
energies

Article

Pyrolysis of Grape Marc from Tunisian Wine
Industry: Feedstock Characterization, Thermal
Degradation and Kinetic Analysis

Besma Khiari 1 and Mejdi Jeguirim 2,*

1 Laboratoire des Sciences et Technologies de l’Environnement, University of Carthage,
BP 50 Borj Cedria Technopark, 2050 Hammam-Lif, Tunisia; besmakhiari@yahoo.com

2 Institut de Sciences des Matériaux de Mulhouse, UMR 7661 CNRS, 15 rue Jean Starcky,
68057 Mulhouse, France

* Correspondance: mejdi.jeguirim@uha.fr; Tel.: +33-389-608-661

Received: 7 March 2018; Accepted: 22 March 2018; Published: 23 March 2018

Abstract: Despite the huge amounts of grape marc generated in Tunisia from the wine industry,
very few efforts have been exerted to manage this harmful waste. Therefore, thermal processes
may contribute to an environmental friendly management and also help winemakers to create
new economic profitable circuits in an increasingly competitive context. Among the various
thermochemical conversion process, pyrolysis is suitable for the recovery of food processing residues,
due to their high minerals content and ability to create high added values of the derived products
(biochar, bio-oil and syngas). In this context, the aim of this work is to optimize the pyrolysis
process in order to benefit from the grape marc potential for achieving highest product yields.
Therefore, physico-chemical and energy characteristics of grape marc issued from a Tunisian wine
cooperative were determined according to international standards. Thermogravimetric analyzes were
also performed to predict the grape marc behavior during degradation under an inert atmosphere.
The profile of the mass loss rate shows two decomposition peaks corresponding to the cellulose
and lignin decomposition. These peaks are shifted to lower temperatures comparing to several
lignocellulosic biomass feedstocks due to high content of minerals that may play a catalytic role
in the thermal degradation process. The biochar yield was about 40%, which was never met in
literature for agricultural biomass in slow pyrolysis. Such behavior may be attributed to high lignin
content in grape marc. Activation energies were calculated using integral Flynn-Wall-Ozawa and
Kissinger-Akahira-Sunose methods and differential Friedman method. The obtained values were
226.8, 224.2 and 229.5 kJ/mol, respectively. Such kinetics data are crucial in the design of the pyrolyzer
for Tunisian grape marc recovery.
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1. Introduction

Grape is one of the most important fruit crops in the world with over 74 million tons produced
annually [1]. Pressing grapes give juice, which is mostly for fermentation, and marc, which is also
called pomace (solid product) [2], containing skins, seeds and stalks [3]. Although the pressing grape
method depends strongly on the type of wine (white or red), Toscano et al. [3] described a general
process giving the following proportions of grape products: 73% of juice and 27% of grape marc.
The grape marc is distributed as follows: 19.5% of skins, 4.5% of seeds and 3% of stalks [3]. Grape marc
may be processed further in distilleries in order to extract alcohol and the generated waste is called the
exhausted grape marc residues. Wine cave (fresh grape marc) and alcohol distilleries (exhausted grape
marc) produce large amounts of wastes, which are estimated at 7 million tons worldwide per year [4].
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Grape marc characteristics depend strongly on the climatic conditions [5]. In general, grape marc
is a wet (60% of moisture content) and heterogeneous waste [2]. Fresh grape marc are considered as a
non-contaminated material with harmful characteristics, such as low pH and high organic matter (90%),
including phytotoxic and antibacterial phenolic substances [6]. The most common methods to recover
these residues include production of alcohol, tartar, pharmaceuticals, cosmetics [6], feedstuff [7],
yeast [8], extraction of phenolic compounds [9], production of oil [10] or energy [11], decontamination
of effluents containing metals, such as copper and nickel [12], composting [13] and direct use as an
organic fertilizer [14]. According to the European Council Regulation EC1493/1999 involving the
common organization of wine market, fresh grape marc (except stalks) must be transferred to alcohol
distilleries [6]. In Spain, several studies showed that exhausted grape marcs have a high content
of lignin and tannin and are not easily digested. Therefore, they are not appropriate as nutritional
supplements for animals. Besides, their high C/N ratio limits their potential as soil fertilizers [14].
In this way, Italian laws (2010) require wine producers to send their wastes to distilleries [3]. Thus,
some recovery methods are no longer permitted. In the same context, composting was also declared
to not be economically viable in France and is gradually disappearing. Therefore, 60% of distilleries
in France are using grape marc as combustible [4]. In fact, grape marc has interesting physical and
thermal properties and energy contents [2,15]. However, a particular attention should be paid to the
ash accumulation and pollutants emissions factors during grape marc combustion.

Similar to other Mediterranean countries, Tunisia is committed to finding a solution for
environmental and economical disposal of their wastes and to participate further to reduce the
global greenhouse effect. The wine industry in Tunisia generates annually about 25,000 tons of
grape marc issued from internationally-known varieties, such as Grenache, Syrah, Cinsaut, Muscat
of Alexandria, and from 54 aboriginal varieties, such as Razzegui, Tebourbi, Asli, Bazzoul Khaddem,
Sakalsi, Garrat, Hamri, Chetoui and Chaouch. The grape plantations and the wine extraction processes
are spread almost all over the country, although they are mainly located in the North East [16].
The discharge of the generated grape marc is usually centralized and seasonal in a short period of
the year (August–October) [16]. Furthermore, only 10% from the generated grape marc are used as
nutritional ferment. A small part is used for compost production or dried and used as fertilizer [5].
The rest is either dumped or used as a traditional combustible in an uncontrolled manner, leading to
the release of hazardous pollutants.

Currently, there is no sustainable strategy for the grape marc recovery in Tunisia. Recently,
Kraiem et al. [17,18] showed that despite suitable lower heating, high mineral contents and low
bulk densities limit their direct use as biofuels in a combustion appliance for the residential heating
sector. Authors had then resort to the densification and the blend of grape marc with woody biomass,
which has low ash content [17,18]. However, combustion tests showed the high particular matter
emissions, which limit the recovery of grape marc in domestic heating [17,18]. Therefore, the pyrolysis
process could be a promising issue for the grape marc valorization since their mineral contents may be
blocked in the residual char. This pyrolysis process could be interesting for wine, juice or jam-making
industries [19,20]. However, as far as we know, a similar survey was never conducted in Tunisia,
despite big potential gains. In fact, storage, handling and transport costs may be reduced with nearby,
decentralized pretreatment establishments. Moreover, the pyrolytic gases can provide the power
required for the endothermic pyrolysis process, ensuring self-sufficient operating system. In addition,
the bio-oil and the biochar obtained from the pyrolysis process could be recuperated by winemakers
for biofuels or soil amendments applications.

Consequently, the aim of this experimental work is to contribute to the understanding of the
Tunisian grape marc behavior within an industrial processed pyrolysis. In particular, characteristics,
including proximate and ultimate analyses, are determined. Thermogravimetric analyzes are also
performed to predict the behavior of this waste during thermal degradation under different inert types
of atmosphere. The obtained data are used for determining kinetic parameters that are subsequently
used for determining the optimum pyrolysis process parameters.
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2. Materials and Methods

Grape marc used in this study was collected from a wine cooperative located in the north of
Tunisia (Bou Argoub, Nabeul). The sample was fresh with 60% (wb) of moisture, which was reduced
to 10%. The sample was characterized through moisture content (EN 14774-1), ash content (EN 14775)
and Low Heating Value, LHV (EN 14918) determination. Volatile matters and fixed carbon were
determined using the Thermogravimetric analysis method [21]. Furthermore, elemental analysis was
performed using a CHNOS analyzer (ThermoFisher Scientific, Villebon, France).

Thermogravimetric analyses (TGA) were carried out using a Mettler-Toledo TGA/DSC3+
(Mettler-Toledo, Columbus, OH, USA) thermobalance apparatus and repeated at least three times,
with good reproducibility. The experiments were performed under nitrogen with flows of 12 Nl·h−1

according to different linear heating programs (5, 10, 20 and 30 ◦C/min) in the range of 20–950 ◦C.

3. Kinetic Approach

Many works have focused on the data analysis method for extracting reliable kinetic data from
TGA experiments. There are three types of kinetic methods used for the analysis of biomass pyrolysis
kinetics: differential, isoconversional, model-fitting and pseudo-components kinetics methods [22–25].

The fundamental rate equation used in all kinetic studies is generally described as:

dX
dt

= k(T) f (X), (1)

where k is the rate constant and f (X) is the reaction model that describes the reaction mechanism.
The conversion rate X is given by Equation (2):

X =
W0 − Wt

W0 − Wf
, (2)

where Wt, W0, and Wf are time t, initial and final weights of the sample, respectively.
The Arrhenius equation (Equation (3)) expresses the rate constant k:

k = Aexp
(−Ea

RT

)
, (3)

where Ea is the activation energy (kJ/mol), R is the universal gas constant (8.314 J/K mol), A is the
pre-exponential factor (s−1) and T is the absolute temperature (K).

Energy activation is defined as the minimum energy requirement that must be overcome before
molecules can get close enough to react and form products. Accordingly, the reactions with a high Ea
need a high temperature or a long reaction time.

By combining Equations (1) and (3), we obtain:

dX
dt

= Aexp
(−Ea

RT

)
f (X). (4)

If the temperature is varied by a constant designed by β, which is the heating rate (β = dT
dt ),

the introducing of β in the Equation (4) gives:

dX
dT

=
A
β

exp
(−Ea

RT

)
f (X). (5)
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By taking the logarithms of both sides of Equation (5), the first proposed differential Friedman
method (Equation (6)) is obtained [26]:

Ln
dX
dt

= Ln
(

β
dX
dT

)
= Ln[A f (X)]− Ea

RT
. (6)

If we rearrange Equation (6), we can obtain:

L
dX

f (X)
=

A
β

exp
(−Ea

RT

)
dT. (7)

After integrating Equation (7), it can be obtained:

g(X) =
∫ X

0

dX
f (X)

=
A
β

∫ T

0
exp
(−Ea

RT

)
dT (8)

By taking logarithms and using the Doyle approximation, Equation (8) can be rewritten as
Equation (9). This equation is known as the Flynn-Wall-Ozawa method (FWO) [27]:

Lnβ = Ln
AEa

g(X)R
− 2.315 −

(
1.0516Ea

RT

)
. (9)

By using the derivation of Equation (3), and applying the logarithmic scale with the temperature
data for each conversion rate (X) at different heating rates (β j =

dT
dt ), the Kissinger method (KAS)

calculates activation energy by plotting Equation (9) [28]:

Ln
β

T2 = Ln
AR

Eag(X)
− Ea

RT
. (10)

The kinetic methods used in this study are Friedman, Flynn-Wall-Ozawa (FWO) and
Kissinger-Akahira-Sunose (KAS) and their principles are listed in Table 1.

Table 1. Isoconversional Kinetic methods used in evaluating activation energy in this study.

Method Expression Plots Reference

Friedman Ln dX
dt = Ln

(
β dX

dT

)
= Ln[A f (X)]− Ea

RT Ln
(

β dX
dT

)
vs. 1

T [26]

FWO Lnβ = Ln AEa
g(X)R − 2.315 − ( 1.0516Ea

RT ) Lnβ vs. 1
T [27]

KAS Ln β
T2 = Ln AR

Eag(X)
− Ea

RT Ln β
T2 vs. 1

T [28]

4. Results and Discussions

4.1. Grape Marc Characterization

Table 2 shows the proximate and ultimate analyses of the Tunisian grape marc. Moisture is
reduced to 10%, since it was very high after the wine extraction process (60 wt %). Furthermore,
the direct use of the grape marc has a negative effect on the thermochemical process efficiency and
temperature [29].
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Table 2. Proximate and ultimate analyses of grape marc.

This Study Miranda et al. [15] Gonzalez-Vazquez et al. [30] Makela et al. [31]

Proximate Analysis %
Moisture wb 10 7.49 - 1.4

Fixed Carbon db 31.1 24.73 19.7 -
Volatile matter db 55.6 67.80 67.6 -

Ash db 13.3 7.47 12.7 8.23
LHV db (MJ·kg−1) 18.02 19.54 18.7 19.6

Elemental Analysis db %
C 42.2 42.97 45.5 48.7
H 3.5 9.28 5.1 5.57
O 37.7 - 34.7 35.9
N 3.0 2.05 1.8 1.66
S 0.3 0.17 0.17 -

wb Wet basis, db dry basis.

The ash content is 13.3%, which is higher than wood chips, at the same level as the grape marc
was found by other authors, although this was lower than wheat straw [3]. The fixed carbon (31.1%) is
higher than the value obtained by Miranda et al. (25%) for grape marc and higher than several biomass
resources, such as olive husk (19%) and pine sawdust (17%). However, as expected, the volatile
matter (55.6%) is lower than the grape marc of Miranda et al. (67.8%), olive husk (76%) and pine
sawdust (69%) [15,32–34]. The high ash and fixed carbon contents confirm that slow pyrolysis is
the suitable thermochemical conversion process for the grape marc recovery. In particular, the char
yield (fixed carbon fix and ash contents) was about 44.4%, which was never met in literature for
agricultural biomass under slow pyrolysis conditions. This feature distinguishes Tunisian grape marc
from European ones and even from Chinese and American pomace. Many factors can explain these
differences, such as local wine making practices and Tunisian grapevine specificity. The pyrolytic
char derived from the Tunisian grape marc may have several applications, including soil amendment,
adsorbents, biocoal, etc.

Elemental analysis also shows some differences with values met in literature, although this
is consistent with the wide range of biomass composition that would undergo efficient pyrolysis.
Carbon, hydrogen and oxygen are lower than the mean reported values, while N and S are quite high.
This repartition is close to the composition of grape skins, although it is quite different from that of its
seeds or stalks [32–34]. If nitrogen remains in char, this would be a supplementary argument in favor
of pyrolysis against combustion, as biochar can be used as nutrients for soils.

4.2. Thermal Degradation of Grape Marc under Inert Atmosphere

The thermal degradation of biomass feedstocks was well described in the literature, which
serves the main purpose of ensuring that from an energy standpoint, the pyrolysis process is
self-sufficient [24–28,33,35]. Many factors affect the kinetic parameters based on the processing of
TGA data, including processing conditions; heat and mass transfer limitations; physical and chemical
heterogeneity of the sample; and systematic errors.

Figure 1 shows the mass loss (X) and the derivative (DTG) of mass loss (dX/dt) curves obtained
during the pyrolysis of Tunisian grape marc. Thermogravimetric analysis could evaluate the thermal
behavior of fuels under an inert atmosphere. The results are helpful in the fundamental understanding
of biomass fuels when developing biomass utilization for the pyrolysis plant.
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Figure 1. TG and DTG curves of Grape Marc under an inert atmosphere at 5 ◦C/min.

The shape of Derivative Thermo-Gravimetric (DTG) curve includes three regions in ascending
order of temperature variation, corresponding to three degradation steps. The first region occurred
between 23 and 166 ◦C, which corresponds to the biomass drying by moisture loss and the departure
of light volatiles. The second region corresponds to the devolatilization step, which occurs between
166 ◦C and 500 ◦C. This step was called in the literature as the active pyrolysis includes two zones.
The first one occurs between 166 and 362 ◦C, which corresponds to the decomposition of cellulose and
hemicellulose. A clear peak at 288 ◦C is attributed to the decomposition of cellulose with an overall
maximum rate of 0.055 %·s−1. A second zone occurs between 362 ◦C and 500 ◦C, which corresponds
to the lignin degradation. After the devolatilization step, a third step of passive pyrolysis is observed.
This step characterized by a low and a continuous mass loss rate corresponds to the end of lignin
degradation as well as char formation and rearrangement.

Several phenomena occur within grape marc pyrolysis and to varying extents: cracking, reforming,
dehydration, condensation, polymerization and even oxidation and gasification reactions, which take
place after the release of the oxygen and the vapors present in the product.

The obtained TG data, T (temperature), X (mass loss), Tpeak (peak temperature), dX/dt (mass loss
rate) and RM (mean reactivity) are shown in Table 3. One may remind that reactivity is calculated
as follows:

RM = 100 ∑
(

Rpeak

Tpeak

)
. (11)

The comparison of the obtained values with those found in literature for various lignocellulosic
biomass feedstocks shows several differences. First, the peak temperature obtained at 288 ◦C is lower
than the reported peak temperatures for cellulose decomposition, which is between 310 and 320 ◦C.
Furthermore, this is lower than the peak temperature of 332 ◦C for pure cellulose [36] and for various
lignocellulosic biomass in the literature [22,35,37]. However, this peak was at 261 ◦C for palm kernel
shells for example [38]. The high content of minerals initially present in the Tunisian grape marc [20,21]
is thought to be responsible for the shift to lower levels of temperatures as they may play a catalyzing
role in the process. The impact of these minerals, especially Na, K and Mg, were evidenced in previous
investigations [39].
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Table 3. TG under inert atmosphere (5 ◦C/min).

Pyrolysis Zone
T (◦C) 166–750

X (%) 94.5–41.3

Active Pyrolsis

Zone 1

T (◦C) 166–362
X (%) 94.5–61.2

Tpeak 1 (◦C) 288
R1 (%·s−1) 0.032

Zone 2

T (◦C) 362–500
X (%) 64.81–46.4

Tpeak 2 (◦C) 423
R2 (%·s−1) 0.021

RM × 103 (%·s−1·◦C−1) 0.14

Passive Pyrolysis
T (◦C) 500–750
X (%) 46.4–41.3

Hemicellulose decomposition is identified through the shoulder between 238 and 257 ◦C,
which is in the interval of 195–306 ◦C. Such behavior is well-known in the literature and the
hemicellulose decomposition step appears usually as a more or less pronounced shoulder instead of a
well-defined peak [38]. Similar to cellulose decomposition, during the grape marc thermal degradation,
hemicellulose decomposition occurs at a lower temperature due to the catalytic effect of alkali and
alkali-earth metals [39].

The lignin degradation step also shows a clear difference compared to the usual shape of the
DTG curve of lignocellulosic biomasses. In particular, the DTG curve of the Tunisian grape marc
shows a specific region occurring between 362 and 500 ◦C, with a peak at 425 ◦C that yields an overall
rate around 0.021 %·s−1. This peak is attributed to the high contents of lignin. Otherwise, the zone
corresponding to the cracking of the polymeric structure of C–C or C–O–C bonds in lignin would
result in only a flat tailing section. Generally, the thermal degradation of lignocellulosic biomass is not
characterized by a sharp peak for lignin decomposition.

The reactivity value (0.14 × 10−3 %·s−1·◦C−1) is in the same magnitude as those of various
biomasses, such as the coffee husk around 0.19 × 10−3 %·s−1·◦C−1 [38] or palm residues
(0.23 × 10−3 %·s−1·◦C−1) [40] for the same heating rate.

The char yield of 39.68% is expected in view of the proximate analysis, although this is higher
than any agricultural waste. The char resulting from the first stages also probably contributed to the
secondary reactions, which mainly occurred by catalyzing cracking and polymerization reactions
that promoted recombination reactions among the volatile species to yield more condensed char
structures [39].

In order to extract the kinetic parameters of the thermal degradation of Tunisian grape marc
under pyrolysis conditions, the impact of different heating rates was investigated. Figure 2 showed
that increasing the heating rate leads to a shift in the peak temperature towards higher values
together with higher mass loss rates. Indeed, when heating rate is increased from 5 to 30 ◦C/min,
the maximum peak temperature moves from 288 to 322 ◦C. The explanation is that the material reaches
the cracking temperature in a shorter time when higher heating rates are considered. Due to the
heat and mass transfer limitations inside the particle, these higher heating rates are a consequence of
inner temperature gradients. In fact, increasing the reactor temperature ramp does not allow good
temperature stabilization within the grape marc, which causes a delay in the volatile matter departure.
The same behavior has been reported in the literature for numerous biomasses [40–42].
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Figure 2. Mass loss rate for different heating rates.

4.3. Kinetic Study

The linear plots of KAS, FWO and Friedman are shown in Figure 3. As the initial mass loss is
attributed to the moisture loss, the first conversion rate selected to determine the kinetic parameters is
0.2, while the final point is taken at 0.65. Above this value, no good determination coefficients were
obtained, which may be attributed to the complexity of the char production and rearrangement.

Figure 3. Cont.
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Figure 3. Plots for kinetic models. (a) Friedman; (b) FWO; (c) KAS.

The calculated corresponding values are presented for each conversion ratio in Table 4. The mean
activation energy values for GM with the use of the KAS, FWO and Friedman methods were 224.2,
226.8 and 229.5 kJ/mol, respectively. Table 4 depicts that the activation energy decreases when the
conversion increases. It is assumed that a good biomass thermal degradation meets low activation
energy values. In the initial stages and for KAS, FWO and Friedman methods, the Ea values were high
(333.3, 323.3 and 295.9 kJ/mol, respectively, at X = 0.2). However, these values gradually decrease as the
conversion rate X goes up until it reaches 55%, before increasing again (an exception point around 45%
is probably due to an experimental error). This phenomenon was not reported in other works, where
Ea was decreasing continuously, for several cellulosic biomasses [43,44]. This is explained by the quick
and first scission of the weakly bonded amorphous cellulose and hemicelluloses. Once all-crystalline
cellulose has decomposed, lignin accounted for a further decrease in activation energy [44].
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Table 4. Calculated Energy activation with R2 values from Friedman, FWO and KAS models (E, kJ/mol).

X
Friedman FWO KAS

Ea R2 Ea R2 Ea R2

0.20 295.9 0.999 323.3 0.999 333.3 0.999
0.25 295.0 0.995 316.9 0.979 324.4 0.978
0.30 259.2 0.995 282.0 0.999 287.4 0.999
0.35 280.5 0.991 244.4 0.947 247.7 0.943
0.40 267.5 0.955 217.0 0.964 218.8 0.961
0.45 111.4 0.947 172.1 0.959 171.3 0.954
0.50 163.8 0.911 154.5 0.948 157.6 0.941
0.55 148.5 0.936 142.9 0.939 140.0 0.930
0.60 212.3 0.965 176.9 0.962 175.3 0.958
0.65 262.2 0.959 212.1 0.941 212.1 0.935

Mean 229.5 226.8 224.2

In our case and according to previous studies [2–5,14,31,41], lignin content in grape marc is much
higher than cellulose. Consequently, the whole pyrolysis is thought to be mainly controlled by the
lignin and its intermediate products.

In another hand, it is noticed that the activation energy for grape marc is greater than the values
obtained for the pyrolysis of lignin [45,46] and other biomass [32,47–50]. These activation energies are
high even when compared to other grape marc that originated from Italy. Fiori et al. found values
between 171 and 178 kJ/mol for heating rates between 3 and 30 ◦C/min [51].

The isoconversional methods were applied to four different experimental data sets (5, 10, 20 and
30 ◦C/min). The results are presented in Figure 4. KAS and FWO are very close. The calculated Ea at
the different conversion levels can be attributed to a different macro-component decomposition. At low
conversion levels (0.2–0.3), the activation energies between 250 and 340 kJ/mol can be regarded as
being related to hemicelluloses degradation. The lower Ea in the range of 140–240 kJ/mol are obtained
for the conversion levels of 0.25 and 0.50, which can be attributed to cellulose cracking. The activation
energy increases to 212 kJ/mol for KAS and OFW models and to 262 for the Friedman model at
higher conversion levels, for which lignin is thought to be responsible. At higher temperatures,
activation energies decrease, which may be explained by an overlapping of cellulose and lignin
continuing degradation as well as by char rearrangement through secondary and more complex
reactions, which was found in literature [52–55].

Figure 4. Activated Energies for Friedman, FWO and KAS method for conversion from 20 to 65%.
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5. Conclusions

In these times, where the circular economy is at the service of the economic actors, the slow
pyrolysis of grape marc can be an advantage in the wine industry and distilleries on more than one
level, especially in the Tunisian context. Furthermore, as better environmental management of grape
marc is increasingly necessary, this study is required to achieve a better understanding of the economics
of grape marc pyrolysis for bio-fuel production and for resolving issues related to the capabilities of this
technology in practical applications. Indeed, the pyrolysis process applied to these residues provides a
high biochar yield of around 40%, which was never reached by any other agricultural waste. This fact
is explained by the inhibition of hemicellulose and cellulose decomposition on one hand and by high
lignin content on the other hand. With the same aim to improve some characteristics of grape marc
by increasing its bulk density and reducing its ash content, densification and blending with woody
biomass can help to solve the problem. The biochar is interesting as it may be used as nutritional
ferment for soils or may undergo direct and efficient gasification. Minerals, which were an obstacle
in combustion operations, become a major asset in pyrolysis. Furthermore, their presence played a
catalytic role and shifted the cracking temperatures to lower values, thus reducing the operation cost.

To optimize this and to achieve high energy recovery from grape marc, kinetics data were
calculated and helped in the design of pyrolysis reactors for grape marc. Integral and differential
methods used in the frame of this work showed very close and reliable kinetic parameters.
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Nomenclature

A pre-exponential factor (s−1)
Ea activation energy (kJ/mol)
k rate constant (s−1)
R universal gas constant (J/K mol)
RM mean reactivity (%·s−1·◦C−1)
t time (s)
T absolute temperature (K)
Tpeak peak temperature (K)
W0 initial weight of the sample (mg)
Wf final weight of the sample (mg)
Wt time t weight of the sample (mg)
X mass loss (%)
β heating rate (K/s)
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Abstract: Rice straw, which is a typical agricultural residue in China, was pyrolyzed in a horizontal
tube reactor connected with a Fourier transform infrared (FTIR) analyzer at temperatures ranging
from 500 to 900 ◦C to research the release mechanism of fuel-N into NOx and N2O precursors.
The concentrations of gaseous nitrogen components were monitored online. NH3, HCN, HNCO,
as well as NO were identified components. A high dependency between the gaseous products and
temperature was found. NH3 and HNCO preferred to be formed at lower temperatures and HCN
tended to form at higher temperatures. It is worth noting that NO was also an important product.
X-ray photoelectron spectroscopy (XPS) was performed to analyze the nitrogen species in rice straw.
The result showed that amino-N (N-A) was the main form of nitrogen which accounted for 88.85%.
Pyrrolic-N (N-5) was also identified and occupied the rest. Then nitrogen modeling compounds,
glycine and pyrrole, were appropriately selected based on the results of XPS to well understand the
nitrogen release mechanism during pyrolysis of rice straw. The formation routes of all the nitrogen
gaseous components were confirmed. NH3, HNCO and NO were originated from the decomposition
of amino-N. While both amino-N and pyrrolic-N produced HCN. NO was not detected during the
pyrolysis of pyrrole and a little NO was found during the pyrolysis of glycine. Hence, it can be
deduced that the large amount of NO formed during the pyrolysis of rice straw was due to the direct
oxidization reaction of –NH and –OH, the latter is abundant in the raw material. In order to provide
evidence for this deduction, cellulose was added to increase the amount of –OH and co-pyrolysis
of cellulose and glycine was conducted. The effect of –OH on the formation of NO was confirmed.
Then, the release mechanism of fuel-N into NOx and N2O precursors during rice straw pyrolysis was
concluded based on the experimental results.

Keywords: nitrogen; biomass; amino acid; pyrrole; NOx; pyrolysis

1. Introduction

Biomass is considered as one of the most promising alternative energy because of its renewability
and carbon-neutrality [1–8]. About 300 million tons of straw wastes, as well as the same amount
of forestry wastes, are generated in China [9]. Direct combustion power generation is the major
technology for large scale utilization of biomass [10]. Rice straw, which is abundant in southern China,
dominates the amount of straw wastes, and is widely used as a fuel for biomass power plants. NOx

and N2O, which can lead to environmental pollution [11], are the main gaseous pollutants during
biomass combustion although the nitrogen content in most biomass is lower than that of coal. It is well
known that pyrolysis is the first step of combustion, during which, part of the nitrogen in biomass is
converted into NOx and N2O precursors (that is, NH3, HCN, HNCO, et al.). These precursors will
produce NOx and N2O via subsequent combustion. It was reported that about 80% of the nitrogen in
biomass is released into gaseous precursors during pyrolysis at temperatures above 850–900 K [12].

Energies 2018, 11, 520; doi:10.3390/en11030520 www.mdpi.com/journal/energies185
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It means that most of NOx and N2O originate from the combustion of volatile-N. Hence, it is necessary
to understand the release mechanism of nitrogen during pyrolysis well, so that the emission of NOx

can be reduced by appropriate in-furnace low-nitrogen combustion measures.
Researches have been conducted to investigate the nitrogen release during biomass pyrolysis.

It was reported that the gaseous components generally contain NH3, HCN, HNCO, and NO [13–15].
Two approaches, chemical method and thermogravimetry infrared spectrum (TG-FTIR) method, were
frequently used to research the conversion of fuel-N into gaseous nitrogen components.

Chemical method was carried out by many researches [13,14,16–22]. In those studies, NH3 and
HCN were absorbed by acid and alkaline solutions to form NH4

+ and CN−, respectively. The total
yields of NH3 and HCN could be confirmed based on the ion concentrations of NH4

+ and CN− in the
solutions. However, the yield of NH3 was actually the sum of NH3 and HNCO. HNCO, the precursor
of N2O [23], could not be investigated due to the reaction HNCO + H2O→NH3 + CO2 [10,15–17].
The yield of NO was also not measured. Additionally, only the yields of NH3 and HCN could be
measured by chemical method, rather than the dynamic variation of concentrations for the precursors.

The nitrogen release was also studied by TG-FTIR [15,24–27], during which, the temperature
of the sample was heated from ambient temperature to a higher temperature at a certain heating
rate. However, the temperature of the sample was instantly heated up in an industrial combustor.
For this reason, the results obtained from those researches could not accurately represent the nitrogen
conversion in industrial combustors.

Rice straw is a typical agricultural residue and contains a higher nitrogen content, therefore,
it was employed to investigate the release of fuel-N into NOx and N2O precursors during pyrolysis.
The conversion of fuel-N into gaseous components during rice straw pyrolysis was researched in a few
previous studies [17,28]. Yuan et al. [14] investigated the fuel-N conversion characteristic during rapid
pyrolysis of rice straw at temperatures ranging from 600 to 1200 ◦C using a high frequency furnace.
The yields of NH3 and HCN were measured by chemical method. The results showed that HCN was
the main nitrogen product while little NH3 was found. Ren et al. [28] researched the formation of NOx

precursors during rice straw pyrolysis using TG-FTIR. They found that HCN and HNCO were the
main nitrogen products. However, the results obtained from previous studies were based on TG-FTIR
or chemical method, the shortcomings of which were discussed above.

A review of literatures shows that researches on nitrogen release during the pyrolysis of rice
straw are rare and the release mechanism is still not well understood. Therefore, pyrolysis experiments
of rice straw were conducted in a horizontal tube furnace in this study, and the concentrations of
NH3, HCN, HNCO, and NO were accurately and dynamically monitored by a FTIR gas analyzer
(Gasmet DX4000, Gasmet Technologies Inc., Helsinki, Finland) during the whole reaction process at
temperatures ranging from 500 to 900 ◦C. Compared with previous studies, in which chemical method
was employed, the concentrations of gaseous nitrogen products were on-line monitored, not only the
yields. HNCO was also measured in current work. Besides, different from TG, the temperature of
the sample could be heated up to the set value instantly so that the pyrolysis process could be more
similar to that of an industrial combustor.

It was reported that the nitrogen conversion mechanism of biomass could be explained by nitrogen
modeling compounds to some extent [23,29–33], while X-ray photoelectron spectroscopy (XPS) was
reliable to investigate the nitrogen occurrence form in biomass [12,34–36]. Therefore, in order to
further understand the fuel-N release mechanism during pyrolysis, XPS was performed to analyze
the occurrence form in rice straw, and the appropriate nitrogen modeling compounds were selected
according to the XPS result.

2. Materials and Methods

2.1. Materials

Rice straw, a widely available biomass raw material in China, was employed. The samples
were first dried for 2 h at 105 ◦C and then pulverized. The particle size was between 0.15 and
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0.25 mm. Proximate analysis of the sample was performed using an Automatic Industrial Analyzer
(5E-MAG6700, Kaiyuan Instruments Co., Changsha, China). Ultimate analysis was conducted with
an elemental analyzer (LECO-CHNS932, LECO Co., St. Joseph, MI, USA). The results are shown in
Table 1.

Table 1. Proximate (ar, wt. %) and ultimate analysis (ad, wt. %) of rice straw.

Proximate Analysis Ultimate Analysis

M a A a V a FC a C H N S O

1.51 11.31 69.09 18.09 42.66 5.68 0.64 0.44 39.10
a M, A, V, FC represent moisture, ash, volatile and fixed carbon, respectively.

The occurrence form of nitrogen in rice straw was characterized using XPS (Escalab 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA), equipped with Al Kα radiation source. The constant
analyzer energy (CAE) mode with 30 eV pass energy was used for survey spectra and 20 eV was
used for high resolution spectra. To calibrate the binding energy, the C1s peak was set to 284.8 eV
and the Shirley background was subtracted from the spectra. The N1s peaks were fitted using
Gaussian (80%)−Lorentzian (20%) and established with XPSpeak. According to the result of XPS,
as shown in Figure 1, the main peak at 399.9 eV was assigned to amino-A and the other peak at 400.5 eV
was assigned to pyrrolic-N. Thus, the nitrogen in rice straw was composed of 11.15% pyrrolic-N (N-5)
and 88.85% amino-N (N-A). Therefore, Pyrrole and glycine, commercial reagents with high purity of
98% or more, were chosen as the modeling compounds for mechanism research. Cellulose, with a
purity of 99%, was also purchased as an additive to research the effect of –OH on NO formation. All of
the modeling compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Figure 1. Nitrogen species in rice straw.
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2.2. Experimental Methods

Experiments were conducted in a horizontal tube furnace reactor system, as shown in Figure 2.
The furnace was 800 mm long and the inner diameter was 60 mm. The quartz tube was 1000 mm
long and the inner diameter was 36 mm. The temperature of the reaction zone was controlled by a
thermocouple connected to a temperature controller. The monitoring point of the thermocouple was
set inside the quartz tube where the solid materials were placed to ensure an accurate temperature
control. During experiments, 20 mg samples (rice straw or modeling compounds) were employed
and were placed in a quartz boat (with length of 100 mm, width of 25 mm, and thickness of 1 mm).
The reactor was heated by an electric furnace up to the given temperature ranging from 500 to 900 ◦C
and maintained for 15 min. Then, the quartz boat that contained the sample was quickly pushed into
the reaction zone. The carrier gas was argon (Ar) with a high purity of 99.999%. The gas flow rate was
controlled at 4 L/min by mass flow meters. The volatiles released during pyrolysis were removed
out from the reactor immediately by the carrier gas to keep a short residence time (less than 1.5 s)
and to avoid the secondary reactions. Gasmet DX4000 (Gasmet DX 4000, Gasmet Technologies Inc.,
Helsinki, Finland), a kind of Fourier transform infrared gas analyzer, was employed to measure the
concentrations of nitrogen containing components (NH3, HCN, HNCO, and NO) on line. A sampling
line was connected between the reactor and the gas analyzer, the temperature of which was maintained
at 180 ◦C to avoid secondary pyrolysis and components condensing. The measurement time interval
of the analyzer was set to be 3 s. Each test was repeated for three times to make sure that the relative
standard deviations were less than 5%.

Figure 2. Schematic diagram of the horizontal tube furnace reactor system.

The convert ratios of fuel-N to gaseous nitrogen containing products (NH3, HCN, HNCO, and NO)
were calculated by Equation (1):

Rgas-N =

∫
cdt × Q

22.4 × 106 × 60
× MN

m × Npc
× 100% (1)

where Rgas-N is the convert ratio of fuel-N to gaseous nitrogen components (%), c is the concentration
of gaseous species (mg/Nm3), t is the measuring time (s), Q is the flow rate of flue gas (L/min), MN is
the molar mass of nitrogen (g/mol), and m is the weight of initial rice straw sample (g).

3. Results and Discussion

3.1. Nitrogen Release during Pyrolysis of Rice Straw

NH3, HCN, HNCO, and NO were all found during the pyrolysis experiments of rice straw.
Their concentrations were measured by a FTIR gas analyzer and recorded online. Figure 3 shows the
release behavior of these gaseous products at temperatures ranging from 500 to 900 ◦C.
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As shown in Figure 3, the peaks of the concentration curves of all the species appeared earlier
as the temperature increased. This means that the chemical bond was broken more easily and that
the reaction was more drastic at higher temperatures. NH3 was detected at lower temperatures.
Its concentration decreased with increasing temperature and totally disappeared at temperatures
higher than 700 ◦C. HNCO also decreased with rising temperature, and was disappeared at 800 ◦C.
On the contrary, HCN was first detected at 600 ◦C and the concentration increased with an increasing
temperature. It should be noted that NO was also a very important product, the concentration of
which firstly increased with temperature and reached its maximum at 800 ◦C and then decreased.

Figure 3. Release behaviors of nitrogen gaseous products during rice straw pyrolysis. (a) 500 ◦C,
(b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C, (e) 900 ◦C.

The convert ratios of fuel-N to gaseous products are shown in Figure 4. The convert ratios of
fuel-N to NH3 and HNCO decreased, while that of HCN increased with the increasing temperature.
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Previous researchers also reported that HCN is preferentially formed at a higher temperature or at a
higher heating rate, and that NH3 is formed at a lower temperature or a lower heating rate [4,17,23,24].
Nitrogen release during rice straw pyrolysis was also studied by other researchers [17,28]. They also
reported that HCN was the main product and little NH3 was found. These results are in accordance
with the result of the current study. The convert ratio of fuel-N to NO, a very important product, firstly
increased and reached its maximum yield at 800 ◦C, and then decreased.

It is well known that the nitrogen species in biomass is mostly composed of amino
acids [2,10,23,28]. The primary decomposition step of amino acid during pyrolysis contains
decarboxylation, dehydration and deamination [32,33,37]. In present experiments, NH3 was produced
at temperatures lower than 700 ◦C, while at higher temperatures, NH3 thoroughly disappeared. It was
reported that amino acid could be converted into heterocyclic nitrogen compounds during thermal
treatment [2], which would then lead to the decrease of amino acid. Due to this, the convert ratio of
fuel-N to NH3 decreased with the increase of temperature.

Figure 4. Convert ratios of fuel-N to gaseous products during pyrolysis of rice straw.

Cyclic amide, which was produced by dehydration, could be decomposed into HNCO and HCN
further [15,23,32]. The convert ratio of fuel-N to HNCO decreased with the increase of temperature,
while the reverse of HCN was observed. This corresponded with a previous study [38]. Therefore,
the decomposition of cyclic amide has a high selectivity [15,23]. At lower temperatures, the convert
ratio of fuel-N to HNCO was larger than that of HCN, while HCN was the main product at the higher
temperatures. Hansson [38] pointed out that the activation energy for the formation of HNCO was
lower than that of HCN during the decomposition of all cyclic amides. Besides, HNCO could be
decomposed into HCN at high temperatures via the following reaction [24,32]:

HNCO→HCN + CO, (2)

which also led to the decrease of HNCO.
The peaks of NO concentration curves appeared simultaneously with that of other products at

the same temperature, even a little earlier at lower temperatures. Hence, NO was definitely attributed
to the direct oxidization reaction of N-sites with –OH, which is abundant in rice straw. The convert
ratio of fuel-N to NO firstly increased with the increase of temperature and decreased at 900 ◦C. It was
probably caused by the reduction reaction of NO and CO, which was catalyzed by inorganic impurities
and even the chars at high temperatures [12,39]. CO was largely generated during pyrolysis and
the reduction reaction easily occurred at higher temperatures. The concentration of CO was also
tested by the gas analyzer in the experiments, as shown in Figure 5, which was powerful evidence for
this explanation.
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Figure 5. Variation of CO concentration with temperature.

3.2. Nitrogen Release during Pyrolysis of Nitrogen Modeling Compounds

Nitrogen in rice straw consisted of N-5 and N-A, as shown in Figure 1. It was reported that
glycine is one of the major amino acids in agricultural straw [40]. Therefore, glycine and pyrrole were
employed as modeling compounds to provide evidence for the release mechanism of fuel-N into
gaseous components proposed above.

3.2.1. Pyrolysis of Glycine

Figure 6 shows the nitrogen release behavior during glycine pyrolysis at different temperatures.
The concentrations of gaseous nitrogen containing products were much higher than that of rice straw.
This was attributed to the high purity of glycine as well as its higher nitrogen content of 18.7%.
The peaks of the concentration curves also appeared much earlier with the increasing temperature.
The concentrations of HCN and NH3 increased with the rising temperature, while the concentrations
of other products firstly increased, and reached their maximum at 800 ◦C, then decreased.

Figure 6. Cont.
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Figure 6. Release behavior of nitrogen gaseous products during glycine pyrolysis. (a) 500 ◦C, (b) 600 ◦C,
(c) 700 ◦C, (d) 800 ◦C, (e) 900 ◦C.

The convert ratios of fuel-N into gaseous nitrogen containing products are shown in Figure 7.
Different from the pyrolysis of rice straw, the convert ratios of fuel-N to NH3 and HNCO firstly
increased, and reached their maximum at 800 ◦C, then decreased. In particular, the proportion of NO
was much smaller than that of rice straw.

Figure 7. Convert ratios of fuel-N to gaseous nitrogen containing products during pyrolysis of glycine.

It was reported that during the pyrolysis of glycine, the main primary decomposition reactions
are deamination and dehydration [33]. NH3 and HNCO were formed via Equations (3) and (4).
Additionally, the decomposition reaction of primary amines, as well as the bimolecular reactions
between imine and amine, could also produce NH3 [41].

(3)

(4)

HNCO was produced by the decomposition of cyclic amino, which was formed by the dehydration
reaction, as shown in Equation (5). Meanwhile, the cracking of cyclic amino also produced HCN
(see Equation (6)). HNCO could be further decomposed into HCN and CO at higher temperatures,
and then the reduction of HNCO could be explained.
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(5)

(6)

The peaks of NO concentration curves appeared a little earlier than that of other products at the
same temperature. Hence, it is undoubted that NO was formed by the direct oxidization reaction of
–NH with –OH. The less convert ratio of NO might be caused by the lack of –OH in glycine when
compared to that rice straw.

3.2.2. Pyrolysis of Pyrrole

HCN was found to be the only product and was detected at temperatures higher than 700 ◦C
during the pyrolysis of pyrrole, as shown in Figure 8. The concentration of HCN at higher temperatures
was much higher than that of rice straw. It was caused by the high purity of pyrrole and the high
nitrogen content of 20.90%.

Figure 8. Variation of HCN concentration with temperature during pyrrole pyrolysis.

As it was reported in previous researches in regard to pyrrole pyrolysis [41–43], C–N was broken
to generate an intermediate that decomposed into HCN and ĊH2–CH=ĊH subsequently, as shown
in Equation (7). The formation of HCN tended to occur at temperatures higher than 700 ◦C [17,44].
This highly corresponded with the current study.

(7)

3.2.3. Effect of –OH on the Formation of NO

NO was a major product during rice straw pyrolysis, however, it was not detected during the
pyrolysis of pyrrole and little was formed during the pyrolysis of glycine. Therefore, it can be deduced
that the large amount of NO formed during pyrolysis of rice straw was due the direct oxidization
reaction of –NH and –OH, which is abundant in rice straw.
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Cellulose is the major component in lignocellulosic biomass, which accounts for 32–47% [45,46].
The percentage of cellulose in rice straw is 35% [46]. In order to prove the deduction of NO formation,
cellulose was mixed into glycine to increase the amount of –OH and co-pyrolysis of glycine and
cellulose was conducted. The mass ratio of cellulose to glycine was 1:4. The convert ratios of fuel-N
to NO are shown in Figure 9. It is obvious that the convert ratio of NO increased with the addition
of –OH. Furthermore, the ratio of –OH to amino acid in rice straw is much higher than in the mixed
samples. Therefore, the larger amount of NO that is produced during pyrolysis of rice straw than
model amino acid could be explained.

Figure 9. Convert ratios of fuel-N to NO during pyrolysis of glycine and co-pyrolysis of glycine
and cellulose.

3.3. Mechanism of Nitrogen Release during Rice Straw Pyrolysis

As discussed above, NH3 and HNCO were derived from the pyrolysis of amino acid. HCN was
produced by pyrolysis of both amino acid and pyrrole. NO was an important product during rice
straw pyrolysis, while a small amount of NO was found during amino acid pyrolysis, and it was not
detected during pyrrole pyrolysis. Therefore, the formation of NO was attributed to the oxidization
reaction of –NH and –OH, which is abundant in rice straw. This was proved by the co-pyrolysis of
glycine and cellulose.

The nitrogen in rice straw was more complex than the model compounds of glycine and pyrrole.
The transformation of nitrogen was reported to be affected by mineral matters [28,29,47] and the
three major components of raw material, that is, cellulose, hemicellulose, and lignin [10,30,40] during
pyrolysis of biomass. However, the research on modeling compounds could explain the nitrogen
release route during pyrolysis due to the definite nitrogen occurrence forms in rice straw analyzed by
XPS. Thus, the release mechanism of fuel-N into NOx and N2O precursors during rice straw pyrolysis
was concluded in Figure 10.

Figure 10. Release mechanism of fuel-N during rice straw pyrolysis.
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4. Conclusions

Pyrolysis of rice straw was conducted to research the release mechanism of fuel-N into NOx

and N2O precursors. The concentration variations of gaseous nitrogen components, i.e., NH3, HCN,
HNCO, and NO were dynamically monitored. The formation of gaseous nitrogen components was
found to be highly dependent on temperature. NH3 and HNCO preferred to be formed at lower
temperatures and HCN tended to form at higher temperatures. It is worth noting that NO was also an
important product.

The nitrogen occurrence form in rice straw was analyzed by XPS. Amino-N and pyrrolic-N were
identified. Therefore, glycine, as well as pyrrole, were chosen as the nitrogen modeling compounds
based on the results of XPS to understand the release mechanism of nitrogen during rice straw pyrolysis
well. The formation routes of all nitrogen gaseous components were confirmed. NH3, HNCO, and NO
originated from the decomposition of amino acid. HCN was formed by the decomposition of both
amino acid and pyrrole. NO was not detected during pyrolysis of pyrrole, and a little NO was found
during amino acid pyrolysis. Therefore, a considerable proportion of NO formed during the pyrolysis
of rice straw was due to the direct oxidization reaction of –NH and –OH in the raw material. To provide
evidence for this proposal, cellulose was selected as an additive to increase the amount of –OH and
co-pyrolysis of glycine and cellulose was conducted. Then, the release mechanism of fuel-N into NOx

and N2O precursors during rice straw pyrolysis was proposed based on the experimental results.
In future research, various biomass materials with different nitrogen occurrence forms would be
employed to investigate the effect of fuel type on nitrogen release.
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Abstract: The impact of conversion process parameters in pyrolysis (maximum temperature, inert gas
flow rate) and hydrothermal carbonization (maximum temperature, residence time and post-washing)
on biochar and hydrochar properties is investigated. Pine wood (PW) and corn digestate (CD),
with low and high inorganic species content respectively, are used as feedstock. CD biochars
show lower H/C ratios, thermal recalcitrance and total specific surface area than PW biochars,
but higher mesoporosity. CD and PW biochars present higher naphthalene and phenanthrene
contents, respectively, which may indicate different reaction pathways. High temperatures (>500 ◦C)
lead to lower PAH (polycyclic aromatic hydrocarbons) content (<12 mg/kg) and higher specific
surface area. With increasing process severity the biochars carbon content is also enhanced, as well
as the thermal stability. High inert gas flow rates increase the microporosity and wettability of
biochars. In hydrochars the high inorganic content favor decarboxylation over dehydration reactions.
Hydrochars show mainly mesoporosity, with a higher pore volume but generally lower specific
surface area than biochars. Biochars present negligible availability of NO−

3 and NH+
4 , irrespective of

the nitrogen content of the feedstock. For hydrochars, a potential increase in availability of NO−
3 , NH+

4 ,
PO3−

4 , and K+ with respect to the feedstock is possible. The results from this work can be applied to
“engineer” appropriate biochars with respect to soil demands and certification requirements.

Keywords: pyrolysis; hydrothermal carbonization; biochar engineering; porosity; nutrients;
polycyclic aromatic hydrocarbon (PAH)
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1. Introduction

The definitions of biochar provided by the European Biochar Certificate (EBC) [1] and the IBI
(International Biochar Initiative) Biochar Standards [2] address biochar properties requirements for its
application, as well as methodological standards to assess them, but they do not describe in detail the
production process and its influence on biochar properties. As an example, the EBC considers mainly
pyrolysis as the process to produce biochar, including gasification as part of the pyrolysis technology
spectrum. However, the IBI Biochar Standards consider all forms of thermochemical conversion with
limited presence of oxygen as appropriate technologies to produce biochar. Therefore, hydrothermal
carbonization (HTC) could be included as well. In recent years, a lot of research has been done in
the field of biochar to understand the impact of process conditions on biochar properties, as well
as biochar dynamics once applied to soil and, consequently, its potential positive and/or negative
impacts on crops, environment and soil. However, as Abiven et al. [3] pointed out, it is necessary to
develop tailor-made biochar systems according to individual applications, taking into account soil
type, climate and social environments, instead of considering biochar as an universal soil enhancer.
Besides, biochar can have other applications, such as its use for soil and water remediation through the
adsorption and immobilization of organic and inorganic contaminants [4–7]. Within its agronomic use,
and according to a review by Mohan et al. [8], biochar can potentially increase nutrient availability
(direct and indirect pathways), water retention, soil organic matter, microbial activity and crop yields.
This may contribute to a reduction in nutrient leaching, fertilizer demand or emissions [9–11].

• Direct biochar contribution to nutrient availability relies on the macro- and/or micronutrients
that biochar contains and their availability [5,9,10]. This is strongly dependent on the composition
of the initial feedstock [10] and on the pyrolysis conditions. High retention of alkali species
and P is reported for pyrolysis temperatures below 600–700 ◦C and low heating rates [12–15],
with increase in total, soluble and exchangeable base cations with increasing process severity [13].
However, Uchimiya et al. [16] showed that NaOH-EDTA extractable P increased at 300–350 ◦C
pyrolysis temperature and decreased at higher temperatures for plant and manure biochars.
Hossain et al. [17] showed that total N content and N availability decreased with increasing
pyrolysis temperature in wastewater sludge biochars.

• Indirect contribution to nutrient availability relies on the capacity of biochars to retain applied
nutrients, potentially reducing leaching and increasing fertilizer-use efficiency, on their liming
effect or on their impact on other soil properties, such as the potential increase in water-holding
capacity, among others, as reviewed by Chan and Xu in [10]. Biochars nutrient retention capacity
is associated to their surface charge and surface physical properties as stated by Chan and Xu
in [10].

• Biochar surface charge will impact the biochar capacity to adsorb positively or negatively charged
nutrients. The cation exchange capacity (CEC) is a measure of the biochar capacity to retain
positively charged species, mainly through electrostatic interactions [7,18]. Budai et al. [19]
reported that CEC is influenced by different factors, with no clear dominance. These may
include: the presence of negatively charged oxygen-containing functional groups on the biochar
surface, such as carboxylate (from carboxylic acid) and hydroxyl functional groups [13,18–20],
which are reported to decrease with increasing conversion temperature [13,18,19,21,22]; the pH
of the solution [18]; the content and composition of the inorganic fraction [23,24]. Values for
biochars CEC and its dependence on process conditions and feedstock vary significantly in
literature [18,19,24]. Biochars anion exchange capacity (AEC) is scarcely reported in literature [20],
with studies even showing negligible AEC [18]. Little is known about the origin of AEC on
the surface of biochar [20]. However, due to the relevance of this topic, especially towards the
reduction in negatively charged nutrients leaching, such as phosphates and nitrates, plenty of
recent research activity focuses on the modification of biochar surfaces to enhance their capacity
or adsorb such species.

199



Energies 2018, 11, 496

• Biochar specific surface area and pore volume increase with pyrolysis temperature [19,21,25] up to
approximately 600–700 ◦C, when further ordering of the biochar structure may lead to a decrease
in surface area [19,25]. Mainly micropores contribute to the specific surface area in biochars [21].
Other process parameters, such as biomass composition, specially inorganic species content,
heating rate and pressure can have also a significant impact on porosity development [26,27].
Surface area and pore network may impact biochar adsorption capacity due to the influence on
accessibility [18] and availability of adsorption sites.

• With respect to water retention, this depends on both the physical and chemical surface properties
of biochar. The nature of surface functional groups impacts the hydrophobic/hydrophilic behavior
or biochars [20]. As reported by Schimmelpfenning et al. [21], polar functional groups on the
biochar surface may increase the uptake of water due to electrostatic interactions and hydrogen
bonds. Their reduction can lead to higher hydrophobic caracter [28]. Hagemann et al. [29] reported
that biochar-water interactions enhancement, leading to higher nutrient retention, can be achieved
with higher mesoporosity, redox-active sites and hydrophilicity on the surface of biochars.

• Biochars pH is of high relevance for its application in soil, since it determines not only its potential
liming effect, but it also has an influence on other properties, such as CEC, water holding capacity
or adsorption capacity for different nutrients or heavy metals [18,30].

Consequently, in order to achieve the capacity of “engineering biochar”, not only further
knowledge of the mechanisms behind biochar interactions in soil (including quantification and
durability of the impact and variability in response) [9,31] is required, but also a deeper mechanistic
understanding of the influence of conversion process and feedstock on biochar properties and its
function in soil. This is a complex issue due to the highly relevant influence of (1) feedstock, (2) type of
process, and (3) process parameters on biochar characteristics, as briefly introduced.

For pyrolysis, temperature and feedstock properties are the main process parameters under
consideration when investigating the influence of conversion process on biochar properties. However,
other process variables such as inert gas flow rate, heating rate, particle size, atmosphere and
pressure can dramatically change biochar properties as well [26,32,33]. Furthermore, with HTC
the chemical pathways involved differ significantly from those of pyrolysis. The different nature of
these chemical reactions open up the potential to design carbon materials with a variety of interesting
functionalities [34].

Comparison of chars produced from pyrolysis (termed biochars in the following) and chars
produced from HTC (termed hydrochars in the following) has been previously done in literature,
as summarized in Table 1. Huff et al. [35] reported higher O/C ratios for hydrochars than for biochars,
as well as a significantly higher CEC, which, however, did not correlate well with the capacity of these
chars to adsorb organic compounds (methylene blue). Budai et al. [19] showed that volatile matter
and H/C and O/C ratios can be good parameters to determine the carbonization degree, irrespective
of conversion process and feedstock, but poor predictors for agronomic properties (SSA and CEC).
Liu et al. [28] reported that HTC creates oxygen-containing functional groups on the hydrochar surface
with respect to the feedstock, while pyrolysis reduces their presence. Both biochar and hydrochar
develop a rough surface and pore structure and are able to remove metal species from wastewater,
such as copper, although different adsorption mechanisms can be responsible [28]. Based on a wide
comparison of biochars, produced through different methods, and hydrochars, quality indicators
for biochar production were suggested, such as H/C ratios below 0.6, O/C ratios below 0.4 and
black carbon content higher than 15% (based on C), to ensure stability in soil [21]. Moreover, BET
SSA higher than 100 m2 g−1 and PAHs content according to the precautionary values defined by the
German federal soil protection ordinance (“Bundesbodenschutzverordnung”) should be achieved [21].
Regarding chemical structure, it was shown that while biochar is mostly aromatic, with small traces of
alkyl carbons, hydrochars contain mostly alkyl moieties [36]. This was further confirmed in [37], where
it was also reported that hydrochars have higher nutrient retention capacity than biochars. At the
same time, both were within the EBC [1] recommended limits for PAHs content [37]. It was concluded
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that conversion conditions strongly affect the char properties and that, while biochar standards are
described in the EBC [1], hydrochars need their own directive [37]. In [36], it was also shown that the
aromatic cluster size of biochar is larger than the one of hydrochar. Furthermore, acid prewashing
and water and acetone washing can change the chemical structure of hydrochars [36]. Genotoxic and
phytotoxic risk assessment showed hydrochars to be phytotoxic, inhibiting germination, although this
effect could be eliminated with biological post-treatment [38]. Moreover, hydrochar is less suitable for
long-term C sequestration in comparison to biochar, due to a lower stability, but it can deliver essential
nutrients, having therefore potential for soil amelioration [39].

The objective of the present work is to contribute to the comparison between biochars and
hydrochars by investigating the influence of conversion process conditions and feedstock on relevant
properties. For this purpose, biochars and hydrochars were produced from two biomass feedstocks
with varying mineral content (pine wood and corn digestate). Biochar was produced by pyrolysis
in a fixed bed reactor at two maximum conversion temperatures (400 and 600 ◦C) and two inert gas
flow rates (20 and 40 NL min−1 of N2). Hydrochars were produced by HTC in a batch autoclave
at two conversion temperatures (200 and 240 ◦C), two residence times (10 and 360 min) and with
and without water washing after production (3 and 6 times). Together with primary characterization
properties, such as proximate and elemental analyses, other characteristics, which can contribute to
the understanding of biochar and hydrochar behavior once applied to soil, are analyzed: pH, acidic
surface functional groups, pore size distribution with N2 and CO2 adsorption, nutrient availability,
thermal stability, PAHs content and wettability.

Comparing the objectives of the present work and the previously reviewed literature, this study
introduces a more detailed analysis on (1) the influence of conversion process parameters and
(2) the characterization of products properties. With respect to process conditions, temperature,
time and water washing have been chosen for HTC because very little data is available in the above
mentioned publications regarding their combined influence on hydrochars. Moreover, the influence of
inert gas flow rate in pyrolysis, and therefore the retention time of volatiles in the bed, is a novelty in
this comparative study. This work represents a fundamental characterization of char produced under
different and relevant process conditions and, therefore, issues regarding the energetic costs associated
with inert gas flow rates, process temperatures or residence times cannot be evaluated based on these
laboratory scale results. Furthermore, beyond the investigated product properties in the reviewed
literature, a deep analysis is performed for the first time on the porous structure of both biochars
and hydrochars combining N2 and CO2 adsorption, as well as research and comparison on nutrient
availability and wettability. Finally, the results are analyzed from a conversion process perspective,
in order to achieve an advance in the state-of-the-art of the “engineering biochar” concept.
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2. Materials and Methods

Two different raw materials, pine wood chips (PW) and corn digestate (CD), were used for the
production of biochar (pyrolysis) and hydrochar (HTC). PW was provided by Robeta Holz OHG
(Milmersdorf, Germany) while CD was obtained from an anaerobic digester in Dorf Mecklenburg
(Germany). The substrate used for mesophilic (39 ◦C) anaerobic digestion was 70% corn silage and 30%
cow manure. The digestate was dried and stored on site. Due to storing conditions, the dry digestate
contained a significant amount of calcium carbonate. The properties of both raw materials are shown
in Table 2.

Table 2. Raw material, conversion process, experimental conditions and solid yields for biochar
and hydrochar production. Ash content and elemental composition of pine wood chips (PW) and
corn digestate (CD). Determination of ash content was done according to the DIN norm 51719.
Elemental analysis was performed using a Vario EL elemental analyzer. Oxygen content was
obtained by difference. The values are given in % mass, dry basis (%, db). * Maximum conversion
temperature measured in the reference position, according to the description provided in the Section 1
of Supplementary Material.

Material Ash (%, db) C (%, db) H (%, db) O (%, db) N (%, db)

CD 19.6 ± 0.1 40.7 ± 0.7 5.5 ± 0.1 31.7 ± 0.8 2.4 ± 0.5

PW 0.2 ± 0.0 49.4 ± 0.4 6.7 ± 0.1 43.7 ± 0.4 0.1 ± 0.0

Sample Raw Process HTT * Flow Char yield
material (◦C) (NL min−1) (%, db)

PW400-20 Pine wood Pyrolysis 400 20 30.01 ± 0.18
PW400-40 Pine wood Pyrolysis 400 40 25.83 ± 2.12
PW600-20 Pine wood Pyrolysis 600 20 24.94
PW600-40 Pine wood Pyrolysis 600 40 22.82 ± 0.49

CD400-20 Corn digest. Pyrolysis 400 20 50.89 ± 0.36
CD400-40 Corn digest. Pyrolysis 400 40 52.00 ± 0.21
CD600-20 Corn digest. Pyrolysis 600 20 49.76 ± 0.40
CD600-40 Corn digest. Pyrolysis 600 40 48.54 ± 1.08

Sample Raw Process HTT Time Wash. Char yield
material (◦C) (min) times (%, db)

PW200-10 Pine wood HTC 200 10 - 82.30 ± 0.35
PW200-360 Pine wood HTC 200 360 - 75.68 ± 0.01
PW240-10 Pine wood HTC 240 10 - 76.26 ± 0.07

PW240-360 Pine wood HTC 240 360 - 59.09 ± 0.19

CD200-10-0 Corn digest. HTC 200 10 0 83.49
CD200-10-6 Corn digest. HTC 200 10 6 73.49

CD200-360-0 Corn digest. HTC 200 360 0 74.38
CD200-360-6 Corn digest. HTC 200 360 6 70.29
CD220-185-3 Corn digest. HTC 220 185 3 64.57 ± 2.02
CD240-10-0 Corn digest. HTC 240 10 0 70.82
CD240-10-6 Corn digest. HTC 240 10 6 66.85

CD240-360-0 Corn digest. HTC 240 360 0 62.06

CD and PW biochars were produced at the Technische Universität Berlin (Berlin, Germany),
in a technical-scale fixed-bed reactor, with capacity for several kg of biomass. The setup used in these
experiments has been presented elsewhere [40]. In these experiments, the influence of maximum pyrolysis
temperature (400 and 600 ◦C) and residence time of the volatiles in contact with the solid bed (with inert
gas flow rates of 20 and 40 NL min−1) was investigated. Experiments were conducted in duplicates.
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The hydrothermal carbonization experiments were carried out at the Leibniz Institute for
Agricultural Engineering and Bioeconomy (Potsdam, Germany). Distilled water was added to the dry
digestate in each experiment to achieve the desired solid content of 20% by mass. The experiments
were conducted in a 1 L autoclave (Series 4520, stainless steel T 316, Parr Instruments, Moline, IL,
USA) equipped with a temperature controller. The influence of maximum conversion temperature
(200, 220 and 240 ◦C), time at this temperature (10, 185 and 360 min) and washing effect (0, 3 and
6 times with distilled water) on hydrochar properties was investigated.

Further details on biochar and hydrochar production conditions are given in Table 2 and in the
Suplementary Material.

Analytical Methods

Biochars ash content determination was done following the DIN norm 51719. Hydrochars ash
content was characterized according to the method described in Chapter 8.4 from the VDLUFA
Methodenbuch Band III [41]. Validation of both methods for both raw materials showed that the
results according to the DIN norm are within the standard deviation of the results from the VDLUFA
method. For elemental analysis (CHNS), a Vario EL elemental analyzer (Elementar Analysensysteme
GmbH, Lagenselbold, Germany) was used for hydrochars and biochars. Inorganic elemental analysis
for hydrochars was performed in an ICP-OES (iCap 6300 Duo, from Thermo Scientific, Schwerte,
Germany). Prior to the analysis, milled samples were digested according to the method exposed
in Chapter 10.8 of the VDLUFA Methodenbuch Band III [41], using a microwave (ultraClave-IV
high pressure microwave, from MWS Vertriebs GmbH, Leutkirch, Germany) with nitric acid 65%
(260 ◦C, 140 bar, 2 h) and stored at room temperature. Biochar inorganic elemental characterization
was also performed with an ICP-OES (Varian 720-ES, now Agilent Technologies, Inc., Santa Clara,
CA, USA) after digestion in a microwave (Multiwave 3000, from Anton Paar, Graz, Austria) with
nitric acid 65% (Rotipuran R© p.a., ISO, max 0.005 ppm Hg, Carl Roth GmbH + Co. Kg, Karlsruhe,
Germany) and hydrogen peroxide 30% (Rotipuran R© p.a., ISO, stabilisiert, Carl Roth GmbH + Co. Kg,
Karlsruhe, Germany).

The pH of biochars and hydrochars was measured in deionized water solution. The determination
of oxygen-containing functional groups on the char surface was done applying the Boehm titration
method [42]. The experimental procedure is based on the description by Goertzen et al. [43],
including the sample pretreament proposed by Tsechansky and Graber [44]. Further details on
this characterization method are given in the Section 2 of Supplementary Material.

The pore structure, including specific surface area, pore volume and pore size distribution,
was characterized with gas adsorption, combining the measurement of N2 and CO2 adsorption
isotherms at 77 K and 273 K respectively. The pretreatment of the samples, prior to adsorption
measurements, included milling and degassing in vacuum at 150 ◦C during 6 h, with the objective
of cleaning the surfaces from other adsorbed species and reducing transport limitations (milling).
For both degassing and adsorption/desorption measurements the gas sorption system Nova 2200,
provided by Quantachrome Instruments (Boynton Beach, FL, USA), was used. Several methods were
applied to the isotherms in order to derive pore surface areas and volumes, all of them included in the
NovaWin software (Version 11.04, also from Quantachrome Instruments). The methods applied to the
N2 adsorption/desorption isotherms included: the BET method [45] to meaure the total specific surface
area; the BJH method [46] to characterize the specific surface area and volume of pores bigger than
≈3 nm; and the density functional theory (DFT) [47] method, in particular, the quenched solid density
functional theory (QSDFT) method, considering slit/cylindrical pores (Quantachrome Instruments).
With the QSDFT method, the specific surface area and volume of micropores and mesopores up to
≈34 nm were characterized. The total pore volume was determined from the volume of N2 adsorbed
at a relative pressure P/P0 ≈ 1, assuming that at this point the pores are filled with liquid N2. For CO2

adsorption, the non local density functional theory (NLDFT) method (Quantachrome Instruments)
was applied to determine the specific surface area and volume due to micropores up to ≈1.5 nm.

204



Energies 2018, 11, 496

Biochar thermal stability was analyzed by thermogravimetric analysis (TGA 1, STARe system,
from Mettler Toledo, Columbus, OH, USA) with a heating rate of 5 ◦C min−1, in synthetic air (20.5%
O2, 200 mL min−1 air flow) and up to a temperature of 600 ◦C. Initial mass below 5 mg was used to
guarantee kinetic regime and avoid self-heating due to the exothermicity of the oxidation reactions.
Conversion rate of biochar oxidation is defined here as the change of conversion (α) over time ( dα

dt ).
Conversion (α) is defined as 1 − (mo − m)/(mo − m f ), where m is the biochar mass at each time step,
mo is the initial biochar mass and m f is the mass of the combustion product at 600 ◦C, i.e., ash.

Plant available ammonium (NH+
4 ) and nitrate (NO−

3 ) were determined according to the DIN
19746:2005-06 (extraction of the samples with 0.0125 mol L−1 of CaCl2 in distilled water). Plant available
phosphate (PO3−

4 ) and potassium (K+) were determined according to VDLUFA Methodenbuch Band
I [48], Chapter 6.2.1.1 (extraction with a solution of 0.02 mol L−1 of calcium lactate and 0.02 mol L−1

hydrochloric acid in distilled water). The analysis of the extracts was conducted by IC-CD (ICS 1000,
from DIONEX). Anions were analyzed with an IonPac AS9-HC 4 × 250 mm column from DIONEX
(chromatographic conditions: 9 mmol Na2CO3, 1.2 mL min−1, 160 bar) and cations with an IonPac CS
16 5 × 250 mm column from DIONEX (chromatographic conditions: 30 mmol methanesulfonic acid
(MSA), 1.0 mL min−1, 80 bar, 40 ◦C).

The method applied for characterization of the 16 USEPA (United States Environmental Protection
Agency) PAHs has been developed by Fabbri et al. [49], with the difference that in the present study
a standard solution of deuterated 16 PAHs (PAH-Mix 9 deuterated, 10 mg L−1, Dr. Ehrenstorfer,
Augsburg, Germany) was used, instead of 3 deuterated PAHs as in [49]. Briefly, the biochar samples,
spiked with 0.1 mL of a 5 mg L−1 solution of the above deuterated 16 PAHs solution, were Soxhlet
extracted with an acetone (CHROMASOLV, for HPLC, ≥99.9%, Sigma–Aldrich, St. Louis, MO,
USA)/cyclohexane (ACS reagent, ≥ 99.5%, Sigma–Aldrich, St. Louis, MO, USA) (1:1, v/v) solvent
mixture for 36 h and then the PAHs were analyzed in an Agilent HP 6850 gas chromatograph (GC)
coupled to an Agilent HP 5975 quadrupole mass spectrometer (MS) (Agilent Technologies, Inc.,
Santa Clara, CA, USA); GC-MS conditions were those detailed in [49].

Biochar wettability measurements were performed according to the method described by
Ojeda et al. [50]. Briefly, a glass tube 6 cm high with 0.9 cm of internal diameter was filled with
the different biochar samples up to a height of 3 cm. Then the tube was attached to a high precision
scale (DCAT, dynamic contact angle measuring instrument, DataPhysics c©, Germany). Below the tube,
a glass filled with distilled water or n-hexane (AnalaR NORMAPUR –for synthesis– ≥95%) was placed
and carefully risen until touching the bottom part of the tube. Distilled water/n-hexane capillary
absorption was measured by registering the weight increase in the biochar column during 200 s.

3. Results and Discussion

3.1. Primary Characterization: Yields, Elemental and Proximate Analysis

In Table 2 biochars and hydrochars yields are presented. Hydrochars show significantly higher
char yields than biochars, consistent with the lower conversion temperatures and the higher pressures.
For biochars, the lower the conversion temperature the higher the char yield. CD biochars also present
higher yields than PW biochars, due to the significantly higher inorganic species content, which remain
in the solid product after pyrolysis. Besides, a higher N2 flow rate during pyrolysis generally reduces
the char yield, due to a reduction in the residence time of the volatiles in the bed, minimizing secondary
reactions and formation of secondary char [12]. In the case of hydrochars, the solid yields for both
raw materials are similar. Besides, both conversion temperature and retention time at the conversion
temperature play an important role. Noteworthy to mention in the case of hydrochars is the impact
of washing. With the same conversion temperature and retention time, washing the hydrochar after
production can reduce up to 10% the solid yield. This indicates that a significant part of the solid is
actually condensed volatiles and water soluble inorganic species.
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In Figure 1 (left), the Van Krevelen diagram, i.e., the representation of H/C molar ratio versus
O/C molar ratio is presented for biochars and hydrochars. This diagram is often used to illustrate
the degree of maturity and aromaticity of chars [51]. Results in Figure 1 show that hydrochar and
biochar chemical composition depends on the conversion conditions, but also on the initial feedstock
composition, having potentially a significant impact on final char chemical properties. This is illustrated
with the results of CD biochars/hydrochars versus those for PW biochars/hydrochars. For the same
O/C molar ratio, the H/C molar ratio of CD biochars is lower than for PW biochars. Looking at the
relation of these molar ratios with the volatiles content (% mass, dry ash free), it is observed that while
biochar O/C molar ratio follows a linear trend with respect to the volatiles content, the behavior of
H/C ratio seems only linear for PW biochars, while very scattered for CD biochars.

As it has been introduced in Section 2, corn digestate contains calcium carbonates, mainly due to
storing conditions. The inorganic C content of CD biochars, due to carbonates, is approximately 4–5%,
as determined by Rombolà et al. [52]. The presence of these carbonates could explain, to some
extent, the higher volatiles content of CD biochars in comparison with PW biochars, since at the
conversion temperatures used in this study (400 and 600 ◦C) carbonates are stable and therefore
remain in the biochar. However, this could not explain the lower content in hydrogen for CD biochars.
Besides, the elemental composition of CD presented in Table 2 is similar to the one reported by
Mumme et al. [53] for maize silage digestate. This suggests different reaction pathways for low
and high inorganic matter content biochars, with a potential enhancement of aromatization for high
inorganic matter content biochars. Li et al. [54] also reported lower H/C ratios for biochar produced
from pyrolysis of rice husk, blended with CaCO3 prior pyrolysis, than for unmodified biochars,
which they correlated with an increase in the carbon aromaticity degree. The potential formation of
oxides or other metal composites on the biochar surface, associated to the high content of inorganic
matter, could also play a role [55].

With respect to hydrochars, CD hydrochars present in general higher H/C ratios and lower
O/C ratios than PW hydrochars, in some cases even lower than CD biochars. This indicates different
reaction mechanisms for both materials. The higher H/C ratios of CD hydrochars suggests that
decarboxylation reactions are favored over dehydration reactions [53]. In the case of PW hydrochars,
dehydration reactions seem to be more significant in comparison to CD hydrochars, while the influence
of decarboxylation reactions is lower, except for the highest conversion temperature and highest
retention time (240 ◦C – 360 min), where both are relevant. This is further supported by the composition
of the producer gas (collected during the HTC experiments in gas bags and analyzed with a SSM6000
analyzer from Pronova, Germany), with a concentration of CO2 increasing from around 50% vol.
to approximately 80% vol. for the highest conversion degree. It is also important to point out that
retention time at the conversion temperature is as significant as the conversion temperature itself.
With respect to CD hydrochars, CO2 increases from approximately 58% vol. from the mildest conditions
to around 75% for the most severe conditions. In this case, a significant emission of CH4 (2.5% vol.) was
also registered. Alkaline conditions during HTC enhance the formation of carboxylic acids, reducing
therefore the O/C ratio of the hydrochar [56]. In the present study, although the pH of both solid and
liquid products are acid, they are higher for CD hydrochars than for PW hydrochars, as shown in
Section 3.2. Similar composition for digestate hydrochars has been also shown by Mumme et al. [53],
who highlighted that this could be due to the decarboxylation reactions. Liu et al. [28], who compared
a hydrochar produced at 300 ◦C with a biochar produced at 700 ◦C using pine wood, reported similar
H/C and O/C ratios for their biochar as for the PW biochars produced at 600 ◦C in the present study.
The values for the hydrochar were slightly higher in comparison to PW hydrochars produced at 240 ◦C
during 360 min in the present study. Besides, for similar hydrochar H/C ratio, the hydrochar O/C
ratio is lower in the present study than in [28]. This could be related to the high amount of ash reported
by Liu et al. [28].
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According to the guidelines given by the European Biochar Certificate (EBC) [1] and the
International Biochar Initiative (IBI) Standards [2] on H/C and O/C ratios, the biochars presented in
this Section could be considered as certified biochars. With respect to hydrochars, it is shown that it is
also possible to produce hydrochars able to fulfill those requirements, with a conversion temperature
of at least 240 ◦C and a retention time of 360 min, but only with starting HTC conditions enhancing
both dehydration and decarboxylation reactions (as it is the case for PW), not only decarboxylation
reactions (as in the case of CD).

Inorganic elemental characterization is shown in Table 4 and in the Supplementary Material
(Table S1). It is observed that the elemental inorganic composition of CD hydrochars and biochars
is much higher than the one for PW hydrochars and biochars, in good agreement with their high
ash content.
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Figure 1. Left: Van Krevelen diagram, i.e., H/C molar ratio versus O/C molar ratio of PW and CD
biochars and hydrochars. Right: H/C and O/C molar ratios versus volatiles content (% mass, daf) for
PW and CD biochars and hydrochars.

3.2. pH and Surface Functional Groups

It has been reported in literature that pH may be dependent on both, the surface chemistry
and the ash content [22,23,57,58]. These both influences are further confirmed in the present study.
In Figure 2a,b the variation of pH with ash content is presented. Biochars with higher ash content
show also higher pH. However, the strongest correlations for biochars are not between pH and the
ash content, but between pH and H/C and O/C molar ratios. Specially remarkable is the correlation
between pH of CD biochars and H/C molar ratio (r = −0.95, shown in Figure 2c, being r the Pearson
correlation coefficient), when considering that the latter shows such scattered behavior in Figure 1.
It must be also taken into account that CD contains calcium carbonate due to storing conditions,
which has a high liming effect. However, the correlation between CD biochars ash content and pH is
significantly worse than between pH and H/C. With respect to PW biochars, pH presents also stronger
relations with H/C and O/C molar ratios (r = −0.91 and r = −0.89 respectively, shown in Figure 2d,f)
than with ash content, being this correlation similar in both cases.

Therefore, with respect to biochars pH, it can be concluded that despite the fact that ash content
has an influence on the pH value, a better correlation exists between the pH value and H/C and O/C
ratios. In the case of CD biochars, the relation between pH and H/C ratio is strongly linear.

For hydrochars the behavior is slightly different. Figure 2a shows that pH of CD hydrochars has
a stronger correlation with ash content (r = 0.88) than with H/C (Figure 2c) or O/C ratios (Figure 2e).
Despite the fact that the slope of the linear fitting for pH-ash in Figure 2a for CD hydrochars is lower
than those for pH-H/C for CD and PW biochars in Figure 2c,d respectively, the correlation is still
much better for pH-ash than for pH-H/C or pH-O/C. This indicates that the pH in CD hydrochars is
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mainly correlated to ash content, although with a weaker dependency than PW and CD biochars pH
with H/C ratio. PW hydrochars show similar relations with H/C and O/C molar ratios.

In Figure 3, information about the acidic functional groups present on the chars surface is given,
in particular, for carboxylic, phenolic and lactonic groups. In Figure 3a the total acidic functional
groups (carboxylic, lactonic and phenolic) and the carboxylic functional goups with respect to the
organic fraction of the chars (mmol g−1

org, db) are plotted versus the O/C molar ratio for PW600-20,
PW400-20, PW600-40, PW400-40, CD600-20, CD400-20, PW240-10. For biochars, independently of
the inorganic matter content, a good correlation (r = 0.80) is observed between total acidic groups
and O/C ratio. Hydrochar PW240-10 presents a high O/C molar ratio which does not correlate
well with the total acidic functional groups, according to the biochars behavior. This may indicate
that still a significant amount of oxygen is embedded in the hydrochar skeleton, which is in good
agreement with the structure of hydrochar formed mainly by alkyl moieties reported by Cao et al. [36].
In Figure 3b the total acidic groups and the carboxylic goups (with respect to the organic fraction
of the chars) are plotted versus H/C molar ratio. No good correlations are observed. However, in
Figure 3c a quite strong linear correlation (r = 0.84) is present between the total surface acidic groups
with respect to the total char mass (mmol g−1, db) and the H/C molar ratio, independently of the
inorganic matter content and the conversion process. Figure 3d shows the comparison of these groups
with pH. A relation between the increase in pH and the decrease in total acidity of the biochar surface
is observed.

20 30 40 50
Ash (%,db)

5

10

15

p
H

CD HTC
CD Pyro

0 0.5 1 1.5
Ash (%,db)

0

5

10

p
H

PW HTC
PW Pyro

0 0.5 1 1.5
H/C

5

10

15

p
H

CD HTC
CD Pyro

0 0.5 1 1.5
H/C

0

5

10

p
H

PW HTC
PW Pyro

0.1 0.2 0.3 0.4 0.5
O/C

5

10

15

p
H

CD HTC
CD Pyro

0 0.2 0.4 0.6 0.8
O/C

0

5

10

p
H

PW HTC
PW Pyro

r = 0.76

r = 0.89

r = -0.89

r = -0.03

r = 0.88

r = 0.63 r = 0.26

r = -0.91
r = -0.95

r = 0.82

f)

d)

b)a)

c)

e)
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CD (left) and PW (right) biochars and hydrochars. The strength of the correlations is indicated with the
Pearson correlation coefficient (r).
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Figure 3. Surface oxygen-containing functional groups of the biochars determined with the Boehm
titration method. (a,b) show the amount of functional groups with respect to the mass of the chars
organic fraction versus the O/C and H/C molar ratios; (c) shows the amount of functional groups with
respect to the total chars mass versus the H/C molar ratio; (d) shows the amount of functional groups
versus the pH.

3.3. Porosity Characterization

In Figure 4, the evolution of the total specific surface area (BET method using N2 adsorption)
is plotted versus the biochars/hydrochars volatiles content (% mass, daf). In general, the lower the
volatiles content, the higher the specific surface area (SSA). However, for CD biochars different BET
SSA behaviors are observed for similar volatiles content. The highest SSA values correspond to biochar
produced at 600 ◦C with a N2 sweeping flow rate of 40 NL min−1. In Figure 4b the SSA evolution is
plotted versus the H/C molar ratio. The decrease of H/C molar ratio is indicative of the formation
of structures containing unsaturated carbon such as aromatic rings [59], and therefore, represents
the increase in aromaticity with charring degree, as reported in [25]. It is possible to observe that
the behavior of CD biochars differs significantly from the one of PW biochars. Taking into account
that CD biochars have around 40% ash content, the SSA would be higher as function of the organic
fraction, but it would be still lower than for PW biochars. This may be a consequence of two possible
phenomena: (a) porosity development is different for materials with high inorganic content and
(b) potential filling or access blocking of micropores by the inorganic species [60,61], which could
explain the lower SSA value despite the lower H/C molar ratio in CD biochars.

In order to further characterize the porous structure, in Figure 5 the pore size distribution
according to pore surface area (left) and pore volume (right) is presented, characterized with the
methods introduced in Section “Analytical Methods”. SSA and volume from CO2 adsorption are also
shown in Figure 5. With CO2 adsorption, micropores up to 1.5 nm in pore width are characterized.
Despite this, the SSA area measured with CO2 adsorption is higher than the total SSA (up to 100–200 nm
in pore width, depending on the sample porous structure) measured with N2 adsorption. This indicates
that the samples have a microporous structure which cannot be completely characterized by N2

adsorption, mostly due to diffusion limitations, consequence of the low temperature measurements in
N2 adsorption.

The CO2 SSA is around 25% higher than the N2 SSA for PW biochars produced at 600 ◦C,
with inert gas flow rates of 20 and 40 NL min−1. However, the CO2 SSA for CD biochars produced in
the same conditions is 90% and 80% higher respectively. This indicates that the diffusion limitations
are stronger in CD biochars, in good agreement with the previous explanation for the low specific
surface of high inorganic content biochar. That is to say, the inorganic species may provoke partial
blocking or constriction of the porous structure, limiting the access of N2 to micropores but not of CO2.
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Figure 4. (a): Total specific surface area (SSA) determined with the BET method (N2 adsorption) versus
the volatiles content (% mass, daf) for PW and CD biochars and hydrochars; (b): SSA determined with
the BET method (N2 adsorption) versus H/C molar ratio for PW and CD biochars and hydrochars;
(c): SSA determined with CO2 adsorption applying the NLDFT method versus H/C molar ratio for PW
and CD biochars and hydrochars.

With respect to the pore volume, higher N2 pore volume than CO2 pore volume is measured
for PW biochars produced at 600 ◦C. This is due to the smaller size of pores characterized by CO2

adsorption. Noteworthy to mention is the fact that higher N2 sweeping flow during the pyrolysis
process leads to higher SSA and pore volume in the biochar. For PW biochars the effect is clearer when
looking at the pore volume distribution. This is also stronger for biochars produced at 400 ◦C than for
biochars produced at 600 ◦C. For CD biochars the difference for biochars produced at 600 ◦C is already
very significant, as introduced in Figure 4. This shows that higher flow rates lead to a more open
porous structure, due potentially to a combination of higher removal of volatiles (more significant
for biochars produced at 400 ◦C) and inorganic species (present in CD biochars), together with lower
extent of intraparticle heterogeneous secondary reactions, leading to the formation of secondary char.

Interestingly, while the major contribution to pores in PW biochars comes from micropores
(observed in the CO2 adsorption results), in CD biochars the contribution of mesopores is also
significant. Therefore, inorganics in CD biochars would not only reduce the presence of micropores
through potential blocking, but could also enhance the development of mesopores.

Comparing the porous structure of hydrochars with the one of biochars, the former follows quite
a different behavior. According to Figure 4, hydrochars present low SSA, in good agreement with the
high volatiles content and high H/C molar ratio. This suggests low charring and aromatization degree
in comparison with biochars. However, in Figure 5, results for hydrochars pore size distribution,
according to volume (bottom right), show that the volume of these samples is in many cases higher
than the one of biochars. Contribution of micropore volume to the total pore volume of hydrochars is
low. Therefore, it can be concluded that porosity (pore volume) in hydrochars is mainly due to meso-
and macropores. Comparing PW hydrochars and CD hydrochars produced at 240 ◦C, with a retention
time at maximum conversion temperature of 360 min, it is possible to see that PW hydrochars present
significantly higher SSA and volume. This could be attributed to the high inorganic matter content
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of CD hydrochars. However, PW hydrochars produced at 240 ◦C during 10 min or at 200 ◦C during
360 and/or 10 min show lower SSA and volume than CD hydrochars produced at 240 ◦C and 200 ◦C
during 360 min. Comparing the behavior of CD hydrochars produced at 240 ◦C and 200 ◦C during
360 min, the SSA and pore volume of the latter are higher despite the lower conversion temperatures.
This is due to the washing of the hydrochar produced at 200 ◦C during 360 min. This washing removes
inorganics and volatiles partially blocking the pores, which leads to an underestimation of the porous
structure with N2 adsorption, as previously introduced for biochars. However, CO2 adsorption results
show similar values of microporosity for both cases, indicating that this pore blocking does not affect
CO2 adsorption.
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Figure 5. Pore size distribution (PSD) of PW and CD biochars (top) and hydrochars (bottom). Top left:
SSA distribution with pore size for biochars according to the BET method (for total specific surface
area), quenched solid density functional theory (QSDFT, for total specific surface area, surface area
due to pores < 2 nm and pores 2 nm < pore size < 34 nm) method, and BJH method (surface area
due to pores > 3 nm). Total specific surface area for pores < 1.5 nm determined with CO2 adsorption.
Top right: Volume distribution with pore size for biochars. Bottom left: SSA distribution with pore
size for hydrochars according to the aforementioned methods. Bottom right: Volume distribution with
pore size for hydrochars. CO2 adsorption was not measured for samples PW400-40 and PW240-360.

3.4. Thermal Stability

Oxidation behavior of biochar in the presence of synthetic air has been performed in
a thermogravimetric analyzer (TGA) to assess biochar stability to oxidation [62,63].

In Figure 6, the conversion rate under oxidation conditions is plotted versus the temperature for
hydrochars (top) and biochars (bottom). The higher the temperature correspondent to the peak of the
conversion rate, the lower the reactivity, and therefore, the higher the stability to oxidation.

For most hydrochars, except the ones produced under the highest severity (240 ◦C, 360 min
retention time), a first peak in the conversion rate is observed at temperatures slightly above 300 ◦C,
consistent with further oxidative pyrolysis of the sample [64]. The second peak at higher temperatures
is related to char oxidation. For PW hydrochars, these oxidation peaks take place at significantly
higher temperatures than for CD hydrochars. At the same time, water washing of the hydrochars
after production seems to also affect their oxidation behavior. Those not being washed experience an
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earlier second oxidation peak. For biochars, the higher the conversion temperature, the higher the
temperature correspondent to the maximum of the oxidation peak. For hydrochars, residence time
at the maximum conversion temperature and post-washing, as previously introduced, also play a
significant role.
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Figure 6. Conversion rate of char oxidation for PW hydrochars (top left), CD hydrochars (top right),
PW and CD biochars (bottom).

The initial feedstock seems to have a stronger influence on the thermal stability (based on the
shape and peak position of the char oxidation curve) than the conversion process conditions. It is
known from literature [12] that char reactivity (in oxidation and gasification conditions) depends on
the char structure at molecular level, the inorganic matter in the carbon skeleton, specially alkali and
alkaline earth metals (AAEM), and the concentration and type of functional groups in the carbon
skeleton. Consequently, the high inorganic content of CD biochars, including AAEM, could act as
catalyst in biochar oxidation. This is also consistent with the washing of hydrochars, since with
washing, inorganic species can be removed from the hydrochar surface. Harvey et al. [65] showed
a similar behaviour with biochars (produced in [66]) from loblolly pine and cord grass, i.e., lower
R50,biochar for biochars with high inorganic content (up to 30% ash content for cord grass). However,
regardless of the inorganic content, they attributed the differences in biochar thermal stability to the
extent of carbonization/aromatization. Therefore, samples with similar H/C and O/C ratios can have
different recalcitrance depending on the rearragement of these atoms in the biochar structure [65].

Correlation between the thermal stability and the biogeochemical stability of soil organic
matter has been proposed by Plante et al. [67]. Harvey et al. [65] reported also a strong
negative exponential-type relationship between biochar degradabitlity (based on the amount of
carbon mineralized after 1 year of incubation [68]) and the thermal recalcitrance R50,biochar, defined
according to Equation (1). T50,biochar is the temperature correspondent to 50% conversion of
biochar (i.e., 50% of the total mass loss due to oxidation/volatilization) and T50,graphite is analog for
graphite. In Table 3, the R50,biochar values for several biochars and hydrochars are shown, considering
T50,graphite = 844 ◦C [62]. If a T50,graphite = 886 ◦C is used, as measured by Harvey et al. [65], slightly
lower R50,biochar values are registered (values between parentheses in Table 3).
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R50,biochar =
T50,biochar

T50,graphite
(1)

Table 3. R50,biochar, C (% mass, daf), H/C and O/C molar ratios for biochar and hydrochar samples.
The R50,biochar values are calculated considering a T50,graphite = 844 ◦C [62]. The R50,biochar values
between parentheses correspond to a T50,graphite = 886 ◦C [65].

R50,biochar C (% mass, daf) H/C (molar) O/C (molar)

PW200-360 0.43 (0.41) 56.94 0.96 0.50
PW240-10 0.41(0.39) 55.77 1.00 0.53
PW240-360 0.51 (0.48) 70.33 0.67 0.27

CD200-360-0 0.41 (0.39) 62.93 1.19 0.33
CD200-360-6 0.41 (0.39) 62.86 1.22 0.33
CD240-10-0 0.43 (0.41) 61.69 1.29 0.35
CD240-10-6 0.42 (0.40) 61.77 1.32 0.35
CD240-360-0 0.45 (0.43) 76.35 1.11 0.12

PW400-20 0.53 (0.50) 82.10 0.54 0.13
PW600-20 0.57 (0.54) 93.49 0.22 0.04

CD600-20 0.52 (0.50) 84.62 0.18 0.09
CD600-40 0.52 (0.50) 81.99 0.19 0.13

According to a biochar classification proposed by Harvey et al. [65], all analyzed biochars are
Class B biochars (0.50 ≤ R50,biochar < 0.70), with intermediate C sequestration potential, while the rest
are Class C biochars (R50,biochar < 0.50), which indicate that those chars have carbon sequestration
potential comparable to uncharred biomass. The PW240-360 hydrochar could belong to both classes,
depending on the considered T50,graphite.

3.5. Nutrients

The total content of macronutrients, such as Ca, Mg, N, P and K, is presented in Table 4 for PW
and CD biochars and hydrochars. These values are compared with the available nutrient content in
the form of NH+

4 , NO−
3 , PO3−

4 and K+.
Due to methodical issues, the values of hydrochars nutrient availability, determined from the solid

fraction, cannot be directly compared with those for biochars. A significant fraction of the investigated
species is solved in the liquid phase during HTC, which might still be present upon drying of the
hydrochar. This fact leads to measured nutrient availability in the hydrochar that is not a representative
hydrochar characteristic [69]. Instead, the behavior of the nutrients under consideration is investigated
via measurements of the liquid phase for the case of hydrochars. Therefore, for hydrochars, the content
of Ca, Mg, K and P in the solid and in the liquid phase are presented.

It is observed that the main factor affecting nutrient content in the final product is the feedstock,
since both present very different composition, with higher inorganic species and N content in CD. It is
obvious that PW has negligible potential for direct nutrient value from this point of view. Such direct
nutrient value is high for CD due to high amount of available N, P, and K (see Table 4). In the case of
CD it becomes important to investigate how the total nutrient content and their availability changes
with the conversion process. PW results are also presented as comparison.

The ratio C/N can be used as a possible indicator for nitrogen mineralization or immobilization,
taking C/N < 20 as predictor for nitrogen mineralization and C/N > 30 as indicator of initial net
nitrogen immobilization [37,70]. For PW biochars the molar C/N ratio is very high, with values
above 500, which could potentially lead to a high degree of N immobilization once applied to soil,
as previously explained. This is due to the low content of nitrogen in the initial feedstock, which would
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still decrease during the conversion process due to nitrogen volatilization, leaving negligible amount
of available N-species in the biochar [17]. In the case of CD, the initial nitrogen content in feedstock
is significantly higher, leading to C/N ratios between 20 and 30, which would indicate possibility
of mineralization or higher availability for plants once applied to soil [37]. However, the amount of
available N-species for CD biochars is negligible, similar to PW biochars. It must be taken into account
that the C/N ratios for hydrochars are indicative, due to the aforementioned methodical issues.

With respect to P and K, PW biochars present higher nutrient availability (PO3−
4 and K+) in

comparison to the raw feedstock. This may be explained by accumulation of these elements due to
release of volatile organic matter during pyrolysis for the case of K+ availability, which also shows
a highly significant (p < 0.001) dependency on pyrolysis temperature. PO3−

4 availability does not seem
to be dependent on temperature but rather on N2 gas flow at 600 ◦C (p < 0.05). In contrast to PW, CD
biochars PO3−

4 availability is reduced in comparison to the feedstock. Also, there is the same significant
(p < 0.05) dependency on N2 gas flow at 600 ◦C pyrolysis temperature. The observed reduction in K+

availability for the case of CD is not significant due to the high uncertainty associated with the results
(which stems from the high heterogeneity of the feedstock).

A reduction in the availability of PO3−
4 has been reported elsewhere, but different to the observed

results in this study, a dependency on pyrolysis temperature has been reported [16,17]. Instead, in this
study an increase in N2 flow leads to a significant increase in PO3−

4 availability at high pyrolysis
temperature. This hints to the hypothesis that P is somehow included in carbonaceous solids formed
upon recondensation of primary pyrolysis vapors because it has been shown that biochar extractable
P is primarily orthophosphate at pyrolysis temperatures > 350 ◦C [16]. More detailed studies are
required to understand this phenomenon. Finally it has to be concluded that pyrolysis leads to
a significant loss of plant available nutrient species, specifically NH+

4 , NO−
3 , and PO3−

4 , which has to
be considered when nutrient rich feedstock is being used.

In contrast to the observations from pyrolysis experiments, HTC of PW does lead to a significant
increase of N, P, and K availability (as defined by the analytical method applied here). Twice to
ten times the amount of nutrients are recovered in the process water of HTC as compared to the
leachate after extracting with CaCl2 or double lactate (see Table 4, note that at least four times as
much process water is present after HTC as dry solid input). These leached nutrients are lost to the
hydrochar, but can be potentially re-used together with the process water. Different to pyrolysis,
nitrogen compounds are not lost during the conversion process [69,71]. HTC of nutrient rich CD
leads to different observations: the same amount of available nutrients of the feedstock are recovered
in the process water for the case of NH+

4 and K+, but there is a significant reduction of NO−
3 and

PO3−
4 . This is likely due to the precipitation of salts, leading to a recovery of these nutrients with

the solids [72]. Indeed, the observed high amount of extractable PO3−
4 on the hydrochar (data not

shown) cannot be explained by solved PO3−
4 in the hydrochars moisture content, i.e., that a significant

amount of solid PO3−
4 precipitates during the reaction. It is also noted that the P contained in the

liquid phase is almost exclusively detected as PO3−
4 whereas only a fraction of the hydrochars P is

extractable by the applied methods (10–30%). The recovery of nutrients in the process water allows for
a decoupling of fertilizing and soil amendment with the potential to flexibly combine these two in
a designed hydrochar product. There is only little influence of the applied HTC process conditions on
these findings. For the case of PW, more severe carbonization leads to a significant but small reduction
of NH+

4 and PO3−
4 in the liquid phase (p < 0.05). This might be due to an increase in adsorption

capacity of the produced hydrochar or increased precipitation of these species. For the case of CD,
this decrease with reaction severity is only observed for NO−

3 and PO3−
4 (p < 0.05). These results are in

contrast to observations from other HTC experiments, which reported an increase of NH+
4 in the liquid

phase with reaction temperature or no significant change at all [69,72]. These contradicting results can
be possibly explained with the varying nutrient concentrations used in the different experiments.
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3.6. PAH

The PAHs content in the biochar is dependent on the process conditions, mainly maximum
temperature reached in the process, feedstock and mass transport limitations due to potential
enhancement of heterogeneous secondary reactions. For example, as reported in [73], the emission
of PAHs (detected in the vapor phase) for pine wood chips starts when the temperatures inside the
solid bed range between 300–350 ◦C, being at those temperatures 2- and 3-ring aromatic compounds
the main species. This is in good agreement with the results shown in Figure 7, where it is already
observable that in the temperature range from 350–400 ◦C the highest amount of PAHs is present in
the PW biochar, being phenanthrene the most significant species, as shown in Figure 7 (bottom left and
right). However, as the temperature increases, the presence of PAHs decreases significantly. At those
temperatures almost no more volatiles, which can further react within the solid matrix, are being
produced and the temperatures are also high enough for a good part of the PAHs still present in the
solid matrix to be removed. Inert gas flow rate may have also a significant impact on the formation of
PAHs, since higher flow rates lead to lower volatiles concentration and retention time in the gas phase.
Hence, the potential intraparticle heterogeneous secondary reactions may be reduced, main mechanism
for PAHs formation at conversion temperatures lower than 500 ◦C [40,64,73]. This is further confirmed
by results recently shown by Buss et al. [74].
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Figure 7. Top: Total content in PAHs (16 EPA PAHs) for PW and CD biochars. Horizontal lines
correspond to the limits of PAHs content for basic (12 mg/kg) and premium (4 mg/kg) class biochars
(EBC). Bottom: Content of PAHs species for PW and CD biochars.

For CD, however, the trend is not the same, since the highest contents in PAHs are shifted to
higher temperatures, suggesting that the pathways behind their formation are different from the ones
of PW biochar. This is further supported by their composition. In Figure 7, bottom left and right,
it is shown that PAHs present in CD biochar are mainly naphthalene and acenaphthylene, while for
PW biochars phenanthrene and fluoranthene are the main species at low temperatures. At high
temperatures, naphthalene is the main species.

It must be taken also into account that the ash content in the CD biochar is very high, with values
around 40% in mass, dry basis. Since the PAHs are produced in the organic phase, to compare the total
PAHs in the same basis for CD and PW biochars (% mass, dry ash free basis), the PAHs content in the

216



Energies 2018, 11, 496

case of CD should be multiplied by an approximate factor of 1.7. This leads to higher PAHs content,
as function of the organic fraction, in CD than PW, except PW biochars produced at around 400 ◦C.

Regarding the application of biochar to soil, while in almost all cases a basic grade biochar
is obtained, it can be concluded that for a high quality biochar temperatures close to 600 ◦C must
be reached.

According to Schimmelpfennig and Glaser [21], hydrochars have very low total PAH content
and low naphthalene/phenanthrene ratios, similar to PW biochars produced at low temperatures.
Therefore, PAHs content in hydrochars should not be a major issue with respect to their application
and they have not been measured in this study.

3.7. Wettability

In Figure 8, the water absorption behavior of several biochars is shown. On the top, those for
PW biochars and, on the bottom, the behavior for CD biochars. CD biochars show increasing capacity
in water absorption with higher conversion severity, probably due to an increase in porosity and
reduction in surface functional groups. PW biochars present two completely different behaviors. While
chars produced at the highest severity (600 ◦C, 40 NL min−1) show similar patterns to those from CD
biochars (although with slightly lower capacity to absorb water), those produced at lower temperatures
do not show almost capacity to absorb water, reaching an asymptotic behavior after the first seconds.
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Figure 8. Water and hexane absorption curves of PW600-40, PW400-20, CD600-40, CD400-20.

When water is substituted by hexane, CD biochars still show similar absorption capacity in
comparison to water, however the capacity of absorbing hexane by pine wood biochars is much higher
than the one for water. If both absorption curves are compared, the contact angle can be determined, as
explained in [50]. The contact angles obtained are shown in the Supplementary Material (Table S2). PW
biochars present contact angles close to 90◦, except PW600-40, while CD biochars present slightly lower
contact angles. Although the theoretical definition of hydrophobicity is contact angle >90◦, the fact
that the values reported here are so close to 90◦ is an indication of high potential hydrophobicity [50].
From these results it can be concluded that biochars present mostly hydrophobic behavior, although
this could be reduced with higher inert flow gas rates during the pyrolysis process, suggesting that a
potential source of hydrophobicity is the condensation of volatiles on the char surface. It has been also
shown in literature [50] that after one year in soil, biochars loose part of their hydrophobicity.

4. Conclusions

The influence of process conditions and feedsctock on several biochars and hydrochars properties
has been studied in a comprehensive way and analyzed from mechanistic perspectives. This work
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aims at contributing to biochar engineering, i.e., the capacity of designing and producing biochars able
to perform a specific function for given soil, crop and climate requirements and constraints. Based on
the current results, the following conclusions can be derived:

• Regarding primary characterization, biochars O/C molar ratio is linearly correlated to volatiles
content, independently of the pyrolysis conditions and feedstock. However, H/C molar ratios of
CD biochars are generally lower than those of PW biochars, which may be attributed to the higher
inorganic matter content of CD, leading to different pyrolysis reaction pathways and enhancing
aromatization. PW hydrochars H/C molar ratio and CD hydrochars O/C molar ratio are also
outliers with respect to the linear behavior. This shows that elemental and proximate analysis are
not enough to determine the chemical properties of biochars [19], due to the influence of feedstock
properties on reaction pathways.

• The pH depends on both conversion process parameters and feedstock, having in general
higher pH biochars and hydrochars produced from CD, with much higher inorganic content,
including carbonates. In both PW and CD biochars pH correlates strongly with H/C molar
ratio. PW biochars and PW hydrochars present also correlation with the O/C ratio. Only CD
hydrochars show good correlation (r = 0.88) with the ash content. This shows that the H/C molar
ratio may be a better indicator of surface chemistry than O/C ratios or volatiles content, which is
also supported by measurements of the total acidic functional groups.

• The porous structure varies greatly among biochars. PW biochars produced at 600 ◦C present
mainly microporosity with N2-SSAs around 400 m2 g−1. In CD biochars this microporosity is
lower (<100 m2 g−1). The significantly lower microporosity for all CD biochars is attributed to the
high inorganic content, which could potentially block the micropores and enhance mesoporosity.
PW and CD biochars produced at 400 ◦C present also micropores (as shown by CO2 adsorption),
but much less developed than at higher temperatures, i.e., microporosity must be still developed
through volatiles release, to open the pores, and further solid aromatization. Furthermore, a higher
N2 sweeping flow during pyrolysis enhances microporosity (more than double for CD biochars at
600 ◦C). This indicates that micropores blocking is related to volatiles, which may further react
to form secondary char or condense in the pores to a greater extent for lower flow rates, when
the concentration and retention time of volatiles is higher. Hydrochars, on the contrary, present
mainly mesoporosity, independently of the raw material and the process severity, having higher
pore volume but generally lower SSA than biochars. Washing of hydrochars further increases the
SSA and pore volume due to removal of condensed species.

• Regarding nutrients, NO−
3 and NH+

4 availability is negligible after pyrolysis, irrespective of
feedstock nitrogen content. The absolute availability of PO3−

4 is reduced compared to the feedstock.
For PW biochars the relative availability increases with the pyrolysis conversion. Higher inert
gas flow rate leads also to higher PO3−

4 availability. For hydrochars, HTC can potentially lead
to an increase in availability of NO−

3 , NH+
4 , PO3−

4 , and K+; however, these species are primarily
solved in the process water. One exception is PO3−

4 which appears to form precipitates at
higher concentration, i.e., for feedstocks with high direct nutrient potential. Similar to pyrolysis,
there is the tendency that the availability of the investigated species is decreased at higher
HTC temperatures.

• Biochars have a higher stability to oxidation than hydrochars. Besides the influence of process
conditions, PW biochars show higher thermal stability than CD biochars. The same holds true for
hydrochars. This may be related to the catalytic effect of AAEM during oxidation reactions.

• PAHs are already produced in biochars at temperatures as low as 340 ◦C. The maximum quantity
is detected for temperatures around 400 ◦C, exceeding in the case of PW the maximum level for
certification. At higher temperatures the PAHs content is reduced again due to vaporization of
these species from the solid matrix, achieving a premium quality for temperatures above 550 ◦C.
The composition of these species is highly dependent on the feedstock: naphthalene is the main
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species in CD biochars, while phenanthrene and fluoranthene are the main species in PW biochars
at low temperatures.

• Both PW and CD biochars present mostly a hydrophobic behavior, although it can be reduced with
higher conversion temperatures and higher inert gas flow rates during pyrolysis, which reduces
the extent of secondary reactions and recondesation of volatiles.

Based on the previous conclusions, the following general recommendations for biochar and
hydrochar production can be derived. Pyrolysis temperatures above 550 ◦C guarantee low H/C
and O/C ratios, PAHs content below the limit according to quality criteria (EBC), independently
of the initial feedstock, higher SSAs and lower hydrophobicity. N2 flow during pyrolysis can also
contribute to further microporosity development and hydrophobicity reduction. High inorganic
content in the feedstock potentially reduces SSA and hydrophobicity, but increases mesoporosity and
pH. With respect to hydrochars, the EBC requirement regarding elemental composition can only be
fulfilled for high temperature and residence times PW hydrochars. Hydrochars have a lower SSA
than biochars, but a higher mesoporosity, total pore volume and nutrient availability. Washing of
hydrochars after production further increases their surface area and pore volume. The results from this
work can be applied to “engineer” appropriate biochars with respect to soil demands and certification
requirements, as well as to improve biochar certification, and they are summarized in Figure 9.

Figure 9. Conclusions. The direction of the arrows indicates increasing values for all properties.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/11/3/496/s1.
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Abstract: Underground coal gasification (UCG) proceeds generally in the presence of an ash layer on
coal (or char) surface. The ash layer increases the mass transfer resistance of O2 to the gasification
surface, which may become the limiting step of whole process. This paper studies O2 diffusion
in ash layer formed on cylindrical char samples using a specially designed one-dimension setup
in a thermogravimetric apparatus (TGA). The effective internal diffusion coefficient (De) is found
to increase with an increase in ash layer thickness, due to an increase in median pore diameter.
Methods are established to correlate De with operating conditions and to estimate the role of internal
diffusion resistance in overall mass transfer resistance.

Keywords: underground coal gasification; ash layer; effective diffusion coefficient; internal
diffusion resistance

1. Introduction

Underground coal gasification (UCG) has been viewed as a potential technology because it
requires no mining and transportation of coal and leaves the gasification residue underground. In UCG,
gasification agents, such as O2 and H2O, are injected into predrilled cavity in which the reaction of
O2 with coal yields a high temperature, in a range of 1173–1473 K [1], to allow the reactions of H2O
and CO2 with coal to occur to produce CO and H2. The CO and H2 can be used as feedstock for many
chemical industries and fuels for various purposes [2]. This process has been tested for more than
one hundred years, such as in the former Soviet Union, and has been studied extensively in recent
decades in many countries including Poland, China, Australia and Ukraine [3]. These studies, ranged
from field scale to laboratory scale, have advanced this technology significantly. However, there is
still no commercial application of this technology to date due mainly to difficulties in steady state
operation for a sufficient long period of time. Therefore, laboratory studies in all aspects of the process
were emphasized by many researchers. For instance, Urych studied UGC in a TGA/DSC system
and evaluated pyrolysis of coal, a step prior to gasification, in a temperature range of 298–1173 K [4].
Prabu et al. studied UCG through combustion of wood block and coal in laboratory to simulate the
cavity formation [5]. The impact of reactant gas composition and injection rate on UCG product
distribution are also studied by laboratory research [6,7].

It has been found in past studies that the main gasification reaction in UCG is the reaction of coal
pyrolysis char with the gasification agents, which is also the limiting step in overall UCG process [8].
In this gasification reaction, minerals in char, which usually accounts 10–20 wt. % of coal, up to
50 wt. % in some coals [9], form an ash layer on the char surface due to exhaustion of carbon by
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gasification. This ash layer increases the internal resistance of gas and makes the mass transfer of
gasification agents the rate controlling step [10,11].

Experimental and numerical modeling studies have been carried out to study mass transfer in the
ash layer in UCG. Some experimental studies [12,13] observed formation of cracks and fractures in coal
during gasification, which shatters coal char and ash layer and reduces the mass transfer resistance of
gasification agents in ash layer. However, this shattering effect was found by a percolation model [14]
to be insufficient to diminish the mass transfer limitation of the gasification agents because the new
char surface formed would be quickly covered by an ash layer. The laboratory [15] and field test [16]
studies of UCG showed that the ash layers in the order of centimeter on the char surface, as well as in
char cracks, constitute the major scenes of internal diffusion.

Conventional modeling studies on UCG [17–19] also studied mass transfer of gasification agents
from the bulk gas flow to the surface of solid, which depends largely on temperature distribution and
turbulence extent of gasification agents. It should be noted that, however, this mass transfer resistance,
from the bulk gas flow to the surface of solid, varies little with the flow rate of gasification agents in the
channel of UCG because they are perpendicular to each other [20] (pp. 1835–1836). Huang et al. [21]
showed the vertical velocity to the surface is mainly affected by the permeability and fracture of solid,
rather than the air flow rate in the axle direction.

Since it is hard to reduce diffusion resistance in ash layer in UCG by manipulating the operating
conditions only a few studies addressed the diffusion behavior of gasification agents in ash layer, and
most of them assumed a constant diffusion coefficient in the ash layer. However, many coal gasification
and combustion studies, other than those of UCG, showed obvious changes in ash structure during
the course of gasification, so do the mass transfer coefficients. For instance, Barea et al. [22] suggested
the effective diffusion coefficients of CO2 depends on temperature and porosity of char, and obvious
mass transfer resistance was found in char bed as thin as several millimeters in a TGA study. Yan [23]
studied combustion of 10 coals and showed that the diffusion coefficient is proportional to effective
porosity in ash layers. Liu [24] studied the anisotropy of the ash layer of oil shale, showed that the
diffusion coefficients increased with increasing ash layer thickness, but the reaction turns to internal
diffusion control under an ash layer of several millimeters.

Due to the importance of mass transfer in ash layer in UCG and little information can be found
in the literature on the subject, this work studies the mass transfer behavior of O2 with increasing
thickness of ash layer at various temperatures and O2 concentrations using a specially designed
one-dimensional gasification setup in a TGA.

2. Materials and Methods

2.1. Theoretical Section

In principle, as shown in Figure 1, the mass transfer of O2 during the gasification of char with an
ash layer includes the following steps: (a) diffusion of O2 with a concentration of Cf in the bulk gas to
the external surface of the ash layer, (b) diffusion of O2 with a concentration of CS1 at the surface of
ash layer to the char interface, and (c) reaction of O2 with a concentration of CS2 at the char interface
with char following the first order reaction [25] respecting to O2 to produce CO then to CO2 as shown
in our previous study [26]. Under the quasi-steady state, the flux of O2 (NO2 ) from the bulk gas to the
external surface of ash layer is equal to the flux of O2 diffusing through the ash layer, as well as to the
reaction of O2 at the char interface. These steps can be expressed by Equation (1), where Kc is the mass
transfer coefficient of convection, L is the thickness of ash layer, De is the effective diffusivity in the
ash layer, K is the rate constant of C-O2 reaction, while Cf, CS1 and CS2 are O2 concentration in the gas
bulk, at the external surface of ash layer, and at the char surface, respectively:

NO2 = Kc(Cf − CS1) =
De

L
(CS1 − CS2) = KCS2 (1)
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Figure 1. Schematic representation of a char sample with one-dimensional ash layer formation.

NO2 can also be expressed by Equation (2) in terms of mass transfer resistance of these steps or
by Equation (3) in terms of carbon consumption rate at the char surface. In these equations MC is
molecular mass of carbon (char), dnc/dt is carbon consumption rate in mole/min, dm/dt is carbon
consumption rate in g/min, and DTG is mass loss rate of sample in g/min measured by TGA. Based on
these equations De can be expressed by Equation (4).

NO2 =
Cf

1
Kc

+ L
De

+ 1
K

(2)

NO2 = −dnC
dt

= −(
1

MC

dm
dt

) = −DTG
MC

(3)

De =
L

−MCCf
DTG − ( 1

Kc
+ 1

K )
(4)

Since the ash layer thickness L at a given gasification time is not easy to be determined accurately
by the sample’s appearance it is estimated from the amount of carbon gasified by Equation (5) based
on the following assumptions: (a) The cylindrical char samples consist of C and ash only, and they
are distributed uniformly; (b) The ash remained in the gasification maintains the same cylindrical
shape as the char sample; and (c) There is no C in the ash layer. In Equation (5), Lf is the final ash
layer thickness in an experiment, Δm and Δmf are the mass losses at the given time and the end of the
experiment, respectively.

L =
Δm
Δm f

× L f (5)

The rate constant of C-O2 reaction (K) can be expressed by Equation (6), where A, Ea,
R and T are the pre-exponential factor, the apparent activation energy, the gas constant, and
temperature, respectively.

K = ATne−Ea/RT (6)

The convective mass-transfer coefficient (Kc) can be estimated by the Sherwood number (Sh) that
is the ratio of convective mass transfer and diffusion mass transfer as shown in Equation (7), where L′

is the feature size of char sample, DO2 is the molecular diffusivity of oxygen in the bulk gas.

Sh =
KcL′

DO2

(7)
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When the fluid flows through a single particle as in this paper, the Sherwood number can be
approximated by Equation (8) according to Bews et al. [27], where Re is the Reynolds number, Sc is the
Schmidt number, d is the inner diameter of TGA tube, u is the flow velocity, v is the kinematic viscosity
of gas flow.

Sh = 2.0 + 0.69Sc1/3Re1/2 = 2.0 + 0.69(
ν

DO2

)1/3(
ud
ν
)1/2 (8)

The combination of Equations (7) and (8) yields Equation (9) for Kc.

Kc =
DO2

L′ (2.0 + 0.69(
ν

DO2

)1/3(
ud
ν
)1/2) (9)

2.2. Experimental Section

A Chinese low volatile bituminous coal, Luxian coal, is used in the study. After pyrolysis at 1173 K
in N2 for 3 h, a char with 37 wt. % ash was obtained. The char was crushed and sieved to 60–100 mesh
size and then pressed to cylindrical form of 10 mm in diameter and 9 mm in length. The porosity
of cylindrical char sample is 0.37, similar to that of the char prior to crushing, 0.35. The purpose of
crushing and pelletizing the char is to minimize the macroscopic anisotropy of char structure [24].
In addition, the diameter range of crashed char powder, 0.15–0.25 mm, is much larger than the mean
free path of O2 and the size of the large pores (around 0.0001 mm).

The cylindrical char sample is enclosed in a size-compatible cylindrical TGA crucible with an inner
diameter of 10 mm and a depth of 9 mm as shown in Figure 2. Since only the top of char sample is in
contact with the gasification reagent, the gasification proceeds along the axial direction with a constant
gasification area and the ash layer remained in the gasification maintains the cylindrical shape as the
char, similar to that described by the shrinking-core model [28]. After been heated to a gasification
temperature in Ar at a rate of 20 K/min, the char sample was exposed to a flow of 10% O2 in balance Ar
at a rate of 100 mL/min, which replaced 99% Ar in the TGA in 5 min. After a given gasification time,
the gas flow was switched to Ar and the char sample was cool down to room temperature. Re at 1273 K
is about 5, the same magnitude as that reported on the coal surface in an underground study [21].

 

Figure 2. The appearance of char sample before and after gasification at 1273 K for 99 min.

3. Results and Discussion

Figure 3 shows the cross-section view of samples gasified at 1273 K for about 19 and 99 min with
mass losses of 90 and 338 mg, respectively. Clearly the gasification front moves along the axial direction
of the cylindrical char as expected by the one-dimensional shrinking-core model and the ash remained
adheres to the char surface to form a layer of similar thickness. The ash shrinks slightly as evidenced
in the radial direction and small amounts of char at the lateral surface closing to the reacting front
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gasify due to diffusion of O2 into the gap between the crucible wall and the sample. Based on the ash
layer of 4.0 mm thick in the axis at a mass loss of 338 mg an ash layer of 1.07 mm thick is determined
by Equation (5) for a mass loss of 90 mg, which is very close to the observed ash layer thickness of
1.02 mm, indicating sufficient accuracy of Equation (5) in estimating the ash layer thickness.

 

Figure 3. The cross-section view of a sample gasified at 1273 K to different mass losses.

Figure 4 shows the TG and DTG curves of char gasification at 1273 K which yield the samples in
Figure 3. The maximum gasification rate (DTG) appears at the beginning, about 5.42 mg/min, due to
the absence of an ash layer. As the gasification proceeds, the DTG decreases continuously to about
2.47 mg/min at 99 min, indicating an increase in diffusion resistance of O2 with an increase in ash layer
thickness. This behavior, however, may also include changes in the effective diffusion coefficient De.
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Figure 4. TG and DTG curves during gasification at 1273 K.

3.1. Estimation of Effective Diffusion Coefficient

Since the gasification temperature in Figures 3 and 4 is higher than 1173 K, the boundary of
oxidation zone in the “three zones theory” [29], higher than which the resistance of C-O2 reaction
is negligible compared with that of interparticle diffusion [30], Equation (4) can be simplified to
Equation (10).

De =
L

−MCCf
DTG − 1

Kc

(10)
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Figure 5 shows De determined by Equation (10). As expected De increases with an increase in
temperature, 1.51 × 10−4 m2/s at 1173 K while 2.82 × 10−4 m2/s at 1373 K both at the mass loss
of 250 mg, corresponding to an ash layer thickness of 3 mm. The range of De is the same as that
determined in our previous study [26] in coal gasification (around 1 × 10−4 m2/s) and that reported by
Chen et al. [31] for combustion of coal particles of 16 mm in diameter with 53% ash (1.5 × 10−4 m2/s
at 1145 K). Figure 5 also shows that De increases with increasing time, indicating increasing pore size
or fractures in the ash layer over time. This behavior is similar to that reported by Sotirchos [32], who
studied combustion of a char with 25% ash and showed increasing macropore volume over time for
ash layers of millimeter thick, and increasing De over time in a range around 1 × 10−4 m2/s at 1173 K.
Clearly, the compressed cylindrical char sample prepared in this work can be used to study De of
char particles.
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Figure 5. Diffusion coefficient at different temperatures in gasification.

It is noted that in addition to porosity, pore size distribution in the ash layer may also influence
mass transfer rate of O2. To explore this effect ash layers formed on cylindrical char samples during
gasification at 1273 K for different time, as shown in Figure 6, were sampled at every 2 mm thick
and subjected to mercury intrusion porosimetry analysis. The ash samples listed in Table 1 are these
formed initially, 0–2 mm in Figure 6a (Sample 1); 0–2 mm in Figure 6b (Sample 2) that exposed to
1273 K longer than that of Sample 1; 2–4 mm in Figure 6b (Sample 3); and that exposed to 1273 K for a
time much longer than other samples (Sample 4) in addition. The t in the table is the residence time the
ash sample exposed to 1273 K. It seems that the porosity of these samples is similar, around 0.7, but
the median pore diameter of these samples increases with an increase in gasification time, from about
1400 nm in 20–30 min to 1700 nm in 175 min. Since these median pore diameters are less than 5 times
the mean free path of O2 at 1273 K (about 381 nm), in which the collision between gas molecule and
the pore wall cannot be ignored, so the increasing De in gasification in Figure 5 can be attributed to
increasing pore diameter in the ash layers during the gasification.

Table 1. Median pore diameter of ash samples from gasification at 1273 K for different time.

Parameter Sample 1 Sample 3 Sample 2 Sample 4

t (min) 20 30 65 175
Porosity 0.68 0.69 0.70 0.70

diameter (nm) 1397 1401 1601 1710
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(a)

(b)

Figure 6. Samples subjected to gasification at 1273 K for different time: (a) with an ash layer of 2 mm;
(b) with an ash layer of 4 mm.

3.2. Internal Diffusion Resistance

For a one-dimensional gas-solid reaction, the traditional shrinking-core model suggests a linear
relationship between reaction time (t) and square of ash thickness (L) if internal diffusion is the
rate limiting step and effective diffusivity De is constant [33]. The plot in Figure 7 shows that the
L–t0.5 relation of this work is close to a linear relation at ash layer thickness of greater than 2 mm.
This however does not necessarily indicate that the gasification is under internal diffusion control
because the De in the ash layer varies with ash layer thickness as indicated in Figure 5.
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Figure 7. Relation between t0.5 and thickness of ash layer L.

To understand the role of O2 diffusion in ash layer the internal diffusion resistance (L/De) at the
ash layer thickness of 1, 2 and 3 mm is compared with the reaction resistance at the char surface (1/K)
and the convection resistance in the bulk gas (1/Kc) in Table 2. The 1/K and 1/Kc are determined
by Equations (6) and (9) based on the experimental data of this work and those in the literature [34].
It can be seen that the reaction resistance (1/K) is much smaller than the diffusion resistances of 1/Kc

and L/De under the conditions used, indicating that the overall gasification rate is always under mass
transfer control. The L/De increases with an increase in ash layer thickness although De also increases
with an increase in ash layer thickness as shown in Figure 5, suggesting that the diffusion resistance of
O2 in the ash layer is more affected by L than by De.

Table 2. Resistance of reaction and mass transfer in gas film and ash layer (s/m).

Resistance 1173 K 1273 K 1373 K

1/K 0.3 0.07 0.02
1/Kc 6.4 5.6 5.0

L/De (L = 1 mm) 10.8 7.3 5.5
L/De (L = 2 mm) 15.4 10.5 8.1
L/De (L = 3 mm) 19.8 13.5 10.6

The contribution of L/De to overall mass transfer resistance (η) can be determined with sufficient
accuracy by Equation (11), ignoring the contribution of 1/K, and shown in Figure 8. Clearly, η increases
nonlinearly with an increase in ash layer thickness while decreases almost linearly with an increase in
temperature, and the O2 diffusion in ash layer plays a dominant role especially when the ash layer
thickness is greater than 1 mm. For instance, at 1273 K, 1/Kc is 5.6 s/m while η is around 70% at an
ash thickness of 3 mm, corresponding to a mass loss about 250 mg. This η indicates that the diffusion
resistance in ash layer is more than twice as much as the external diffusion resistance. This increase in
diffusion resistance in the ash layer leads to a decrease in O2 diffusion rate and a decrease in overall
gasification rate, by about 50% from the initial value as indicated in Figure 4. This behavior is similar
to that reported by Perkins et al. [35] in which a 20% reduction in gasification rate was observed at an
ash layer of 1 mm thick in a meter-scale UCG simulation study.

η =
L/De
L

De
+ 1

Kc

× 100% (11)

The temperature effect on η in Figure 8 shows that the diffusion resistance in ash layer is more
important at a lower temperature than that at a higher temperature. For instance, at an ash layer
thickness of 3 mm, the η is about 75.5% at 1173 K but 70.7% and 68.0% at 1273 and 1373 K, respectively.
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Figure 8. The contribution of L/De to overall mass transfer resistance (η) at different ash layer thickness.

3.3. The Influence of Gas Concentration

In UCG, O2 concentration decreases from the injection well to the production well due to its
consumption in gasification. A higher O2 concentration leads to a higher gasification rate and perhaps
also to a change in De due to local melting of ash caused by the heat of reaction between O2 and CO
in the ash layer as indicated in our earlier study [26]. It can be seen in Figure 9 that at 1273 K the
gasification rate increases with an increase in O2 concentration, the time needed for gasifying 300 mg
char is 115 min under 7.5% O2 but 72 min under 12% O2. It can also be seen in Figure 10 that De

determined by Equation (10) varies little with O2 concentration at the temperatures used, indicating
little ash melting under these conditions, agreeing with our earlier study that the apparent ash melting
of this particular coal is at 1573 K [26]. The data in Figure 10 suggest that O2 concentration plays a
minor role while temperature and ash layer thickness play major roles in De in Equation (10).
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Figure 9. Gasification at 1273 K under different O2 concentrations.

0 50 100 150 200 250 300 350

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

0.00030

D
e 
(m

2 /s
)

Mass loss (mg)

 12.0% 
 10.0% 
   7.5% 

1173 K

1273 K

1373 K

θ 
%
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3.4. Effective Diffusion Coefficient with Temperature and Ash Layer Thickness

Since it is not easy to obtain flow parameters in UCG and therefore to estimate 1/Kc, and the
1/Kc is smaller than L/De when ash layer is thick, Equation (10) can be simplified to Equation (12) by
omitting 1/Kc with accuracy θ defined by Equation (13). It can be seen in Figure 11 that θ increases
with an increase in ash layer thickness and is higher than 50% when ash layer thickness is higher than
1 mm, especially at low temperatures. For instance, at 1273 K, θ is 44% initially but becomes 76% at an
ash layer thickness of 4 mm. Clearly in a continuous operation of UCG with a much thicker ash layer
the O2 diffusion resistance in ash layer is the dominant resistance.

D′
e = − L × DTG

MCCf
(12)

θ =
D′

e
De

× 100% =
DTG

DTG +
MCCf

Kc

× 100% (13)
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Figure 11. Accuracy of diffusion coefficient (θ) under omitting external diffusion resistance.

Since L/De dominants the overall mass transfer resistance in UCG it is useful to establish a
relation between De in the ash layer and the DO2 in the bulk gas. At a reaction temperature this relation
however involves correlations in two regions separated by the pore size that is 10 times the mean
free path of O2, 10 λ, i.e., free diffusion in pores (and fractures) of larger than 10 λ in size with the
coefficient approximately DO2 and restrictive diffusion in pores of smaller than 10 λ in size with a
coefficient D1, which is smaller than DO2 . Previous study [36] suggested that D1 is proportional to the
porosity as shown in Equation (14), where ε1 is porosity of the pores with diameters less than 10 λ and
τ is tortuosity of pores generally within 2 to 6 [37].

D1 =
ε1

τ
× DO2 (14)

De = (0.7 − ε1)DO2 + ε1D1 (15)

De = DO2(0.7 − ε1 +
ε1

2

τ
) (16)

As shown in Table 1 the total porosity of ash layer is approximately 0.7, hence the fraction of
pores with diameter larger than 10 λ is 0.7 − ε1 which is also the porosity of any cross section in the
ash layer [38]. The effective diffusion coefficient De therefore can be expressed by Equation (15), and
the relation between De and DO2 can be expressed as Equation (16).

If the pores in the ash layer coalesce in continuous high temperature UCG operation ε1 can be
described by Equation (17) according to the format of relationship between porosity and time in porous
ceramics at high temperature [39] (p. 380), where t is time while B and c are parameters obtained by
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fitting experimental data. Then Equation (16) can be rewritten as Equation (18) and then Equation (19)
because time t is proportionate linearly with the square of ash layer thickness as discussed earlier.

ε1 = Be−ct (17)

De = DO2(0.7 − Be−ct +
B2

τ
× (e−ct)

2
) (18)

De = DO2(0.7 − Be−cdL2
+

B2

τ
(e−cdL2

)
2
) (19)

Since the higher-order term in Equation (20), B2

τ (e−cdL2
)

2
, is relatively small at a higher ash layer

thickness and can be omitted, and DO2 is proportional to T1.75 according to the formula proposed by
Fuller Schettler Giddings [38] Equation (19) can be rewritten as Equation (20) with F as the product of
c and d.

De = 1.78 × 10−5(
T

273
)

1.75
(0.7 − Be−FL2

) (20)

Table 3 shows the parameters B and F determined by fitting Equation (20) with the data at 1173,
1273 and 1373 K using the least squares method. It can be found that B changes little with a change
in temperature indicating that B is determined by the physical properties of ash layer, while F varies
relatively strongly with temperature.

Table 3. Parameters of Equation (20).

Parameter 1173 K 1273 K 1373 K

B 0.530 0.548 0.556
F 114,914 210,240 279,638

Figure 12 shows De determined by Equation (20) and that observed in the experiments (dots)
under different temperatures and ash layer thickness. Clearly the De determined from Equation (20)
fits the experimental data well with small residual sum of square, approximately 7.1 × 10−11 m4/s2 at
1273 K and ash layer thickness of 2.5–3.5 mm, for example.

Figure 12. Diffusion coefficient in ash layer under different temperature and ash layer thickness.
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Figure 13 shows η, the proportion of internal diffusion resistance in overall mass transfer resistance
defined earlier by Equation (11), under different temperatures and ash layer thickness. The contours of
η of 70, 75 and 80% show that the internal diffusion resistance plays a major role in overall mass transfer
resistance, more than 75% when the ash layer is thicker than 2.5 mm at 1250–1300 K, for example.

Figure 13. The contribution of L/De to overall mass transfer resistance (η) under different temperatures
and ash layer thickness.

The increase in η with increasing ash layer thickness would reduce the O2 flux through ash layer
leading to reduced gasification rate and low char conversion, as well as a shift of gasification zone
toward the downstream in a UCG operation. This agrees with that reported in the field test [40], where
30% char was not converted even though spalling of coal and ash were observed.

4. Conclusions

This paper studies mass transfer of oxygen in ash layer of UCG using cylindrical char samples in
a TGA. It is found that an ash layer is formed and remained on the surface of char, which reduces the
rate of carbon conversion significantly in gasification. The effective internal diffusion coefficient of O2

(De) is estimated based on the ash layer thickness observed and estimated from carbon conversion.
The mean pore diameter of ash layer increases with an increase in ash layer thickness, so does the De.
The mass transfer resistance of O2 in the ash layer (L/De) also increases with an increase in ash layer
thickness, which is the dominant resistance when the ash layer is a few millimeters thick.
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Abstract: The effect of chemical speciation (H2O/NH4Ac/HCl-soluble and insoluble) of alkali and
alkaline earth metallic species on the steam gasification of sawdust biochar was investigated in
a lab-scale, fixed-bed reactor, with the method of chemical fractionation analysis. The changes
in biochar structures and the evolution of biochar reactivity are discussed, with a focus on the
contributions of the chemical speciation of alkali and alkaline earth metallic species (AAEMs) on
the steam gasification of biochar. The results indicate that H2O/NH4Ac/HCl-soluble AAEMs have
a significant effect on biochar gasification rates. The release of K occurs mainly in the form of
inorganic salts and hydrated ions, while that of Ca occurs mainly as organic ones. The sp3-rich
or sp2-sp3 structures and different chemical-speciation AAEMs function together as the preferred
active sites during steam gasification. H2O/HCl-soluble AAEMs could promote the transformation
of biochar surface functional groups, from ether/alkene C-O-C to carboxylate COO− in biochar,
while they may both be improved by NH4Ac-soluble AAEMs. H2O-soluble AAEMs play a crucial
catalytic role in biochar reactivity. The effect of NH4Ac-soluble AAEMs is mainly concentrated in the
high-conversion stage (biochar conversion >30%), while that of HCl-soluble AAEMs is reflected in
the whole activity-testing stage.

Keywords: biochar; steam; gasification; chemical speciation; AAEMs

1. Introduction

Compared to fossil fuels, biomass—which is a carbon neutral renewable energy, since the CO2

from its utilization can be captured via photosynthesis—exhibits great prospects for limiting global
gas pollution (NOx, SO2 and greenhouse gases) and the energy crisis [1]. Biomass gasification is
considered a promising technology with relatively lower temperatures, low energy consumption and
a high ability of CO2 capture, attracting a lot of attention all over the world [2]. Usually, gasification
can be divided into two steps, namely biomass devolatilization (first stage, relatively fast) and biochar
gasification (second stage, relatively slow). According to previous studies [3–7], the gasification of
pyrolysis biochar is the rate-limiting step for the overall gasification reaction, which is usually the focus
of research on biomass gasification reactions. Besides, among the various gasifying agents (air, oxygen,
CO2 and steam) for biomass/biochar gasification [8,9], steam is preferred for increasing the heating
value of syngas and producing a gaseous fuel with relatively higher H2 for application in the fuel cells
and hydrogen engines [10]. Thus, the steam gasification of pyrolysis biochar is urged to be investigated,
especially for catalytic steam gasification [11], where the most important heterogeneous gasification
reactions are the water gas reaction (C + H2O → CO + H2), the Boudouard reaction (C + CO2 → 2CO)
and the heterogeneous methanation (C + 2H2 ↔ CH4) [12].

Energies 2018, 11, 205; doi:10.3390/en11010205 www.mdpi.com/journal/energies238
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In the current investigation, many researchers [13–18] found that alkali and alkaline earth
metallic species (AAEMs) dispersed in biomass and/or biochar as different chemical speciations,
play significant catalytic roles in biochar gasification reactivity, and that AAEMs volatilized as a
gaseous phase would also take part in homogeneous reforming reactions [19]. The concentration
and dispersion of AAEMs, according to the results obtained by Wu et al. [20], is a significant factor
affecting the catalytic activity of AAEMs during biomass gasification, which varies constantly due
to the carbon consumption and the release/migration of AAEMs [21,22]. Moreover, for various
gasifying agents, the AAEMs show different catalytic abilities when chars react with various gasifying
agents such as H2O and CO2, because their catalysis mechanisms during biochar gasification may be
different [19,23–25]. In addition, for the comparison of AAEM catalytic activities, Zhang et al. [26]
studied the gasification reactivity of several biochar samples catalyzed by metals and reported that
the gasification reactivity was enhanced with the alkali metals followed by alkaline earth metals.
Furthermore, for the catalytic role of AAEMs on the microcosmic chemical bonds during gasification,
the oxidation-reduction cycle [27–31] was postulated, in which O atoms/ions dissociated from the
gasifying agents could transferred to the carbon active sites through catalytically-active AAEMs,
where the breakage of C-C bonds would occur to realize the liberation of the C(O) structure.

In addition, as our previous study mentioned [32], the AAEMs in biomass/biochar usually exist
in a variety of chemical speciations, such as inorganic salts/ion states, organic forms linked to biochar
and/or crystal forms. Jordan et al. [33] investigated the speciation and distribution of AAEMs in raw
biomass and major ash-forming elements during gasification to evaluate the volatilization of these
elements into the syngas, although they did not mention the state of AAEMs in biochar and their effects
on the gasification reactivity of biochar. Besides, the catalytic effects of AAEMs with different chemical
speciations on biochar reactivity are obviously different [34]. Thus, it is easy to deduce that their
influence on the characteristics of biochar gasification would be significant, although relevant studies
are rarely reported. In order to characterize the chemical speciation of AAEMs in biomass/biochar,
a sequential selective extraction procedure known as chemical fractionation analysis (CFA) was
introduced and standardized [35,36]. This method was first developed by Benson and Holm [37]
for coals and had been modified by Zevenhoven-Onderwater et al. [38] and Petterson et al. [39] for
biomass fuels. Moreover, besides their direct catalytic effects on biochar gasification, the AAEMs
could have a dynamic impact on the biochar structures, including the carbon skeleton, side chains
and functional groups [21,22,40]. It has been confirmed that the changes in biochar structure catalyzed
by AAEMs are an important aspect influencing biochar reactivity during gasification [41]. However,
there are few reports on the effect of AAEMs with different speciations on the biochar structure during
gasification, which would in turn affect the biochar gasification reactivity. Biochar gasification can be
significantly altered via the catalytic alteration of the above reaction pathways by different speciations
of AAEMs. Thus a good understanding of the effect of the chemical speciation of AAEMs during
biochar steam gasification would lay a solid foundation for developing a gasification technology
for biomass.

The objectives are to understand the steam gasification behavior of pyrolysis biochar with different
speciations of AAEMs, the key inherent chemical speciation of AAEMs affecting biochar reactivity,
and the most probable catalytic route of AAEMs on biochar structure and reactivity during steam
gasification, all of which are essential to gasification process design and development.

2. Experimental

2.1. Origin Biochar Preparation

Manchurian walnut sawdust, obtained from Harbin, Heilongjiang Province, China, was used
in the experiments. The sawdust samples were dried overnight at 105 ◦C, pulverized and sieved to
obtain a fraction with particle sizes between 0.15 and 0.25 mm. The proximate and ultimate analyses
for the sawdust samples are listed in Table 1.
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Table 1. Proximate and ultimate analysis of the origin sawdust sample. (Note: diff. = by difference,
ad. = air dry basis.)

Samples

Proximate Analysis Ultimate Analysis

Mad. Aad. Vad. FCad. Cad. Had. Oad.(diff.) Nad. St,ad.

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

Sawdust 9.49 0.96 77.13 12.42 43.72 5.31 40.39 0.12 0.01

As shown in Figure 1, the origin pyrolysis biochar samples were obtained in the entrained-flow
reactor at 800 ◦C with nitrogen gas of 5.70 L/min. The details of the pyrolysis experimental system can
be seen in our previous investigation [32]. The origin pyrolysis biochar was used for the following
treatment and steam gasification.

 

Figure 1. Schematic diagram of the entrained-flow reactor.

2.2. Sample Preparation

In order to investigate the effects of the solid-phase chemical speciation of AAEMs on the steam
gasification of sawdust biochar, the CFA process was carried out. There are four kinds of chemical
speciation of AAEMs in biochar [42]: One is a separate form of AAEM ions, which is soluble in water,
also soluble in a solution of ammonium acetate (NH4Ac) and hydrochloric acid (HCl); The second is
organic matter, which is in the form of carboxylate and/or coordination connected with the oxygen
functional groups on the biochar surface, and is insoluble in water, but soluble in a solution of NH4Ac
and HCl; The third is attached to the clay surface in an amorphous form, which is insoluble in water
and NH4Ac solution, but soluble in hydrochloric acid; The fourth is in the aluminosilicate form, which
is insoluble in water, NH4Ac and HCl. In the CFA process, as shown in Figure 2, the pyrolysis biochar
is leached step-wise in increasingly aggressive solvents: deionized water, 1.0 mol/L ammonium acetate
solution, and 1.0 mol/L hydrochloric acid solution with a mass ratio (1:30) of solid to liquid, in order
to classify the AAEMs with respect to solubility.
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Figure 2. Schematic of the chemical fractionation analysis of biochar.

2.3. Steam Gasification of Biochar

As shown in Figure 3, the steam gasification of sawdust biochar was carried out. A total of 0.5 g of
biochar from the CFA, namely the origin-biochar/H2O-biochar/NH4Ac-biochar/HCl-biochar samples,
were pre-loaded into the top fixed-bed stage of the reactor. After being purged for 5 min by argon (Ar),
the system was heated up to 800 ◦C with argon gas of 1.53 L/min at a heating rate of 20 ◦C/min. As the
temperature stabilized at 800 ◦C, the atmosphere was switched to 15 vol% steam for the gasification
reaction, which was achieved by feeding deionized water of 0.214 L/min through a high-performance
liquid chromatography (HPLC) pump into the heated zone of reactor where the water was evaporated into
steam directly. The steam gasification reaction of biochar at 800 ◦C lasted for 10 min. After that, reactions
were terminated by switching the atmosphere to argon and removing the reactor from the furnace. Argon
was passed through the reactor until the reactor had completely cooled to room temperature to avoid
oxidation. The steam gasification biochar was collected and stored at 4 ◦C for further analysis.

 

Figure 3. A schematic diagram of the steam gasification experimental process.
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2.4. Analysis of Biochar

2.4.1. Gasification Rate

The gasification rate of biochar was measured three times by weighing the biochar-containing
reactor before and after the reactions. Each experiment was repeated at least three times, and the test
results are well-reproducible.

2.4.2. AAEM Analysis

The chemical speciation of AAEMs in biochar was quantified by inductively-coupled plasma-atomic
emission spectroscopy (ICP-AES). The biochar sample (0.1 g) was digested in a 1:3:8 (v/v/v) mixture of
40% HF, 30% H2O2, and 65% HNO3 at 200 ◦C for 60 min.

The percentage of AAEMs released during the steam gasification of biochar can be obtained by
Equation (1) as follows:

XRelease% =

[
1 − XSteam gasification biochar × (1 − Gasification rate)

XPyrolysis biochar

]
× 100% (1)

where X is the AAEM species (Na, K, Mg and Ca); XRelease is the percentage of AAEM release during
the steam gasification of biochar; XPyrolysis biochar is the X in origin/H2O-/NH4Ac-/HCl-pyrolysis
biochar; and XSteam gasification biochar is the X in origin/H2O-/NH4Ac-/HCl-steam gasification biochar.

2.4.3. Raman Analysis

The aromatic structure analysis of biochar was carried out in a Raman spectrometer (inVia,
Renishaw, New Mills, UK), with an excitation laser at 633 nm. The sample was mixed and ground with
spectroscopic-grade Potassium bromide (KBr) in the ratio of 0.25 wt% biochar. The Raman spectra at
800~1800 cm−1 were recorded.

2.4.4. FTIR Analysis

The surface functional groups of the biochar were analyzed by Fourier Transform infrared
spectroscopy (Nicolet 5700, FTIR, Thermo Fisher Scientific, Waltham, MA, USA). Biochar was mixed
and ground with spectroscopic-grade KBr in a ratio of 1:200. All FTIR spectra were obtained at a
resolution of 4 cm−1 in the range of 400~4000 cm−1.

2.4.5. Biochar Reactivity Analysis

The specific reactivity of the biochar was determined in air at 370 ◦C with a thermogravimetric
analyzer (TGA: Mettler Toledo, Switzerland). Nearly 4 mg of biochar sample was placed in a Pt crucible
and heated in Ar in the TGA to 105 ◦C to remove moisture from the sample. The stabilized weight of the
biochar at 105 ◦C was taken as the weight of dry biochar. The temperature was then increased to 370 ◦C at
50 ◦C/min. After 2 min, the atmosphere was switched into air starting the biochar reactivity test. Once the
mass was stable, the sample was heated at 50 ◦C/min to 600 ◦C, where it was held for another 30 min to
ensure complete combustion. The calculation of biochar-specific reactivity from the differential thermal
gravity (DTG) data (dW/dt) can be seen in our previous study [22].

3. Results and Discussion

3.1. Steam Gasification Rate

As shown in Figure 4, it can be seen that the steam gasification rate of pyrolysis biochar after the
fraction of H2O, NH4Ac and HCl decreased sequentially, from 79.00% of origin biochar to 66.54% of
HCl-biochar. Our previous investigation [43] indicated that during the chemical fractionation analysis,
the changes in oxygen-containing functional groups and aromatic ring structures could be ignored.
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It can be speculated that the difference in the gasification rate is mainly caused by the different chemical
speciation of the AAEM species. The difference in gasification rate was used to describe the effect
of different-speciation AAEMs on the steam gasification reaction of biochar, as shown in Figure 4.
The decrease of 5.81% in the steam gasification rate from origin biochar to H2O-biochar sample is
entirely due to the removal of H2O-soluble AAEMs, and this part mainly deals with K+ and Na+ ion
salts in biochar [32]. After that, the decline of the biochar steam gasification rate is gradually reduced,
to 4.20% and 2.45% due to the removal of the NH4Ac-soluble and HCl-soluble AAEMs, respectively.
Finally, the HCl-biochar sample, with only some insoluble aluminosilicate AAEMs, still retains a
relative high gasification rate (as 66.54%), mainly due to the relatively active carbon structures and the
insoluble AAEMs to maintain the basic reactions between carbon and steam.
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Figure 4. Steam gasification rate of biochar from chemical analysis fractionation.

3.2. AAEM Analysis of Steam-Gasified Biochar

Figure 5 shows the AAEM content of the origin pyrolysis biochar and their chemical speciation.
In the original pyrolysis biochar at 800 ◦C, the AAEMs exhibited a rich distribution of K (0.70 wt%)
and Ca (2.08 wt%), and less Na (0.05 wt%) and Mg (0.17%). Besides, the main existing form of K in
pyrolysis biochar is a water-soluble form, while that of Ca is a NH4Ac-soluble and insoluble form.
As Mitsuoka et al. [44] suggested, the most significant catalysts for biochar gasification in woody
biomass are calcium (Ca) and potassium (K), namely the two main kinds of AAEM.
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As mentioned above, the role of AAEMs is not only in the solid-phase heterogeneous transformation
of biochar, their migration and precipitation characteristics also play a significant role in homogeneous
steam reform. It is often agreed that the volatilization of AAEMs occurs during gasification [45,46].
According to Marschner et al. [47], the behavior of Na and K were different from that of Mg and Ca, at least
partly due to the different chemical status of K/Na and Mg/Ca in the biomass/biochar. It is also related
to the different occurrence of K/Na and Mg/Ca. For the H2O-soluble AAEMs, the specific precipitation
amount of AAEMs cannot be calculated directly by the difference in this paper. However, the total amount
of AAEMs in the fractional speciation can be calculated to characterize the precipitation of AAEMs in the
absence of H2O-soluble ones. This effectively avoids the influence of AAEM transformation with different
chemical speciations during steam gasification [33].

The release of K and Ca during the steam gasification of biochar can be seen in Figure 6.
KRelease and CaRelease did not change significantly after H2O washing, and it can be seen that the
H2O-washing removal amount and the amount of volatilization during the gasification of K and Ca
were very close, indicating that the precipitation rate of H2O-soluble K and Ca was close to 100%.
After the fraction of NH4Ac and HCl solution, the KRelease was significantly reduced and CaRelease was
still relatively high, indicating that during gasification the release of K occurs mainly in the form of
inorganic salts and hydrated ions, while volatilization of the organic compounds is the main release
mechanism for Ca.
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Figure 6. Release of K and Ca species during the steam gasification of biochar.

3.3. Raman Analysis of Steam-Gasified Biochar

As shown in Figure 7, the total Raman area between 800 and 1800 cm−1 of the pyrolysis biochar
samples from the CFA process changed little, with a total intensity of 1.62~1.72 × 106. The total
Raman peak areas could reflect electron-rich structures such as O/N-containing functional groups in
biochar [48–51]. During the steam gasification of biochar, it can be seen that the total Raman areas of
gasified biochar decreased from 3.58 × 106 to 2.23 × 106 with the fractionation of H2O, NH4Ac and
HCl in turn. According to Guo et al. [41], both the thermal decomposition of biochar, and biochar
gasification reactions leading to the loss of oxygen and hydrogen from biochar, could result in changes
to biochar structures during gasification with a decrease of total Raman intensity. Also, another
possible factor may be the preferential consumption of smaller rings due to their gasification and/or
conversion to larger ones. Briefly, during steam gasification, the decrease in Raman intensity with the
CFA process reflected the limited increase in O-containing functional groups and, more importantly,
the condensation/growth of aromatic ring systems. For the HCl-biochar, with few active AAEMs
(in the absence of catalysts), the O-containing functional groups formed in the biochar during steam
gasification were closely associated with the aromatic structure and thus tended to loosen the aromatic
structure. The non-catalyzed gasification was slow and took place on some specific (especially sp3-rich
or sp2-sp3 mixture) sites distributed throughout the biochar [52]. While the gasification of biochar
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took place everywhere but slowly in the HCl-biochar in order to consume the small ring systems
selectively, the reaction in the AAEM-containing biochar was more focused on/around the AAEM sites
and took place much more rapidly [53]. As shown in Figure 7, comparing the results of steam-gasified
origin biochar and H2O-biochar samples, there is a significant decrease of 0.65 × 106, showing that the
increase of surface O-containing functional groups during gasification was limited after the fraction
of H2O, mainly due to the H2O-soluble AAEMs, namely the K and Na species. For the total Raman
area between gasified H2O-biochar and NH4Ac-biochar, the decrease was only 0.22 × 106, showing
that the effects of NH4Ac-soluble AAEMs were limited. Although the AAEM content is relatively large,
their low ability of migration led to a limited catalytic role. After that, the effect of HCl-soluble AAEMs,
namely the organic Ca species, led to another obvious decrease of 0.48 × 106 in the total Raman area,
showing its significant catalytic role on the formation of surface O-containing functional groups.
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As shown in Figure 8, the Raman spectrum of the gasified biochar was divided into 10 small peaks,
representing the typical structures of biochar. Other detailed information on this part can be seen in our
previous studies [19,32], where the I(Dr+Vl+Vr)/ID represents the ratio of the smaller aromatic rings in
the biochar to the larger aromatic ring structures, and IS/ITotal refers to the content of sp3-rich structures
as alkyl–aryl C-C structures and methyl carbon dangling to an aromatic ring, including some surface
O-containing structures in biochar, with little long chain aliphatics and hydroaromatic structures.
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Figure 8. Curve fitting of the Raman spectrum of biochar.
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As shown in Table 2, the influence of chemical fraction analysis on biochar aromatic ring structures
could be ignored, while both NH4Ac and HCl can change the cross-linking structures of biochar [43].
During steam gasification, according to Chen et al. [54], the sites on either the zigzag face or the
armchair face of large aromatic layers of biochar are believed to be active for gasification reactions
and they are affected by AAEMs. In addition, according to Li et al. [52], the smaller aromatic ring
systems were preferentially consumed during gasification. During the steam gasification of biochar,
with the presence of H2O-soluble AAEMs, the I(Dr+Vl+Vr)/ID decreased significantly from 1.84 to 0.64,
indicating the transformation of the smaller aromatic ring systems into larger ones to a great extent.
The conversion of biochar during steam gasification is believed to be due to the rapid penetration of
H radicals from the biochar surface deep into the biochar matrix [55]. Also the AAEMs, as the active
sites for the gasification reaction, could promote the process of this transformation to a large extent,
especially for the alkali metal species (K and Na). With the fraction of NH4Ac and HCl solutions,
the decrease of I(Dr+Vl+Vr)/ID became more and more weak, showing the smaller catalytic effect of
NH4Ac/HCl-soluble AAEMs on the aromatic ring structures in biochar. As shown in Table 2, due to
the steam gasification of HCl-biochar, the IS/ITotal decreased from 0.18 to 0.10. These data indicate that
the sp3-rich or sp2-sp3 mixed structures represented by the S band are the preferential sites of reaction
with steam with few active AAEMs catalysts, with only insoluble ones left. The results are consistent
with the opinion of Li et al. [52] for coal char. In addition, the effect of the NH4Ac/HCl-soluble AAEMs
is limited as the active site during gasification, and consequently the corresponding IS/ITotal decreases,
since the sp3-rich or sp2-sp3 structures are consumed. However, few changes in the relative intensity
of S band were observed for the corresponding biochars from the origin biochar during gasification
(from 0.38 to 0.37). This indicated that with the H2O-soluble AAEMs, the S band structures were
no longer the preferred sites for reactions with steam. The AAEM catalytic species appeared to be
preferentially accommodated on carbons of an aromatic nature.

Table 2. Ratios of band peak areas in pyrolysis and steam gasification biochar from Chemical
fractionation analysis (CFA.).

Conditions Band Ratio Origin Biochar H2O-Biochar NH4Ac-Biochar HCl-Biochar

Pyrolysis I(Vl+Dr+Vr)/ID 1.84 1.97 2.06 2.19
IS/ITotal 0.38 0.34 0.22 0.18

Gasification
I(Vl+Dr+Vr)/ID 0.64 1.51 1.91 2.02

IS/ITotal 0.37 0.28 0.17 0.10

3.4. FTIR Analysis of Steam-Gasified Biochar

The CFA process has less destructive effects on the surface carbon–oxygen functional groups
of pyrolysis biochar, which was already present in our previous study [43]. With the result of the
total Raman area related with the surface functional groups, the additional O-containing functional
groups were not present in the pyrolysis biochar before steam gasification. To gain evidence for the
formation of additional O-containing functional groups during gasification, the FTIR spectra of the
biochar samples were recorded, as shown in Figure 9. According to Černý et al. [56], the FTIR spectra of
4000~400 cm−1 are divided into 3600~3000 cm−1, 3000~2800 cm−1, 1800~1000 cm−1 and 900~700 cm−1,
which represent the surface hydroxyl group, aliphatic hydrocarbons, oxygen-containing functional
groups, and aromatic hydrocarbons, respectively. As shown in Figure 9, for the steam-gasified biochar
with different chemical fractions, the main difference appears in the oxygen-containing functional
groups. In order to describe in detail the changes in the various oxygen-containing functional groups,
the FTIR curve was fitted into the aromatic C=C structure at 1480 cm−1, the carboxylate COO−

structure at 1400 cm−1 and the aromatic ether/alkene C-O-C at 1243 and 1080 cm−1 [57,58].
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Figure 9. FTIR analysis of steam-gasified biochar with different chemical fractions.

The result of the curve-fitting FTIR analysis on O-containing functional groups can be seen in Table 3.

Table 3. FTIR analysis of O-containing functional groups on steam-gasified biochar surface.

Steam-Gasified Biochar
Surface Main Functional Groups

Aromatic C=C Carboxylate COO− Aromatic Ether/Alkene C-O-C

Gasified origin biochar 10.63 26.46 62.90
Gasified H2O-biochar 9.94 21.82 68.23

Gasified NH4Ac-biochar 10.27 14.10 75.62
Gasified HCl-biochar 11.39 9.98 78.62

The FTIR curve between the two successive steps can be used to indirectly reflect the specific
catalytic effect of different AAEMs on the formation of oxygen-containing functional groups during
steam gasification. Walker and co-workers [59] have also pointed out in a review that a significant
amount of O complex builds up on the surface of active sites, which is referred to the AAEMs.
The content of aromatic C=C on the steam gasified biochar from different CFA processes fluctuated
in the range of 9.94~11.39%, with little change. In addition, the main changes existed between the
carboxylate COO− and aromatic ether/alkene C-O-C. In the absence of active AAEMs, the HCl-biochar
exhibits the lowest surface functional group content, which is consistent with the Raman analysis
results. The HCl-soluble AAEMs (mainly for the organic Ca compounds mentioned above), are mainly
used to promote the formation of carboxylate COO− (from 9.98% to 14.10%), and to limit the
increase of aromatic ether/alkene C-O-C (from 78.62% to 75.62%), which can be considered to be the
transformation from ether/alkene C-O-C to carboxylate COO− catalyzed by HCl-soluble AAEMs.
However, for the NH4Ac-soluble AAEMs, as shown in Figure 9, the relative contents of carboxylate
COO− and aromatic ether/alkene C-O-C were both significantly improved, indicating that the AAEMs
played a positive role in promoting the formation of surface oxygen-containing functional groups.
Compared to the FTIR results for the origin biochar and the H2O-biochar after gasification, the catalytic
effect of the H2O-soluble AAEMs in biochar was investigated. A similar result can be seen in that
during the steam gasification, the H2O-soluble AAEMs promote the increase of the total amount of
oxygen-containing functional groups, and the catalytic effect on the increase of carboxylate COO− is
the most significant.

3.5. Biochar Reactivity in Air

The specific reactivity of biochar in combustion as a function of biochar conversion can be seen in
Figure 10. As usual, the biochar reactivity is mainly controlled by two factors: the biochar structure [60]
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and AAEM species in biochar [3]. The chemical fractionation process has little effect on the pyrolysis
biochar structure [43], thus the AAEMs in the biochar are considered to be the main controlling
factor affecting the pyrolysis biochar activity in this experiment. Given the high quantities of AAEMs
and their possible catalytic activities, the catalytic activity of AAEMs may be the most likely factor
causing the difference in reactivity, because reactions under a steam atmosphere make a difference
in the concentration and dispersion of AAEMs in the resulting chars [40]. During steam gasification,
the AAEMs only increase the concentration of the active complexes on carbon rather than changing
the reaction pathway [61–65]. Figure 10 shows the typical specific reactivity of the pyrolysis biochar
samples from the CFA process. After the chemical fractionation, the content of AAEMs decreased
gradually, resulting in a decrease of the total reaction activity of the pyrolysis biochar. The specific
reactivity showed broad maxima at about 5.8%, 5.2%, 5.0% and 2.0% char conversions for the pyrolysis
origin biochar, H2O-biochar, NH4Ac-biochar and HCl-biochar, respectively. The maximum reactivity
tended to shift towards lower conversion levels with the CFA steps. The main reason for the initial
increase in the biochar reactivity (Figure 10) at small biochar conversion levels was the accumulation
of AAEMs on the biochar surface with the removal of carbonaceous matter. During the air gasification
of biochar, the high mobility of AAEMs allows them to migrate onto the biochar surface to form
catalytically-active species such as –O–AAEM and/or AAEM clusters [66]. At high biochar conversion
levels, where the biochar structure is more inert and highly condensed, the catalytic activity of AAEMs
is reduced compared to its activity at low biochar conversion levels. In other words, at the beginning,
the increase of AAEMs on the biochar surface are the main factor influencing the biochar reactivity. At a
later stage, changes in the biochar structure become significant. The preferential removal of smaller
aromatic ring systems and the persistence of crosslinking structures mean that the large aromatic ring
systems are increasingly concentrated with little flexibility [52].
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Figure 10. Specific reactivity of biochar samples as a function of biochar conversion.

For the steam-gasified biochar samples, the catalytic activity of AAEMs is a result of the interaction
between AAEMs and biochar/carbon structures. As in the initial stage of the biochar reactivity test,
unlike the pyrolytic one, there were significant differences in the biochar structure (i.e., O-containing
functional groups and aromatic structures) by CFA in the steam gasification process. Furthermore,
the AAEM-containing species in the biochar during the steam gasification improved the O-containing
functional groups that would be consumed quickly during the reactivity measurement, contributing to the
increase in reactivity [67], while the AAEMs would decrease the relative content of small aromatic ring
structures in the biochar during steam gasification leading to the decrease in reactivity. Thus, the final
decision of the steam-gasified biochar depends on the synergetic effects of the biochar structure and
AAEMs [22]. According to Li et al. [68], the AAEMs would not be volatilized during the oxidation of
biochar with air in the TGA at 370 ◦C during the measurement of biochar reactivity. However, during
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gasification, it can be seen from Section 3.4 that the AAEMs could be significantly precipitated, especially
for the H2O-soluble AAEMs (nearly 100% volatilization). As shown in Figure 10, there is a significant
decrease of biochar reactivity between the “origin biochar + steam” and the other three samples. For the
biochar gasification in 15 vol% steam at 800 ◦C, the water-soluble AAEMs play a crucial role in the catalytic
activity of gasification biochar. Despite its nearly complete volatilization, the water-soluble AAEMs have
a significant effect on the biochar structure, which is a key factor in determining the highest reactivity
of the biochar. The difference between “H2O-biochar + steam” and “NH4Ac-biochar + steam” is mainly
concentrated in the higher carbon conversion stage (biochar conversion >30%), which is mainly due to the
biochar structure determining the reaction [66]. The effect of HCl-soluble AAEMs on the biochar reactivity
functions from start to finish. For “HCl-biochar + steam”, the reactivity is the lowest, mainly due to the
least amount of catalytically active elements (AAEMs) and the less active structure formation in the biochar.

4. Conclusions

(1) The AAEMs in different chemical speciations, such as the H2O/NH4Ac/HCl-soluble ones,
have significant effects on the steam gasification rate of sawdust biochar. During steam
gasification, the release of K occurs mainly in the form of inorganic salts and hydrated ions,
while the release of Ca is mainly for the organic ones.

(2) During steam gasification, the limited increase of O-containing functional groups and,
more importantly, the condensation/growth of aromatic ring systems existed for the AAEMs with
different chemical speciations. Without the active AAEMs (such as HCl-biochar), the sp3-rich
or sp2-sp3 structures are the preferred sites for steam gasification. With NH4Ac/HCl-soluble
AAEMs, the preferred sites with sp3-rich or sp2-sp3 structures are gradually shared by AAEMs,
until the presence of H2O-soluble AAEMs completely replaces them as the gasification sites.

(3) H2O/HCl-soluble AAEMs promote the transformation from ether/alkene C-O-C to carboxylate
COO− while promoting the increase of total surface oxygen functional groups. The relative
contents of carboxylate COO− and aromatic ether/alkene C-O-C were significantly improved by
the NH4Ac-soluble AAEMs.

(4) The H2O-soluble AAEMs play a crucial role in the catalytic activity of gasification biochar
and is a key factor in determining its highest reactivity. The effect of NH4Ac-soluble AAEMs
on gasification biochar activity is mainly concentrated in the high carbon conversion stage
(biochar conversion >30%), and the effect of HCl-soluble AAEMs is reflected in the whole
activity-testing stage.
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Nomenclature

AAEMs Alkali and alkaline earth metallic species
X AAEMs (Na, K, Mg and Ca)
XRelease X(AAEMs) release during gasification
XPyrolysis biochar X(AAEMs) in pyrolysis biochar
XSteam gasification biochar X(AAEMs) in steam gasification biochar
CFA Chemical fractionation analysis
NH4Ac Ammonium acetate
H2O-soluble Soluble in water
NH4Ac-soluble Soluble in NH4Ac solution
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HCl-soluble Soluble in HCl solution
Insoluble Insoluble in water/NH4Ac/HCl
H2O Deionized water
HCl Hydrochloric acid
Origin-biochar Origin pyrolysis biochar
H2O-biochar H2O-washed biochar
NH4Ac-biochar NH4Ac-washed biochar
HCl-biochar HCl-washed biochar
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Abstract: Hydrothermal carbonization (HTC), as an environmental friendly process, presents wide
potential applicability for converting biomass to biochar with high energy density. Reed, a major energy
crop, was converted by a HTC process in a batch reactor at 200–280 ◦C for 0.5 to 4 h. Biochar mass yield
changed from 66.7% to 19.2% and high heating value (HHV) from 20.0 kJ/g to 28.3 kJ/g, respectively,
by increasing the carbonization temperature from 200 ◦C to 280 ◦C and decreasing the residence time from
2 h to 1 h. The Fourier Transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning
Electron Microscope (SEM) results indicated the lignocellulosic crosslink structure of reed is broken and
biochar having a high energy density is obtained with the increase of temperature. The microcrystal
features of reed are destroyed and biochar contained mainly lignin fractions. The HTC of biocrude is
carried out at 200–280 ◦C for 2.0 h and the results showed that the obtained biochar has uniform particles
filled with carbon microspheres.

Keywords: hydrothermal carbonization (HTC); Chinese reed; biocrude; biochar; high heating
value (HHV)

1. Introduction

Recently, abundant research efforts have been focused on the use of renewable biomass for
producing energy, chemicals and materials. During the whole process for biomass growth and
utilization, the carbon balance has been realized, so the concentration of CO2 in the atmosphere
theoretically remains constant during this cycle [1]. Most of the biomass is inefficiently used for the
heating purposes in the absence of other reliable and cheaper sources of energy. The biomass has been
exploited in ways involving pyrolysis, gasification, fermentation and hydrothermal processes to obtain
the useful clean energy, materials and biochemicals. H2 [2], ethanol [3], lactic acid [4], biochemicals [5],
and biochar [6–8] can be obtained in different reaction processes. Recently, the acceleration of
carbonization in a hydrothermal medium by a factor of 106–109 under rather mild conditions, down to
a scale of hours, makes it a useful pathway for biochar production. The research attention has largely
focused on the conversion of biomass to biochar which has higher heating value (over 28.0 kJ/g) and
better carbonaceous materials performance [9].

Hydrothermal carbonization (HTC) is a thermochemical process to produce biochar from raw
biomass or carbohydrates under mild temperatures (180–350 ◦C) and self-generated pressures in
subcritical water. Compared to the typical carbonization routes such as pyrolysis (500 to 800 ◦C),
HTC is able to explore fresh feedstock without any drying treatment [10,11]. During the HTC process,
subcritical water serves as green solvent, reagent and catalyst that facilitate the hydrolysis and
cleavage of lignocellulosic biomass [12,13]. Hydrolysis, dehydration, decarboxylation, condensation
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polymerization and aromatization take place during the HTC process [14]. In the past decades,
HTC has been explored the reveal the mechanisms of natural coalification in the coal-forming process,
but attention was seldom paid to the production of solid residues. The biochar obtained by the HTC
process from fresh biomass even bio-waste, can be used as a solid fuel, adsorbent and soil amendment
with wide applicability. Some research has indicated a series of novel carbon materials with specific
properties could be prepared through the HTC process under mind conditions using carbohydrates as
starting materials [15,16].

A HTC process was used for the conversion of eucalyptus bark (EB) into biochar in the range
of 220–300 ◦C after 2–10 h. The results showed that the biochar yield decreased slightly from 46.4%
at 220 ◦C to 40.0% at 300 ◦C and high heating value (HHV) increased from 20.2 to 29.2 kJ/g [17].
The optimum conditions for maximum yield production of biochar through HTC of palm shell were
also discussed. Using 180 ◦C, 0.5 h, and 1.60 wt.%, optimized biochar was obtained and the temperature
was proven to have a greater influence on the efficiency of biochar production [18]. Liu carried out
HTC of glucose, sucrose, and starch at temperatures ranging from 170 to 240 ◦C. The results indicated
that biochar is made up of uniform spherical micrometer-sized particles that have a 0.4–6 mm diameter,
which can be modulated by modifying the preparation conditions [19]. Sevilla et al. provided a method
for producing carbonaceous materials by means of the HTC of cellulose at 220–250 ◦C. The formation
of this material essentially follows the path of a dehydration process, similar to the HTC of saccharides
such as glucose, sucrose or starch [20,21].

In the present work, our interest was the production of biochar with higher energy density and
carbonaceous materials from biocrude, so the HTC process was explored to convert reed into biochar
and biocrude in a batch reactor under mild conditions. The effect of reaction time, temperature and
pressure in the range of 0.5–4 h, 200–280 ◦C and 2.4–27.2 MPa, respectively, were studied. The HTC
of biocrude was carried out in a batch reactor at 200 ◦C for 2 h. Through Fourier Transform infrared
spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscope (SEM) analysis of
the biochar produced from reed, the transformation process, structure performance and energy value
of biochar were discussed. Based on the yields and SEM analysis, the possible pathways for HTC of
biocrude into carbon microspheres were provided.

2. Results

The characteristics of the reed raw material are presented in Table 1. Details of yield, HHV and energy
yield of biochar prepared under various conditions using the setup illustrated in Figure 1 are shown in
Table 2. In general, biochar yield (wt.%) decreased with temperature whereas HHV increased. The results
are discussed in the following sections. The effects of residence time and pressure on the carbonization of
reed for biochar production at 200 ◦C and 230 ◦C are discussed. The time and pressure ranged from 2.0 to
4.0 h and 17.6 and 27.2 MPa, respectively. The reed and biochar were characterized by FTIR (wave number:
4000–400 cm−1) and a typical spectrum was shown in Figure 2. Typically bands in FTIR spectrum for reed
and biochar were listed in Table 3. As the hydrolysis product of reed in the HTC process, biocrude contains
various sugars and organic acids. The glucose, lactic acid, acetic acid, HMF (5-hydroxymethylfurfural) and
furan in biocrude obtained from 200 ◦C to 280 ◦C are listed in the Table 4.

Table 1. The main properties of the reed.

Properties Mass

Moisture (wt.%) 2.6
Lignin (wt.%) 23.5

Cellulose (wt.%) 39.5
Hemicellulose (wt.%) 26.7

Carbon (wt.%) 44.6
HHV (kJ/g) 17.1
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Figure 1. Setup for hydrothermal carbonization (HTC) of reed biomass to produce biochar.

Table 2. Experiment summary and results.

Run Temp. (◦C) Time (h) P (MPa) Yield (wt.%) HHV (kJ/g) Energy Yield (%)

1 200 2.0 17.2 59.8 21.5 75.2
2 200 2.0 27.6 66.7 20.9 81.5
3 200 4.0 17.2 63.2 21.5 79.5
4 200 4.0 27.6 60.6 21.8 77.2
5 230 2.0 17.2 48.9 26.9 76.9
6 230 4.0 27.6 45.6 24.3 64.8
7 230 2.0 17.2 52.8 25.7 79.4
8 230 4.0 27.6 49.1 25.4 72.9
9 200 4.0 2.4 66.4 20.3 78.9
10 230 4.0 4.1 37.8 23.5 51.9
11 260 4.0 6.5 28.4 25.9 43.0
12 280 4.0 8.3 19.0 28.1 31.2
13 280 0.5 7.2 20.7 24.7 29.9
14 280 1.0 7.2 19.2 28.3 31.8

Figure 2. Transform infrared spectroscopy (FTIR) results of reed and biochar, processing time 4.0 h
(A—Reed, B—200 ◦C, C—230 ◦C, D—260 ◦C, E—280 ◦C).

Table 3. FRIR spectrum of the reed and biochar.

Position of the Bands (cm−1) Functional Group

3401 O–H stretching vibration
2920 CH, CH2 stretching vibration
1700 Carbonyl C=O stretching vibration
1600 C=C stretching vibration
1513 Benzene ring stretching vibration
1424 CH2 shearing, CH2 bending vibration
1383 CH bending vibration
1267 C–O–C stretching vibration in alkyl aromatic
1160 C–O–C asymmetry stretching vibration
1060 C–O stretching vibration
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Table 4. The main organic compounds in biocrude.

Composition 200 ◦C 230 ◦C 260 ◦C 280 ◦C

Glucose (g/L) 2.7 1.2 0.4 0.3
Lactic acid (g/L) 3.2 3.5 3.6 2.7
Acetic acid (g/L) - 0.6 1.1 0.9

HMF (g/L) - - - 0.7
Furan (g/L) - - - 1.9

3. Discussion

3.1. Performance of HTC for Biochar

At 200 ◦C, the higher yield and HHV for biochar were obtained at 2.0 h, 27.6 MPa and 4.0 h,
27.6 MPa, respectively, and the values were determined as 66.7% and 21.8 kJ/g. A higher temperature
favored the conversion of raw materials to higher energy density fuel and HHV, as indicated by the
values provided at 230 ◦C which were 26.9 kJ/g at 2 h and 17.2 MPa. Compared to the yield of biochar
at 200 ◦C, it showed a descending trend at the same conditions for 230 ◦C. Higher yield and HHV can
be obtained at 200 ◦C and 230 ◦C, respectively. The desired pressure was achieved by pumping water
into the reactor. The increased pressure of the reaction system keeps the water in its aqueous phase
and influences the density properties of water [10]. At comparatively low temperature (200–230 ◦C),
the amorphous components of reed were mainly hydrolyzed and the liquid product mainly contained
oligomers and monomers produced by the hydrolysis of the sugar components in reed. The HHV of
the product biochar remained low because of low deoxygenation rate in this temperature range.

Temperature plays a key role in the conversion of reed to biochar. Further experiments were
performed at 200 ◦C to 280 ◦C for 4.0 h and the results are shown in the Table 2. Fifty mL of water
was added into the reactor and the mass ratio of biomass and water was changed from 1:6.5 (shown
in the Table 2) to 1:25. The pressure was autogenously adjusted and it increased above the vapor
pressure of water because of the formation of gaseous products during the HTC process. The influence
of temperature is obviously, though biochar yield decreased at 280 ◦C, the HHV of the product was
increased considerably with temperature.

The highest yield of 60.6% for biochar was obtained at 200 ◦C. At the same time, the higher
temperature is propitious to obtain higher energy density fuel and this value reached 28.1 kJ/g at
280 ◦C. The yield and HHV obtained at 230 ◦C are 37.8% and 23.5 kJ/g, which lower than the results
under the set pressure. The results showed that high pressure provides a higher yield and HHV for the
conversion of reed to biochar despite it being lower from the influence of temperature. Based on the
results of yield and HHV at different temperatures, the energy conversion efficiency, which was defined
as the ratio of contained energy in raw reed and obtained biochar, were 52.4%, 43.0%, and 31.2% at
230, 260, and 280 ◦C, respectively. The results indicated that energy conversion efficiency displays a
decreasing tendency with the increase of temperature. To obtain a higher energy conversion efficiency
and biochar with higher energy density, a higher temperature should be used and the reaction
conditions should be changed to improve the HHV of biochar.

Table 2 displays the obtained biochar yield and HHV at 280 ◦C from 0.5 to 4.0 h. The yield of biochar
shows a descending curve, but the values of HHV increase slightly from 0.5 h to 4.0 h. The HHV obtained
from 0.5 h at 280 ◦C is higher than that of 4 h at 230 ◦C, but the yield (20.7%) is lower than with the former
conditions (37.8%). Reed provides less biochar yield in the case of 1.0 h at 280 ◦C than 4.0 h at 260 ◦C,
but the HHV for biochar were high as 28.4 and 25.9 kJ/g. Similar biochar yield and HHV results were
obtained at 1.0 h and 4.0 h under 280 ◦C. Future work will focus on getting the optimal conditions for
conversion of reed to biochar with higher yield and energy density.
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3.2. Characterization of Reed and Biochar

The FTIR spectrum of biochar was partly similar to that of reed and the typical peaks of
lignin were maintained in biochar. These results indicated that the biochar had a high degree of
polymerization oligomers with lingo-like molecular structures. The reed was not liquefied completely
for the appearance of absorption peaks at 1060 and 1160 cm−1 at 200 ◦C and 230 ◦C. From Figure 2, it can
be seen that the absorbance peaks in the raw, 200 ◦C and 230 ◦C materials are similar and hemicellulose
and cellulose were present in the biochar obtained at lower temperature [22]. As for 260 ◦C and 280 ◦C,
the FTIR displays peak changes for the biochar obtained at higher temperature which is different
from reed and lower temperature product. The results showed that the two kinds of biochar have
a different functional groups than reed. In the higher temperature process, the hemicellulose and
cellulose were converted and a polymerization process was realized. From the spectral difference of
FTIR spectra of these biochar obtained at higher temperature and reed, the absorbance peak appeared
in the range of 1600–650 cm−1. It was shown that the aromatic rings started to recombine at this
temperature. The possible presence of alkenes was indicated by the absorbance peaks between 1680 and
1580 cm−1. The ether linkages around 1200 cm−1 and 1000 cm−1 between the cellulose skeleton
units were hydrolyzed with the hydrothermal treatment from 260 ◦C to 280 ◦C under subcritical
conditions [23–25]. As for the skeleton structure of reed, the lignin remained in the biochar when the
temperature increased from 200 ◦C to 280 ◦C. The results were confirmed by the lignin peaks at 1265,
1424 and 1513 cm−1 in the FTIR. At the same time, peaks of polymeric product were also shown in
the FTIR spectra at 1600 and 1700 cm−1. These results proved that the biochar was composed by the
conserved lignin and polymeric products produced in the HTC process [22].

We conducted SEM observations of reed and biochar after the HTC process. The SEM images
for biochar and reed are shown in Figure 3. These results suggested that biochar has a different
macromolecular structure from reed and their average particle sizes grew smaller at the temperature
reached 260 ◦C. The results show that the lignocellulosic structure of reed was destroyed as the
hemicellulose and cellulose were hydrolyzed in the HTC process. Small globular particles which
come from the polymer particles of reed decomposition can be seen precipitated over thin fibers.
The cross-linked structure which was made up by the lignin and cellulose in reed was broken in the
HTC process as the cellulose was hydrolyzed into aqueous phase [26,27]. Compared with lignin, the
microcrystal structure of cellulose is relatively easily damaged under higher temperature conditions
and the results were demonstrated in the FTIR analysis. As shown in the Figure 3B, the lignin can
resist the higher temperature disruption and form the main skeleton structure for biochar obtained in
higher temperature.

The XRD patterns for biochar (obtained 280 ◦C, 4.0 h) and reed were compared and are shown
in Figure 4. The distinct sharp crystalline cellulosic peak (2θ = 22.7◦) which comes from the crystal
structure of cellulose was displayed in the reed, but the peak was absent in the biochar, which confirms
that it contained mainly less crystalline or amorphous components. As the cellulose in the reed was
decomposed, the transformation from microcrystal features to a non-crystalline structure were realized
in the HTC process. A carbon-rich product with an amorphous structure and lignin as the major
component was retained in the biochar. The results are consistent with the FTIR and SEM analyses.
Through the analysis of FTIR, SEM and XRD for the reed and obtained biochar, the change for structure,
morphology and composition from reed to biochar were displayed to help understand the HTC process
for biochar production. Through fragmentations and deoxygenation, reed conversion into biochar is
realized. The main components of the biochar obtained at higher temperature are lignin and cellulose
was hydrolyzed into biocrude. The elemental analysis of the biochar obtained at 280 ◦C indicated that
the elemental carbon is over 70%. The results confirm that O/C ratio decrease with temperature from
0.90 for reed to 0.32 for biochar obtained at 280 ◦C. The decrease in O/C ratio may be attributed to the
deoxygenation, caused mainly by the dehydration of reed.
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Figure 3. Scanning Electron Microscope (SEM) results for reed (A) and biochar (B) obtained at 260 ◦C, 4.0 h.

Figure 4. X-ray Diffraction (XRD) results for reed and biochar obtained at 280 ◦C, 4.0 h.

3.3. HTC of Biocrude for Biochar

From Table 4 we know that glucose serves as the main contributor in the biocrude which is
obtained at low temperature. The main hydrolysis products of reed include glucose, acetic acid,
lactic acid, HMF and furan. The oligomers and glucose constitute the majority of the organic
compounds in the liquefaction of reed at low temperatures such as 200 ◦C. Organic acids and
aromatic compounds are formed by different pathways, especially in the high temperature interval.
As the temperature increases from 200 ◦C to 280 ◦C, the amount of glucose decreases whereas that of
organic acids displays an upward trend. For the hydrolysis product of hemicellulose and cellulose,
lower temperature is favorable for the production of glucose and higher temperature is beneficial
for producing organic acids. We carried out experiments on the HTC of biocrude at 200 ◦C for
2.0 h. The biocrude was obtained in the HTC of reed in a temperature range from 200 ◦C to 280 ◦C.
The conversion efficiency of carbon from biocrude to biochar is shown in Figure 5. The conversion
efficiency of carbon was 35.5% when the biocrude was obtained at 200 ◦C. As for the biocrude obtained
at 280 ◦C and 4.0 h, the value decreased to 4.4%. The conversion efficiency of carbon for biocrude
obtained from 230 ◦C and 260◦C were 26.2% and 6.5%, respectively. The experimental results indicated
that biocrude produced at lower temperature is favorable for the conversion of organic carbon to
biochar. Sugar plays an important role in the HTC process for biochar production which was similar
to that use the glucose as a raw material. Through polycondensation and molecular rearrangements
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of sugar, the conversion of biocrude to biochar was realized in the HTC process [28]. The SEM image
for HTC conversion biocrude obtained at 200 ◦C to biochar is shown in Figure 6.

As shown in the Figure 6, the biochar obtained in the HTC of biocrude has uniform features.
Interestingly, the majority of the 2 μm particles are composed of the biochar and biocrude transformed
into carbon microspheres during the hydrothermal carbonization process. A comparison of biochar
produced from reed and biocrude indicated that different formation pathways lead to various biochar
properties. The biochar obtained the HTC of reed can be used as a higher energy density fuel for its
higher carbon content. Because of the homogenization characteristics, the biochar resulting from the
HTC of biocrude can provide a new method for producing carbonaceous materials.

Figure 5. The conversion efficiency of carbon from biocrude obtained at different temperature
(experiments on the HTC of biocrude at 200 ◦C, 2.0 h).

Figure 6. SEM image of biochar (HTC of biocrude obtained at 200 ◦C), 200 ◦C, 2.0 h. (A: scale: 10 μm;
B: scale: 2 μm.)

4. Materials and Methods

4.1. Material

Reed (2–5 mm long pieces, powdered) was used as raw material for the HTC experiments.
The physical and chemical properties of the reed are listed in Table 1. Biocrude obtained from
liquefaction of reed also was used for producing biochar.

4.2. Apparatus and Procedure

HTC of reed was carried out in a batch reactor with an internal volume of 65.0 cm3 (Figure 1).
The experiments were carried out at 200–280 ◦C for 0.5–4.0 h. The HTC process was as follows: the
desired amount of reed (10.0 g) and water (45 cm3) was put into the reactor, which was then sealed.
The reactor was heated up to a desired temperature for HTC of reed. After the set time, the reactor
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was rapidly cooled to room temperature using air flow. The reaction time was defined as the time at
the reaction temperature excluding preheating and cooling time. To study the effect of pressure on
HTC process, reactor pressure was controlled by pumping water into the reactor until the set value
was reached. After HTC of Chinese reed, the biochar and biocrude were separated with a 0.22 μm
filtration membrane. The biocrude was used as starting material for preparing carbon materials. As for
the biochar produced from the biocrude, the experiments on the HTC of biocrude were carried out at
200 ◦C for 2.0 h in the batch reactor. The reactor was filled with liquid phase (biocrude) which was
obtained from the different HTC processes and the biochar was collected through a 0.22 μm filtration
membrane after the reaction. The biochar obtained from biomass and biocrude was washed using
deionized water and oven dried for 24 h at 105 ◦C.

4.3. Characterization

Surface morphology of the sample was recorded using an environmental scanning electron
microscope (SEM, EVO 50, Zeiss, Jena, Germany). XRD patterns of the reed and biochar were obtained
on a Miniflex powder X-ray diffractometer (Rigaku, Tokyo, Japan ) with a Cu Kα radiation source in
a 2θ range from 10◦ to 35◦ with a scanning rate of 1◦/min. Infrared spectra (4000–400 cm−1) were
analyzed by a IR100 infra-red spectroscopy (FTIR) instrument (Nicolet, Waltham, MA, USA) which
was equipped with a TGS/PE detector and a silicon beam splitter with 1 cm−1 resolution. The higher
heating value (HHV) of reed and biochar was determined by an IKA-C200 calorimeter (IKA Works,
Wilmington, NC, USA). The collected liquid solution was filtered through a 0.22μm pore-size filter prior
to analysis. The main products in the resultant solution were identified based on standard compounds
and their structures were further confirmed by HPLC (LC-20AD system, Shimadzu, Tokyo, Japan)
equipped with an Aminex HPX-87H Ion Exclusion Column, 300 mm × 7.8 mm) with a differential
refraction detector (RID-10A). The column was held at 65◦C. H2SO4 (0.01 mol/L) was used as the
mobile phase at a flow rate of 1.0 mL/min. The peak identification was accomplished by comparison of
sample peak retention times with those of standard solutions of pure compounds. The total organic
carbon (TOC) in aqueous phase was measured with a TOC analyzer (Shimadzu TOC 5000 A).

5. Conclusions

Reed was converted into biochar in a temperature range of 200–280 ◦C for 0.5–4.0 h in a
batch reactor. Compared with the residence time and pressure, the temperature plays a key role
in the conversion of reed to biochar. Higher temperature is favorable for the production of a higher
energy density fuel but is negative for the mass of biochar. The yield of biochar decreased when the
temperature increased from 200 ◦C to 280 ◦C. The FTIR and SEM results suggested that the complete
breakdown of the lignocellulosic crosslinked structure of reed is realized at higher temperature and
biochar contained mainly lignin fractions. The XRD image of untreated reed and biochar indicated that
the microcrystal features are converted into a non-crystalline structure in the HTC process. HTC of
biocrude for biochar production were carried out from 200–280 ◦C and 2.0 h. The results indicated that
biocrude obtained at lower temperature is favorable for biochar production and polycondensation of
sugar is the major factor in the HTC of biocrude. The biochar obtained from the HTC of biocrude has a
uniform particle size filled with globular carbon microspheres.
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Abstract: In this work, char gasification of two coals (i.e., Shenfu bituminous coal and Zunyi
anthracite) and a petroleum coke under a steam and CO2 mixture (steam/CO2 partial pressures,
0.025–0.075 MPa; total pressures, 0.100 MPa) and CO2/steam chemisorption of char samples were
conducted in a Thermogravimetric Analyzer (TGA). Two conventional kinetic models exhibited
difficulties in exactly fitting the experimental data of char–steam–CO2 gasification. Hence, a modified
model based on Langmuir–Hinshelwood model and assuming that char–CO2 and char–steam
reactions partially shared active sites was proposed and had indicated high accuracy for estimating
the interactions in char–steam–CO2 reaction. Moreover, it was found that two new model parameters
(respectively characterized as the amount ratio of shared active sites to total active sites in char–CO2

and char–steam reactions) in the modified model hardly varied with gasification conditions, and the
results of chemisorption indicate that these two new model parameters mainly depended on the
carbon active sites in char samples.

Keywords: gasification; kinetic model; active site; chemisorption

1. Introduction

Gasification is an important technology for the clean and efficient utilization of coal, petroleum
coke, and other solid fuels, and is available for large-scale industry due to its high efficiency,
high production intensity, and near-zero pollution emission [1,2]. Fundamental research of gasification
processes identified the rate of char gasification as a significant factor controlling gasification behaviors.
This was mainly attributed to the relatively slow kinetics of char–CO2 reactions and char–steam
reactions under gasification conditions [3]. Therefore, it is important to make a clear understanding
of the gasification kinetics of char–CO2 and char–steam.

Many researchers [4–7] have developed reaction models of char–CO2 and char–steam respectively
to determine their reaction rates. Moreover, the kinetics of char–CO2 gasification and char–steam
gasification have also been studied in detail [8–11]. However, these models and studies, carried
out in the system with a sole gasifying agent, could hardly be applied in systems where char–CO2

and char–steam reactions occur simultaneously. Under realistic gasification conditions, chars are
reacted with the gasifying agent mixtures consisting of steam and CO2. Therefore, the researchers
in [12] investigated the gasification reactivities of metallurgical coke in a mixture of steam and CO2,
but it was hard to analyze the intrinsic char–CO2–steam reaction because the particle size of the tested
samples was large (3–6 mm), which resulted in the effect of internal diffusion. Muhlen et al. [13]
have also studied the mechanism of coal char gasification under a mixture of steam and CO2, and the
proposed empirical approach could well describe the effect of the carbon conversion degree on the
gasification rate.
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Recently, some researchers [14–18] came to investigate interactions in the char–CO2–steam reaction
using the Langmuir–Hinshelwood (L–H) model based on the theory of absorption and desorption.
Roberts and Harris [14] found that char–CO2 and char–steam reactions occur at the common active sites
and indicated that steam and CO2 competed for active sites of chars. However, some other researchers
proposed an opposite view. Both Huang et al. [15] and Everson et al. [16] thought that the char–CO2

reaction and char–steam reaction proceeded at separate active sites and the overall gasification rate
should be equal to the sum of the char–CO2 reaction rate and the char–steam reaction rate. Li et al. [17]
also pointed out that the reaction mechanism of lignite char gasification was in accordance with the
separate reactive site reaction mechanism under lower gasification pressures, whereas it was superior
to the common reactive site reaction mechanism when gasification pressures further increased. On the
other hand, Chen et al. [18] found that the overall gasification rate is not equal to the sum of the
char–CO2 reaction rate and char–steam reaction rate, but there was no evidence proving that the
two gasifying agents competed for active sites. An L–H model with two dimensionless parameters
was proposed by Umemoto et al. [19] to evaluate the rate of char–CO2–steam gasification, and could
estimate interactions more accurately than other models. However, the mechanism of the two proposed
parameters is unclear.

Accordingly, a modified kinetic model based on the concept of active sites was proposed
in this study to evaluate the interaction in char–CO2–steam gasification, and it was validated
by char–CO2–steam gasification experiments of carbonaceous materials (two coals of different ranks
and a petroleum coke) using a Thermogravimetric Analyzer (TGA). Additionally, CO2 and steam
chemisorption of chars were also conducted in a TGA to measure chemisorption quantities so as
to explore the correlation between kinetic parameters of the modified model and chemisorption
quantities. This work can provide not only theoretical basis for simulation but also scientific basis for
gasification industry.

2. Materials and Methods

2.1. Char Preparation

Two typical gasification coals (Shenfu bituminous coal (SF) and Zunyi anthracite (ZY) from China)
and a petroleum coke (PC) from Sinopec Shanghai Gaoqiao Petrochemical Co., Ltd. (Shanghai, China)
were chosen as raw materials in this study. During char preparation, all pulverized raw samples were
heated at 25 ◦C/min to 850 ◦C and held 30 min under the high purity nitrogen atmosphere in a fixed
bed reactor. After devolatilization, the prepared chars with particle sizes of <40 μm were used for
further analysis. The proximate analysis, ultimate analysis, and specific surface area of char samples
are listed in Table 1.

Table 1. Properties of tested char samples.

Samples
Proximate Analysis/d, % Ultimate Analysis/daf, % Specific Surface

Area/m2·g−1
VM FC A C H N S O

SF char 8.60 81.33 10.07 95.96 1.02 1.40 0.40 1.22 2.05
ZY char 5.50 73.48 21.02 96.11 0.95 1.68 1.04 0.22 1.52
PC char 4.11 90.86 5.03 95.95 0.73 1.19 2.08 0.05 0.41

SF-Shenfu bituminous coal; ZY-Zunyi anthracite; PC-petroleum coke; VM-volatile matter; FC-fixed carbon; A-ash;
d-dry basis; daf-dry and ash free basis.

2.2. Isothermal Gasification Tests

The tests of isothermal char gasification were carried out using a TGA (NETZSCH STA449-F3).
In all cases, approximately 5 mg of char particles was placed in an alumina crucible and heated
at 25 ◦C/min to the prescribed temperature (850–950 ◦C) under high purity nitrogen atmosphere
(80 mL/min). Then, nitrogen was switched to gasifying agents to initiate the isothermal gasification.
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In char gasification tests, nitrogen was used to adjust the concentration of the gasifying agents. For char
gasification with sole gasifying agent (steam or CO2), the partial pressures of the gasifying agents
varied from 0.025 to 0.100 MPa. For char gasification with a mixture of steam and CO2, the partial
pressures of steam and CO2 varied from 0.025 to 0.075 MPa, and the total pressure was always
0.100 MPa. The effects of external and internal diffusion were eliminated by previous tests [20].

The carbon conversion was expressed by the following equation [21]:

x =
w0 − wt

w0 − wash
(1)

where w0 is the initial mass of char (wt. %); wt is the sample mass at gasification time of t (wt. %); and
wash is the final sample mass at the end of gasification.

Gasification rate was defined as following:

r = − 1
w0 − wash

dw
dt

=
dx
dt

(2)

2.3. CO2/Steam Chemisorption

CO2/steam chemisorption of chars was fulfilled by TGA, and the test procedures have been
reported in previous literature [22–24]. Approximately 15 mg of char particles was first heated
at 25 ◦C/min to 850 ◦C and then held for 30 min under a continuous high purity nitrogen flow,
in order to remove any impurity which could be adsorbed during CO2 or steam chemisorption.
Then, the temperature was decreased to 300 ◦C and stabilized for 10 min. Whereafter, nitrogen was
switched to pure CO2 or steam to start the chemisorption test. After another 30 min of adsorption,
pure CO2 or steam was finally switched to high purity nitrogen, and the char samples were degassed
for 30 min, in order to remove all weakly chemisorbed CO2 or steam molecules. The flow rates of steam,
CO2, and high-purity nitrogen were all set as 80 mL/min.

As a representative, the steam chemisorption curve of PC char is shown in Figure 1. Three sets
of chemisorption data can be observed in Figure 1. The first one is the total quantity of chemisorption
(Ct). The second one is the quantity of weak chemisorption (Cw). The weak chemisorption of steam or
CO2 was desorbed from char surface during the process of degassing. The last one is the quantity of
strong chemisorption (Cs). Strong chemisorption of steam or CO2 still stayed on the surface of the char
after degassing.
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Figure 1. Steam chemisorption of petroleum coke (PC) char.
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3. Results and Discussion

3.1. Choice of Kinetic Model of Char–CO2–Steam Gasification

The mechanism of the char–CO2 reaction is widely accepted by following description:

C f + CO2
k1−−−−→←−−−−
k2

C(O) + CO (3)

C(O)
k3−−→ CO + C f (4)

Based on the Langmuir–Hinshelwood (L–H) model derived from the theory of absorption and
desorption, the char–CO2 reaction rate can be expressed as Equation (5):

rCO2 =
k1PCO2

1 + (k2/k3)PCO2 + (k1/k3)PCO
(5)

The equation can also be written as:

rCO2 =
KaPCO2

1 + KbPCO2 + KcPCO
(6)

Here, Ka, Kb, and Kc can be defined as following:

Ki = Aie
−Ei
RT (7)

According to Equation (5), Ea = E1, Eb = E2 − E3, Ec = E1 − E3, Aa = A1, Ab = A2/A3, Ac = A1/A3.
Similarly, the char–steam reaction rate can be expressed as Equation (8):

rsteam =
KdPH2O

1 + KePH2O + K f PH2

(8)

In this study, chars were gasified with a steam–CO2 mixture, so the mechanism of the
char–steam–CO2 reaction should be defined. Interactions in a char–steam–CO2 reaction have been
studied recently [14,16,19], and there were two kinds of mechanisms accepted by researchers. The first
assumed that char–CO2 and char–steam reactions occur at separate active sites (Model A in Figure 2a).
Based on this assumption, the overall reaction rate was equal to the sum of rates of these two reactions
and can be described as following:

r =
KaPCO2

1 + KbPCO2 + KcPCO
+

KdPH2O

1 + KePH2O + K f PH2

(9)

The second mechanism assumed that these two reactions occur at common active sites (Model
B in Figure 2b). This means that these two reactions compete for the same active sites, so the overall
reaction rate was slower than the sum of reaction rates of these two reactions and can be described
as following:

r =
KaPCO2 + KdPH2O

1 + KbPCO2 + KcPCO + KePH2O + K f PH2

(10)

In general, a CO2 molecule can enter into pores with sizes larger than 1.5 nm, while a steam
molecule can enter into pores with sizes larger than 0.6 nm. This led to a phenomenon where some
active sites existed in pores with sizes smaller than 1.5 nm and could only be occupied by steam
molecules. In addition, the catalytic effect of the inherent mineral on the char–CO2 reaction was quite
different from that on the char–steam reaction [25]. Based on these reasons, it was conjectured that
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char–CO2 and char–steam reactions may share active sites partially, and the modified model was
proposed as shown in Figure 2c. Some new parameters were introduced to quantify the amount
of shared active sites for char–steam and char–CO2 reactions. They were defined as following:

a =
nshare
nCO2

(11)

b =
nshare
nsteam

(12)

Here, a and b are dimensionless parameters, representing the ratio of the amount of shared
active sites to the total amount of active sites for the char–CO2 reaction and char–steam reaction,
respectively. nshare is the amount of shared active sites for the char–steam and char–CO2 reactions.
nCO2 and nsteam represent the total amount of active sites for the char–CO2 reaction and char–steam
reaction, respectively.

nCO2 nsteam

Model A

nCO2= nsteam

Model B

(a) (b)

nCO2 nsteam

Proposed
Model

nshare

(c)

Figure 2. Models of char–CO2–steam gasification: (a) Model A; (b) Model B; (c) Modified model.

Based on the assumption and these parameters, the overall reaction rate of the char–steam–CO2

reaction can be derived as:

r =
(1 − a)KaPCO2

1 + KbPCO2 + KcPCO
+

(1 − b)KdPH2O

1 + KePH2O + K f PH2

+
aKaPCO2 + bKdPH2O

1 + KbPCO2 + KcPCO + KePH2O + K f PH2

(13)

It was noteworthy that the proposed model (Equation (13)) was the same as Model A (Equation (9))
in the case of a = b = 0 (nshare = 0), while the proposed model was the same as Model B (Equation (10))
in the case of a =b = 1 (nshare = nCO2 = nsteam).

3.2. Validation of the Modified Model

3.2.1. Kinetic Parameters of Char Gasification with Sole Gasifying Agent

In this study, the initial gasification rate (r0) was used as a representative. The concentrations
or partial pressures of H2 and CO were very low and can be neglected at the initial stage of gasification.
Therefore, PH2 and PCO were not shown in this study.
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Figure 3. Effect of steam–CO2 partial pressure on gasification rate.

Figure 3 shows the initial rate of ZY char gasification with a sole gasifying agent as a function
of the partial pressure of the gasifying agent (steam/CO2) and gasification temperature. It was evident
that the initial gasification rate of ZY char depended strongly on temperature and steam/CO2 partial
pressure. The initial gasification rate of ZY char increased as the temperature and steam/CO2 partial
pressure increased. Moreover, it is shown in Figure 3 that the L–H model (the fitted line) fitted
the experimental data well. In addition, the rate of steam gasification was faster than that of CO2

gasification when the gasification temperature was fixed. These phenomena were also observed for the
other two chars. The kinetic parameters (Ki, Ai, Ei) were determined by the L–H model and the results
are listed in Table 2. The activation energies of tested char samples were similar to those reported
in the literature [15,16].

Table 2. Kinetic parameters of char–CO2 and char–steam reactions.

Ki

SF Char ZY Char PC Char

Ai Ei (kJ/mol) Ai Ei (kJ/mol) Ai Ei (kJ/mol)

Ka 2.02 × 107 161.9 1.69 × 104 105.4 1.28 × 106 149.8
Kb 9.50 × 10−3 −78.6 0.14 −54.3 4.88 −32.0
Kd 4.78 × 106 131.1 6.07 × 107 165.0 1.08× 107 168.6
Ke 0.21 −51.3 0.11 −52.0 1.90 × 10−4 −101.1

3.2.2. Kinetic Parameters of Char Gasification with Gasifying Agent Mixture

Initial rates of SF char gasification with a mixture of steam and CO2 are presented in Figure 4.
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Figure 4. Comparison of experimental data and two conventional models.

269



Energies 2017, 10, 1890

In each experiment, the total system pressure was 0.100 MPa. The initial gasification rate of SF
char increased as steam partial pressure increased or as CO2 partial pressure decreased. In addition,
the measured gasification rates were always a little lower than the gasification rates predicted by Model
A and much higher than the gasification rates predicted by Model B. This means that char–CO2 and
char–steam reactions neither absolutely occur at separate active sites nor absolutely occur at common
active sites. Thus, it can be inferred that char–CO2 and char–steam reactions share active sites partially.

In order to evaluate the interactions by the char–CO2–steam reaction accurately, the modified
model was employed. Comparisons between experimental data and predictions by the modified
model are shown in Figure 5.

For these three chars, the good agreement between experimental data and predictions confirmed
the validity of the modified model. Parameters [a,b] were obtained by the fitting results and were equal
to [0.47,0.25], [0.83,0.21], and [1.00,0.15] for SF char, ZY char, and PC char, respectively. The results
shows that parameters [a,b] were constants and hardly varied with gasification temperature. For PC
char, parameter a was equal to 1, but parameter b was not. This means that all active sites for char–CO2

gasification were shared by steam gasification, but many active sites for char–steam gasification were
not shared by CO2 gasification. It is also noteworthy that the value of parameter a was always higher
than that of parameter b for each char. It can be inferred that the total amount of active sites for
steam gasification was larger than that for CO2 gasification, based on the assumption of Equations (11)
and (12). This result can also explain why rates of steam gasification were always faster than those
of CO2 gasification.
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Figure 5. Comparison of experimental data and the modified model.
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3.3. Correlations between Chemisorption Quantity and Model Parameters [a,b]

Indeed, active sites play a pivotal role in gasification [26,27], so an experimental method
of chemisorption was proposed to quantity the amount of active sites in previous work [23].
Molina et al. [23] found that Cw was related to the presence of the organic components (carbon
active sites) of the char, and Cs was related to the presence of the inorganic matter (catalytic active sites)
of the char. As shown in Figure 1, Cw, Cs, and Ct can be obtained by the chemisorption experiment.
Table 3 lists the chemisorption parameters of the tested chars. For each char, the value of Cs was higher
than that of Cw for CO2 chemisorption, and the opposite trend was observed for steam chemisorption.
It was indicated that the catalytic (mineral) matter possessed strong ability to withhold CO2 molecules.
In addition, for all these chars, the values of Ct and Cw for steam chemisorption were always higher
than those for CO2 chemisorption. This means that the total quantity of active sites and the quantity
of carbon active sites for char–steam reactions were always more than those for char–CO2 reactions.
This result was in accordance with the result obtained by the modified model.

Table 3. Chemisorption parameters of tested chars.

Samples
CO2 Chemisorption Steam Chemisorption Cw(H2O)/

Cw(CO2)
Cs(H2O)/
Cs(CO2)

Ct(H2O)/
Ct(CO2)Cw Cs Ct Cw Cs Ct

SF char 1.127 1.298 2.425 2.069 0.463 2.531 1.84 0.36 1.04
ZY char 0.979 3.646 4.625 4.295 0.567 4.862 4.39 0.16 1.05
PC char 0.506 1.735 2.241 3.556 0.446 4.002 7.03 0.28 1.78

In order to further study the correlation between chemisorption quantity and parameters [a,b],
an equation was derived from the assumption of Equations (11) and (12). It can be expressed
by following.

nshare = bnsteam = anCO2
⇒ nsteam

nCO2

=
a
b

(14)

According to this equation, the ratio of the total amount of active sites for steam gasification
to that for CO2 gasification can be calculated. The ratio values for SF char, ZY char, and PC char were
1.88, 3.95, and 6.67, respectively. The ratio of Cw of steam chemisorption to that of CO2 chemisorption
can also be seen in Table 3. The result shows that values of Cw(H2O)/Cw(CO2) for SF char, ZY char,
and PC char were 1.84, 4.39, and 7.03, respectively. These values were nearly the same as the values
of a/b. However, the values of Cs(H2O)/Cs(CO2) or Ct(H2O)/Ct(CO2) were absolutely not equal
to those of a/b. This phenomenon indicates that parameters [a,b] depended on the presence of the
organic components (carbon active sites) of the char and showed little relationship with others factors,
including the gasification process and conditions. Based on the principle of gasification, all reactions
were initiated at the carbon surface. In addition, carbon active sites consisted of three aspects: nascent
sites attached to the aromatic clusters, carbon atoms bonded to heteroatoms, and the edge carbon
atoms [24], which were all chemically unstable and could easily be reacted with gasifying agents.
This indicates that the gasifying agents can easily occupy the carbon active sites and react with the char
on the carbon active sites. Hence, it was concluded that the kinetic parameters [a,b] mainly depended
on the carbon active sites of the char. Moreover, the results also validate the modified model proposed
in this study.

4. Conclusions

The gasification of three different chars under a mixture of steam and CO2 was carried out
using a TGA. Initial gasification rates of these three chars all increased as steam partial pressure
increased or as CO2 partial pressure decreased. Two conventional gasification models were used to
fit the experimental data but showed great difficulties in exactly describing the interactions in the
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char–steam–CO2 reaction. A modified model was proposed based on shared active sites and can
exactly predict the gasification rates of these three char gasification with a mixture of steam and CO2.
The results indicate that char–CO2 and char–steam reactions shared active sites partially and also show
that two new parameters in the modified model were constants and did not vary with gasification
conditions. In addition, the results from chemisorption tests show that these two parameters just
depended on the carbon active sites of the char and thus validated the modified model.
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Nomenclature

Ai frequency factor for L–H model, s−1MPa−1 (I = a,d), MPa−1 (I = b,c,e,f )
A parameter for the modified model, dimensionless
b parameter for the modified model, dimensionless
Cs the quantity of strong chemisorption, mg/mg-char
Ct the total quantity of chemisorption, mg/mg-char
Cw the quantity of weak chemisorption, mg/mg-char
Ei activation energy for L–H model, kJ/mol
Ki adsorption constant for L–H model, s−1MPa−1 (I = a,d), MPa−1 (I = b,c,e,f )
nCO2 the total amount of active sites for char–CO2 reaction
nshare the amount of shared active sites for char–steam and char–CO2 reactions
nsteam the total amount of active sites for char–steam reaction
P the partial pressure of H2/CO/steam/CO2, MPa
r0 initial gasification rate, s−1

T the thermodynamic temperature, K
w0 the initial mass of char, wt. %
wash the sample mass at the end of char gasification, wt. %
wt the sample mass at the gasification time of t, wt. %
x carbon conversion
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Abstract: Hydrothermal carbonization (HTC) is a promising technology used for bioenergy
conversion from bio-wastes such as sewage sludge, livestock manure, and food waste. To determine
the optimum HTC reaction temperature in maximizing the gross energy recovery efficiency of
poultry slaughterhouse sludge cake, a pilot-scale HTC reactor was designed and operated under
reaction temperatures of 170, 180, 190, 200 and 22 ◦C. During the HTC reaction, the gross energy
recovery efficiency was determined based on the calorific value of the HTC-biochar and ultimate
methane potential of the HTC-hydrolysate. The poultry slaughterhouse sludge cake was assessed as
a useful source for the bioenergy conversion with a high calorific value of approximately 27.7 MJ/kg.
The calorific values of the HTC-biochar increased from 29.6 MJ/kg to 31.3 MJ/kg in accordance with
the change in the reaction temperature from 170 ◦C to 220 ◦C. The ultimate methane potential of
the HTC-hydrolysate was 0.222, 0.242, 0.237, 0.228 and 0.197 Nm3/kg-CODadded for the reaction
temperatures of 170, 180, 190, 200 and 220 ◦C, respectively. The potential energy of feedstock was
4.541 MJ/kg. The total gross energy recovery (GERtotal) was 4318 MJ/kg, of which the maximum
value in the HTC reaction temperature was attained at 180 ◦C. Thus, the optimum temperature of the
HTC reaction was 180 ◦C with a maximum GERtotal efficiency of 95.1%.

Keywords: hydrothermal carbonization; anaerobic digestion; poultry slaughterhouse; sludge cake;
energy recovery efficiency

1. Introduction

In Korea, meat consumption (e.g., beef, pork, and poultry) has steeply increased, with food
consumption patterns changing with economic growth. In particular, the poultry industry has been
growing about 5% each year since 2000, and 993 million poultry heads were slaughtered in 2016.
Due to the growth of the poultry industry, several environmental problems have occurred relating
to the disposal of wastewater treatment sludge and various poultry processing residues (e.g., blood,
feathers, bones) generated from the poultry slaughterhouse [1]. In general, poultry processing residues
can be utilized as feedstock for animal feed or compost. However, sludge cake containing moisture
above 80% is disposed of after incineration due to the prohibition of direct landfill and ocean disposal,
although a high amount of drying energy is needed for the incineration of sludge cake [2]. Nowadays,
the interest in energy conversion of sludge waste is increasing due to high sludge disposal costs and
limited alternative disposal methods. Poultry slaughterhouses sludge cake is characterized by a high
solid content that is composed of protein and fat [3–5]. Hence, sludge cake is considered an effective
substrate for anaerobic digestion. However, it is difficult to be fed into conventional anaerobic digesters
due to its high solid content [5]. Also, high ammonium nitrogen produced from protein degradation
and long chain fatty acids from fat degradation can cause inhibition during the anaerobic digestion
process [6].
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For these reasons, hydrothermal carbonization (HTC) has recently emerged as an alternative
technology for the energy conversion of the slaughterhouse sludge cake. HTC technology is
a thermo-chemical process converting biomass to a coal-like material with higher carbon content [7,8].
The energy conversion of biomass by HTC technology has several advantages compared to
common biological technology, such as anaerobic digestion. The HTC process requires a short
operational time within hours, unlike that of biological processes that require 10 days or more [9].
In addition, waste biomass containing toxic substances cannot be biologically converted to bioenergy,
and problems related to hygiene can be of concern when the byproducts generated from biological
processing are further utilized. However, the high operational temperatures of the HTC process
can decompose potentially toxic organic contaminants and sterilize pathogens. Because of these
advantages, HTC technology could be a promising technology for the treatment of waste biomass
such as sewage sludge, livestock manure, and food waste [10–12].

The HTC process is mainly composed of a relatively simple closed vessel reactor, containing
the wet biomass. The HTC reactor is heated to 170–250 ◦C and maintained at the saturated vapor
pressure that is formed in accordance with the given reaction temperature. During the HTC reaction of
wet biomass, the oxygen and hydrogen content of feeding material is reduced, and the solid phase
(biochar), the liquid phase (hydrothermal hydrolysate) and a small amount of gas (mainly carbon
dioxide) are produced [13,14]. These products are attained by mechanisms including hydrolysis,
dehydration, decarboxylation, polymerization and aromatization [8,15]. The solid phase, referred as
biochar, can be easily separated due its dewatering property, and utilized as a solid fuel of high
calorific value. The hydrothermal hydrolysate generated after the HTC processing requires further
treatment since it contains a high amount of soluble organic material and ammonium nitrogen. Recently,
anaerobic digestion is preferred for the treatment of hydrothermal hydrolysate in terms of energy
recovery efficiency from biomass. In particular, for the HTC reaction, organic matter is solubilized by
the hydrolysis reaction and the efficiency of anaerobic digestion can be improved [16,17]. The HTC
technology has been studied for a wide range of biomass feedstocks, mainly focusing on herbal
and woody biomasses with high contents of lignin, cellulose and hemicellulose, generated from the
agricultural sector [13,18,19]. In the case of poultry slaughterhouse sludge cake mainly composed of
protein and fat, the HTC process was not so widely investigated, but several studies focused on the
properties of solid product, energy recovery rate, biochar yields and its combustion characteristic for
slaughterhouse sludge cake. In particular, these studies have only focused on the determination of
HTC reaction conditions for the energy recovery and their impacts on the quality of final product
(HTC-biochar) without considering the appropriate treatment methods on the HTC-hydrolysate
generated as the byproduct during the HTC reaction of sludge cake.

This research was focused on the assessment of total energy recovery from the HTC-biochar and
HTC-hydrolysate generated from the HTC reaction with slaughterhouse sludge cake. The goal of
this study was to determine the optimum HTC reaction temperature in maximizing the gross energy
recovery efficiency from poultry slaughterhouse sludge cake in order to improve the operational
efficiency of the HTC process. For this purpose, the energy conversion processes of HTC and anaerobic
digestion were proposed. The gross energy recovery efficiency was determined based on the calorific
value of the HTC-biochar and ultimate methane potential of the HTC-hydrolysate during the HTC
reaction of poultry slaughterhouse sludge cake.

2. Materials and Methods

2.1. Materials

A sludge cake was collected from the wastewater treatment plant at the poultry slaughterhouse
facility (Jincheon, South Korea), which has a slaughtering capacity of 300,000 heads per day. A total of
1500 m3/day wastewater is generated and treated by the activated sludge process, and approximately
30 ton of sludge cake is generated daily.
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2.2. Proposed Energy Conversion System

The energy conversion system proposed in this study is shown in Figure 1. The activated
sludge generated from the wastewater treatment plant of the poultry slaughterhouse is dewatered
using solid/liquid separation equipment (a filter press) and sludge cake is fed into the HTC reactor.
During the HTC reaction, the organic solid of the sludge cake is fixed as the carbonized solid of
high carbon content and solubilized as a lower molecular compound at the same time. Thereafter,
the effluent of the HTC reactor is separated into liquid and solid fractions using filter pressing.
The solid fraction (HTC-biochar) is utilized as solid fuel for the incineration boiler, and the liquid
fraction (HTC-hydrolysate), with its high soluble organic and nitrogen contents, is used for the high
performance anaerobic digester. Lastly, digestate discharged from the anaerobic digester is treated at
the wastewater treatment plant. This system is able to simultaneously produce solid fuel and biogas
through the stepwise process of thermochemical decomposition and biological degradation of organic
solid waste.

Figure 1. Scheme of the HTC (Hydrothermal carbonization) system for the energy conversion of sludge
cake generated at the poultry slaughterhouse wastewater treatment plant.

2.3. Hydrothermal Carbonization

In order to assess the energy yield from the production of the HTC-biochar for several HTC
reaction temperatures, a batch-type HTC reactor was designed for the thermochemical treatment of
sludge cake (Figure 2). The HTC reactor is a closed system with no potential heat loss via vaporization
and condensation loss. The designed HTC reactor has a working volume of 1.5 kg and is equipped
with electric heater, temperature sensor, and pressure gauge. The reactor was equipped with a heating
coil. A temperature sensor and pressure gauge were inserted into the reactor to monitor inner
temperature and a saturated vapor pressure during the HTC reaction. For the HTC reaction test,
1.5 kg of sludge cake was directly placed without additional processing water and covered with
an airtight sealant. Setting temperatures were 170, 180, 190, 200 and 220 ◦C. When each temperature
was reached to the set point, each HTC reactor was maintained at the isothermic condition for 60 min.
The inner vapor pressures were then maintained at 1.05 MPa at 170 ◦C, 1.18 MPa at 180 ◦C, 1.42 MPa
at 190 ◦C, 1.78 MPa at 200 ◦C, and 2.51 MPa at 220 ◦C. At the end of the HTC reaction, the reactor
was cooled to room temperature using a chiller. The effluent of the HTC reactor was separated into
HTC-biochar and HTC-hydrolysate using a filter press. A weight loss of 5–10% occurred due to
moisture absorption into the filtering cloth. However, for the theoretical valuation, moisture loss was
included in the HTC-hydrolysate.
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Figure 2. Schematic diagram of the lab-scale HTC batch reactor.

2.4. Methane Production Potential of HTC-Hydrolysate

To assess methane production of the HTC-hydrolysate, a batch type anaerobic reactor was
operated under mesophilic conditions (38 ◦C). Anaerobic inoculum in pig slurry was collected from
a farm-scale anaerobic digester located in Anseong city, South Korea. The chemical properties of the
inoculum are shown in Table 1.

Table 1. Chemical characteristics of inoculum used in the methane potential assay of HTC-hydrolysate.

Sample
pH TS 1 VS 2 CODCr

3 TN 4 NH4
+-N Alkalinity

(-) (wt. %, w.b. 5) (wt. %, w.b.) (g/L) (wt. %, w.b.) (wt. %, w.b.) (g/L as CaCO3)

Inoculum 8.2 (0.0) 6 2.6 (0.0) 1.4 (0.0) 25.2 (0.1) 0.4 (0.0) 0.3 (0.0) 19.2 (0.3)
1 Total solid, 2 Volatile solid, 3 Total chemical oxygen demand, 4 Total nitrogen, 5 Wet basis, 6 Standard deviation
(n = 3).

In order to remove any remaining biodegradable fraction, the inoculum for methane production
potential analysis of the HTC-hydrolysate was kept under the mesophilic condition at 38 ◦C
for one week. The ratio of substrate to inoculum in all anaerobic batch reactors was equal to
0.3 (g-VSsubstrate/g-VSinoculum). A working volume for anaerobic batch fermentation was 80 mL of
a 160 mL serum bottle. The head space of the serum bottle was filled with N2 gas and sealed with
a butyl rubber stopper. The anaerobic batch reactors for each sample and blank were incubated for
up to 96 days in the convection incubator and manually mixed each day during the fermentation
period. Methane production potential was calculated as the chemical oxygen demand (COD) content.
Methane production potentials of the samples were corrected from the blank value and calibration
was done under standard temperature and pressure (STP) conditions. To interpret the progress of
cumulative methane production, the parallel first-order kinetic model Equation (1) was employed to
fit the cumulative methane production data as in the following equation [20,21].

Bt = Bu

{
1 − fee−k1t − (1 − fe)e−k2t

}
(1)

where Bt (mL) is the amount of methane production at time t, Bu (mL) is the amount of ultimate
methane production, fe (%, g/g) is the organic distribution constant for two first-order kinetics, and k1

and k2 are the kinetic constants in the parallel first-order kinetics. This model considers that the
degradation of organic matter is carried out in two stages. In addition, fe distributes the characteristics
of the two types of substrates with different reaction rates under anaerobic conditions, and k1 and k2

indicate the first-order kinetics constants for the first and the second organic degradation stages.
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The degree of COD degradation (CODdeg) of the HTC-hydrolysate was defined as the amount
of methane produced during the anaerobic fermentation of the HTC-hydrolysate for the theoretical
methane potential, as shown in Equation (2) [22].

CODdeg =
Vbiogas × Cmethane

320 × msubstrate × CODsubstrate
× 100 (2)

where Vbiogas is the volume of biogas (mL/day in STP), Cmethane is the concentration of methane (%),
msubstrate is the amount of substrate added to the anaerobic reactor (mL), CODsubstrate is the COD
of the substrate (g/mL), and 320 (mL/g-CODadded in STP) is the theoretical biochemical methane
potential under practical conditions assuming that about 10% of COD added to the anaerobic reactor
is consumed in the reformation of biomass.

2.5. Analysis

Total solids (TS), volatile solids (VS), pH, chemical oxygen demand (CODCr), total nitrogen (TN),
ammonium nitrogen (NH4

+-N) and alkalinity were determined based on standard methods [23].
Volatile fatty acid (VFA) concentrations were measured using a gas chromatograph (GC2010,
Shimazhu Scientific Instrument, Inc., Columbia, MD, USA) equipped with a flame ionization
detector with an automatic sampler. This chemical analysis was performed in three replicates.
Element composition (C, H, N, O, S) was determined using an element analyzer (EA1108,
Thermo Finnigan LLC, San Jose, CA, USA). The higher heating value (HHV) was measured by
the Bomb calorimeter (AC-350, LECO Corporation, St. Joseph, MI, USA) for a dry sample. In the
anaerobic batch reactor experiment, total gas production was measured daily for the first five days and
then every two or three days, followed by the displacement of acidified brine solution in a burette and
recording the volume of displaced solution after correcting for atmospheric pressure [24]. To investigate
the gas composition, the CH4 and CO2 concentrations in the gas samples were determined using
a gas chromatograph (Clarus 680, PerkinElmer, Inc., Waltham, MA, USA) equipped with a thermal
conductivity detector and a HayeSepQ packed column (CRS, Inc., Louisville, KY, USA). The column
was operated with helium carrier gas at a constant flow rate of 5 mL/min. The set temperatures of the
injector, the oven, and the detector were 150 ◦C, 90 ◦C and 150 ◦C, respectively.

2.6. Efficiency Parameters

The energy recovery by the HTC was assessed using gross energy recovery GER, Equation (3),
that was presented as the calorific value of the product (biochar and methane) by HHV. Net energy
recovery NER, Equation (4), was calculated by subtracting the thermal energy consumed during the
HTC reaction and the drying energy of HTC-biochar. The GER efficiency, Equation (6), of the product
was estimated as the ratio of the GERproduct of the product and the gross energy potential GEPfeedstock,
Equation (5), estimated from the HHV of the dried sludge cake. NER efficiency, Equation (7),
was calculated using the ratio between the NERproduct and GEPfeedstock.

GERproduct = HHV of product (3)

NERproduct = GERproduct − Thermal energyHTC − Drying energybiochar (4)

GEPfeedstock = HHV of feedstock (5)

GERproduct efficiency(%) =
GERproduct (MJ)
GEPfeedstock (MJ)

× 100 (6)

NERproduct efficiency(%) =
NERproduct (MJ)
GEPfeedstock (MJ)

× 100 (7)
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3. Results and Discussion

3.1. Physicochemical Properties of Sludge Cake

The physicochemical characteristics of the sludge cake generated from the slaughterhouse
wastewater treatment plant are shown in Table 2. The physicochemical properties of the sludge cake
used in this study were typically different from those of the reported agricultural biomass, such as corn
silage, dry straw, cabbage residue, poultry manure, and bedding material. These types of agricultural
biomass have a carbon content of 40.7–46.9% and oxygen content of 30.1–44.4%, and calorific values
lie between the ranges of 17.8–19.6 MJ/kg [25]. The sludge cake used in this study showed a higher
carbon content and lower oxygen content compared to the reported agricultural biomass. In addition,
the calorific value was much higher than the reported agricultural biomass.

Table 2. Physicochemical properties of raw sludge cake.

Parameters Sludge Cake

Elemental composition
(wt. %, d.b. 1)

C 61.9
H 7.2
O 5.3
N 6.5
S 0.0

Ash 19.1

pH (-) 7.1 (0.0) 8

TS 2 (wt. %, w.b. 3) 16.4 (0.4)
VS 4 (wt. %, w.b.) 13.9 (0.1)

VS/TS (%) 84.8 (0.1)
CODCr

5 (g/L) 208.2 (30.4)
TN 6 (wt. %, w.b.) 11.0 (0.3)

NH4
+-N (wt. %, w.b.) 2.6 (0.2)

Calorific value 7 (MJ/kg, d.b.) 27.7 (1.1)
1 Dry basis, 2 Total solid, 3 Wet basis, 4 Volatile solid, 5 Total chemical oxygen demand, 6 Total nitrogen, 7 Calorific
value by higher heating value, 8 Standard deviation (n = 3).

3.2. Physicochemical Properties of HTC-Biochar and HTC-Hydrolysate

Table 3 shows the physicochemical properties of the products (HTC-biochar) from the HTC reaction.
Output yields on a wet basis ranged from 23.8% to 37.7%, showing a decreasing trend as the reaction
temperature increased. Solid yields on a dry basis showed a similar trend and the yields were 75.9%,
73.5%, 72.4%, 69.6% and 66.8% at 170, 180, 190, 200 and 220 ◦C, respectively. TS contents increased
from 33.0% to 46.1%, and the ratios of VS to TS decreased from 88.2% to 85.7% with increase in the
reaction temperature. These results imply that the rise of the reaction temperature caused an increase
in the dewater ability of the product. The O/C atomic ratios of the HTC-biochar did not show any
significant changes between 170–200 ◦C, and fell to 0.06 for the reaction temperature of 220 ◦C. The H/C
atomic ratios decreased from 1.87 to 1.70 with the increase of reaction temperature. The HTC process
has similar reaction characteristics as the slow pyrolysis, which is characterized by gradual heating
over a wide range of temperatures to produce biochar [26]. 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 flow
rate). Biochars, which are produced at a slow pyrolysis rate of forest residues, switchgrass, and the
solid fraction of pig manure, have elemental characteristics with an O/C ratio between 0.1 and 0.3
and H/C ratio between 0.5 and 0.9 [27]. The calorific values obtained were 29.6, 30.1, 30.2, 30.8
and 31.3 MJ/kg for the reaction temperatures of 170, 180, 190, 200 and 220 ◦C, respectively, and the
energy densification increased from 1.07 for 170 ◦C to 1.13 for 220 ◦C. These increased calorific values
improve the quality of the HTC-biochar as biofuel. Generally, this effect can be attributed to reaction
mechanisms, including hydrolysis, dehydration, decarboxylation [8,15]. The hydrolysis reaction can
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convert macro-molecules, such as proteins and lipids, to smaller molecules, and the decarboxylation and
dehydration reactions that release H2O and CO2 improve the fuel properties of the HTC-biochar [28–30].
According to Qian et al. [31], those colorific values of HTC-biochar are comparable to high quality coal,
which typically has a calorific value of 25–35 MJ/kg. Anderson et al. [32] also reported that biochars
derived from woody plants had higher calorific values. In a recent study, bamboo sawdust biochar
pyrolysis at 500 ◦C had a high colorific value of 32.4 MJ/kg [33], which was comparable to the calorific
value (31.2 MJ/kg for 220 ◦C) of HTC-biochar in this study. Therefore, the HTC technique is effective in
creating a high quality biochar from sludge cake at lower temperatures as compared to lignocellulosic
feedstocks. The physicochemical properties of HTC-hydrolysate are shown in Table 4. The output
yields of the HTC-hydrolysate were 62.3%, 69.5%, 69.0%, 74.6% and 76.2% for the reaction temperatures
of 170, 180, 190, 200 and 220 ◦C, respectively. The COD content of the HTC-hydrolysate was in the
range of 97.9–103.4 g/L. The alkalinity decreased from 9.5 g/L to 8.6 g/L for the reaction temperatures
between 170–180 ◦C and increased to 12.1 g/L for the reaction temperature of 220 ◦C. Essentially,
the HTC reaction is a simultaneous reaction of hydrolysis and carbonization [34]. Therefore, the COD
contained in the HTC-hydrolysate may be composed of a soluble substance caused by the hydrolysis
reaction during the HTC reaction. In addition, alkalinity appeared to be caused by the decarboxylation
reaction during the HTC reaction [35]. The physicochemical properties of HTC-hydrolysate obtained
from sludge cake are typically characterized by a high moisture content over 90% compared to the
bio oil produced by pyrolysis of lignocellulosic feedstocks with less than 10% moisture content [36].
The high moisture content of HTC-hydrolysate is primarily affected by the moisture content of feedstock,
which attenuates the severity of thermo-chemical reaction.

Table 3. Physicochemical properties of HTC-biochar produced at different HTC reaction temperatures.

Parameters
HTC Reaction Temperatures

170 ◦C 180 ◦C 190 ◦C 200 ◦C 220 ◦C

Output yield 1 (wt. %, w.b. 2) 37.7 (0.1) 10 30.5 (0.1) 31.0 (0.1) 25.4 (0.1) 23.8 (0.1)
Solid yield 3 (wt. %, d.b. 4) 75.9 (0.2) 73.5 (0.2) 72.4 (0.2) 69.6 (0.2) 66.8 (0.3)

Elemental composition
(wt. %, d.b.)

C 59.9 58.9 57.9 59.2 60.8
H 9.4 8.9 8.4 8.6 8.7
O 7.0 6.2 6.9 6.7 5.0
N 4.1 3.9 4.4 3.7 3.8
S 0.0 0.0 0.0 0.0 0.0

Ash 19.6 22.1 22.4 21.8 21.7

Atomic ratio (-)
O/C 0.09 0.08 0.09 0.09 0.06
H/C 1.87 1.81 1.73 1.73 1.70

pH (-) 6.2 (0.0) 5.9 (0.0) 5.6 (0.0) 6.0 (0.0) 6.1 (0.0)
TS 5 (wt. %, w.b.) 33.0 (0.7) 39.5 (0.1) 38.3 (0.1) 44.8 (0.7) 46.1 (0.4)
VS 6 (wt. %, w.b.) 29.1 (0.8) 34.5 (0.0) 33.5 (0.0) 39.0 (0.5) 39.5 (0.1)

VS/TS (%) 88.2 (0.5) 87.4 (0.3) 87.4 (0.2) 87.0 (0.1) 85.7 (0.3)
TN 7 (g/kg) 14.0 (0.7) 11.5 (0.7) 10.5 (0.5) 12.0 (1.6) 12.5 (1.5)

NH4
+-N (g/kg) 3.2 (0.1) 3.2 (0.3) 3.8 (0.2) 3.6 (0.1) 3.8 (0.0)

Calorific value 8 (MJ/kg, d.b.) 29.6 (0.4) 30.1 (0.1) 30.2 (0.2) 30.8 (0.1) 31.3 (0.4)
Energy densification 9 1.07 (0.02) 1.09 (0.01) 1.09 (0.01) 1.11 (0.00) 1.13 (0.01)

1 Mass of output/mass of feedstock, 2 Wet basis, 3 Mass of solid in product/mass of solid in feedstock, 4 Dry basis,
5 Total solid, 6 Volatile solid, 7 Total nitrogen, 8 Calorific value by higher heating value, 9 Calorific value of
product/calorific value of feedstock, 10 Standard deviation (n = 3).

Table 4. Physicochemical properties of HTC-hydrolysate produced at different HTC reaction temperature.

Parameters
HTC Reaction Temperatures

170 ◦C 180 ◦C 190 ◦C 200 ◦C 220 ◦C

Product yield 1 (wt. %, w.b. 2) 62.3 (0.1) 8 69.5 (0.2) 69.0 (0.2) 74.6 (0.2) 76.2 (0.4)
pH 6.2 (0.0) 5.9 (0.0) 5.6 (0.0) 6.0 (0.0) 6.1 (0.0)

TS 3 (wt. %, w.b.) 6.1 (0.1) 6.6 (0.1) 6.2 (0.01) 6.9 (0.1) 7.2 (0.2)
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Table 4. Cont.

Parameters
HTC Reaction Temperatures

170 ◦C 180 ◦C 190 ◦C 200 ◦C 220 ◦C

VS 4 (wt. %, w.b.) 5.9 (0.1) 6.3 (0.1) 6.0 (0.0) 6.7 (0.1) 6.9 (0.1)
VS/TS (%) 96.7 (0.1) 95.5 (0.2) 96.8 (0.2) 97.1 (0.0) 95.8 (0.9)
TN 5 (g/L) 9.7 (0.5) 10.5 (0.8) 9.8 (0.3) 10.9 (0.5) 11.5 (0.5)

NH4
+-N (g/L) 3.2 (0.5) 2.9 (0.0) 3.3 (0.0) 3.5 (0.3) 5.3 (0.1)

CODCr
6 (g/L) 99.3 (1.6) 103.4 (1.3) 101.1 (3.7) 103.0 (1.6) 97.9 (1.9)

VFAs 7 (mg/L) 188.2 (3.3) 195.7 (2.2) 204.3 (1.5) 191.4 (5.1) 251.6 (2.7)
Alkalinity (g/L) 9.5 (0.0) 9.1 (0.0) 8.6 (0.0) 9.6 (0.4) 12.1 (0.3)

1 Mass of output/mass of feedstock, 2 Wet basis, 3 Total solid, 4 Volatile solid, 5 Total nitrogen, 6 Chemical oxygen
demand, 7 Volatile fatty acids, 8 Standard deviation (n = 3).

3.3. Methane Production Potential of HTC-Hydrolysate

The cumulative methane production of HTC-hydrolysate in each batch anaerobic reactor and
the optimization curves fitted by the parallel first order kinetics model are presented in Figure 3.
The model parameters and ultimate methane yield are shown in Table 5. In the anaerobic digestion of the
HTC-hydrolysate, the degradation of substrate began immediately with the start of anaerobic digestion,
with no inhibitory effects observed. Methane production increased steeply for 15 days, and thereafter,
showed a slow increase. The cumulative methane production curves were well explained by the parallel
first-order kinetics model. The ultimate methane potentials (Bu) of the HTC-hydrolysate were 0.222, 0.242,
0.237, 0.228 and 0.197 Nm3/kg-CODadded for the reaction temperatures of 170, 180, 190, 200 and 220 ◦C,
respectively. The CODdeg were 70.6%, 75.6%, 74.7%, 72.8% and 62.8% for the reaction temperatures of
170, 180, 190, 200 and 220 ◦C, respectively. In the anaerobic digestion of the HTC-hydrolysate, there
was significant relationship between the CODdeg and ultimate methane yields. The highest Bu and
CODdeg were obtained at the reaction temperature of 180 ◦C, while the highest reaction temperature
(220 ◦C) caused the lowest Bu and CODdeg. In addition, the organic distribution constants (fe) decreased
from 0.927 to 0.717 as the reaction temperature increased. These results indicated that the degraded
fractions of organic matter decreased according to the increase of the reaction temperature during the
first anaerobic degradation stage. These results are in agreement with Mottet et al. [37]. They reported
that the methane yield increased to 0.215 Nm3/kg-CODadded with a COD degradability of 56% in the
thermal hydrolysis of 165 ◦C, while the methane yield decreased to 0.142 Nm3/kg-CODadded with
a COD degradability of 41% in the thermal hydrolysis of 220 ◦C. These results, along with the reduced
methane yield and COD degradability at high thermal reaction temperatures, can be attributed to the
Maillard reactions, in which carbohydrates react with amino acids to form melanoidines with a low
biodegradability [38,39]. Such a recalcitrant compound is not always generated under conditions of
high-temperatures and pressure, while a rapid increase in temperatures within the HTC reactor can
more strongly affect the degree of generation of the recalcitrant compound [2].

Figure 3. Cumulative methane production and optimization curves based on the parallel first-order
kinetics model in the anaerobic digestion of HTC-hydrolysate (vertical bars denote standard deviations).
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Table 5. Ultimate methane potential and model parameters based on the parallel first-order
kinetics model.

Parameters
HTC Reaction Temperatures

170 ◦C 180 ◦C 190 ◦C 200 ◦C 220 ◦C

Bu
1 (Nm3/kg-CODadded) 0.222 0.242 0.237 0.228 0.197

fe
2 (-) 0.927 0.903 0.903 0.873 0.717

k1
3 (1/day) 0.228 0.215 0.190 0.203 0.230

k2
3 (1/day) 0.011 0.028 0.019 0.020 0.024

CODDeg
4 (%) 70.6 75.6 74.7 72.8 62.8

1 Ultimate methane yield, 2 Organic distribution constant in the parallel first-order kinetics, 3 Kinetic constants in
the parallel first order kinetics, 4 Degree of COD degradation.

3.4. Energy Recovery Efficiency

The gross energy recovery (GER) efficiency is shown in Table 6. The potential energy (GEPfeedstock)
of 1 kg feedstock was 4.541 MJ/kg as HHV. The solid products (i.e., HTC-biochar) produced from 1 kg
feedstock were 0.125, 0.121, 0.119, 0.114 and 0.110 kg, and the recovered energy values (GERbiochar) from
each solid products were 3.689, 3.627, 3.583, 3.516 and 3.432 MJ/kginput for the reaction temperatures of
170, 180, 190, 200 and 220 ◦C, respectively. The GERbiochar efficiencies of the HTC-biochar lie in the range
of 75.6–81.2% and decreased with the increase in reaction temperature. Meanwhile, the methane yields
produced by the HTC-hydrolysate were 12.0, 15.2, 14.5, 15.3 and 12.9 NL (Volume in STP condition),
and the recovered energy values (GERmethane) were 0.546, 0.691, 0.657, 0.696 and 0.584 MJ/kginput for
the reaction temperatures of 170, 180, 190, 200 and 220 ◦C, respectively. The GERmethane efficiencies
ranged from 12.0% to 15.3%. Therefore, the highest GERtotal was 4.318 MJ/kg at 180 ◦C, the lowest
value was 4.016 MJ/kg at 220 ◦C and the optimum HTC reaction temperature for maximizing
GERtotal efficiency was 180 ◦C, which maximized GERtotal efficiency by 95.1%. The optimum HTC
reaction conditions appear to be the net result of two competing mechanisms from the solubilizing
transformation of the refractory particulate organics to degradable particulate organic and the stabilizing
transformation of soluble organics to undefined refractory compounds [34]. Therefore, further studies
concerned with the structural characteristics of the HTC-biochar and the relative biodegradability
of the HTC-hydrolysate inherent in structural characteristics are needed to elucidate the optimum
conditions of the HTC reaction. Rodríguez-Abalde et al. [3] and Salminen et al. [4] reported methane
potentials of 0.46–0.58 Nm3/kg-VSadded and 0.60 Nm3/kg-VSadded in the anaerobic digestion of
poultry slaughterhouse sludge waste, respectively. These values were estimated to be equivalent
to 2.776–3.503 MJ/kginput and 3.625 MJ/kginput. Comparing the results of this study, the GER efficiency
of the HTC system was much higher than the anaerobic digestion efficiency, suggesting that the GER
efficiency of the sludge cake can be improved by adopting HTC technology. However, the results of
this study did not take into account the energy consumed during the operation of the HTC reactor and
anaerobic digester and only assessed the GER efficiency from the input biomass. Therefore, in order to
evaluate the energy conversion efficiency of the sludge cake in terms of commercialization, further work
on the net energy balance of the HTC system, considering consumed energy (such as electric power
etc.) in the HTC process operation, is needed.

Table 7 shows NER efficiency for the case of direct utilization (e.g., solid fuel) of the sludge
cake by simple drying and for the other case of energy conversion by the HTC process. In the
case of direct utilization as solid fuel, the drying energy of 1.885 MJ/kg-sludge cake for the solid
fuel production was estimated to be physically consumed, considering moisture vaporizing energy
(2.255 MJ/kg-moisture). Therefore, the NER and NER efficiency by the simple drying of sludge were
assessed as 2.656 MJ/kginput and 58.5%, respectively. In the case of the HTC process, thermal energy
for the HTC reaction was estimated to be 0.183 MJ/kg/kginput on the basis of the reported thermal
energy of 0.31 kWh/kg-feedstock [40] consumed in the HTC operation, and the drying energy of the
HTC-biochar was calculated as 0.416 MJ/kginput. The NER and NER efficiency were calculated as
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3.628 MJ and 79.9%, respectively, during energy conversion from the HTC process. Therefore, the HTC
technique was assessed to be more efficient than solid fuel production by simple drying of the sludge
cake. These results were physically reasonable as a high amount of energy was consumed for the
drying of moist sludge cakes with the moisture content above 80%.

Table 6. Gross energy recovery efficiency of sludge cakes in the poultry slaughterhouse with the
HTC system.

Parameters Sludge Cake
HTC Reaction Temperature (◦C)

170 180 190 200 220

Feedstock
Solid product (kg/kginput) 0.164 - - - - -
GEPfeedstock

1 (MJ/kginput) 4.541 - - - - -

HTC-biochar
Solid product (kg/kginput) - 0.125 0.121 0.119 0.114 0.11
GERbiochar

2 (MJ/kginput) - 3.689 3.627 3.583 3.516 3.432
GERbiochar efficiency 3 (%) - 81.2 79.9 78.9 77.4 75.6

HTC-hydrolysate
Methane yield (NL/kginput) - 12.0 15.2 14.5 15.3 12.9
GERmethane

4 (MJ/kginput) - 0.546 0.691 0.657 0.696 0.584
GERmethane efficiency 5 (%) - 12.0 15.2 14.5 15.3 12.9

GERtotal
6 (MJ/kginput) - 4.234 4.318 4.240 4.212 4.016

GERtotal efficiency 7 (%) - 93.2 95.1 93.4 92.7 88.5
1 Gross energy potential: calorific value as the HHV of sludge cake, 2 Gross energy recovery: calorific value as
HHV × solid product of HTC-biochar, 3 GERbiochar/GEPfeedstock × 100, 4 Gross energy recovery: methane yield × HHV
of methane, 5 GERmethane/GEPfeedstock × 100, 6 Total GER: GERbiochar + GERmethane, 7 GERtotal/GEPfeedstock × 100.

Table 7. Net energy recovery efficiency of sludge cakes in the poultry slaughterhouse with the
HTC system.

Parameters Sludge Cake (Simple Drying)
HTC (180 ◦C)

Biochar Hydrolysate

Input and output (kg) 1.000 0.305 0.695
Moisture content (kg) 0.836 0.185 -

HTC thermal energy 1 (MJ/kginput) - 0.183
Drying energy 2 (MJ/kginput) 1.885 0.416 -

GER 3 (MJ/kginput) 4.541 3.627 0.691
NER 4 (MJ/kginput) 2.656 3.628
NER efficiency 5 (%) 58.5 79.9

1 Thermal energy consumed in the HTC reaction (specific thermal energy consumption = 0.31 kWh/kgfeedstock [40]),
2 Drying energy consumed for the solid fuel production (2.255 MJ/kg-moisture), 3 Gross energy recovery as HHV,
4 Net energy recovery: GER-HTC thermal energy-Drying energy, 5 NER/GER of sludge cake × 100.

4. Conclusions

The sludge cake generated from the wastewater treatment plant of the poultry slaughterhouse
was a useful source for bioenergy conversion due its high calorific value of approximately 27.7 MJ/kg.
The solid yield of the HTC-biochar decreased from 75.9% to 66.8% with the increase of reaction
temperature from 170 ◦C to 220 ◦C, while the calorific values increased from 29.6 MJ/kg to 31.3 MJ/kg,
and the energy densification increased from 1.07 to 1.13. The output yields of the HTC-hydrolysate
increased from 62.3% to 76.2% with the rise of the reaction temperature from 170 ◦C to 220 ◦C,
and the COD contents of the HTC-hydrolysate were in the range of 97.9 and 103.4 g/L. The Bu of
the HTC-hydrolysate increased from 0.222 Nm3/kg-CODadded to 0.242 Nm3/kg-CODadded with the
increase of reaction temperature from 170 ◦C to 180 ◦C, and decreased to 0.197 Nm3/kg-CODadded
until 220 ◦C, in analysis based on the parallel first-order kinetics model. The potential energy of
feedstock (1 kg) was 4.541 MJ/kg. The GERbiochar efficiencies of the HTC-biochar from the sludge
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decreased from 81.2% to 75.6% with the increase of reaction temperature. The GERmethane efficiencies
were calculated as 12.0, 15.2, 14.5, 15.3 and 12.9 for the reaction temperatures of 170, 180, 090, 200 and
220 ◦C, respectively. Consequently, the GERtotal peaked at 4318 MJ/kg for the reaction temperature of
180 ◦C, and exhibited its lowest value (4016 MJ/kg) for the reaction temperature of 220 ◦C. Therefore,
the optimum HTC reaction temperature for maximizing GER efficiency was 180 ◦C, and the maximum
gross energy recovery efficiency was 95.1%. Also, NER efficiency at the production of solid fuel
by simple drying was 58.5% (NER-solid fuel = 2656 MJ/kginput) and NER efficiency at the energy
conversion by the HTC process was 79.9% (NER-HTC = 3628 MJ/kginput). These results suggested
that the GER and NER efficiencies from the HTC system are much higher than those of the direct
utilization of the sludge cake by simple drying and the GER and NER efficiencies of the sludge cake
can be improved by adopting HTC technology.
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Abstract: Biochar is the product of the pyrolysis of organic materials in a reduced state. In recent
years, biochar has received attention due to its applicability to organic waste management, thereby
leading to active research on biochar. However, there have been few studies using food waste.
In particular, the most significant difference between food waste and other organic waste is the
high salinity of food waste. Therefore, in this paper, we compare the chemical characteristics of
biochar produced using food waste containing low- and high-concentration salt and biochar flushed
with water to remove the concentrated salt. In addition, we clarify the salt component behavior of
biochar. Peak analysis of XRD confirms that it is difficult to find salt crystals in flushed char since
salt remains in the form of crystals when salty food waste is pyrolyzed washed away after water
flushing. In addition, the Cl content significantly decreased to 1–2% after flushing, similar to that
of Cl content in the standard, non-salted food waste char. On the other hand, a significant amount
of Na was found in pyrolyzed char even after flushing resulting from a phenomenon in which salt
is dissolved in water while flushing and Na ions are adsorbed. FT-IR analysis showed that salt in
waste affects the binding of aromatic carbons to compounds in the pyrolysis process. The NMR
spectroscopy demonstrated that the aromatic carbon content, which indicates the stability of biochar,
is not influenced by the salt content and increases with increasing pyrolysis temperature.

Keywords: salty food waste; FT-IR; pyrolysis; biochar; NaCl

1. Introduction

The process of dealing with food waste affects climate change by emitting large amounts of
greenhouse gases such as methane and carbon dioxide [1]. The Food and Agriculture Organization
has reported that one-third of the produced food in the world is thrown away annually [2]. As a result,
a new alternative is needed to deal with the vast amounts of food waste.

Biochar is the product that results from the pyrolysis of organic materials in a reduced state.
It is distinguished from charcoal by its usage as a soil amendment [3]. Biochar can be produced
from a variety of materials including wood, agricultural waste, and livestock waste [4]. Biochar also
reduces the release of organic carbon into the air in the form of carbon dioxide by resisting microbial
degradation [5,6]. It also helps to prevent climate change by reducing the emission of greenhouse gases
such as nitrogen oxides from the soil and methane [7]. Mitchell et al. [8] studied the characteristics
of biochar from pyrolyzed lignocellulosic municipal waste, and Prakongkep et al. [9] compared
and analyzed 14 types of tropical plant-waste-derived biochar. In addition, Kwapinski et al. [10]
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analyzed the temperature-related characteristics of biochar generated from pyrolyzing miscanthus,
pine, and willow as a waste management method. They analyzed the characteristics of biochar as a
soil amendment and fertilizer. Most studies on biochar have used wood or vegetable raw materials;
few have used salty food wastes as raw materials.

As the applicability of biochar to organic waste management has received attention, various
studies have been done on its chemical [11] and physical characteristics [12], and its effect on soil [13].
The major difference between other organic materials and biochar is the large proportion of aromatic
carbon [14]. Secondly, biochar consists mostly of immobile carbon and nitrogen that microorganisms
cannot use as energy sources, thereby having chemical stability (ASTM standard methodology) [15].
In addition, the difference involves cation exchange capacity (CEC) of biochar resulting from the surface
charge. Pyrolysis condition is an important factor in determining the physicochemical characteristics
of biochar [16]. Hossain et al. [17] revealed that the composition and chemical structure of biochar
changed according to the pyrolysis temperature by pyrolyzing the sewage sludge at 300–700 ◦C.
Cantrell et al. [18] showed that the source type could alter the physicochemical characteristics by
pyrolyzing five types of manure at 350 and 700 ◦C.

The major difference between municipal waste (organic waste), such as sewage sludge, livestock
waste, and agricultural by-products, and food waste is its high salinity [19,20]. The high salt content of
food waste is a major obstacle to recycling and treating food waste. Therefore, we investigate the effect
of salt on the conversion into biochar by analyzing the characteristics of pyrolyzed char according to
salt content. In this paper, the chemical characteristics of biochar produced using food waste containing
low- and high-concentration salt and biochar flushed with water to remove the concentrated salt are
compared and analyzed. In addition, the salt component behavior of biochar is clarified.

2. Experimental

2.1. Raw Material

The food waste samples were prepared as shown in Table 1 according to the composition of the
standard sample, which is the average food waste composition ratio as determined by the Ministry of
Environment of Korea [21]. Food wastes were classified into grains, vegetables, fruits, and meat and
fish, and the composition ratios were set to 16%, 51%, 14%, and 19%, respectively, using 10 kinds of
materials. The food samples were dried at 80 ◦C for 48 h and then ground into powder form. NaCl
solution was added such that the NaCl contents relative to the dry weight of the food samples became
1%, 3%, and 5%. The samples were then dried again.

Table 1. The standard food waste sample.

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

Food Ingredients Processing Method

Grains 16 Rice (16)

Vegetables 51

Napa cabbage (9) Cutting width less than 100 mm.

Potato (20)
Chop into 5 mm size pieces.Onion (20)

Daikon (2)

Fruits 14
Apple (7) Split into 8 pieces in lengthwise.

Mandarin/Orange (7)

Meat and Fish 19
Meat (4) Cutting width around 3 cm.

Fish (12) Split into 4 pieces.

Egg shell (3)

Total 100 100

288



Energies 2017, 10, 1555

2.2. Experimental Methods

Dry food samples containing 1%, 3%, and 5% NaCl were pyrolyzed in a pyrolysis reactor of
300 ◦C, 400 ◦C, and 500 ◦C. They were pyrolyzed for 1 h and 30 min, and 10 L/min nitrogen gas
was continuously injected. Figure 1 shows the schematic diagram of the pyrolysis apparatus used
in this experiment, which consisted of a nitrogen inlet, specimen vat, sample chamber, furnace,
a cooling device, and gas combustion device. The total dimensions of pyrolysis reactor are
150 cm * 180 cm * 50 cm and the cooler temperature is maintained at 10 ◦C. The specimen vat size
is 4.5 cm * 5 cm * 20 cm (H * W * D) and only two specimen vat put in the reactor. Feed weight is
100 g each specimen vat. Nitrogen gas was injected 10 min before the samples were added to prevent
oxidation of the samples. The temperature in the furnace increased to the target temperature of 300 ◦C,
400 ◦C, and 500 ◦C, and the samples in the sample chamber were then added. The mass yield of
biochar at each temperature is 0.56, 0.38, and 0.32 as the pyrolysis temperature increases 300 to 500 ◦C,
and the biochar yields are decreased as the pyrolysis temperature increases [22].

Figure 1. The schematic diagram of the pyrolysis apparatus.

After pyrolysis, the samples were removed, cooled to room temperature, weighed, and ground.
They were flushed by stirring 30 g of char in 300 mL of distilled water at a ratio of 1:10 for 30 min.
The flushed char was then separated using a filter paper and dried again at 80 ◦C for 24 h before
being stored.

2.3. Analytical Methods

2.3.1. Characterization

A FLASH EA1112 instrument (Thermo Electron, Waltham, MA, USA) was used for the elementary
analysis (C, H, S, N) of the salty food waste derived biochar. Oxygen is obtained by difference
assuming the sum of C, H, S, N, O, Ash, and NaCl is 100%. In general, either Na or Cl is measured
to determine the salt content. However, one study reported a phenomenon in which Na and Cl are
independently volatilized in the pyrolysis process of saline-containing fossil fuel [23]. Therefore,
both the Na and Cl contents were measured independently. Na content was measured using Agilent
5100 ICP-OES (Agilent Technologies, Santa Clara, CA, USA). Cl was carbonized after mixing 2.5–5 g
samples with the milk of lime and drying. 1–2 drops of potassium chromate were added to the sample,
which was filtrated after adding water and shaking. The solution was titrated with silver nitrate
solution [24]. To measure Cation exchange capacity (CEC) values, 5 g of the sample was then placed
in a 100 mL Erlenmeyer flask, and 50 mL of 1 M NH4OAc solution was added [25]. The sample was
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then shaken for 30 min, filtered, and diluted. The CEC was measured using Agilent 5100 ICP-OES
(Agilent Technologies). The Na, K, Mg, and Ca contents were calculated by converting the measured
absorbance value (ppm) using the Brown’s simplified method.

2.3.2. X-ray Diffraction Spectroscopy

X-ray diffraction (XRD) analysis was carried out to determine the structure of salt in the salty
food waste derived-biochar and the change in the molecular structure both before and after flushing.
The analytical equipment used was DMAX 2500 (Rigaku, Tokyo, Japan), and the X-ray generator had
specifications of 18 kW and 60 kV/300 mA. The 2θ range of the recorded sample was 10–90◦.

2.3.3. FT-IR

The infrared spectroscopic analysis was conducted to investigate the effect of salt in salty food
waste on the biochars during pyrolysis and its effect on flushing. A VERTEX 80V (Bruker Optics,
Ettlingen, Germany) device was used, and infrared rays of 400–4000 nm wavelength were transmitted
to determine the characteristics. A transmission analysis was conducted using KBr powder.

2.3.4. NMR

The structure was analyzed using solid-state magic angle spinning 13C NMR analysis to confirm
the formation of aromatic carbons, which indicate the stability of the biochar. A DIGITAL AVANCE III
400 MHz (Bruker Biospin AG, Fällanden, Switzerland) was used with a 4 mm probe.

3. Results and Discussion

3.1. Chemical Composition of Salty Food-Waste-Derived Biochar

Table 2 shows the elementary analysis of the salty food waste derived biochar and Na and Cl
contents. After flushing, the Cl content decreased to the Cl content in the STD sample, non-salted food
waste sample. On the other hand, the Na content significantly increased after flushing compared to
the Na content in the STD sample, non-salted food waste sample.

Table 2. The chemical compositions and atomic ratios of biochar produced by salty food waste.

Sample ID
Component, wt % Atomic Ratio

C H N O Na Cl Ash C/N H/C O/C

Dry 51.46 13.22 3.14 32.18 - - - 16.38 0.257 0.63
300 ◦C_STD 60.97 5.37 5.28 23.66 1.21 1.56 4.72 11.55 0.088 0.39

300 ◦C_1%_B 60.18 5.32 5.29 25.88 3.08 3.17 3.33 11.38 0.088 0.43
300 ◦C_1%_A 61.70 5.59 5.24 25.19 2.02 1.51 2.28 11.77 0.091 0.41
300 ◦C_3%_B 58.96 5.17 5.09 22.53 6.63 6.26 8.25 11.58 0.088 0.38
300 ◦C_3%_A 63.21 5.46 5.16 24.34 2.67 1.50 1.83 12.25 0.086 0.39
300◦C_5%_B 57.29 5.04 4.98 20.83 9.30 8.74 11.86 11.5 0.088 0.36
300 ◦C_5%_A 62.08 5.81 5.42 23.03 2.62 1.50 3.66 11.45 0.094 0.37
400 ◦C_STD 64.69 3.64 5.09 17.82 1.92 1.90 8.76 12.71 0.056 0.28

400 ◦C_1%_B 63.27 3.60 5.38 17.98 4.74 4.18 9.77 11.76 0.057 0.28
400 ◦C_1%_A 68.71 4.28 5.04 17.60 4.01 1.20 4.37 13.63 0.062 0.26
400 ◦C_3%_B 57.85 3.24 4.16 21.08 9.22 8.25 13.67 13.91 0.056 0.36
400 ◦C_3%_A 65.43 3.70 5.26 20.94 3.43 1.19 4.67 12.44 0.057 0.32
400 ◦C_5%_B 56.15 3.20 3.99 18.74 16.53 12.66 17.92 14.07 0.057 0.33
400 ◦C_5%_A 68.43 4.34 4.51 19.47 4.64 1.36 3.25 15.17 0.063 0.28
500 ◦C_STD 70.11 2.81 5.23 8.83 0.51 0.90 13.02 13.41 0.04 0.13

500 ◦C_1%_B 68.82 2.71 5.22 10.45 3.98 3.74 12.80 13.18 0.039 0.15
500 ◦C_1%_A 72.07 2.93 5.13 9.43 3.43 1.03 10.44 14.05 0.041 0.13
500 ◦C_3%_B 65.72 2.69 4.63 10.33 9.65 9.42 16.63 14.19 0.041 0.16
500 ◦C_3%_A 72.10 2.98 5.13 11.32 5.14 1.49 8.47 14.05 0.041 0.16
500 ◦C_5%_B 61.78 2.43 4.44 10.50 15.56 13.80 20.85 13.91 0.039 0.17
500 ◦C_5%_A 73.28 2.92 4.92 11.80 5.35 1.45 7.08 14.89 0.04 0.16
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Carbon content increased with the pyrolysis temperature, and there was a difference in the content
before and after flushing that resulted from a slight increase in the carbon content relative to the total
weight since salt was discharged while flushing.

Hydrogen content decreased as the pyrolysis temperature increased, and there was a difference
in the content before and after flushing that resulted from increased relative weight since salt was
discharged while flushing, as with carbon.

Nitrogen content did not show any tendency to increase or decrease according to the pyrolysis
temperature. However, the nitrogen content of the biochar having 1% salt content decreased
after flushing, while the nitrogen contents of the chars having 3% and 5% salt content increased
after flushing.

The higher the pyrolysis temperature and the higher the salt content, the lower the O/C ratio,
which indicates the stability of biochar [26]. There was a difference before and after flushing, but this
phenomenon may have been caused by changes in salt content before and after flushing. When the
O/C ratio is 0.2 or less, the half-life of biochar is estimated to be 1000 years or more. When the O/C
ratio is 0.2–0.6, the half-life is estimated to be 100–1000 years [27]. The H/C ratio decreased as the
pyrolysis temperature increased. There was an obvious difference according to pyrolysis temperature,
but there was no difference according to the salt content. The Lower values of H/C and O/C at higher
pyrolysis temperatures indicate a stable biochar with a low content of O-based functional groups by
demethylation and decarboxylation [28].

A C/N ratio of 12:1 is the most favored for increasing the nitrogen pool plants can use, and a C/N
ratio of 20:1 is used for soil conditioners, fertilizers and compost [29]. As the pyrolysis temperature
increases, the C/N ratio increases [30]. The experimental result showed that the ratio increased and
the ratio was 11–15, which is suitable for use in the soil when the temperature increased from 300 to
500 ◦C.

H/C, O/C, and C/N values are influenced by pyrolysis temperature, and the content of salt
appears to have no noticeable effect on the chemical composition.

The CEC of salty food waste biochars varies depending on raw materials and pyrolysis conditions.
Some studies have reported that the CEC value increases as the pyrolysis temperature increase from
300 to 500 ◦C in relation to the carboxyl groups on the biochar surface [31–33]. Table 3 shows that as
the pyrolysis temperature increased from 300 to 400 ◦C, the CEC value increased, peaked at 400 ◦C,
and decreased again at 500 ◦C. CEC is determined by substitution sites, O-based functional groups such
as –OH or –COOH that are made by decarboxylation and deformation as the pyrolysis temperature.
Although, further study is needed to specify the required energy for deformation to contain high
CEC, it is reliable trend similar to Wu et al.’s study result [32]. These results may relate to specific
surface area. Focusing on O-based functional groups, 300 ◦C should indicate highest CEC value. But in
case of this, complex action between functional group and specific surface area, may be acted on the
explanation of this phenomenon. O-based functional groups are decreased gradually as the pyrolysis
temperature increases. Specific surface area is increased as the pyrolysis temperature increases [34].
At 300 ◦C, there could be more O based functional groups but there is lower specific surface area.
Overall, the surface area of pyrolyzed char at 300 ◦C, including O-based functional groups, may be
smaller than at 400 ◦C. About this assumption, further study is needed.
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Table 3. CEC of salty food waste derived-biochar before and after flushing.

Sample ID CEC (cmol/kg)
Extractable Cations (cmolc/kg)

Ca K Mg Na

300 ◦C_STD 25.57 0.39 12.68 0.34 5.56
300 ◦C_1%_B 22.20 0.29 7.77 0.12 6.99
300 ◦C_1%_A 18.14 0.45 4.95 0.15 4.67
300 ◦C_3%_B 22.42 0.17 4.06 0.06 11.08
300 ◦C_3%_A 20.35 0.47 3.99 0.16 8.04
300 ◦C_5%_B 110.71 0.35 16.59 0.24 86.26
300 ◦C_5%_A 22.67 0.58 3.89 0.22 10.07
400 ◦C_STD 62.94 1.10 44.07 1.37 14.21

400 ◦C_1%_B 120.39 1.19 62.59 1.15 49.98
400 ◦C_1%_A 36.65 0.90 18.00 0.64 12.71
400 ◦C_3%_B 163.48 0.96 52.17 1.23 108.91
400 ◦C_3%_A 52.60 1.30 16.17 1.00 24.68
400 ◦C_5%_B 250.72 0.65 53.19 1.29 185.03
400 ◦C_5%_A 39.46 1.06 9.90 0.86 22.80
500 ◦C_STD 54.91 0.89 60.38 1.58 1.07

500 ◦C_1%_B 75.22 0.83 62.37 1.10 14.88
500 ◦C_1%_A 24.79 1.07 18.23 0.68 7.67
500 ◦C_3%_B 156.81 0.76 67.59 1.22 92.30
500 ◦C_3%_A 18.90 1.29 10.63 1.00 9.27
500 ◦C_5%_B 262.08 0.63 73.55 1.31 189.90
500 ◦C_5%_A 24.86 1.34 10.29 1.07 14.58

STD: Standard food waste biochar sample without NaCl. A: Salty food waste derived biochar after flushing. B: Salty
food waste derived biochar before flushing.

Compared to the CEC value of the char unaffected by salt, the measured CEC value was higher
before flushing and lower after flushing. This may have been the result of the phenomenon in which
ionized Na+ is adsorbed on the biochar surface during the flushing. VAN ZWIETEN et al. [35] showed
that the application of biochar in a ferrosol significantly increased CEC of soil. In other words, the
pyrolyzed salty food waste biochar is able to hold many cations which are nutritional content used by
plants and helps the soil fertility improvement.

The extractable values of Na and K were much higher than those of other elements and
significantly decreased after flushing. However, the extractable value of Ca increased after flushing.
The value of Mg also increased in the case of 1% and 3% at 300 ◦C. This phenomenon will be discussed
in relation to the result of Fourier transform infrared spectroscopy (FT-IR).

The CEC of soil is an important criterion for determining the ability of plants to retain the cations
they use. Sandy soil, with its low organic content, has a CEC value of less than 3 cmolc/kg, but heavy
clay soil or soil with a high organic content has a CEC value higher than 20 cmolc/kg [36]. Every
sample except post-flushing samples (300 ◦C, 1%; 500 ◦C, 3%) obtained values higher than 20 cmolc/kg;
therefore, it is expected that they are able to be used as soil conditioners.

3.2. XRD Analysis of Salty Food-Waste-Derived Biochar

Figures 2–5 show the XRD results of salty food waste chars before and after flushing according to
the pyrolysis temperature, as well as those of NaCl. The crystalline form of NaCl has peaked at 32◦,
45.5◦, 56.5◦, 66◦, 75◦, and 84◦ (2θ). When comparing these peaks with the XRD peaks of the salty food
waste biochar, the graph before flushing clearly shows the NaCl peaks. On the other hand, the graph
after flushing shows that the peaks of NaCl become blurred, and the peaks show a similar tendency to
the peaks of standard food waste biochars containing no salt.

In other words, even after carbonization, NaCl remains in the form of crystals. However, after
flushing, the remaining NaCl has washed away, and the peaks resemble those of the standard state.
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The peak near 23◦ (2θ) corresponds to the diffuse graphite [37,38]. As the pyrolysis temperature
increases, the peak shifts from 20◦ to 25◦ (2θ). This means that cellulose crystallinity decreases and
turbostratic crystallinity increases [39].

As the pyrolysis temperature increases from 300 ◦C to 500 ◦C, the peak intensity near 28◦ (2θ)
increases. This peak confirms the presence of calcite [40], and the sharper the peak, the better the
calcite crystallization.

Figure 2. The XRD result of biochar pyrolyzed at 300 ◦C before and after flushing.

Figure 3. The XRD result of biochar pyrolyzed at 400 ◦C before and after flushing.
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Figure 4. The XRD result of biochar pyrolyzed at 500 ◦C before and after flushing.

Figure 5. The XRD result of NaCl.

3.3. FT-IR Analysis of Salty Food-Waste-Derived Biochar

Figures 6–8, which show the FT-IR results for salty food waste biochars before and after flushing
according to pyrolysis temperature, illustrate that the tendency varies significantly depending on the
pyrolysis temperature.
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Figure 6. The FT-IR result of biochar pyrolyzed at 300 ◦C before and after flushing.

Figure 7. The FT-IR result of biochar pyrolyzed at 400 ◦C before and after flushing.
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Figure 8. The FT-IR result of biochar pyrolyzed at 500 ◦C before and after flushing.

Carboxylic (COOH) bonds have a peak of 1700 cm−1 and are associated with CEC
capability [41,42]. The peak near 1700 cm−1 that appeared clearly at 300 ◦C and 400 ◦C had almost
disappeared at 500 ◦C. Decarboxylation occurred as the pyrolysis temperature increased, thereby
decreasing the CEC value.

The peak near 1420–1440 cm−1 increased after flushing. This peak indicates a carboxylate
anion [43]. It seems that NaCl is ionized while flushing and Na ions bind to the carboxylate anion,
thereby intensifying the peak. The CEC values of Na and K were lower after flushing because Na was
already bound, decreasing the capacity to exchange monovalent cations.

The distinctive peak change at 2800–3000 cm−1 indicates a change in aliphatic C-H, and the peak
at 3600–3200 cm−1 reveals O-H hydroxyl groups [41,44]. As the pyrolysis temperature increased, the
peak of the aliphatic C-H that was clear at 300 ◦C sharply decreased. The intensity of the peak was
insignificant at 500 ◦C. The peak intensity of hydroxyl groups also gradually weakened. According to
the elemental analysis, this demethylation phenomenon may have caused the decreased C/H ratio as
the pyrolysis temperature increased.

The peak of aromatic C-H at 700–900 cm−1 [32,39] and the aromatic skeletal vibration peak at
1515–1590 cm−1 [42,45] became clearly visible and increased in intensity as the temperature increased
from 300 ◦C to 500 ◦C. This confirms that aromatization occurred as the pyrolysis temperature and
stability of biochar increased.

There were differences between the standard peak without any salt and the peak of pyrolyzed
carbide containing salt. The peak shift from 550 cm−1 to 570 cm−1 was clearly shown as the pyrolysis
temperature increased and salt content was higher. The peak near 550–600 cm−1 indicates C=O
deformation of aromatic ketone [46]. Porchelvi and Muthu [47] investigated that the 552 cm−1 peak
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results from SO2 bound to deformed aromatic ketone and found that the 560 cm−1 peak appears due
to cyano bound to a deformed aromatic ketone. In other words, a higher salt content induces more
bonding of a specific compound to the aromatic ketone deformed in the pyrolysis process. More
research is necessary for compounds that show a peak at about 570 cm−1. In addition, the peak at
700 cm−1 appears in the standard without salt, while the peak is weak or does not appear at all in
the presence of salt. This peak indicates the rocking vibration and binding of CH2 with asymmetric
deformation of aromatic ketone [47]. When salt is present, this bond is not induced. Thus, the salt
contained in the food wastes affects the aromatic carbon in various biochar structures during the
pyrolysis process.

Additionally, the peak at 520 cm−1, which indicates the bonding of C-Cl [47], is not shown
regardless of the pyrolysis temperature and salt content. This result demonstrates that the NaCl does
not affect the biochar structure in the discrete state as Na+ and Cl−.

3.4. NMR Analysis of Salty Food Waste Derived Biochar

Figures 9–11 show the solid-state 13C-NMR spectra. Although there is an apparent difference in
the spectra according to the pyrolysis temperature, the peak shift by and influence of salt are negligible.

Figure 9. The NMR result of biochar pyrolyzed at 300 ◦C before and after flushing.

Figure 10. The NMR result of biochar pyrolyzed at 400 ◦C before and after flushing.
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Figure 11. The NMR result of biochar pyrolyzed at 500 ◦C before and after flushing.

The peaks at 300 ◦C are shown at 16.5, 25–35, 64.5, 132, and 174.5 ppm, while broad peaks are
seen from 128–132 ppm at 400 ◦C. At 500 ◦C, a weak peak is shown from 18–27 ppm and the distinct
peak are seen from 110–150 ppm. The peak near 15 ppm represents CH3 carbon, while the peak near
30–65 ppm indicates CH2 carbon [48]. The aromatic C peak is shown narrowly around 130 ppm and
also appears broadly in the range of 90–160 ppm [49,50]. The peak at 160–200 ppm means carboxylic
or ketone C=O [41,50].

At 300 ◦C, significant amounts of CH3 and CH2 are present and form the main peak, while
aromatic C is insufficient until demethylation occurs. As the pyrolysis temperature increases to 400 ◦C,
sufficient dehydration occurs, and aromatic C is formed. At 500 ◦C, clearly visible aromatic C indicates
the stabilized biochar.

4. Conclusions

In this paper, we analyzed the characteristics of pyrolyzed char according to salt content and
temperature (300 ◦C to 500 ◦C) in order to determine the effect of salt on conversion into biochar.
After flushing, NaCl that remains in crystalline form is washed away under all conditions, and some of
Na ions that were washed off and ionized in water are adsorbed again. The pyrolysis temperature is a
more important parameter than salt content for the biochar characteristics. As the charring temperature
increases, salty food waste became a more stable biochar with lower H/C and O/C values and higher
C/N values and aromatic carbon content. Salt content affects aromatic ketone bonding. The higher
content of salt in food waste induces more bonding of a specific compound to the aromatic ketones
formed in the pyrolysis process. Flushed salty food waste biochar could be recommended as a soil
amendment, further studies are needed about the effect of aromatic ketone formation on the soil.
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Abstract: The effect of oxygen-enriched air on low-rank coal char combustion was experimentally
investigated. In this work, a coal-heating reactor equipped with a platinum wire mesh in the
reaction chamber was used to analyze the combustion temperature, reaction time, and reaction
kinetics. Increasing the oxygen content of the primary combustion air increased the combustion
temperature and decreased the reaction time. As the oxygen content increased from 21% to 30%,
the average temperature increased by 47.72 K at a setup temperature of 1673 K, and the reaction
time decreased by 30.22% at the same temperature. The graphite sample exhibited similar trends
in temperature and reaction time, although the degree of change was smaller because the pores
produced during char devolatilization expanded the active surface available for oxidation of the
char sample. A mathematical model was used to define the intrinsic kinetics of the reaction. As the
oxygen content increased from 21% to 30%, the reaction rate of the low-rank coal char increased.
These results were also compared with those of the graphite sample.

Keywords: combustion; oxygen enrichment; low-rank coal char; char oxidation; reaction kinetics

1. Introduction

Coal is used to generate electricity in coal-fired power plants, despite it being an old technology,
due to its abundance and low cost. However, almost half of reserves in the world are low-rank coal,
and there is a policy burden due to the high price of high-rank coal. Therefore, in recent years several
efforts have been made to develop technologies for utilizing the relatively inexpensive low-rank
coal [1,2].

Drying and dewatering technologies for low-rank coal have been reported by many
researchers. Both evaporative drying technologies such as rotary drying, fluidized-bed drying,
and hot-oil-immersion drying, and non-evaporative drying technologies, such as the hydrothermal
dewatering, mechanical/thermal dewatering, and solvent extraction have been studied to enable
the utilization of low-rank coal as a high-efficiency energy resource [3]. Various reaction models
have been suggested to improve the combustion of low-rank coal [4,5]. A wire-heating reactor was
used to measure the temperature of low-rank coal char, and a spot-ignition model was suggested
for the evaluation of the intrinsic reaction kinetics and the prediction of the ignition temperature [6].
A pressurized wire-heating reactor was also used to predict the gasification kinetics of low-rank
coal char in a CO2 atmosphere. The study indicated that the reaction kinetics were affected by
elevated pressure (up to 30 atm) and high temperature (up to 1723 K) [7]. However, single particle
measurements of coal char ignition temperature or gasification reaction kinetics cannot provide small
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particle size char measurements (e.g., 75–90 μm); therefore, a method utilizing wire-mesh was used
in this study. A pressurized wire-mesh reactor was also utilized in several studies for measuring the
kinetics of different gasification reactions (e.g., reactions with O2, CO2, and H2O) [3,6,7]. An attempt
was made to study the use of sodium ions as an effective catalyst for the gasification of low-rank coal.
The experimental results showed that the heat treatment of low-rank coal can thermochemically affect
the gasification rate via carbon conversion [8].

On the other hand, oxy-fuel and oxygen-enriched combustion of pulverized coal have been
studied in order to improve the efficiency while reducing emissions in coal-fired power plants. Several
studies on oxy-fuel combustion have found it to be a promising technology for capturing CO2 from
power plants. The researchers reported combustion fundamentals and modeling under oxy-fuel
conditions, including the combustion physics and chemistry [9]. In addition, the effect of the CO2

gasification reaction on coal char combustion under oxy-fuel conditions was simulated. The results
showed that the gasification reaction was affected by both the char burnout time and the relative
carbon consumption [10]. Oxygen-enriched combustion, which enhances the energy efficiency and
reduces emissions, has also been reported by many researchers as an emerging technology for more
efficient power generation [11,12]. The combustion kinetics of coal chars in an oxygen-enriched
atmosphere were studied [13–15]. The results showed that under these conditions, the char combustion
temperature increased and the char burnout time was reduced [15]. Natural gas combustion systems
can also use oxygen-enriched air. In order to investigate the heating rate, emissions, temperature
distributions, and fuel consumption in a system with extra oxygen content, 21–30% excess oxygen
was used in a gas-fired burner [16]. The effect of oxygen content in a biomass-fueled burner was also
investigated. The results showed improvements in flame shape, emission reduction, and burnout
for oxygen-enriched combustion using biomass as the fuel [17]. The oxygen enrichment of co-fired
blended coal and biomass was studied, with experimental tests on NOx and SOx emissions and
burnout in atmospheres enriched with 25–30% oxygen being conducted [18].

This study focused on the effect of oxygen-enriched air on combustion when utilizing low-rank
coal as an energy source. Experiments on the combustion temperature and the reaction time
were conducted using a coal-heating reactor equipped with a platinum wire mesh in the reaction
chamber when the oxygen content of the primary combustion air was increased from 21% to 30%.
The well-established random pore model (RPM) was proposed several decades ago by Gavalas, Bhatia,
and Perlmutter [19–21]. However, the work of Lisandy et al. showed that in some applications,
especially when modeling the development of low-rank coal char reaction rates, significant deviations
from this model were observed [22–24]. Based on these studies, the reaction kinetics of low-rank
coal char under oxygen-enriched combustion conditions were analyzed. A mathematical model was
established incorporating experimental thermogravimetric analysis data. The results of the analysis
and experiments were compared with those obtained for graphite, which has a poor pore structure.

2. Experimental Methods

2.1. Sample Preparation

Coal particle reactions in conventional coal-fired boilers can generally be divided into two
concepts: coal devolatilization and char oxidation [25]. During the devolatilization of raw coal, most of
the moisture and volatile matter in the coal are removed, and the remaining particles, referred to as
char, are then employed in oxidization or combustion with oxygen at sufficiently high temperatures
(1100–1400 ◦C). This study focused on char combustion at high temperatures. Coal char production for
the experiment was performed using the following process.

Raw low-rank coal (Indonesian sub-bituminous coal, Figure 1a, was dried for 1 day at 45 ◦C.
The sample powder used as fuel had particle sizes of 75–90 μm. After drying, the sample was heated to
1000 ◦C at a heating rate of 10 ◦C/min in a thermogravimetric analyzer (TGA701, LECO Co., St. Joseph,
MI, USA) under a nitrogen atmosphere. Figure 1a,b show the differences between the morphologies of
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the coal before and after the char production process [26]. As can be seen in Figure 1b, some pores
developed in the char due to the removal of moisture and volatile matter. Figure 1c shows graphite
powder with particles in the range of 75–90 μm to allow for a comparison with the characteristics of
the char. Table 1 summarizes the results of the proximate and ultimate analyses of the raw coal, char,
and graphite.

The initial specific surface area of the char was measured by the Brunauer-Emmett-Teller (BET)
method using a Micromeritics ASAP 2020 device. The morphologies of the coal samples were examined
by scanning electron microscopy (SEM, S3500N, Hitachi, Tokyo, Japan).

Figure 1. Scanning electron microscopy images of samples for oxygen-enriched combustion:
(a) raw coal, (b) char, and (c) graphite.

Table 1. Proximate and ultimate analyses of samples.

Samples
Proximate Analysis (wt %, ad) Ultimate Analysis (wt %, daf)

Moisture
Volatile Matter

(daf)
Ash
(dry)

Fixed Carbon
(daf)

C H N O S

Raw low-rank coal 14.55 37.20 6.51 41.74 65.45 5.35 0.46 27.07 1.67
Low-rank coal char 1.84 2.16 9.15 86.85 93.26 0.23 0.42 5.78 0.31

Graphite 0.05 1.74 0.0 98.21 99.12 0.81 0.0 0.0 0.06

ad: air-dry basis; daf: dry and ash-free basis; Oxygen by difference.

2.2. Coal Heating Reactor

The experimental setup of the coal-heating reactor for the proposed oxygen-enriched combustion
is shown in Figure 2 [27]. The heating reactor can be used for combustion under high-temperature
conditions of up to 1750 K. A Pt wire mesh in the chamber was used to generate heat using a direct
current (DC) electrical power supply (OPE-18100S, 4.7 kW, ODA Technologies Co., Ltd., Incheon,
Korea) that was controlled using computer software. In this study, the temperatures used for coal
heating were measured as 1373, 1473, 1573, and 1673 K.

The Pt mesh (99.9% purity) had a wire diameter of 0.04 mm, and the wire interval was 75 μm.
In order to obtain the combustion temperature and reaction time, a thermocouple was located at the
center of the Pt mesh.

Coal char samples were loaded onto the wire mesh in a thin layer configuration, as shown in
Figure 2a. Figure 2b shows the heating state, in which the Pt mesh was heated in the coal-heating reactor.
The primary reactant gas was introduced to the chamber during combustion from the atmosphere or
from a mixed gas tank for the 21% and 30% oxygen conditions, respectively, and was released back
into the atmosphere after combustion.
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Figure 2. Schematic of the coal heating reactor. The photographs on the right show the system (a) before
heating and (b) during heating.

2.3. Numerical Methods for Kinetics

In this study, a mathematical model was suggested for the calculation of the reaction kinetics of
coal char combustion with an oxygen content of 21–30% after devolatilization. The carbon conversion
ratio can be expressed as:

x =
m0 − mt

m0 − mash
(1)

where m0 is the initial mass of the coal char, mt is the mass of the coal char at time t, and mash is the
mass of the ash content.

The apparent reaction rate (Rapp) is expressed as:

Rapp =
dx
dt

(2)

where Rapp is the change of carbon conversion over time.
The random pore model (RPM) is widely used to simulate changes in the micropore structure

of coal char. However, when considering most low-rank coal or biomass, the random pore model
does not fit well with observations. In order to achieve more accurate pore development modeling
and reaction rate correlations, the Flexibility-Enhanced Random Pore Model (FERPM) proposed by
Lisandy et al. was used in this study [22]. During the coal char oxidation reaction, the loss of coal
char occurs rapidly. Thus, the micropore structure of the coal char also changes rapidly. In order to
calculate the pore development (Sg), the RPM and FERPM were both used in this study, and they are
shown below:

dx
dt

= kRPM(1 − x)
√

1 − ψRPMIn(1 − x) (3)

dx
dt

= kFERPM

[
(1 − x)a

√
1 − ψFERPMIn(1 − x)tanh(cx) + (1 − x)b

]
(4)

where kRPM and kFERPM are the initial reaction rates as a function of the temperature, and ψRPM and
ψFERPM are the structural parameters. a, b and c are extra parameters for improving the accuracy of
the prediction.

In order to determine the intrinsic reaction rate of the coal char oxidation (Rin, g/cm2·s),
an nth-order rate equation was used. The nth-order rate equation of the global reaction can be expressed
in its Arrhenius form as:

Rin = Ain exp
(
− Ein

RuTp

)
Pn

O2,∞ (5)
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where Ain is the intrinsic pre-exponential factor, Ein is the intrinsic activation energy, Ru is the universal
gas constant, Tp is the coal char particle temperature, PO2,∞ is the partial pressure of oxygen in the
ambient atmosphere, and n is the reaction order, which was derived from the experimental results.
This equation is defined by the reaction order and two Arrhenius parameters, Ain and Ein.

In order to analyze the oxidation of the coal char, the effect of the internal and external effectiveness
factors should be considered. The apparent reaction rate is then expressed as [28]:

Rapp = ηinηexSgRin (6)

The internal effectiveness factor can be defined by the Thiele modulus (φ), which was
developed to determine the relationship between the diffusion and the reaction rate in a microporous
structure [29,30]:

ηin =
1
φ

(
1

tan h(3φ)
− 1

3φ

)
(7)

φ =
dp

2

√√√√ (n + 1)νSgρpkinRuTpPn−1
O2,S

2De f f ,O2

(8)

where dp is the diameter of the coal char, ν is the stoichiometric coefficient (i.e., 0.0833 moles of O2

consumed per gram of reacted carbon), ρp is the apparent density, and De f f ,O2 is the effective O2

diffusion coefficient in the coal char surface.
De f f ,O2 is calculated as:

De f f ,O2 =
ε

τ
D (9)

where is the porosity, D is the diffusivity, and τ is the tortuosity coefficient of the coal char pore, and its
value is assumed to 1.414 [31]. The diffusivity, D, is calcas:

D =
1

1
DAB

+ 1
Dk

(10)

where DAB is the binary diffusivity and Dk is the Knudsen diffusivity, which is the diffusion that
occurs when the diameter of the pore is comparable to or smaller than the mean free path of the gas
particles involved. These diffusivities are expressed as [29–31]:

Dk = 4580dpore

√
Tp

MA
(11)

DAB =
0.02628T3/2

M1/2
AB σ2

ABΩABP
(12)

where dpore is the diameter of the coal char pore, MA is the molar mass, MAB is the mixed molar
mass of A and B, σAB is the particle collision diameter, ΩAB is the collision integral, and P is the total
pressure of the system.

The external effectiveness factor (ηex) is an expression of gas transport to the boundary layer,
which is the ratio of the partial pressure of the particle surface to the ambient atmosphere surrounding
the coal char particle, and is expressed as:

ηex =
PO2,S

PO2,∞
(13)
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The kinetic coefficients of the reaction can be considered by the linear regression method as
follows:

Rapp = ηinηn
exSg Ain exp(− Ein

RuTp
)Pn

O2,∞ (14)

ln(
Rapp

ηinηn
exPn

O2,∞
) = ln AinSg − Ein

RuTp
(15)

ln
(

Rapp
)
= n ln

(
ηexPO2,∞

)
+ ln

{
ηinSg Ain exp

(
− Ein

RuTp

)}
(16)

3. Results and Discussion

3.1. Combustion Temperature and Reaction Time

Table 2 shows the variations in combustion temperature and reaction time for low-rank coal
char and graphite when the oxygen content of the primary combustion air in the coal-heating reactor
was increased from 21% to 30%. The experimental data are the mean value from 10 of replicate
experiments and measurements. The setup temperature, or the combustion temperature during
char oxidation, was set to four values. Most of the results shown in Table 2 show more significant
reaction time reductions in the lower temperature region (e.g., a 35–38% reaction time reduction at
a setup temperature of 1373 K, as compared to a 28–30% reduction at a setup temperature of 1673 K).
These results suggest that improved reaction rates can be achieved at lower combustion temperatures.

Table 2. Combustion temperatures and reaction time variations for oxygen-enriched combustion.

Samples
Low-Rank Coal Char Graphite

O2 21% (N2 Balance) O2 30% (N2 Balance) O2 21% (N2 Balance) O2 30% (N2 Balance)

Setup
Temperature

(K)

Maximum
Temperature

(K)

Reaction
Time (s)

Maximum
Temperature

(K)

Reaction
Time (s)

Maximum
Temperature

(K)

Reaction
Time (s)

Maximum
Temperature

(K)

Reaction
Time (s)

1373 1411.34 2.6 1420.37 1.6 1393.71 4.4 1415.30 2.88
1473 1514.68 1.98 1532.83 1.35 1525.65 2.5 1539.83 1.68
1573 1619.17 1.7 1658.47 1.15 1616.79 1.8 1654.08 1.25
1673 1721.69 1.43 1769.41 1 1705.29 1.37 1764.35 0.98

In the case of low-rank coal char at a setup temperature of 1373 K, the difference between the
maximum temperatures for oxygen contents of 21% and 30% was 9 K. When the setup temperature
was increased, this temperature difference tended to increase. The difference between the maximum
temperatures was 47 K at a setup temperature of 1673 K.

In comparison, graphite exhibited an identical trend to that of the low-rank coal char. In the
case of graphite at a setup temperature of 1373 K, the difference between the maximum temperatures
for oxygen contents of 21% and 30% was 21 K. Additionally, it exhibited an increase in maximum
temperature of 59.06 K at a setup temperature of 1673 K.

The results suggest that low-rank coal char developed a surface pore structure during the
devolatilization process, and that this pore structure contributed to the combustion reaction by
increasing the surface area. On the other hand, graphite, which has a carbon content of 99.21%,
had a poor pore structure. It therefore exhibited a slow reaction at relatively low setup temperature.
However, a higher environmental temperature resulted in a more effective surface for combustion,
with the oxidation reaction occurring so rapidly at the particle surface that the oxidation gas could
not diffuse through the pores. For this reason, the reaction time for graphite became similar to that of
low-rank coal char at temperatures around 1673 K.
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3.2. Reaction Kinetics

The surface area of coal char as calculated by RPM and FERPM can be expressed as follows:

Sg,RPM = S0(1 − x)
√

1 − ψRPM ln(1 − x) (17)

Sg,FERPM = S0[(1 − x)a
√

1 − ψFERPM ln(1 − x)tanh(cx) + (1 − x)b] (18)

An experiment was performed during thermogravimetric analysis (TGA) in order to define the
structural parameters ψRPM and ψFERPM. Samples of 15 mg of coal char or graphite were heated to
1273 K at a ramp rate of 20 K/min under a N2 atmosphere. After remaining isothermal at 1273 K
for 10 min, the gas was changed to air and the samples were reacted isothermally at 1273 K for
30 min. The structural parameters ψRPM and ψFERPM were obtained by fitting the TGA analyses
with the RPM and FERPM, as shown in Figures 3 and 4. As discussed previously, the surface areas
Sg determined in Figures 3 and 4 shows that graphite had almost no microporous structure when
compared to the low-rank coal char. Moreover, the FERPM was calculated using a correction function
with the optimal values of the pore development model during coal combustion, including gasification.
The correlation coefficient between the experimental and fitting results using the RPM was 0.6532
for low-rank coal char, while the value for graphite was 0.8376. The FERPM led to much higher
correlation coefficients, with the value for low-rank coal char being 0.9956, and that for graphite being
0.9980. The improvement in the fitting correlation would be very helpful for modeling purposes as
predictions that are more accurate can be made using the revised model. Table 3 summarizes the
calculated structural parameters (ψ) and initial particle surface areas (S0) of low-rank coal char and
graphite. The structural parameter of low-rank coal char shows a good agreement with the prediction
obtained by using the equation proposed by the literature [22], which predicts that the coal with
a fixed carbon content of 42% should have a structural parameter about 0.46. However, the results
for graphite, which has a carbon content of 98%, did not agree with the value provided by FERPM
equation, which predicted a structural parameter of around 1. This may be due to the different fuel
types used in the literature, which predicted structural changes for the thermal coal. This means that
graphite was not considered in the range of fuel types used by the literature.

Figure 3. Char oxidation reaction rates and surface areas (Sg) for the carbon conversion of low-rank
coal char as calculated by the random pore model (RPM) and Flexibility-Enhanced Random Pore Model
(FERPM) using thermogravimetric analyzer (TGA) apparatus.
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Figure 4. Oxidation reaction rates and surface areas (Sg) for the carbon conversion of graphite as
calculated by the RPM and FERPM using TGA apparatus.

Table 3. Calculated structural parameters (ψ), FERPM parameters, and initial particle surface areas (S0)
of low-rank coal char and graphite.

Samples Low-Rank Coal Char Graphite

Structural parameter (ψRPM) 23.63 32.99
Structural parameter (ψFERPM) 6.81 17.43

FERPM parameter (a) 0.38 0.46
FERPM parameter (b) 2.40 6.63
FERPM parameter (c) 5.53 12.34

Initial particle surface area (S0) (BET Ar adsorption, m2/g) 113.4201 12.8004

The coal char surface area (Sg) was used to determine the intrinsic reaction rate, as discussed in
Equation (5). The reaction order (n) can be calculated by linearly fitting the natural logarithm value of
the ηexPO2,∞ and Rapp, as described in Equation (16), with the calculated reaction order for low-rank
coal char being 0.51 and the value for graphite being 0.73. The calculated reaction order results are
presented in Figure 5.

Figure 5. nth order Arrhenius plots for low-rank coal char and graphite.
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In order to allow for a comparison of the reaction rate constants when considering oxygen
diffusion, the apparent and intrinsic kinetics are shown in Figures 6 and 7, and Table 4, calculated
by the linear regression method using Equation (15). From an Arrhenius plot, Ln k versus 1/T,
a linear relationship is obtained and according to Equation (15), the activation energy and the
pre-exponential factor can be calculated. The results imply that the intrinsic and apparent reaction
kinetics considered both internal and external effectiveness factors at ambient oxygen concentrations
of 21% and 30% as the temperature increased. Low-rank coal char and graphite both showed more
significant differences between their intrinsic and apparent reaction kinetics at increased temperatures.
Moreover, the results suggest that the samples were diffusion controlled, with the effectiveness factors
shown in Figures 8 and 9 providing evidence to support this conclusion. To evaluate the effectiveness
factors obtained from the intrinsic reaction rates at high a temperature, the external effectiveness factor
decreased from 1 to 0.95, with graphite being slightly more affected by the external effectiveness
factor. Meanwhile, the internal effectiveness factors decreased significantly as the temperature
dropped. This implies that the reaction rates of the two samples were controlled by diffusion at
high temperatures [6].

Figure 6. Comparison of reaction rate constants when considering oxygen diffusion at an ambient
oxygen concentration of 21%.

Figure 7. Comparison of reaction rate constants when considering oxygen diffusion at an ambient
oxygen concentration of 30%.
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Figure 8. Effectiveness factors as a function of particle temperature at an ambient oxygen concentration
of 21%.

Figure 9. Effectiveness factors as a function of particle temperature at an ambient oxygen concentration
of 30%.

Table 4. Linear regression results for the intrinsic reaction rates expressed as nth-order
Arrhenius equations.

Samples
Low-Rank Coal Char Graphite

O2 21%
(N2 Balance)

O2 30%
(N2 Balance)

O2 21%
(N2 Balance)

O2 30%
(N2 Balance)

Reaction order, (-) 0.5081 0.7295

Apparent kinetics Ea (kJ/mol) 38.1 27.9 74.1 63.7
A (1/s·atmn) 1.031 × 10−5 6.81 × 10−6 1.363 × 10−3 8.105 × 10−4

Intrinsic kinetics
Ea (kJ/mol) 85.5 71.4 136.6 121.7

A (g/cm2·s·atmn) 8.956 × 10−4 4.186 × 10−4 5.954 × 10−1 2.315 × 10−1

It is apparent from the plots and the table that increasing the amount of oxygen in the atmosphere
increased the burning rate in the char kinetics, in spite of the faster char combustion rates. The absolute
values of the slopes of Figures 6 and 7 give the activation energies, E, and the intercepts with the y-axis
provide the natural logarithms of the pre-exponential factors, A.
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In order to define the intrinsic kinetics of the reaction, a mathematical model was used.
The activation energy of the low-rank coal char sample reacted at an O2 concentration of 21%
was 85.5 kJ/mol, and the pre-exponential factor was 8.956 × 10−4 g/cm2·s·atmn, whereas the
low-rank coal char sample reacted at an O2 concentration of 30% had an activation energy of
71.4 kJ/mol and a pre-exponential factor of 4.186 × 10−4 g/cm2·s·atmn. Similarly, the activation
energy of the graphite sample reacted at an O2 concentration of 21% was 136.6 kJ/mol, and the
pre-exponential factor was 5.954 × 10−1 g/cm2·s·atmn, whereas the graphite sample reacted at
an O2 concentration of 30% had an activation energy of 121.7 kJ/mol and a pre-exponential factor
of 2.315 × 10−1 g/cm2·s·atmn. Based on these results, it can be seen that increasing the oxygen
concentration in combustion promoted the char reaction rate and lowered the activation energy.
The intrinsic kinetics derived from the mathematical model showed the same trend as the experimental
results. As the oxygen content increased, the reaction rates of both the coal char and the graphite
sample increased. Thus, oxygen-enriched combustion could help to enlarge fuel range utilization so
that low-rank coal, which is hardly used in coal-fired boilers, can be used as a more common fuel.

4. Conclusions

A coal-heating reactor was utilized for oxygen-enriched combustion with oxygen concentrations
of 21–30%. It consisted of a Pt wire mesh for generating heat from a DC power supply and a setup
temperature controller. Low-rank coal char samples (75–90 μm) produced from pyrolysis of the raw
coal were used as fuel for char oxidation, and the experimental results were compared with those
obtained by using graphite with a carbon content of 99.12 wt %.

As the oxygen content in the reactor atmosphere was increased from 21% to 30%, the combustion
temperature of the low-rank coal char increased by 47.72 K at a setup temperature of 1673 K, whereas
the reaction time decreased by 30.22% at the same temperature. The graphite sample exhibited similar
trends in combustion temperature and reaction time. This suggests that the difference between the
temperature changes of the two samples at a low temperature was caused by the development of
a microporous structure during the initial stage of combustion. A numerical model was chosen for
calculating the reaction kinetics of the coal char in the presence of an oxygen content of 21–30%.

The structural parameters used in the fitting of the low-rank coal experiment result in a good
agreement between the FERPM and predictions from previous work. However, in the case of graphite,
a parameter outside of the predicted range was observed. This shows that the application of the
prediction model proposed in the previous work to a wider range of fuel types is improper, despite the
good agreement between the result and the model when using a prediction of the fitting parameter
outside of the usual range.

The activation energy of the low-rank coal char sample when reacted in an atmosphere
with an oxygen content of 21% was 85.5 kJ/mol, and the pre-exponential factor was
8.956 × 10−4 g/cm2·s·atmn. The low-rank coal char sample reacted at 30% oxygen content and
had an activation energy of 71.4 kJ/mol and a pre-exponential factor of 4.186 × 10−4 g/cm2·s·atmn.
The value of the activation energy was reduced at 30% oxygen content. Therefore, it is apparent that
the reactivity of the low-rank coal char improved in a 30% oxygen atmosphere when compared to its
reactivity in a 21% oxygen atmosphere. Furthermore, the graphite sample exhibited the same trend as
was seen for the experimental results for the low-rank coal char.
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Nomenclature

Aint intrinsic pre-exponential factor (g/cm2·s)
C reaction rate constant (1/s)
D diffusion constant (cm2/s)
DAB molecular diffusion coefficient (cm2/s)
Deff,O2 effective O2 diffusion coefficient (cm2/s)
dp diameter (cm)
dpore pore diameter (cm)
Eint intrinsic activation energy (kJ/mol)
kapp apparent rate constant (1/s)
kint Intrinsic rate constant (g/cm2·s·atm)
m mass (g)
mash ash mass (g)
m0 initial mass of char (g)
mt mass of char at the time (g)
M molecular mass (g/mol)
MAB mixed molar mass of A and B (g/mol)
n Reaction order
P pressure (atm)
PO2,S partial pressure of O2 with at the external particle surface (atm)
PO2,∞ partial pressure of O2 in the ambient atmosphere (atm)
Rapp apparent reaction rate (1/s)
Rint intrinsic reaction rate (1/s)
Ru gas constant (8.314 × 10−3 KJ/(mol·K) = 82.057 atm/(cm3·mol·K))
Sg surface area (cm2/g)
Tp particle temperature (K)
x carbon conversion (g/g)

Greek Symbols

ε char particle porosity
Φ Thiele modulus
ηex external effectiveness factor for gas transport in the boundary layer
ηin internal effectiveness factor
ν stoichiometric coefficient
τ tortuosity factor of the pore (=1.414)
ρp apparent density (g/cm3)
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Abstract: The aim of the paper is to rank the agro-energy regions according to their potentials
of biomass production in the Region of Central Macedonia (RCM). For this reason, a model of
Multi-Criteria Analysis (MCDA) is developed with the ELimination and Et Choix Traduisant la
REalite (ELECTRE) III method, with the construction of outranking relations. The aim is to compare
in a comprehensive way each pair of action, in our case the agro-energy regions of the RCM, in order
to satisfy the main goal which is to rank the seven regions as regards their biomass production.
The final goal is to select the optimal crop plan as a pilot case for biomass production in the region.
In the case of ELECTRE III multicriteria model, we used several conflicting criteria such as the
farm income, the biomass production from crop residues, the variable costs, and the production of
thermal energy and electrical energy. Alongside a technical and economic analysis of the study area is
conducted for the existent crop plans of each agro-energy region. The results show that agro-energy
regions with cereals and arable crops have better results than regions with fruit trees and other crops.

Keywords: biomass production; multicriteria model; ELECTRE III

1. Introduction

The E.U. Common Agricultural Policy (CAP) has set a series of environmental measures
known as Agrienvironmental Schemes .Farmers must meet the conditions set by these measures
in order to be eligible for subsidies for their cultivated crops. The new CAP framework for the
2014–2020 programming period reinforces the environmental conservation agenda [1]. According to
Vlontzos et al. [1] these policy interventions impact both the energy and environmental efficiency of the
primary sectors of E.U. member states. Also, one of the main objectives of the Horizon 2020 program
is the creation of competitive industries based on sustainable technologies [2]. The contribution of
biomass utilization industries from agricultural residues and in particular in Southern Europe has been
presented in several research papers [3,4]. In this way farmers have an incentive to keep agricultural
residues, a new form of bio-energy and agro-energy regions grow, diminishing the effects of climate
change and creating a sustainable economic model [5].

According to the E.U. Biomass Policy and Action Plan [6] “biomass is essential for environmental
and competitiveness reasons”. On the other hand the European Parliament has adopted the statement
that “biomass has many advantages over conventional energy sources, as well as over some other
renewable energy forms”. These advantages can be summarized, in the “low costs, less dependence on
short-term weather changes, promotion of regional economic structures and provision of alternative
sources of income for farmers”. For these reasons Rosillo-Calle argues that biomass production is of
high importance for rural areas and especially for overall rural development [7].
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According to Best [8] “agro-energy refers to the energy function of agriculture, which can make
significant contributions to achieving social and environmental sustainability at local, national, regional
and global levels”. This goal can be achieved by using agricultural and livestock resources worldwide
and many new technologies in order to transform the traditional uses of these resources into modern
forms of energy [8].

Based on the European energy policy axis [9] and the late development of renewable energy
sources in Greece, the region of Macedonia is the best example to examine the creation of agro-energy
regions. It is assumed that the exploitation of agricultural and forest residues has only positive impact
in terms of jobs creation and the generated thermal and electrical energy [10]. Also, the utilization of
energy crops and the production of biofuels, has an overall positive impact worldwide [11]. Greece
depends heavily on imported forms of fossil fuels, but has high renewable energy production capacity
and has set high goals. The objectives of Greece for producing final energy from renewable sources
(any form) amount to 20% of total production by 2020 [12].

The main goal of this paper is to rank the agro-energy regions of the Region of Central Macedonia
in Northern Greece. This can be achieved by calculating a number of indicators for biomass and
bio-energy production from agricultural residues. By implementing an ELECTRE III multicriteria
model, we will rank the seven agro-energy regions (Thessaloniki, Imathia, Kilkis, Pella, Pieria, Serres
and Chalkidiki) with a set of criteria regarding economic and environmental aspects. In the next steps,
ELECTRE III multicriteria model will compare in a comprehensive way each pair of indicators and will
rank them with the use of the conflicting criteria. The three of them are economic criteria (gross margin,
income and variable cost) and the rest are environmental criteria (biomass production, production
of thermal energy, production of electrical energy). The final result will be the ranking of the seven
agro-energy regions according to their potential production of biomass from agricultural crop residues.

First, the methodology of the ELECTRE III multicriteria model is presented with all the necessary
mathematical equations. The section also includes the presentation of the case study area and the
calculation of the main environmental and economic indicators that will be used as criteria for ranking
the agro-energy regions of the Central Macedonia. The following section presents the results of the
analysis from the implementation of the ELECTRE III multicriteria model. The final section contains
the concluding remarks.

2. Methodology

2.1. Multicriteria Methods for Biomass Production

Many mathematical programming models of the decision-making process of farmers have been
applied in several studies found in the literature. Examples are the multicriteria model for the
assessment of rural development plans in Greece [13], the model for rural households to measure
the effects of the Common Agricultural Policy (CAP) in three Southern European countries [14], and
similar examples are the work of Xu et al. [15], Valiakos and Siskos [16] and Prišenk et al. [17]. The use
of multicriteria models for ranking regions is also very common in the literature [18,19]. On the other
hand, many methodologies have been successfully applied for the biomass production in farm level
such as Haas et al. [20], Brentrup et al. [21], Pulighe et al. [22], Neri et al. [23], Blengini and Busto [24],
Yu and Tao [25], Castillo-Villar et al. [26] and Fedele et al. [27].

This study will develop an ELECTRE III mathematical programming model for ranking the
agro-energy regions of the region of Central Macedonia. The ELECTRE III multicriteria model will
be used for the first time for ranking agro-energy regions focusing on biomass production. The great
advantage of the methodology is that the results are presented clearly, facilitating the rational discussion
of the results and the policy makers. The existent crop plans play a vital role in policy for biomass
exploitation, especially in a sensitive environmental area since a large part of Central Macedonia
consists of the Network areas Natura 2000. Therefore, this methodology is the most appropriate
supportive tool for the ranking of the potentials of agro-energy regions and their combinations. Also,
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the ELECTRE III multicriteria model has not been implemented anywhere in Greece for the analysis of
biomass production.

2.2. The ELimination and Et Choix Traduisant la REalite (ELECTRE III) Multicriteria Method

ELECTRE III is a well-known multicriteria method widely chosen in the international
literature [28,29]. This method requires the determination of prices of three thresholds of the criteria
which are used as the indifference threshold, preference threshold and the veto threshold [30].
These allow the uncertainties of the evaluation criteria, be integrated into a decision-making
process [31]. The ELECTRE III multicriteria model is used in solving multi-criteria decision-making
problems in order to determine the best alternative to a given problem using the multi-criteria
analysis [32]. The only reason that this method could be meaningless is the lack of available weights of
the criteria and/or the accurate and complete information in minimum preference limits [31]. In this
study a number of gj, criteria (indicators in our case), where j = 1, 2, . . . r and a group of alternative
scenarios (agro-energy regions in our case) are considered. Between the two scenarios a and b there is
a possibility to have the following relationships and opposite [30]:

• aPb: The a is strongly preferred to b, where g(a) − g(b) > p
• aQb: The a is meager preferred to b, where q < g(a) − g(b) ≤ p
• aIb: Indifference between a and b, when |g(a) − g(b)| ≤ q

where p is the preference threshold and q the indifference threshold. The prices for p and q are set by
the decision makers [30].

For the implementation of the ELECTRE III multicriteria model we introduce the relation with
IPS = aSb symbolism, indicating that scenario a, is at least as good as b. In order to examine the aSb
statement introduces the following principles according to Buchaman et al. [33]:

• Agreement Principle: Applies aSb for the majority of the criteria.
• Principle of non-discrepancy: From all the criteria under which it accepted the statement contains

no criterion on which this statement is strongly rejected.

The aSjb symbol indicates that scenario a is at least as good as b relative to the j criterion.
In order the criterion j to be considered in accordance with the aSb statement should apply aSjb,
i.e., gj(a) ≥ gj(b) − qj. Respectively the criterion j is in disagreement with the statement aSb when
applicable bPja, i.e., gj(b) ≥ gj(a) − pj.

In general, the purpose of the method is defined as the ranking of alternative scenarios
considering [34]:

• The indifference and preference thresholds for each criterion.
• The criteria weights.
• The difficulties that may arise from comparing two scenarios, the first is significantly better than

the second relative to a subset of criteria but inferior compared with the total evaluation.

Multicriteria evaluation of the potentials of biomass production of the agro-energy regions of
Central Macedonia consists a problem which is formulated by using a set of alternatives (a, b, c,
d, e, f, g) and a set of criteria (c1, c2, c3, c4, c5, c6). The evaluation of criterion j for alternative
A is described as cj(A). The approach adopted in the framework of this analysis uses a ranking
scheme following ELECTRE III principles, based on binary outranking relations in two major concepts;
“Concordance” (cj) when alternative a outranks alternative b if a sufficient majority of criteria are in
favour of alternative a and “Non-Discordance” (dj) when the concordance condition holds, none of
the criteria in the minority should be opposed too strongly to the outranking of b by a. The assertion
that a outranks b is characterized by a credibility index which permits knowing the true degree of this
assertion [35]. To compare a pair of alternatives (a,b) for each criterion, the assertion “a outranks b” is

318



Energies 2017, 10, 1061

evaluated with the help of pseudo-criteria. As already discussed, the pseudo-criterion is built with
two thresholds, namely indifference (qj) and preference (pj), for which the following apply [30]:

• When cj(a) − cj(b) ≤ qj, the non-difference between alternatives a and b for the specific criterion j
under study is identified. In this case cj(a,b) = 0.

• When cj(a) − Vj(b) > pj, then a is strictly preferred to b for criterion j. In this case cj(a,b) = 1.

For a criterion j and a pair of alternatives (a,b), the concordance index is defined as follows [30]:

cj(a, b) =

⎧⎪⎪⎨
⎪⎪⎩

1 gj(b)− gj(a) ≤ qj

0 gj(b)− gj(a) ≥ pj
pj+gj(a)−gj(b)

pj−qj
qj ≤ gj(b)− gj(a) ≤ pj

A global concordance index Ca,b for each pair of alternatives (a,b), is computed with the
concordance index cj (A, B) of each criterion j [30]:

c(a, b) =
1

r
∑

j=1
kj

r

∑
j=1

kjcj(a, b)

where kj is the weight of criterion j.
As already mentioned, a discordance index dj(a,b) is also taken into consideration for all pairs of

alternatives and each criterion j. Discordance index (dj) is evaluated with the help of pseudo-criteria
with a veto threshold (vj), which represents the maximum difference cj(a) − cj(b) acceptable to not
reject the assertion “a outranks b”, as follows [30]:

dj(a, b) =

⎧⎪⎪⎨
⎪⎪⎩

0 gj(b)− gj(a) ≤ pj

1 gj(b)− gj(a) ≥ vj
gj(b)−gj(a)−pj

vj−pj
pj ≤ gj(b)− gj(a) ≤ vj

The index of credibility S(a,b) of the assertion “a outranks b” is defined as follows [30]:

S(a, b) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

C(a, b)
dj(a, b) ≤ C(a, b)

∀j

dj(a, b) ≥ C(a, b)

C(a, b) · ∏
j∈J(a,b)

1−dj(a,b)
1−C(a,b) J(a, b) : dj(a, b) > C(a, b)

In the case that a veto threshold is exceeded for at least one of the selected criteria, the credibility
index is null. In other words, the assertion “a outranks b” is rejected. As regards the ranking procedure
of all available location alternatives Aj, two complete pre-orders are constructed through a descending
and an ascending distillation procedure [30]. In a nutshell, descending distillation refers to the
ranking from the best available alternative to the worst, while ascending distillation refers to the
ranking from the worst available alternative to the best [36,37]. As a last step of the developed
methodology, sensitivity analysis is available, since parameter values in real life applications originate
from estimations which are sometimes more or less reliable (weighting factors, thresholds, criteria
qualitative values etc.) [30].

The next step is to rank the scenarios according to the reliability table. Originally there are formed
two rankings Z1 and Z2, one ascending and one descending preference respectively and from their
combination we end up in the final standings Z = Z1 ∩ Z2 [30].
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At this point the constant λ is inserted, which is the highest reliability panel λ = max S(a,b)
and is defined as s reliability value (λ), such as to remain only the values S(a,b) gene is greater than
λ − s(λ).The reliability value, like boundaries pj, qj, vj above, determined by the decision-maker. We
then apply [30]:

T(a, b) =

{
1 S(a, b) > λ − s(λ)
0 S(a.b) < λ − s(λ)

}

From the implementation of the last function derived the final scoreboard under which rankings
will be achieved. For the implementation of the ELECTRE III multicriteria model, the “demo” version
of the software developed by the French university “LAMSADE Paris-Dauphine” was used [38]

2.3. Case Study Area and Criteria

2.3.1. Case Study Area

The case study area in this study is the Region of Central Macedonia (RCM). The RCM is divided
into seven regional units, namely Chalkidiki, Imathia, Kilkis, Pella, Pieria, Serres and Thessaloniki.
These regional units are considered as the agro-energy regions of the study. According to the biomass
potential maps of the National Information System for Energy, the region of Central Macedonia has the
largest reserves of biomass from agricultural residues of all Greece. All the appropriate technical and
economic data of the total number of the agricultural holdings, collected from the General Directorate
of Rural Economy and Veterinary and the Hellenic Statistical Authority. The data refers to the year of
2013. Crop plans of the agro-energy regions of the RCM are presented in Table 1.

Table 1. Crop plans of the agro-energy regions of the RCM.

Crops Chalkidiki Imathia Kilkis Pella Pieria Serres Thessaloniki

Alfalfa 5548 4408.7 5518.7 3394.6 10,175.7
Apples 2614

Apricots 1628.7
Barley 4265.8 1493.5 3549.8 4064 2425.4 7825 5324.8

Cherries 7825.1
Cotton 16,354.4 6814.1 11,204.8 4614.8 14,816.2 10,348.6

Hard Wheat 16,218 4842 38,247.8 5933.5 9498.7 33,527 30,848.1
Kiwi 3218.4

Maize 5998.3 3394.9 8498.7 1754.5 24,135 2994.8
Nectarines 3914 2948.5

Oats 3214.2
Olive Trees 30,847 3214.8 4623 2418.7

Peaches 18,235.7 15,898.7
Rapeseed 2145

Rice 1624 987.5 3104.5 17,994.5
Set Aside 11,922.9 2778.4 9909.9 4998.3 4358.4 8245.8 8494.5

Soft Wheat 3654.1 1598.4 22,246.3 4134.8 7914.8 11,924.5 21,911.2
Sunflower 1658.1 2158.9 10,748.5 5284.5

Tobacco 4888.8 2245
Vetch 2549.1
Total 30,847 65,000.7 90,730.4 72,653.8 46,270.7 133,515.2 105,619.7

2.3.2. Criteria

The selected criteria for the implementation of the ranking methodolody were three economic
criteria (gross margin, income and variable cost) and three environmental criteria (biomass production,
production of thermal energy, production of electrical energy). The criteria are calculated by
multiplying the total land (ha) of each crop in the agro-energy district with the values of each indicator
separately. A short description of the criteria is presented below.
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Gross Margin

Gross margin is calculated by subtracting from income the variable cost of each crop of the agro
energy region.

Income

It was computed by the simple combination of yields (kg/ha), and prices (€/ha), plus subsidies
where applicable for each crop of the agro-energy region.

Variable Cost

In order to calculate variable cost all the agricultural inputs are summarized (seeds, fertilizers,
chemicals, machinery, labour and the cost of water etc. (€/ha)).

Biomass Production

Based on the literature and taking into account newer research efforts [39] in the same direction [5]
the agricultural residues from larger crops per area and yield in tons per hectare are calculated and are
presented in Table 2.

Table 2. Biomass production (tn/ha) from crops residues for the main crops of the Region of
Central Macedonia.

Crops Residues Type Output of Residues (tn/ha) Humidity % Biomass (tn/ha)

Alfalfa Straw 3 0.15 2.6
Apples Pruning 2.4 0.40 1.4

Apricots Pruning 1.6 0.40 1
Barley Straw 2.7 0.15 2.3

Cherries Pruning 2.5 0.40 1.5
Cotton Straw and shell (overground) 4.2 0.40 2.5
Cotton Straw and shell (root) 1.3 0.56 0.6

Hard Wheat Straw 1.6 0.15 1.4
Kiwi Pruning 1.6 0.35 1

Maize Stalks and cobs 10.5 0.55 4.7
Nectarines Pruning 2.9 0.40 1.7
Olive Trees Pruning 1.7 0.50 0.9

Peaches Pruning 2.9 0.40 1.7
Rapeseed Straw 4 0.53 1.9

Rice Straw 3.8 0.25 2.9
Set Aside Not applied

Soft Wheat Straw 2.5 0.15 2.1
Sunflower Stalks 4 0.40 2.4

Tobacco Stalks 2.2 0.85 0.3

Production of Thermal and Electrical Energy

In order to calculate the production of thermal and electrical energy for crops, the Lower Heating
Values (LHV) were considered [40,41]. In the final stage of calculating the production of thermal and
electrical energy using the following formulas respectively:

Production of Thermal energy (MJ): 0.9 × Biomass (kg) × LHV(MJ/kg)

Production of Electrical energy (MJ): 0.2 × Biomass (kg) × LHV(MJ/kg)

3. Results and Discussion

The following section includes the calculation of the indicators which are used as criteria in the
ELECTRE III model (Table 3). It also includes the ranking of the seven agro-energy regions of the
Central Macedonia after the implementation of the ELECTRE III multicriteria model.
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Table 3. Calculation of the six criteria for ELECTRE III model.

Alternatives
Agro-Energy

Regions

Criteria

Gross Margin (€) Income (€) Variable Cost (€)
Biomass

Production

Production of
Thermal

Energy (MJ)

Production of
Electrical

Energy (MJ)

Imathia 82,639,292.18 210,811,094.64 128,171,802.46 153,941.88 2,565,940,026.60 570,208,894.80
Thessaloniki 54,904,658.03 119,336,134.20 64,431,476.17 213,695.21 3,140,541,839.70 697,898,186.60

Kilkis 48,153,421.10 87,650,548.66 39,497,127.56 160,925.00 2,383,266,261.96 529,614,724.88
Pella 174,610,011.65 317,328,408.48 142,718,396.83 161,579.45 2,686,299,186.15 596,955,374.70
Pieria 50,209,550.87 104,365,027.78 54,155,476.91 77,115.67 1,175,256,301.05 261,168,066.90
Serres 80,164,854.89 178,619,541.72 98,454,686.83 318,397.21 4,837,020,975.00 1,074,893,550.00

Chalkidiki 56,526,005.64 135,930,670.10 79,404,664.46 77,969.21 1,275,268,402.80 283,392,978.40

From Table 3 we can conclude that Serres agro-energy region has the highest potential values
for biomass production. The second region is Thessaloniki, followed by Pella, Kilkis and Imathia.
The agro-energy regions of Chalkidiki and Pieria are the two with the lowest biomass production
potentials. The crop plans of Serres and Thessaloniki mainly include arable crops and cereals which
have mainly straw as output residues and high biomass values. The crop plans of Pella and Imathia
include mainly fruit trees which produce high pruning values but with low output residues. Finally,
the regions of Chalkidiki and Pieria have mixed crop plans with olive trees and arable crops. From these
results we can conclude that the variety of crops in the existent crop plans is one of the most important
factors as regards the biomass production potentials. Thus, agro-energy units with crops with high
agricultural output residues have better results as regards the biomass production and in the production
of thermal and electrical energy. As regards the comparison between the economic indicators and
the biomass production potential we can conclude that biomass production hasn’t any relation to the
economic results. Agro-energy regions with high values of gross margin such as Pella and Imathia
present the lowest biomass production potentials in comparison with the agro-energy regions of Serres
and Thessaloniki.

Ranking

The ranking of the agro-energy regions of the Region of Central Macedonia was performed using
the ELECTRE III multicriteria model. The criteria (gross margin, income and variable cost, biomass
production, production of thermal energy, production of electrical energy) were used to describe
the characteristics of each agro-energy region of the Region of Central Macedonia as regards the
economic and environmental aspects. Some of these criteria are conflicting, which is important for the
implementation of the ELECTRE III model.

For the implementation of the ELECTRE III multicriteria model, it is necessary a set of weights for
every criterion in our research. For this reason, a group of experts (including policy makers from the
Ministry of Rural Development and Food, the General Directorate of Rural and Veterinary Economy,
farmers and researchers) were interviewed. For the definition of the criterias’ weights, a questionnaire
administered through personal meetings was used. The results of the questions as regards the weights
of each criterion are presented in Table 4.

Table 4. Weights of each criterion.

Criteria Weights (%)

Gross Margin (€) 7.70
Income (€) 7.70

Variable Cost (€) 7.70
Biomass Production 35.10

Production of Thermal Energy (MJ) 22.20
Production of Electrical Energy (MJ) 19.60

Total 100
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The ELECTRE III multicriteria model was implemented using the “demo” version of a software
developed by the French university “LAMSADE Paris-Dauphine” [38]. Each agro-energy region
of the region of Central Macedonia was assigned a unique alphanumeric code for software use.
The alphanumeric codes were:

A0001: Agro-energy Region of Imathia
A0002: Agro-energy Region of Thessaloniki
A0003: Agro-energy Region of Kilkis
A0004: Agro-energy Region of Pella
A0005: Agro-energy Region of Pieria
A0006: Agro-energy Region of Serres
A0007: Agro-energy Region of Chalkidiki

The credibility matrix of the ELECTRE III multicriteria models for the agro-energy regions
was (Table 5):

Table 5. Credibility Matrix.

Codes A0001 A0002 A0003 A0004 A0005 A0006 A0007

A0001 1 0.15 0.92 0.85 0.92 0.15 0.92
A0002 0.85 1 0.92 0.85 0.95 0.077 0.98
A0003 0.81 0.15 1 0.67 0.98 0.077 0.9
A0004 0.92 0.22 0.92 1 0.92 0.15 0.92
A0005 0.077 0.21 0.15 0.077 1 0.077 0.92
A0006 0.92 0.92 0.92 0.85 0.92 1 0.92
A0007 0.077 0.15 0.15 0.077 0.92 0.077 1

The concordance matrix of the ELECTRE III multicriteria models for the agro-energy regions
was (Table 6):

Table 6. Concordance Matrix.

Codes A0001 A0002 A0003 A0004 A0005 A0006 A0007

A0001 1 0.15 0.92 0.85 0.92 0.15 0.92
A0002 0.85 1 0.92 0.85 0.95 0.077 0.98
A0003 0.81 0.15 1 0.67 0.98 0.077 0.9
A0004 0.92 0.22 0.92 1 0.92 0.15 0.92
A0005 0.077 0.21 0.15 0.077 1 0.077 0.92
A0006 0.92 0.92 0.92 0.85 0.92 1 0.92
A0007 0.077 0.15 0.15 0.077 0.92 0.077 1

After the implementation of the ELECTRE III multicriteria model, the following ranking emerged
for the agro-energy regions of the Region of Central Macedonia where:

A0006 > A0002 > A0004 > A0001 > A0003 > A0005 and A0007

The final ranking of the alternatives (agro-energy regions) presented in the next table (Table 7):

Table 7. Final ranking of the seven agro-energy regions of the RCM.

Ranking Code Agro-Energy Region

1 A0006 Serres
2 A0002 Thessaloniki
3 A0004 Pella
4 A0001 Imathia
5 A0003 Kilkis
6 A0005 and A0007 Pieria and Chalkidiki
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From the table above, we can observe that as regards the biomass production potentials in the
Central Macedonia region, the agro-energy region of Serres has the first position, followed by the
agro-energy region of Thessaloniki. The third position is held by the agro-energy region of Pella,
followed by the agro-energy region of Imathia. In fifth position we have the agro-energy region of
Kilkis. The agro-energy regions of Pieria and Chalkidiki share the final position.

From the results we can conclude that the size of the agro-energy region was an important factor.
The crop plan of the agro-energy region of Serres seems to have the best mix of crops that produce
biomass. The crop plan includes mainly arable crops and cereals as described in the previous section.
The second crop plan, of Thessaloniki, seems to have a similar crop mix as the agro-energy region of
Serres. The following crop plans of Pella and Imathia mainly comprise fruit trees.

The next figure (Figure 1) shows the ascending and descending distillations of the optimal
agro-energy region which in our case is Serres, for biomass production.

Figure 1. Ascending and descending distillations of the optimal agro-energy region for the biomass production.

4. Conclusions

The main aim of this research was to rank the agro-energy regions in Central Macedonia as
regards their potential for biomass production from agricultural residues. For this purpose six
main indicators were calculated (gross margin (€), farm income (€), variable costs (€), biomass
production (tn), production of thermal energy (mj), production of electrical energy (mj),) for the
seven agro-energy regions of the region. These indicators were used as criteria in a multicriteria
analysis model. The multicriteria analysis model was developed using the ELECTRE III method. This
model was used to rank the crop plans of the seven agro-energy regions under the eight criteria that
we have selected. The research also examined the thermal and electrical energy in MWh produced
by the biomass from agricultural residues. The results showed that the agro-energy region of Serres
had the optimal crop plan for biomass production in the region, followed by the agro-energy region of
Thessaloniki. These agro-energy regions had crop plans that included cereals (hard and soft wheat),
maize, cotton and rice which are crops that produce high levels of biomass. The next crop plans were
the crop plans from the agro-energy regions of Pella and Imathia. These crop plans included fruit
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trees crops such as peaches and cherries which can produce high levels of residues from their pruning.
From the above we can conclude that the biomass production in the region of Central Macedonia can
be increased if the farmers were to turn to crop plans that include cultivation options like those of the
agro-energy regions of Serres and Thessaloniki. Also, in the multicriteria ELECTRE III model we used
criteria such as gross margin and variable costs that are basic criteria in the farmers’ decision-making
process when they select the crops that they will cultivate. On the other hand, as we know, their
decisions do not include the biomass production. The multicriteria analysis managed to include these
conflicting selection criteria in the model and the results of the ELECTRE III ranking proposed the
optimal crop plans that the farmers can use and the policy makers can suggest.

The main policy message from this study is that the creation of agro-energy districts with the use of
the proposed crop plans can lead to an increase in farm income and promote sustainable development
for rural areas using agricultural residues for biomass production both for economic and environmental
reasons. The proposed crop plans could be an important tool for the local and regional authorities,
since they integrate the farmers’ desire for profits and the social concerns about environmental issues.
The ELECTRE III multicriteria model could be further improved in order to include more economic,
environmental and social criteria that affect the biomass production. We postulate that in the future
biomass production from agricultural residues will be one of the main criteria for farmers in their crop
selection decision-making process. We can suggest that policy makers should encourage public and
private investments in the production of energy from biomass and the creation of agro-energy districts
in order to achieve better income for farmers and more sustainable development for rural areas.
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