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A B S T R A C T   

Our work provides a thorough characterization of different biochars produced by a novel 50 kWth Indirectly 
Heated Bubbling Fluidized Bed Steam Reformer. This study investigates the effect of temperature and gasifica-
tion agent on the physico-chemical properties of biochars. We combined macro, micro and nano characterization 
techniques to provide a clear picture of the biochar characteristics, surface functionality and its “inert” nature 
toward potential applications. Our results demonstrate that indirect gasification is capable of producing carbon- 
rich biochars (> 92%) with increased porosity (89–198 cm3.g− 1), high heating value (28–31 MJ.kg− 1 a.r.) and 
aromaticity compared to the parent biomass. All biochars have lower O/C (0.02–0.04) and H/C atomic ratios 
(0.09–0.19), similar to anthracite. For the range of tested gasification conditions, air/steam gasification at an 
equivalence ratio of 0.20 and steam-to-biomass ratio of 1.2 provides the highest biochar yield (7.3%), while 
maintaining syngas composition optimal. On the other hand, air gasification produces biochars with relatively 
high content of inorganic elements. Indirectly heated biochars are compliant with the European Biochar Cer-
tificate regarding the carbon content, O/C ratio, H/C ratio. Our biochars may provide an improvement in 
agricultural yield and CO2 adsorption, especially those produced under air/steam gasification conditions. Our 
novel indirect design not only constitutes a promising development in the field of biomass allothermal gasifi-
cation but also can help improving gasification circularity through the production of high quality biochar.   

1. Introduction 

During the last 20 years, there has been an extensive focus on using 
biomass as a source of renewable energy [1]. Several feedstocks and 
technologies are used to convert biomass into energy-dense in-
termediates that later on can be transformed into solid, liquid and 
gaseous fuels [2]. Among the different pathways to convert biomass, 
thermochemical routes provide versatility in terms of feedstocks (e.g., 
forest, agricultural and municipal residues) and products (solid, liquid 
and gas) compared to other renewable technologies such as solar, wind, 
hydro and geothermal. In general, all thermochemical processes (e.g., 
pyrolysis, gasification and combustion) and corresponding regimes (e. 
g., hydrothermal carbonization, torrefaction and liquefaction) produce 
three types of co-products: solid material (biochar/bio-coal and ash), 
condensable (e.g., bio-oil) and non-condensable gases (syngas) [3–6]. 
Up to now, most attention has been placed on producing, characterizing 

and upgrading bio-oil and syngas for energy purposes [7,8]. Neverthe-
less, the valorisation of biochar still remains limited. This is because 
biochar is still seen as a secondary product. It is rarely the case that 
thermochemical processes are only oriented to biochar production, 
except for slow pyrolysis. 

Herein, biochar is defined as the solid material obtained from the 
carbonization of biomass in an oxygen-limited environment during 
thermochemical conversion [9]. Recent research on biochar has drawn 
attention to novel properties which have opened the door to a list of 
more than fifty applications such as soil conditioner, solid fuel for 
direct/co-combustion, biogas production, wastewater treatment, and 
utilization in the building, textile and wellness sector [10–12]. Many of 
them are carbon sinks and provide a net reduction of greenhouse gas 
(GHG) emissions in the life-cycle of thermochemical processes [11,13]. 
Each end-use application requires biochars with specific properties 
which, in turn, are produced by the careful selection of the feedstock, 
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thermochemical technology and process conditions (e.g., heating rate, 
operation temperature and residence time). Classification of different 
thermochemical processes in terms of operating conditions and biochar 
yields are summarized in Supplementary Information – Section A. 
Within the wide portfolio of thermochemical technologies there is no 
single “winner”. Each technology has its own advantages and their se-
lection will depend on the type of feedstock, scale and desired product. 

In this paper we focused on biochar produced from gasification. 
Regardless of the biochar yield, further use of the biochar offers the 
opportunity to improve the circularity of gasification, while maximizing 
the use of biomass. A detailed search using Scopus database and key-
words “gasification biochar” or “biochar from gasification” reports 
>15,000 scientific publications and/or reports since 2012. Nevertheless, 
few studies in literature produced biochar from gasification and pro-
posed possible applications based on its properties. Most commonly 
studied gasifiers, feedstocks, operating temperature and gasifying agent 
in this respect are summarized in Table 1. 

The studies reported in Table 1 show the key role played by the 
interaction among process production parameters on biochar properties 
and, therefore, on its possible post process applications. In general, ac-
cording to literature, the increase of process temperature results to be a 
key factor for a more stable biochar (higher carbon content) with higher 
surface area, albeit with reduced yields. Less amount of biochar is also 
obtained with a more oxidative environment. The use of steam as 
gasification agent, on the other hand, is responsible for higher surface 
area and pore volume. Last but not least, the nature of the parent 
biomass highly influences the elemental composition and functionalities 
of the biochar produced. 

Typical characterization techniques of biochars are the following: 
elemental and proximate analysis, nitrogen gas sorption analysis, 
Brunauer-Emmett-Teller (BET), biochar pH, scanning electron micro-
scopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS), 
bomb calorimetry, Fourier Transform Infrared Spectroscopy (FTIR), 
quantitative 13C nuclear magnetic resonance spectroscopy (NMR), X-ray 
fluorescence analysis (XRF) and X-Ray powder Diffraction (XRD) 
[12,16,18,20]. 

Instead of selecting an application for biochar and performing a 
thorough characterization, here we revert this framework and suggest 
potential applications depending on the biochar physico-chemical 
properties and surface characterization. 

Our work aims to extend existing knowledge on gasification derived 
biochar by providing a thorough characterization of such biochars 
produced from woody biomass using a novel pilot scale 50 kWth Indi-
rectly Heated Bubbling Fluidized Bed Steam Reformer (IHBFBSR) [21]. 
It is the first time that biochar produced from this unique reactor is 
characterized. The novelty of the gasifier consists on its configuration: 
unlike similar indirectly heated designs [22–24], in the IHBFBSR unit, 
the combustion (in the radiant tube burners) and gasification (in the 
fluidized bed reformer) zones are completely separated and the heat is 
transferred from inside toward outside. Results of our previous work 
[21] demonstrated that, overall, the IHBFBSR technology might play an 
important role in the next generation of gasification reactors, consid-
ering the increased interest from industry toward high yields of undi-
luted syngas and hydrogen production. Product gas composition and 
cold gas efficiency (CGE)2 obtained from the new design were found to 
be favorably compared to some similar allothermal gasification systems 
while carbon conversion could be improved. 

Therefore, in the present work, we investigated four biochars pro-
duced at different temperatures, using different gasifying agents and 
particle size of the bed material. In the present work, only results related 
to biochar production are included. We suggest potential applications 
for the biochars depending on their physico-chemical properties. The 

obtained high quality biochars improve the circularity of the process and 
confirm our novel indirect design as promising development in the field 
of biomass allothermal gasification. Moreover, our findings will 
contribute to improve the process design of future scale-up of our reactor 
and similar designs based on radiant tubes. 

The parent biomass and biochars were characterized by means of 
Proximate and Ultimate Analysis, High Heating Value (HHV), SEM-EDS, 
XRD, XRF, BET and X-ray Photoelectron Spectroscopy (XPS). The ob-
tained results were integrated to suggest possible applications and 
highlight challenges regarding the use gasification biochar. 

2. Materials and methods 

2.1. Materials production and collection 

The biomass used for all experiments is an A-quality secondary forest 
wood (termed Premium Green) obtained from woodchips, sawdust and 
wood shavings from brown leafage wood from the Netherlands. The 
biomass was obtained from the Dutch company Labee Group Moerdijk 
B⋅V. and it was provided as pellets with an approximate length of 2 cm 
and a diameter of 6 mm. The biochars were obtained at different process 
temperatures, stoichiometric oxygen ratios (λ) and steam-to-biomass 
ratios (SB). Detailed explanation of λ and SB is provided in Supple-
mentary Information – Section B. Gasification tests were performed at 
atmospheric pressure. A summary of the parameters used during the 
production of the biochars is presented in Table 2. The biochars were 
labelled using the following format, BC_Test Number. For example, BC_1 
stands for biochar produced from gasification test 1. 

The four biochars were obtained from -air gasification tests (BC_1 
and BC_2) and air/steam gasification tests (BC_3 and BC_4). Images of 
the biomass and biochars are shown in Fig. 1. 

A schematic drawing of the IHBFBSR unit is presented in. 
Fig. 2. The set-up is located at Delft University of Technology (TU 

Delft) and has been designed, built and commissioned by the Dutch 
company Petrogas Gas-Systems together with the Process & Energy 
Department of TU Delft. 

The main components of the unit are: feeding system for biomass 
pellets (SB01, SB02 and SB03) and one for the additives (SB04); heating 
section composed by two preheaters (EH01 and EH02); the IHBFBSR 
unit; the gas cleaning unit composed by two cyclones in series (CYC01 
and CYC02) and the gas analysis section composed by two main lines, 
one for the permanent gas online measurements and the other for the tar 
sampling. 

The bed material employed in the experiments was corundum, which 
is mainly constituted from aluminium oxide and traces of iron oxide, 
titanium oxide and silica [25]. Corundum is typically used for its good 
heat distribution and extreme hardness, which limits attrition of the 
particles [25]. The corundum was provided by the company Unicorn ICS 
B.V and tests were performed considering two different grain sizes,3 590 
μm (Bed_A) and 490 μm (Bed_B). Before each test 75 kg of corundum 
were introduced in the reactor. The bed material is typically considered 
inert. 

Before starting a gasification test, the reactor was heated up till about 
550 ◦C by the radiant tube burners and by feeding preheated nitrogen 
and air. Subsequently, a stoichiometric (λ = 1) combustion step (4 kg. 
h− 1 of biomass and 22 kg.h− 1 of air) was started with the aim of 
achieving average bed temperatures close to 850 ◦C. The average bed 
temperature was defined as the average values of thermocouples TE01 – 
TE05. Preliminary combustion tests performed in the IHBFBSR, showed 
that close to full conversion is achieved under the aforementioned 
conditions. Additionally, after the completion of the warming up step, 
the cyclones were emptied to avoid interference with the subsequent 

2 CGE = (mass flow rate•LHV) product gas/(mass flow rate•LHV)biomass LHV =
Low heating value. 

3 Weighted average value obtained from particle size distribution measure-
ments (Supplementary Table E.1). 
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measurements in the gasification phase. Once the desired temperature 
was reached, the biomass, air and steam flow rates were set and gasi-
fication started. Under the assumptions of this work, all the biomass 
converts into permanent and condensable gases, biochar and ash. It is 
considered that there is no unreacted biomass. The mass balance 

calculations assume that there is no biochar left from the combustion 
step and that all the biochar produced derives from 1 h of gasification at 
steady state (average data). 

2.1.1. Quantification of biochar in the cyclones 
During each test, ash together with fine biochar particles, were 

separated from the product gas by means of two cyclones. Each cyclone 
was connected to a bin where the ash and biochar were collected. The 
day after the test session, each bin was opened and its content (ash +
biochar) was weighted and stored in a closed plastic bag. After mixing, 
two samples of 1 g each were taken, weighted and burned in a muffle 
furnace (Nabertherm 30–3000 ◦C) at 600 ◦C for four hours and then 
weighted again. The procedure was repeated till constant weight was 
reached (± 0.3 mg) as suggested by [26]. The difference between the last 
weight measurement and the initial weight of each sample was 
considered to be the biochar present in each sample before burning it. 
The average value obtained from the two samples was taken as the 
biochar lost with the ash in the cyclones. The detailed values obtained 

Table 1 
Relevant studies addressing biochar generation through gasification in terms of feedstock and operating conditions.  

Process conditions Biochar Ref 

Gasifier type Feedstock Temperature (◦C) Agent Yielda (%) C (%) Surface area (m2/g− 1) Pore volume (cm3/g− 1) 

Downdraft Wood chips 650, 800 – – – 183–427 0.25–0.39 [14] 
Rising co-current Wood pellets 700 – – – 403 0.50 [14] 
BFB Corn stover 700 Air 4.5 – 29 – [10] 
BFB Corn stover 730 Air/N2  38.5 (a.r.)b 23.9 – [15] 
BFB Switchgrass 760 Air/N2  42.8 (a.r.)c 31.4 – [15] 
BFB Switchgrass 824 O2/Steam – 25.4 (a.r.)b – – [16] 
BFB Residual wood 670 Air – 82.0 (d.b.)c 217.0 0.1137 [17] 
BFB Beech wood 670 Air – 77.0 (d.b.)c 86.0 0.0377 [17] 
BFB Greenhouse wastes 750 Air – 59.0 (d.b)c 234.0 0.0431 [17] 
CFB Dry distiller's grain 780–830 O2/Steam 0.7–3.1 – 22.5 – [18] 
CFB Agrol 700–850 O2/Steam 1.4–14.0 – 504.0–521.0 0.220–0.590 [18] 
CFB Willow 700–850 O2/Steam 1.7–13.1 – 296.0–439.0 0.272–0.314 [18] 
CFB Straw 700–750 Air/Steam 4.0 45.5 (a.r.)b 75.0 0.040 [12] 
TwoStage Pine wood 1000–1200 Air/steam 4.0 52.0 (a.r.)b 426.0 0.520 [12] 
Dual-stage Wood chips 850–900 – – – 297.0–603.0 0.260–0.300 [14] 
Plasma reactor Wood pellets 700, 900 O2 – – 243–364 0.144–0.188 [19]  

a Calculated as 100 – CC where CC in the carbon conversion efficiency. 
b As received basis. 
c Dry basis. 

Table 2 
Process production parameters of the investigated biochars (BC_1–4).   

BC_1 BC_2 BC_3 BC_4 

Test 1 2 3 4 
λ (− ) 0.25 0.30 0.20 0.20 
SB (− ) 0.0 0.0 0.80 1.20 
T (◦C)a 850 850 836 840 
Bed Materialb Bed_A Bed_A Bed_B Bed_B  

a Average bed temperature. 
b Bed A: corundum with main diameter 590 μm. Bed_B: corundum with main 

diameter 490 μm. 

Fig. 1. Biomass and biochars studied in this work. a) Biomass, b) BC_1 (T = 850 ◦C, λ = 0.25, SB = 0), c) BC_2 (T = 850 ◦C, λ = 0.30, SB = 0), d) BC_3 (T = 836 ◦C, λ 
= 0.20, SB = 0.80) and e) BC_4 (T = 840 ◦C, λ = 0.20, SB = 1.20). 
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for this test are reported in Table 3. 

2.1.2. Quantification of biochar in the reactor 
After each gasification experiment, the reactor was cooled down in 

an inert (N2) environment, emptied and the corundum and biochar were 
collected. The particle size distribution of the biochar collected from the 
reactor (Fig. 1) was determined using a sieve shaker (Retsch AS300), 
equipped with a tower of eight sieves of different mesh size (6000, 4750, 
4000, 3500, 1400, 850, 600, 500 μm). Due to the similar size of the bed 
material and the biochar, it was not possible to collect biochar with a 
size smaller than 500 μm. The total bed material and biochar (< 500 μm) 
were firstly weighted and then 5 samples of 1 g each were combusted 
and weighted again. The procedure adopted for this quantification was 
the same explained in previous section. The average value obtained from 

the 5 samples was then taken as percentage of biochar (< 500 μm) lost in 
the bed. The detailed values obtained are reported in Table 3. 

The total mass of the biochar (> 500 μm) collected after sieving was 
determined by gravimetric analysis and stored in a closed plastic bag. A 
sample of about 200 g was then taken from the bag, grinded with a Bosh 
MKM6000 and sieved with a 200 μm mesh size sieve. The biochar with a 
diameter smaller than 200 μm was recovered and stored in a closed 
plastic bottle of 250 ml and used for the characterization and surface 
analysis. The same procedure was applied to prepare the biomass sam-
ple. Results related to the amount of biochar produced from the different 
gasification tests and carbon conversion efficiency (CC) are presented in 
Section 3.1 Gasification tests results: focus on solid streams. Detailed 
explanation of CC is provided in Supplementary Eq. C.1. 

Fig. 2. Schematic drawing of the IHBFBSR gasification system. (a) IHBFBSR unit (b) entire setup including preheaters, reactor, gas cleaning unit and gas analysis 
section [21]. 
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2.2. Measurements and data analysis 

Here we provide a description of the analytical techniques and 
experimental conditions applied in this study. The composition of 
biomass and biochar includes: major (>1% at.), minor (1–0.1% at.), and 
trace (<0.1% at.) elements. 

2.2.1. Proximate and ultimate analysis 
The Proximate Analysis was performed according to NREL/TP-510- 

42,621 [27] and NREL/TP-510-42,622 [26]. The moisture and ash 
content were determined using a convection drying oven and a Muffle 
Furnace (Nabertherm 30–3000 ◦C), respectively. The volatile matter 
was obtained with a thermogravimetric analyzer (TGA – SDT Q600). 
About 3 mg of each sample was initially introduced in an alumina pan 
and the temperature was increased from room temperature to 110 ◦C in 
nitrogen atmosphere (100 ml.min− 1 at standard pressure) with a heating 
rate of 10 ◦C.min− 1. The reactor was kept isothermal for 10 min to 
ensure that the sample was dried. Afterwards, the sample was heated up 
to 600 ◦C with a heating rate of 10 ◦C.min− 1 and maintained isothermal 
for 10 min to ensure sufficient decomposition process (pyrolysis). The 
weight loss in this step is defined as the amount of volatile matter 
included in the proximate analysis. The fixed carbon was then calculated 
by difference. 

The Ultimate Analysis of all samples was conducted using a Euro-
Vector EA3400 Series CHN-O analyzer with acetanilide as the reference. 
The oxygen content was determined by difference. All the measurements 
for the proximate and ultimate analysis were carried out in duplicate. 

2.2.2. Higher heating value (HHV) 
HHV was determined by using a bomb calorimeter (Parr 6772 

Calorimetric Thermometer). The samples were introduced in the bomb 
in pellet shape, previously obtained by pressing about 1 g each of ma-
terial in a hydraulic press. Each test was carried out in duplicate. 

2.2.3. X-ray fluorescence (XRF) 
XRF measurements were carried out with a Panalytical Axios Max 

WD-XRF spectrometer. About 2 g of biomass (in pellets form) were 
mixed with a cellulose/wax binder and pressed at a pressure between 15 
and 35 T of pressure for 1–2 min prior analysis. The XRF spectra were 
collected with an energy resolution of 4 kW. Corrections for the binder 
were taken into account. 

2.2.4. X-ray powder diffraction (XRD) 
XRD measurements were performed with a Bruker D8 Advance 

diffractometer Bragg-Brentano geometry and Lynxeye position sensitive 
detector with a radiation source of Cu Kα (WL = 0.154 nm). About 100 
mg of each sample were deposited as a thin layer on a Si510 zero- 
background-wafer fixed in PMMA holder LL510. The XRD pattern was 
recorded with a step size of 0.030 in 2θ, at 2 s per step, with a scan range 
of 10

◦

< 2θ < 110
◦

. 

2.2.5. Scanning electron microscopy and energy dispersive X-ray 
spectroscopy (SEM-EDS) 

Biochars were analyzed in low vacuum mode with a JEOL IT100 
Scanning Electron Microscope (SEM) equipped with an Energy disper-
sive X-ray spectroscopy (EDS) detector. SEM images were recorded 
using a backscattered electron detector in a compositional mode with an 
accelerated voltage of 10 kV and beam current of 65 pA. The area of 
analysis was a few hundred micrometers and the depth about of 1 μm 
[28]. We examined two samples per each type of biochar and inspected 
two regions of interest (ROI) per sample to ensure a representative 
description of the biochars. For each ROI, we extracted a digital X-ray 
map and conducted a four-point scanning of the surface. 

2.2.6. X-ray photoelectron spectroscopy (XPS) 
Samples were prepared by placing about 10 mg of each material in a 

1000 μl mixture composed by 50 μl of Nafion® perfluorinated resin 
solution and 950 μl of water and isopropanol in equal proportion. 
Nafion® is composed of a hydrophobic Teflon backbone coupled with 
SO3H groups [29]. Then, the samples were sonicated for 1 h, deposited 
as a thin layer on a copper plate (1cm3) and dried overnight. XPS 
analysis was carried out using a PHI-TFA XPS spectrometer (Physical 
Electronic Inc.), equipped with an x-ray Al-monochromatic source. The 
vacuum during XPS analysis was set to 10− 9 mbar. The tested area was 
0.4 mm in diameter and the analysis depth was 3 ̶ 5 nm. High-resolution 
multiplex scans of the peaks were recorded using a pass energy of 23.5 
eV with a step size 0.1 eV, at a take-off angle of 45◦ with respect to the 
sample surface. Low energy electron gun was used for surface charge 
neutralization XPS. Spectra were processed using Multipak v8.0 (Phys-
ical Electronics Inc.). High-energy resolution spectra of O1s and C 1 s 
photoelectron peaks were curve-fitted to quantify the relative amounts 
of O and C-based compounds at the surface of different biochars. Curve- 
fitting was carried out with a deconvolution of the oxygen peak into 
three components: O2 

̶ , OH ̶ and adsorbed H2O and the carbon peak into 
the C-C/C-H, CO and COOX components [30]. 

2.2.7. Specific surface area (SSA), pore volume (PV) and pore size 
distribution (PSD) 

N2-physisorption tests were performed on a NOVAtouch™-LX gas 
sorption analyzer from Quantachrome Instruments with high purity N2 
(99.99%) at 77 K. Prior to the measurements, the samples were vacuum 
degassed at 130 ◦C for 16 h. Each test was performed in duplicate. SSA 
was calculated by applying the The Brunauer-Emmett- Teller (BET) 
theory and particular size distributions were obtained at the same time 

Table 3 
Gasification test results focusing on solid streams and considering 1 h of steady 
state except for the bed material. The bed material was loaded before each test.  

Test 1 2 3 4 

T (◦C) 850 850 836 840 
λ (− ) 0.25 0.30 0.20 0.20 
SB (− ) 0 0 0.80 1.20 
Biochar produced BC_1 BC_2 BC_3 BC_4 
Steady State (h) 1 
Bed Material Bed_A Bed_A Bed_B Bed_B 
Biomass Biomass  

IN 
Biomass in (kg) 13.9 11.6 10.0 10.0 
Bed Material in (kg)* 75.0 
Tot IN (kg) 88.9 86.6 85.0 85.0  

OUT 
Biochar sieved (kg) 0.08 0.07 0.12 0.23 
Bed material + Biochar collected (kg) 73.51 73.62 74.73 73.57 
Biochar <500 μm from Bed Material (wt%) 0.28 0.21 0.39 1.93 
Biochar (< 500 μm) from Bed Material (kg) 0.05 0.05 0.04 0.27 
Bed Material (kg) 73.46 73.57 74.69 73.30 
Bed material + Biochar lost in the gasifier 

(kg) 
1.54 1.43 0.31 1.71 

Biochar (< 500 μm) lost in the gasifier (kg) 0.001 0.001 0.0002 0.01 
Bed Material lost in the gasifier (kg) 1.54 1.43 0.31 1.70 
Ash + Biochar collected (kg) 0.44 0.62 0.27 0.38 
Biochar (< 500 μm) lost with the ash (wt%) 12.78 10.08 78.30 60.02 
Biochar (< 500 μm) lost with the ash (kg) 0.06 0.06 0.21 0.23 
Ash (kg) 0.39 0.55 0.06 0.15 
Permanent and condensable gases** 13.32 10.86 9.57 9.12 
Tot OUT (kg) 89.9 86.6 85.0 85.0  

CC and YBC_i *** 
CC (%) 97.6 97.1 92.9 86.4 
YBC_i,tot (%) 1.4 1.6 3.7 7.3 
YBC_i,net (%) 0.6 0.6 1.2 2.3 
YBC_i,lost (%) 0.8 1.0 2.5 5.0  

* Loaded before each test. Bed material considered inert. 
** Calculated by difference. 
*** i refers to the gasification test considered. 
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from the isotherms based on Quenched-Solid Density Functional Theory 
(QSDFT). Adsorption branches (relative pressure, P⋅P0

− 1, in the range 
between 0.05 and 0.20) were used to determine the SSA. PV was ob-
tained from the amount of N2 adsorbed at P⋅P0

− 1 = 0.95. Results are 
presented in Fig. 10 (N2-physisorption isotherms), Fig. 11 (PSD curves) 
and Table 7 (SSA and PV). 

3. Results and discussion 

3.1. Gasification tests results: focus on solid streams 

Table 3 summarizes the results obtained for the four gasification 
tests. The solid streams comprise the bed material, bed material losses 
(in the gasifier), useful biochar for further applications (recovered from 
sieving the bed material and biochar, > 500 μm) and biochar losses (<
500 μm in the bed material, gasifier and ash in the cyclones). Additional 
information, and mass flow diagrams of the gasification tests performed 
can be found in Supplementary Information - Section C. 

The biochar yield produced by the IHBFBSR gasification system is 
comparable to other gasification units. For example, [12] report biochar 
yields of 4% and 10% for a TwoStage gasifier and Low Temperature 
Circulating Fluidized bed gasifier, respectively. Similarly, [31,32] report 
a biochar yield of 10% (db) for tests carried out in a fixed-bed downdraft 
gasifier between 600 and 700 ◦C. 

Only a small difference is observed in the biochar yield between air 
gasification tests (Table 3), even when λ increases from 0.25 (Test 1) to 
0.30 (Test 2). Nevertheless, when compared to air/steam gasification 
and literature data [15], air gasification, Test 1 and Test 2, produces 
very low amount of biochar, 1.4% and 1.6% of the feedstock mass, 
respectively. This is partly attributed to the influence of the equivalence 
ratio λ. In fluidized bed gasification, λ is linked to the oxygen availability 
and usually varies between 0.2 and 0.4 [33]. The lower values of λ used 
in air/steam gasification tests translate into a lower oxygen availability 
so the combustible gases and the biochar in the gasifier react less. This 
leads to an increase of the biochar mass yield as well of its carbon 
content [34]. The difference between the obtained total biochar yields 
(YBC,i,tot) of 0.2% reported between Test 1 (BC_1) and Test 2 (BC_2) is 
mostly attributed to the biochar lost in the cyclones with the ash. 

For air/steam gasification tests, the effect of λ is coupled with the 
influence of SB. In general, the introduction of steam leads to the pro-
motion of the Water Gas reaction4, therefore higher carbon conversion 
efficiency (CC) would be expected at increasing SB [35]. At the same 
time, at constant biomass and air flow rates, the introduction of more 
steam leads to an increase of the fluidization velocity and, consequently, 
to a reduction of the gas resident time which translate to less CC. 
Moreover, a lower CC is also linked to the bed temperature drop due to 
the introduction in the reactor of steam at lower temperature compared 
to the operating one [36]. The results presented in Table 3 are in 
agreement with these two last points. They show a decrease of CC of 
6.5% going from SB = 0.8 (Test 3) to SB = 1.2 (Test 4) where the lowest 
CC value among the four tests is found (CC =86.4%). In the IHBFBSR the 
above-mentioned drop in the bed temperature is not directly seen by the 
temperature reading (Table 2) because the reactor works according to a 
set point. However, in our previous study [21], we found that for lower 
SB, the operating time of the bottom burner was lower, meaning that the 
heat requirement of the process was reduced. In other words, the 
introduction of more steam, reduces the CC and leaves more carbon 
available for the oxidation reactions reducing the heat requirement of 
the process. These results are also confirmed by the total biochar yield 
obtained: the value decreases from 7.3.% in Test 4 (YBC,4,tot) to 3.7% in 
Test 3 (YBC,3,tot), while the SB value decreases from 1.20 to 0.8. 

3.2. Particle size distribution 

Fig. 3 presents the particle size distribution of the biochars obtained 
from each gasification test. 

Fig. 3 shows that the studied biochars have a high weight percentage 
of particles smaller than 500 μm. At laboratory stage, the biochar in this 
sieve range (<500 μm), is not directly available for further use as it is 
still mixed with bed material collected from the gasifier, with the ash 
from the cyclones or it remained in the reactor with the bed material that 
could not be collected (See Table 3-). These findings provide valuable 
insight regarding the type of particles entrained in syngas and serve as 
guidance for selection of downstream equipment and handling systems. 
In case of a continuous process, however, the bed material and the fine 
biochar (<500 μm) could be combusted to generate process steam. 

In general, the useful fraction of the biochars contains particles 
mainly in the range between 1400 and 3500 μm (Fig. 3). For lower size 
steps, air gasification biochars (Test 1 and Test 2) have higher weight 
percentages in the range between 800 and 1400 μm, while for air/steam 
gasification biochars (Test 3 and Test 4) the particles are more equally 
distributed in the three ranges between 600 and 1400 μm. For higher 
size steps (4000–6000 μm) biochar weight percentages decrease with 
the increase of λ (Test 1 and Test 2) and with the increase of SB (Test 3 
and Test 4). 

Results indicate that the amount of biochar that can be separated 
from the bed material is higher in case of air gasification, reaching the 
highest value of 46% in Test 1 (Fig. 3). In Test 2, instead, the increase of 
the amount of air, from λ = 0.25 to 0.30, translates into a value that is 
10% lower compared to the one obtained from Test 1 (Fig. 3). In case of 
air/steam gasification (Test 3 and Test 4), the biochar directly separated 
from the corundum decreases even more as compared to Test 2 (3% for 
Test 3 and 5% for Test 4). The two tests, however, have very similar 
values (33% for Test 3 and 31% for Test 4). 

Fig. 3. Particle size distribution of biochars BC_1–4 obtained after emptying 
the reactor. Green color, orange color, blue color and violet color represent 
BC_1 (T = 850 ◦C, λ = 0.25, SB = 0), BC_2 (T = 850 ◦C, λ = 0.30, SB = 0), BC_3 
(T = 836 ◦C, λ = 0.20, SB = 0.80) and BC_4 (T = 840 ◦C, λ = 0.20, SB = 1.20), 
respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 4 C + H2O ↔ CO + H2. 
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3.3. Proximate, ultimate analysis and high heating values 

Table 4 presents the results of the Proximate and Ultimate Analysis of 
the parent biomass and biochars. The O/C, H/C, C/N molar ratios and 
high heating values (HHV) are also included in Table 4. 

Regardless of the process conditions, the biochars produced by the 
IHBFBSR unit are classified as carbon rich, with a carbon content in the 
range of 92–96% (Table 4). The carbon content of all samples is 
compliant with the “European Biochar Certificate” (EBC), which re-
quires a carbon content higher than 50% [37]. Our findings also support 
the hypothesis of Fryda and Visser [17], who suggested that carbon 
enrichment of woody biochars is partly due to the low ash content of the 
parent feedstock. All studied biochars have relatively low ash content 
but some differences are still observed between them, if grouped by 
gasifying agent (Table 4). In average, the ash content of air gasification 
(BC_1, BC_2) and air/steam biochars (BC_3, BC_4) increased 13 and 7 
times compared to the parent biomass. The ash content of air gasifica-
tion biochars is two-fold higher compared to air/steam gasification ones. 
These findings support our hypothesis that an oxygen-rich environment 
promotes combustion reactions converting more carbon into volatiles/ 
syngas, while increasing the ash fraction due to accumulation of inor-
ganic constituents (Table 4, Proximate Analysis). Similar behavior has 
been reported in [19]. Biochars with high fixed carbon content are 
considered high quality [34]. Hence, BC_4 has the highest quality of the 
studied samples. 

The influence of the process conditions on the elemental composition 
of the studied biochars is presented in the Van Krevelen diagram (Fig. 4- 
). The diagram presents the H/C molar ratio as function of O/C molar 
ratio of the studied biomass and biochars BC_1, BC_2, BC_3 and BC_4. 
The values for H/C and O/C ratio can be found in Table 4. 

Fig. 4- shows that the parent biomass belongs to the position of 
woody biomass [39]. The studied biochars present O/C (0.02–0.04) and 
H/C (0.09–0.19) molar ratios in the anthracite range, resulting in a 
higher heating value compared to the parent biomass (Table 4). These 
ratios, comparable with the values reported from literature (Fig. 4-) for 
gasification derived woody biochars, meet the requirements of the EBC, 
which mandate an O/C and H/C atomic ratio lower than 0.4 and 0.7, 
respectively [37]. 

BC_3, produced at the lowest gasification temperature (836 ◦C) in-
dicates a higher release of H and O, and retention of C compared to other 
investigated biochars. Yet, all biochars are grouped in the low left corner 
of the Van Krevelen diagram (Fig. 4). According to Spokas classification 
[40], all biochars (BC_1–4) are highly stable with a half-life higher than 
1000 years, since their O/C is <0.2. Biochars with a high percentage of 
stable carbon compared to the parent biomass are known to have a high 
carbon sequestration potential due to its resistance against degradation 
reducing C emissions to the atmosphere [41,42]. 

Based on Fig. 4, the O/C ratios found for the literature biochars are in 
the range between 0.05 and 0.31, higher compared to the results ob-
tained for our biochar (0.002–0.004). These O/C values suggest that our 
biochars present a higher degree of carbonization, high aromaticity and 
low polarity compared to the literature woody gasification derived 
biochars [43]. This could be attributed to the high temperature of the 
IHBFBSR unit compared to the temperatures considered from literature 
(600–800C). 

Similar results were also found in [17,43]. The first reference report 
O/C ratios between 0.01 and 0.10 at 650 ◦C while the second reference 
reports O/C ratios in the range of 0.003–0.19 for gasification tempera-
tures between 400 ◦C–750 ◦C. The studied biochars also have a half-life 
ten times larger than the duration normally considered in life cycle as-
sessments to calculate the global warming potential [44]. Thus, the 
contribution of its decay to the long term GHG balance is relatively small 
[13]. In regards to H/C ratio, biochars with such low content of 
hydrogen and oxygen are typically highly aromatic which could result in 
improved hydrophobicity [45]. The C/N molar ratio (Table 4) provides a 
more accurate picture regarding the effect of the gasification agent. 
Higher C/N values are obtained for BC_3 and BC_4 compared to BC_1 
and BC_2, which might be related to the influence of λ. Higher values of λ 
for air gasification (Table 2: BC_1 = 0.25, BC_2 = 0.30) compared to 
steam gasification samples (Table 2: BC_3, BC_4 = 0.20) led to higher 
concentration of N on BC_1 and BC_2. If used as soil amendment, our 
biochars might lead to N immobilization since the C/N ratio of all 
studied biochars is higher than 30 [46], typically of woody biomass 
[47]. Although other studies [47,48] indicate that a biochars with high 
C/N ratio reduce N availability and thus increase the potential for 
adsorption of NH4

+, which translates into reduced N leaching and higher 
N fertilization over time, especially in surface soils. Further, N immo-
bilization can be expected to be negligible when C-rich biochars are used 
in soil due to the small fraction of the labile C-pool and the recalcitrance 
of the remaining biochar-C, after initial mineralization of fresh biochar 
[49]. Thus, further research should focus on gasification biochar-soil 
interactions, as it is known that N immobilization not only depends on 
the C/N of biochar but also on the C/N of the soil [50]. 

3.4. XRF 

The oxide composition of the inorganic compounds of biomass and 
biochars was determined by XRF analysis and is presented in Table 5. 
Oxides detected with a wt% lower than 0.01% can be found in Sup-
plementary Table F.1. The XRF measurements of the bed material can 
be found in Supplementary Table F.2. 

Regardless of the process conditions, almost all the compounds 
present in the parent biomass, except for Cl and Na2O, are enriched in 
the studied biochars. Minerals like calcium, potassium, phosphorus and 
magnesium, are expected to increase and accumulate on the biochar 
surface as ash [51]. This is attributed to the volatilization of the organic 
structure (C, H and O), vaporization temperature of inorganic constit-
uents and deposition of corundum. Alkali and alkali earth metals 
(AAEM), especially calcium and potassium, are known to increase bio-
char pH [51] or act as catalysts enhancing biochar reactivity in gasifi-
cation in CO2 [34]. Bed material deposition on biochar was also reported 
by Meng [18]. This hypothesis is backed by the fact that all constituents 
that are found in high quantities in the biochars and not in the biomass 
are also present in the corundum, e.g., Al2O3 (Supplementary 

Table 4 
Proximate and CHNS Elemental analysis of the biochars BC_1, BC_2, BC_3, BC_4 
and biomass, corresponding molar ratios of O/C, H/C and C/N and high heating 
values (HHV).  

Proximate analysis (wt% a.r.a)  

Biomass BC_1 BC_2 BC_3 BC_4 

Moisture 5.08 4.53 3.87 1.42 1.86 
Fixed Carbon 18.63 82.11 84.52 91.80 92.18 
Volatile Matter 75.60 3.56 3.22 1.89 1.82 
Ash 0.69 9.80 8.39 4.89 4.14  

CHNS Elemental Analysis (wt% d.a.f.b) 
C 48.76 92.47 94.36 96.06 93.02 
H 6.06 1.49 1.48 0.76 0.86 
Oc 44.86 5.31 3.48 2.37 5.47 
N 0.30 0.55 0.62 0.53 0.45 
S 0.01 0.17 0.06 0.27 0.20  

Molar ratios 
O/C 0.69 0.04 0.03 0.02 0.04 
H/C 1.48 0.19 0.19 0.09 0.11 
C/N 189.54 196.07 177.49 211.36 241.06  

High heating values (MJ.kg− 1 a.r.a) 
HHV 18.89 28.14 29.20 31.28 30.60  

a As received basis. 
b Dry ash free basis. 
c Calculated by difference. 
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Table F.2). The highest concentration of Al2O3 was detected in BC_1. 
More information about corundum deposition is presented in Supple-
mentary Information - Section G. 

Table 5 shows that Na2O is present only in BC_1 and BC_2. This 
suggests that Na-compounds were evaporated under air/steam gasifi-
cation process conditions. Devolatilization of Na2O was higher than 
K2O, which could be attributed to the formation and stability of K-alu-
minosilicates compared to Na-aluminosilicates [52]. Devolatilization of 
AAEM during gasification is well documented in literature [38] and can 
lead to the formation of agglomerations and fouling, especially in the 
presence of Cl [33]. Fouling, slagging and corrosion can also be caused 
during combustion of biochars that contain CaO, MgO and Fe2O3 [53]. 

Furthermore, detailed results (Supplementary Table F.1) indicate 
the presence of traces of heavy metals in the form of oxides in our bio-
chars: PbO (<0.003, except for BC_2 and BC_3), CuO (< 0.008), ZnO 
(<0.02) and Cr2O3 (<0.008). Further research is required to provide 
guidance about the influence of these elements for future applications. 
Nevertheless, it is known that biochar binds effectively to a number of 
heavy metals, immobilizing them for a long time [37]. In case the 
studied biochars are used in agriculture, toxic accumulation of heavy 
metals could be neglected, due to the low quantities of biochar used in 
this application [37]. 

3.5. XRD 

XRD was used to complement the results obtained from XRF. Fig. 5 
shows the XRD spectra of biomass and biochars BC_1–4. 

Two broad peaks are observed at 2θ = 17 and 23 for raw biomass, 
which is attributed to cellulose and turbostratic crystalline C, respec-
tively [54]. As expected, the XRD pattern of the parent biomass (Fig. 5a) 
confirms the presence of SiO2, which is in agreement with the results 
obtained from XRF measurements (Table 5). 

From Fig. 5 (b-e) it is seen that all investigated biochars have anal-
ogous patterns in which three main broad peaks (10 < 2θ < 35; 40 < 2θ 
< 60; 75 < 2θ < 90) are recognized over the 2θ range. These peaks are 
typical of graphite [55]. After gasification, all studied biochars con-
tained residual cellulose (2θ = 17) which indicates that not all the cel-
lulose reacted during biochar formation. Based on the intensity of the 
crystalline C signal provided in Fig. 5, the studied biochars are ranked as 
follows: BC_3 > BC_2 > BC_4 > BC_1. Moreover, sharp peaks marked 
with blue (Al2O3), red (SiO2) and green (Ti2O) in Fig. 5 (b-e), confirm 
corundum deposition on the surface of all studied biochars since Al2O3, 
Ti2O and SiO2 are the main constituents of corundum (Supplementary 
Table F.2). The sharp peaks represent crystalline phases with high de-
gree of long order [55]. In addition to these three crystalline phases 
(Al2O3, Ti2O and SiO2, also Ca(OH)2 and CaCO3 are present in all the 
four biochars..This is consistent with the high Ca content of the biochars 
(Table 5). 

3.6. SEM-EDS 

Fig. 6 presents details about the morphology and elemental analysis 
of the major (> 1% at.) and minor (0.1–1% at.) elements detected at the 
surface of each biochar. Results are presented in a grid of 8 columns and 
4 rows, where the first columns show images of the biochars at 100×
magnification, followed by 16 EDS maps. Detailed elemental concen-
trations of EDS maps are provided in Supplementary Table G.1. 
Microstructure of the biochars is presented in detail in Supplementary 
Fig. G.1. 

The morphology of the biochars is in agreement with particle size 
distribution measurements (Fig. 3). From SEM images it is observed that 
air/steam gasification biochars have a lamellar structure with a larger 
porous pattern compared to air gasification samples (Supplementary 
Fig. G.1). This is attributed to the high volatile matter of the parent 
biomass [56], reactivity of O2 [57] and the kinetic diameter of the H2O 

Fig. 4. Van Krevelen diagram of studied biomass and biochars (BC_1–4). Other biochar data were reported by [38]. The literature biochars considered were pro-
duced from wood gasification in the temperature range of 600–800 ◦C, PW = pine wood and WO = white oak. This figure has been adapted from [39]. Red circle 
indicates the studied biomass and multiple green dots represent the studied biochars. The values for H/C and O/C ratio for the biochars studied can be found in 
Table 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 5 
XRF measurements of the inorganic constituents of the biomass and biochars 
(BC_1–4).  

Compound wt% a.r. 

Biomass BC_1 BC_2 BC_3 BC_4 

C6H12O5 99.353 – – – – 
C (balancing compound) – 96.124 97.182 97.458 97.046 
CaO 0.119 1.184 1.022 1.167 1.421 
K2O 0.028 0.460 0.442 0.122 0.191 
Al2O3 0.125 0.572 0.373 0.188 0.169 
SiO2 0.204 0.571 0.299 0.38 0.396 
MgO 0.043 0.370 0.256 0.303 0.331 
Fe2O3 0.019 0.090 0.077 0.094 0.119 
P2O5 0.01 0.173 0.069 0.087 0.096 
SO3 0.021 0.087 0.067 0.062 0.069 
TiO2 0.013 0.077 0.058 0.072 0.082 
Na2O 0.039 0.198 0.050 – – 
MnO 0.005 0.033 0.029 0.032 0.042 
Cl 0.017 0.033 0.026 0.015 0.018  
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molecule. Biochars produced in an O2 environment are associated with 
high-burn off and poor development of the porous structure (macro-
pores) [57]. Meanwhile in air/steam conditions, the kinetic diameter of 
the H2O molecule is smaller than O2 (265 and 345 pm, respectively [58]) 
and when diffusing through the surface of biochar penetrates longer and 
upon reaction creates a larger porous pattern. Our findings are in line 
with the recent evidence, which indicates that gasification using air/ 
steam produces biochars with similar characteristics of activated car-
bons with high specific surface areas and total pore volume [38]. A 
larger porous structure increases the retention of nutrients, water [45] 
and reactivity of the biochar surface [59], which is beneficial for its use 
as soil amendment or CO2 adsorbent [12]. A higher reactivity is also 
expected from air/steam gasification samples due to the fact that 

biochars contain less ash than air gasification ones (Table 4). This sug-
gests less ash partially filling or occupying the pores and likely blocking 
reaction sites at the surface of the biochars [12]. This is supported by 
results from proximate analysis (Table 4). In general, despite the high 
temperature of the gasifier (850 ◦C) compared to some other thermo-
chemical processes, SEM images indicate no sign of pore clogging. 

From EDS SEM micrographs (Fig. 6) it is observed that in average, 
the surface of biochars contains several elements such as C > O > Al >
Ca > K > Si > Mg > Na. The average surface O/C ratio (Supplementary 
Table G.1) of the biochars is comparable to low volatile bituminous coal 
[40] and follows the same trend reported by CHNS analysis (Table 4). In 
average, surface elemental analysis indicates that the samples produced 
from air gasification (BC_1 and BC_2) have in average a higher content of 

Fig. 5. XRD spectra of biomass and biochars BC_1–4.  
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Al and O compared to air/steam gasification biochars. Gasification at 
840 ◦C produced the biochar (BC_4) with the lowest bed material (Al 
content) compared to other studied biochars (Fig. 6 and Supplementary 
Table G.1). The Al detected in the EDS SEM micrographs (Fig. 6) is most 
likely due to the bed material used during gasification, which is too 

small (< 500 μm) to be separated by sieving. This is observed on SEM 
images (Fig. 6), where a corundum grain is observed at the surface of 
BC_2 and BC_3. This observation is also backed by EDS elemental con-
centrations reported on Supplementary Table G.1 and XRD results 
presented on Fig. 5. The bright color of corundum, especially on BC_3 

Fig. 6. EDS maps of major (> 1% at.) and minor (0.1–1% at.) elements located at the surface of the biochars. Each sample is ordered from top to bottom in the rows: 
BC_1, BC_2, BC_3 and BC_4. Elements are ordered from left to right in the columns: C, O, Ca, Al, K, Mg and Na. Coloured signals in each map indicates the presence of 
an element. Empty maps mean that the element was not detected at the surface of the sample. Detailed elemental concentrations of EDS maps are provided in 
Supplementary Table G.1. 

M. Del Grosso et al.                                                                                                                                                                                                                            



Fuel Processing Technology 235 (2022) 107347

11

surface, indicates little interaction between the alkali and alkali earth 
metals (AAEM) of the biochar and the bed material. Meanwhile in BC_2 
some AAEM-based elements of the biochar are detected at the surface of 
corundum, which indicates some chemical interaction. Ca-compounds 
from gasified chars are known to interact with corundum to form alu-
minosilicates [60,61], which explains the reduced average CaO content 
in BC_2 compared to all biochars. 

In general, all studied biochars have a uniform distribution of Ca and 
K (except BC_3) on their surface. SEM images of BC_2 also suggest the 
occurrence of chemical reactions between Ca -containing constituents of 
biochar and bed material during the gasification process. Based on XRD 
analysis, Ca-containing constituents at the surface of BC_2 are likely in 
the form of CaCO3 and Ca(OH)2 (Fig. 5). K- and Na-containing traces are 
also observed at the surface of BC_2, which are of relevance if biochar is 
used for combustion processes. Na and K are dominant elements 
responsible for slagging and fouling [62]. Contrary to coal gasification 
[60], SEM-EDS results suggest that low surface Si/Al ratios (Supple-
mentary Table G.1) increase the ability of biochar AAEM species to 
stick to the surface of the bed material. Nevertheless, the quantities of 
AAEM-based elements observed at microstructure of corundum espe-
cially on BC_2 is so small that no significant influence is expected in large 
scale gasification. Furthermore, EDS SEM micrographs show no 
agglomeration of bed particles at the studied conditions for any of the 
gasification environments nor indication of erosion of the reactor walls. 
The presence of bed material in the biochars is also attributed to the 
sieving method which could not separate particles smaller than 500 μm. 

3.7. XPS 

The composition in the near-surface region and the oxidation 
state of elements present at the surface of biochars were determined 

by XPS analysis. Table 6 shows a qualitative comparison of the surface 
chemical composition for the different biochars, as obtained from XPS 
survey spectra (Supplementary Fig. H.1). F is present as a major 
element at the surface of all biochars result of sample preparation with 
Nafion (see Section 2.2 Measurements and Data Analysis). 

At the near-surface region, no clear trend is observed between air and 
air/steam gasification tests regarding elemental composition of bio-
chars. In average, air gasification leads to a decrease in C and O content 
on the biochar surface, while steam gasification reports a decrease in C 
content and increase in O content. Detection of C is attributed to the 
composition of the parent biomass and the presence of ambient 
contamination, typically involved in surface analysis [63]. The detection 
of O is related to the oxide layer formed on the surface of the biochar or 
of the entire particle. This is observed in the air gasification tests, where 
a decrease in the O content is related to less oxides in the entire particles 
of biochar, shown by XRF (Table 5). The O/C ratio of the near-surface 
region for the studied biomass and biochars is higher than the values 
reported by Ultimate Analysis (Fig. 4) and SEM-EDS (Supplementary 
Table G.1). This is attributed to the presence of F in Nafion, used during 
sample preparation, which is present in a high amount masking deeper 
carbon-based regions inaccessible with XPS beam [64]. Nevertheless, 
XPS results indicate that gasification decreased active oxygen- 
containing groups on the surface of biochars compared to those of the 
parent biomass. 

Minor amounts of Cu, S and Si are observed on the surface of all 
biochars BC_1–4. These elements are related to plant growth, harvesting, 
transport and processing of the parent biomass (Cu, S, Si) and bed ma-
terial (Si). BC_3 indicates a highest concentration of Al (10.5%) on all 
samples. This is attributed to the bed material to be elaborated further 
with XPS high resolution spectra. BC_3 also contains significant amounts 
of Cu, S, Si and Na compared to the rest of the samples, which are also 
attributed to corundum. These results are in accordance with EDS 
measurements presented in Supplementary Table G.1). 

The oxidation states of different elements at the surface of the bio-
chars were determined by the high-resolution spectra. O 1 s and C 1 s 
spectra were curve fitted, whilst Al 2p, Cu 2p, S 2p, Si 2p, Ca 2p, Na 1 s 
and N 1 s were described only qualitatively. The O 1 s spectra can be 
separated into three component peaks: oxide, O2 ̶ , at approx. 530 eV, 
hydroxide, OH ̶, at approx. 531 eV, and water/carbonate, H2O/COx, at 
approx. 533 eV [65]. Deconvolution of the peak O 1 s of different bio-
chars is presented in Fig. 7 and the percentage of each component peak 
in Table 6. 

Fig. 8 presents the C1s spectra deconvoluted into four sub-peaks CF3 
(approx. 293–294 eV), CF2 (approx. 291-292 eV), due to the Nafion and 
COO (approx. 288–286 eV) and C-C/ C-H (approx. 286–284 eV) [67,68]. 
Since CF3 and CF2 peaks result from Nafion, which was used for XPS 
samples' preparation, they will not be part of the interpretation. Detailed 
areas (expressed as %) of the individual peaks can be found in Supple-
mentary Table H1. 

The results show that air/steam gasification biochars (BC_3 and 
BC_4) have the highest fraction of C-C/C-H functional groups of all 
studied samples. These results are in agreement with XPS results re-
ported in [69], where high abundance of C-C/C-H functional groups are 
typically found in the near-surface of gasification biochars. C ̶ C bonds 
are quite stable [70], which make them more resistant to degradation 
compared to biochars with higher O2 ̶ such as BC_1 > BC_2. Our results 
also follow the same trend reported in the Proximate and Ultimate 
Analysis (Table 4) regarding the high aromaticity of BC_3 and BC_4. On 
the contrary, O-containing functional groups (O=C-O) are present in a 
higher percentage in air gasification biochars mainly due to the higher λ 
used in gasification tests compared to air/steam experiments (Table 2). 
The aromatic C––C and aliphatic C–C bonds are challenging to differ-
entiate in Fig. 8 due the close proximity of their intensity peaks. 

Fig. 9 presents the non-normalized high-resolution spectra of C 1 s, 
Al 2p, Cu 2p, S 2p, Si 2p and N 1 s. 

Carbon is present on all studied biochars (Table 6), but peak C 1 s is 
more intense in BC_2 and especially in BC_4 (Fig. 9). The C-based layer 
on BC_2 and BC_4 is dominant on the surface and oxides/hydroxides are 
likely to be present beyond the near surface region. In BC_1 and BC_3, 
the intensity of C 1 s is lower due to the higher propotion of oxide/hy-
droxides at the near-surface region. On BC_3 a clear peak of Al 2p is 
noticed and confirms the erosion of corundum and deposition of 
corundum-based particles at the near-surface of the biochar. Fig. 9b 
findings back up result from XRF (Table 5) and SEM-EDS (Table 6) 
analysis that BC_3 contains higher amounts of Al-based compounds 
compared to the other studied biochars. Cu 2p, S 2p, Si 2p and N 1are 
detected on BC_3 and BC_1 (Fig. 9c), while on BC_3 their amounts are 
higher. This confirms our hypothesis that C 1 s covers oxides/hydroxides 
on the surface of BC_2 and BC_4, since Cu 2p, S 2p, Si 2p and N 1 s are not 

Table 6 
Elemental surface composition of different samples of biochar obtained from Survey XPS spectra.  

Sample C O Al Cu S Si Ca Na N F K O/C 

(at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.)% (at.%) 

Biomass 32.4 12.7 – – – – 0.4 1.4 – 50.4 2.7 0.4 
BC_1 36.2 5.4 3.5 0.7 0.4 0.4 0.1 – – 53.3 – 0.2 
BC_2 29.4 3.9 1.3 0.4 0.1 0.2 0.1 0.8 – 63.8 – 0.1 
BC_3 32.2 7.4 10.5 1.9 1.1 0.8 0.1 1.6 0.1 44.3 – 0.2 
BC_4 30.8 7.5 1.4 0.7 0.9 0.3 – – 0.3 58.1 – 0.2  
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detected. Fig. 9 confirms that air/steam gasification at 836 ◦C signifi-
cantly affects the morphology, microstructure and chemical bonding 
(BC_3). Further study would be required to corroborate further differ-
entiation between the oxidation state of each element. 

3.8. SSA, PV and PPS 

Fig. 10 presents the results of the N2-physisorpion tests performed at 
77 K of the biomass and biochars (BC_1–4) investigated in this work. 

The isotherms of all the investigated biochars (Figs. 10b, c, d and e) 
are representative of materials with a porous structure while, for the 
parent biomass (Fig. 10a), they are typical of a non-porous material 

[71]. The shape of the adsorption branch, which experiences a steep 
increase of N2 uptake in the lower relative pressure region (P⋅P0

− 1 <

0.05) and a more gradual increase over the rest of the pressure range, 
represents a common feature of all the biochar isotherms. This behavior 
indicates the presence of a large amount of micropores (< 2 nm) and a 
moderate presence of mesopores (> 2 nm) [71] which is confirmed by 
the hysteresis loops observed in Fig. 10 over the range P⋅Po− 1 =

0.4–0.85, especially for BC_3 and BC_4. These loops are typical in ni-
trogen sorption isotherms that often indicate network effects or various 
forms of pore blocking due to pore condensation [71]. The desorption 
branches of BC_3 (Fig. 10d) and BC_4 (Fig. 10e) display a distinct “step” 
after which they overlap with the adsorption branches. This “step”, 

Fig. 7. High resolution spectra of O 1 s recorded on biochars BC_1–4. Purple solid line denotes experimental data and dotted its fit after deconvolution of H2O/COx 
(green line), OH− (blue line) and O2 ̶ (orange line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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occurring at a particular relative pressure, confirms the presence of 
mesopores [71]. The hysteresis loop closely resembles a Type HIV loop 
[72] which is often found in micro - and mesoporous carbons [71]. The 
desorption branches of BC_1 and BC_2 also present the characteristic 
‘step’, although they do not overlap with the adsorption branches. This 
lack of closure can be attributed to diffusion or chemical traps in the 
biochar as a result of N2 adsorption which can modify structurally or 
chemically its surface [73]. The pore blocking that is responsible for 
these hysteresis loops often originates from ink-bottle-shaped pores, 
meaning that wide pores can only provide access to the external surface 
through narrow necks. Similar biochar N2-physisorpion isotherms be-
haviours were reported by [18]. 

The adsorption branches (0.05 < P⋅P0
− 1 < 0.2) presented in Fig. 10 

were used to calculate BET specific surface area (SSA) and pore volume 

(PV). These values are presented in Table 7. 
The SSA and the PV values reported in Table 7 confirm the non- 

porous and porous nature of the biomass and the biochars respec-
tively. Moreover, they are in agreement with our SEM results (Section 
3.6 SEM-EDS). Air/steam gasification biochars (BC_3 and BC_4) present 
higher average surface area compared to air gasification ones (BC_1 and 
BC_2), reaching the highest value (410 m2.g− 1), when the highest SB is 
used (BC_4, SB =1.2). In addition, air/steam gasification biochars pre-
sent higher PV values compared to literature (Table 1), reaching 197.93 
cm3.g− 1 for BC_4. The total pore distribution is presented in Fig. 11. 

As can be seen in Fig. 11, even though all biochars present a large 
amount of micropores which are smaller than 1 nm, air/steam gasifi-
cation biochars (BC_3 and BC_4) exhibit a larger presence of mesopores 
of about 5 nm compared to air gasification biochars BC_1 and BC_2. 

Fig. 8. High resolution C 1 s spectra recorded on the surface of (a) BC_1, (b) BC_2, (c) BC_3 and (d) BC_4. Purple solid line denotes experimental data and dotted its fit 
after deconvolution of CF3 (green line), CF2 (blue line), COO (orange line) and C-C/ C-H (red line). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Moreover, in this case, the distribution peak decreases when higher λ 
(BC_2) and SB (BC_4) are considered. 

3.9. Potential applications of biochar from the IHBFBSR unit 

The IHBFBSR unit produced biochars with carbon content (> 92 wt 
%), fixed carbon (> 82 wt%) and surface area (> 250 m2.g− 1) in the 
high-end range of the available literature [17,74]. Furthermore, all 
studied biochars have low ash content (< 9.8 wt%) and thus low content 
of AAEM species and traces of heavy metals (Ti and Mn) compared to the 
carbon structure (Table 5 and Fig. 6). This is agreement with biochars 
from woody biomass reported in literature [17,74]. Based on these data 
and the robust literature on biochar applications, the IHBFBSR biochars 
can have potential for: anaerobic digestion (AD) [38], CO2 capture/ 
removal in wastewater [75], electrochemical applications (carbon fuel 
cells, electrocatalyst, supercapacitor and carbon nano-tubes [38]), 
landfill methane mitigation [76,77], soil amendment, solid fuel and tar 
removal [78], For AD, biochar is used to increase the direct interspecies 
electron transfer (DIET), providing quicker degradation of substrate and 
intermediates [79]. Biochars with high degree of aromaticity are known 

to be beneficial to DIET efficiency [79]. In this sense, air/steam gasifi-
cation biochars (BC_3 and BC_4) might be suitable for this type of 
application. 

The high C content (Table 4), high proportion of aliphatic C–C 
(Fig. 8) and larger porous pattern (Supplementary Fig. G.1), suggest 
that BC3 > BC4 could be ideal candidates for CO2 adsorption [69]. On 
the other hand, the high content of K2O (Table 5) in BC_1 > BC_2 
compared to BC_3 > BC_4 may exhibit a higher positive effect on CO2 
adsorption, due to increased surface basicity of the biochar [82]. This is 
also supported by the high proportion of OH ̶ on the near-surface of BC_2 
and BC_3 observed from XPS measurements (Fig. 7), which is known to 
enhance the alkalinity of the biochar [83]. 

For electrochemical purposes, the high aromaticity of the studied 
biochars might prove useful as there is a strong correlation between the 
degree of aromatization and the dielectric constant of biochar [84]. 
Thus, based on the O/C and HC ratios our biochars are ranked from the 
highest to the lowest degree of aromaticity: BC_4 > BC3 > BC_2 > BC_1. 

Biochars with large surface area are also known to be good sorbent 
materials for heavy metals and organic contamination [85], such as 
BC_3 > BC_4. Further, when biochar has particle sizes lower than 1 mm, 

Fig. 9. Non-normalized high-resolution spectra of (a) C 1 s, (b) Al 2p, (c) Cu 2p, (d) S 2p, (e) Si 2p and (f) N 1 s spectra of biochars BC_1, BC_2, BC_3 and BC_4.  
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it has an equal performance of filtration efficiency with that of activated 
carbon [86]. Thus, our biochars are ranked from the highest to the 
lowest according to the wt% content of sieved particles reported in 
Fig. 4-: BC_3 > BC_4 > BC_1 > BC_2. The biochars produced in this work 
with sieve particle sizes between 500 and 850 μm and pore volume in 
the range of 88–197 cm3.g− 1 could, therefore, be of use in filtration 
applications. 

As solid fuel candidates, the studied biochars are ranked according to 
their O/C ratio and HHV: BC_4 > BC3 > BC_2 > BC_1. Major obstacles 
related to the inorganic content of the biochars are discarded since their 
ash content is relatively low, especially for BC_3 and BC_4 (<5 wt% a.r.). 
Further, the presence of CaO (Table 5) in all studied biochars might 

Fig. 10. N2-physisorpion isotherms measured at 77 K of biomass and biochars BC_1–4.  

Table 7 
SSA and PV of biomass and biochars BC_1–4.   

Biomass BC_1 BC_2 BC_3 BC_4 

Specific surface area (m2.g− 1) 
SSA 0.17 250 260 300 410 
Pore volume (cm3.g− 1) 
PVa 1.12 88.66 95.87 164.45 197.93  

a Values obtained from the amount of N2 adsorbed at P⋅P0
− 1 = 0.95. 

Fig. 11. Pore size distribution (PSD) of biochars BC_1–4, obtained from the N2-physisorpion isotherms.  
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prevent agglomeration and fouling when used as solid fuel [80]. With 
respect to K2O (Table 5), this is found in the biochars below the 
threshold for slagging problems [81]. 

Biochars with a high degree of aromaticity and high fixed carbon 
content are known to have increased resistance to chemical oxidation 
and microbial mineralization [17,38]. The high C content of the studied 
biochars also suggests that the labile fraction of the biochars could be 
relatively small preventing offset of the carbon sequestration benefits 
and preventing short-term degradability [87]. Nevertheless, it is 
important that biochar is still capable of hosting microorganisms and 
water to preserve the flora of the soil and promote plant growth [88]. 
Thus, based on SEM images (Supplementary Fig. G.1) and BET analysis 
(Table 7), BC_3 and BC_4 might provide better “habitability” compared 
to BC_1 and BC_2. Furthermore, the high proportion of semicrystalline C 
(cellulose and crystalline carbon) found in XRD patterns (Fig. 5) also 
supports the hypothesis that the investigated biochars will be more 
resistant to degradation in soil, especially BC_3 > BC_2 [89]. Yet, further 
research is needed to evaluate if the high crystallinity of the biochars 
could reduce properties such as water holding capacity or nutrient 
retention once added to the soil. The Ca and K found as minor compo-
nents (Table 5 and Fig. 6) in the biochars might also prove beneficial as 
nutrients for plant growth. Nevertheless, further research is needed 
regarding the effects of these elements in soil as well as role of the heavy 
metals detected trace concentrations (Ti and Mn). The presence of heavy 
metals in biochar is a challenge but a recent study [85] indicates that 
highly aromatic biochars, as the ones produced in our work, can form a 
more stable bond of heavy metal complexing agent reducing the risk of 
heavy metal mobilization. The high proportion of O-containing func-
tional groups in BC_2 > BC_1 suggests a higher cation exchange capacity 
[10] compared to BC_3 and BC_4 which could lead to increased nutrient 
holding and reduced leaching [90]. Yet, these functional groups might 
lower the stability of BC_2 > BC_1 against degradation in soil [91]. Thus, 
for soil amendment applications, the studied biochars were ranked as 
follow: BC_3 > BC_4 > BC_1 > BC_2. 

4. Conclusions and outlook 

This work focused on valorizing wood-derived biochars obtained 
with a novel 50 kWth pilot plant IHBFBSR via gasification. We investi-
gated four different biochars produced at different production condi-
tions and proposed post process applications depending on physico- 
chemical properties. Our findings confirm that the IHBFBSR design 
constitutes a promising development for the production of biochar with 
higher carbon content (> 92%) and high porosity (89–198 cm3.g− 1) 
compared to other designs in literature. 

In particular, our results indicate that:  

1) Steam gasification is recommended when a larger porous structure 
and high fixed carbon content are required. The IHBFBSR also pro-
duces a porous biochar with no sign of pore clogging.  

2) The properties of air/steam biochars produced by the IHBFBSR are 
promising for larger portfolio of applications compared to the air 
ones such as: CO2 capture, electrochemical applications, soil 
amendment, sorbent material for heavy metals, landfill methane 
mitigation, tar removal, anaerobic digestion and filtration media. 

High quality biochars can contribute on improving the circularity of 
the gasification and mitigating climate change. 

Nomenclature 

a.r. As Received Basis 
AAEM Alkali and Alkali Earth Metals 
AD Anaerobic Digestion 
d.a.f. Dry Ash Free Basis 
d.b. Dry Basis 

DIET Direct Interspecies Electron Transfer 
BC_i i = 1, …,4 Biochar Materials Analyzed 
Bed_i i = A, B Bed Material Used 
BET Brunauer-Emmet-Teller 
CYC0i i = 1, …,2 Cyclones 
EH0i i = 1, …,2 Preheater 
GC Gas Chromatograph 
GHG Greenhouse Gases 
IHBFBSR Indirectly Heated Bubbling Fluidized Bed Steam Reformer 
FTIR Fourier Transform Infrared 
NDIR Nondispersive Infrared Sensor 
NMR Nuclear Magnetic Resonance Spectroscopy 
PMMA Poly(methyl methacrylate) 
PSD Particle size Distribution 
QSDFT Quenched Solid Density Functional Theory 
ROI Regions of Interests 
SB0i i = 1, …,5 Feeding System Bunker 
SEM-EDS Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy 
TU Delft Deft University of Technology 
XPS X-ray Photoelectron Spectroscopy 
XRF X-ray Fluorescence 

Parameters (Units) 

CC Carbon Conversion Efficiency (%) 
CGE Cold Gas Efficiency (%) 
H/C Hydrogen/Carbon Molar Ratio (–) 
HHV High Heating Value (MJ.kg− 1) 
O/C Oxygen/Carbon Molar Ratio (–) 
N/C Nitrogen/Carbon Molar Ratio (–) 
P Process Pressure (atm) 
P/P0 Relative Pressure (–) 
PSD Pore Size Distribution (nm) 
PV Pore Volume (cm3.g− 1) 
SB Steam to Biomass Ratio (–) 
SSA Specific Surface Area (m2.g− 1) 
T Process Temperature (

◦

C) 
YBC,i lost i = 1, …,4 Mass Yield of Biochar Lost (%) 
YBC,i net i = 1, …,4 Mass Yield of Biochar for Further Applications (%) 
YBC,i tot i = 1, …,4 Total Mass Yield of Biochar (%) 

Greek symbols (Units) 

λ Equivalent Ratio (–) 
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