 ± 0.01 16.92

17.46 a 2

0.6 0.2 ± 0.01 0.31 ± 0.002 0.09 ± 0.01 15.36
0.8 0.3 ± 0.05 0.43 ± 0.02 0.07 ± 0.01 8.72
1 0.25 ± 0.18 0.55 ± 0.05 0.2 ± 0.02 20.46

1.2 0.43 ± 0.03 0.54 ± 0.04 0.23 ± 0.05 19.52
1.4 0.48 ± 0.02 0.57 ± 0.03 0.35 ± 0.01 25.01
1.6 0.49 ± 0.04 0.85 ± 0.08 0.26 ± 0.04 16.26

B500

0.4 0.11 ± 0.01 0.16 ± 0.03 0.13 ± 0.04 33.24

25.65 b

0.6 0.22 ± 0.005 0.17 ± 0.003 0.21 ± 0.005 35.58
0.8 0.33 ± 0.05 0.18 ± 0.006 0.29 ± 0.05 36.13
1 0.59 ± 0.06 0.27 ± 0.002 0.14 ± 0.06 14.23

1.2 0.63 ± 0.15 0.25 ± 0.01 0.32 ± 0.14 26.84
1.4 0.87 ± 0.06 0.27 ± 0.02 0.26 ± 0.07 18.66
1.6 1.06 ± 0.09 0.3 ± 0.005 0.24 ± 0.08 14.86

B700

0.4 0.003 ± 0.0004 0.08 ± 0.02 0.32 ± 0.02 80.13

59.35 c

0.6 0.02 ± 0.004 0.17 ± 0.002 0.41 ± 0.006 68.53
0.8 0.08 ± 0.005 0.22 ± 0.01 0.5 ± 0.01 63.10
1 0.13 ± 0.01 0.28 ± 0.01 0.59 ± 0.02 58.68

1.2 0.30 ± 0.10 0.28 ± 0.006 0.62 ± 0.10 51.38
1.4 0.44 ± 0.06 0.27 ± 0.01 0.69 ± 0.07 49.36
1.6 0.57 ± 0.08 0.32 ± 0.01 0.71 ± 0.08 44.29

1 Data were expressed as mean ± S.E. (n = 3); 2 The data was analyzed using univariate analyses based on the
Duncan multiple comparison and differences were considered significant in different biochars at p < 0.05.

2.4. The Effects of Different Biochar Types and Rates on CP Degradation Kinetics

The degradation of CP (Figure 5) followed first-order kinetics in unamended soils and those
that were amended with biochar, and the correlation coefficients were greater than 0.99 (Table 5).
The degradation rate constant (k) and half-life (t1/2) was 1.22 d−1 and 0.57 d, respectively, in
unamended soil, which was comparable to the findings of Gan et al., who reported t1/2 values of 1.5,
4.3, and 0.2 d in Arlington sandy loam, Carsitas loamy sand, and Waukegen silt loam, respectively [26].
The degradation rate constants in soils amended with 1% B300, B500, and B700 were 2.30, 2.44, and
4.05 d−1, respectively, and the associated half-lives were 0.30, 0.28, and 0.17 d. The soil amended with
biochar showed a drastic increase in the degradation rate constant in comparison to the soil without
biochar, in other words, 89% to 232%. These results indicate that biochar added to soil can accelerate
the degradation of CP, and this acceleration increases with the biochar production temperature.

Figure 5. Degradation trend of CP in soil amended with different biochar types, (A) was 1% biochar
content and (B) was 5%.
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Table 5. Fitting results of CP degradation in different biochar-amended soils using a first-order model.

Treatment k (d−1) t1/2 (d) R2

Soil (CK) 1.22 ± 0.02 1 0.57 >0.99
Soil + 1% B300 2.30 ± 0.07 0.30 >0.99
Soil + 1% B500 2.44 ± 0.05 0.28 >0.99
Soil + 1% B700 4.05 ± 0.21 0.17 >0.99
Soil + 5% B300 3.42 ± 0.15 0.20 >0.99
Soil + 5% B500 4.17 ± 0.32 0.17 >0.99
Soil + 5% B700 5.10 ± 0.49 0.14 >0.99
Sterilized soil 0.19 ± 0.01 3.65 0.98

Sterilized soil + 1% B300 1.23 ± 0.02 0.56 >0.99
Sterilized soil + 1% B500 0.91 ± 0.03 0.76 >0.99
Sterilized soil + 1% B700 0.93 ± 0.03 0.75 >0.99

1 Data were expressed as mean ± S.E. (n = 3). The significant difference of values of k for each group was
determined using a 95% confidence interval around the estimates (p < 0.05).

The degradation rate constants for soils amended with 5% B300, B500, and B700 were 3.42, 4.17,
and 5.10 d−1 and the half-lives were 0.20, 0.17, and 0.14 d, respectively. The degradation rate constants
for the above treatments were 1.49, 1.71, and 1.26 times higher than those for soils amended with 1%
B300, B500, and B700, respectively. These results indicate that the degradation rate increased as the
biochar amendment rate increased.

In unamended sterilized soil, the degradation rate constant was 0.19 d−1 and the half-life was
3.65 d. The degradation rate constant was 84% lower than that of unsterilized soil. In sterilized
soils amended with 1% B300, B500, and B700, the degradation rate constants were 1.23, 0.91, and
0.93 d−1 and the half-lives were 0.56, 0.76, and 0.75 d, respectively. The degradation rate constants
for sterilized soils were 86%–448% lower than those for the unsterilized soil treatments. These results
indicate that biodegradation played an important role in CP degradation, and the sterilization effect
on CP degradation in soil amended with biochar was greater than that in unamended soil. Gan et al.
reported that biodegradation accounts for 68%–92% of CP degradation in soil [26]. The edaphon that
degrade CP are composed of pseudomonades that rely on dehalogenation to generate nitromethane.
The processes are as follows: Cl3CNO2 → Cl2CHNO2 → ClCH2NO2 → CH3NO2 [27], and the end
products are CO2, NO3, and Cl−1. Biochar produced under a high pyrolytic temperature has numerous
surface micropores and larger interior channels, which are suitable for microorganism colonization
and biodegradation [28,29]. The sterilization effect on CP degradation was therefore significant
in soil amended with B700. Additionally, biochars react with microbes, soil organic matter, and
minerals within days of addition to soil [1]. There is a formation of organomineral phases that contain
nanoparticles especially of redox active Fe and compounds with high contents of quinones/phenols
that can catalyse redox reactions [30–33]. Microbes that can be involved in these redox reactions and
the mineral oxide nanoparticles can break down CP through biotic and abiotic oxidation.

In addition, the degradation rate constants for sterilized soil with biochar amendment were
significantly higher than those for sterilized soil without biochar and were similar to those for
unamended and unsterilized soil. After sterilization at high temperatures, most of the soil
microorganisms are nearly killed, and the effects of biodegradation may be ignored. The above results
suggest that chemical degradation of CP occurred when soils were amended with biochar. The chemical
degradation capacity of biochar was similar to the microorganism biodegradation capacity.

The fitting results of CP degradation in 0.2 g of pure biochar are shown in Figure 6.
The degradation rate constants for B300, B500, and B700 were 0.04, 0.30, and 1.53 d−1 and the half-lives
were 17.33, 2.31, and 0.45 d, respectively. The results indicate that biochar can degrade CP and the
degradation rate constants increased as the biochar production temperature increased. This finding
confirms the occurrence of a chemical reaction between CP and the biochar.
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Figure 6. Fitting curves of the CP degradation in biochar produced under different temperatures.
The first-order kinetics model was used to fit degradation data.

2.5. The Degradation Products of CP in Soil and Biochar

Chloropicrin and its main dechlorinated product (dichloronitromethane, DICP) were detected
in soil and biochar (Figure 7). The peak areas of CP and DICP were used to express the changing
concentrations. Both CP and DICP degraded much more rapidly in B700 than in the other materials.
The CP degraded more rapidly in B500 than in B300 and pure soil. The difference between the CP
concentration in B500 and in the soil was not significant. The DICP concentration in B500 increased up
to 10 h after incubation and then decreased from 25 h after incubation; these values were considerably
higher than those measured in pure soil. The DICP concentration in B300 increased over time and was
higher than that measured in soil 12 h after incubation. The results showed that biochar has the ability
to accelerate the dechlorination process of CP.

Figure 7. CP and dichloronitromethane (DICP) concentrations in soil and biochar. The peak areas of
CP and DICP were used to express the changing concentrations. The significant difference of values in
each biochar was determined using a 95% confidence interval around the estimates (p < 0.05). The CP
in B500 and soil was not significantly different, but there was a significant difference in B300 and B700.
The differences of DICP were considered significant in different biochar and soil.

The dechlorination process is generally induced by radical reactions. Considerable research has
been conducted on the hydroxyl-radical-induced degradation reactions of fumigants [15,34,35]. Mezyk
and Cole researched the reaction process and mechanism between CP and free radicals. These authors
reported that free radicals react with CP in the following chain reactions: CP + H· → ·CCl2NO2 + H+ +
Cl−; CP + H· → ·CCl3 + H+ + NO2−; CP + OH· → intermediate products →·CCl3 + ONOOH.
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In the process of pyrolysis, the biochar surface forms many free radicals [16] that are generated
by oxygen atoms and inorganic impurities of the feedstock [36]. The free radical content varies with
pyrolytic temperature. At pyrolytic temperatures between 300 ◦C and 600 ◦C, the free radical content
gradually increases and tends to maximize at 500 ◦C–600 ◦C [16,37,38]. The CP degradation rate in
soil amended with B700 was, therefore, the fastest.

3. Materials and Methods

3.1. Biochar Characteristics

Clean and dry michelia alba (Magnolia denudata) wood was collected as a feedstock for biochar
production. As one of many potential feedstocks, the properties of michelia alba wood are more stable,
which results in consistency under different pyrolytic temperatures. The wood was sawn into small
pieces (<2 cm) and charred in a muffle furnace at different temperatures (300, 500, and 700 ◦C) under
oxygen-limited conditions for 4 h. The charred residuals were marked as B300, B500, and B700 and
ground into powder using a high-speed smashing machine. The biochar powder was then passed
through a 2-mm sieve.

The surface oxygen-containing functional groups were titrated using Boehm titration [39].
The surface structure was surveyed using an environment scanning electron microscope (QUANTA
200 FEG, FEI Co., Hillsboro, OR, USA). The specific surface area (SSA) and pore volume were measured
using a V-Sorb 2800P surface area analyzer (Gold APP Instrument Co., Beijing, China). The contents
(%) of carbon, oxygen, and hydrogen of the biochar samples were measured by elemental analyzer
(Vario EL III, Elementar Analysensysteme GmbH, Hanau, Germany). The samples were placed in a
muffle furnace at 900 ◦C for 5 h to determine the ash content.

3.2. Adsorption Kinetics

Activated carbon and 0.15 g of B300, B500, and B700 were weighed into 20-mL headspace vials.
Three replicates of each type of carbon, in other words, a total of twelve vials, were placed in a container
that was constructed in two stainless steel cylindrical boxes. A clear vial containing 5 mL of pure CP
liquid was placed in the cylindrical boxes to form a saturated gas concentration. The cylindrical boxes
were then transferred to an incubator at 30 ◦C. After incubating the samples for 3, 6, 12, 24, or 36 h, the
cylindrical boxes were removed and placed in an airing chamber for 30 min. The CP adsorbed by the
biochar was extracted using the extraction method described in the degradation experiment section.

The Lagergren pseudo-first-order kinetics equation was used to fit the data as follows:

ln (qt − qe) = ln qe − kt, (1)

where qt is the amount of CP adsorbed at time t; qe is the calculated adsorption amount at equilibrium
(mg/g), and k is the adsorption rate constant (min−1).

3.3. Adsorption Isotherm Experiment

Adsorption isotherms were determined using the headspace-gas chromatography technique [40].
Activated carbon and 0.15 g of B300, B500, and B700 were weighted into 20-mL headspace vials.
Various quantities of CP were injected into small 2-ml vials to generate different gas concentrations;
these vials were placed inside the 20-mL headspace vials after the addition of the biochar. The 20-mL
vials were capped with an aluminum cover and a Teflon-faced rubber septum. Each treatment was
repeated three times. When the CP liquid was completely volatilized, the initial gas concentrations of
CP in the headspace vials were 20, 30, 40, 50, 60, 70, and 80 mg/L. The preliminary experiment showed
that adsorption equilibrium was reached after 48 h in a dark incubator at 30 ◦C. After the samples were
incubated for 48 h, the gas concentration of the vials was analyzed using gas chromatography (GC)
with an electron capture detector (ECD) ECD detector and automated headspace sampler. The GC

154



Energies 2016, 9, 869

procedure was the same as the degradation experiment described, and the auto-sampler headspace
conditions were as follows: 100 ◦C oven temperature; 105 and 110 ◦C loop/valve and transfer line
temperatures, respectively; 1.0 mL sample loop; 5 min vial equilibration; 0.5 min loop filling; 0.05 min
loop equilibration; 0.1 min pressurization; 0.5 min injection; and low shake mode for 1 min. Then, the
vials were withdrawn from the headspace sampler, the aluminum covers were removed, and the vials
were placed in an airing chamber for 30 min to extract the CP adsorbed by the biochar. The extraction
method was similar to the degradation experiment.

The Langmuir, Freundlich, and Dubinin-Radushkevitch (D-R) models were used to describe the
adsorption isotherms. The Langmuir isotherm model is described using the following equation:

qe =
qmaxKLCe

1 + KLCe
(2)

where qe is the amount adsorbed per unit mass; qmax represents the maximum adsorbed concentration;
the parameter kL represents the affinity constant or Langmuir constant, and Ce is the concentration
in the gas phase. The equation is a measure of how strongly an adsorbate molecule is attracted to
a surface.

The equation for the Freundlich isotherm is:

qe =kfCe
(1/n), (3)

This model assumes a heterogeneous adsorption surface with sites of different adsorption energies.
kf represents the adsorption equilibrium constant, which indicates the adsorption capacity and
represents the strength of the adsorptive bond. n is the heterogeneity factor, which represents the bond
distribution. Generally, n > 1 represents favorable adsorption.

The D-R equation is expressed as:

qe = qmax exp(−kε2), (4)

ε = RTln (1 +
1

Ce
) (5)

where k is a constant related to the adsorption energy (mol2/kJ2); qmax is the maximum adsorption
capacity (mg/g); and ε is the Polanyi potential (J/mol). The mean free energy of adsorption (E) was
calculated from the k values:

E = (2k)−(1/2), (6)

3.4. Soil and Incubation Experiments

The sandy loam soil (2.7% clay, 30.5% silt, and 69.5% sand) was collected from the top 20 cm of
soil in a cucumber greenhouse in Fangshan District, Beijing and passed through a 2-mm sieve, and the
soil was stored at −80 ◦C until it was added to the vial. The prepared soil had a 12.5% moisture content
(w/w) and the following physicochemical properties: 7.30 pH, 3.03% organic matter, and 0.20 ds/m
electrical conductivity (EC).

Laboratory incubation experiments were conducted to determine the effects of different biochar
types (B300, B500, and B700), rates, and soil sterilization on the degradation of CP. The preparation of
soil or biochar prior to fumigant injection was as follows for each experiment:

(1) The sandy loam soil was amended with B300, B500, and B700 at rates of 1% and 5% (w/w, dry
weight basis).

(2) The sandy loam soil with or without the 1% (w/w, dry weight basis) B300, B500, or B700
amendment was autoclaved at 121 ◦C for 1 h.

(3) Biochar (0.2 g of B300, B500, and B700) was weighed into a 20-mL glass vial. The vials with the
biochar were disinfected under ultraviolet light for 30 min.

155



Energies 2016, 9, 869

Soil (8 g) with or without biochar was placed into a 20-mL glass vial. The fumigant solution
was prepared by dissolving 150 g/L of CP (99.5% purity, Dalian Dyestuffs & Chemicals Co., Ltd.,
Dalian, China) in ethyl acetate (AR, Sinopharm Chemical Reagent Co., Ltd., Beijing, China). Fumigant
solution (5 mL) was injected into each of the above vials containing 8 g of soil or vials containing 0.2 g
biochar and immediately capped with an aluminum cover and a Teflon-faced rubber septum; this led
to limited oxygen conditions. The fumigant concentration in the soil was 93.75 μg/g. After treatment,
the vials were inverted and placed in 30 ◦C incubators. Each treatment was repeated three times.

After incubation for 1, 3, 5, 7, 10, 14, 21, and 28 d, the vials were withdrawn and then immediately
stored at −80 ◦C until the extraction of the CP residue. The residue extraction method was as follows:
Anhydrous sodium sulfate (8 g; AR, Sinopharm Chemical Reagent Co., Ltd.) and 8 mL of ethyl
acetate were added to each frozen vial, after which the vials were recapped immediately. The vials
were vortexed for 30 s and then placed on a table concentrator for 30 min of shaking and subsequent
settling for 2 h. After settling, 1–1.5 mL of supernatant was transferred into a 2-mL amber glass vial.
Preliminary experiments showed that this extraction method has an extraction efficiency of 86%–95%.
A gas chromatograph with a micro-ECD (GC-μECD) and HP-5 capillary column (30 m length ×
320 μm × 0.25 μm film thickness) (Agilent Technologies, Santa Clara, CA, USA) was used to analyze
CP. The detector and inlet temperatures were higher than 250 ◦C. The oven temperature was held at
60 ◦C for 6 min [41].

Typically, a first-order kinetics model is used in studies of pesticide degradation [42]. Therefore,
we selected a first-order kinetics model to fit the degradation of CP in biochar-amended soil:

C = C0 e−kt, (7)

where C and C0 are the concentrations in the soil at times t (d) and time t0, respectively; k is the
first-order rate constant (d−1), and t is the incubation time (d).

When using first-order kinetics models, the half-life of degradation is calculated using
the equation:

t1/2 =
0.693

k
(8)

The first-order kinetics model was fit using Origin Pro 8.0 software.

3.5. The Degradation Products of CP in Biochar and Soil

The biochars and soil (1 g of each) were placed in 20-mL headspace vials. Fumigant solution
(5 μL, i.e., 150 g/L of CP in ethyl acetate) was injected into each vial, which was immediately capped
with an aluminum cover and a Teflon-faced rubber septum. Each treatment was repeated three times.
The vials were then transferred to 30 ◦C incubators. After incubation for 3, 6, 12, 24, and 36 h, the
samples were withdrawn from the incubators and immediately stored at −80 ◦C until the extraction
of the CP residue and its degradation products. The extraction method was similar to that used in
the degradation experiment except that 5 mL of ethyl acetate was used instead of 8 mL. A GC-MS
(Agilent 7890A, Agilent Technologies, Santa Clara, CA, USA) equipped with a split/splitless injection
port and a 5975C mass selective detector was used to determine CP and its degradation products.
A DB-5MS (30 m × 0.25 mm ID × 0.25 μm film thickness) column (Agilent Technologies, Santa Clara,
CA, USA) was used to separate the chemicals, and the flow rate of the carrier gas with helium (99.999%)
was 0.8 mL/min. The temperature of the injection port was held constant at 250 ◦C, and the splitless
mode started 1 min after injection. The primary oven was held constant at 40 ◦C for 4 min and then
increased to 150 ◦C by 15 ◦C/min, followed by a rate of 30 ◦C/min until a temperature of 250 ◦C was
reached. The quadrupole, ion source, and transfer line temperatures were 150 ◦C, 230 ◦C, and 280 ◦C,
respectively. Electron impact ionization (EI, Agilent Technologies, Santa Clara, CA, USA) with an
energy of 70 eV and electron multiplier voltage of 1494 V was used. The full scan mode, with a scan
range of 50–250 m/z and a solvent delay of 3.6 min, was used to obtain the MS spectrum. The MSD
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Productivity ChemStation software (Version E.02.00.493, Agilent Technologies, Santa Clara, CA, USA)
was used to control the instrument and collect data.

4. Conclusions

In summary, biochar produced under different pyrolytic temperatures exhibited variable
characteristics. Under high pyrolytic temperatures, biochar possesses larger SSA and pore volume
and more micropores. These characteristics resulted in different adsorption rates of CP to biochar.
The adsorption isotherm fitted the Freundlich model very well, and the kf value indicated the
following adsorption capacity trend: B700 > B500 > B300. However, the actual measurements
indicated that there was no significant difference between the three biochars because biochar produced
under higher temperature has a high adsorption capacity and possesses a strong CP degradation
ability. When biochar was added to soil, it greatly shortened the degradation half-life of chloropicrin.
Degradation of CP further accelerated as the rate of addition and pyrolytic temperature of the biochar
increased. The ability of biochar to adsorb CP could, therefore, not reduce the degradation rate of
CP in biochar-amended soil. The mechanisms by which biochar accelerated the degradation of CP
were shown through the detection of degradation products and could likely be attributed to free
radical chemical reactions and microbial processes. The findings in the present study show that biochar
amendments to soil are beneficial but can decrease the effect of CP on soil-born pests as a fumigant by
accelerating degradation. The atmospheric emission of CP is an air pollutant that can cause severe
irritation of the eyes, mucous membranes, skin, and lungs, and plays a role in forming tropospheric
ozone [43]. Therefore, reducing CP emissions is crucial for protection against the harmful nature of
CP. The present study showed that soil amendment with biochar is a promising method to reduce CP
emissions. Further testing on the CP efficacy and emission reduction by biochar needs to be conducted
in field experiments.
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Abstract: In this work, the liquid phase hydrogenation of furfural has been studied using
a biochar-supported platinum catalyst in a batch reactor. Reactions were performed between 170 ◦C
and 320 ◦C, using 3 wt % and 5 wt % of Pt supported on a maple-based biochar under hydrogen
pressure varying from 500 psi to 1500 psi for reaction times between 1 h and 6 h in various solvents.
Under all reactive conditions, furfural conversion was significant, whilst under specific conditions
furfuryl alcohol (FA) was obtained in most cases as the main product showing a selectivity around 80%.
Other products as methylfuran (MF), furan, and trace of tetrahydrofuran (THF) were detected. Results
showed that the most efficient reaction conditions involved a 3% Pt load on biochar and operations
for 2 h at 210 ◦C and 1500 psi using toluene as solvent. When used repetitively, the catalyst showed
deactivation although only a slight variation in selectivity toward FA at the optimal experimental
conditions was observed.

Keywords: biochar; furfural; furfuryl alcohol (FA); hydrogenation; maple; platinum catalyst

1. Introduction

Production of second-generation biofuels as cellulosic ethanol should involve the valorization
of every macromolecular fraction of the biomass in order to be economical [1]. Contrarily to the
C6 carbohydrates, which are ideal candidates for classical fermentation, valorization of C5 sugars
remains a challenge, either through biological or chemical pathways. Many biological alternatives
have been investigated including fermentation to ethanol using, as an example, E. coli [2], Z. mobilis [3],
and P. stipitis [4]. However, most of these approaches are limited by the kinetics of the fermentation,
which usually involves longer fermentation periods as compared to their classical C6 counterparts.

As an alternative to the biological conversion of C5 sugars, another approach leading to
their conversion could imply chemical processes. In a recent review, Fuente-Hernández et al.
investigated the possible option of the conversion of xylose including reduction, oxidation, acid and
base treatments [5]. Amongst the latter, acid treatments, leading to furfural have been thoroughly
investigated and reported in literature [6,7]. Furfural with an annual global demand ranging between
20 kton/year and 30 kton/year can be used as chemical but could as well be used as a platform
chemical for other compounds including but not limited to levulinic acid [8]. However, conversion of
furfural to levulinic acid is not possible and must go through a reduction of the aldehyde function of
furfural into an alcohol, thus producing furfuryl alcohol (FA).

Previous work from open literature reported that catalytic hydrogenation of furfural could be
carried out either in the liquid [9] or vapor phase [10,11]. As for the industrial processes, they are
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generally conducted at high temperatures and pressures at which operations both in liquid and gas
phase were reported. In terms of catalyst, the most popular for the reduction of furfural at industrial
levels are Ni and Cu/Cr-based catalysts, although these catalysts exhibit a moderate activity towards
FA [12,13]. At bench level, numerous reports have been made on the hydrogenation of furfural in
liquid-phase using noble metal-based catalysts, such as palladium [14], platinum [9,13,15,16], iridium
and ruthenium [17], rhodium [18], and zirconium oxide [19]. Reactions were performed either with or
without a solvent (using different solvent types) sometimes even using a second metal (or a promoter)
to improve the activity and/or the selectivity [13,20,21]. Amongst the non-noble metals that have been
reported to selectively hydrogenate α,β-unsaturated aldehydes, iron [22] and nickel [13] were the most
commonly cited. The best example of the duality of two metals was reported when a combination
of nickel and copper showed interesting characteristics of chemo-regio-, and, stereoselectivity for
hydrogenation reactions [13,20,21].

The choice of the support is also a key aspect that may lead to significant changes in catalytic
activity. The most conventional supports are either acidic or basic oxides such as silica [22],
alumina [14,23], and porous metal (Raney type) [24]. However, other types of supports (such as carbon)
were also used for the production of reducing catalyst for chemoselective hydrogenations. Although
the most common carbon support would certainly be activated carbon [25], biochar could as well be
a cheap, stable, carbon-rich compound that could be considered to this purpose. The latter can be
produced by “thermo” processes for biomass conversion such as torrefaction, pyrolysis, or gasification.
It is made from renewable material and the already available inorganics that could be found in trace
amounts in the biochar could influence the output of a catalytic reaction when used as support.
Although activated carbon has been used as a catalytic support for hydrogenation reactions most
probably as a mean to standardize catalyst synthesis, there is, to the best of our knowledge no report
on the utilization of biochar as a support for hydrogenation reactions.

In this work, we report on the liquid phase hydrogenation of furfural to FA, which was used as
a model compound of biomass-derived feedstock, by using a biochar-supported platinum catalyst.
In addition, various reaction parameters such as metal loading in the catalyst, operating pressure
of hydrogen, reaction time, solvent choice, and reaction temperature were studied to optimize
furfural conversion, FA selectivity, and to determine kinetic parameters for catalysis reaction. Specific
attention was given to the regeneration of the catalyst in order to link with further downstream
industrial applications.

2. Results and Discussion

2.1. Support Synthesis and Functionalization

Biochar (BC) produced from torrefaction (slow pyrolysis) may contain bio-oils and traces of metal
both from the pyrolysis process as well as from the original biomass. Bio-oils were removed using
an Acid treatment (Section 3.1) prior to catalytic metal impregnation [26].

2.2. Catalyst Characterization

The scanning electron microscopy (SEM) morphology of both biochar support and platinum
catalyst Pt/BC revealed that the metal particles were not homogeneously distributed in the support,
as shown in Figure 1. This lack of homogeneity in the distribution of the Pt can be seen from its
tendency to agglomerate (Figure 1b).

Energy-dispersive X-ray (EDX) spectroscopy microanalysis was performed in order to determine
the elemental analysis of the surface samples. The biochar (support without impregnation) spectrum
revealed the presence of C, O, Al, K and Ca elements in trace amounts (Figure 1a). As for comparison,
the metal loading deposited during the impregnation is shown in Figure 1b. The EDX results indicate
the presence of platinum as well as sulfur coming from the biochar treatment with the sulfuric acid
solution. Copper most likely coming from the original biomass is not present in Figure 1a, which can

161



Energies 2017, 10, 286

be explained by the low amounts contained in the support, the heterogeneity of the sample, and by
the size of the scan frame. The chlorine present in the impregnated catalyst probably comes from the
platinum precursor.

(a) 

(b) 

Figure 1. Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX) spectra of
biochar for the: (a) unimpregnated support; and (b) impregnated with Pt 3 wt % prior to the reaction.

2.3. Catalyst Test with Pt/BC

The pathway leading to the products observed during furfural hydrogenation can be simplified
as suggested in Figure 2. The main products were FA, tetrahydrofurfuryl alcohol (THFA), furan (F),
methyltetrahydrofuran (MTHF), and methylfuran (MF). Table 1 summarizes the obtained results from
the reaction of furfural over Pt/BC 3 wt % catalyst in correlation to the operation parameters.

Hydrogenation rates have been previously reported to increase proportionally with
temperatures [24] however, no clear tendency of this nature was observed for the actual experiments.
For the experiments involving the catalyst with a 3 wt % platinum loading, the optimal temperature
was reached at 210 ◦C, showing a maximum conversion of 60.8% with 79.2% selectivity to FA after 2 h
(Entry 9, Table 1). The yield of FA drops from 48.2% to 16.1% (Entry 8) when temperature decreases
from 210 ◦C to 170 ◦C. Even if a higher conversion value is observed at 320 ◦C (Entry 13), the selectivity
toward FA is 16.8% and the then FA yield decreases from 48.2% to 11.8%. Moreover, results from
Entries 10 and 11 also showed that increasing the reaction time only leaded to a slight modification
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of the conversion rate and an increased portion of furan, resulting in a decrease in selectivity to FA.
This behavior was observed as well after addition of a higher amount of catalyst (Entry 5, Table 1).

O
O

O
OH

O
OH

O O CH3
O CH3

Furfuryl Alcohol
(FA)

Furfural

Furane
(F)

Methylfuran
(MF)

Methyltetrahydrofuran
(MTHF)

Tetrahydrofurfuryl Alcohol
(THFA)

Figure 2. Possible reaction pathways for furfural hydrogenation.

Table 1. Experimental conditions, conversion, and selectivity for liquid phase furfural hydrogenation
in toluene using the Pt/BC 3 wt % catalyst. FA: furfuryl alcohol; TOF: turn-over frequency; THFA:
tetrahydrofurfuryl alcohol; MF: methylfuran; and F: furan.

Entry
Catalyst
(mmol)

P (psi) T (◦C) t (h)
Conversion

(%)
FA Yield

(%)
TOF
(s−1)

Selectivity (%)

FA THFA MF F

1 0.025 500 210 2 20.1 6.9 4.0×10−2 34.2 - 6.4 40.1
2 0.025 500 250 2 18.4 3.9 3.7×10−2 21.2 - 12.6 63.4
3 0.025 1000 210 2 35.6 25.7 7.1×10−2 72.2 - 6.6 20.1
4 0.025 1000 250 2 36.4 17.0 7.3×10−2 46.7 0.4 14.7 33.8
5 0.058 1000 250 2 52.0 13.8 4.5×10−2 26.6 0.1 13.0 58.8
6 0.058 1000 250 1 30.1 11.4 5.2×10−2 38.0 - 14.5 46.2
7 0.025 1000 250 3 40.8 20.2 5.4×10−2 49.6 0.2 19.1 29.8
8 0.025 1500 170 2 19.4 16.1 3.9×10−2 83.2 0.5 5.1 9.0
9 0.025 1500 210 2 60.8 48.2 1.2×10−2 79.2 0.4 8.5 11.0
10 0.025 1500 210 4 66.9 55.4 6.7×10−2 82.8 1.1 0.9 13.4
11 0.025 1500 210 6 69.4 49.3 4.6×10−2 71.1 0.7 12.8 14.7
12 0.025 1500 250 2 33.4 27.1 6.7×10−2 81.1 1.0 8.8 7.7
13 0.025 1500 320 2 70.0 11.8 1.4×10−2 16.8 0.6 35.2 43.2
14 0.025 1500 300 3 59.9 10.1 8.0×10−2 16.9 1.2 41.6 37.3

Variation of the temperature in either direction from 210 ◦C impacts conversion and selectivity to
FA (Entries 8, 9 and 12–14, Table 1) thus increasing the formation of byproducts as MF, furan, as well
as other unknown compounds. One hypothesis explaining this phenomenon is probably related to
catalyst selectivity that can be affected by adsorption of furfural and/or FA and by products on the
surface of the catalyst’s active sites.

Increasing H2 pressure from 500 psi to 1500 psi was shown to increase the conversion of furfural
from 20.1% to 60.8% (Entries 1, 3 and 9, Table 1). The formation of byproducts at higher pressures of
hydrogen does not appear to significantly affect the selectivity to FA, the latter increasing to 79.2% at
1500 psi conditions that were considered optimal for this catalyst and support. Results also showed
that almost no THFA was formed for most of the tests performed with the Pt/BC catalyst, indicating
that the latter was not intrinsically selective to C–C double bonds thus prioritizing reduction of C=O
or C–OH bonds. The tests using different amounts of catalyst (Pt/BC 1 and 5 wt %) were performed in
the conditions that were shown optimal for a 3 wt % loading of catalyst (toluene as solvent, 210 ◦C,
1500 psi, for 2 h and 4 h), as presented in Table 2.
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Table 2. Furfural hydrogenation results using Pt/BC 3 and 5 wt % as catalyst.

Entry
Catalyst
(mmol)

t (h)
Conversion

(%)
FA Yield

(%) TOF (s−1)
Selectivity (%)

FA THFA MF F

9
0.025 (3%)

2 60.8 48.2 1.2 × 10−2 79.2 0.4 8.5 11.0
10 4 66.9 55.4 6.7 × 10−2 82.8 1.1 0.9 13.4

15
0.044 (5%)

2 40.5 31.3 4.6 × 10−2 77.3 0.5 4.3 12.0
16 4 45.3 32.4 2.5 × 10−2 71.6 0.4 6.2 16.6

Using a higher percentage of Pt in the catalyst but overall using the same amount of platinum
based catalyst did not favor an increased conversion of furfural to FA compared with 3 wt % catalyst
(Entries 9 and 10, Table 2). Furthermore, the use of higher quantity of impregnated metal (5 wt %)
was shown to reduce conversion of approximately 20% in both cases (Entries 15 and 16, Table 2).
The reduced homogeneity of Pt distribution, being a consequence of the greater impregnation
concentration, results in non-favorable conditions for furfural hydrogenation. Selectivity to FA was
also shown to be significantly reduced and chromatograms showed the presence of new unknown
byproducts, which did not occur at lower (3 wt %) Pt content.

It should be noted that biochar per se was not inert in furfural hydrogenation, which was
elucidated by testing only support at the same experimental conditions as above. Hydrogenation of
furfural with the support alone results in conversion of 3.3% and selectivity to FA of 21.3%, using the
optimal conditions (identified by the tests on a 3 wt % loading of platinum). The biochar carbon surfaces
and pores possess complex structures containing metals and oxygen groups, as well, the biochar has
a tendency for fixation of metallic ion thus leading to a concentration of the plant inorganic content.
As well, this functionality also allows the biochar to be a very efficient support for other types of metals,
either for catalytic purposes or for soil remediation [27]. Overall, both the textural properties and the
trace metal content in the biochar could be generating some activity. Furthermore, it is important to
note that the support is stable under the reaction conditions and it does not interact with the solvent.
Duplicate experiments were performed showing the rates and selectivity to the various products to be
within an error margin of around 5%, thus confirming reproducibility of the results.

The most important solvent effects in the hydrogenation of α,β-unsaturated aldehydes are usually
related to solvent polarity, solubility of hydrogen, and interactions between the catalyst and the solvent
as well as solvation of reactants in the bulk liquid phase [28]. Further and as noted previously, both the
support and the type of solvent can affect selectivity. As for this work, the solvent effect on the furfural
hydrogenation was investigated with the Pt/BC 3 wt % at 210 ◦C and 250 ◦C with a H2 pressure
of 1500 psi for 2 h using toluene, isopropanol, isobutanol, and hexane. Results obtained for the
hydrogenation of furfural using other solvents are shown in Table 3.

Table 3. Selectivity and conversion for furfural hydrogenation with Pt/B 3 wt % in toluene, isopropanol,
isobutanol, and hexane at 1500 psi H2 pressure for 2 h.

Entry Solvent T (◦C)
Conversion

(%)
FA Yield

(%) TOF (s−1)
Selectivity (%)

FA MF

12
Toluene

250 33.4 27.1 6.7 × 10−2 81.1 8.8
9 210 60.8 48.1 1.2 × 10−1 79.2 8.5

17 Isopropanol 250 37.5 21.1 7.5 × 10−2 56.4 23.4
18 210 42.9 34.9 8.6 × 10−2 81.3 9.0

19
Isobutanol

250 57.1 50.6 1.1 × 10−1 88.6 -
20 210 82.8 49.6 1.7 × 10−1 59.9 -

21
Hexane

250 66.4 16.1 1.3 × 10−1 24.2 -
22 210 52.3 41.9 1.0 × 10−1 80.2 -
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Utilization of isopropanol has led to the formation of dimerization products (Figure 3) that did
not occur in toluene. The selectivity toward these products was close to 18% and 10% at 250 ◦C and
210 ◦C, respectively. However, in both cases, the main product remained FA. Although conversion
did increase, the difference was not significantly higher than what was noted for toluene at 250 ◦C
(Entry 17 Table 3, and Entry 12 Table 3), and the selectivity to FA was shown to decrease, as a result
of significant quantities of MF as well as dimerization products formed. At 210 ◦C (Entries 9 and 18
Table 3), conversion decreased to 23% in isopropanol although selectivity remained close to 80% in both
cases. Isopropanol has a significant effect on the product’s selectivity and formation of by-products
is more pronounced. A hypothesis that could explain such observation would be that the greater
availability of hydrogen in the media could lead to furfural and/or FA dimerization via a higher
availability of radicals that could generate the end products depicted in Figure 3 below (identified by
gas chromatograph coupled to mass spectrometer (GC-MS)).

 

Figure 3. Observed dimers structures.

Utilization of bulky alcohols (as isobutanol) are supposed to lead to greater hydrogen solubility
although it was not reported to correlate with an increased hydrogenation rate. The % conversion
in isobutanol seems to corroborate such assumptions. At 250 ◦C, an increase in both conversion and
selectivity toward alcohol was observed (Entry 19 Table 3). However, at 210 ◦C, the selectivity was
reduced by about 20%.

Hexane (Entry 22, Table 3) gave results that were comparable to toluene at 210 ◦C (Entry 9, Table 3)
however, two liquid phases were obtained following the reaction and the possibility of finding products
in both phases thus hinders quantification. The increased conversion noted at 250 ◦C (Entry 21, Table 3)
over 210 ◦C in hexane as compared to the other solvents is probably a result of the increased solubility
of furfural in hexane as well as the formation of other unidentified condensation products.

All of the solvents that were used in this research lead to the production of MF and furan.
However, dimerization and/or condensation products formation was affected by the solvent type and
occurred essentially with a polar solvent.

2.4. Catalyst Reactivation Test

From Figure 4a it can be seen that the activity of reactivated Pt/BC catalyst is retained in the
first recycling (column 2) with regard to furfural hydrogenation in toluene at 210 ◦C for 2 h (column 1),
indicating no significant deactivation of the catalyst. On recycling a second time (catalyst undergoes
three consecutive reactions with intermediary reactivation step, column 3, Figure 4a), there is a decrease
in the conversion of furfural by almost 20%. However, the selectivity to FA is not affected by the
recycling of the catalyst (columns 1–3, Figure 4b).

At increased temperature (320 ◦C), conversion increased (column 4) compared to 210 ◦C
(column 1), but the reactivation of the catalyst is not as effective as with the lower temperatures (there is
a greater loss in the conversion of almost 12%) and selectivity to FA is also seen to be reduced (less than
20%). That indicates that temperature plays an important role in both catalyst activity and selectivity,
further that deactivation of the catalyst occurs more readily at higher temperatures. Deactivation is
assumed to be the result from a poisoning caused by strong chemisorption of compounds at the metal
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surface that cannot be solved during the reactivation step. The experiments shown in Figure 4 indicate
that this catalyst has potential for recycling in furfural hydrogenation following process optimization.

 

Figure 4. (a) Conversion; and (b) selectivity to FA at 210 ◦C (columns 1–3) and at 320 ◦C (columns 4–6).

3. Experimental

3.1. Support Preparation

The biochar support was produced by torrefaction (slow pyrolysis) of sugar maple
(Acer saccharum) sawdust in a continuous pilot scale Auger-type reactor under CO2 stream at
atmospheric pressure. Biomass was obtained from Scierie Joseph Audet Inc. (Sainte-Rose-de-Watford,
QC, Canada). Heating was performed countercurrent with a temperature gradient ranging inside the
reactor from 230 ◦C to 400 ◦C with a residency time of about 5 min. Prior to impregnation, biochar was
treated twice by sonication in a 50% aqueous sulfuric acid solution. Finally, samples were washed with
water and toluene, and then dried in an oven at 120 ◦C overnight.

3.2. Catalyst Preparation

The platinum metal loading of the catalyst was achieved by wet impregnation using an aqueous
solution of tetraammineplatinum (II) chloride hydrate (98%, Sigma Aldrich, Saint Louis, MO, USA)
in appropriate concentration so as to obtain 3 wt % and 5 wt % Pt on the resulting catalyst.
The impregnated sample was dried at 120 ◦C overnight to remove water. Prior to reaction, catalysts
were activated in situ in flowing H2 (50 mL/min) at 250 ◦C, for 1 h.

3.3. Catalyst Characterization

The morphology and the elemental analysis of the catalyst were analyzed using a SEM
model Hitachi S-4700 (Hitachi, Toyo, Japan) microscope equipped with an EDX (X-max 500 mm2,
Oxford Instruments, Buckinghamshire, UK) system and operating with a voltage of 20 kV. The EDX
used in this experiment was an Oxford model X-Max 50 mm2.

3.4. Catalytic Test

Liquid-phase hydrogenation of furfural was conducted in a 100 mL continuous stirred-tank reactor
(CSTR) equipped with a reagent injection port, a gas inlet, and a vent (Figure 5). Hydrogenations were
performed between 200 ◦C and 300 ◦C under a 500–1500 psi atmosphere of H2 (Praxair, purity 4.5),
stirring at 600 rpm, for 1–6 h using toluene (99.99%, bought from Anachemia, Lachine, QC, Canada),
isobutanol (99%, bought from Alfa Aesar, Ward Hill, MA, USA), n-hexane (95%, bought from
Anachemia, Lachine, QC, Canada), or 2-propanol (99.99%, bought from Anachemia) as solvents.
The reactor was loaded with 30 mL of solvent and 3 mL of furfural and the latter was reacted with
different amounts of catalyst (0.025–0.058 mmol of Pt equivalent). The reactor was preheated to the
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desired temperature for the catalyst activation with a low flow of hydrogen, sample addition to the
hot reactor and hydrogen pressurization was performed simultaneously.

 
Figure 5. Process and instrumentation diagram for the liquid-phase hydrogenation of furfural.

The evolution of the reaction was followed using a GC-2014 gas chromatograph equipped
(Shimadzu, Guelph, ON, Canada) with a flame ionization detector (FID), temperature programmer,
and a capillary column Zebron ZB-5MS (L = 30 m × I.D. = 0.25 mm × df = 0.25 μm) (Phenomenex,
Torrance, CA, USA) with helium as carrier gas. The reaction products were FA, THFA, furan, MTHF,
and MF.

Identification of the compounds present in the reaction mixture was performed using a Bruker
Scion SQ GC-MS (Bruker Daltonics Inc., Milton, ON, Canada) equipped with Bruker CombiPAL
autosampler, zebron capillary column (ZB-5MS, 60 m length, 0.25 mm I.D., 0.25 μm film thickness),
and a mass spectrum detector (Bruker SQ) using helium as carrier gas (Praxair, purity 5.0).

To compare the activity exhibited by the catalysts, the turn-over frequency (TOF) was calculated
based on furfural conversion (Equation (1)):

TOF =
mmolfurfural converted

time ∗ mmol catalyst initial
(1)

3.5. Catalyst Regeneration Tests

To investigate whether the catalyst could be reactivated, three consecutive experiments were
performed at 210 ◦C and 320 ◦C. Between the runs, the catalyst was washed repeatedly with toluene
and dried. Reactivation of the catalyst was done each time as described in Section 3.2.

4. Conclusions

Results from this work show that biochar can be efficiently used as catalyst support in
addition to being an economically and environmentally sound approach for furfural hydrogenation.
The platinum-based catalyst produced from wet impregnation of a platinum salt on maple biochar
proved to work well during liquid phase hydrogenation of furfural to FA and can be improved to favor
the FA selectivity. Variation of temperature had an impact, both on conversion and selectivity to FA.
Longer reaction times decrease selectivity to FA, with little or no effect on conversion showing that FA
is an intermediate toward other reduction products as MF. Results also showed that solvent polarity
tends to increase the hydrogenation rates but also the formation of dimerization and/or condensation
products. Reaction conditions of 210 ◦C for 2 h and 1500 psi, with toluene as the solvent and 3 wt % Pt
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content, were found to be optimal for Pt/BC catalyst to favor furfural conversion at high selectivity to
FA. Finally, the Pt/BC catalyst showed potential to be reactivated for further furfural hydrogenation
reaction with a high selectivity to FA.
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Abstract: The treatment of NOx from automotive gas exhaust has been widely studied, however the
presence of low concentrations of NOx in confined areas is still under investigation. As an example,
the concentration of NO2 can approximate 0.15 ppmv inside vehicles when people are driving on
highways. This interior pollution becomes an environmental problem and a health problem. In the
present work, the abatement of NO2 immission is studied at room temperature. Three activated
carbons (ACs) prepared by physical (CO2 or H2O) or chemical activation (H3PO4) are tested as
adsorbents. The novelty of this work consists in studying the adsorption of NO2 at low concentrations
that approach real life immission concentrations and is experimentally realizable. The ACs present
different structural and textural properties as well as functional surface groups, which induce different
affinities with NO2. The AC prepared using water vapor activation presents the best adsorption
capacity, which may originate from a more basic surface. The presence of a mesoporosity may also
influence the diffusion of NO2 inside the carbon matrix. The high reduction activity of the AC
prepared from H3PO4 activation is explained by the important concentration of acidic groups on
its surface.

Keywords: activated carbon; NO2 adsorption; ambient temperature; low NO2 concentrations;
textural properties-surface chemistry characterization

1. Introduction

The increase of the threatening substances emission to the atmosphere has become a major
environmental problem. Among the various harmful gases, nitrogen oxides (NOx) have a negative
impact through the smog and acid rain formations as well as the decrease of the superior ozone
layer [1,2]. Several methods have been applied for nitrogen oxides elimination including the
reduction of NOx by selective non-catalytic reduction (SNCR) and selective catalytic reduction
(SCR) [3]. However, these techniques have several drawbacks such as costs and technical complexity.
Therefore, the separation by adsorption at reduced temperatures is receiving increasing attention.
Several adsorbents including zeolites, perovskites and carbonaceous materials were tested for NOx
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treatment [4–6]. However, studies on activated carbons (AC) performance for NOx removal showed
promising results in term of adsorption efficiencies [7–12].

Several lignocellulosic precursors were used for the preparation of activated carbons dedicated to
the NO2 removal at ambient temperature [7–12]. These carbonaceous adsorbents showed interesting
adsorption capacities ranging between 40 mg/g and 120 mg/g. However, the performance of these
activated carbons was generally evaluated at 500–1000 ppm NO2 concentrations in presence of air
under dry and wet conditions. These experimental conditions are far from the ones encountered at
ambient air especially near urban traffics and industrial plants.

Despite the emission reduction measures implemented for automotive and industrial exhaust
gases [13–16], vehicle occupants and urban population are particularly affected by high or even
increasing nitrogen oxides immissions. As a result, the interest in adsorptive cabin air filters and HVAC
(Heating, Ventilation and Air Conditioning) filters is rising. This interest leads to more research
on the adsorptive separation of low concentrations of nitrogen oxides at ambient temperatures.
In this context, Sager et al. have examined the performance of different activated carbons in cabin air
filter for the elimination of several pollutants [17–21]. In particular, authors examined the adsorption
of low concentrations of NO2 on modified activated carbon, prepared of polymer as base material,
at ambient temperatures. They have showed that the elimination of NO2 present in the air, on activated
carbons at ambient temperature, and after repeated adsorption cycles, can be increased by the
infiltration of metal oxide nanoparticles into the sorbent. In this case the regeneration of the filter was
assumed to be connected to the redox properties of the sorbent that can act also as reduction catalyst
towards NOx [18–21]. However, the role of surface chemistry of the activated carbon on the NO2

adsorption/reduction was not examined in detail.
Due to industrial activities and the urban traffic, NOx emissions are also a problem in developing

countries such as Tunisia that has few resources and is rather agricultural and agro-industrial
outside the urban agglomerations. One approach to counteract both problems is the development
of an efficient sorbent for the separation of NOx from a locally available raw precursor; in this case,
the agro-industrial residue olive stones have interesting potential for activated carbons preparation [22].
Ghouma et al. [10] have prepared activated carbon based on olive stones by water vapor activation.
The adsorption tests with 500 ppm NO2 have shown that the prepared activated carbon has
a capacity as high as the ones available in literature. Furthermore, it was demonstrated that,
besides microporosity, the surface functional groups are strongly related to the NO2 adsorption
capacity. However, the investigation of the AC performance at low concentrations as well as the
determination of the precise contribution of the different activated carbon characteristics to NO2

adsorption performance are still missing.
Based on the described considerations and experience, a study was started with regard to

which extent the potential of activated carbon from olive stones can be enhanced by the different
activation methods resulting in modifications of the functional groups on the inner surface and
surface characteristics.

For that purpose, three differently activated carbons prepared from olive stones were evaluated
with breakthrough tests using NO2 (5 ppmv as inlet concentration) as the adsorptive at ambient
temperature and 50% of relative humidity (RH). Two activated carbons were prepared by gas phase
activation. A first sample was prepared by water vapor treatment, while a second was activated
with carbon dioxide (CO2). A third activated carbon was prepared by chemical activation with
phosphoric acid (H3PO4). The differently activated sorbents were characterized with regard to their
pore structure, morphology and carbon surface chemistry using nitrogen adsorption, scanning electron
microscopy, Fourier transform infrared spectroscopy, and temperature-programmed desorption
coupled with mass-spectrometry. The results of the breakthrough tests were correlated to the results of
AC characterization with the aim to identify the key-parameters influencing the adsorption capacity,
and then to adjust the carbon activation and modification methods to obtain better performing sorbents.
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2. Materials and Methods

2.1. Samples Preparation

Carbon materials were prepared from olive pomace provided by a Tunisian olive oil factory
located in Zarzis. The raw precursor was washed abundantly with hot distilled water and dried at
ambient temperature for 24 h. Then, the dried olive stones were crushed and sieved to 1–3 mm particle
size. Different activated carbons were prepared through chemical and physical activations of olive
stones according to the following protocols.

2.1.1. Chemical Activation

A granular H3PO4-activated sample was prepared according to the optimized protocol reported
by Limousy et al. [22]. Briefly, olive stones were soaked in an aqueous solution of orthophosphoric acid
(50%, w/w) at the weight ratio (1:3). The suspension was stirred at 110 ◦C for 9 h. Then, the filtered
material was dried and carbonized in nitrogen flow at 170 ◦C for 30 min and finally at 410 ◦C for 2 h
30 min. The resulting carbon, denoted as AC-H3PO4, was then washed abundantly with distilled
water until the elimination of all acid traces, and was dried overnight at 110 ◦C. The yield of chemical
activation method was 33 wt %. Referring to the recent work published on chemically activated carbon,
it is shown that this yield is more important that KOH activation of biomass. Travis et al. [23] have
synthesized a series of KOH activated carbons from spent coffee grounds. Sample yields ranged from
11 to 16 wt % with yields lower for higher KOH.

2.1.2. Physical Activation

The carbonization and the activation steps were carried out in a fixed bed reactor in a stainless steel
reactor placed in a vertical automated furnace equipped with a temperature controller, with an initial
mass of biomass equal to 2 g. Firstly, the precursor was carbonized under nitrogen flow at 600 ◦C for
2 h. Subsequently, the activation of the resultant char was performed by switching the gas either to
pure CO2 or to water vapor. The targeted temperature was maintained to 750 ◦C for 6 h. Further details
about physical activation procedure could be found in a previous work [10].

2.2. Characterization of Activated Carbons

2.2.1. Pore Structure and Morphology Characterization

Characterization of the pore structure of the activated carbon samples was made by
measurement of N2 adsorption isotherms using an automatic gas sorption analyzer (ASAP 2010,
Micrometrics). Specific surface area was calculated from the N2 adsorption isotherms applying the
Brunauer–Emmett–Teller (BET) equation and yield important information about structural features.
The total pore volume was determined from the amount of nitrogen adsorbed at P/P◦ = 0.99. The t-plot
method was applied to measure the total micropore volume.

Scanning electron microscopy (Philips model FEI model Quanta 400 SEM) was used to analyze
morphology of the different activated carbons.

2.2.2. Characterization of Carbon Surface Chemistry and Composition

Temperature Programmed Desorption Coupled with Mass Spectrometry (TPD-MS)

The surface chemistry of samples was analyzed by TPD-MS. The sample weighting 10 mg was
placed in quartz tube in an oven and heat-treated with a linear heating rate of 5 ◦C/min under
vacuum. The material surface chemistry was evaluated in the temperature range 25–900 ◦C. The gases
evolved during the heating process were continuously analyzed quantitatively by a mass spectrometer
(INFICON Transpector). The desorption rate of each gas as a function of temperature was determined
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from the TPD analysis. The total amount of each gas released was computed by time integration of the
TPD curves.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to characterize the main functional groups of the activated carbon surface using
a spectrometer FTIR (Jasco FT-IR 4100 series spectrophotometer with a diffuse reflectance accessory
manufactured by PIKE Technologies, Madison, WI, USA). During this characterization, samples of
activated carbon were mixed with finely divided spectroscopic grade KBr. All the spectra were taken
at a spectral resolution of 16 cm−1 using minimum 30 scans.

2.3. NO2 Adsorption Experiments

The different sorbents were tested by breakthrough experiments in a test set-up with a fixed-bed
flow reactor with an inner diameter of 0.05 m (see Figure 1). In each test, 2 g of activated carbon
was packed in the breakthrough column with a resulting bed length of about 2.5 mm. The very low
bed length should represent the ultrathin sorbent layers of commercially available cabin air filters
and filters for heating, ventilation and air conditioning purposes used for the reduction of ambient
pollution. Then, an air stream of 23 ◦C and 50% relative humidity with 5 ppmV NO2 was forced to
pass through the sorbent layer with a velocity of 0.2 m/s. The NO2 was directly supplied to the airflow
from a reservoir using a mass flow controller. To avoid condensation and to achieve the required
vapor pressure, the NO2 reservoir, the tubing, and the mass flow controller were heated and kept
at about 35 ◦C. At the inlet and outlet of the fixed-bed reactor, the concentrations of NO2 and NO
were measured with two nitrogen oxide analyzers (type AC 31M from Ansyco, Karlsruhe, Germany)
using chemiluminescence. The measuring range of the analyzers is up to 10 ppmv and the lower
detection limit is <1 ppb. As the precision of the measurement is ±1% of the upper range value at input
concentrations of 5 ppmV, the measurement uncertainty causes a lack of significance of breakthrough
values below 2%. In the test rig the total pressure corresponds approximately to the atmospheric
pressure. Before the tests, the activated carbon samples were conditioned in air stream at 23 ◦C and
50% relative humidity, for 15 min.

 

analyzer

pump

gas meter

air
23 , 50 % RH

analyzer

mass flow
controller

NO2

fixed-bed
flow reactor

Figure 1. Sketch of the test device for breakthrough experiments.
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3. Results and Discussion

3.1. Activated Carbon Characterization

3.1.1. Morphology and Pore Structure Characterizations

Scanning electron microscopy (SEM) micrographs of AC-H3PO4, AC-CO2 and AC-H2O are
gathered in Figure 2. The three samples have shown remarkable differences in the surface morphology,
thus revealing different activation mechanisms. The sample AC-H3PO4 was arranged in tightly
compacted sheets (see Figure 2a). Actually, the phosphoric acid acts as an acid catalyst to promote bond
cleavage and formation of cross-links via cyclization/condensation reactions. The deposited H3PO4

can react with organic species to form phosphate and polyphosphate bridges that connect and cross-link
biopolymer fragments. The addition (or insertion) of phosphate groups drives a process of dilation that,
after the removal of the acid, leaves the matrix in an expanded state characterized by an accessible pore
structure [24]. Similar observations were observed during chemical activation. As an example, KOH
reacts with carbon to yield carbonates/bicarbonates at intermediate temperatures and further increase
in the temperature leads to the decomposition and gasification to create porosities [25,26]. In addition,
during ZnO chemical activation, different reduction reactions occur to generate high porosities.

The physically activated carbons AC-CO2 and AC-H2O show quite similar surface morphologies.
Figure 2b,c shows irregular shaped particles with large concoidal cavities and smooth surfaces for
both activated carbons.

 
(a) 

(b) (c) 

Figure 2. Scanning electron microscopy micrographs of sample: (a) AC-H3PO4; (b) AC-CO2;
and (c) AC-H2O.

Figure 3a shows the nitrogen adsorption isotherms measured at −196 ◦C for the prepared carbon
materials. All the ACs show Type-I isotherm according to the IUPAC classification except the isotherm
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related to the sample AC-H2O which is typically of Type III. Therefore, all carbons are basically
microporous. In addition, AC-H2O exhibits mesopores in its internal structure. Such results were
also observed by Roman et al. during the preparation of activated carbons from almond tree pruning
through water vapor activation [27]. This results clearly indicates that the physical activation modes
are different for H2O and CO2. Water vapor tends to react faster than carbon dioxide which leads to
the formation of a highly mesoporous activated carbon. Such behavior for water vapor is due to the
burning or also called as gasification of more carbon source at the given temperature, in the form of
CO2 (C + H2O → CO/CO2 + H2). At the opposite, carbon dioxide generates only micropores. This may
be due to both the difference of reactivity of these two molecules but also to the difference of diffusion
coefficients [28]. Moreover, the AC-H3PO4 carbon shows the highest nitrogen uptake at −196 ◦C,
thus displaying the highest surface area and the best-developed porosity. Such an observation is
confirmed by the pore size distribution shown in Figure 3b. In fact, Figure 3b shows for AC-H3PO4

only the presence of micropores (size < 2 nm) with high micropores volume comparing to AC-CO2.
In contrast, AC-H2O exhibits a large size range of mesoporosity created by water vapor activation.
The textural properties of the carbon materials deduced from adsorption isotherms of N2 at −196 ◦C
are compiled in Table 1.
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Figure 3. (a) Nitrogen adsorption/desorption isotherm of the different activated carbons; and (b)
density functional theory (DFT) pore size distribution.
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Table 1. Textural parameters of the activated carbons.

Carbons SBET (m2/g) Sext (m2/g) Sμ (m2/g) VT pore (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) % micro Dp (A)

AC-H3PO4 1178 11 1167 0.49 0.45 0.04 92 16.7
AC-CO2 757 83 674 0.32 0.30 0.02 94 17.5
AC-H2O 754 291 463 0.58 0.28 0.30 48 32.2

% micro = (Vmicro/VTpore) × 100, Dp: average pore diameter.

3.1.2. Characterization of Carbon Surface Chemistry

TPD-MS experiments give the evolution of CO2 and CO emissions, as a result of the decomposition
of the oxygen functionalities existing at the surface of the activated carbons. The determination of the
amount of CO and CO2 evolved gives an estimation of the amount of surface oxygen groups on the
activated carbons. Moreover, the analysis of these emissions according to temperature indicates the
presence of different oxygen surface groups.

The analysis of the desorption rates of CO2 indicates the presence of different surface oxygen
groups. In particular, the emission of CO2 below 400 ◦C indicate the presence of carboxylic groups
at the surface of the different activated carbons [29]. However, AC-CO2 curve shows a CO2 emission
peak at 520 ◦C attributed to lactone group decomposition. In contrast, AC-H3PO4 and AC-H2O
curves present CO2 peaks at higher temperature (see Figure 4a) accompanied by CO emission
(see Figure 4b). This decomposition indicates the presence of anhydride groups for the AC-H3PO4 and
AC-H2O samples.

In a similar way, the analysis of the CO desorption rates shows the higher amount of surface
oxygen groups for the AC-H3PO4. The CO decomposition could be attributed to carbonyl, quinone,
ether and phenol groups. For the physically activated carbons, the CO peaks are obtained at different
temperatures. Hence, the CO peak was obtained at 700 ◦C for the AC-H2O attributed to phenol group
decomposition. In contrast, the CO peak for AC-CO2 is obtained at 830 ◦C attributed to quinone groups.

The cumulated amounts of the emitted gases during TPD-MS are shown in Table 2. A significant
amount of emitted hydrogen is observed for AC-H2O. Such emission may be attributed to water vapor
activations, which leads to a higher hydrogenation of the carbon surface due to the water gas shift
reaction (production of CO2 and H2 at the surface of the AC).

The infrared spectra of the different activated carbons are shown in Figure 5. For the spectrum of
AC-H2O, the presence of a broad band located between 3020 and 3300 cm−1 is observed. This band
corresponds to the aromatic C-H groups. This band is related to the formation of the microcrystalline
structure of this activated carbon. A second band between 1100 cm−1 and 1300 cm−1 assigned to
the C-O groups present in the aromatic rings. The presence of a peak located at about 879 cm−1 is
also observed, which is attributed to the aliphatic C-H elongation. Another peak located at around
1462 cm−1 is attributed to the elongation of the aromatic group. On the other hand, this spectrum
shows the absence of significant peaks for the bands corresponding to the OH, C=O groups and the
C-O-C groups. This behavior suggests that this activated carbon is primarily an aromatic polymer.

For the spectrum of AC-CO2, the presence of an intense peak attributed to the hydroxyl groups
located at 3140 cm−1 is noted. Reddy et al. reported the same observations in their comparative
study of the two activated carbons prepared from date palm cores activated by CO2 and H3PO4 [30].
For the activated carbon AC-H3PO4, a broad and intense shoulder between 3000 and 3500 cm−1 was
observed. It was associated to the stretching vibrations of hydroxyl groups involved in hydrogen
bonding [31]. The band at 1700–1710 cm−1 is generally ascribed to the stretching vibrations of C=O
bond in carboxylic acid and lactone groups. However, the peak at 1600 cm−1 is attributed to a quinone
structure. The band at 1250 cm−1 has been assigned to C-O stretching and O-H bending modes of
alcoholic, phenolic and carboxylic groups [32]. However, any peak at 1170 cm−1 associated to the
stretching vibration of the hydrogen bonding P=O contained in the group P-O-C (aromatic bond) [33]
could not be identified, while a strong peak at 900–1000 cm−1 can be assigned to P-OR ester species
(for the AC-H3PO4 sample).
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Figure 4. Desorption rates of: CO2 (a); and CO (b) during temperature programmed desorption-mass
spectroscopy (TPD-MS) of the different activated carbons.

Table 2. The cumulated amount of the emitted CO, CO2, H2 and H2O during the TPD-MS analysis for
the different activated carbons.

Sample CO (mmol/g) CO2 (mmol/g) H2O (mmol/g) H2 (mmol/g)

AC-H3PO4 3.43 0.72 3.46 1.80

AC-CO2 1.06 0.38 1.77 0.91
AC-H2O 1.25 0.39 1.06 6.76
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3.2. NOx Adsorption on the Different Activated Carbons

Figure 6 shows the breakthrough curves of NOx through the thin sorbent layers of the three
different activated carbons. The volumetric content of the sum parameter NOx = NO2 + NO measured
behind the sorbent layer is depicted in dependence of the experimental time. The inlet volumetric
concentration of NO2 was constantly kept at 5 ppm, whereas no NO was supplied. The breakthrough
curves are averaged from repeated experiments with error bars indicating the standard deviation.
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Figure 6. Breakthrough curves of NOx through three differently activated sorbent samples made from
olive stones (c1 NO2 = 5 ppm, c1 NO = 0 ppm, 23 ◦C, 50% RH, v = 0.2 m/s, mSorb = 2 g).

As the following results show, for the assessment of the nitrogen oxide separation capacity of
an activated carbon it is necessary to consider the volumetric fractions of the NOx present downstream
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the sorbent layer. Even though only NO2 is supplied to the system, other nitrogen oxides-containing
species (as NO) are formed due to reduction of NO2 in the presence of activated carbon [11–17].
The reduction of NO2 to NO is highly undesirable because the separation capacities of activated
carbons for NO are negligible. Thus, a low activity in reducing NO2 to NO is a desirable feature of
activated carbons intended for NO2 sorption.

For AC-CO2 and AC-H2O, the measured volumetric concentration of NOx regularly increases
during the experiment. AC-H2O presents the lowest NOx breakthrough, reaching up to the 54% of
the supplied NO2. The characteristic of the NOx breakthrough curve of AC-H3PO4 is quite different.
In the related experiments, in the first minutes, there is a deep increase of NOx measured at the outlet,
then a slight decline and a subsequent stabilization at 90% of the supplied NO2. The breakthrough
curves of NO and NO2 (see Figures 7 and 8) contribute to the explanation of the results.
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Figure 7. Breakthrough curves of NO2 through three differently activated sorbent samples made from
olive stones (c1 NO2 = 5 ppm, c1 NO = 0 ppm, 23 ◦C, 50% RH, v = 0.2 m/s, mSorb = 2 g).
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Figure 7 show the breakthrough curves of NO2 in the same manner as in Figure 6 for NOx through
the thin sorbent layers of the three different activated carbons. All curves increase regularly, for NO2

the breakthrough of AC-CO2 is the highest during the entire experimental duration of three hours.
The breakthrough curves of the other two sorbents intersect after about one hour of testing. At the end
of the experiment, AC-H2O presents the lowest NO2 breakthrough.

Figure 8 shows the measured downstream volumetric contents of NO during the experiments
on the three activated carbons. At this step, it is important to mention that, in a previous study
performed in similar conditions, we have shown that NO2 is reduced to NO but no N2 is produced
during the contact between NO2 and the different activated carbons [10,11]. For AC-CO2 and AC-H2O,
the measured volumetric concentration of NO regularly increases during the first half of the experiment,
reaching up to the 20% of the supplied concentration of NO2 for AC-CO2 and AC-H2O. In the second
half time of the experiments, the NO content stabilized (the curve reach a plateau) for AC-CO2,
while it continues to increase on AC-H2O. The NO breakthrough curve of AC-H3PO4 is quite different.
In the related experiments, at the beginning, the supplied NO2 is almost completely and easily reduced
to NO passing through the sorbent layer. During the three hours of testing, the amount of formed
NO slowly decreases to reach 50% of the measured NO2 concentration. Thus, the NOx breakthrough
characteristic of AC-H3PO4 shown in Figure 6 is determined by the reduction of NO2 to NO by
the sorbent.

To compare the total NOx sorption capacities of AC-H2O, AC-CO2 and AC-H3PO4, in Figure 9,
the adsorbed amounts (in g) of NOx expressed by unit (in kg) of sorbent mass, are reported as a function
of time. The mass of NOx adsorbed (mads) is calculated using the mass balance equation reported
as follows:

mads =
i

∑
0

(MNO2 · ΔyNO2i) + (MNO · ΔyNOi)

Vm
· .

V · Δti (1)

where MNO2 and MNO are the molar masses of NO2 and NO, Vm the molar volume, Δyi the difference
of the volumetric content in the inlet and the outlet of the fixed-bed reactor,

.
V the flow through the

reactor and Δti a time interval.
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Figure 9. NOx capacities of three differently activated sorbent samples made from olive stones loaded
for 3 h with NO2 (5 ppm) at23 ◦C, c1 NO = 0 ppm,50% RH with v = 0.2 m/s.

It is apparent that AC-H3PO4 has the lowest total capacity, while AC-H2O and AC-CO2 have
comparable capacities at the start of the experiment. However, at the end of the experiment, more NOx

was clearly trapped on AC-H2O than on AC-CO2.
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The obtained capacities for NO2 adsorption are in the same range as those available in the
literature [34,35]. However, it is important to notice that the operating conditions in this present study
are different from the ones available in the literature. In particular, the adsorption tests were performed
at low inlet NO2 concentrations (5 ppmv) while the ones in the literature were performed at high inlet
NO2 concentrations (500–1000 ppmv).

Effect of Porosity and Chemical Surface Groups

Porous texture and surface chemistry of activated carbons are crucial for adsorption process.
However, the effect of texture parameters on NO2 is not clearly shown in this present investigation.
In fact, AC-H3PO4 has the highest microporous volume (Vμ = 0.45 cm3/g) and the lowest
adsorption capacities (CNO2 = 8.4 mg/g). In contrast, AC-H2O has the lowest microporous volume
(Vμ = 0.28 cm3/g) and the highest adsorption capacities (CNO2 = 16 mg/g). Such results indicate
that the surface chemistry plays an important role in the interaction of NO2 with activated carbon
surface. In particular, the presence of high acidic surface groups in AC-H3PO4 seems to inhibit the
NO2 adsorption and favoring its reduction to NO. In a previous study, it was shown that physical
activation leads to the formation of basic activated carbon surfaces while chemical using phosphoric
acid activation favors acid activated carbon surfaces [35]. In fact, Boehm titration for AC-H3PO4

indicates the presence of 1.45 mmol/g of carboxylic groups and 0.70 mmol/g of phenol groups [22].
In contrast, the basic character of activated carbons favors the NO2 adsorption since the total basicity
of AC-H2O was equal to 1.86 mmol/g and the pHzc was equal to 10.8. Such role of basic groups
could be confirmed through the comparison of the AC-CO2 and AC-H2O performances. In fact, these
activated carbons have quite similar textural properties but the adsorption capacity for AC-H2O
(CNO2 = 16 mg/g) is slightly higher than AC-CO2 (CNO2 = 14.4 mg/g). This difference is attributed
to a higher amount of basic groups for AC-H2O, as shown in the TPD-MS analysis. The role of
surface chemistry on the interaction of NO2 with activated carbons was already mentioned in previous
investigations performed at higher NO2 concentration (1000 ppm) [34–37]. However, no clear role of
acidic and basic groups on the NO2 adsorption capacity was identified.

To further clarify the role of the surface species towards NO2 adsorption, FTIR analysis of the three
samples before and after NO2 adsorption were performed. Unfortunately, no evidence of N-containing
species (generally detectable in the 1190–1600 cm−1 range) has been found for any of the sample. In any
case it is interesting to observe that for the AC-H2O and AC-CO2 samples, that are those presenting the
higher NO2 adsorption capacity, the peaks related to C=O groups (ketones and quinones, at around
1500 cm−1) and the -C-OH phenolic groups (at around 1000 cm−1) disappear after adsorption of NO2

(see FTIR spectra of AC-CO2 in Figure 10, reported as example). This behavior suggests the interaction
of NO2 with the surface oxygen groups as following:

−C(O) + NO2 → −C(ONO2)

The formation of -C(ONO2) complexes is in agreement with the TPD performed in previous
investigations after NO2 adsorption on different AC. In fact, during TPD, the NO2 and CO molecules
always desorb at the same time, as well as the CO2 and NO molecules, thus confirming the formation
of a -C(ONO2) surface complex [6]. This complex species can be formed on carbon presenting active
sites (O-containing surface groups) with only one oxygen atom, such as those that indeed disappear in
the FTIR spectra after adsorption test.

Another explanation can be the difference of textural properties between the different activated
carbons. At the beginning of the adsorption process, the entire surface of the AC is accessible,
thus the reduction process can be limited by external surface and the chemistry of the different
AC (more important for AC-H3PO4 and similar for the others). The only difference between AC-CO2

and AC-H2O corresponds to the presence of an important mesoporosity for the AC-H2O sample.
Then, the accessibility of the adsorption sites (for NO2) is higher for AC-H2O than for AC-CO2,
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which may explain the difference of the breakthrough curves obtained for these two adsorbents.
The reduction activity may be correlated to the external surface of the AC while the adsorption of
NO2 is more dependent on the diffusion process and the basic site concentration at the surface of the
AC. We can also make the hypothesis that the kinetic of NO2 reduction is faster than the adsorption
process, or energetically favorable. Of course, this comment needs to be verified and validated by
further experiments.

Figure 10. FTIR spectra of the AC-CO2 sample before and after NO2 adsorption.

4. Conclusions

In the present study, the importance of textural and surface properties of three different activated
carbons is studied during the adsorption of NO2 at room temperature and very low concentration.
The results obtained during the different experiments indicate that both of these properties are
responsible of NO2 uptake and reduction to NO. The reduction rate of NO2 is found to be very high
when the activated carbon is prepared by H3PO4 activation. The presence of an important concentration
of reducing groups at the surface of this AC (mainly anhydride groups) seems to be at the origin of
this behavior. The adsorption of NO2 is attributed to the presence of basic groups, which are more
present when activation is carried out by a physical way. As AC-H2O presents a higher amount of
basic groups in comparison to AC-CO2, its adsorption capacity is higher. The difference observed for
the breakthrough curve of NO2 for AC-CO2 and AC-H2O is explained by the mesoporous structure
of the AC-H2O sample, which enables a better diffusion of NO2 inside the activated carbon particles.
This study is original because it is the only work that has been published on the adsorption of NO2 on
AC (produced from a biomass) at low concentration and room temperature. These results are very
interesting from a mechanistic and reactivity point of view. From our knowledge, there is no study
that relates the reactivity between NO2 and the surface of an AC. Even if all the assumptions that have
been done need to be verified and confirmed by further experimentations, this work enables a better
understanding of NO2 adsorption on biomass derived sorbents. The results can be used to choose
more adapted biomasses as well as to tailor the surface properties of the sorbents as a function of their
potential use (reduction catalyst, adsorbent, etc.). The next step of this work will be to investigate the

182



Energies 2017, 10, 1508

form of the adsorbed species at the surface of the AC-H2O by XPS and in situ DRIFTS experiments.
Then, adsorption mechanisms could be approached.
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Abstract: Phenolic resin and waste cotton fiber were investigated as green precursors for the
successful synthesis using a soft template approach of a composite carbon with carbon nanofibers
embedded in a porous carbon network with ordered and periodically pore structure. The optimal
composite carbon (PhR/NC-1), exhibited a specific surface area of 394 m2·g−1 with the existence of
both microporosity and mesoporosity. PhR/NC-1 carbon was evaluated as an adsorbent of Alizarin
Red S (ARS) dye in batch solution. Various operating conditions were examined and the maximum
adsorption capacity of 104 mg·g−1 was achieved under the following conditions, i.e., T = 25 ◦C, pH = 3,
contact time = 1440 min. The adsorption and desorption heat was assessed by flow micro-calorimetry
(FMC), and the presence of both exothermic and endothermic peaks with different intensity was
evidenced, meaning a partially reversible nature of ARS adsorption. A pseudo-second-order model
proved to be the most suitable kinetic model to describe the ARS adsorption according to the linear
regression factor. In addition, the best isotherm equilibrium has been achieved with a Freundlich
model. The results show that the eco-friendly composite carbon derived from green phenolic resin
mixed with waste cotton fibers improves the removal of ARS dye from textile effluents.

Keywords: green precursor; waste cotton; phenolic resin; anionic dye; adsorption

1. Introduction

Industrial activity development is unfortunately usually accompanied by pollution concerns [1,2].
This pollution is currently a major threat, negatively affecting human life and the environment [3].
Wastewater constitutes a major part of industrial waste [4,5] and textile effluents are considered some
of the major polluting aqueous effluents due to their content of significant amounts of toxic dyes and
auxiliary chemicals [6]. The water consumption for dyeing one kg of textile is around 70 L with 40%
yield [7,8]. Therefore, as a consequence, the decolorization of textile wastewater has become required
worldwide [9]. During the last decades, several studies were performed for the treatment of textile
effluents using biological and chemical treatment methods. Biological methods are extensively applied
in the textile industry [10] owing to their benefits such as low cost and ecofriendly concept, however,
these treatments do not always meet the objectives due to the non-biodegradability of a wide range of
textile dyes [11]. Chemical treatments are the most widely used in the decolorization of textile effluents
owing to its ease of application [12,13]. These methods are usually applied at high pH values using
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ozone, peroxide or permanganate as oxidizing agents. Nevertheless, the high cost of these techniques
and the instability of the oxidizing agents are significant drawbacks. Activated carbon (AC) was also
widely used in the decolorization of textile effluents. Commercial or synthesized ACs have been used
in the retention of dye from wastewater thanks to their textural properties (physical adsorption) [14]
or chemical surface properties (chemical adsorption) [15].

Cotton fiber, a lignocellulosic biomass, has been investigated to produce bio-sourced AC. Classical
techniques were used to improve the specific surface area and the porosity of carbon materials
derived from cotton fibers. Duan et al. [16] used a mix of chemical and physical activation with
H3PO4 and microwave treatment to develop the surface area of activated carbon fibers (ACF).
Zheng et al. [17] employed an acidic pretreatment of waste cotton woven as precursor of ACF which
was chemically activated. However, the use of chemical or physical activation generates a carbon
material with heterogeneous and random pore size distributions which can limit its adsorption
capacity for specific application. It has been demonstrated that the heterogeneous distributions of
both micro- and mesopore size of conventional carbon material affects its adsorption ability [18].
To overcome this problem it is necessary to obtain carbon materials with controlled pore architectures
in order to improve their adsorption capacity. There are two main types of template approaches—hard
and soft-templates—which allow one to obtain carbon materials with controlled pore structures.
The first attempt to prepare controlled porous carbon through the hard-template method was
investigated by Kyotani et al. [19]. The channels of a Y zeolite were used as a hard template and the
Brunauer-Emmett-Teller (BET) surface area of the obtained carbon exceeded 2000 m2·g−1. In other
studies different forms of zeolitic frameworks like ammonium-form zeolite Y, mordenite and ZSM-5
were investigated, showing promising potential to produce suitable carbon material architectures for a
wide range of application [20–22]. However, the multiple step synthesis reactions along with the harsh
conditions used to remove the hard-template have driven researchers to look for more convenient
routes for carbon preparation.

In this regard, the use of the soft-template route as an alternative has become more suitable
to produce controlled porous carbons. The use of soft templates presents many advantages like
the reduction of the number of synthesis steps and the facility of removal of the templates by
simple thermal annealing. Ghimbeu Matei et al. recently proposed a green approach to produce
carbon materials with ordered architecture pores and controlled pore size distributions using
environmentally friendly phenolic-resin precursors [23]. He used melamine to produce honeycomb
porous carbons for electrode material production [24]. Shu prepared a nanoporous carbon for
vanadium-based active electrode materials using polyvinylpyrrolidone (PVP) as soft template [25].
Ma et al. elaborated a mesoporous carbon composite through a soft-template route for electrochemical
methanol oxidation [26]. Balach et al. employed a cationic polyelectrolyte as soft template to synthetize
a porous carbon with a hierarchical nanostructure [27]. In general, the soft-template approach consists
in the use of specific molecules to produce carbon materials with desired porosity. During a calcination
process these molecules are degraded, resulting in a regular pore size distribution [28–30].

Recently, many research studies were focused on the utilization of bio-sourced AC as eco-friendly
and low cost adsorbents for dyes from textile effluent. Regdi et al. used Persea americana as a precursor
of an AC to remove cationic dye from textile wastewater [31]. Macedo et al. synthesized a mesoporous
activated carbon derived from coconut coir to remove Remazol Yellow dye from textile effluent [32].
Noorimothagh used an activated carbon prepared from Iranian milk vetch for the adsorption of Acid
Orange 7 dye using a batch flow mode experimental reactor [33]. Georgin et al.’s [34] studies focused
on the elaboration of activated carbon through a microwave irradiation-pyrolysis using peanut shell
raw precursor which was further used as an adsorbent of Direct Black 38 organic dye.

The utilization of composite materials based on AC in the adsorption of dyes from textile effluents
has received significant attention in recent years. Carbon composites were investigated as new potential
materials that can increase the AC adsorption capacity. Singh et al. investigated the adsorption of
Acid Red 131 dye using a TiO2-activated carbon (TiO2/AC) nanocomposite prepared through a sol-gel
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process [35]. The adsorption behavior of Alizarin Red S (ARS) in aqueous solution was investigated
by Fayazi et al. by means of an activated carbon/γ-Fe2O3 nanocomposite [36]. Sandeman et al.
examined the adsorption of anionic Methyl Orange, cationic Methylene Blue and Congo Red using
a porous poly(vinyl alcohol)/AC composite [37]. All these works highlight that the adsorption
behavior of carbon materials is influenced by several parameters such as their surface chemical groups
and their reactivity [38,39], textural characteristics [40] and the composition of the lignocellulosic
precursors [41,42].

The main purpose of this work was to optimize the production of an eco-friendly composite
carbon using a green phenolic resin as matrix and waste cotton fiber as reinforcement. The composite
carbon morphology and textural properties were analyzed. Then, the optimized composite carbon
was used to effectively remove ARS from aqueous solution. The impact of the experimental conditions
such as temperature, pH, contact time, and initial dye concentration on the adsorption capacity was
studied. The interactions of carbon composite network with the ARS dye were assessed by flow
micro-calorimetry (FMC).

2. Materials and Methods

2.1. Phenolic Resin/Cotton Composite Carbon Preparation

Activated carbon (NC) was synthetized from waste cotton non-woven using the procedure
as reported in our previous study [43]. This material was used for comparison purposes. For the
preparation of phenolic resin, phloroglucinol (1,3,5-benzenetriol, C6H6O3), glyoxylic acid monohydrate
(C2H2O3·H2O), Pluronic F127 triblock copolymer [poly(ethylene oxide)-block–poly (propylene
oxide)-block–poly(ethylene oxide), PEO106-PPO70-PEO106, Mw = 12,600 Da], and absolute ethanol
(C2H5OH) were obtained from Sigma-Aldrich (Lyon, France). Briefly, the carbon precursors,
phloroglucinol (0.41 g) and glyoxylic acid monohydrate (0.30 g) and the Pluronic F127 soft-template
(0.80 g) were dissolved in a mixture of ethanol and distilled water in the proportion of 50/50
(10 mL/10 mL). The obtained solution was stirred until it became transparent [23].

The preparation of the different composites was done by adding an appropriate quantity of
non-woven waste cotton into 20 mL of resin solution in a rectangular smooth glass mold. The obtained
composite was left for eight hours at room temperature in a fume hood in order to completely evaporate
the ethanol/water solvent. Subsequently, the composite material received a thermo-polymerization
treatment in an oven for 8 h at 80 ◦C, followed by 16 h at 150 ◦C in order to thermo-polymerize the
phenolic resin. After this treatment, the sample was introduced in a horizontal oven and pyrolysed
under a flow of argon by increasing the temperature from room temperature to 700 ◦C (heating rate of
5 ◦C/min, dwell time of 1 h).

As summarized in Table 1, two composites and two references samples were prepared. NC refers
to the carbon with 100 wt % cotton, PhR/NC-1 composite contains 30 wt % of phenolic resin, PhR/NC-2
composite contains 70 wt % of phenolic resin and PhR was phenolic resin-derived carbon.

Table 1. Sample denomination and ratio content of phenolic resin and cotton composites.

Material Name Ratio of Phenolic Resin Ratio of Cotton

NC 0% 100%
PhR/NC-1 30% 70%
PhR/NC-2 70% 30%

PhR 100% 0%

2.2. Material Characterization

Various techniques were employed to characterize the raw materials and their composites.
The thermal degradation behavior of the raw materials under an inert atmosphere was investigated
using a thermo-gravimetric analyzer (TGA 851e, Mettler-Toledo, Columbus, OH, USA). A sample of
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5 mg of was placed in an alumina crucible and a heating rate of 5 ◦C·min−1 up to 800 ◦C under inert
gas flow (nitrogen) was applied.

The materials’ morphology was analyzed by scanning electron microscopy (FEI model Quanta
400 SEM, Philips, Andover, MA, USA).

Transmission electron microscopy (TEM) was used in order to determine the structures of the
carbon materials. A small and representative sample was tested with an ARM-200F instrument
working at 200 kV (Jeol, Peabody, MA, USA).

The PhR and PhR/NC composite textural properties were investigated by recording the N2

adsorption isotherms at 77 K with an ASAP 2020 instrument (Micromeritics, Atlanta, GA, USA).
Previous to analysis, carbon material was out-gassed overnight under vacuum at 623 K. The BET
surface area (SBET) of PhR/NC composite carbon was determined from N2 adsorption isotherms
in relative pressure (P/P0) range of 0.05–0.30. The micropore surface (Smic) area and the micropore
volume (Vmicro) were investigated by the t-plot method. The average pore diameter (Dp) was obtained
according to the Density Functional Theory (DFT) method.

2.3. Batch Adsorption Tests

Adsorption tests were performed using ARS as a representative dye used in textile industry.
The ARS was purchased from Sigma Aldrich (Lyon, France). Its chemical structure is shown in Figure 1.
For all experiments, the appropriate amount of ARS dye was dissolved in distilled water to obtain
solutions with distinct concentrations. Adsorption tests were performed using a shaking thermostat
water bath at a constant agitation speed of 200 rpm. The effect of the experimental conditions on
the removal of ARS was studied by varying the pH of solution (3–8), the dye initial concentration
(5–200 mg·L−1), the temperature of solution (18–40 ◦C) and the contact time (5–1440 min). The ARS
concentration was measured with a double beam UV-visible spectrophotometer. All experiments were
repeated three times to ensure good reproducibility. The ARS adsorption capacity was determined
according to the Equation (1):

q
(

mg·g−1
)
=

Ci − Ce

M
·V (1)

where: q (mg·g−1) is the carbon adsorption capacity, Ci (mg·L−1) represent the initial ARS
concentration, Ce (mg·L−1) is the equilibrium concentration of ARS, V (L) is the volume of initial ARS
solution while M (g) is the mass of carbon adsorbent.

Figure 1. Molecular structure and sizes of Alizarin Red S (ARS) calculated with molecular modeling
system Mol. Browser 3.8.
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2.4. Calorimetric Experiments

Calorimetric adsorption is a robust method for the thermodynamic characterization of liquid-solid
interfacial phenomena, as well as for the characterization of the surface of carbonaceous materials.
For the calorimetric study, a Microscal 3Vi Flow Micro-Calorimeter (FMC, London, UK) coupled with
UV-visible spectrometer (SPD 20 A, Shimadzu, Kyoto, Japan) developed by Microscal Ltd. (London,
UK) was used. The calorimetric cell (0.17 cm3) was delimited by two PTFE connectors allowing the
supply and discharge of the solvent flow. It was filled in the most compact way possible with the
carbon adsorbate. A permanent and controlled flow of solvent was carried out and the solution was
injected into the flow via an injection loop of determined volume.

Carbon material (34 mg) was previously separated and placed in the cell for 15 min under vacuum.
Then additional material was used to meet the filling and compacting conditions. A buffer solution
(pH = 3) at a flow rate of 3.3 mL·h−1 was employed as vector solvent. The probe molecule used
in this experiment was a solution of ARS (10 g·L−1) in the same buffer solution as the vector fluid.
The experiments were performed at room temperature A UV-Visible downstream detector was used at
a wavelength of λ = 339 nm corresponding to absorption maximum of ARS. Firstly the sample was
placed under buffer solution flow (3.3 mL·h−1) in order to obtain equilibrium. The probe molecule
(ARS) is injected in the flow thanks to a determined-volume loop. When the probe molecules (ARS)
come into contact with the surface of the adsorbent (carbon material: NC and PhR/NC1), there will
be a release of heat and the variation of adsorption enthalpy was measured. The heat detector is
based on a Wheatstone bridge system with 2 thermistors (with sensitivity of 10−5 ◦C) and reference
resistors. A heat change will make their electrical resistance vary, which will temporarily destabilize
the Wheatstone bridge until extinction of the thermal effect. This destabilization will be observed by
a change of the equilibrium electrical current (I = 0 without heat change) or electrical power in the
Wheatstone bridge detector (P = U·I with a constant voltage).

FMC calibration has been realized via the resistance calibration (Pt-100). The total heating change
during thermal phenomena corresponds to the integrated change in heating power. By varying the
power and the emission time (E = P·Δt), we can simulate the energy release and calibrate the FMC.
The uncertainly measurement of adsorption energy was estimated at ±3 mJ.

At the exit of FMC, the non-adsorbed part or/and desorbed part of ARS was measured by the
associated UV-Visible spectrometer at λ = 339 nm. The calibration of the UV-Visible detector is realized
by a series of loops directly connected to the apparatus and placed under the same flow conditions.

3. Results and Discussion

3.1. Morphology and Structure

After the carbonization process, the structure of obtained carbon materials can vary according
to their initial composition. NC carbon, containing 100% of cotton fibers, was composed by a web of
randomly oriented carbonized fibers (Figure 2a). When the precursor was the mix of cotton fibers
and phenolic resin the surface structure of the obtained carbon composite changed. It can be clearly
seen that the phenolic resin coats the cotton fiber and fills up the cavities in the fiber web (Figure 2b,c).
The distribution of phenolic resins becomes more homogeneous as the ratio of phenolic resin increases.
For PhR/NC-2 (Figure 2c) the distribution is more homogeneous and occupies more cavities in the
cotton web than PhR/NC-1 (Figure 2b) composite carbon which the resin ratio is 70% and 30%,
respectively. When only phenolic resin is used, no specific morphology was observed, the material is
block-like and the particle size depends on the grinding conditions (data not shown).

Considering that an important component of the phenolic resin was the Pluronic F127 used
as template, its increasing ratio favors the formation of ordered mesoporous structures around the
carbonized cotton fibers. The structure of the carbonized phenolic resin zone was investigated in
more detail by TEM. By direct observation, it can be seen clearly that the pure phenolic resin carbon
(PhR) exhibit a highly ordered mesopore structure organization with hexagonal arrays (Figure 3A).
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This result was in accord with previous studies [23] concerning the use of a similar precursor. However,
in the presence of both carbonized cotton fibers and phenolic resin, the pore organization become less
ordered as the ratio of phenolic resin decreased. Indeed, in the presence of only 30 wt % of phenolic
resin (PhR/NC-1) in the carbon material, a pore array discontinuity appears and the carbon surface is
composed by a mix of fiber surfaces and organized pore distribution zones caused by the template
(Figure 3C). This particular structure organization was due to the fact of the fibers were somehow
connected through a mesoporous carbon network. It is worth mention that the carbon fibers cannot be
observed by TEM due to the limitations of this technique for thick materials.

 

Figure 2. SEM images of synthesized carbon materials: (a) NC; (b) PhR/NC-1 and (c) PhR/NC-2.
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Figure 3. TEM pictures: (A) PhR; (B) PhR/NC-1 and (C) PhR/NC-2.

3.2. Texture/Porosity

The N2 adsorption/desorption isotherms plot of carbon materials prepared with different ratios
of phenolic resin are presented in Figure 4a. An increase of the quantity of nitrogen adsorbed is
observed with the increase of the phenolic resin quantity in the composite material. The volume of
micropores along with increasing phenolic resin proportion (Figure 4b) is also higher in the case of
PhR carbon which suggests that the phenolic resin present in the composite carbon PhR/NC-1 and
PhR/NC-2 favors micropores formation. At the relative pressure range of 0.98–1.00, the isotherm
of PhR/NC-1 and PhR/NC-2 composite presents a high adsorbed volume compared with NC [43]
carbon, highlighting an improvement in the pore volume.

It should be remarked that an increase of the phenolic resin ratio induces a change of isotherm
type from the- type-I specific to microporous materials (the case of PhR/NC-1 carbon) to a mixture
of type-I and type-IV, characteristic of micro and mesoporous materials (the case of both PhR/NC-2
and PhR carbon). Moreover, if phenolic resin was added to cotton fiber the hysteresis loop becomes
H-1 type. This hysteresis type was probably due to the specific distributions of pore size exhibiting
a narrow organization of relatively uniform (geometrical) pores. H-1 hysteresis is known as one of
the intrinsic characteristics of regular pore structure materials [44,45]. In a previous study, a similar
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hysteresis has been shown in the presence of template in the phenolic resin and when the precursor
mass exceeded the mass of template [23].

The pore size distribution (Figure 4b) shows for PhR/NC-1 materials only the presence of
micropores (size < 2 nm). This is related to the low quantity of phenolic resin (30%) compared to carbon
fibers (70%). This is not surprising taking into consideration that the pure NC carbon is predominantly
microporous (see Table 2). For the PhR/NC-2 composite, the increase in the phenolic resin content up
to 70% allows the microporosity to increase and in addition the creation of mesoporosity. The mesopore
size distribution (Figure 4b) presents a maximum at ~10 nm. When only phenolic resin is used (PhR)
the microporosity and mesoporosity further increase, and the pore size as well, reaching a maximum at
17 nm (Figure 4b). Therefore, mixing of phenolic resin with cotton fiber as carbon precursor generates a
mesoporous structure and improves the microporosity, due mainly to the phenolic resin incorporation.

The effect of resin ratio on the textural features of the obtained carbon material has been evaluated.
It can be seen that when the ratio of phenolic resin increases from 30% to 70%, the BET surface area and
the total pore volume (Vt) of PhR/NC-1 and PhR/NC-2 composite carbon increase from 394 m2·g−1 to
436 m2·g−1 and from 0.14 cm3·g−1 to 0.18 cm3·g−1, respectively (Table 2). The increase in the specific
surface area of carbon may be related to the presence of phenolic resin (which has a high specific
surface area of 591 m2·g−1) which covers and interconnects the cotton fibers. Indeed, the specific
surface area of the composites was a mixture between that of the resin and the fiber. A compromise
between the BET surface area of the materials and the amount of phenolic resin used for economic
and environmental reasons, the study will be limited to the use of PhR/NC-1 (which contains 30% of
phenolic resin) for the adsorption tests.

Table 2. Textural characteristics of carbon materials determined from nitrogen sorption isotherms.

Unit
SBET Smic Vmic Vme Vt Dp

m2·g−1 m2·g−1 cm3·g−1 cm3·g−1 cm3·g−1 nm

NC [43] 292 255 0.11 0.03 0.14 <2 nm
PhR/NC-1 394 526 0.24 0.03 0.18 <2 nm
PhR/NC-2 435 403 0.16 0.24 0.40 <2 nm + 10 nm

PhR 591 628 0.25 0.50 0.69 >2 nm + 17 nm

SBET—is the surface area determined by the BET method, Vmeso—is the mesopore volume, Smic—is the micropore
surface, Vmic—is the micropore volume, Vt—is the total pore volume and Dp—is the pore diameter determined
according to DFT model.
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Figure 4. (a) Nitrogen adsorption/desorption isotherms of carbon materials; (b) Density Functional
Theory (DFT) Pore size distribution.

3.3. TGA Results

The TGA curves and their corresponding derivatives curves of PhR/NC-1non thermally treated
composite compared with PhR and NC as reference materials are shown in Figure 5. Below 100 ◦C a
small weight loss for all materials corresponding to desorption of water, is noticed.

In the range of 100–450 ◦C, an intense weight loss of PhR/NC-1 is observed. This may be attributed
to the pyrolysis of both cotton and phenolic resin and the remove of template which was previously
demonstrated to occur around 400 ◦C [23]. Indeed, cotton (NC) and phenolic resin (PhR) show also
the highest weight loss in this range. On the other hand, the DTG curve of PhR/NC-1 shows only one
peak, however the PhR polymer exhibits two well-defined peaks at 244 ◦C and 375 ◦C. This suggests
an intimate mixture between the two pristine materials. Thus, the mixing of phenolic resin with cotton
fibers can decrease the weight loss of composite on this range of temperature. A similar observation
was shown by Cho et al. where the mix of phenolic resin with lignocellulosic fiber (bamboo fiber) can
improve its carbon yield at high temperature [46].
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Figure 5. (a) Thermo gravimetric analysis of individual precursors (PhR and NC [43]) and the composite
PhR/NC-1; (b) their corresponding derivative weight loss curves.
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3.4. Influence of Adsorption Parameters on the Adsorption Capcity

Adsorption phenomena depend on several factors such as contact time, pH, temperature and
initial concentration of dye. Figure 6 shows the effect of those parameters on the adsorption capacity of
ARS by PhR/NC-1 composite material. It can be seen that when both initial pH and the temperature of
adsorption reaction increase, the adsorption capacity decrease (Figure 6a,b). However, when the initial
ARS concentration increases the adsorption capacity increases. It should be remarked that in all the
cases, the adsorption capacity of PhR/NC-1 was higher than that of NC [43] carbon as reference, which
was 104 mg/g and 77 mg/g, respectively. This may be related to the improved textural properties
(specific surface area and pore volume) of composite material compared to NC material.

The pH of ARS solution induces an important effect on adsorption capacity of composite carbon.
Indeed, when the pH increases from 3 to 8, the PhR/NC-1 adsorption capacity decreases from 84.8 to
13.4 mg·g−1. This result suggests that the adsorption capacity of composite carbon was closely depend
on the electrostatic charge and the degree of ionization.
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Figure 6. Influence of adsorption parameters on the adsorption capacity of PhR/NC-1: (a) effect of
initial pH; (b) effect of temperature and (c) effect of initial concentration of ARS.

As regards the effect of temperature, a major difference between the adsorption capacities of
PhR/NC-1 carbon is noticed. With an increase of temperature, the adsorption capacity of the composite
carbon becomes less favorable.

With the increasing value of initial ARS concentration, there is a generation of more and more
force that favors the mass transfer of ARS molecule into PhR/NC-1 carbon (Figure 6c).

In summary, the interaction between ARS molecules and NC or PhR/NC-1 composite shows
an important dependence on the electrostatic energy and the degree of ionization that was affected
by the pH of the dye solution. The initial dye concentration and the temperature of reaction have a
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direct impact on the adsorption capacity of the composite carbons. The results were in agreement with
previously reported data on ARS adsorption by Fayazi et al. [36]. Thaking into account the obtained
results, ARS adsorption at 25 ◦C, pH 3 and with initial concentration of 200 mg·L−1 was selected as
optimum adsorption conditions for further investigation.

3.4.1. Kinetic Model

Kinetics models have been widely investigated to describe the adsorption of textile dyes by
activated carbons. The Lagergren pseudo-first-order [47], pseudo-second-order [48] and intra-particle
models [49] were used in this study to evaluate the adsorption of ARS on PhR/NC-1 as composite
carbon. The respective equations are reported in Table 3, where qe and qt were the adsorption capacity
of PhR/NC-1 at equilibrium and during a contact time t. K1 and K2 are the pseudo-first-order and
pseudo-second-order kinetics constants, respectively. Kid was the intra-particle diffusion constant.
All these constants are summarized in Table 3. The correlation coefficient (R2) was calculated in order
to evaluate the correlation between predicted and experimental data.

The obtained correlation coefficients of the pseudo-first-order, pseudo-second-order and
intra-particle-diffusion are 0.95, 0.99 and 0.96, respectively (Table 3). This results suggest that
both pseudo-first-order and intra-particle-diffusion models have a poor fit to the experimental data.
However, the corresponding linear correlation coefficient R2 of pseudo-second-order model is close to
the unit (R2 = 0.99~1), which suggest that this kinetic model is the best fit of the experimental data.
This result indicates that there is an electrostatic attraction between ARS as an acidic dye and PhR/NC-1
carbon through chemisorption phenomena. In our previous study [43], similar results were shown by
using activated carbon as an adsorbent for ARS. As reported previously [50] a pseudo-second-order
model was the main kinetic model that fitted the adsorption of ARS dye by activated carbon.

Table 3. Kinetic parameters of ARS adsorption.

Kinetic Model Pseudo-First-Order Pseudo-Second-Order Intra-Particle-Diffusion

Equation log
(
qe − qt

)
= log

(
qe

)− k1
2.303 t [31]

t
qt

= 1
k2qeq

+ 1
qeq

t [32] qt = Kid. t
1
2 + C [33]

Parameters
qe (mg·g−1) K1 (min−1) qe (mg·g−1) K2 (L·mg−1·min−1) Kid (mg·g−1·min−0.5) C

69.57 12 × 10−3 100.71 5.40 × 10−5 0.025 6.23

R2 0.95 0.99 0.96

3.4.2. Adsorption Isotherms of Synthesized Carbon

Experiments were performed at 25 ◦C, pH 3 and with initial dye concentrations of ARS between 5
and 300 mg·L−1. According to the linear regression factor R2 (Table 4), both Langmuir and Freundlich
models show good agreement with the experimental results. However, the Langmuir model was the
most suitable to fit experimental data (R2 = 0.987). Such a model exhibited a maximum adsorption
capacity of qm = 132.63 mg·g−1. The best fit of the Langmuir model as the isotherm model in the
present process shows that ARS molecule was attached to binding sites of PhR/NC-1 by homogeneous
levels of energy which means a monolayer adsorption phenomenon. In our previous study about the
adsorption of ARS by AC derived from cotton waste [43], the Langmuir isotherm also showed the best
agreement with the experimental data. As compared with the previous study, the Langmuir model
was the most suitable mathematical isotherm model that describes both the adsorption of ARS by
activated carbon [43] and the adsorption of organic dye by mesoporous ordered carbon [51]. The value
of KL as Langmuir constant is equal to 0.012 L·mg−1, which suggest that the adsorption of ARS by
PhR/NC-1 was favorable and probably irreversible in nature. The ‘n’ value of the Freundlich model is
1.64, therefore laying between 1 and 2, meaning that the adsorption of ARS by PhR/NC-1 composite
carbon was favorable.

195



Energies 2017, 10, 1321

Table 4. Isotherm parameters of ARS adsorption.

Model Equation Parameters R2

Langmuir Ce
qe

= 1
qm

.Ce +
1

KL.qm
[35] qm (mg·g−1) KL (L·mg−1)

0.987132.630 0.012

Freundlich log(qe) = log(KF) +
1
n . log(Ce) [36]

Kf (mg(1 − n) Ln·g−1) n
0.9854.030 1.644

3.5. Calorimetric Results

The release of heat of ARS adsorption is reported in Figure 7 for NC and PhR/NC-1. It can be
seen that the calorimetric signal of composite carbon (PhR/NC-1) presented an intense exothermic
peak relatively finely resolved over time (between 17,640 and 18,000 s) followed by a much longer
endothermic peak (18,000 to 18,900 s) with lower amplitude. The exothermic peak is attributed to the
adsorption stage while the endothermic peak is attributed to the desorption of ARS from the surface
of the carbonaceous material. The existence of an exothermic peak and an endothermic one, with
different intensity, reflects that the adsorption of ARS is partially reversible for both carbons.
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Figure 7. Heating power of the calorimeter during release of heat of ARS adsorption on NC carbon
and PhR/NC-1 composite.

For equivalent times of the phenomena (FWHM = 149 and 182 s for composite and NC
respectively), we can observe that the energy is higher with the composite carbon PhR/NC-1.
This seems to indicate a higher interaction with the composite carbon than NC and higher kinetics
with the first carbon fibers.

Several successive injections of ARS were realized and the cumulative behavior was followed.
The FMC energy appears to depend also on the injected quantity of ARS for both carbons. This was
obviously visible in Figure 8 which illustrates the evolution of the cumulative total energy as a function
of cumulative amount of injected ARS. It can be seen that the cumulative energy increases with the
increasing quantity of injected ARS. Moreover, this result confirms that the composite carbon exhibits
more energy than NC. The difference between the total energy could be due to the presence of phenolic
resin in the composite carbon which increases the number of contact points on the carbon composite
surface, increases its polarity and promotes ARS-carbon interactions. The respective phases of the
adsorption process can be described using the Hill model [52] as follows:
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log(θ/(1 − θ)) = n · log[L]− n · log(Kd), (2)

where, θ is the degree of cooperatively, n is the Hill coefficient, L is the ligand concentration and Kd is
the microscopic association coefficient.
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Figure 8. Effect of contact time on the adsorption capacity of ARS on NC and PhR/NC-1 carbons
(initial concentration: 200 mg·L−1, 25 ◦C, pH: 3).

At the adsorption equilibrium, the covering surface of adsorbent can be considered as directly
proportional to the cumulative energy using an analogy between the concentration (L) and cumulative
injected volume of ARS. Under this hypothesis, the Hill equation was modified as follows:

log
(

ε

1 − ε

)
= n · log(Vcum)− n · log(Kd), (3)

ε =
Ecum

Ecummax

, (4)

where, Vcum is the cumulative injected volume, Ecum is the cumulative energy and Ecummax is the
maximum value of the cumulative energy.

It can be seen that the Hill plots have a linear form (Figure 9). Given the fact the Hill coefficient
(slope of the Hill plot) of the adsorption phase was greater than 1 (Table 5), the binding of one molecule
of ARS promotes the binding of additional ones. This result suggests a perfectly free and independent
adsorption of ARS on the surface of the composite carbon.

The desorption Hill coefficient was practically the same as the adsorption coefficient, meaning
that the desorption phase involves increased affinity with ARS molecules. However, the desorption
microscopic association coefficient (Kd = 130) was less than that of adsorption (Kd = 142), likely
reflecting domination of ARS adsorption phase.

Total phase behavior with Hill coefficient was greater than 1 (n = 1.37, Table 5), but for the
reaction between ARS and NC, the Hill coefficient was less than 1 (n = 0.79 < 1; Table 5). That is the
reason why the cooperative adsorption was considered negative. The binding of one molecule of ARS
inhibits supplementary binding of another one, suggesting that the reaction between ARS and NC
was probably very limited and reversible (the system limits the adsorption and makes a large part of
adsorbed ARS (or almost all the adsorbed molecules) to desorb.
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From a quantitative perspective, ARS molecules show good affinity for composite carbon and at
the same time higher than that for NC carbon. This result may be due to the contribution given by the
presence of phenolic resin having higher porosity with interconnected pores in composite carbon.

The quantitative results were completed by an energy analysis, in order to investigate the energy
potential between ARS molecules and carbon material.
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Figure 9. Hill plot: (a) adsorption of ARS by composite carbon; (b) desorption of ARS by composite
carbon; (c) total phase between ARS and composite carbon; and (d) total phase between ARS and NC.

Table 5. Hill parameters.

Material Phase n Rd R2

PhR/NC-1
Adsorption 1.36 142.01 0.98
Desorption 1.36 130.01 0.97

Total 1.37 152.81 0.99

NC Total 0.79 359.99 0.98

4. Conclusions

An original eco-friendly composite was successfully synthesized in this study and employed as
an absorbent of ARS dye from aqueous solution. A mix of green phenolic resin and needle-punched
non-woven cotton waste was investigated and resulted in carbon fibers embedded in a mesoporous
carbon network composite. The increasing ratio of phenolic resin in the composite precursor from 0%
(NC as reference) to 70% causes a significant change on the morphology and mesoporosity arrangement,
which become more homogenous and more organized. The surface area and the pore volumes are
improved as well, resulting in better ARS adsorption capacities of composite materials compared to
NC reference material. The increase of pH and temperature reduces the adsorption capacity of ARS
but the increases in the initial concentration of ARS improve its adsorption capacity by the composite
carbon. FMC analysis suggested an independent and free adsorption of ARS on the surface of the
composite carbon. A pseudo-second-ordered model was the best fitted to the experimental kinetics
while the Freundlich model was the most suitable model that describes the ARS adsorption isotherm.
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In summary, a green composite carbon prepared by a simple approach show good ability to remove
an anionic dye from textile effluent. This study may be completed by a study of the competitive
adsorption of dyes.
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Abstract: Yellow poplar (Liriodendron tulipifera) was chosen as the woody biomass for the production
of charcoal for use in a liquid fuel slurry. Charcoal produced from this biomass resulted in a highly
porous structure similar to the parent material. Micronized particles were produced from this
charcoal using a multi-step milling process and verified using a scanning electron microscope and
laser diffraction system. Charcoal particles greater than 50 μm exhibited long needle shapes much
like the parent biomass while particles less than 50 μm were produced with aspect ratios closer to
unity. Laser diffraction measurements indicated D10, D50, and D90 values of 4.446 μm, 15.83 μm,
and 39.69 μm, respectively. Moisture content, ash content, absolute density, and energy content
values were also measured for the charcoal particles produced. Calculated volumetric energy density
values for the charcoal particles exceeded the No. 2 diesel fuel that would be displaced in a liquid
fuel slurry.

Keywords: charcoal; slurry; diesel; biomass; biofuel; biochar

1. Introduction

Rudolph Diesel claimed in his original German patent the capability to operate his engine design
on a variety of liquid, gaseous, and solid fuels [1]. Diesel conducted several experiments using dry
coal dust as a solid fuel to support these claims [2]. Researchers further explored the use of solid fuels,
primarily coal dust, throughout the early 20th century as an alternative to liquid fuels of the time [3].
German researchers were particularly interested in coal dust operating diesel engines as an alternative
during the Second World War fuel shortages [2]. In the United States during the 1960s, researchers
focused on carburation and injection issues plaguing the usage of coal dust as a safe and reliable fuel
for diesel engines [4]. Many of these issues were resolved by using water as a carrier for the coal dust
instead of air. The US Department of Energy funded several research grants aimed at developing
usable coal-water slurries for diesel engines tied mainly to locomotives [5]. The culmination of this
research suggested that the optimum slurry composition (mass basis) was 48% percent coal particles
with an average size of 3 μm, 2% additives, and the balance water with less than one percent ash [5].
Using larger coal particles decreased time to sedimentation and required agitation before use [6].
Coal-water slurries required engine designs to achieve in-cylinder gas temperatures above 890 K for
proper ignition and combustion [7]. Although coal-water slurries were successfully used as a fuel,
the material properties of the coal particles created major wear issues. Engines running coal-water
slurries exhibited component wear that was 2 to 20 times faster than identical engines running on
No. 2 diesel fuel [5]. More recent studies have continued this research using other solid carbon sources
such as carbon black from automotive tire waste and other petroleum based wastes [8–12].
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Studies on alternative fuel sources have placed focus on renewable and bio-based fuel sources
in recent years. Biomass derived charcoal or biochar is one renewable solid fuel that is similar to
coal [13]. Some charcoal slurry properties have been investigated for use in diesel engines. Efforts to
incorporate dry biomass and biochar dust have been attempted in recent years, but most of the work
focused on incorporating these solid particles into a liquid [14]. N’kpomin et al. [15] evaluated ternary
mixtures of charcoal, oil, and water through viscosity measurements. For a particular mass percent
of charcoal, particle sizes below 4 μm significantly increased viscosity due to the increased effect of
surface forces. Recent studies examined ternary mixtures of biochar-glycerol-water and determined
that the slurry was most stable when the liquid phase of the slurry consisted of 90% by mass glycerol
with the remainder as water [16]. Biochar sedimentation was much lower for slurries with less water
in the liquid phase.

Biomass derived charcoal ash studied by Ellem and Mulligan [17] were found to contain mostly
silicon (SiO2), aluminum (Al2O3), iron (Fe2O3), calcium (CaO), magnesium (MgO), sodium (NaO2),
potassium (K2O), and phosphorus (P2O5). It was noted that mechanical separation and leaching
would be effective in removing the majority of ashes within biomass charcoals. Compared to coal,
ash contained within biomass derived charcoal slurries produced much lower levels of abrasive wear
in many studies [18]. The easy removal of ash and lower abrasive wear of charcoal slurries open
the possibility of producing an energy-dense, low-ash fuel slurry that could be used in multiple
applications. Reciprocating piston diesel engines such as medium and low speed diesels used for
locomotion would be a likely candidate that would benefit from such a fuel, but even gas turbines
could operate on a biomass derived charcoal slurry if ash removal could achieve acceptable levels to
minimize slagging and other related issues [19].

The goal of this research was to develop and analyze charcoal particles that could be used to
displace current medium speed diesel engine liquid fuels, such as No. 2 diesel fuel, as part of a liquid
fuel slurry. Experiments were conducted to answer the following questions:

• Can charcoal be effectively milled to produce micronized particles (<1 mm diameter)?
• How does the size of the charcoal particle affect the shape and structure?
• What are typical values for the physical and chemical properties of biomass derived

charcoal particles?
• How does the displacement of liquid fuel with charcoal particles affect the liquid fuel’s

energy density?

2. Materials and Methods

Woody biomass was chosen as the feedstock for the charcoal produced during this research.
Yellow poplar (Liriodendron tulipifera) was chosen as the species for carbonization. The yellow poplar
tree has a characteristically long limbless trunk that has the potential to produce a much greater
volume of dry wood than other denser species such as oak [20]. Three logs were cut from Fishel Family
Farms (Clemmons, NC, USA) and were allowed to lay in direct sunlight outdoors for three hours with
an average ambient temperature of 32 ◦C. This short warming period heated the sap and tissue in
the cambium layer of the wood which aided in the removal of the bark from the wood. Bark separation
is a mechanical process used to remove any windblown silicates and other ashes present in the bark
from the material used for charcoal. A 3 cm wide strip of bark was removed along the length of each
log using a drawknife. A small flat edge such as a putty knife was then inserted along the cambium
later between the inner wood and the bark. The bark was then peeled from the log by hand in one solid
sheet as shown in Figure 1 and discarded.

After bark separation, the logs were cut to lengths of roughly 430 mm and were either halved
or quartered depending on initial diameter to produce pieces that were similar in overall volume.
These pieces were then placed in a forced-air dryer at 108 ◦C for 16 h. The pieces were then allowed to
equilibrate to room temperature before handling and recording their mass. The cut and dried wood
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pieces were then placed in a custom stainless steel chamber designed for lab-scale charcoal production
(Figure 2).

 

Figure 1. Mechanical bark separation.

 

Figure 2. Loading the carbonization chamber with dried wood pieces.

The chamber measured 407 mm × 407 mm × 458 mm (W × D × H) and contained a 330 mm
diameter round opening on the top. Two 3.175 mm nominal National Pipe Taper (0.125-27 NPT)
couplers were welded into one side of the chamber to allow for insertion of pipe nipples for exhausting
combustible gases during carbonization. The chamber was sealed and placed into a high temperature
furnace (Iguana, Paragon Industries, L.P., Mesquite, TX, USA). The heating schedule programmed into
the furnace controller consisted of a full rate heating until a temperature of 250 ◦C was achieved and
then a rate of 100 ◦C per hour until 700 ◦C was reached. The furnace was then programmed to turn
off at 700 ◦C. The furnace doors were then opened and the chamber was allowed to cool overnight.
Since pyrolysis of the parent biomass should near completion at 700 ◦C, this high temperature process
was selected to produce an energy dense, low-oxygen charcoal product [21]. A higher temperature
would favor carbon reduction reactions that decrease charcoal yield with little gain in charcoal energy
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density, and a lower temperature would not allow complete pyrolysis and would produce a higher
charcoal yield at the cost of charcoal energy density [22].

The charcoal was then processed using a multi-step milling process (Figure 3).

Figure 3. Multi-step milling process flow chart.

The process began with whole charcoal as produced by the furnace. The whole charcoal was
fed into a Wiley mill (Model 4, Thomas Scientific, Sweedsboro, NJ, USA) that used a 1 mm screen.
Charcoal that exited the Wiley mill was placed into a No. 100 (149 μm) sieve. Charcoal particles that
could not pass through the sieve were processed further through a burr mill until the particles were
able to pass through the No. 100 sieve. Charcoal particles that passed through the No. 100 sieve were
loaded into a custom lab-scale ball mill. The lab-scale ball mill consisted of a three-liter polypropylene
bottle as the tumbling cylinder placed between two electric conveyor rollers mounted to a frame.
The three-liter bottle was loaded with twelve 12.7 mm steel spheres and filled to half capacity with
ground charcoal. The three-liter bottle was rotated at a constant speed of 1 Hz. After a minimum
residence time of 24 h, the charcoal particles were removed and placed into a No. 325 (44 μm) sieve.
Charcoal particles that passed through the No. 325 sieve were placed into storage for further analysis
and the remainder was placed back into the ball mill.

Initial evaluation of the milling process was conducted by hand sieving a random sample of
the material leaving the first process (Wiley mill). Since the Wiley mill incorporated a 1000 μm screen,
a No. 35 (500 μm) and No. 100 sieve were chosen for quick evaluation of the sample. The No. 35
sieve was placed upon the No. 100 sieve and installed over a receiver pan. A sample was placed into
the No. 35 sieve and agitated by hand for 60 s. The mass of the material remaining on each sieve and
within the receiver was recorded.

2.1. Particle Analysis

Samples were randomly selected from the charcoal particles produced by the multi-step milling
process. Initial particle analysis involved sending samples to be analyzed by a scanning electron
microscope (SEM) with an incorporated energy-dispersive X-ray detector. The high resolution images
produced by the SEM were used to describe the relative shape and size of the particles produced by
the multi-step milling process. The dispersive X-ray detector allowed for elemental analysis of portions
of the viewable image. Areas of the sample containing ash were selected for this elemental analysis.

Particle size and distribution were also quantified using a laser diffraction system (Spraytec,
Malvern Instruments Ltd., Worcestershire, UK). The system was calibrated to measure particle
sizes from 0.1 μm to 1000 μm. Sample charcoal particles were entrained in an air stream that
dispersed the particles as they passed between the laser emitter and receiver. Five test replications
were performed.
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2.2. Physical and Chemical Property Analysis

One of the goals of this research was to quantify a few of the physical and chemical properties of
biomass derived charcoal particles. Moisture content, ash content, absolute density, and energy content
were the four properties quantified. Moisture and ash content were selected to quantify the amount of
ash and water that the charcoal would contribute to a fuel slurry. Absolute density was measured to
determine the volume displaced by the charcoal particles when added to a liquid fuel slurry.

The moisture content of the charcoal particles was measured using an analytical balance and
muffle furnace (Isotemp Muffle Furnace 10-550-126, Thermo Fisher Scientific, Waltham, MA, USA).
Empty crucibles were placed in the muffle furnace for one hour at 750 ◦C to remove any residual
surface deposits. After cooling in a desiccator for an hour, the crucible mass was recorded to the nearest
0.0001 g. Each crucible was filled with a one-gram sample of charcoal particles and a new crucible
mass was recorded. The crucibles were placed in the muffle furnace at 105 ◦C for 24 h. The crucibles
were then removed and placed in the desiccator for one hour to cool. A new oven-dry mass was then
recorded for each crucible. The wet-basis (w.b.) moisture content was calculated using the standard
method [23]. The moisture content analysis was replicated four times for each charcoal particle sample.

The ash content of the charcoal particles was measured using the analytical balance and muffle
furnace as a continuation of the moisture content analysis procedure. The oven-dry charcoal particles
were removed from the desiccator and placed in the muffle furnace at 750 ◦C for 20 h. The crucibles
were then removed and placed in a desiccator to cool for one hour. A new mass value was recorded for
the cooled crucible and remaining ash. The ash content was calculated as a percentage of the oven-dry
charcoal particle sample mass. Used crucibles were wiped clean and placed in the muffle furnace at
750 ◦C for one hour and then allowed to cool in a desiccator for reuse. The ash content analysis was
replicated four times for each charcoal particle sample.

Absolute density of the charcoal particles was measured using a helium pycnometer (Accupyc 1330,
Micrometrics, Norcross, GA, USA). The pycnometer was set to purge the sample and reference
chambers before each volumetric measurement. The sample chamber insert was filled with charcoal
particles and the mass of the sample was recorded to the nearest 0.0001 g. For each sample run,
the pycnometer was set to perform 10 volumetric measurements and record the average. Absolute
density was calculated by the pycnometer using the measured mass and absolute volume for each
sample run. All seals and surfaces were wiped clean and were properly greased between each sample
run. The absolute density analysis was replicated three times for each charcoal particle sample selected.

Energy content or higher heating value (HHV) of the charcoal particles was measured using
a bomb calorimeter (CAL-2KECO, Digital Data Systems Pty. Ltd., Johannesburg, South Africa). A new
steel crucible was fired in the muffle furnace at 800 ◦C for 10 min to remove any residual oils or other
surface deposits. After cooling, the crucible mass was recorded to the nearest 0.0001 g. A 0.5 g sample
of charcoal particles was selected for each run and placed into the crucible. A new mass was recorded
and the actual sample mass was calculated. Firing wires and seals in the bomb calorimeter vessel were
examined before each run and replaced if necessary. A cotton string was tied to the firing wire and
placed against the charcoal particles in the crucible to act as an ignition source. The completed crucible
assembly was placed into the bomb calorimeter vessel and charged with pure oxygen to a pressure of
2068 kPa. The HHV was measured by the bomb calorimeter for each sample in units of “BTU/pound”.
SI units were calculated using ASAE Standard EP285.7 [24]. The energy content analysis was replicated
three times for each charcoal particle sample.

3. Results and Discussions

Yellow poplar biomass was successfully prepared for carbonization and 14.8 kg was loaded into
the furnace chamber. The carbonization process yielded 3.5 kg of yellow poplar charcoal or 24% of
the weight of the parent biomass. This type of yield is consistent with low-oxygen biochars where
overall yield is sacrificed to increase the energy density of the char.

The charcoal produced retained much of the original structure of the biomass as shown in Figure 4.
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Figure 4. Comparison of oven-dried yellow poplar biomass (top) to the charcoal produced (bottom).

The lower mass value of the charcoal combined with little visual reduction in overall volume,
suggested a low bulk density material. The low bulk density was due to the increase in the size of
internal void spaces within the charcoal structure. This reduced the thickness of the structural walls
resulting in a very porous structure requiring lower shearing forces than the parent biomass.

A multi-step milling process was developed to generate micronized charcoal. Initial evaluation of
the milling process was conducted to determine the effectiveness of the initial step (Wiley mill) using
a simple hand sieving method. A sample was collected after processing the charcoal through the Wiley
mill. The recorded mass values for this process are presented in Table 1.

Table 1. Weight distribution of a selected charcoal particle sample after processing through
the Wiley mill.

Sieve
Total Mass Empty Mass ΔMass Mass

g g g %

No. 35 397.9 397.5 0.4 0.9
No. 100 439.9 431.1 8.8 20.6
Receiver 395.8 362.2 33.6 78.5

Almost the entire charcoal particle sample was able to pass through a sieve that is half the size of
the screen within the mill and almost 80% of the charcoal particles passed through a No. 100 screen.
Although this data was measured from a single sample selected from the charcoal exiting the first
milling step, the analysis suggests that the charcoal material produced required less milling effort than
similar materials, such as coal found in the literature.

3.1. Particle Analysis

Initial sizing of the charcoal particles was obtained using images produced by a SEM. Figure 5
shows one of the images produced by the SEM using a magnification power of 400×.

 

Figure 5. SEM image of the charcoal particles with ash particles present.
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Many of the ash particles contrast the charcoal particles in this image with a lighter color.
The largest dimension of the particles was measured within the image as a qualitative measure
of particle size. The four largest charcoal particles pictured in Figure 5 each measured approximately
90 μm while the largest ash particle measured approximately 50 μm. The smaller charcoal particles
averaged 5 μm and the smaller ash particles averaged 7 μm. The larger charcoal particles tended
to retain the cylindrical and porous structural arrangement of the biomass feedstock. Aspect ratios
of these particles were much smaller, with needle-like shapes at the smallest values. The smaller
particles (<50 μm) tended to be described as irregularly shaped with aspect ratios near unity.
Similar observations have been made concerning aspect ratio measurements for ground wood
particles [25] and biochar [26].

A portion of the SEM imagery was selected that contained several identifiable ash particles as
a means to identify the elemental composition of the ash present in the sample. An energy-dispersive
X-ray spectrometer attached to the SEM was used to analyze a selected portion of the sample for
elemental composition. A sample area was selected that contained a large number of visible ash
particles. The mass fractions determined by this analysis were highly dependent on the selected
sample area and was not representative of the actual elemental mass fraction composition in the overall
charcoal sample. This analysis did however identify that the ash present involved molecules containing
calcium, potassium, and silicon, with some type of oxide being the most probable form. These are all
common types of elemental ash found in biomass [17].

The size of the charcoal particles was quantified using the laser diffraction system. The system
analyzed the particles measuring the volume frequency of particles falling within discrete size steps
up to 1000 μm. The percentage of the overall sample volume occupied by particles within a particular
size step was recorded for each sample run. The average percentage value and standard error for each
size step were calculated for all of the sample runs. A histogram of this data is shown in Figure 6.

Figure 6. Average particle size histogram of percent sample volume. Standard Error bars are shown
for each bin. The solid line represents the cumulative sample volume for a given step size and smaller.

Measured sample particle sizes ranged from 0.736 μm to 116.59 μm with a median value or
D50 of 15.83 μm. Two different types of mean diameters were calculated for the data. The Sauter mean
diameter (D[3,2]) was measured as 9.166 μm and represents the mean particle size when taking into
account the surface area of the particles. The De Brouckere mean diameter (D[4,3]) was measured as
19.59 μm and represents the mean particle size when taking into account the volume of the particles.
The De Brouckere mean diameter is the more conservative mean value since it is very sensitive to

208



Energies 2017, 10, 25

the presence of larger particles in the sample. Since this research is concerned with the displacement of
liquid fuel, the De Brouckere mean diameter was the one chosen to represent the mean particle size
for the sample. The D10 and D90 values were determined as 4.446 μm and 39.69 μm, respectively.
These values represent the points at which 10% and 90% of sample volume consists of particles that
are of that particular size and smaller. 0% of the sample volume can be described as a particle sized
within the range of these two values.

3.2. Physical and Chemical Property Analysis

Charcoal particle samples were randomly selected from the charcoal produced for this research
after completing the multi-step milling process. Moisture content, ash content, absolute density,
and energy content were measured for each of the samples. Moisture content was measured using
a dry-basis (d.b.) calculation, but is presented as a w.b. value (Figure 7a).

(a) (b)

Figure 7. The distribution of measured values for (a) wet-basis moisture content; and (b) dry-basis
ash content of the micronized charcoal particles. The box-and-whisker plot represents the minimum,
first quartile, median, third quartile, and maximum values from left to right, respectively.

The w.b. moisture content ranged from 4.55% to 6.16% with a median value of 5.06%. The overall
distribution was skewed towards the lower values. Ash content (Figure 7b) held a much tighter
distribution of measured values. The d.b. ash content ranged from 1.02% to 1.46% with a median value
of 1.34%. Beyond a few low ash samples, the majority of the measured values were towards the higher
end of the data range. These values agreed with the values found in the literature [27].

Absolute density was measured to describe the density of the individual charcoal particles.
When added to a liquid fuel slurry, the volume of the particles would displace an equal volume
of the liquid fuel. The absolute density was calculated through the measurement of the volume of
the particles in a sample and the measured mass of the sample. The calculated absolute density for
the charcoal samples is presented in Figure 8a. The absolute density ranged from 1525 kg/m3 to
1667 kg/m3 with a median value of 1596 kg/m3.

The energy content of the charcoal particles was measured with the bomb calorimeter to determine
the energy that would evolve within an engine combustion chamber (Figure 8b). The energy content
ranged from 34,107.8 kJ/kg to 36,329.6 kJ/kg with a median value of 35,261.3 kJ/kg. The energy density
measurement data were symmetrically distributed about the median value. This energy content was
determined as a mass basis but can be converted to a volumetric basis using the measured density of
the charcoal particle. Energy per unit volume is much more descriptive of the energy density of a liquid
fuel. Taking into consideration the full range of values for the absolute density, the volumetric energy
content for charcoal was determined to be within the range of 52,014.4 MJ/m3 to 60,560.4 MJ/m3

for the measured samples. Considering that No. 2 diesel fuel has an average density of 851 kg/m3

and a HHV of 38,362.5 MJ/m3 on a volumetric basis, the charcoal was found to have a much higher
volumetric energy density [28].

This higher energy density is a direct result of the high carbon charcoal produced through the high
temperature carbonization process. According to the literature, the energy density (HHV) of the parent
yellow poplar biomass is 18.12 MJ/kg [29]. Using the lower range of the measured energy density
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(HHV) for the yellow poplar charcoal particles and the process yield, only 45% of the energy contained
in the parent biomass remains in the charcoal product. A lower temperature carbonization process
would yield more charcoal material with a higher overall amount of energy from the parent biomass,
but the energy density of the material would be much lower. For high energy density charcoal
production to be a viable option, the parent biomass energy fraction contained in the syngas and
pyrolysis oil must have value in the production process or as a product elsewhere.

(a) (b)

Figure 8. The distribution of measure values for (a) absolute density; and (b) energy content of
the micronized charcoal particles. The box-and-whisker plot represents the minimum, first quartile,
median, third quartile, and maximum values from left to right, respectively.

4. Conclusions

Biomass derived charcoal was produced, milled, and analyzed for its potential as a micronized
particle to be used in a liquid fuel slurry. Particle shape and size was determined using both qualitative
and quantitative methods. Conclusions resulting from this study were:

• A multi-step milling process was developed that successfully produced micronized particles with
90% of the sample volume consisting of particles smaller than 50 μm. Charcoal particles less than
1000 μm could be effectively generated in a single milling step, but charcoal particles less than
50 μm required further processing steps.

• Particles produced that were greater than 50 μm exhibited longer needle shapes with high aspect
ratios when viewed at high magnification levels. Particles smaller than 50 μm exhibited aspect
ratios that were much closer to unity. Since liquid fuels form spherical droplets with aspect ratios
close to unity, a successful milling process should produce charcoal particle with sizes less than
50 μm.

• Physical and chemical property analyses of the charcoal particles determined that the charcoal
particle density was much higher than No. 2 diesel fuel. This increase in energy density is achieved
through a high-temperature, lower-yielding carbonization process. Therefore, displacing a liquid
fuel with a charcoal particle would increase the theoretical volumetric energy density of the fuel
mixture. The resulting slurry would be appropriate for use in medium speed and low speed diesel
engines whenever volumetric energy density is desirable. Further processing would be required
to produce a very low-ash, volumetrically energy dense slurry capable of meeting the necessary
requirements for gas turbine systems.
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