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HIGHLIGHTS

A wide size distribution and heterogene-
ity of barley straw after milling is ob-
served.

Inorganic content is significantly increased
as the particle size is reduced.

High Si content is detected in SEM-EDX
images of particles coming from barley
leaves.

Char gasification rate is higher for the
finest fraction below 750 °C by catalytic
effects.

Char gasification rate decreases at T
>750°C for particle sizes <0.15 mm by
the Si/K influence.
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ABSTRACT

We evaluate how the heterogeneity of the precursor may affect pyrolysis and CO, gasification behavior aimed
at activated carbon applications. Barley straw, ground and classified into five size ranges, is characterized by
non-isothermal thermogravimetry tests at various heating rates. Fixed carbon and volatile matter contents
decrease with particle size. Also, the finest fraction is enriched in minerals by exogenous contamination
and accumulation of silicon-rich leaves. Faster pyrolysis kinetics are found for small sizes, caused by their
higher alkali contents and heat-mass transfer rates. Char-CO, gasification conversion rates show an unexpected
behavior, not previously reported. Higher reactivity is found for the finest fraction, decreasing significantly
at temperatures beyond 750 °C. The high alkali content of the finest fraction promotes the catalytic effect
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of minerals on gasification reactivity at lower temperatures, hindering the reaction at higher temperatures
by forming low-melting-point potassium silicates. Results help improve pretreatment strategies to enhance

activated carbon quality.

Nomenclature

Abbreviations

AAEM Alkaline and Alkaline Earth Metal

EDX Energy Dispersive X-ray

FC Fixed Carbon

FE-SEM Field Emission Scanning Electron Micro-
scope

HR Heating Rate

ICP-0OES Inductively Coupled Plasma-Optical Emis-
sion Spectrometry

JCPDS Joint Committee on Powder Diffraction
Standards

M Moisture

M DQ Minimum Detectable Quantity

S Gasification characteristic index

T, Final gasification temperature

T; Initial gasification temperature

R Gasification time

TGA ThermoGravimetric Analysis

VM Volatile Matter

XRD X-ray Diffraction

1. Introduction

Biomass-derived activated carbon has attracted a growing interest
in recent years due to its excellent characteristics as a precursor,
availability, and low cost. Straw is a promising biomass feedstock
for environmental-friendly energy applications since large quantities
are produced worldwide. There are numerous applications of acti-
vated biochar with good prospects for the future: energy storage,
electrochemistry, wastewater treatment, and catalyst support, among
others [1-9]. However, each application needs special treatment and
tailored production conditions. To obtain activated biochar, chemical
and physical routes are usually applied. During chemical activation,
raw materials are firstly treated with activating agents such as H3POy,,
ZnCl,, and KOH, and then heated in an inert atmosphere. Although
chemical activation is a widely accepted treatment, using chemicals
may lead to secondary environmental pollution and equipment corro-
sion. Physical activation, however, is frequently used at the industrial
scale due to its simplicity. This technique firstly involves the thermal
treatment of raw materials (400-600 °C) under an inert atmosphere
(usually nitrogen). Subsequently, heat treatment under the oxidizing
gas (usually steam and/or CO,) is applied within an activation temper-
ature range of 800 to 1000 °C. Generally, the use of carbon dioxide is
preferred due to its lower reactivity at high temperatures, which makes
the activation process easier to control.

Despite their advantages, the inherent physicochemical heterogene-
ity of biomass residues may considerably alter the surface texture
and pore development during the activation process, affecting their
final quality [2]. It is well known that alkaline and alkaline-earth
metals (AAEM) act as catalysts for the gasification reaction [10]. In
contrast, Si and Al are inhibitors [11,12], causing agglomeration at high
temperatures [13]. If there is a high Si concentration in biomass, Si
reacts with K to form silicates, blocking the catalytic effect of K [14].

It has been observed that the reactivity of biochar in CO, gasification
depends on the K/Si ratio [15]. The molar ratio (Si+P+K)/(Ca+Mg)
has often been used as a global indicator to predict tendencies to form
low ash melting points when this ratio is increased [13]. In addition,
the alkali index (AI), defined as the ratio of the sum of the mass
fraction of alkali compounds (Fe,0;+CaO+MgO+Na,0+K,0) to the
sum of the mass fraction of acid compounds (SiO,+Al,03) detected
in ashed samples, multiplied by the ash content of the biomass, has
also been related to the gasification reactivity of the char. Several
authors have identified Al as a qualitative measure to predict the
reactivity of the gasification process for various coals [12,16,17] and
biomass [13,15,18-20], finding that the increase of the alkali index
enhances char gasification reactivity. Still, extensive research is mainly
focused on the char properties after pyrolysis rather than on the raw
material itself.

Regarding particle size distribution, although wood and coal pyrol-
ysis characteristics have been extensively studied in the last decades,
research works dealing with the effect of particle size on straw pyrolysis
and gasification are less numerous, and the differences in chemical
composition with particle size are scarcely reported. Table 1 summa-
rizes relevant references. Although previous research on the miscanthus
pyrolysis of 0.12 mm-and-1 mm size concluded that an 8-fold difference
in the level of grinding did not result in substantial differences in the
thermal decomposition [21], the opposite was observed when studying
the thermal characteristics of two energy crops (reed canary grass and
switchgrass), classified into two different size fractions (<0.09 mm and
0.09-0.6 mm) [22]. The authors found that smaller particles had a
higher inorganic matter and moisture content than larger particles.
Also, the maximum decomposition peak was higher for the small
particle range. In another research, wheat straw pyrolysis was studied
by TGA for seven particle size intervals, ranging from 1.35 mm to
0.150 mm [23]. Higher fixed carbon and volatile matter were found
at larger particle sizes, and the char yield increased as the particle size
and heating rate of the pyrolysis process increased. More recently, rice
straw, pine sawdust, and phoenix tree leaves of various particle size
ranges have been tested in TGA [24]. Unfortunately, the ash chemical
composition of the samples is not reported, although the ash content is
significant (9.72-3.25 % d.b). It is detected that with a reduced particle
size of rice straw and pine sawdust, the temperature of the maximum
weight loss ratio decreased. In contrast, the opposite behavior is found
for phoenix tree leaves, which is attributed to differences in the par-
ticle aspect ratio. Since leaves are more flaky-shaped, a denser bed is
generated in the reaction device, which increases diffusion resistance.

In the case of gasification, studies dealing with pyrolysis and sub-
sequent non-isothermal gasification are limited, and the impact of the
particle size is scarcely reported. In most cases, experimental tests are
developed under isothermal conditions and char gasification is con-
ducted separately from pyrolysis after cooling. After char preparation
by pyrolysis at various temperatures, heating rates, and holding times
(shown in Table 2) the material is usually cooled, crushed, and sieved
to the final size. Previous experiences with different coals [26,30]
and biomass [25] highlighted that the diffusional effects might be
significant for large particle sizes and high temperatures, at which the
diffusion reaction regime becomes relevant. At those conditions, the
diffusional resistance of the reactant gas into char increases with tem-
perature, and the char gasification reactivity decreases as the particle
size increases. In the case of straw residues, isothermal gasification of
pyrolyzed flaw straw of various sizes ranging from 0.090 to 0.925 mm
was tested, finding a decrease in the reactivity values with an increase
in the particle size [27]. However, the ash content of the pyrolyzed char
reported was significantly low (2% in d.b.) and the ash composition
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Table 1
Main previous research on the influence of particle size distribution on straw pyrolysis.
Material Particle size Pyrolysis conditions Remarks Reference
Miscanthus 0.12 mm, 1 mm TGA, Ar, 4 mg, 140 ml/min, No substantial differences in the thermal [21]
10-40 °C/min, 500 °C decomposition with particle size
Switchgrass, <0.09 mm, TGA, N,, 3 mg, 20 °C/min, Higher concentrations of inorganic and higher [22]
Reed canary 0.09-0.6 mm 15 min holding time, 900 °C moisture content found for smaller particles.
grass Higher carbon, higher volatile, and lower nitrogen
content for larger particles.
Wheat straw Seven ranges, TGA, N,, 5-20 mg, 45 Higher fixed carbon and volatile matter at larger [23]
from 1.35 mm ml/min, 800 °C particle sizes. Char yield increased as the particle
to <0.150 mm size and heating rate of the pyrolysis process
increased.
Rice straw, pine 0.250- TGA, N,, 10 mg, 100 ml/min, With a decrease in the particle size of rice straw [24]
sawdust, phoenix 0.380 mm, 5-40 °C/min, 900 °C and pine sawdust, the initial and final pyrolysis
tree leaves 0.150- temperatures and the temperature of the maximum
0.180 mm, weight loss ratio decreased. The opposite is found
0.109-0.120 mm for leaves.
Table 2
Main previous research on the influence of particle size distribution on char gasification.
Material Pretreatment Pyrolysis conditions Char preparation Gasification conditions Remarks Reference
Olive residue Sieving, Fixed bed, N,, 900 °C, Crushing <0.15 mm, TGA, 10-28 mg, N, to Diffusional effects are [25]
1.41-2.83 mm 30 °C/min, holding time 7 0.8-1.0 mm, 1-1.4 mm, 1000 °C at 30 °C/min, 10 important at larger particle
min, cooling 1.4-2.8 mm min holding time, cooling sizes
from 1000 °C to set
temperature (800-950 °C)
at 25 °C/min (N,), char
gasification with 0.2, 0.35,
and 0.5 bar CO, partial
pressures
Rice straw, Not specified Fixed bed, N,, 850 °C, Sieving <0.046 mm, ~ TGA, 5 mg, N, at Gasification rates are [26]
sawdust 25 °C/min, holding time 0.250 mm 25 °C/min, CO, to affected by pore diffusion
30 min, cooling 850-1300 °C (isothermal), resistance under high
80 ml/min temperatures (>1000 °C)
and large particle sizes
Flax straw Grinding, Tubular reactor, N,, Not specified TGA, 10 mg, N,, 45 A decrease in the [27]
sieving, 300 °C (torrefaction), ml/min, 5 min holding reactivity values is
<0.090 mm, 500 °C (pyrolysis), 8 g, 50 time, switch to CO,, observed with an increase
0.287 mm, ml/min, 60 min holding isothermal 750-900 °C, 45 in the particle size.
0.512 mm, time, cooling min holding time
0.725 mm,
0.925 mm
Wheat straw Grinding, Tubular reactor, N,, 10 g, Grinding <0.060 mm, TGA, 10 mg, CO,, 50 Reactivity increases with [28]
sieving, 12 °C/min, 500 °C, 45 0.250 mm, 0.638 mm, ml/min, isothermal temperature, and it
0.925 mm min holding time, cooling 0.925 mm 750-900 °C, 45 min decreases as the particle
holding time size increases.
Rice straw Grinding, Tubular reactor, N,, 60 g, Shredding, TGA, 15 mg, N, at For large particle size, char  [29]
sieving, 5 °C/min, 300-500 °C, 90 0.250-0.380 mm, 25 °C/min, CO,, 15 mg, gasification process is also

0.180-0.425 mm

min holding time

0.180-0.250 mm,
0.150-0.180 mm,
0.120-0.150 mm

isothermal 900 °C

controlled by heat and
mass transfer

was not reported. In addition, isothermal gasification kinetics of wheat
straw char of various particle sizes with CO, using TGA were studied,
leading to the same conclusions [28]. In those studies, mineral content
was not considered a relevant parameter, with the main focus being the
particle size influence.

Only recently, non-isothermal CO, gasification reactivities of three
biomass chars (wheat stalk, rice lemma, and pine sawdust), pyrolyzed
at 1100 °C in a fixed bed furnace were compared [31]. The particle size
distribution was concentrated in the 0.01-0.05 mm range. Although
the particle size of the pine sawdust char was larger than that of
wheat straw char and rice lemma-char, the gasification reactivities did
not follow the same trend, not aligned with the common knowledge
that the reactivity of char increases as the particle size decreases.
The authors concluded that in their study the particle size was not
the main factor affecting gasification and that the carbon structure
of the char may play a significant role in char gasification reactivity.
In addition, the non-isothermal gasification of seven types of straw
residues with sizes ranging from 0.2 to 0.45 mm was tested [32],

finding a positive correlation of the char reactivity with the cellulose
content and a negative influence with the lignin content. The weight
loss, the maximum weight loss rate, and its corresponding temperature
were mainly determined by the fixed carbon content, and the reactivity
was correlated with the catalytic ash components.

Given the limited or even contradictory studies, more detailed
insight is needed to explore the effects of the chemical heterogeneity
of particle size fractions in the pyrolysis and gasification processes.
To this aim, a detailed characterization of the biomass precursor is
carried out in this paper. Barley straw, a widespread biomass residue,
is used as the feedstock material. The raw material is separately sieved,
and samples are submitted to complementary analytical techniques to
evaluate chemical and textural differences of the raw material before
thermal treatments. The study has been completed with detailed non-
isothermal thermogravimetric analyses under inert (N,) and oxidizing
(CO,) atmospheres and several heating rates to evaluate differences in
pyrolysis and gasification conversion rates with particle size. Results
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Fig. 1. Main components of straw and selected SEM micrographs from 0.5 mm barley straw after milling.
Source: Adapted from [37].

from the current study may help to design operation strategies to
enhance activated carbon quality and prevent ash-related problems.

2. Materials and methods

Barley, a crop with a significant percentage of harvested area in
Spain and Europe (42% and 19% in 2021, respectively [33]) has been
chosen as the feedstock material. Several studies indicate that 15%-—
50% of the residual biomass does not have an end-use [34], and there
is a need to find other uses to prevent, for instance, straws from being
incinerated in the field, causing the emission of pollutants and carbon
dioxide. Barley straw is collected during the cereal harvest, spread in
the field, gathered, and mechanically packed in bales. Although barley
straw bales are mainly composed of cane-shaped stems (80%-90%),
the primary and secondary leaves are usually packed together. Fig. 1
sketches the main components of the raw material, showing particles
of various sizes and shapes coming from stems and leaves.

A representative sample of the collected bale is oven-dried at 105 °C
until its moisture stabilized below 10%. Size reduction by grinding
and subsequent classification is carried out in a hammer mill coupled
to a vibrating sieve machine at a particle size of less than 0.5 mm.
Afterward, the sample is classified with standard sieve meshes to five
different size ranges and stored in closed containers. Particle size ranges
are labeled from R1 to R5 (from coarse to fine) using standardized
mesh screens according to the cumulative size distribution of the
ground raw sample. Representative samples are prepared using the
standard quartering procedure (UNE-EN ISO 18135:2018). Maximum
and minimum intervals and average particle sizes appear in Table 3.
Fig. 2 shows the particle size distribution of a representative sample
obtained from the closed container after milling and corresponding R1-
R5 mass fractions (in %). The resulting distribution depends mainly on
the milling device used and the intervals chosen for classification [35].
The R3 interval (0.250-0.150 mm) is the most significant weight in
the sample (>35%), which leads to an average size of 0.195 mm. The
lowest range (<0.1 mm, R5) concentrates a relevant percentage of the
total (20%), consistent with other studies on ground herbaceous straws
[36].

Proximate and ultimate analyses are performed in duplicates on
each particle size interval (R1-R5) according to EN and ISO standards,
shown in Table 4. Major and minor elements are analyzed by Induc-
tively Coupled Plasma Optical Emission Spectrometry (ICP-OES Thermo
Elemental IRIS Intrepid).

Surface areas of biomass samples are determined by the gas sorp-
tion analyzer ASAP 2020 (Micromeritics), using the Brunauer-Emmett—
Teller (BET) method to determine the specific surface area.

Table 3
Biomass size ranges studied.

Sample Range, mm Average particle
size, mm
R1 0.500-0.355 0.427
R2 0.355-0.250 0.302
R3 0.250-0.150 0.200
R4 0.150-0.100 0.125
R5 <0.100 0.050
Table 4

Standards used in analyses (% wt. dry basis).

Analysis Equipment Standard used

Moisture drying oven UNE-EN ISO 18134:2016
Volatile matter furnace UNE-EN 18123:2016
Ash furnace UNE-EN ISO 18122:2016
Fixed carbon by difference

Ultimate CHNS Thermoflash 1112 UNE-ISO 16948 2015

UNE-ISO 16993 2017

The morphology of the samples is studied by Scanning Electron
Microscopy and Energy Dispersive X-ray (SEM-EDX), carried out using
a Field Emission Scanning Electron Microscope (FE-SEM) Carl Zeiss
MERLIN. Observations are conducted on small sub-samples of different
size ranges. Three particles are chosen, and micrographs at 5 kV (EHT)
and spot elemental EDX analyses at 15 kV are performed. Micrographs
are taken with 5-kV electron beam voltage. Initially, a general image
is made at 30 magnifications for all samples, then three particles are
chosen randomly, and images are captured with magnifications in
the 1000 to 50,000. Nearly flat-shaped particles are selected when
possible to avoid interference in the measurement. Subsequently, EDX
is switched to 15 kV and x 2000 magnification, depending on the view
area, and elemental composition analyses are taken at various random
points.

The crystalline structures of the samples are also studied by XRD.
Data are collected with a diffractometer RIGAKU Ru2500, using CuKa
radiation at 40 kV and 80 mA (measurement conditions: 26=5° to 80°,
step =0.03, 1 = 1 s/step). Spectrum peaks are analyzed with the JCPDS-
2000 database (Joint Committee on Powder Diffraction Standards) to
detect crystallographic compounds.

In addition, the influence of particle size and heating rate on py-
rolysis behavior is investigated in a thermobalance (Netzsch TG 209F1
Libra). Approximately 7-9 mg of sample is placed in an Al,Oj; crucible,
and non-isothermal TGA tests are performed from room temperature to
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Fig. 2. Particle size distribution of the barley straw sample after milling (UNE-CEN/TS 15149-2 EX).
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Fig. 3. ICP-OES of the barley straw sample. MDQ — Minimum detectable quantity.

900 °C at five heating rates (5, 10, 15, 20, 30 °C min~!) under an inert
atmosphere (N,). Mass-loss curves against temperature and pyrolysis
conversion (V/V*) versus time and temperature are studied in detail.
The pyrolysis conversion is defined as V /V* = (my — m,)/(my — m,),
where my, is the initial sample weight at time t;, m, is the sample weight
at time t, and m, is the final weight at the end of the pyrolysis stage.

Finally, the CO, gasification behavior of the biomass samples after
N, pyrolysis at 500 °C and 1-hour stabilization is evaluated by non-
isothermal TGA at three heating rates (5, 10, 15 °C min~1). Experiments
are performed on a thermobalance equipped with an opaque Pt crucible
(SETARAM SETSYS Evolution 1750) using 19-20 mg of sample. The
global conversion is defined similarly to the pyrolysis tests. Conversion
of the gasification stage was calculated as X = (myq —m,,)/(myg —my),
where m, is the initial sample weight at the start of the gasification
stage, m,, is the sample weight at time t, and m,, is the final weight
after gasification. The gas flow rate for all TGA tests is 50 ml-min~!. To
obtain the curve of the derivative of the conversion degree, the result-
ing signal is previously filtered to eliminate the high-frequency noise
with the Savitsky-Golay filter using Matlab. This widely used function

achieves good results by smoothing the curve while maintaining the
integrity of the main peaks [38,39].

The comprehensive gasification characteristic index S has been used
to evaluate gasification reactivities among the different particle size
fractions. The parameter S, derived from the Arrhenius equation, is
used for non-isothermal gasification characterization [31,40]:

(dX/dt)max ) (dX/dt)mean
S =
(T7-Ty)

@

where (d X /dt),,,, and (dX /dt),,,,, represent the maximum and mean
gasification rates, in min~!, and T, and T, are the initial and final gasi-
fication temperatures in K, taken as the temperature at the conversion
rate of 0.1 and 0.9, respectively [41].

3. Results and discussion
Proximate and ultimate results are shown in Table 5. In general

terms, values are in accordance with other previous works that use bar-
ley straw [42,43]. Fixed carbon and volatile matter contents decreased
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Fig. 4. XRD spectrum of the barley straw sample R5 (<0.1mm) and SiO, from JCPDS database (in red).

Table 5

Ultimate, proximate analyses and BET areas of barley straw samples.

Average particle size Ultimate (wt.%)?

Proximate (wt.%)¢ BET area (m?/g)

C H N ob S M VM FC Ash
R1 (0.427 mm) 480 57 06 417 0.1 87 768 19.2 4.0 0.69
R2 (0.302 mm) 477 57 08 407 0.1 88 759 191 50 0.65
R3 (0.200 mm) 475 57 0.8 400 0.1 86 755 186 5.9 0.61
R4 (0.125 mm) 471 57 09 402 0.0 85 753 186 6.1 0.70
R5 (0.050 mm) 465 57 1.3 377 0.0 84 743 169 88 1.22
M — moisture; VM — Volatile matter; FC — Fixed carbon.
20n dry-ash-free basis.
bCalculated by difference.
€On a dry basis, except for moisture which is on as received basis.
as the particle size was reduced, a similar trend found in [22] for energy Table 6
crops, but the moisture decreased, in contrast to [22]. The ash content Inorganic indexes of raw barley straw as a function of particle size.
increased from 4.0% (R1) to 8.8% (R5) on a dry basis. As particle size Molar ratio R1 R2 R3 R4 RS
was reduced, carbon and oxygen slightly decreased, and sulfur content (Si+P+Al)/(Fe+K+Ca+Mg+Na) 0.33 0.38 0.39 0.53 0.52
was almost zero. Nitrogen content increased for R5, possibly coming E:f*g;ll?/ (Ca+Mg) g'ig (3)‘;2 gg: (3)';3? i'?i
s . . i+ . . . . .
from the use of fertlhze.rs..Results also agree with [23], allthough. in Si/K 0.42 051 0.50 071 0.69
the present research, variations of the proximate analyses with particle Si/Ca 1.71 1.81 1.81 2.08 1.64

size are less steep than those reported by the authors for the <0.15mm
size range. Although BET areas were very low, they increased for the
finest fraction (R5), indicating that for the raw material, microporosity
was negligible, being developed during the subsequent processes of
pyrolysis and activation [44].

Results of ICP-OES analyses of the raw samples, depicted in Fig. 3
in log scale, agree with proximate. The mineral content (K, Ca, Si, Mg,
P) increases from R1 to R5. Minor elements (Al, Fe) are the highest for
R5. The most probable reason for the increased presence of aluminum
and iron in small sizes is due to exogenous material coming from
harvesting, transporting, and storage operations [45,46]. In addition,
the presence of crystallographic structures in the samples was examined
by X-ray diffraction (XRD). Three characteristic broad diffraction peaks
arise at 20 =18°, 22°, 35°, representing amorphous cellulose [47,48].
In all samples tested, only sylvite (SiO,) was detected in the finest
range (<0.1mm) (Fig. 4), which supports the assumption of exogenous
contamination suggested by ICP results. Regarding inorganic elements,

Table 6 shows results for the barley straw samples calculated from
ICP-OES. An increase in (Si+P+Al)/(Fe+K+Ca+Mg+Na), (Si+P)/K, and
Si/K ratios is observed for R4 and R5 size fractions, mainly due to the
increase of Si content when particle size is decreased. Given the results,
a certain tendency to lower gasification reactivities would be expected
for the small fractions.

3.1. SEM-EDX analyses

Figs. 5, 6, and 7 illustrate relevant SEM micrographs of R1, R3
and R5 samples, respectively (R2 and R4 images are not shown for
conciseness). R1 and R3 images were captured at a magnification scale
of x30 (Figs. 5(a) and 6(a)), whereas R5 (Fig. 7(a)) was taken at 50x.
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(a) R1 sample at 30x magnification

10.00 pm

(b) EDX at 2000x. Particle no. 1 (stem)

10.00 pm

(d) EDX at 2000x. Particle no. 2 (leaf)

(e) EDX global spectrum. Particle no. 2

Fig. 5. SEM-EDX images and corresponding spectrum of selected particles (1-2) in R1 (0.500-0.355 mm).

differences in particle shapes arise upon careful examination of pic-
tures. Although particle size follows the expected trend (R1>R3>R5),
particles larger than the sieve size appear in the figures. The clas-
sification method based on standard sieves generates larger barley
straw particles; hence, the average particle size calculated from each
range is approximate. The heterogeneity of the samples is evident from
the images. Particles of various shapes and sizes can be identified
as part of stems (1), with an inner tubular and elongated structure,
common to herbaceous-type biomass, leaves (2), striated and with
clearly visible stomata and xylem tissues, and long needles from spikes
(3). Corresponding particles are labeled as 1, 2, and 3 in Fig. 6(a).
These structures are common to all samples studied and may result
in variations in the thermal evolution during pyrolysis and activation
stages due to their different aspect ratios.

Some regions of EDX images in R1, R3 and R5 have been selected for
performing elemental analyses (shown in Figs. 5(b)-5(e), 6(b)-6(g) and
7(b)-7(g), elements in at.%). Results of EDX qualitatively agree with
ICP-OES. In the case of R1, particles labeled as 1 and 2 in Fig. 5(a) were
identified as parts of stems and leaves, respectively (Figs. 5(c)-5(c)).
They have low Cl and K contents, and Si is slightly detected in particle
2 (Fig. 5(e)), clearly seen in Fig. 5(d) as disk-shaped particles, probably
coming from stomata. As the size is reduced, particles are also enriched

in inorganic elements, such as Si, Ca, Mg, and Fe (Fig. 6(d)). It is worth
noting the increased Si content in particle no. 2 in R3 (Figs. 6(c)-6(g))
and R5 (Fig. 7(e)), which are parts of a barley leaf.

3.2. Pyrolysis tests

Thermal decomposition profiles of barley straw samples are shown
in Figs. 8(a)-8(c) as a function of particle size at 5, 15, and 30 °C min~!,
respectively. As expected, they exhibit the typical biomass evolu-
tion [49], with moisture loss above 100 °C, and hemicellulose decom-
position above 300 °C. The peak of cellulose decomposition appears
at 350 °C. Lignin zone is wider than the others and extends beyond
500 °C. Previous analyses of hemicellulose, cellulose, and lignin to
barley straw samples show contents of 35.1%, 46.6% and 15.7%,
respectively, in dry extract and washed with water [50]. The corre-
sponding peak is less pronounced as hemicellulose content is smaller
than cellulose. The shape and peaks of the curves are very similar for
the different size ranges. However, for fraction R5, it is observed that
the peak of the cellulose decomposition has a lower height and occurs
at a slightly lower temperature. The opposite effect is observed for
R1.
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3.000 pm

(b) EDX at 2000x. Particle no. 2 (leaf)

(f) EDX spectrum. Particle no. 2. Zone 4

(g) EDX spectrum. Particle no. 2. Zone 5

Fig. 6. SEM-EDX images and corresponding spectrum of selected particles in R3 (0.250-0.150 mm).

As the heating rate (HR) increases, the curves move to the right,
which means that the maximum mass loss occurs at a higher temper-
ature. Such an effect is caused by changes in the reaction mechanism
by increasing the heating rate due to thermal inertia and different heat
dissipation or absorption rates in the sample [51,52]. It is also observed
that the width of the primary or active pyrolysis zone is greater as
the heating rate increases. Above 400 °C, the slope of the lignin
decomposition zone becomes greater at a higher heating rate, similar
to other works [52]. Figs. 9(a)-9(c) illustrates the evolution with the
temperature of the derivative curve for R1, R3, and R5 size fractions

as a function of the heating ratio. R2 and R4 curves are not shown for
conciseness. The catalytic action of AAEM is reflected in the curves of
thermal decomposition by size fractions. If we compare Fig. 9(a) with
Fig. 9(c), it is observed that the peak widths are smaller for R5, and
occur at lower temperatures. The hemicellulose “shoulder” disappears
for R5, which is attributed to the action of potassium [52]. Another
in-depth study on the effect of inorganic salts on biomass pyrolysis
states that inorganic salts of alkali metals can catalyze cellulose and
hemicellulose fragmentation by reducing the activation energy [53,54].
Phosphorus facilitates the complete decomposition of biomass [55]
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(g) EDX global spectrum. Particle no. 3

Fig. 7. SEM-EDX images and corresponding spectrum of selected particles in R5 (<0.1mm).

whereas silicon, on the other hand, is a more stable element. In addition
to the effects of particle size, this could explain the observed effect of
the temperature decrease of R5 (<0.1mm). To better appreciate the
influence, maximum temperatures of cellulose thermal decomposition
have been calculated as a function of particle size and heating rate. As
shown in Fig. 10(a), peak temperatures decreased with particle size for

all heating ranges (Fig. 10(a)), in accordance with recent findings [24].
Although the mass percentage remaining at 500 °C exhibits a greater
dispersion with particle size, the general trend shown in Fig. 10(b)
indicates that the percentage of residual mass at 500 °C is greater
as the particle size decreases and depends on the amount of ash,
which decreases with particle size. At 500 °C, the lignin decomposition



A. Gil et al.

HR = 5 °C/min

d(VIVYdt (min-1)

pe NN
400 500
Temp (°C)

100 200 300

400 500 600
Temp (°C)

100 200 300

(a)

d(V/V*ydt (min-1)

Powder Technology 424 (2023) 118539

HR = 15 °C/min

015

d(VIV* Yt (min-1)

&

400 500
Temp (°C)

100 200 300 600 700

400 500 600
Temp (°C)

100 200 300

HR = 30 °C/min

100

600 700

80 900

200

300 400 500

Temp (°C)

100 200 300 400

(c)

500
Temp (°C)

600

Fig. 8. Mass loss (%) and pyrolysis conversion rate evolution with temperature as a function of the particle size (R1-R5). Heating rate (HR) =5 °C min~! (a), HR =15 °C min!

(b), and HR=30 °C min~! (c).

continues, and differences in lignin contents among size ranges may
lead to these variations. The residual mass percentage at the end of the
pyrolysis process (Fig. 10(c)) positively correlates with the sum of ash
and fixed carbon (in dry basis) found in proximate analyses ( Table 5).
Finally, a lower residual mass loss at the end of pyrolysis is detected at
5 °C min~! (Fig. 10(c)), caused by an enhanced lignin decomposition
in the 500-900 °C interval.

3.3. Gasification tests

Results of TGA tests of non-isothermal CO, gasification are shown
in Figs. 11-14. Mass loss curves and conversion rates versus particle
size for the intermediate heating rate (10 °C min~1) are presented in
Figs. 11(a) and 11(b), respectively. Firstly, as expected, pyrolysis curves
up to 500 °C follow an almost identical pattern to the previous pyrolysis
tests (Section 3.2), which confirms test reliability. The lowest weight
loss in the pyrolysis zone occurs for R5, and the greatest for R1, a
trend maintained during the subsequent stabilization and gasification
processes. The cause may be related, as aforementioned in the previous
section, to the lower volatile content, lower fixed carbon, and higher
ash content of the R5 fraction compared to R1. Secondly, the mass
remains nearly constant during the hold-up period at 500 °C. After
the atmosphere changes from N, to CO,, there is a sharp peak in the
conversion derivative curves (Fig. 11(b)), attributed to the effect of
the pressure when changing bottles [10]. The third stage of TGA tests
is the char CO, gasification, plotted separately in Figs. 12-14 for 5,
10, and 15 °C min~! heating rates, respectively. The graphs show low
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conversion values (X <0.1) up to 650-700 °C, increasing sharply from
700 °C. The reaction rate is higher for R5 at low temperatures and
heating rates (Fig. 12). The order of the slopes (from highest to lowest)
is R5>R4>R3>R2>R1. Beyond that temperature, the reaction rate for
R4 and R5 sizes steeply slows down, and the slope order is reversed.
The maximum of the dX/dt-X curve is achieved for the R1 size fraction
at a conversion level of 0.8-0.9, depending on the heating rate. The
reaction zones of R5 and R4 are wider, which indicate a slower mean
reaction rate. In the case of 5 °C min~! thermograms (Fig. 12), the
gasification reaction ends at lower temperatures. At temperatures close
to 850 °C, conversion has reached 100%. The shapes of the curves
remain similar to those of 10 °C min~!. However, for 15 °C min™!
(Fig. 14) reaction is only completed for the R1 and R2 ranges (Fig. 14).

The different char preparation procedures and previous pyrolysis
conditions found in related literature make strict comparison difficult.
Nonetheless, apart from the differences, in general, the evolution of
gasification conversion rates for R1, R2, and R3 size ranges qualita-
tively agrees with other related works dealing with non-isothermal
biochar CO, gasification [40,56-58], showing a three-stage curve and a
single peak in the gasification reaction rate with conversion. However,
in the present research, smaller fractions, such as R4 and R5, experience
a significantly lower mean gasification rate.

In other studies, the CO, gasification of a demineralized husk char
was compared to its corresponding original char (high in amorphous
SiO,) at the same non-isothermal conditions [56], showing an impor-
tant increase of the reactivity for the former. The removal of SiO,
increased the concentration and accessibility of active metallic species,
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Fig. 9. Pyrolysis conversion rate for R1 (a), R3 (b), and R5 (c).

promoting the reactivity of the char. More recently, non-isothermal
gasification of different straw residues has been tested in [32], showing
a positive correlation with catalytic ash components.

In consequence, apart from the differences in the development
of the char structure in previous stages, the reason for the different
behavior among size fractions at lower temperatures and conversion
degrees is caused by the catalytic influence of K and Ca, together with
the greater heat and mass transfer rates of R4 and R5, due to the smaller
size. Inorganic species retained in the char during the pyrolysis stage
are important in determining char reactivity. Water-soluble inorganic
elements such as K or Na are released from the char at temperatures
above 700 °C, while Mg and Ca are more slowly released [59]. Potas-
sium is the most active element among AAEM and may potentially act
as an active and fixed element for char gasification unless deactivated
by reactions with silica or alumina [60]. In addition, the chemical
interactions of potassium species with other inorganic species in char,
such as CaO, Al,03, SiO,, and their compound oxides can also influence
catalytic gasification. Therefore, small particles, which have a higher
presence of inorganic elements, experience a higher rate of reaction
at low temperatures by K or Ca catalysis but a lower rate at high
temperatures, hindered by the presence of Si, which would act as an
inhibitor [61]. This effect was previously detected in fixed-bed tests
with the same material [44]. In this way, the conversion rate evolution
for R4-R5 seems to be related to the increase of the Si molar ratios
calculated in Table 6.

To evaluate the heating rate effect, conversion rate profiles of R1-
R2 and R3-R5 char-CO, gasification are depicted in Figs. 15(a)-15(b)

11

and Figs. 16(a)-16(c), respectively. At a fixed particle size, the increase
of the heating rate shifts conversion-temperature curves to the right,
meaning that the reaction temperature is increased for the same char
conversion. The same behavior has also been detected in the pyrolysis
curves (9) and in previous gasification studies, such as [57,62]. The
effect is caused by heat and mass transfer limitations due to the large
energy requirement for the Boudouard reaction since higher heating
rates hinder the effective heat transfer to the inner parts of the particles.
Moreover, the influence of Si-inhibition is also observed in the R3-R5
size fractions, showing a decrease in the reaction rate at conversions
greater than 0.3 (Figs. 16(a)-16(c)).

To quantitatively analyze differences among sizes and compare gasi-
fication reactivities, Table 7 shows relevant figures of non-isothermal
tests, which confirms previous findings. The heating rate causes a
slight increase in the initial, peak, and final temperatures (T;, T,
T, respectively), and a gradual increase in (dX/dt),,q,, (dX/d0),ee
and S values, decreasing the reaction time, tz. As a consequence,
the gasification reactivity is improved at higher heating rates. Trends
align with those reported by [31,40,58]. The different materials and
pyrolysis conditions influence gasification index S, and a wide range is
observed (S ~ 10~11-10713). For comparison, some experimental tests
from [58] similar to the present work (miscanthus char, previously
pyrolyzed with N, at 600 °C, and one hour of holding time) are also
included in Table 7. Unfortunately, the char size was not reported in
the paper. As seen in the table, the authors obtained slightly lower
char reactivities, probably due to the different feedstock characteristics
and char preparation temperatures (600 °C vs. 500 °C in our study).
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conversion X = (my —m,)/(my —m)).

Higher pyrolysis temperatures are known to decrease char reactivity
by decreasing surface-oxygen complexes, which behave as active sites
of the gasification reaction [63].

Table 7 also highlights the previously reported differences among
particle size fractions. At the start of the gasification process, small
particle sizes exhibit lower initial gasification temperatures (T;), as
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well as higher conversion rates (Figs. 12(b), 13(b), 14(b)) which agrees
with the general trend stating that fine sizes exhibit higher gasification
rates. However, as the reaction proceeds, T, and T, increase for
fines, and the opposite is found for (dX/dt),,., (dX/dt),.., and S,
meaning that the reactivity is lower for fines and it decreases as
the heating rate increases. This effect is shown in Fig. 17(a), where
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the gasification characteristic index S is plotted as a function of the
particle size range and heating rates, obtaining R1>R2>R3>R4>R5
for all heating rates. The S-trend is mainly caused by the influence of
the maximum conversion rate, (dX/dt),,,,, on S, which increases with
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particle size and heating rate. As aforementioned, the higher Si/K ratios
of small particles produce low-melting compounds, which increases
intra-particle (pore) diffusion resistance to heat and mass transfer,
causing a decrease in the conversion rate at higher temperatures. On
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the contrary, larger particles have lower Si/K contents and higher fixed
carbon contents, which develop a more active char surface area during
gasification, leading to higher reactivities. Due to the higher aspect
ratio of larger particles, an enhanced inter-particle diffusion may also
favor the process. An inverse relationship of the gasification index S
with the inorganic molar indexes can be inferred when comparing
Figs. 17(a) and 17(b).
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Finally, it can be concluded that the effect of size fractionation is
significant for non-isothermal char-CO, gasification of barley straw.
Differences observed are caused, apart from the different char struc-
ture development during the pyrolysis and stabilization stages, by the
different chemical compositions among size fractions. Larger sizes con-
taining higher carbon and lower ash contents, exhibit faster gasification
rates, whereas small sizes, enriched in Si, show poorer gasification
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Table 7
Non-isothermal CO, char gasification parameters of the samples.
Average HR T, Tpeak T, (dX/dD),,0x (dX/dD),ean tp=t,-t; S (10712
particle size (°C min™1) °C °C °C min~! min~! min min~2 K3
R1 5 695.1 828.4 832.8 0.073 0.029 27.6 2.05
0.427 mm 10 706.0 851.7 856.5 0.127 0.053 15.0 6.26
15 716.3 860.3 870.0 0.171 0.079 10.2 12.02
R2 5 684.6 813.2 822.7 0.057 0.029 27.6 1.64
0.302 mm 10 703.8 845.5 855.4 0.105 0.053 15.1 5.18
15 720.9 868.2 874.6 0.149 0.079 10.2 10.03
R3 5 688.2 821.6 836.4 0.045 0.027 29.7 1.18
0.200 mm 10 709.2 848.9 869.9 0.079 0.050 16.1 3.55
15 718.7 867.5 881.3 0.122 0.074 10.8 7.95
R4 5 692.4 836.6 838.9 0.044 0.027 29.3 1.16
0.125 mm 10 711.9 872.2 870.9 0.078 0.050 15.9 3.54
15 716.4 880.7 880.9 0.113 0.073 11.0 7.30
R5 5 689.5 842.6 842.5 0.037 0.026 30.6 0.94
0.050 mm 10 707.4 875.2 872.9 0.067 0.048 16.6 3.04
15 709.4 881.2 879.7 0.112 0.071 11.3 7.14
Miscanthus 5 635.0 894.0 945.0 0.035 0.004 - 0.15
600 °C char 10 690.0 960.0 1006.0 0.059 0.009 - 0.43
[58] 20 701.0 1042.0 1093.0 0.098 0.017 - 1.27

Note: HR, Heating Rate; T;, initial gasification temperature; T,
maximum value of gasification rate; (dX/dt)
(X=0.1); S, gasification characteristic index.
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Fig. 17. Influence of particle size on gasification characteristic index S (a), and inorganic molar indexes (b).

performance. Since the different behavior may negatively impact the
activation process, prior separation of the Si-rich fractions of the plant
before thermal treatments or rejection of the smaller sizes should be
advisable.

4. Conclusions

In this paper, size fractionation of barley straw is conducted to study
how the heterogeneity of the raw biomass can influence pyrolysis and
CO,-gasification behavior aimed at activated carbon applications. The
work has confirmed previous findings and revealed new aspects dealing
with particle size. The main contributions are summarized below.

» The study has shown the variability in raw biomass samples
obtained after milling and sieving. As the particle size range is
reduced, it is significantly enriched in inorganics whereas VM
and FC are lower. The increase of inorganic elements found in
the finest fraction is caused by exogenous contamination, and an
accumulation of Si-K-Cl-rich barley leaves from the original plant
by the milling operation since soft tissues are more easily ground.
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* Pyrolysis tests exhibit slight differences among size ranges. The
higher alkali content of the finest particles favors cellulose and
hemicellulose thermal decomposition. The maximum temperature
of cellulose decomposition decreases at smaller particle sizes
and lower heating rates are caused by their increased heat and
mass transfer effects at smaller sizes. The residual mass percent-
age is greater as the particle size decreases, consistent with the
increased ash content of the finer fraction.

In non-isothermal char CO,-gasification tests, relevant differ-
ences, not previously addressed, arise for the smallest range
(<0.15mm), for which the reaction rate decreases at T >750 °C,
attributed to the inhibit tendency of silicates, which hinder the
reaction at higher temperatures by blocking the pores by form-
ing low-melting potassium-silicates. The gasification index S in-
creases with the heating rate and is inversely related to molar
Si-alkali ratios.

Size fractionation is relevant to the char-CO, gasification process,
presenting higher conversion rates and lower maximum peak
temperatures the larger the particle size. The impact of the ash-
forming elements is more relevant than the effect of particle
size. These findings are useful in developing operational and
pretreatment strategies to improve activated carbon quality.
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