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ARTICLE INFO ABSTRACT

Keywords: This study investigates the influences of intraparticle and interparticle diffusions on the reaction rates of char
Biomass char gasification in a packed bed without forced convective flows. The main objective is to elucidate how the
Packed bed

dominant scales of mass diffusion resistance change based on particle size distributions (PSD). CO, gasification
rates were measured by thermogravimetric analyses (TGA) of spruce char produced from pilot-scale reactors.
Experimental setups using two TGA devices highlighted the effects on different rate-limiting steps. Effects of
intraparticle diffusion were investigated with a single layer of monodispersed particles between 75 pm and 6.3
mm using a commercial TGA. Effects of interparticle diffusion were investigated with a packed bed of mono-
dispersed and polydispersed particles using a macro-TG. At the particle scale, gasification rate decreased with the
increase of particle size when the reaction was controlled by intraparticle diffusion. This effect can be described
by the effectiveness factor with Thiele modulus. At the bed scale, void fraction and tortuosity of the packed bed
are influential parameters on diffusivity of COz through the bed channels. Due to its non-sphericity of the char
particles, the bed of relatively large particles had high void fraction and the presence of smaller particles were
essential to lower the bed void size. Consequently, smaller size fraction in the PSD had a major impact on the
diffusion resistance at bed scale. It means that the diffusion resistances at particle and bed scales are sensitive to
different size fractions in the PSD. It allows one to tweak the overall reaction rates in packed beds by manipu-
lating the PSD if the dominant mass transport mechanism is diffusion.

CO,, gasification rate
Intraparticle diffusion
Interparticle diffusion
Particle size distribution

1. Introduction reduction of iron progresses in a sagger without convective flows. The

sagger contains a packed bed of solid reducing agent and iron ore

In recent years, many research activities have dedicated efforts to
reduce greenhouse gas emissions from iron and steelmaking processes.
The steel industry contributes 7% of the global total CO, emission,
which is around 2.8 billion tons annually [1]. Sustainable steelmaking
plants shall diminish the use of fossil-based raw materials. Our previous
review [2] summarized the state-of-the-art to utilize bio-reducers in
various steelmaking routes, for example, blast furnace/basic oxygen
furnace (BF-BOF) route and direct reduction iron/electric arc furnace
(DRI-EAF) route. Biomass char has great potential to replace fossil coal
in steelmaking plants [2-4]. The highest potential of biomass char usage
is in the BF-BOF route [2], both as biocoke [5] and injection fuel [6]. A
recent study reported the successful replacement of one-third of carbu-
rization media in an EAF process by biomass char [7]. Among the DRI
processes, biomass char can replace fossil-based carbon as a reducing
agent in some processes, such as the Hoganas process. Here, the
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without intermixing.

In order to avoid major process modifications, various properties of
biomass char should be equivalent to those of fossil-based reducing
agents. Our previous studies [8,9] showed that elemental composition
and heating value of biomass char could reach the same level as fossil
coal if pyrolyzed at temperatures above 500 °C, with the exception of
gasification reactivity. In the carbon-based DRI process, the reduction of
iron ore occurs with a series of chemical reactions.

C(s) + CO,(g) — 2CO(g) (R1)
Fe304(s) + CO(g) — 3FeO(s) + COx(g) (R2)
3FeO(s) + 3CO(g) — 3Fe(s) + 3CO»(g) (R3)

The rate of char gasification (Reaction (1)), known as Boudouard
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reaction, is a critical step as it determines the availability of reducing
gas, i.e., CO. This fact also applies to other steelmaking routes. The
different physical and chemical structures between fossil coals and
biomass char result in different gasification reactivity. It has been widely
reported that the reactivity of biomass chars is generally higher than
those of fossil coals [10-12]. Zuo et al. [13] reported that biomass char
reacted four time faster than anthracite coal in COy gasification at
850-1000 °C. Case in point, the Hoganas process currently utilizes fossil-
based reducing agents that maintain an even rate of gasification over a
relatively long residence time in the furnace, i.e., 2-3 days. Conse-
quently, replacing these fossil-based reducing agents with more reactive
biomass char would yield incomplete iron conversion in the existing
process. Hence, the gasification rate of biomass char must be controlled
to an acceptable range in order to increase implementation of bio-
reducers in this process. In addition, the Hoganas process converts
iron reduction in a saggar, where diffusion dominates overall mass
transfer rate without forced convective flows. This reactor configuration
is different from typical metallurgical and thermochemical reactors,
thus limited studies appear in the literature.

Char gasification involves three phenomena that are possible rate-
limiting steps: chemical reaction, intraparticle diffusion, and interpar-
ticle diffusion. In the most industrially relevant conditions, the gasifi-
cation rate of biomass char is affected by intraparticle diffusion, also
referred to as pore diffusion [14]. The diffusion rate of CO5 through the
pore inside char particles plays a significant role in the overall reaction
rate. In this case, particle size, density, and pore structure affect the
apparent reactivity of char gasification. The literature agrees that
apparent char reactivity decreases as the particle size increases [15-18].
For instance, Gomez-Barea et al. [15] measured char gasification rates
under CO, at 800 °C, and the result showed that effectiveness factor
decreased from 0.9 to 0.55 when particle size increased from 0.9 to 2.1
mm. This observation is in line with the Thiele modulus [19], i.e., the
ratio of surface reaction rate to the rate of diffusion, which implies that
the larger the particles, the higher the diffusional resistance. In general,
the effect of intraparticle diffusion is negligible below a certain
threshold of particle size. Guizani et al. [16] reported that intraparticle
diffusion did not affect the apparent reactivity of the particles smaller
than 40 pym. Nevertheless, the threshold may be different for char
samples with different density and pore structure, and it varies with
gasification conditions.

In a packed bed of bio-coal without forced convective flow, such as
saggar crucibles, external and interparticle diffusions affect the apparent
reaction rate along with intraparticle diffusion. Unlike the other two
rate-limiting steps, few studies appear in the literature. External diffu-
sion is caused by CO3 diffusion in the stagnant gas region between the
top of the packed bed and the bed surface, while interparticle diffusion is
CO4, diffusion through the channels (voids) between the particles in the
packed bed. In some cases, external diffusion may also influence
apparent reactivity [20]. Meanwhile, Zhang et al. reported [21] that
interparticle diffusion had more significant effects than external diffu-
sion in gasification of lignite char. They found that the effect of inter-
particle diffusion increased exponentially with bed height. This result
agrees with the study of waste biomass gasification reported by Ollero
et al. [22]. Particle size distribution should be an important parameter
for the apparent reactivity of packed beds with a given bed volume
because of its effects on physical properties, such as bed void fraction,
tortuosity, and channel size. Zhang et al. [23] showed that the bed void
fraction of solid particles increased with the decrease of particle size.
They also reported that particle shape influences the void fraction. These
observations imply that the effect of interparticle diffusion should be
more significant for larger particles. However, interparticle channels
among small particles should be narrower than those among large par-
ticles, and hence, more significant interparticle diffusion effects.
Furthermore, the uniformity in particle size distribution (PSD) affects
the permeability in packed beds [24-27], and it should also influence
the effective mass diffusivity. This means that monodispersed, bimodal,
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and polydispersed particles differ interparticle diffusion in a packed bed.
In addition, interparticle and intraparticle diffusions simultaneously
plays roles in a bed due to various particle sizes. However, to the best of
our knowledge, no previous work investigated particle size or PSD ef-
fects on char gasification in a packed bed under the absence of
convective flow.

To understand and predict the heterogeneous reactions in packed
beds, such as char gasification, holistic studies across all the relevant
scales are necessary. This study aims to identify the individual effects of
particle-scale diffusion and bed-scale diffusion, as well as their in-
teractions. Specifically, it intends to elucidate the effect of particle size
and PSD at bed scale in detail. Measurement was carried out in two
different sizes of thermogravimetric analysis (TGA) devices suitable for
particle-scale and bed-scale investigation. Gasification rates of mono-
dispersed, bimodal, and polydispersed particles have been measured.
The intrinsic rate constant has been determined based on the nth-order
kinetic model, while the effects of intraparticle and interparticle diffu-
sions have been determined by using the effectiveness factor approach.
Terminologies were defined and used to explain the phenomena at
different scales, as summarized in Table 1.

2. Materials and methods
2.1. Sample preparation

Biomass char used in this study was obtained from a 500 kWnermal
two-step pyrolysis process operated by Cortus AB, Sweden [28]. In the
first step, the biomass char was produced from dried spruce chips
(including bark), approximately 20-50 mm size, in a rotary kiln reactor
at the temperature of 350 °C with the residence time of ca. 1 h. Then,
secondary pyrolysis was carried out in a retort (moving bed) at a tem-
perature of 1100 °C with a residence time of 20-30 min. After pyrolysis,
the biomass char was extruded into cylindrical pellets, approximately
12 mm diameter and 50 mm length, in order to increase the particle
density. Thereafter, the char pellets were crushed using a disintergretor
mill, BAC 15, to achieve the relevant particle size distribution. Prior to
analysis and experiment, the biomass char was dried in an oven at 40 °C
for 12 h to remove raw moisture following the European Biochar Cer-
tificate guideline [29]. The char sample was divided into smaller por-
tions by using a rotary divider, Retsch PT100.

Particle size distribution was measured by using the sieving method
according to ASTM C 136-01. A stack of stainless sieves with mesh
aperture widths of 0.18, 0.212, 0.315, 0.4, 0.5, 0.63, 0.8, 1.0, 2.0, 3.15,
4.0, 5.0, 6.3, and 7.1 mm was used with a mechanical sieve shaker,
Retsch AS200. Around 70 g of sample was used in the measurement. The
microscopic images of the sieved particles, measured using VisiScope®
BL254 T1, are provided in Figure S1 in the supplementary material. The
images show equivalent sizes between the actual sizes and the sieve sizes
of particles. Fig. 1 displays the PSD of the as-received sample, together
with all the PSDs used in this study (summarized in Table 3).

In order to study the effect of particle size on reaction rates, seven
narrow size fractions, hereafter called monodispersed particle samples,
have been selected as shown in Table 2. These size fractions cover the
range of particle size distribution of the biomass char sample. The terms
dmin, dmax, and dmiq refer to minimum, maximum, and mid-range

Table 1
Summary of important terminologies.
Terms Void/pore Rate Diffusion Effectiveness
constant factor
Global - - Overall Overall
Bed scale Void Bed Interparticle ~ Bed
fraction
Particle scale Porosity Particle Intraparticle  Intraparticle
Reactive - Intrinsic - -
surface
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Fig. 1. Cumulative curves of the samples.
Table 2
Size characteristics of monodispersed particle samples.
Sample dmin diax dmid
(um) (um) (um)
dp1 - 75 -
dp2 180 212 196
dp3 315 400 358
dpsg 500 630 565
dps 800 1000 900
dpes 2000 3150 2575
dp7 4000 6300 5150

particle sizes.

In addition to the monodispersed particle samples, samples with
wide ranges of the particle size distribution, hereafter called poly-
dispersed samples, were prepared within the particle range of 180 and
6300 pm, as shown in Fig. 1. The samples with the labels PSD1 to PSD5
were prepared by decreasing the maximum diameter of the PSD in
comparison with as-received PSD. In contrast, the samples PSD11 to
PSD17 were prepared by increasing the minimum diameter. Table 3
shows the size characteristics of the varied PSD samples. The term dsg
refers to mass-based median particle size, i.e., the screen sizes being
passed 50% by mass of the particles. Meanwhile, d1¢, d3o, and dgg are the
screen sizes being passed 10, 30, and 60% by the mass of the particles.
The term p and o represent the mean and standard deviation of the log-
normal distribution of the PSD. The small value of ¢ refers to the narrow
range of particle size, while large o refers to a wide range of particle size.

2.2. Sample characterization

The density of the biomass char was measured by three different
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definitions, that is, bulk density, envelope density, and skeleton density.
The bulk density was measured according to analogue VDLUFA-Method
A 13.2.1 [30]. For the as-received sample, the sample was placed into a
500 mL graduated cylinder with 5 mL of increment. The volume and
mass were measured after compressing the cylinder by tapping the
bottom of the cylinder ten times. The bulk density of the monodispersed
and PSD samples was measured directly with the ceramic crucible, 6.5
mL of bed volume, prior to the gasification experiment by using the same
procedure. The measurement was repeated three times. Bulk density
was calculated by

Mepar

®

/) =
bulk Vb.char

where Mg, and Vp per are mass and bed volume of biomass char,
respectively.

In the measurement of envelope density, 15 mL of Al,O3 (particle
size distribution is provided in the supplementary material, Table S1)
was filled into a graduated cylinder (25:0.5 mL), and the initial mass was
measured. Then, 3-5 mL of the sample was added into the cylinder, and
the sample was immersed into Al;O3 by manual shaking. The mea-
surement was repeated three times. The mass and volume were recor-
ded. Finally, envelope density was calculated by

Mchar — Mchar+AL,0; — MAL Oy

P envelope —

(2

Vopchar — Vochar+anos — Vbanos

where V}, i is particle volume including internal pores of biomass char.

Skeleton density, or true density, was measured by using Micro-
meritics AccuPyc II 1340 gas displacement pycnometer with He as the
gas medium. Prior to this measurement, the sample was dried further at
105 °C to remove all the moisture in the particles. During the mea-
surement, He gas filled in both bed voids and open pores of particles,
making it possible to estimate the volume of solid materials. The skel-
eton density was calculated based on the principle of volume displace-
ment

P _ Mcpar
skeleton
Vs‘ .char

3

where V; g is solid volume including closed pores of biomass char.
Particle porosity,éparicie, and bed void fraction, ep4, can be calculated
by

Vp,z‘har -1 penvelape

Epariicle = % )
s,char Pskeleton
Vb char P,
X bulk
Eped = v =1-——" (5)
p.char 14 envelope

Fig. 2 depicts void fractions of the monodispersed and polydispersed
samples. The error bars represent standard deviations of void fractions
calculated based on the error propagation from the standard deviations

Table 3

Size characteristics of varied polydispersed samples.
Sample dmin Amax dio dso dso deo H c

(um) (um) (um) (um) (um) (um) O] ©)

PSD1 <180 630 32 100 160 205 -1.77 0.80
PSD2 <180 1000 39 115 210 300 -1.57 1.15
PSD3 <180 2000 50 150 320 500 -1.11 1.39
PSD4 <180 3150 58 175 450 740 —0.80 1.42
PSD5 <180 5000 68 230 670 1160 —0.48 1.71
PSD11 <180 6300 72 250 850 1400 —0.40 1.72
PSD12 400 6300 600 1100 1940 2500 0.59 0.89
PSD13 630 6300 840 1480 2300 2800 0.79 0.74
PSD14 1000 6300 1300 1900 2770 3200 1.04 0.47
PSD15 3150 6300 2300 2900 3560 3900 1.29 0.32
PSD16 4000 6300 3400 3800 4300 4600 1.45 0.21
PSD17 5000 6300 4200 4500 4840 5000 1.60 0.03
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Fig. 2. The void fractions of the monodispersed (a) and the polydispersed samples (b).

of bulk and envelope density.

Prior to proximate and ultimate analyses, a representative sample of
biomass char was ground to a particle size below 75 pm. Proximate
analysis of the biomass char was measured based on thermogravimetric
analysis using TGA8000, PerkinElmer. Volatile matter content was
measured by firstly heating around 2 mg of the sample under 50 mL
min~! of Ny from the temperature of 30 °C to 105 °C with the applied
heating rate of 100 °C min~!. The sample was held for 10 min to remove
moisture in the sample. Then, the temperature was increased to 900 °C
at the applied heating rate of 25 °C min~! and held at this temperature
for 10 min. Hence, volatile matter content accounted for the mass lost
after the drying step according to [31], and it was calculated by

Mary — Mfinal

%VM = x 100% (6)

Mgy

Ash content was measured by firstly heating around 2 mg of the
sample under 50 mL min~* of Ny from 30 °C to 105 °C with the applied
heating rate of 5 °C min~'. The sample was held for 5 min to remove
moisture in the sample. Then, the gas composition was switched to 20%
(vol.) of O3 in Ny, and the temperature was increased to 550 °C and held
for 30 min or until the mass became stable. The ash content was
accounted for the final mass in comparison to the dried mass according
to DIN 51719, which was calculated by

mfmal
md»)

%Ash = x 100% )

Fixed carbon of the sample on dried basis was calculated by the
difference, that is, 100 - %VM - %Ash. Ultimate analysis of the biomass
char was carried out with EA3000, CHNS-O elemental analyzer from
Eurovecto Srl., according to DIN 51732. Higher heating value (HHV)
was measured by using a bomb calorimeter, IKA C200. All analysis was
repeated three times. Physical properties, proximate analysis, ultimate
analysis, and HHV of the sample are provided in Table 4.

Table 4
Physical and chemical properties of the biomass char sample.

Properties Unit Average value Standard deviation
Bulk density kg m~® 572 45
Envelope density kg m 3 783 90
Skeleton density kg m~3 1900 8
Bed void fraction - 0.27 -
Particle porosity - 0.59 -
Proximate analysis

Volatile matter content %, mass* 8.7 0.1
Ash content %, mass* 12.3 0.5
Fixed carbon content %, mass* 77.8 0.7
Ultimate analysis

C %, mass* 82.4 0.8
H %, mass* 0.5 0.0
N %, mass* 0.5 0.2
(0] %, mass* 5.8 0.2
HHV kJg! 27.6 0.1

*Dry basis.
2.3. Measurement of gasification rates

2.3.1. Intrinsic reaction kinetics

Intrinsic kinetic parameters of biomass char gasification with CO,
were determined using TGA8000 coupled with gas mixing device
GMD8000 from PerkinElmer Inc. Biomass char with particle size below
75 pm was used to minimize the effect of intraparticle diffusion. Around
0.5-1.2 mg of the sample was loaded and spread at the bottom of an
alumina crucible (diameter of 7 mm and height of 2 mm) as a thin layer
to minimize the effect of interparticle diffusion. Reaction gas was fed in
the vertical direction down to the crucible, and the total flow rate was
kept constant at 50 mL min ! in the standard state (25 °C and 10° Pa).
The sample was heated from 30 °C to target temperatures, i.e., 770, 800,



A. Phounglamcheik et al.

830, and 850 °C, at the applied heating rate of 10 °C min~' under N
(purity >99.996%). Once the target temperature was reached, the gas
composition was switched to target concentrations, i.e., 10, 20, 30, and
40% (vol.) of CO; (purity >99.99%) in Nj. The sample was held at the
isothermal condition until there was no mass change. The experimental
matrix is provided in the supplementary material, Table S2. Measure-
ment has been carried out with two repetitions for all the conditions, and
the repeatability of these measurements is displayed in the supple-
mentary materials, Figure S2.

After eliminating the heating part from the TG curves, the results
contain mass losses due to both devolatilization and gasification.
Therefore, additional experiments were carried out under pure N3 at the
same temperature programs. The devolatilization rates were evaluated
from the experimental data by using the first-order reaction equation.
The detailed evaluation and the devolatilization curves are provided in
the supplementary material, Figure S3. The devolatilization rates were
eliminated from the overall results, and only gasification data is ac-
quired by

Tasification = Toverall — Tdevolatilization ®

where r is reaction rate in mass basis (g s~}). An example of the TG
results after removing devolatilization is shown in Figure S4 in the
supplementary material. Then, the conversion of biomass char (X)
during gasification was calculated by

X — my —m 9

my — Magh

where my is the initial mass at the beginning of gasification, mgg, is the
weight of ash obtained from the final mass of the experiment, and m is
the weight monitored at a given time during gasification.

The conversion rate of biomass char gasification can be described as:

% = k(T,pcor)+f(X) 10$)
where k is the rate constant, which includes the influences of tempera-
ture, T, and partial pressure of COs, pcoz. The term f(X) is a structural
function that represented the changes of active site density with the
gasification progress. In this work, the random pore model was applied
to estimate the structural function, which yields the overall gasification
rate as [32,33]

O k(T o)+ (1 = %)y T (1 =) an

After integration of Equation (11) between 0 and X , the equation
becomes

(%)-[MIn(l —X) 1] =kt (12)

Figure S5 in the supplementary material shows that the experimental
data between X from 0 to 0.8 gave the minimum error to the fitting.
Therefore, the structure parameter, y, was estimated by using the
following expression, where Xy is 0.8:

[VT=yein(1-x) 1] ¥

After obtaining the y values for each experimental temperature, the
intrinsic rate constant, Kinrinsic; can be determined from Equation (12).
Figure S6 in the supplementary material depicts the dependency of  on
experimental conditions, which followed the definition of the structure
parameter, Equation (S5). The fitting performance of RPM to intrinsic
reaction rates is provided in Figure S7. It is worth mentioning that the
peaks of reaction rate appeared at conversions lower than 0.4, implying
the minor effect of inorganic catalysts, as discussed in the literature
[34,35].

Fuel 310 (2022) 122302

Kinetic parameters were determined from the nth-order reaction
model with the Arrhenius-type of the equation, which has been suc-
cessfully implemented previously [36]. In order to avoid significant
error in the extrapolation of the pre-exponential factor, the equation was
normalized by the rate constant of a reference condition as:

E/1 1 Pcoz \"
s o= ke s \T T ‘\p. = !
Kintrinsic ko exp( R (T TO) ) (P(TOZ.()) o

where, ko is the rate constant at the reference condition, E is the acti-
vation energy, n is the reaction order, and R is the ideal gas constant. The
term T is reference temperature (800 °C), and Pcoy o is reference partial
pressure (0.02 MPa). Finally, the estimated kinetic parameters were
adjusted to minimize the error between experiments and models (see the
supplementary material, Equation (S6) and Figure S8).

2.3.2. The influence of intraparticle diffusion

The same equipment, i.e., TGA8000, was used to measure the
apparent reaction rate with the influence of intraparticle diffusion. The
monodispersed particle samples were used to observe the effect of
intraparticle diffusion. The sample was loaded and spread at the bottom
of an alumina crucible as a thin layer to minimize interparticle diffusion.
The sample was heated from 30 to 850 °C at the applied heating rate of
10 °C min~! under N, flow rate of 50 mL min~!. After the temperature
was reached to 850 °C, the gas composition was switched to 40% (vol.)
of CO; in Ny at the same total flowrate. The sample was held at the
isothermal condition for 3 h. The experiment was repeated 3 times for
each particle size.

The heating part was eliminated from the thermogravimetric curve,
and overall conversion is determined by Equation (9). The subtraction of
devolatilization rate was much simpler than intrinsic reactivity mea-
surement (section 2.3.1) due to distinctive changes in reaction rate.
Figure S9 in the supplementary material shows the conversion rate as a
function of conversion. The high conversion rate observed at the initial
stage of conversion represents devolatilization. Therefore, gasification
data was obtained after eliminating this devolatilization part. By
applying Equation (11), the rate constant (kpgricie) of char gasification in
intraparticle diffusion limitation was determined from the experimental
result up to 40% of conversion. The y value determined at 850 °C in the
previous section was used to calculate the rate constant in this section.

In order to indicate the relative significance of intraparticle diffusion
in the apparent rates, the intraparticle effectiveness factor, #yyaparicies
was defined by the following equation.

Kparicte
”intm]mrti(;le = kﬁi"/ (15)

intrinsic

Thiele modulus, ¢, can be determined by its correlation with the
effectiveness factor. The following equations are the correlation be-
tween the effectiveness factor and Thiele modulus for different particle

shapes [37,38]

1 1 1
TN AN A h
i g 36 e
11 (2 .
”imrﬂparlivle = ﬁg 1(1) 52;37 Cyll’lder (16)
h
ﬁtan ((/))7plate
&
where, f. is a correction function expressed as f, =

207+1/(29%)

0.5(1-n)2
(1 + —5Y 1/2 ) , andl, and I, are Bessel function of the first
kind. According to microscopic images, Figure S1, the char sample
contains mixed particle shapes, especially when particle size is small.
However, the aspect ratios of the particles should be higher than 3 to
consider the sample as cylinder and plate shapes. Therefore, the
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spherical shape model is selected for the main calculation of the intra-
particle effectiveness factor in this study. According to the definition of
Thiele modulus defined by K.B. Bischoff [39], the expression of Thiele
modulus is modified to gasification reaction as

n~+ 1 Kinginsic Pc
=d,ey/ (inwinsie ,_FC_ R a7
¢ P 2e Deff PCOZ MWC

where, d, is particle diameter, p. is carbon density, and Mw¢ is the
molecular weight of carbon. Effective diffusivity, Dy, can be deter-
mined by least-square minimization using the experimental results of ¢
at the different particle sizes. For the evaluation of bed-scale experi-
ments in the next section, the model, Equation (16) and (17), was
applied to estimate the intraparticle effectiveness factor for different
particle sizes.

2.3.3. The influence of interparticle diffusion in a packed bed

The apparent rate of char gasification in a packed bed was measured
in a macro-thermogravimetric (macro-TG) reactor. The reactor is an
externally heated stainless-steel cylinder (grade 253 MA). The internal
diameter of the reactor and the length of the heating zone are 40.5 mm
and 360 mm, respectively. The reactor temperature was measured by a
type N thermocouple placed at the center of the reactor and 20 mm
below the sample. The carrier gas flows through the reactor from the
bottom to the top of the reactor with product gas generated during the
experiment. A ceramic crucible with 20 mm in diameter and 40 mm in
height was used to hold the sample. The crucible was connected to a
precision balance and hung from the top of the reactor chamber. Fig. 3
displays the schematic drawing of the macro-TG reactor.

Prior to the experiment, the macro-TG reactor was pre-heated to
950 °C, which is the maximum temperature of the reactor. The
composition of the carrier gas was 40% (vol.) of CO3 in Ny with the total
flow rate of 5 L min~! at the standard state. This gas condition was
selected to mimic industrial process conditions. The biomass char sam-
ple was filled into the ceramic crucible by keeping constant bed volume
at 6500 mm? (18 mm of the bed height) to maintain constant external
diffusion. The crucible was lowered manually to the reactor. The sample
was held in the reactor for 3 h. Mass and temperature during the
experiment were continuously recorded every 2 s.

Mass loss originated by devolatilization was subtracted from the data
according to the same method used in the previous section. Conversion
and apparent rate constants (kp.q) Were determined by using Equation
(9) and (11), respectively. In this section, the overall effectiveness fac-
tor, #yeray Was defined to indicate the overall effects of diffusion

0.000 g
Precision scale
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including intraparticle and interparticle scales.

Kpea

18

Noveran =
" kimrinsiz‘

By assuming no interaction between interparticle and intraparticle
diffusions, the overall effectiveness factor can be expressed as the
product of intraparticle and bed effectiveness factors. Therefore, the bed
effectiveness factor,,,4, can be determined by

Kpea Noverall
Moot = _ overa (19)
bed kparticle [ Ninsrapariicie *fo (dp)ddl,

where f,(d,) is the frequency function on a mass basis, which obtained
from the particle size distribution measurement. The bed effectiveness
factor indicates the contribution of interparticle diffusion to the overall
effectiveness factor.

3. Results and discussion
3.1. Intrinsic kinetic parameters

The intrinsic rate constant of char sample measured in this study can
be expressed as

296 Womol! [ 11 . 0.458
k[mr'm'- = (288 X 10755‘71)-(3 t K ( 1:)COZ )

0.02 MPa
(20)

The activation energy of char gasification obtained in this work, i.e.,
E = 296 kJ mol 2, is slightly higher than those reported in the literature,
such as Klose and Wolki [40] (beech wood char, E = 200 kJ mol™}),
Haustein et al. [41] (wood-based char, E = 205.4 kJ mol’l), Struis et al.
[42] (Firwood char, E =212 kJ mol’l), Wang et al. [43] (pine char, E =
239 kJ mol’l), Yuan et al. [44] (pine char, E = 248.5 kJ mol’l), and
Kramb et al. [45] (pine char, E = 280 kJ mol’l). The reaction order
obtained in this work, i.e., n = 0.458, is in the range of the values those
have been reported in the literature [36,40,41,46,47], i.e., between
0.369 and 0.7.

Figure 4 shows the Arrhenius plot of the char gasification obtained
from this work in comparison to wood-based chars reported in the
literature [40-45]. The wide scatter in rate constants among the liter-
ature sources illustrates the effects of raw biomass species and pyrolysis
conditions on char reactivity. In general, high pyrolysis temperature
results in low reactivity chars due to thermal annealing and the loss of
catalytic active inorganic elements such as alkali metals [48-50]. The

I

Co,

Mass flow controllers

Exhaust

Tube furnace

Gas distributors (alumina beads)

Fig. 3. Measurement of char gasification in a packed bed using a macro-thermogravimetric reactor.
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Fig. 4. Arrhenius plots of biomass chars (recalculated from [40-45]).

rate constant of the char in this work stays within the range but lower
range among the literature data. Most literature uses biomass char
produced at temperatures below 900 °C, which is significantly lower
than the char preparation temperature in this study. It should be noted
that the kinetic parameters reported from Wang et al. [43] were
measured from pine char produced in a fixed bed reactor at temperature
of 1100 °C with a long residence time of 90 min, which can explain
relatively low reactivity compared to the others.

3.2. Intraparticle diffusion effect at the particle scale

In this section, the apparent reaction rate was measured under the
influence of intraparticle diffusion, while the effect of interparticle
diffusion was kept minimal. Fig. 5 shows the conversion rates of char
gasification with different particle sizes as a function of conversion. The
dots represent experimental measurement, while the lines represent the
models described by Equation (11). As expected, the conversion rate
decreased as the particle size increased due to the effect of intraparticle
diffusion. Under the gasification conditions of this study, the apparent
reaction rate was nearly identical to the intrinsic reaction rate (Equation
(20)), at the particle size of 0.196 mm.

Intraparticle effectiveness factors were determined based on the
measured apparent rate constants and the intrinsic rate constant, as
shown in Equation (15). Fig. 6 displays the effectiveness factors as a
function of the mid-range particle size. The error bars in the vertical
direction represent the standard deviations of effectiveness factors,
while the horizontal error bars represent the upper and lower sieve sizes.

x 107

2

== =Intrinsic reaction model

0.196 mm
-0.358 mm
—0.565 mm
—0.900 mm
—2.575 mm
=—5.150 mm

+ 0.196 mm (Exp.)

+ 0.358 mm (Exp.)

+ 0.565 mm (Exp.)

0.900 mm (Exp.)

2.575 mm (Exp.)

5.150 mm (Exp.)

dX/dt, conversion rate (s'l)

0 0.2 0.4 0.6 0.8 1
X, conversion (-)

Fig. 5. Conversion rate as a function of conversion. Reaction condition: 850 °C

40% (vol.) CO..
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Fig. 6. Intraparticle effectiveness factor as a function of mid-range particle size.
Reaction condition: 850 °C 40% (vol.) CO,.

The effectiveness factor decreased from 0.983 to 0.167 when the particle
size increased from 0.196 mm to 5.15 mm. As shown in line plots, the
effectiveness factor for sphere particles based on Thiele modulus
(Equation (16) and (17)) showed good agreements with the experi-
mental observations.

Fig. 7 shows the plot between Thiele modulus and mid-range particle
size. According to the definition of Thiele modulus defined by Bischoff
[39], Equation (17), effective diffusivity, Doy, can be determined from
the linear fitting in the figure. The effective diffusivity obtained in this
work is 1.93x10® m? s7L. It should be noted that the deviation in the
particle size due to the sieve sizes may give a small error to the value of
effective diffusivity.

Effective diffusivity inside the char particles is affected by both
molecular diffusion (Dsp) and Knudsen diffusion (Dga) with the rela-
tionship of
e/t 1 1

_ - @D
Dy Dap  Dia

where ¢ and 7 are particle porosity and tortuosity, respectively. Tortu-
osity is an important parameter that determines the diffusivity of CO5 in
particles, but it is a difficult parameter to measure directly in char
particles. Meanwhile, the same biomass char should give the same tor-
tuosity regardless of particle size. Therefore, particle tortuosity was
assumed to follow the Bruggeman correlation [51] for spherical parti-
cles, i.e., 7 = £7%5, which gave the value of 1.3. The molecular diffu-
sivity of CO2 through Ny was calculated by the model provided by
Hirschfelder et al. [52], which gave the value of 2.21 x 104 m?s ! at

6 ;
—~ ® Experiment ,,'.
g ---- Linear regression
E
s 47 {
3 >
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E ) 5
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dmi ” mid-range particle size (mm)

Fig. 7. Thiele modulus as a function of mid-range particle size. Reaction con-
dition: 850 °C 40% (vol.) CO,.
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850 °C. With the estimated values of molecular and effective diffusiv-
ities, Knudsen diffusivity can be determined using Equation (21).
Furthermore, average pore diameter, dpor., can be estimated from the
Knudsen diffusivity equation, which is written as

_ dyore  [8KNT

Dgy = 22
=3\ T, (22)

where « is the Boltzmann constant (1.38 x 107'° ergs K’l), Nis Avogadro
constant (6.022 x 10%* molecules mol™!), and My is the molecular
weight of CO,. The average pore diameter of biomass char estimated in
this work was 17.8 nm, which agree with the typical pore size range of
biomass chars reported in the literature [53]. This pore size is in the
mesopore range, i.e., 2-50 nm, which has been reported as the major
reactive pore surface in gasification reaction [54]. Knudsen number was
estimated to be 12.1, which indicate that both molecular and Knudsen
diffusions play roles in the effective diffusivity. It means that particle
size, pore size, particle porosity, and tortuosity were all important
physical parameters that influence intraparticle effectiveness factors.
Table S3 in the supplementary material provides the sensitivity of the
results against particle shape. The results showed very small differences
among different particle shapes. The calculated pore diameters for cy-
lindrical and plate shapes were 17.7 and 17.1 nm, respectively.

3.3. Intraparticle and interparticle diffusion effects in a packed bed

This section discusses the results of the apparent reaction rates
measurement in packed beds of biomass char. First, the reaction rates
were measured in packed beds consisting of monodispersed particles to
represent the effect of particle size without wide distribution. The ratio
of the apparent rate measured in this section to the intrinsic rate is
defined as overall effectiveness factor according to Equation (18).
Intraparticle effectiveness factors for monodispersed particles were
calculated from Thiele modulus, i.e., Equation (16) and (17), using
average pore diameter determined from the previous section. Hence,
bed effectiveness factors can be calculated from Equation (19). Fig. 8
depicts the overall, intraparticle, and bed effectiveness factors of the
packed bed as a function of mid-range particle size.

Contrary to the intraparticle effectiveness factor, bed effectiveness
factors increased with the increase of particle size. The overall effec-
tiveness factor increased from 0.022 to 0.027 when the particle size
increased from 0.196 to 0.9 mm, showing the dominant effects of
interparticle diffusion over intraparticle diffusion. At larger particle
sizes, the overall effectiveness factor remained almost constant due to
the balance between intraparticle diffusion and interparticle diffusion.
This can be observed at the particle size larger than 0.9 mm. However,
one should note that the plateau in the overall effectiveness factor may
not appear for the packed bed with different diffusion lengths due to
different interparticle diffusion resistances.

Fig. 9 shows the bed effectiveness factor as a function of void
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Fig. 9. Bed effectiveness factor as a function of bed void fraction. Reaction
condition: 950 °C 40% (vol.) CO,.

fraction. The bed effectiveness factor increased with the increase of void
fraction. As the void fraction increased from 0.22 to 0.41, the bed
effectiveness factor increased from 0.031 to 0.11 (increased by factor 3).
At the void fraction higher than 0.41 (dpiq greater than 0.9 mm), the bed
effectiveness factor sharply increased from 0.11 to 0.57 at the void
fraction of 0.44 (increased by factor 67). This result suggests that the
packed beds with particle sizes larger than 0.9 mm have relatively large
bed channels and lower bed tortuosity, resulting in high apparent re-
action rate. However, the results require careful interpretation for the
two largest particles. The wall effects are commonly observed to affect
overall porosity and flow inside packed beds when the bed diameter is
below 10 times particle diameters [55,56]. In the diffusion-dominated
system, such as in this study, the wall effects change the effective
mass diffusivity due to high void fraction and low tortuosity. The two
largest particles fall within this range (Dped/dps = 7.8 and Dpeq/dp7 =
3.9). However, overall bulk density was not significantly altered by the
crucible size within this range (Figure S10 in the supplementary mate-
rial). Nevertheless, there is still a possibility that the locally high
porosity near the wall [55] contributed to the increase in diffusivity and
effectiveness factor.

For monodispersed particles, large particles react slower than small
particles at the particle scale. However, the effect was reversed at the
bed scale because small particles have lower interparticle diffusivity of
reactant through bed channels than large particles. Hence, the reactivity
may be reduced further if the bed contains both small and large parti-
cles, for example, particles with bimodal size distribution or wide size
distribution. Fig. 10 shows the comparison of overall effectiveness fac-
tors for monodispersed and bimodal particles. With the bimodal particle
of 0.8-1 mm and 4-6.3 mm, the overall effectiveness factor showed 11%

| ) |
Intraparticle
0.8 ~#-Bed
~0.6 5
S04t
e .( '
02 ,
o
NEal | |
0 2 4 6
dmi & mid-range particle size (mm)

Fig. 8. Overall (a), intraparticle and bed (b) effectiveness factors as a function of mid-range particle size. Reaction condition: 950 °C 40% (vol.) CO».
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Fig. 10. Overall effectiveness factors in the comparison between mono-
dispersed and bimodal packed beds. Reaction condition: 950 °C 40% (vol.) CO,.

lower than that of monodispersed particles of 0.8-1 mm. This result
verifies the hypothesis that apparent gasification rate of biomass char
decreases by the combination of intraparticle and interparticle diffusion
limitations in bimodal packed beds. Particles in larger size class
contribute to this with low intraparticle effectiveness factors. Mean-
while, particles in smaller size class can fill the bed channels between
large particles, resulting in lower bed void fraction and higher bed tor-
tuosity than the bed solely consisting of large particles.

However, the voids between particles that are slightly smaller than
particles in smaller size class cannot be filled, and the bed void fraction
would not be as low as the bed of solely small particles. Therefore, the
diffusivity through the bed of bimodal particles, and thus the bed
effectiveness factor, is likely to be the value between the beds of small
and large size fractions. Fig. 11 shows the comparison of bed effective-
ness factors estimated by Equation (19). The figure depicts the bed
effectiveness factors of bimodal particle mixes and monodispersed par-
ticles with the smallest and the largest sizes of the mixes. In both
bimodal particle mixes, the bed effectiveness factor showed the value
between those of small and large particles size classes. However, it is
worth mentioning that this value was much closer to that of the small
size class than the large size class. These results show the potential to
reduce apparent gasification rates by changing particle size distribution
in the packed bed.

3.4. Effect of the different PSD on the reaction rate in a packed bed

The previous section demonstrated that the packed beds of biomass
char with bimodal particle sizes had lower reaction rates than those of
monodispersed particle sizes. However, it is uncommon to yield bimodal
particle sizes in industrial size reduction processes, whereas it is possible
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0.5 @ Monodispersed: max. size
mBiomodal experiment
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2
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0 =
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Fig. 11. Bed effectiveness factor in the comparison between monodispersed
and bimodal packed beds. Reaction condition: 950 °C 40% (vol.) CO,.
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to change the homogeneity of particle size distributions. Therefore, this
section explores the effect of different PSD on the reaction rate in a
packed bed.

Fig. 12 shows the overall effectiveness factor as a function of median
particle size, i.e., dsg, in the packed bed. In the first case, named as
“PSDgmal”, the maximum size class in PSD was varied while the mini-
mum size was kept constant at 0.18 mm, i.e., PSD1-5 in Fig. 1. The result
of overall effectiveness factors did not give a significant change when
dsp increased. This occurred due to the beds contain mostly small par-
ticles, which will be discussed in detail later. In the second case, named
as “PSDjarge”, the minimum size class in PSD was varied while the
maximum size was kept constant at 6.3 mm, i.e., PSD11-17. In this case,
the overall effectiveness factor firstly increased with dsy showing the
dominant effects of interparticle diffusion over intraparticle diffusion.
Then, the overall effectiveness factor slightly decreased at large dsg due
to the higher effect of intraparticle diffusion. The maximum overall
effectiveness factor is observed at dsg of 2.77 mm.

Fig. 13 depicted intraparticle effectiveness factor as a function of dsg
in the comparison between the bed with monodispersed and poly-
dispersed samples. Intraparticle effectiveness factors in this section were
calculated based on the distribution of particle sizes. The intraparticle
effectiveness factor of the beds with PSDgp, have high intraparticle
effectiveness factors due to the small size class. Meanwhile, the beds
with PSDy,ge have low intraparticle effectiveness factors due to the large
size class. The intraparticle effectiveness factor of PSD well followed
those of monodispersed particles, ascribed by the Thiele modulus.
However, at dsq of 0.7 to 0.85 mm, where both PSDgma and PSDyarge
samples contain the widest size ranges, the intraparticle effectiveness
factors of PSD samples were higher than those of the monodispersed
samples. This result was obtained because these PSDs covers small
particles down to <0.18 mm, while the monodispersed sample has the
minimum particle size of 0.8 mm.

In the packed bed of monodispersed particles, the bed effectiveness
factor increased linearly with the mid-range particle size due to uniform
bed channel size. However, this is not the case for the bed with poly-
dispersed particles with wide PSD because the wide range of particle size
yields non-uniform bed channel sizes. In addition, the channel size is
affected by the bimodal size effects, that is, small particles filled large
particle’s channels. Fig. 14 shows bed effectiveness factor plotted with
different screen sizes, i.e., d1g, d3o, dso, and deo. Bed effectiveness factors
were calculated by Equation (19). As observed from Fig. 14(c), the bed
effectiveness factor of the bed with PSD does not increase linearly with
the median size, dsg. At dsg <ca. 2.5 mm (dpjn = 0.9 mm), the bed
effectiveness factors of polydispersed samples are lower than those of
monodispersed samples at the same median sizes. This result implies
that the median particle size does not accurately describe the bed
effectiveness factor for the sample with wide PSD. It also emphasizes
that particles smaller than 0.9 mm dominated interparticle diffusion due
to its function to fill the channels between large particles. This is

0.04

0.01
0.1 1 10
d 5o median size (mm)

Fig. 12. Overall effectiveness factor as a function of median size. Reaction
condition: 950 °C 40% (vol.) COx.
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Fig. 13. Intraparticle effectiveness factor as a function of median size. Reaction
condition: 950 °C 40% (vol.) CO..

confirmed when plotting the bed effectiveness factor with dgo, Fig. 14
(d), where a more distinct difference between polydispersed and mon-
odispersed samples is observed. On the other hand, smaller size frac-
tions, i.e., dig, overpredicted the bed effectiveness factor of the beds
with wide PSD, as shown in Fig. 14(a). The best agreement of the bed
effectiveness factors between polydispersed and monodispersed samples
was obtained by plotting it with dso as shown in Fig. 14(b). The bed
effectiveness factor of the PSD samples linearly increased when dsg
increased. Thus, this result shows that the sieve size being passed by
30% of particles can act as an indicator of interparticle diffusion limi-
tation in the bed with wide PSD.

To emphasize the effect of the void fraction on interparticle
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diffusion, Fig. 15 depicts the bed effectiveness factor as a function of
void fraction measured from the bed with PSDgypay and PSDjgrge in
comparison with monodispersed particles. The PSDj,ge follow a similar
trend as the monodispersed particles. Meanwhile, the contrary result is
obtained in the PSDgpay, Where the bed effectiveness factor decreased
with the increase of void fraction. As depicted in Fig. 2, the void fraction
of PSDgman decreased when the median size increased. This result agrees
with the experimental data reported by Zhang et al. [23], who observed
the similar trend in PSD of rocks with the median particle size between
0.045 and 3.19 mm. This behavior has been described by the increase in
particle aspect ratio when particle size decreased, which is also observed
in this study (see Figure S1 in the supplementary material), resulting in
higher void fraction in random packing beds of non-spherical particles
compared with those of spherical particles [23,57,58]. The literature
also showed smaller bed channels when particle size increased [23].
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Fig. 15. Bed effectiveness factor as a function of void fraction. Reaction con-
dition: 950 °C 40% (vol.) CO..
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Fig. 14. Bed effectiveness factor as a function of screen sizes being passed 10% (a), 30% (b), 50% (c), and 60% (d) by mass of particles. Reaction condition: 950 °C
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Therefore, it means the bed effectiveness factor of packed beds with very
small particles, i.e., dsp <0.7 mm, cannot be interpreted by void fraction,
but bed channel size and tortuosity must be considered.

Nevertheless, the changes in the overall effectiveness factor of
PSDgmanr was not significant, as shown in Fig. 12. In these PSDs, the
apparent reaction rate is mainly controlled by interparticle diffusion.
However, changing particle size within this small size range (d3p =
0.1-0.23 mm) only give small changes in the bed effectiveness factor
(from 0.028 to 0.041). Therefore, significant changes in the overall
effectiveness factor cannot be observed in the PSDgpay by the experi-
mental setup used in this study.

4. Conclusions

Under the intraparticle diffusion limitation, larger particles showed
lower apparent gasification rates than smaller particles for particle sizes
studied in this study (<6.3 mm). Char gasification remained intrinsic
reaction rate until the size class of 180-212 um, but larger particles
followed the prediction made by the effectiveness factor using Thiele
modulus. Calculated intraparticle diffusivity was 1.93 x 10™° m? 57!
which corresponds to the effective pore diameter of 17.8 nm. This size is
within the range of pore size active in the gasification reaction and
commonly found in biomass chars.

The effect of interparticle diffusion was first investigated in the
packed bed of biomass char using monodispersed particles. The
apparent reaction rate increased with the particle size, which contrasts
with the results under the intraparticle diffusion control. This is because
the beds with large particles have high bed void fraction and low tor-
tuosity, resulted in higher CO5 diffusivity through channels in the bed.
However, the effects of interparticle diffusion and intraparticle diffusion
counteract each other, and the overall effects become less pronounced in
the bed of particles larger than ca. 1 mm.

A further investigation was carried out on the effect of particle size
distribution in packed beds of biomass char using bimodal and poly-
dispersed particles. Independent investigations of two diffusion modes
in packed beds showed that intraparticle diffusion effects could be
roughly estimated by the median size. On the other hand, interparticle
diffusion effects are dominated by smaller particles because of their
functions to fill the void between large particles and decrease bed
channel size. These two diffusion effects, which are controlled by
different fractions in size distributions, interacted and determined the
apparent reaction rate of char gasification in packed beds. This obser-
vation opens an opportunity to control the overall reaction rate in
packed beds by manipulating the particle size distribution.
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