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ABSTRACT: In the present study, the possibility of extracting biogenic silica from various European biomass materials was
investigated. High-purity biogenic silica (>90 wt % SiO2) was obtained from energy crops (miscanthus), agro wastes (wheat
straw), and other crop residues (cereal remnant pellets). Three different morphological forms of biogenic silica materials (ash)
were obtained by a thermo-chemical treatment of these biomass sources. The wet biomass materials were leached using 5 M
sulfuric acid for a defined period of time. After washing and drying the biomass materials, the leached samples were subjected to a
heat treatment in a furnace with three sequential temperatures and time stages to determine the minimum combustion
temperature of the organic compounds in the biomass materials. The final products were characterized by X-ray diffraction, X-ray
fluorescence, carbon content analysis, differential thermal analysis, low temperature nitrogen adsorption, mercury intrusion
porosimetry, and scanning electron microscopy. The obtained silica materials had a microstructure composed of accessible,
interconnected, and intraparticle meso- and macropores with sizes ranging from 3 to 1500 nm.
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■ INTRODUCTION

Recently, biogenic silica from rice husk ash (RHA) has been the
focus of several scientific studies1−3 due to a number of
ecological, economic, and environmental considerations.1 In
addition, the presence of meso- and macropores in biogenic
silica materials suggests many approaches for the preparation of
value added silica (i.e., purely microporous silicalite3) or the
synthesis of hierarchically structured materials via pseudomor-
phic transformation.2,4,5 Highly purified biogenic silica of 99.8
wt % SiO2 (rice husk ash) was recently obtained by burning rice
husks that had been pretreated with citric acid.3 The use of
organic acid solutions such as citric acid during the leaching
step is considered a more economical, ecological, and benign
process compared to the use of inorganic acids like hydro-
chloric acid (HCl), nitric acid (HNO3), or sulfuric acid
(H2SO4).

1,6

Burning time and temperature are equally important in
removing carbon from rice husk ash, while retaining silica in an
amorphous form.1 Longer burning times at temperatures above
1073 K will cause the collapse of the cellular microstructure and
the coalescence of the fine pores.7 Consequently, the specific
surface area is reduced,8 and crystalline silica phases are
formed.9 The chemical and thermal treatment of rice husks not
only provides a solution for waste product disposal but also
opens up sustainable manufacturing routes to valuable silica
products as renewable materials.1−3 The availability of rice
husks is continuously increasing in many developing countries,
particularly in Indonesia, Bangladesh, and Vietnam.10 However,
they are currently rarely utilized in these same countries.
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The percentage of rice husks in paddy rice varies across
different countries, influenced by various factors such as the rice
species, cultivation area, soil fertility, weather, irrigation
efficiency, farming practices, etc.11,12 However, rice paddies
typically contain 20 wt % rice husks on average.11 In terms of
energy production, rice husks are often used throughout the
rice growing areas of the world, including the U.S., Thailand,
China, etc.13 In Europe, several lignocellulosic agricultural
biomasses from energy crops (miscanthus), other crop residues
(cereal remnant pellets),14−16 and agro wastes (wheat
straw)17,18 have a huge potential as a substitute for fossil
fuels.14,15 The cultivation of miscanthus began in 1983 in
Denmark; in 1987, cultivation of this crop reached Germany.
Additionally, there have been some attempts to cultivate
miscanthus in the United States.19 Miscanthus is an interesting
material because it includes species that are rich in
carbohydrates. Several recent studies have investigated the
pretreatment of miscanthus for bioethanol production,19

hydrogen production,20 and the extraction of lignin, xylan,
glucan, and arabinan.21 Cereal byproducts such as wheat straw
and cereal remnant pellets can also be a source of value added
products. For example, long natural cellulose fibers17 and
nanocellulose fibers18 can be prepared from wheat straw.
Moreover, this biomass provides approximately 14% of the
world’s energy needs and 35% of the energy requirements of
developing countries.22

Crop residues (e.g., cereal straw and wheat straw) and
herbaceous plants (e.g., miscanthus) consist of the following
five main components: cellulose, hemicellulose, lignin,
extractives, and inorganics.23 These residues are characterized
by a typical agriculture-based lignocellulosic composition.
Silicon and potassium are the two major ash-forming elements
of the above-mentioned biomass materials.13 Their ratios vary
depending both on the species and the geographic location
(e.g., cultivation area).23 The chemical composition of the
inorganic fraction of wheat straw includes 35−67 wt % SiO2,
14−30 wt % K2O, 5−11 wt % CaO, and 1.2−14.7 wt % Cl as
the main components. This range of values is based on different
sources of wheat straw.13 The main composition of miscanthus
ash is approximately 30−40 wt % SiO2, 20−25 wt % K2O, 5 wt
% P2O5, 5 wt % CaO, and 5 wt % MgO.24,25 Therefore, the ash
composition of these biomass materials makes them less
favorable compared to rice husk, which has SiO2 contents
between 65 and 95 wt %.1,3 As a result, the investigation of
biogenic silica resulting from these biomass materials has been
excluded in previous studies.
Several researchers have focused their attention on dilute

acid pretreatment for the hydrolysis of polysaccharides
(hemicellulose)26 in miscanthus and wheat straw using different
types of acid (e.g., malic, formic, and sulfuric).19,27−30 In
general, acid leaching with diluted sulfuric acid (50−300 mM)
is performed at 373−473 K.26,31 After hydrolysis, the free
sugars produced can degrade to furfural (from pentoses) or to
5-hydroxymethyl furfural (HMF; from hexoses).32−34 One
major disadvantage of these byproducts is the parallel formation
of ethanol.35−37 Organic acids, such as malic acid and fumaric
acid, have been alternatively used for the acid leaching of
biomass. The results reported to date present an interesting
starting point for the synthesis of carbon-free biogenic silica
from cereals, wheat straw, and miscanthus via pretreatment
with sulfuric acid. The products formed through the
degradation of the free sugars can be easily burned under
comparatively “mild” conditions.

This pretreatment has additional advantages. It prevents the
formation of potassium silicate eutectics at 973 K in wheat
straw ash38 and lower than 873 K in miscanthus ash.25

Furthermore, the occurrence of ternary silicates in the presence
of a small amount of sodium at temperatures lower than 813
K39 is hindered. Additionally, this chemical pretreatment can
increase the purity of the resulting ash by increasing the silica
content and decreasing the content of the other inorganic
oxides (K2O, CaO, MgO, P2O5, etc.). Without chemical
pretreatment of the biomass (wheat straw), the resulting
materials possess textural properties typical of charcoals after
burning. Depending on the burning time and temperature, the
specific surface areas vary between 2 and 350 m2 g−1.13 The
fibrous texture of the silica in the ash presumably results from
its deposition between cellulose fibrils in the microvoids.40

The present study is the first to subject three varieties of
European biomass materials, wheat straw, cereal remnant
pellets, and miscanthus, to a defined thermal and chemical
treatment to assess the impact of acid treatment on various
application-oriented parameters (purity, particle morphology,
and textural properties of the resulting ashes). The materials
obtained were investigated by a combination of advanced
characterization techniques: particle size analysis, nitrogen
adsorption, mercury intrusion porosimetry, scanning electron
microscopy (SEM), X-ray diffraction (XRD), and X-ray
fluorescence (XRF).

■ MATERIALS AND METHODS
Materials. Three different raw biomass materials of European

origin were employed as biogenic silica sources. Miscanthus chips
(miscanthus), wheat straw, and cereal remnant pellets were provided
by the Deutsches Biomasseforschungszentrum Leipzig (DBFZ). The
following materials and chemicals were also used: sulfuric acid
(H2SO4, 96%, reagent grade; Acros Organics, Germany), citric acid
(C6H8O7, 99.5%, ACS reagent; Sigma-Aldrich, Steinheim, Germany),
and cellulose ((C12H20O10)n, micro crystalline; Alfa Aesar, Karlsruhe,
Germany).

Methods. Biogenic silica species were extracted from three biomass
materials through a thermo-chemical treatment. Only the cereal
remnant pellets were completely crushed with a hammer to obtain a
fraction with a small particle size before further treatment. Each
biomass material was separately soaked in deionized water at a solid-
to-liquid ratio of 1:10 (g mL−1) for 24 h (to swell the cell walls in the
particles). After soaking, the weight of miscanthus, wheat straw, and
cereal remnant pellets increased by 70, 50, and 40 wt %, respectively.
The wet samples were filtered and leached with hot 5 M sulfuric acid.
The leaching process was carried out for a defined period of time at a
solid (dry mass)-to-liquid ratio of 1:10 (g mL −1), a stirring speed of
1000 rpm (mechanical stirrer, RW 20, Janke & Kunkel GmbH & Co.
KG IKA-Labor Technik, Staufen, Germany) and at 353 K. A 2500 mL
three-necked round-bottomed flask was used for the acid treatment.
The resulting silt and remnants of the biomass materials were filtered,
washed several times with deionized water, and then dried overnight at
363 K. The dried samples were sequentially burned in a ceramic
crucible using a muffle furnace (type N11/H, Nabertherm, Germany)
at a heating rate of 10 K min−1. Sequential burning was applied using
different temperatures and holding times as follows: 573 K for 60 min
and 683 K for 60 min. The heating rate from 683 to 873 K was 1 K
min−1 with a holding time of 60 min. The resulting ashes were then
cooled to room temperature directly in the furnace. Some wheat straw
samples were alternatively leached with citric acid (5 wt %), but the
rest of the treatment was identical. This alternative was investigated to
compare the behavior of both acids regarding purities and textural
properties. The resulting ash samples were labeled by X A-Y-Z, where
X is the name of the biomass material, A is the ash, Y is the type of acid
used and Z is the leaching time in hours.
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Additionally, the miscanthus material was soaked in distilled water
at 363 K for 3 h, filtered, and dried overnight at 363 K to remove the
quartz impurities. The resulting samples were labeled miscanthus-
washed.
Characterization. Particle size analysis of the samples was

performed using a particle size analyzer CILAS 1064 (Quantachrome
Instruments, Boynton Beach, FL, USA). Particle sizes were determined
via static laser light scattering and calculated using Fraunhofer
diffraction theory. The average particle diameters of dp10, dp50, and
dp90 were determined at 10%, 50%, and 90% of the cumulative size
distribution of the powder being analyzed. Each value is the average of
three individual samples with their standard deviations. Elemental
analysis of the samples was carried out by XRF analysis (S4 Explorer,
WDXRF, Bruker, Karlsruhe, Germany). For this purpose, 1.5 g of the
sample was mixed with 0.5 g of wax powder. The mixture was pressed
into a 25 mm diameter disc with a load of 50 tons for 1 min in a
hydraulic press (PerkinElmer, Überlingen, Germany). X-ray powder
diffraction (XRD) patterns were taken on a D8 DISCOVER
diffractometer (Bruker, Germany) with Cu−Kα radiation at 40 kV
and 30 mA. The scanning range was from 5° to 75° 2θ in the Bragg−
Brentano geometry, with a step width of 0.02° 2θ and a step time of 6
s. The mineralogical analysis of the ashes was conducted using the
ICDD-PDF2 database in the DIFFRAC.SUITE EVA-XRD software
(Bruker Corporation) and the Rietveld-based Seifert Auto Quant
software. Fluorite (20 wt %) was added as an internal standard to
determine the amorphous content. The carbon content was measured
by a Vario EL microanalyzer system (Heraeus, Hanau, Germany).
Thermal analyses of the biomass materials were performed using a
Thermo Gravimetric/Differential Thermal Analyzer TG/DTA equip-
ment (SDT2960 simultaneous apparatus, TA Instrument, New Castle,
DE, USA) with a supplemental air flow rate of 150 mL min−1. The
temperature range was between 293 and 1273 K with a heating rate of
10 K min−1. The textural properties of the samples were determined
by nitrogen adsorption (ASAP 2010, Micromeritics, Norcross, GA,
USA). Before analysis, all samples were pretreated at 363 K under
vacuum for 6−8 h to obtain a constant weight. The specific surface
area was evaluated using the Brunauer−Emmett−Teller (BET) model
in the relative pressure range (p/p0) of the sorption isotherm between
0.05 and 0.25.41 The mean diameter of mesopores (Dmean 1) was
determined from the adsorption branch of the isotherms using the
Barret−Joyner−Halenda (BJH) method. The specific macropore
volume and macropore size distribution were measured by mercury
intrusion porosimetry (Pore Master, Quantachrome instruments,
USA). A mercury surface tension of 484 erg cm−2 and a contact
angle of 141.3° were employed. The surface morphology of the
materials was investigated using a scanning electron microscope (Zeiss,
Spectro Analytical Instruments GmbH, Kleve, Germany) operated at 5
keV.

■ RESULTS AND DISCUSSION

Thermal Behavior of the Biomass Samples. To estimate
the amount of organic constituents in the initial biomass
materials, the loss on ignition (LOI %) was calculated via eq 142

using the difference in the weight of the biomass samples before
(m0) and after (m1) burning at 1273 K for 30 min with a
heating rate of 10 K min−1.

= − ×m m mLOI (%) ( ) 100/0 1 0 (1)

The LOI for miscanthus, wheat straw, and cereal remnant
pellets was 92, 88.9, and 77.5 wt %, respectively. These
pronounced LOI % values are attributed to the high content of
organic matter in the biomass materials.
The thermogravimetric analysis (TG) and differential

thermal analysis (DTA) of each biomass material and a
commercial cellulose sample are shown in Figure 1.
The results of the thermal analysis of the studied biomass

materials are quite similar to those of commercial cellulose. The

biomass species exhibit an endothermic heat effect, with the
maximum peak temperature at 315 K, 327 K, and 360 K for
wheat straw, cereal remnant pellets, and miscanthus,
respectively. This is characteristic for the removal of
physisorbed water.
This process is accompanied by a consecutive weight loss of

4.4, 8.8, and 5.9 wt % (Table 1).
The wheat straw and cereal remnant pellets display two

exothermic heat effects. A low temperature peak (523 K for
wheat straw with a weight loss of 55.2 wt % and 565 K for
cereal remnant pellets with a weight loss of 52.3 wt %) is
generally caused by the decomposition of hemicellulose and
lignin compounds accompanied by cellulose.8 The main peak at
a higher temperature is attributed to cellulose degradation3,6

(635 K for wheat straw with a weight loss of 27.9 wt % and 693
K for cereal remnant pellets with a weight loss of 28 wt %).
Miscanthus exhibits a broad exothermic heat effect with a
maximum peak temperature of 563 K. A pronounced weight
reduction of 64.8 wt % is observed in this temperature range.
The second exothermic heat effect appears as a broad shoulder
with a weight loss of 25.3 wt % between 604 and 775 K.
Furthermore, the two exothermic heat effects in all samples
studied indicate that the major weight loss corresponds to the
cellulose, hemicellulose, and lignin components, which are the
organic components in the biomass.8,23 The presence of high
concentrations of potassium and other basic species in biomass
material (wheat straw and rice straw) has a considerable
influence on the thermal decomposition process and
particularly on the thermal degradation of cellulose.13,43

Figure 1. DTA (black curve and y-axis on the right-hand side) and TG
(red curve and y-axis on the left-hand side) profiles of (a) commercial
cellulose, (b) wheat straw, (c) cereal remnant pellets, and (d)
miscanthus.

Table 1. Weight Loss Determined by TG Analysis of the
Biomass Species (Wheat Straw, Cereal Remnant Pellets, and
Miscanthus)

sample name
first weight loss

[wt %]
second weight loss

[wt %]
third weight loss

[wt %]

miscanthus TRT‑360 K = 5.9 T360−604 K = 60.8 T604−775 K = 25.3
cereal remnant
pellets

TRT‑327 K = 8.8 T327−585 K = 52.3 T585−753 K = 28.0

wheat straw TRT‑315 K = 4.4 T315−569 K = 55.2 T569−707 K = 27.9
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However, potassium is considered one of the major inorganic
components in the biomass materials studied (Tables 2 and 3).
Compared to commercial cellulose, the formation of potassium

species44−46 during the thermal decomposition of biomass
materials shifts the maximum peak temperature of the first
exothermic heat effect to lower values (Figure 1). Additionally,
it is not easy to design a unique procedure for the combustion

Table 2. Chemical Analysis of the Inorganic Fraction (= 100%) of the Wheat Straw and Wheat Straw Ash Obtained by the
Combustion of the Samples Pre-treated with Sulfuric Acid or Citric Acid

constituent
wheat straw
[wt %]

wheat straw A-H2SO4-3
[wt %]

wheat straw A-H2SO4-6
[wt %]

wheat straw A-H2SO4-12
[wt %]

wheat straw A-H2SO4-24
[wt %]

wheat straw A-C6H8O7-24
[wt %]

SiO2 40.5 59.0 70.6 83.4 92.8 65.7
Al2O3 0.2 0.5 0.2 0.1 0.0 0.1
Fe2O3 0.8 0.2 0.1 0.1 0.0 0.1
CaO 15.8 7.2 5.2 3.3 2.8 9.8
MgO 1.3 0.8 0.5 0.2 0.1 1.1
K2O 34.3 13.0 9.3 5.8 0.8 15.8
P2O5 1.3 0.8 0.5 0.2 0.0 1.0
Cl 1.0 0.2 0.2 0.1 0.1 0.6
SO3 6.7 17.0 12.5 5.5 0.7 4.3
othersa 0.7 1.3 0.9 1.3 2.7 1.5

aOther inorganic oxides.

Table 3. Chemical Analysis of the Inorganic Fraction (=
100%) of the Cereal Remnant Pellets, Miscanthus and Their
Ashes Resulting from Burning of the Samples Pre-treated
with Sulfuric Acid

constituent

cereal
remnant
pellets
[wt %]

miscanthus
[wt %]

cereal remnant
pellets

A-H2SO4-24
[wt %]

miscanthus
A-H2SO4-24
[wt %]

SiO2 28.0 47.0 91.3 95.0
Al2O3 1.8 5.3 1.4 1.8
Fe2O3 4.6 6.3 0.1 0.3
CaO 24.5 11.9 2.7 0.5
MgO 1.8 1.0 0.5 0.0
K2O 23.5 18.9 1.1 1.2
Cl 1.5 0.0 0.7 0.0
P2O5 7.3 0.0 0.2 0.0
SO3 5.8 5.3 0.8 0.9
othersa 1.2 4.3 1.2 0.3

aOther inorganic oxides.

Figure 2. XRD patterns of the initial biomass samples. Q, quartz; Fl,
the internal standard fluorite.

Figure 3. XRD pattern of the miscanthus-washed sample. Fl, the
internal standard fluorite.

Table 4. Quantitative XRD Phase Analysis of Initial Biomass
Samples and the Miscanthus-Washed Sample

phase

wheat
straw
[wt %]

cereal remnant
pellets [wt %]

miscanthus
[wt %]

miscanthus-
washed
[wt %]

quartz 0.0 0.8 1.9 0.0
amorphous
phase

100 99.2 98.1 100

Table 5. Quantitative XRD Phase Analysis of Ash Samples
Resulting from Burning of Biomass Pre-treated with Sulfuric
Acid for 24 h

phase

wheat straw
A-H2SO4-24
[wt %]

cereal remnant pellets
A-H2SO4-24 [wt %]

miscanthus
A-H2SO4-24
[wt %]

quartz 0.6 11.6 8.9
anhydritea 0.8 4.9
arcaniteb 22.8
feldspar K
(orthoclase)c

6.9 3.3 1.9

amorphous
phase

69.7 84.3 84.2

aCaSO4-anhydrite.
bK2SO4-arcanite.

cKSi3AlO8-feldspar K (ortho-
clase).
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of different biomass materials due to the formation of
nonhomogenous phases (silt and remaining biomass materials)
in different ratios in the individual samples during the acid
leaching step.Thus, there is no complete hydrolysis of the
organic compounds (particularly cellulose) during the acid
treatment, especially when using citric acid.
However, to design the initial practical parameters for the

combustion of all acid-leached biomass materials, the burning
temperatures are selected based on the application of the
maximum peak temperatures of the exothermic heat effects of
commercial cellulose. For the first burning step at 573 K for 60
min, the maximum temperature of the thermal degradation of

cellulose is applied. In this case, hemicelluloses and lignin
undergo thermal degradation. After 1 h, the end of the first
process is indicated by the absence of any smoke released from
the resulting black ash. The selected burning temperature of
683 K with a holding time of 60 min for the second stage
corresponds to the maximum peak temperature of the second

Figure 4. XRD patterns of ash samples resulting from the burning of
biomass pretreated with sulfuric acid for 24 h. Q, quartz; O, feldspar K
(orthoclase); A, anhydrite; a, arcanite; Fl, the internal standard fluorite.

Figure 5. Particle size distribution (column chart and y-axis on the left-
hand side) and cumulative volume of pores (line diagram and y-axis on
the right-hand side) of ashes resulting from the burning of biomass
leached with sulfuric acid for 24 h.

Figure 6. Nitrogen adsorption−desorption isotherms of ash samples
resulting from the burning of biomass leached with sulfuric acid for 24
h.

Table 6. Textural Properties of the Ash Resulting from the
Burning of Samples Pretreated with Sulfuric Acid for 24 h

sample specification
AB.E.T.

a

[m2 g−1]
Dmean 1

a

[nm]
Dmean 2

b

[nm]
Dmean 3

c

[μm]
VP,cum

d

[cm3 g−1]

wheat straw
A-H2SO4-24

95 7.5 1200 29 4.8

cereal remnant
pellets A-H2SO4-24

245 7.6 1400 36 3.1

miscanthus
A-H2SO4-24

160 7.3 1100 25 5.5

aNitrogen adsorption. bMercury intrusion porosimetry, mean pore
diameter, pressure part (10−400 MPa). cMercury intrusion porosim-
etry mean pore diameter, pressure part (0.02−10 MPa). dMercury
intrusion porosimetry, whole pressure range.

Figure 7. Differential (column chart and y-axis on the left-hand side)
and cumulative (line diagram and y-axis on the right-hand side) pore
volume distributions of ash samples obtained by the burning of
biomass leached with sulfuric acid for 24 h.
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exothermic heat effect of commercial cellulose. This step is
necessary to prevent carbonization (the conversion of an
organic substance into carbon) of any organics in the resulting
ash.1,6 During the temperature increase from 683 to 873 K, a
slow heating rate of 1 K min−1 is essential to complete the
combustion of the carbon in the ash, which is released as CO2,

to obtain white ash. The burning temperature of 873 K, the last
step in the optimized burning procedure, represents the high
temperature range in the second exothermic heat effect of
commercial cellulose.

Impact of the Pretreatment Process on the Chemical
Composition of the Inorganic Fraction of Wheat Straw

Figure 8. SEM images of wheat straw A-H2SO4-24 (A in outer epidermis; B in inner epidermis), cereal remnant pellets A-H2SO4-24 (C in outer
epidermis; D in inner epidermis), and miscanthus A-H2SO4-24 (E in outer epidermis).
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Ash. The inorganic components of the wheat straw and wheat
straw ash samples are shown in Table 2. The treatment time for
wheat straw with sulfuric acid varied between 3 and 24 h, and
two types of acids were applied for the leaching process, sulfuric
acid and citric acid. The wheat straw samples leached in sulfuric
acid were burned at 873 K to obtain ash samples that are
named wheat straw A-H2SO4-3, wheat straw A-H2SO4-6, wheat
straw A-H2SO4-12, and wheat straw A-H2SO4-24.
Potassium, calcium, and sulfur compounds (K2O, CaO, and

SO3) are the major impurities present in the ash samples.
Significant effects on the composition of the resulting ashes are
due to the increase in the leaching time. The maximum silica
content was obtained after 24 h of leaching with 92.8 wt % for
wheat straw A-H2SO4-24. The relative reductions of K2O, CaO,
and SO3 are 98%, 82%, and 90%, respectively, while Al2O3,
MgO, Cl, and P2O5 are almost completely removed.
The ash obtained from wheat straw leached with citric acid

(wheat straw A-C6H8O7-24) still contains a high amount of
inorganic impurities (34.3 wt %). The incomplete potassium
extraction is caused by the hydrolysis of organic compounds
(cellulose and hemicellulose) during the formation of
monosaccharides.32 The monosaccharides are assumed to

hinder the access of the leaching agent to the inorganic
impurities. As a result, the volatilization of potassium is
hindered by its fixation to the organic matrix at temperatures
below 673 K.47 This process could have also affected the
residues of other inorganic impurities in the wheat straw A-
C6H8O7-24 sample. Nevertheless, the chemical composition of
the inorganic fraction was altered by citric acid leaching when
comparing wheat straw with the resulting ash (i.e., wheat straw
A-C6H8O7-24) (Table 2). The silica content increases from
40.5 to 65.7 wt %. In addition, a marked reduction of the total
content of metal and nonmetal oxide impurities is observed.
Furthermore, due to the different behavior of citric acid and
sulfuric acid during acid treatment of the wheat straw samples,
variations in the carbon content in the resulting ashes are
observed. The carbon content (not included in Table 2, but
determined separately) decreases from 44.4 wt % in the wheat
straw sample to a trace level in wheat straw A-H2SO4-24,
whereas approximately 5.8 wt % of carbon is observed in wheat
straw A-C6H8O7-24.

Comparative Study of the Different Biomass Materi-
als. Elemental, Phase, and Particle Size Analysis of the
Biomass Samples. Table 3 lists the results of the chemical

Figure 9. SEM images of the skeleton body of wheat straw A-H2SO4-24 (A,B), miscanthus A-H2SO4-24 (C), and cereal remnant pellets A-H2SO4-24
(D) samples.
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analysis of the inorganic components of the cereal remnant
pellets, miscanthus, and their ashes obtained by burning of the
samples pretreated with sulfuric acid.
The silica content is relatively low in all of the biomass

materials (Tables 2 and 3). In addition, the carbon content (not
included in Tables 2 and 3 but determined separately) is 44.5,
41.5, and 44.4 wt % for miscanthus, cereal remnant pellets, and
wheat straw samples, respectively.
The sulfuric acid treatment was applied to remove impurities

and improve the microstructural properties of the ashes. These
results demonstrate the marked effect of the sulfuric acid
leaching on removing or decreasing the contents of most
accompanying oxides relative to SiO2 (Tables 2 and 3). The ash
samples contain less than 10 wt % of nonsilica impurities. The
main component of the ash samples in each case was SiO2 with
additional lower contents of the oxides of K, Ca, and other
impurities. The silica content amounts to 91.3, 92.8, and 95.0
wt % for the cereal remnant pellets, wheat straw, and
miscanthus samples (A-H2SO4-24), respectively. In addition,
the content of potassium oxide consecutively decreases to 1.1,
0.8, and 1.2 wt %. The white color of the resulting ashes is an
indication of the completeness of combustion and the low level
of remaining inorganic impurities.
The XRD patterns and quantitative XRD phase analysis of

the initial biomass materials and the miscanthus-washed sample
are shown in Figures 2 and 3 and Table 4.
A minor phase of quartz represented by a peak with a lower

intensity at 2θ of 26.6° is observed in the cereal remnant pellets
and miscanthus samples. However, the content of quartz is less
than 2 wt %, whereas a pure amorphous phase was found in the
wheat straw and miscanthus-washed samples. The broad peak
in the range of 2θ = 18−28° was essentially due to the
amorphous silica in all of the analyzed samples.
Table 5 and Figure 4 present the quantitative XRD phase

analysis and XRD patterns of the ash samples resulting from
burning samples pretreated with sulfuric acid for 24 h.
In addition to the amorphous phase, quartz is the main

crystalline phase in cereal remnant pellets A-H2SO4-24 and
miscanthus A-H2SO4-24 samples. Two minor crystalline phases
are anhydrite and feldspar K (orthoclase), represented by a
multitude of peaks with lower intensities. However, wheat straw
A-H2SO4-24 contains arcanite (K2SO4) as the main crystalline
constituent, whereas only traces of anhydrite (CaSO4) and
quartz are observed. Approximately equal amounts of 80 wt %
amorphous silica are present in the cereal remnant pellets A-
H2SO4-24 and miscanthus A-H2SO4-24 samples. The wheat
straw A-H2SO4-24 sample contains approximately 70 wt % of
amorphous silica. In addition, the quartz content increases in all
ashes derived from biomasses leached in sulfuric acid due to
combustion. Obviously, a part of the amorphous silica has been
transformed into quartz during this thermal treatment. A very
low quartz content <1 wt % is observed in wheat straw A-
H2SO4-24.
Feldspar K (KSi3AlO8, orthoclase) is clearly detectable in all

of the resulting ashes, whereas arcanite is formed only in wheat
straw A-H2SO4-24. The formation of the last two phases could
be due to a thermodynamic effect (“back formation” of feldspar
or arcanite through reduction of part of the amorphous
silica).48 The remaining low concentrations of Al2O3, CaO, and
K2O in the ashes (Tables 2 and 3) can be assigned to phases
such as feldspar K, arcanite, and anhydrite, as confirmed by
XRD.

Figure 5 shows the particle size analysis of the ash samples
resulting from the burning of biomass leached with sulfuric acid
for 24 h.
The ashes have a unimodal particle size distribution.49 The

highest mean particle diameter dp50 of 41.1 μm corresponds to
cereal remnant pellets A-H2SO4-24, followed by wheat straw A-
H2SO4-24 (dp50 = 23.8 μm) and miscanthus A-H2SO4-24 (dp50
= 22.3 μm). The particle size distribution of cereal remnant
pellets A-H2SO4-24 shifts to the highest values compared to
that of the other two samples. However, the presence of
mineral impurities (e.g., feldspar and quartz) in the resulting
ashes can increase the specific gravity and particle size.48

Properties of the Pore Structure. Figure 6 shows the
nitrogen sorption isotherms of the ashes resulting from the
burning of biomass leached with sulfuric acid for 24 h.
According to the IUPAC nomenclature, the isotherms exhibit

the common characteristics of a type IV isotherm of Brunauer’s
classification with a closed hysteresis loop.50 The nitrogen
adsorption isotherms are characterized by a small knee at p/p0
= 0.05, which is followed by a continuous increase in the
nitrogen uptake to high p/p0 values. No saturation at relative
pressure ratios close to unity is observed because the samples
contain meso- and macropores with very broad size
distributions.48,51 Furthermore, the isotherms are characterized
by a lower closure point of the hysteresis loops at
approximately p/p0 = 0.60, 0.50, and 0.45 for wheat straw A-
H2SO4-24, cereal remnant pellets A-H2SO4-24, and miscanthus
A-H2SO4-24 samples, respectively. The presence of the
hysteresis loop in the isotherms studied is due to the existence
of larger mesopores in the ashes.48,51

Table 6 summarizes the textural properties of the ashes
produced by the thermo-chemical treatment of wheat straw,
cereal remnant pellets, and miscanthus.
Furthermore, the specific surface area (AB.E.T) of the ashes

produced from the different biomass materials varies even when
applying the same procedure during the thermo-chemical
treatment (Table 5). Thus, the highest values of AB.E.T
corresponds to cereal remnant pellets A-H2SO4-24 at 245 m2

g−1, followed by miscanthus A-H2SO4-24 at 160 m2 g−1, and
wheat straw A-H2SO4-24 at 95 m2 g−1.
The macropore size range of the samples was investigated by

mercury intrusion porosimetry. The corresponding pore size
distributions are depicted in Figure 7.
The results shown in Figure 7 indicate that all of the ash

samples are characterized by a very broad pore-size distribution
of the intraparticle meso- and macropores and interstitial
macropores. Approximately 27%, 22%, and 12.5% of the total
cumulative pore volume (VP,cum, see Table 6) of wheat straw A-
H2SO4-24, cereal remnant pellets A-H2SO4-24, and miscanthus
A-H2SO4-24, respectively, are formed by the intraparticle meso-
and macropores. The total cumulative pore volume (VP,cum)
contains additional contributions from interstitial macropores.
The total porosity of miscanthus A-H2SO4-24 is higher than
that of wheat straw A -H2SO4-24 or cereal remnant pellets A-
H2SO4-24 (Table 6).
The results of the mercury intrusion porosimetry and N2

adsorption experiments are confirmed by the SEM images,
which are shown in Figures 8A−E. The pore size of the ashes
covers a wide range of intraparticle meso- and macropores
between 3 nm and 1.5 μm. This property has a marked effect
on the generation of a high specific surface area.
The intraparticle meso- and macropores are located in the

outer and inner epidermis of the skeleton body of the ashes.
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Figure 8A−E clearly shows that the resulting ashes from the
biomass materials possess several pore shapes and sizes in the
outer and inner epidermis of their skeleton body. The
biological morphology is preserved during combustion, but
the materials are transformed into inorganic phases. This
“pseudomorphosis” governs the structure and pore morphol-
ogy. Some pores have round shapes with sizes between 0.1−1.5
μm (Figure 8A). Other pores display irregular slit-shapes with
various sizes ranging between 50−1500 nm (Figure 8B−E) that
resemble the voids between lamellae or fibers.
Scanning electron micrographs of the skeleton body of wheat

straw A-H2SO4-24, cereal remnant pellets A-H2SO4-24, and
miscanthus A-H2SO4-24 are shown in Figure 9A−D. Evidently,
the morphology of wheat straw A-H2SO4-24 exhibits a
backbone structure with dimensions of between 100 and 500
μm (Figure 9A−B). The cylindrical skeleton bodies of cereal
remnant pellets A-H2SO4-24 possess a size of approximately 40
μm (Figure 9C). The SEM images of miscanthus A-H2SO4-24
indicate that their morphological structures are formed in the
shape of a backbone or stem with dimensions ranging between
100 and 370 μm (Figure 9D).

■ CONCLUSIONS
This study provides a strategy for the generation of primarily
amorphous porous biogenic silica from European biomass
materials, such as wheat straw, cereal remnant pellets, and
miscanthus. There are several barriers for the wider use of
biogenic silica from rice husks in Europe, such as the limited
cultivation of rice in Europe and the cost of rice husk
transportation between Asia and Europe. Therefore, this article
is the first to describe the criteria for the sustainable generation
of biogenic silica from European biomass feedstocks.
The transformation of wheat straw into wheat straw ash was

investigated in detail. For wheat straw ash leached with sulfuric
acid, a clear dependence on leaching time was observed. A
comparison of the properties of the wheat straw ash obtained
after leaching with sulfuric acid or citric acid indicated several
chemical benefits of sulfuric acid leaching: (i) a higher silica
content (>90 wt %) and (ii) complete combustion of carbon.
Comparing the ashes obtained after the burning of the three

different biomass materials leached with sulfuric acid for 24 h,
the following conclusions can be drawn: (1) The amount of
silica in all of the samples increases (>90 wt %) with the
absence of any trace of carbon. However, the high content of
silica is due to the presence of quartz, feldspar K (orthoclase),
and amorphous phases in the end products. (2) The textural
parameters of the ashes are highly dependent on the quality of
the initial biomass materials and on the properties, especially
the purities, of the ashes. Furthermore, the highest specific
surface area (245 m2 g−1) and the highest content of
amorphous biogenic silica (85 wt %) were obtained for cereal
remnant pellet ash.
However, the formation of crystalline phases in most of the

ashes represents a major disadvantage for their further
applications as “pure” amorphous biogenic silica. Therefore,
the conditions of the acid leaching treatment of the biomass
materials should be studied in further detail. Additionally, the
burning process should be modified to prevent the formation of
quartz.
After these improvements have been made, production of

value added silica products, which can already be achieved from
the amorphous silica in rice husk ash, should also be possible
from miscanthus, wheat straw, or cereal remnant pellets.

Additional applications might result from an ordered mesopore
structure obtained by pseudomorphic transformation2,4,5 with
preservation of the original macropores and the macroscopic
morphology of the initial biogenic silica sources.
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