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a b s t r a c t

Fast pyrolysis of wheat straw and rice husk was carried out in an entrained flow reactor at high-
temperatures (1000e1500) �C. The collected char was analyzed using X-ray diffractometry, N2-adsorp-
tion, scanning electron microscopy, particle size analysis with CAMSIZER XT, 29Si and 13C solid-state
nuclear magnetic resonance spectroscopy and thermogravimetric analysis to investigate the effect of
inorganic matter on the char morphology and oxygen reactivity. The silicon compounds were dispersed
throughout the turbostratic structure of rice husk char in an amorphous phase with a low melting
temperature (z730 �C), which led to the formation of a glassy char shell, resulting in a preserved particle
size and shape of chars. The high alkali content in the wheat straw resulted in higher char reactivity,
whereas the lower silicon content caused variations in the char shape from cylindrical to near-spherical
char particles. The reactivities of pinewood and rice husk chars were similar with respect to oxidation,
indicating less influence of silicon oxides on the char reactivity.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of combustion units entirely based on renewable energy
is an important step in the reduction of greenhouse gas emissions.
However, the chemical and physical properties of biomass are
different from those of coal and vary significantly between wood
and herbaceous species. This introduces a range of major technical
challenges, related to the operation of the power plants. Irregular
fibrous biomass particles increase the required energy input into
the milling compared to coal, affecting the biomass burnout and
creating additional challenges with the flame stability [1,2].

The biomass utilization at Danish power plants focuses onwood
pellets, but introduction of new solid biomass materials such as
waste products from agriculture and energy crops, will demand an
increased operational flexibility. The quality of agricultural wastes
is lower than that of wood due to a higher ash content that leads to
deposition and corrosion of the boiler units. Moreover, in pulver-
ized biomass combustion only a short residence time is available for
, fhl@food.ku.dk (F.H. Larsen).
biomass conversion, and the lignocellulosic material reactivity is
affected by the biomass composition, namely organic matter and
minerals [3e5].

Little is known about the structural transformation of pulver-
ized biomass during high heating rate and high temperature py-
rolysis. The majority of investigations on the biomass potential of
agricultural waste is focused on wheat straw and rice husk chars,
pyrolyzed under slow heating rate (1e50 K min�1) and long
holding time (1e4 h) [6e11]. The rice husk contains high concen-
trations of silicon that is present as silicon oxides with small
amounts of alkalis and other trace elements. Lanning [12]
concluded that silicon occurs in rice husk in a hydrated amor-
phous form (opal or silica gel), located mainly in the outer
epidermis and filling the inner channels in the spiral structure of
the epidermal cells. In addition, Liu et al. [13] and Sharma et al. [14]
proposed that the silica in the rice husk is combined with carbo-
hydrates. This hypothesis was examined and verified by 29Si NMR
by Freitas et al. [9]. Guerrero et al. [15] reported no major
morphological changes of rice husk under fast heating, and
ascribed this observation to a high thermal resistance of rice husk
ash, containing mostly silicon compounds. Pottmaier et al. [11]
concluded that rice husk is less reactive than wheat straw,
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Table 1
Proximate, ultimate and compositional analyses of lignocellulosic materials. The
abbreviations ar, db, wt stay for as received, dry basis and weight percentage. The
proximate, ultimate and compositional analyses were conducted on wheat straw
and rice husk particles sieved to 0.09e0.18 mm.

Fuel Wheat straw Rice husk

Proximate analysis
Moisture, (wt.% ar) 5.5 4.5
Ash (550 �C), (wt.% db) 4.1 21.7
Volatiles, (wt.% db) 77.5 64.3
HHV, (MJ kg�1) 18.8 15.5
LHV, (MJ kg�1) 17.5 14.5
Ultimate analysis, (wt.% db)
C 46.6 37.8
H 6.1 4.7
N 0.6 0.3
O 42.5 35.5
S 0.1 0.03
Cl 0.1 0.05
Ash compositional analysis, (mg kg�1 db)
Al 150 70
Ca 2500 750
Fe 200 80
K 11,000 2500
Mg 750 400
Na 150 70
P 500 600
Si 8500 98,500
Ti 10 5
Structural analysis of biomass, (wt.% db)
Cellulose 35.9 36.7
Hemicellulose 18 17.7
Lignin (acid insoluble) 19.2 21.6
Lignin (acid soluble) 6.5 1.2
Extractives 10.1 1
Protein 6.3 0.6
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prepared at temperatures (300e1300 �C) under slow and fast
heating, and related differences in reactivity to the higher contents
of lignin and silicon in the rice husk. The investigation of Freitas
et al. [9] on slowly pyrolyzed rice husk at high temperatures
(1000e1400 �C) and long holding time (1e2 h) indicated an
increased formation of crystalline silicon carbides at the expense of
amorphous silicon oxides with increasing temperature. Nehdi et al.
[16] stated that silicon oxides in rice husk can remain in amorphous
form at combustion temperatures of up to 900 �C if the combustion
time is less than one hour, whereas crystalline silicon oxides are
produced at 1000 �C with combustion time greater than 5 min.

Several different methods have been used to characterize sili-
cates from biomass pyrolysis and combustion. Nair et al. [17]
showed that 1H -29Si CP/MAS solid-state NMR spectroscopy is
more accurate than X-ray diffraction for the detection and quanti-
fication of the amorphous and crystalline Si bearing compounds.
Hamdan et al. [18] studied rice husk ash, oxidized above 700 �C, and
observed a broad Q4 resonance without any silanol groups. The Qn

notation refers to the number of bridging oxygens on a particular
tetrahedral silicon site [19]. Abreu and Schneider [20] analyzed by
rice husk oxidation in a fluidized bed furnace at temperatures up to
890 �C and observed the presence of Q3 and Q2 sites in the amor-
phous fraction and a small amount of crystalline material assigned
to cristobalite. Bardet et al. [10] pointed out that the origin of
biomass does not affect the char structure under slow heating at
temperatures up to 700 �C due to the transformation of lignocel-
lulosic materials (wood, fescue, wheat straw) to larger saturated
polyaromatic domains [21], and the remaining inorganic matter is
not intercalated inside the polycyclic structures.

The present work was focused on the fast pyrolysis of rice husk
and wheat straw at high temperatures (1000e1500 �C) performed
in an entrained flow reactor at heating rates up to 104 K s�1 to study
the properties of chars derived from herbaceous biomass. The
structural transformations of rice husk and wheat straw chars were
characterized by N2-adsorption, X-ray diffraction (XRD), scanning
electron microscopy (SEM), 13C and 29Si solid-state nuclear mag-
netic resonance spectroscopy (NMR). The reactivity and burnout of
herbaceous chars were studied using a thermogravimetric (TG)
analyzer.

2. Materials and methods

2.1. Raw samples

For this study, wheat straw and rice husk were selected, based
on the large difference in ash composition together with a similar
distribution among the three major biomass constituents (cellu-
lose, hemicellulose, lignin) as it is shown by the compositional
analysis in Table 1. The rice husk contains a larger fraction of Si
(9.8 wt.% of the dry material) and significantly less alkali in com-
parison to wheat straw, which is rich in alkali (K: 1.1 wt.% of the dry
material; Ca: 0.24 wt.% of the dry material) but contains substan-
tially lower Si (0.84 wt.% of the dry material). The raw rice husk
(Oryza sativa L.) and wheat straw (Triticum aestivum L.) originate
from North Vietnam (Sapa plantage) and Denmark (Aabenraa
plantage). The rice husk and wheat straw were dried at 30 �C for
several days in an oven desiccator without any ventilation. The
moisture content decreased from 12 to 15 wt.% (as received
biomass) to less than 5 wt.% (dry basis biomass) which ensured
continuous biomass feeding in the entrained flow reactor.

Prior to the pyrolysis experiments, both rice husk and wheat
straw were comminuted on a hammer mill (Andritz manufacturer)
with an operating speed of 60 Hz. The wheat straw stems
(20e40 mm) with leaves were grinded in two steps on a hammer
mill down to 1 mm and thereafter down to 0.15 mm. In addition,
wheat straw and rice husk were sieved to a particle size fraction of
0.09e0.18 mm to exclude particles with a characteristic length
exceeding 0.5 mm, which could create challenges during the
biomass feeding in the entrained flow reactor.

The compositional analysis of the biomass (cellulose, hemicel-
lulose, acid-soluble lignin, acid-insoluble lignin, protein and ex-
tractives) was conducted according to NREL technical reports
[22e24] and Thammasouk et al. [25]. The water-ethanol extrac-
tion was performed onwheat straw and rice husk which contained
a high level of hydrophilic and lipophilic extractable compounds,
according to the procedure described in the Supplemental material
[25].

This work was performed on substrates of unknown prove-
nance, for which the chain of custody is not known. The species
cultivars cannot be specified, while the authors believe that this
work exemplifies the difference betweenwheat straw and rice husk
e there is a reasonable concern that there may be substrate factors
that influence the results obtained if the work was performed with
different cultivars, grown under different conditions.

2.2. Experimental procedure

2.2.1. Entrained flow reactor
The entrained flow study was carried out with the Baby High

Temperature Entrained Flow Reactor (BabiTER) at TU Munich. The
layout of the reactor is shown in Fig. 1 [26,27]. The BabiTER can be
operated at atmospheric pressure and at a maximal temperature of
1600 �C. The particle residence time for the investigation in this
work is below 1 s, calculated from the average gas residence time,
and considering the effects of particle free fall velocity, velocity
profile and biomass particle properties.

A defined gas mixture (2) is preheated (4) before entering the



Fig. 1. Schematic view of the entrained flow reactor (BabiTER) at TU Munich [26,27]: 1.
Feeding gas (N2); 2. Main gas (N2); 3. Fuel feeding system; 4. Pre-heater; 5. Tube
furnace; 6. Water quench; 7. Collection probe; 8. Solid residue char bin; 9. Metal filter;
10. Impinger bottle; 11. Gas analyzer; 12. Pump (Venturi); 13. Gas analysis/measure-
ment controller; 14. Exhaust gas.
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reaction tube (40 mm inner diameter, 1400 mm length, 99.7%
Al2O3). The reaction tube (5) is surrounded by three heating zones,
each consisting of four MoSi2 heating elements. A feeding system
(3) is enclosed in a container and purged with nitrogen of 99.999%
high purity (1) to prevent air entering the reactor. It consists of two
independently acting dosing systems which are placed on opposite
sides. Each feeding system contains three vibrational chutes and
one batch weighting unit for a constant and uniform transport of
the biomass materials into the reactor.

The mass flow of the pulverized biomass can be varied from
50 g h�1 to 1 kg h�1 and is controlled by a software connected to the
balances. The pre-heated nitrogen is mixed with the biomass in the
entry of the reaction tube. Char and gas samples in the reaction
zone can be collected by a water cooled sampling probe (7), which
is adjustable in height. The gas flow rate, sucked by the sampling
probe, can be varied by a venturi nozzle, such that iso-kinetic
sampling can be performed. Particles and gases, which are not
collected with the sampling probe, are quenched by water (6). The
collected char in the sampling probe is separated from the reaction
gas on a char filter (9), and collected in a char bin (8). A part of the
reaction gas is analyzed using a non-dispersive infrared analysis
(NDIR)/heat conductivity analyzer (13) for process control. In this
work, the experiments were carried out with the entrained flow
reactor at temperatures of 1000, 1250 and 1500 �C. The BabiTER
system is limited to use particles with a characteristic length
<0.5 mm. A biomass feeding rate of 300 g h�1 was selected for the
rice husk. At 1000 and 1250 �C, the wheat straw was fed with
200 g h�1, and at 1500 �C with 100 g h�1 to ensure continuous
biomass feeding. The sampling probe was kept at a constant height,
enabling a residence time of about 1 s during all experiments.

2.2.2. Char characterization

2.2.2.1. SEM microscopy
SEM/EDS analysis of char was conducted on a microscope (FEI

Company, Inspect) with a tungsten filament under high vacuum in
order to understand char structural and chemical properties. Prior
to the analysis, char samples were coated with a thin layer of car-
bon (40 s, 5 mA) using a Cressington 208 Carbon Coater to avoid
sample charging. SEM/EDS analysis in a backscattered electron
mode was carried out as an average composition of 20 points on
rice husk char particles and wheat straw tar balls, generated at
1500 �C.

2.2.2.2. CAMSIZER XT
The particle size and shape of the original biomass and its char

were measured on a 2D imaging instrument (CAMSIZER XT,
Retsch), designed for the particle size range of 3 mme3mm. Particle
shadows were captured by two cameras, namely a zoom camera,
designed for the analysis of smaller particles, and a basic-camera
that was able to detect larger particles. The projected area of the
particles was analyzed by the CAMSIZER XT 6.3.10 software. Fine
biomass particles tend to agglomerate which makes it difficult to
detect the true geometric dimensions of each individual particle.
Therefore, the particle agglomerates were separated without
destroying the primary particles by air pressure dispersion. The
particle size distribution, based on the volume, is represented by
the xMa,min diameter. For the particle size analysis, ca. 100 mg of a
sample was used. All measurements were conducted in triplicate to
establish sufficient reproducibility within <0.5%.

The Martin minimal (xMa,min) and Feret maximal (xFe,max) di-
ameters are suitable parameters to represent the biomass particle
width and length in combustion. The Martin diameter is a chord
length that divides the projected particle area into two equal halves
[28] as shown in Supplementary Fig. S-5.1. The minimal Martin
diameter (xMa,min) is determined from the smallest Martin diameter
of the particle projection [29], and represents a particle width
based on the assumption of a biomass particle to be thinner than its
width in the diffusion process of a combustion modeling. The Feret
diameter is a distance between two tangents placed perpendicular
to the measurement direction [28] as shown in Supplementary
Fig. S-5.2. The Feret maximal diameter is the longest Feret diam-
eter of all measured Feret diameters of a particle [29], and the
longest measurable diameter xFe,max is the largest diameter to fulfill
the assumption that the length of a particle has to be larger than its
width. The results of a particle size analysis were represented as a
frequency distribution over xMa,min, based on volume.

The particle shape is characterized by sphericity (SPHT) and
aspect ratio (b l�1) in the present study. Sphericity is one of the
most common ways to express the deviation of an 2D image shape
from a sphere and is defined by Equation (1):

SPHT ¼ 4�p*A
P2

(1)

In Equation (1), P is a measured circumference of a particle
projection and A is a measured area of a particle projection. The
particle is considered to be spherical when the value of sphericity is
equal to 1 and non-spherical when it is less than 1. The aspect ratio



Fig. 2. Ash compositional analysis of rice husk and wheat straw, pyrolyzed in the
BabiTER reactor at 1000, 1250 and 1500 �C. The ash composition of both lignocellulosic
materials and their chars is shown in g kg�1 on dry basis.
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AR is defined as the ratio of particle width (b ¼ xMa,min) to the
particle length (l ¼ xFe,max).

AR ¼ b
l

(2)

2.2.2.3. X-ray diffraction
The crystalline constituents of the pulverized chars, generated

at 1000e1500 �C, were characterized using a Huber G670 X-ray
diffractometer with a copper tube (CuKa1 radiation, l ¼ 1.54056 Å)
from a quartz monochromator, using an imaging strip covering
100� as a detector for 1.5 h. The diffractometer was operated in a
transmission modewith the sample placed in a thin layer into a flat
disc-like rotating sample holder. The collected XRD patterns were
analyzed using Crystallographica Search-Match software (Version
3,1,0,0). The XRD peak broadening was subtracted from the
experimental pattern by the Winprep software (DTU Chemistry).

2.2.2.4. Ash compositional analysis
The ash compositional analysis was performed by an X-ray

fluorescence instrument (Shimadzu, model EDX 800-HS) at TU
Munich. Prior to the XRF analysis, char samples were pre-heated in
oxygen at 5 K min�1 up to 550 �C and kept at that temperature for
7 h. The generated ash (about 200 mg) was initially mixed and then
pressed with a special wax (mixture ratio 1:5). The Cl and S content
in the ash was analyzed by ICP-OES/IC at TU Wien. The ash sample
was dissolved in ultrapure water at 120 �C for 1 h, and then the
solution was filtered and analyzed by ICP-OES/IC.

2.2.2.5. 13C and 29Si solid state NMR spectroscopy
Solid-state NMR analysis was carried out on a Bruker Avance

400 NMR spectrometer (9.4 T) operating at Larmor frequencies of
400.13, 100.58 and 79.48 MHz for 1H, 13C and 29Si, respectively. All
experiments were conducted using a double resonance probe
equipped with 4 mm (o.d.) rotors. Samples were analyzed as
without any additional preparation at room temperature by single-
pulse (SP) magic angle spinning (MAS) as well as cross polarization
(CP) MAS [30] utilizing high-power 1H two-pulse phase-modulated
decoupling (TPPM) [31] during acquisition and employing a spin-
ning rate of 9 kHz. The 13C CP/MAS spectra were recorded using a
recycle delay of 8 s, a contact time of 1 ms, an acquisition time of
45.9 ms and 4096 scans, whereas the 13C SP/MAS spectra were
recorded using a recycle delay of 128 s, an acquisition time of
45.9 ms and 1080 scans. The 29Si CP/MAS spectra were recorded
using a recycle delay of 2 s, a contact time of 8 ms, an acquisition
time of 42.6 ms and 8192 scans, while a recycle delay of 256 s, an
acquisition time of 42.6 ms and 512 scans were utilized for
recording the 29Si SP/MAS spectra. All recycle delays and contact
times were optimized on the original biomass of wheat straw (13C)
and protobind 1000 (29Si) and then used for all samples in this
study. The NMR spectra were referenced to TMS (0 ppm) using
secondary reference compounds. All 13C NMR spectra were refer-
enced to the carbonyl resonance in an external sample of a-glycine
at 176.5 ppm [32], and the 29Si NMR spectra were referenced to an
external sample of 3-(Trimethylsilyl)-1-propanesulfonic acid so-
dium salt at 1.6 ppm.

2.2.2.6. N2-adsorption analysis
The specific surface area (SSA) of biomass chars was determined

based on nitrogen adsorption at its boiling point (77 K). To remove
surface contaminants, the samples were heated to 350 �C in a dry
N2 flow prior to the measurement. The multipoint Bru-
nauereEmmetteTeller (BET) theory with seven points in the range
of p/p0 from 0.01 to 0.2 is applied on the BET instrument (Quan-
tachrome iO2). BET equation was used to determine the specific
surface area [33].

2.2.2.7. Thermogravimetric analysis
The reactivity of char was determined using a TG instrument

(Netzsch, STA 449 F1) by loading 3 mg of sample in an Al2O3 cru-
cible and heating it from 35 to 1350 �C in 5% volume fraction O2
(50 cm3min�1 of O2 and 95 cm3min�1 of N2) measured at 20 �C and
101.3 kPa and at a constant heating rate of 10 K min�1.

The kinetic parameters of char samples were derived by the
integral method presented by Coats and Redfern [34]. Through
integral transformation and mathematical approximation, the
linear equation was expressed in the form:

ln
�
� lnð1� XÞ

T2

�
¼ ln

�
A$R
b$Ea

�
� Ea
R$T

(3)

where b is the heating rate and R is the gas constant. A plot of
ln(�ln(1�X) T�2) versus T�1 gives a straight line whose slope and
intercept determine the values of the activation energy (Ea) and
pre-exponential factor (A). The results of Qin et al. [35] showed that
a first order reactionmodel in both charmass and gasification agent
can describe the experimental results well. The reactivities of
wheat straw and rice husk chars were compared using reaction
rates calculated for the derived kinetic parameters (A and Ea) at a
fixed oxidation temperature of 400 �C.

3. Results and discussion

3.1. Ash analysis

The ash composition of the original rice husk and its chars was
analyzed by X-ray fluorescence (XRF), Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) and Ion Chromatography
(IC) and shown in Fig. 2. The chars were collected from the fast
pyrolysis at 1000,1250 and 1500 �C, and the analysis showed a high
concentration of silicon oxides along with smaller amounts of po-
tassium, aluminium, iron, sodium and magnesium. The wheat
straw char at all applied heat treatment temperatures contained
potassium and calcium along with a high concentration of silicon,
leading to the formation of silicates [36]. Fig. 2 shows that close to
70% potassium in the wheat straw has been released in a
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temperature range of 1000e1500 �C, and the residual potassium at
1500 �C retained in the silicate matrix. Equilibrium calculations
were conducted for the major inorganic components in the wheat
straw (K, Si and Ca) as shown in Supplementary Table S-2 using the
Factsage software. These calculations indicated that potassium
silicates (K2SiO3 and K2Si2O5, melting temperature <900 �C [37])
and calcium silicate (Ca3Si2O7, melting temperature <1450 �C [38])
should be present in the wheat straw chars.

3.2. X-ray diffraction

The structural characteristics of the biomass chars, formed
during the fast pyrolysis in the BabiTER reactor, have been exam-
ined by X-ray diffraction (XRD) in terms of carbon and ash trans-
formations. The X-ray diffractograms for the wheat straw and rice
husk chars, prepared at 1000e1500 �C, are shown in Fig. 3. In the
original rice husk, silicon oxides are present in an amorphous form
Fig. 3. XRD measurements of original wheat straw and rice husk and chars. The XRD
patterns were assigned to: 0 e KCl, 1 e SiO2 (tridymite, cristobalite, quartz), 2 e

Mullite, 3 e Amorphous silica, 4 e Turbostratic structure, 5 e K2CO3, 6 e CaCO3, 7 e

CaSO4, 8 e MgO, 9 e Ca3(PO4)2, 10 e KOH, 11 e CaO, 12 e K2SO4, 13 e Ca(OH)2 [70].
bonded with monosaccharides [8], corresponding to the diffuse
peak with its maximum at about 2Q¼ 21.8�. The XRD peak at 21.8�,
measured for the original rice husk, remained at the same position
for the chars with increasing heat treatment temperature in the
present study.

The weak sharp and narrow reflections from crystalline silicon
oxides as compared to the broad band of amorphous silicon oxides
(2Q ¼ 21.8�) indicate only partial crystallization at high heating
conditions. Comparing the reflections from crystalline silicates in
the rice husk ash oxidized for 24 h reported by Hamdan et al. [18]
and in glass-ceramics investigated by Jing et al. [39], the reflections
from crystalline silicates in the rice husk chars are significantly
weaker in the present study. The XRD results indicate that the rice
husk chars exhibit mainly amorphous silicates structure with a few
weak reflections from crystalline silicates. The XRD analysis did not
show any SiC peaks between 1000 and 1500 �C as it was previously
observed under slow heating and at heat treatment temperatures
below 1000 �C by Sharma et al. [40].

In comparison to the rice husk, the XRD analysis of wheat straw
char between 1000 and 1500 �C showed a wide range of inorganic
components, mostly present as oxides (SiO2, CaO, MgO) as illus-
trated in Fig. 3(b). In addition to the oxides, potassium and calcium
elements form carbonates and sulfates. The potassium retained in
the ash was proposed to appear as hydroxide [2] and to a minor
extent as chloride due to the low concentration of chlorine [41].
With the exception of Ca3(PO4)2 and CaSO4 identified here, all other
compounds identified in this study have been previously detected
in ash samples by Wu et al. [2]. The peaks at about 23�, 34.4� and
42.5� in the wheat straw char indicated a decrease in cellulose
crystallinity and formation of a turbostratic structure [42e44]. The
peak at 23� in the rice husk char was hypothesized to overlap with
the broad peak of amorphous silicon oxides at 21.8�.

3.3. 13C NMR and 29Si NMR

The effect of heat treatment temperature on the organic matter
transformation in the rice husk and wheat straw fast pyrolysis was
monitored using 13C CP/MAS and 13C SP/MAS NMR spectroscopy. In
the 13C CP/MAS experiments the resonances of the carbons in
immobile regions of the samples were enhanced by polarization
transfer from the highly abundant 1H nuclei via hetero-nuclear
dipolar coupling. All carbon sites were observed quantitatively by
the 13C SP/MAS NMR measurements. In Figs. 4 and 5, the 13C CP/
MAS and 13C SP/MAS NMR spectra of rice husk andwheat straw and
chars produced at different heat treatment temperatures are dis-
played, and an assignment of resonances is shown in
Supplementary Table S-3 using literature data [45e49].

Comparing the spectra of the original biomass to the spectra of
the chars at 1000 �C showed that the polysaccharides were the
most abundant components in the original biomass, whereas the
spectra of chars are characterized by a broad resonance centered at
125 ppm originating from aromatics. Above 1000 �C it was
observed that no resonances were present in the CP/MAS spectra
and that the S/N-ratio in the SP/MAS spectra were reduced. These
spectra indicate the aromatization of the lignocellulosic material
and formation of graphene-like structures [9]. The reasons for the
lack of resonances in the CP/MAS spectra of the pyrolyzed samples
are the lower content of hydrogen as shown in Supplementary
Table S-1 and a higher content of paramagnetic species (e.g. radi-
cals) in the sample.

SP/MAS and CP/MAS spectrawere also recorded, but the 29Si CP/
MAS only resulted in observable resonances for the original
biomass, which is in agreement with the results of Freitas et al. [9].
The higher heat treatment temperatures led to the low hydrogen
content of chars which made unlikely occurrence of silanol groups



Fig. 4. 13C CP/MAS and 13C SP/MAS spectra of rice husk and its chars generated at 1000,
1250 and 1500 �C. Fig. 5. 13C CP/MAS and 13C SP/MAS spectra of wheat straw and its chars generated at

1000, 1250 and 1500 �C.
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at fast pyrolysis conditions. In Fig. 6, the spectra of rice husk chars,
prepared at 1000e1500 �C in the entrained flow reactor are pre-
sented. By comparison of the SP/MAS and the CP/MAS spectra of the
original biomass the Si sites situated close to hydrogen are identi-
fied as these are enhanced by CP. Another factor influencing CP/
MAS spectra is related to the presence of paramagnetic species
which reduce the efficiency of the polarization transfer, leading to
no resonances present in the CP/MAS spectra of chars generated at
1250 and 1500 �C. The resonances in the SP/MAS spectra can be
characterized by a broad intense resonance at �111 ppm assigned
to Q4 sites and less intense shoulders at �102 ppm and at �92 ppm
assigned to the Q3 and Q2 sites, respectively, as shown in Fig. 6
[17,50]. In Table 2, the mean chemical shift and line width are
displayed.

Deconvolution of the spectra by Gaussian functions (least-
squares fitting of spectra) resulted in Gaussian curves from which
the full width at half maximum was obtained as shown in Fig. 7. A
center of the full width at half maximumwas selected according to
constraints of Bertermann et al. [51]. The same type of data fitting
was used to analyze the 29Si SP/MAS NMR spectra. The results of
fittingwith Gaussian function indicated that the silicon oxideswere
mainly present in the rice husk chars in the amorphous form due to
the width of the resonances originating from the Q4 sites, which is
in line with earlier studies on rice husk ashes of Hamdan et al. [18]
and Lippmaa et al. [52]. They assigned the dominating relative area
of Q4 site of rice husk ash to an “ill-ordered” amorphous silicates
structure found in highly dispersed form. It seemed that no sig-
nificant changes appeared in the 29Si NMR spectra and thereby in
the rice husk silicate structure at fast heating conditions. The
increasing heat treatment temperature caused the relative amount
of Q3 species of original rice husk to decrease and Q4 sites of original
rice husk to increase, leading to a denser network with less surface
sites and smaller reactivity towards oxygen [17]. The site oxygen
reactivity in the silicon network follows the trend Q1>Q2>Q3>Q4



Fig. 6. (a) 29Si CP/MAS and SP/MAS NMR spectra of original rice husk; 29Si SP/MAS
NMR spectra of rice husk chars at 1000, 1250 and 1500 �C, and (b) results of the 29Si SP/
MAS NMR data fitting with Gaussian function for original rice husk.

Table 2
Fitted parameters for the 29Si NMR lines in the spectrum of original rice husk and its chars, prepared at 1000e1500 �C, which show the peak position and full width at half
maximum, as it was proposed in the literature [9,20,67e69].

Silicon species Mean iso. chem. shift (ppm) Full width at half maximum (Hz)

Raw sample Char (1000 �C) Char (1250 �C) Char (1500 �C)

Q4, [Si(OSi)4] �111 731 930 994 994
Q3, [(OH)$Si(OSi)3 �102 604 874 962 963
Q2, [(OH)2$Si(OSi)2 �92 96 e 217 219
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[19]. In Q2 and Q3 sites, the presence of non-bridging oxygen atoms
made these silicon species more reactive than Q4 sites due to the
easier rearrangement of silicon network in chars. The Q2 and Q3

sites, due to the peak broadening, indicated an increase in the
width from96 Hz to 219 Hz and from 604 Hz to 963 Hz at 1500 �C as
shown in Table 2. The relative areas of Q2, Q3 and Q4 sites of chars
obtained at 1000, 1250 and 1500 �C remain nearly similar as shown
in Table 3.

The results indicated that the original rice husk and their chars
are composed mainly of Q4 sites (72e80%) and to a minor extent of
Q3 sites (21e27%) along with small amounts (<1.2%) of Q2 sites. In
the present study, a lower relative area of Q4 sites than in
investigations of Nair et al. [17], except for RHA-12Q sample
oxidized for 12 h, was related to the differences in a rice husk
preparation. In their study, the rice husk was oxidized at 500, 700
and 900 �C in a fixed bed furnace from 15 min to 24 h, and the rice
husk ash was collected immediately or after it was naturally cooled
down inside the oven, whereas in the present study the rice husk
char was immediately cooled down after fast pyrolysis in a tem-
perature range of 1000e1500 �C. The fast quenching of rice husk
chars in the entrained flow reactor favored the formation of
amorphous silicates which is similar to the structure of silica
glasses prepared at cooling rates of 1 kK s�1 to 1 MK s�1 [53e56].

The presence of broad resonances and lack of narrow reso-
nances in the 29Si SP/MAS NMR spectra indicates a glassy/disor-
dered structure of the silica glasses [57], in line with earlier studies
on rice husk ashes [17]. A crystalline phase in the rice husk ashes
was formed at 1100 �C after 12 h oxidation, which was character-
ized by two intense narrow peaks with a maximum at �110 ppm
(FWHHz 79.5 Hz) and �112 ppm (FWHHz 278 Hz) assigned to
cristobalite and tridymite phases. In the present study, the line
width of Q3 site was almost three times broader than the narrow
peak of crystalline silicates reported by Nair et al. [17], and
exhibited a resonance broadness which is similar to non-crystalline
silica glasses (i.e. non-crystalline opals) [58]. The peak with a
maximum at �112 ppm, which characterizes the crystallization of
cristobalite, was not detected for rice husk chars prepared in a
temperature range of 1000e1500 �C. Thus, no comparison of the
peak with a maximum at �112 ppm reported by Nair et al. [17] was
made in the present investigation. This shows that silica remained
mainly amorphous at fast pyrolysis conditions with the low content
of a crystalline phase. However, the comparison of Q4 sites indi-
cated that the broadness of the peak at �111 ppm in the literature
remains similar to the line width of Q4 site in the present study
which is equal to 2186 Hz at 1000 �C and 2384 Hz at 1250 �C and
1500 �C.

For the chars of wheat straw resonances in the 13C CP/MAS
spectra were only observed for the original biomass, whereas res-
onances were observed from both the original biomass and the
char at 1000 �C in the 13C SP/MAS spectra. The decreased experi-
mental sensitivity was related to the presence of paramagnetics in
the carbonaceous bulk as it was proposed by Bardet et al. [10]. Due
to the lower content of Si, no resonances were observed in the 29Si
MAS NMR spectra of the wheat straw samples as shown in Fig. 5.
3.4. Char characterization

The particle size and shape of the original rice husk and wheat
straw and chars prepared at 1000e1500 �C were analyzed with a
2D dynamic imaging device (CAMSIZER XT, Retsch) and SEM mi-
croscopy. The SEM microscopy results showed that rice husk chars
contained large cavities inside the particle as shown in Fig. 8(a),
whereas the outer part of the char exhibited a glassy shell con-
sisting of rigid silica beads as shown in Fig. 8(b). A similar ash



Fig. 7. Results of the 29Si SP/MAS NMR data fitting with Gaussian function for chars
prepared at (a) 1000 �C and (b) 1500 �C.

Table 3
Calculated relative amounts of Q2, Q3 and Q4 (%) based on the Gaussian fitting of 29Si
SP/MAS NMR spectra.

Temperature Q2 (%) Q3 (%) Q4 (%)

Raw biomass 0.9 26.6 72.5
1000 �C e 19.5 80.5
1250 �C 1.1 22.9 76
1500 �C 0.7 20.9 78.4
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morphology with a smooth outer surface and a large number of
small grains was observed after oxidation of rice husk at 700 �C for
3 h by Krishnarao et al. [8]. They obtained only amorphous silicates
and residual carbon in the white rice husk ash based on the XRD
pattern. Overall, in the rice husk chars mainly amorphous silica and
polyaromatic structures were detected in the present study. The
XRD peak at about 23� in the rice husk chars indicated formation of
a turbostratic structure [42e44]. In addition, EDS analysis
confirmed that the rice husk chars contained mainly carbon and
silicon as described in Supplementary Table S-4.

The amorphous silicates dispersed throughout the organic
matrix caused heterogeneous softening of rice husk char at high
pyrolysis temperatures due to the molecular disorder of the
structure as shown in Fig. 8(a). The shape of the rice husk chars
remained preserved even at a higher temperature, due to the low
softening temperature of amorphous silicon oxides (z730 �C) [53]
and rapid cooling of chars. The wheat straw chars obtained
different shapes from near-spherical to cylindrical as shown in
Fig. 8(c)e(d). However, the wheat straw char particles were mainly
cylindrically-shaped as shown in Fig. 8(e).

Fig. 9 shows the particle frequency distribution based on volume
(q3) as a function of the characteristic length (xMa,min) of the original
rice husk and wheat straw and their chars. The rice husk char kept
the particle size of the original lignocellulosic material in a tem-
perature range of 1000e1500 �C. The particle size of wheat straw
chars, however, was significantly reduced compared to the raw
lignocellulosic material. The difference between the two biomass
materials was due to the lower content of silicates in the wheat
straw.

Regarding the shape, the main difference between the two
herbaceous chars was that the rice husk char formed particles of a
rectangular shape (SPHTz 0.8) while the wheat straw char parti-
cles were mainly cylindrically-shaped and to a minor extent near-
spherical (SPHTz 0.5e0.8) as shown in Fig. 9. The formation of
near-spherical wheat straw chars containing cavities was affected
by the presence of low-temperature melting potassium silicates.
The cylindrically-shaped wheat straw particle formed a smooth
surface without any pores, keeping the char structure similar to the
original wheat straw particle due to the formation of high-
temperature melting calcium silicates. The morphological differ-
ences between wheat straw char particles were related to the
inorganic compounds allocation in the wheat straw as it was
observed by Knudsen [41]. Pseudostem has a very high calcium
content [59], whereas thewheat straw leaves contain high amounts
of silicon and potassium [61,60]. Furthermore, the distribution of
plant cell constituents in the biomass was also proposed to affect
the formation of near-spherical char particles. The biomass char
particles undergo softening and melting under fast heating [4]. At
higher temperatures, the char plasticization occurs due to the for-
mation of liquid metaplast. Depolymerization with subsequent
repolymerization and cross-linking lead to char formation [62]. The
differences in cross-linking propensity influence the fluidity of char
significantly. The formation of metaplast depends on the complex
interaction of all plant cell compounds (holocelluloses, lignin and
extractives). Hansen et al. [63] reported that the stems of wheat
straw contain more lignin and xylan compared to leaves. Tru-
betskaya et al. [64] suggested that at fast heating rates the forma-
tion of metaplast is mostly affected by the bond-breaking and
cross-linking of organic components present in lignin that are
less volatile than holocelluloses.

In the present study, the extent of plasticization of the char
particles derived from wheat straw leaves was greater than that of
char particles derived from straw stems. In addition, the b l�1 ratio
of rice husk and wheat straw chars decreased from 0.8 to 0.6 with
decreasing particle size, indicating that both char particles exhibi-
ted a more elongated shape. Surprisingly, in the char collection bin
of the BabiTER reactor, spherical particles, devoid of large cavities
or pores and coated in soot were found. These particles varied in
size from1 to 15 mm, as shown in Fig. 8. However, the formation and
chemistry of these particles has not been extensively discussed in
the literature before. Posfai et al. [65] investigated the formation of
tar balls, which are in size from 30 to 500 nm and consist of the
low-volatile organic compounds, released during biomass burning.
The tar balls are different from soot particles due to the lack of a
graphitic nano-structure. Furthermore, the tar ball consists of about
90% carbon that makes them distinct from other carbonaceous



Fig. 8. SEM images of wheat straw char prepared at 1250 �C, rice husk char prepared at 1500 �C and tar balls from wheat straw pyrolysis at 1500 �C in the BabiTER reactor.
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particles. In the present study, the chemical composition of parti-
cles with a smooth surface was not identified due to the low con-
tent of these particles found in the char bin. SEM/EDS analysis was
conducted to analyze the composition of tar balls generated at
1500 �C and shown in Supplementary Table S-5. The results show
that wheat straw tar balls contained predominantly O, Si, and Ca
elements. However, it was hypothesized that the particles in
Fig. 8(f) were formed from the low-volatility organic compounds,
similarly to investigations of Posfai et al. [65].

3.5. Surface area analysis

The specific surface areas (SSA) of wheat straw and rice husk
chars, measured by the N2-adsorption, are shown in Table 4.
It can be observed that the rice husk chars had a lower surface
area than the wheat straw at the same operational conditions. The
surface area of wheat straw and rice husk chars was recalculated as
surface area on dry ash free basis (daf) using Equation (4) as shown
in Table 4.

SSAdaf ¼
SSA

1� A�M
(4)

In Equation 4, A and M are fractions of ash and moisture. Since
the ash has a lower surface area compared to char, and rice husk has
a higher ash content compared to wheat straw, the surface area of
rice husk became smaller. However, the surface area on ash free
basis of wheat straw and rice husk was similar for chars prepared at
1250 and 1500 �C, indicating no significant changes with increasing



Fig. 9. Particle frequency distribution based on volume (q3), sphericity (SPHT) and width to length ratio (b l�1) of original wheat straw, rice husk and their chars, pyrolyzed in the
BabiTER reactor at 1000, 1250 and 1500 �C. The original wheat straw and rice husk after the milling were sieved to fraction 0.09e0.18 mm. Sphericity and width to length ratio are
shown as straight lines and q3 is shown with a dashed line.

Table 4
Surface area by N2-adsorption of wheat straw and rice husk chars, prepared at
1250e1500 �C. Due to the volatile matter presence in the wheat straw and rice husk
chars generated at 1000 �C, the N2-adsorption was not conducted.

Temperature Rice husk Wheat straw Rice husk Wheat straw

�C m2 g�1, as received m2 g�1, on dry ash free basis

1250 94.9 197 527 318
1500 53.3 167 533 336
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temperature.
Fig. 10. Differential thermogravimetric analysis (DTG curves) of rice husk and wheat
straw chars as a function of heat treatment temperature, pyrolyzed in BabiTER reactor
at 1000, 1250 and 1500 �C, and compared with the reactivity of pinewood char
generated in the drop tube reactor at 1400 �C [66].
3.6. Reactivity and burnout

The reactivity of rice husk and wheat straw chars towards ox-
ygen was investigated in a TG instrument to understand the effect
of heat treatment temperature and lignocellulosic material type.
The wheat straw and rice husk chars, prepared at 1000, 1250 and
1500 �C, were oxidized with a heating rate of 10 K min�1 up to
1350 �C. The derivatives of the mass loss signals of the char in 5%
volume fraction O2 are shown as a function of temperature in
Fig. 10.

The maximum conversion rate of the wheat straw chars took
place between 400 and 550 �C, whereas the maximum conversion
rate of rice husk chars was shifted to approximately 100 �C higher
temperatures. This shows that the wheat straw chars were
significantly more reactive than the rice husk chars. The main
reason for the difference in reactivity was the higher level of alkali
metals in the wheat straw chars compared to rice husk, which
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catalyzes the oxidation reaction. The Arrhenius parameters for char
oxidation derived from the TG experiments are shown in
Supplementary Table S-6. At an average temperature of 400 �C, the
rate constant for wheat straw char oxidation decreased from 2$10�3

to 5$10�4 s�1 as the heat treatment temperature increased from
1000 to 1500 �C. For rice husk, the rate constant decreased corre-
spondingly from 3$10�4 to 1$10�5 s�1. The reactivities of rice husk
chars were compared with that of pinewood char generated in the
drop tube reactor at 1400 �C as reported by Trubetskaya et al. [66].
The reactivities of pinewood and rice husk chars were similar,
indicating less influence of silicon oxides on the char reactivity.
Furthermore, both chars were deactivated at high heat treatment
temperatures due to thermal annealing forming more ordered
polyaromatic structures with graphene-like layers, leading to char
deactivation, in agreement with the results of Pottmaier et al. [11].

4. Conclusion

By 29Si MASNMRof both original rice husk and their chars broad
resonances similar to what was observed in silica glasses were
obtained. This demonstrates that the major part of the silicates
were present in a disordered/amorphous state. No significant
changes appeared in the 29Si NMR spectra for Q2, Q3 and Q4

branches of rice husk chars, meaning almost negligible differences
in the char Si bearing compounds in a temperature range of
1000e1500 �C in fast pyrolysis. The resonances in 29Si CP/MAS NMR
spectra of original wheat straw and its chars were not observed due
to the low amount of silicates, high content of paramagnetics or an
increased electrical conductivity of chars in fast pyrolysis. However,
equilibrium calculations using Factsage software indicated that
wheat straw chars contain potassium and calcium silicates.

The presence of silicates in the rice husk and wheat straw was
proposed to affect the obtained char morphology. The particle
shape of rice husk remained preserved at high heat treatment
temperatures as observed by the 2D dynamic imaging analysis and
SEM microscopy. The lower silicates content and high levels of al-
kali in the wheat straw caused variations in char particle shapes
from cylindrical to near-spherical. The lack of long-range order in
XRD analysis and the broad resonances in 29Si solid-state NMR
confirmed that silicates in rice husk chars were present in a glass-
amorphous form, leading to the formation of a glassy char shell due
to the softening of the amorphous silicon oxides. The results of the
present study indicated a key role of Si bearing compounds on the
char mechanical integrity.

The wheat straw chars were observed to be more reactive than
the rice husk chars due to the higher level of alkali metals which
catalyzes the oxidation of carbon as can be seen by the thermog-
ravimetric analysis. Similar reactivities of rice husk and pinewood
showed that silicon oxides affect less the char reactivity than the
alkali metals. Moreover, the reactivity of both wheat straw and rice
husk chars decreased at high heat treatment temperatures due to
annealing of the carbon. The BET surface area of wheat straw and
rice husk chars had less influence on the char reactivity due to the
negligible differences in the temperature range of 1250e1500 �C.
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