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H I G H L I G H T S

• Properties of chars from six commercial biomass gasifiers have been investigated.

• Feedstock, gasification technology and operating conditions affect char properties.

• Gasification char and activated carbon have similar mechanisms of formation.

• Gasification char has the potential to substitute activated carbon as adsorbent.
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A B S T R A C T

This study points out the similarities between gasification char and activated carbon and reviews its successful
applications in the field of adsorption. Since only few data on char from biomass gasification are available in the
literature, chars collected from six different commercial gasification plants have been characterized by different
techniques. Similarities and differences of the six samples have been pointed out and eventually, three samples
have been selected as the most suitable for further applications of char as activated carbon. Characterization
results have been compared with data available in the literature and finally, effective examples of char appli-
cations as adsorbent have been reported.

1. Introduction

Gasification is a thermochemical process in which carbonaceous
substances, like biomass, are converted into gas in the presence of a
gasifying agent, typically air, steam, nitrogen, carbon dioxide, oxygen
or a combination of these [1]. It takes place at temperatures between
500 and 1400 °C and entails several chemical reactions. The main
products are syngas, tar and char and their amount and properties
strictly depend on the initial composition of the feedstock and the op-
erational conditions [2–7]. The desirable product is syngas, a mixture of
gases such as CO, H2, CH4 and lighter hydrocarbons, that can be used in
combined heat and power (CHP) engines for the cogeneration of heat
and electricity or for the production of fuels (e.g. F-T diesel, methanol,
hydrogen, etc.) [8–12]. On the other hand, tar, a black and highly
viscous liquid residue similar to a bituminous oil, and char, a solid
carbon based material with a highly porous structure, are the un-
desirable byproducts of the process.

A critical aspect for the management of the existing gasification
plants is the disposal of char that can represent 5–10% of the initial
mass of the feedstock [13]. Presently, char has to be treated as a waste

representing an actual loss for the plant owners.
The urgency to find alternative and innovative applications for char

residues from an industrial point of view, has lead the scientific com-
munity to explore different viable pathways for their valorization (e.g.
combustion [14], dye adsorption [15], catalyst preparation [16], tar
cracking [17], soil fertilization [18]).

However, before finding the most suitable applications for char, its
properties should be deeply investigated.

Although comprehensive research has been conducted on the
characterisation of carbonaceous materials derived from thermo-
chemical processes, most studies analyse the properties of char derived
from lab/pilot-scale gasification plants [13,18–23] and bio-char
[24–32]. It is worth pointing out that char and bio-char are two dif-
ferent materials, with similar but not identical properties. Indeed, ac-
cording to the European Certificate of Biochar, biochar is defined as
char produced by pyrolysis of organic waste, a process that, takes place
in absence of oxygen at temperature ranging from 350 to 1000 °C [33].

Studies on the characteristics of char from biomass gasifiers at the
commercial scale are instead almost absent in the literature [34].
Nevertheless, a thorough knowledge of the material and its relations
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with the gasification technology, are crucial in the view of char valor-
ization from an industrial point of view.

In this study, in order to offset the lack of data on char derived from
industrial gasification plants, properties of chars collected from six
different biomass gasifiers operating in South Tyrol (Italy) and Austria
are presented. Composition, porosity and morphology of the chars and
their correlations to the production technologies have been investigated
and pointed out.

Among the different properties analyzed, the high content of carbon
and high porosity of char, resemble the ones of activated carbon (AC), a
carbonaceous and highly porous material that has been widely and
successfully used for many decades in different applications (e.g. ad-
sorption, filtration, purification, storage, catalysis, etc.) [35,36].

Projections show that the entire world demand for ACs will increase
to 2.1 million metric tons in 2018 [15] and cheaper precursors for ACs,
like biomass gasification char, a low-cost product with variable and
tailorable surface properties (surface functional groups, porosity and
surface area), could decrease the cost of ACs-based products and ex-
pand their utilization.

This paves the way to different potential applications of gasification
char as AC offering a sustainable and profitable way of recycling it,
reducing the issues related to its disposal and enhancing the energetic
and economic potential of industrial gasification plants.

The aim of this study is twofold. Firstly, the composition, porosity
and morphology of chars collected from actual industrial gasification
plants are investigated and their properties are correlated with the type
of gasification technology, initial feedstock and operating conditions.
Secondly, the similarities between char and AC in terms of mechanism
of formation are presented, and some possible valorization routes of
char as AC in adsorption applications are reviewed.

2. Properties of char from biomass gasification

2.1. Materials and methods

Char from biomass gasification is a very heterogeneous material
with properties strictly dependent on the gasification technology, the
operating conditions and the initial feedstock.

Unlike data on pyrolytic char, already used as precursor for acti-
vated carbon [24–31], data on char residues from gasification plants
are more scarce in the literature [13,18–23,34,37]. Indeed, only a few
studies report gasification char characteristics, such as elemental and
proximate analysis results, calorific value, SEM images and BET surface
area (SBET), and no significant amount of work has been conducted on
char derived from commercial gasification plants.

In order to valorize char, it is crucial to have a deeper knowledge of
the morphology, structure, porosity of this material. For this purpose,
chars have been collected from six different gasification plants located
in South Tyrol, Italy, and Austria, and then characterized in detail. The
gasification plants selected are industrial plants currently in operation.

The characteristics of the six different technologies (A, B, C, D, E, F)
are reported in Table 1. The reader is referred to Ref. [8] for further
information on technology A, B, C, D.

The elemental composition (carbon, hydrogen, nitrogen content) of
the six samples was determined by using an elemental analyzer (Vario
MACRO cube, Elementar) and ash content was determined according to
UNI EN 14775:2010 [38].

Structural features of char were investigated by X-ray diffraction
technique (XRD). X-ray powder diffraction patterns were collected at
room temperature using a Philips X’Pert powder diffractometer (Bragg-
Brentano parafocusing geometry) equipped with a focusing graphite
monochromator on the diffracted beam and with a proportional counter
with electronic pulse height discrimination. A nickel-filtered CuKα1
radiation (λ = 0.15406 nm) and a step-by-step technique (step of 0.05°
for 20 s) with collection times of 10 s/step were employed.

Surface area, pore volume and pore size of char were measured

using a 3Flex Surface Characterization Analyser (Micromeritics Co.,
USA) operating with N2 at 77 K [39]. Before analysis, samples were
vacuum degassed at 350 °C for 3 h. The specific area was determined by
the Brunauer-Emmett-Teller (BET) method while the pore size dis-
tribution was obtained by Barret-Joyner-Halenda (BJH) desorption
analysis.

The small angle X-ray scattering data were obtained with a Kratky
camera with the “quasi-infinite slit” geometry, equipped with an electronic
step scanner. Ni-filtered CuKa radiation were used. A pulse height dis-
criminator and proportional counter, were also employed. The intensities
(denominated J(h) for this geometry, where h = 4π sin(θ)/λ is the mod-
ulus of the momentum transfer, θ is the scattering angle and λ is the
wavelength employed) were measured by determining the time necessary
to accumulate 2 × 104 counts for each scattering angle. The corrected
intensities were obtained by subtracting the instrumental background in-
tensity corrected for sample absorption.

Char particle structure and surface topography were investigated by
Scanning Electron Microscopy (SEM) using a Phenom ProX, Phenom
World.

2.2. Results and discussion

Data obtained by CHN analysis and ash measurements are reported
in Table 2.

As expected, the results are very different among the six samples
underlining the heterogeneous nature of char. Samples C and D, pro-
duced by similar gasification technologies (downdraft gasifier) using
the same gasifying agent (air), show completely different behaviors.
Sample D contains one of the highest amount of carbon and one of the
lowest of ashes among the samples, while sample C contains the lowest
amount of carbon and the highest of ashes. Ash is the inorganic part of
biomass left as solid residue after the thermal conversion of the fuel.
Ash is primarily made of compounds of silica, aluminum, iron, and
calcium but also small amounts of magnesium, titanium, sodium, and
potassium may be present [1]. Since the structure of ash compounds is
crystalline, a significant presence of crystalline phases is expected in
samples rich in ash, such as sample C.

In order to confirm these findings and to obtain further information
on the possible crystalline phases present in the samples, a XRD analysis
was performed.

Table 1
Characteristics of the selected biomass gasification plants located in South Tyrol, Italy,
and Austria.

Feedstock Technology Gasifying agent Nominal power T (°C)

A Wood chips Downdraft Air 45 kWel
120 kWth

∼650

B Pellets Rising co-current Air 180–190 kWel
220–240 kWth

∼700

C Wood chips Downdraft Air 100–150 kWel
200–250 kWth

∼650

D Wood chips Downdraft Air 300 kWel
600 kWth

∼800

E Wood chips Dual stage gasifier Air 50 kWel
80 kWth

∼900

F Wood chips Dual stage gasifier Air 210 kWel
350 kWth

∼850

Table 2
Elemental composition and ash content of the investigated chars.

A B C D E F

C (% wtdry) 68.63 83.39 48.03 87.58 78.97 91.39
H (% wtdry) 0.33 0.98 0.89 0.98 0.68 0.72
N (% wtdry) 0.83 0.23 0.25 1.98 0.20 0.26
Ash (% wtdry) 27.84 13.54 49.52 8.68 22.20 4.20
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