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Highlights

e Use of increased pressure influence positively the kinetics of coal oxycombustion reaction

e Reaction rate of oxycombustion is proportional to oxygen concentration raised to the power of
reaction

e Selection of the appropriate reaction model must be based on the correlation of differential not
integral data

¢ Random pore model (RPM) is an appropriate model describing the rate of oxycombustion
reaction of coal char

Abstract

A Kinetic study of oxy-combustion of chars received from two Polish coals, namely lignite and hard
subbituminous was conducted. The kinetics of char oxy-combustion was examined in the TA Instruments TG-
HP150s pressurized thermogravimetric analyzer at 0.1, 0.5 and 1 MPa of absolute pressure. The experiments
were carried out at isothermal conditions and at wide range of temperature (773 — 1273 K). Mixture of gas
containing 20% and 30% of O, in CO, was used as an oxidant. Additionally at temperature 873 K the
experiments were performed using 5%, 10% and 40% of O, in CO,. A kinetic model of pressurized oxy-
combustion of coal char was presented. Kinetic parameters such as activation energy, pre-exponential factor and
reaction order in respect of oxygen concentration were computed. Influence of temperature, pressure and O;
concentration were discussed. The results show a significant shift of the oxycombustion reaction from kinetically
controlled regime to diffusion — controlled regime with increasing temperature and pressure. The method of
selecting the proper reaction model was presented based on the integral and differential approach of

experimental data analysis.
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List of symbols

HPTGA - high pressure thermogravimetric analyzer

A surface / m?

Ao pre-exponential factor / s

AC ash content / wt %

C concentration of gas / mol m
d diameter / m

D diffusion coefficient / m? s!
Ea activation energy / kJ mol*

h height / m

kp mass transfer coefficient / m s
I length / m

LHV lower heating value /J g*

m mass / mg

M moisture content / wt %

N molar flow rate of gas / mol s
P pressure

r reaction / diffusion rate / mol st
R universal gas constant / kJ mol* K
Rp pore radius / m

Re Reynolds number / -

S specific surface area / m?g!
Sh Sherwood number / -

Sc Schmidt number / -

T temperature / K

t time/s

u velocity of gas / m s

\Y volatile matter content / wt %
X conversion degree of solid / -
y molar fraction / -

B heating rate / K min‘!

u viscosity / Pa s

p density / kg m®

Tp tortuosity of the pores / -

€0 porosity of the particle / -



Subscripts

ash relates to mineral matter

b refers to bed

BET Brauner-Emmet-Teller
CO2 related to carbon dioxide
con refers to convection

D refers to diffusion / mass transport
D-A Dubinin-Astachow

eff effective

ext refers to external

g refers to gas

int refers to internal

K refers to Knudsen diffusion
N refers to crucible

me refers to mesopores

mi refers to micropores

02 related to oxygen

obs observed

R refers to reaction

t total

0 refers to initial state

Superscripts

ar as-received basis
ad air-dried basis
d dry basis

daf dry and ash-free basis



Introduction

Recently, a great attention has been focused on carbon dioxide emissions from a power sector due to the
significant impact of greenhouse effect. To reduce the emissions of greenhouse gases from fossil fuel-fired
power generation, oxy-combustion of coal seems to be a promising future technology while retrofitting of
existing boilers to enable Oz-enriched atmosphere for combustion [1,2].

In the process of oxy-combustion of fossil fuels, an oxygen (above 95 %) and a stream of recycled CO,, from
the flue gas to control the combustion temperature, are used. The process product is a gas consisting mostly of
CO; and water vapour. Considerable concentration of CO; in the gas enables its direct referral to the
sequestration, which is followed by water vapour condensation [3,4].

Research on oxygen-enriched, pressurized coal combustion has been conducted since the nineties of the last
century and shows that this technology is attractive way of capture and sequestration of CO; despite the
significant increase of energy consumption [5]. This technology possess high application potential and raises
particular interest of the scientific community and manufacturers of steam boilers. Main factors, which improves
boiler efficiency with the increase of gas pressure in combustion chamber are as follows [6-8]:

e  Pressurized oxycombustion allows better burnout degree of char, which is a product of first stage of

coal thermal decomposition i.e. pyrolysis.

e  The coefficient of thermal conductivity in the convection zone of the boiler increases.

e Increased pressure of exhaust gases causes shift of steam dew point towards higher temperature, which

allows recuperation of energy from steam condensation.

e Pressurized stream of oxygen is obtained from low-temperature installation of air fractioning which

lowers costs of compressing CO; from oxycombustion.

o More effective removal of NOx and SOy from exhaust gases.

e  Oxycombustion runs at pressure between 4.83 — 8.96 MPa and allows to use cooling water from power

plant to condensate CO; under pressure.

Hong [6] compared oxycombustion at 0,1 MPa with basic case oxycombustion at 1,0 MPa and stated almost
3% netto efficiency increase of energy unit in case of pressurized technology. Performed by these authors
simulations and calculations using Thermoflex and Aspen Plus softwares permit to draw conclusion that for
pressurized combustion increase of efficiency and lowering investment costs causes decrease of overall costs of
energy production, which is mainly due to increased energy recovery from exhaust gases stream (among others
by utilization of heat of condensation of water vapour).

The oxy-combustion process comprise several consecutive processes and reactions. When a coal particle is
introduced to a combustion chamber of a fluidized bed, it is heated up at a high heating rate (up to 1000 K s).
This step involves drying and pyrolysis of coal particle, and volatile matter consisted of combustible gases
evolving, while char producing. The volatiles burn in homogenous reactions and char reacts with an oxygen
(heterogeneous reaction). The reaction of carbon from char with O, is the slowest step of the whole process
[9-11]. Therefore, the present work focuses on the coal char oxy-combustion, because its reaction rate is crucial
for a boiler design. Since the oxy-combustion of coal char is a heterogeneous reaction, therefore it can proceed
under three different reaction-controlling regimes: chemical kinetics, mixed internal diffusion—chemical kinetics,

and external diffusion regime [12,13]. Oxy-combustion in a fluidized bed boiler occurs at temperature of 1073—



1173 K, where diffusion limitations exist [3,4,14]. The scaling-up of this process requires an extensive
computational analysis, which is critical for the proper boilers design. Herein, a kinetic analysis is fundamental
for oxy-combustion process modelling, where the kinetic equations are implemented with a modelling software.

On the other hand, thermogravimetric analysis is a commonly used technique to investigate the kinetics of
fast heterogeneous reactions such as combustion of solid fuels, oxidation of solid oxygen carriers etc. [9,10,15-
23]. It is well known that kinetic parameters should be obtained under chemical reaction controlling regime
[9,10,17,18,21-23], which is important for oxy-combustion kinetic study.

Another issue that raises doubts in the literature is the selection of an appropriate model response f(X). The
reaction rate dX/dt as a function of extent of conversion of X can take a different course. Changes in a reaction
rate depending on the degree of conversion can be presented as a mathematical function, called a reaction model
f(X). This function presents the change of rate of the chemical reaction as a function of degree of conversion of
solid material. Oxycombustion reaction of char is a heterogeneous one, in which the element C reacts with
oxygen and gives COy, in gaseous form. During the reaction, the element C of the char is irreversibly consumed,
the particle structure of the char is significantly changed, i.e. the internal surface, the particle diameter, the
porosity and the apparent density change. All these points should be included in the kinetic equation and
presented as a chemical reaction model. There is a wide variety of possible kinetic models describing the course
of the chemical reaction and they are deeply analyzed, among others at work [21,24]. The interpretation of the
reaction mechanism through the applied model is most often done by the analysing of the fitting of the
mathematical model to the rate of the experimentally determined reaction. This approach has been used in this
work, however, own validation procedures have been developed, which solves ambiguity in choosing the best

model.



Experimental Section

Samples properties

Two char samples obtained from Polish lignite (Turéw) and hard subbituminous coal (Janina), which are
extensively used for combustion in Polish power plants, were investigated. The chars were prepared using a
laboratory stand for the pyrolysis of solid fuels. First, ca. 150 g of coal sample with a size of 1-3.15 mm was
placed in a cylindrical batch reactor. Then, the reactor was heated up to 1273 K at a heating rate of 5 K min'
under nitrogen. After that, the reactor was flushed with N to cool down the sample to room temperature. The
coal sample and obtained char samples were crushed and sieved to a particle size smaller than 200 um, and were
further analyzed.

The proximate analyses of coal and char samples were determined by a gravimetric method using LECO
TGA701. The ultimate analysis that followed sulfur analysis was conducted using CHN TruSpec LECO and
LECO SC632 apparatus (Table 1). Porous structure of coal chars was analyzed by nitrogen adsorption at 77 K
and CO; adsorption at 273 K method by using 3Flex Micromeritics apparatus. (Table 2).

Table 1 Proximate and ultimate analysis of coals

Lignite Hard coal
Proximate analysis
M2/ % 44.2 21.3
M2/ % 3.9 124
AC/% 7.8 10.4
Vi /o 50.14 39.56
LHV?/ MJ kg'* 24.72 22.84
Ultimate analysis
C* % 62.30 60.40
H2/ % 5.48 3.46
N2/ % 0.61 0.94
S/ % 1.02 1.22
02/ % 18.89 11.18




Table 2 Proximate, ultimate and porous structure analysis of coal chars

Lignite char Hard coal char
Proximate analysis
M2/ % 0.20 0.70
AC?/ % 12.32 15.19
Ve[ og 0.00 0.54
Ultimate analysis
C* % 82.50 81.40
H2/ % 0.34 0.35
N2/ % 1.06 0.99
S 0.93 0.65
0*/ % 3.25 1.59
N2 adsorption at 77 K
Sger/ m2 gt 17.3 38
Vi/cm? gt 0.0154 0.0448
Vmi/ cm® gt 0.0091 0.0011
Vme/ cm?® g 0.0063 0.0438
CO; adsorption at 273 K
Spa/ m? gl 719.3 312.9
Vi/cmé gt 0.2055 0.0322

Raw coal samples were significantly different in terms of metamorphism degree, as indicated by the volatile
content, elemental composition, and particularly oxygen content. The pyrolysis of coal led to an increase in
element C content to approx. 80 %, and to the reduction of the hydrogen, oxygen, sulfur and nitrogen contents.
The analysis results obtained from the coal char indicate that the chemical composition of obtained chars is close
to each other, even though they come from coals with different degree of metamorphism. The pyrolysis resulted
mainly in a removal of moisture from the coal samples, and in a separation of the volatile components,
producing lignite char with zero content of volatiles, and approx. 0.5 % for hard coal char. In other words, the
pyrolysis of coal has increased the degree of metamorphism of the parent coal and conformed them chemically
to one another. Although, the proximate and ultimate analysis show that the properties of chars are similar, there
are some significant differences in their structure. And these have the greatest impact on the char particles
reactivity. For example, the char porous structure has a greater impact than its chemical composition. Much
smaller specific surface area (determined by BET method) is shown by a sample of hard coal char, and
significantly larger surface area discloses lignite char. The surface of the micropores which were determined by

adsorption of CO; at 273 K, confirmed the greater surface area of the lignite’s char micropores.

Thermogravimetric analysis

Oxy-combustion tests were conducted in a pressurized thermogravimeter TG-HP150s from TA Instruments
with Rubotherm magnetic suspension balance (HPTGA). Reaction gases were fed with defined composition and

specific volume flow to the reaction furnace. The gaseous mixtures with a suitable molar fraction of oxygen yo2
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in CO; equals to 0.2 and 0.3 were introduced to the TGA. The experiments in the HPTGA were conducted under
three different total pressures: 0.1, 0.5 and 1.0 MPa. The char sample weight was mo = 10 mg. The influence of
oxygen concentration were studied at 500°C for molar fraction of oxygen yo, in CO; equals: 0.1, 0.2, 0.3, 0.4,
and 0.5 of Oz in COa.

Mathematical modeling

The rate of the chemical reaction for isothermal conditions can be represented by the expression (1) [10]:

ax
r =7 = kCof(X) =k'f(X) 1)

Where: dX/dt — rate of the chemical reaction f(X) — chemical reaction model for the differential form of the
kinetic equation, k — reaction rate constant, £’ — substitute reaction rate constant - Co, — concentration Oz, n —
reaction order versus O, concentration O,.

After separating the variables and integrating the equation can be presented in the form (2):

dX v [ 4

fan - ) @
And after transformation:

gX) =k -t ©)

where: g(X) — chemical reaction model for the integral form of the kinetic equation, t — reaction time to achieve
the degree of the conversion X.
Reaction model

The models of analyzed reactions were summarized in Tab.3. In general, models can be divided into the
following groups: F, R, D, A. Models included in group F represent the reaction rate as reactions in a
homogeneous phase of a specific order. The R group represents geometric models, where the reaction takes
place on the surface of a particular geometric form, i.e. a flat surface, an infinitely long cylinder and a sphere.
Similarly, models D represent identical geometries but they take into account the presence of an outer layer
which results in diffusion resistance and that is the limiting factor for the reaction rate.

Group A model has been developed for the crystallization, where there is the occurrence of nuclei
(induction period) and then their growth. A detailed discussion of the models can be found in Brown work [24].
A separate model is the random pore model, which, unlike the rest of the models, is applied to the structure of a
porous substance. Due to the multiplicity of existing models, there is usually a problem of choosing the right
one.

Table 3 Kinetic models applied in calculations [24]

Model J169) g

FO 1 X

F1 1-X —In(1-X)
R2 2(1—X)/? 1-(1-x)12
R3 3(1—X)?/3 1-(1-Xx)3




RPM (1-X)J/1—=yIn(1-X) %(,/1 —yYpin(1-X)-1)

D2 (=In(1 — X))~! A-X)In(l—X)+X
D3 ;(1 —-X)*A(1—- @ -x)13)" (1-(@1-x)13)°
A2 2(1 — X)(—=ln(1 — X))1/2 (=ln(1 = Xx))1/?

The modelling of kinetic data was conducted for both data approaches i.e. integral, and differential, to
determine the impact of these data, as well as the computational methodology on the results of the calculated
reaction rate constant. For this reason, in house developed own computing codes in the MathCad Prime 2.0
software was applied. Furthermore, for the purpose of this analysis the reaction rate constant k' was calculated
from two equations (1) - k’sx) — differential form, and from integral form (3) - k’gx)

For conformity assessment of the model with experimental data, an additional statistical function as a sum of
the squared error (SSE) can be applicated. The residual components are the differences between the model value
and the experimental value and they determine the inaccuracy of the model determination. The sum of their
squares divided by the number of measurement points and reduced by the humber of estimated parameters of the
regression function (for the linear function k = 2) is the average square error (variance of the residual

component) and is expressed by the relationship [25] (4):

52=ni2;<(2—f)i—k'-f()()i> @)

The analysis was carried out for data obtained for each temperature and for each model. The procedure
consists in finding the minimum value S? appropriate for a given model and selecting the best fitted model using

the F-fitting index calculated from the equation (5)

®)

The index shows the ratio of the sum of square errors of the model for a given temperature to the lowest sum
of square errors for the best fitted model. The F factor indicates therefore the number of times the average square
error of a given model is greater than the lowest square error for the best fit model.

A similar factor has been used for the data of the integral model and is presented by the dependence (6):

st = nT122(g(X)i —k-t;)? ©)
i=1

and the fitting factor will also be represented by the relationship (5).
The models presenting the rate of the chemical reaction, diffusion and penetration of O, to the surface of the
char beds in the TG’s crucible were widely discussed in the publication of authors [26]. These models are

expressed by the following relationships (7):

()
et =\ T g @

Where (8):



-E,
e = FO0CHke = FOOCEAgexp (=)

R-T @)
The O transport rate to the chars bed in the TG’s is expressed by the equation (9):
- Sh- Do, A Coz,2
D dy NS 9

where: Doy — bulk O diffusion coefficient, An surface of the chars particles in a bed.

Influence of pressure and oxygen concentration

Main factors influencing the rate of oxycombustion reaction are: oxygen concentration, oxygen partial
pressure, total pressure and oxygen molar fraction. Total pressure and oxygen partial pressure are independent
parameters. There is a functional relation between these two parameters i.e..: the ratio of the oxygen partial

pressure to the total pressure is the oxygen molar fraction and is expressed by the relation (10):

POZ

Yo2 = P_t (10)

where: Yo, — oxygen molar fraction in gas, P: — total gas pressure, Po, — 0xygen partial pressure.
Oxygen concentration as number of moles of O particles in unit volume is a function of oxygen partial pressure

and temperature, and can be expressed by the relation (11):

c Py, mol

=, 11

027 R-T' m3 (1)

where:  Co2 — oxygen molar concentration for given partial pressure and temperature,

Po2 — oxygen partial pressure.

The overall reaction rate is the assembly of two modules, i.e.: chemical reaction rate and oxygen transport
rate. Different factors have key impact on each of these modules. The rate of the chemical reaction is essentially
influenced by the oxygen partial pressure (indirectly by oxygen concentration), and for the oxygen transport rate
key factor is the ratio of the oxygen partial pressure to the total pressure, i.e., the molar fraction.

It can be then stated that reaction rate of oxycombustion is independent from total pressure. In these cases
kinetic equation can be rewritten as (12):

Tog = TR = kg - f(X) - Co2 (12)

Logarithm of equation (12) gives relation allowing to calculate reaction order in function of oxygen
concentration (13)

In(rg) =1 In(Coz) + In(kp - £(X)) (13)

Results and Discussion
Selection of reaction model
The results of TGA experiments and kinetic analysis are presented both as the integral form, i.e. graphs of
the degree of conversion as a function of time, and in the differential form as the reaction rate as a function of

extent of conversion. That’s the reason why the rate constant k' can be calculated from both equations (1) and
10



(3). The integral method consists of determining the function of integrating the model response within the
prescribed period of time. The differential method consists in approximating the derivative of the degree of
conversion in time by means of finite differences (increments), and the finite differences should be chosen in
such a way that they are as small as possible. Differences between these methods result from the accuracy of the
approximation of the function describing the reaction model to the experimental data. Apparently, the accuracy
of the integral method is greater than the differential one, because it is the sum of infinitely many elements.
However, this causes fitting of model to the whole range from 0 to X, which may result in reducing the
differences between models. In the case of the differential method, the fitting takes place on the given
infinitesimal stretch of dX regardless of the previous course. For this reason, the differential method, despite its
formal lower accuracy, may clearly differentiate the fit of the models to the experimental data.

Fig.1 and Fig.2 show the models' fitting to experimental values for integral (a) and differential data (b) for
Turéw and Janina chars, respectively, obtained from experiments carried out at a pressure of 0.1 MPa and using
a gas containing 20% O, / COx.

10
a)
08 4
06 +
; ——-F
¥ 0
0.4 - —F ----R2
——R3 ——RPM
02 | — A2 ——D2
---- D3
0.0 f f f f f
0 1000 2000 3000 4000 5000 6000
ts
4,0E-04
b)
3.0E-04 +
S 20804 +
S
X
©
1.0E-04 1
0.0E+00

0.0
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Fig. 1 Fitting of various models for Turow char oxycombustion in a mixture of 20% O / 80% CO; at 0.1MPa for

integral (a) and differential data (b). Reaction was carried out in HPTGA.
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Fig. 2 Fitting of various models for Janina char oxycombustion in a mixture of 20% O / 80% CO; at 0.1MPa for
integral (a) and differential data (b). Reaction was carried out in HPTGA.

The models presented on the charts can be divided into three groups being a function: constant because of the
degree of conversion of X - FO model;- constantly decreasing: R2 and R3 models; highly decreasing in the first
stage: D2 and D3; in the first stage increasing, and after reaching the maximum decreasing (RPM and A2). The
D2 and D3 model are much different than other models and will be not further taken into account.

The above figures clearly indicate that the best fit is RPM model is and it explains the course of the
oxycombustion reaction in best way, however the A2 model also seems to have a good fit. This is particularly
evident for differential data that represents the course of reaction rate as a function of the degree of conversion of

X. This statement on the basis of integral data (the degree of conversion as a function of reaction time) would

12



raise doubts due to the relatively small differences between experimental and model values. This is the main
reason for choosing a differential method to select an appropriate reaction model.

The above figures show one more important aspect of the fit of the model to the reaction data, namely the
mathematical differences between the models. The models of RPM and A2 in their mathematical form are very
similar, although they are based on completely different theoretical foundations [24,27,28]. The average relative
square error between the two models for the differential form can be represented by a relationship (14):

n
— 1 Z (k,RPM * frpm (X)i - k,AZ “faz (X)i>2 (14)
n—2 K'rpm - frem (X);

and for the integral form relative square error can be represented by a relationship (15):

K'rpMm Kas \?
z grem(X)i 842 (X (15)
T n-2 _K'rpm
gRPM(X)l

The calculated error for oxycombustion of Turéw char for the differential form is 0.86% and for
Janina char is equal to 0.23%, which is a slight difference in both cases. In this case, the integral form
differentiates both models more clearly and the relative errors between the models are 14.96% and 5.04%
respectively for the Turéw and Janina chars. The calculated relative error between the models RPM and A2
indicates that in the case of model analysis, the distinction of these models is better for the integral method than
for the differential method. This is the opposite situation than in the case of other models, where the differences
between the models are greater for the differential form than for the integral method, e.g.: the relative error
between R2 and RPM is 8.08% and 12.46% for the differential form for Turéw and Janina, respectively, and for
the integral form 4.47% and 6.81% for Turéw and Janina, respectively.

The differential method clearly delimits different reaction models between each other, which makes the
selection of the model based on the visual selection easier, except the case of the RPM and A2 models discussed
above. Therefore, the model selection should be done using differential and integral data. The key issue is also
the comparison and ranking of the models based on the variance of the residual component (mean square error)
calculated from the equation (14), the results of which are presented in Tab. 4 and Table 5. The presented
ranking shows how many times the average square error of a given model is greater than the average square error
of the best fit model (with the lowest mean square error). The tables also show the sums and medians of
individual adjustment ratios for all applicable temperatures, which helps with a comprehensive assessment
taking into account the results obtained from different temperatures. Using the presented methodology, the
ranking of models was made for successive matrixes of experiments, i.e. oxycombustion of Turéw char (Tab. 4)
and Janina char (Tab. 5) for 20 and 30% O; concentration in CO; and for 0.1, 0.5 and 1.0 MPa.

Table 4 Ranking of models' fitting for Turéw oxycombustion.

P:, MPa O, concentration FO F1 R2 R3 RPM A2
Frx) 52 7,5 2,5 4.1 1,0 2,5
0,
20% Oz Fe |80 4134 3,2 3,9 1,0 32,0
0.1 MPa Fiy |30 10,1 23 37 1,0 18
30% O3
Fooo | 3.6 343,9 4,0 5.2 1,0 12,4

13



Ftx) 15 9,3 3,1 48 1,0 1,9
20% O,
Foy |15 250,5 2,9 34 1,0 75
0,5 MPa
Fiy |34 4,2 1,4 2,2 11 1,0
30% O,
Foy |7.6 3779 8,9 8,4 1,0 15,9
Fixy 6,5 20,0 7,4 11,3 1,0 1,1
20% O,
Fooo |7.8 761,3 12,2 15,4 1,0 10,5
1,0 MPa
Fioo |40 15,1 6,6 9,4 1,0 1,7
30% O,
Fgoo |18 117,9 2,8 2,9 1,0 3,9

Table 5 Ranking of models' fitting for Janina oxycombustion.

P:, MPa O, concentration FO F1 R2 R3 RPM A2
Fx) 10,7 30,0 5,0 14,3 1,0 1,8
20% O,
Fgx) ]36,5 1677,8 13,7 19,1 1,0 29,9
0,1 MPa
Frx) 4,2 10,0 1,1 3,2 1,0 2,1
30% O
Fgo 6,7 692,6 7,2 10,2 1,0 34,5
Fx) 4,1 6,3 14 2,7 1,0 15
20% O,
Fgo 15,9 737,0 8,6 8,6 1,0 31,3
0,5 MPa
Fx) 2,7 5,4 1,1 2,3 1,0 1,4
30% O,
Fgo 13,6 639,0 6,3 9,2 1,0 51,7
Fx) 4,0 13,0 51 7,6 14 1,0
20% O,
Fgo 14,8 672,5 7,8 8,4 1,0 31,2
1,0 MPa
Frx) 3,4 9,9 3,3 5,0 1,1 1,0
30% O,
Fgo 7,8 761,3 12,2 15,4 1,0 10,5

Based on the rankings made, it can be unequivocally stated that the RPM model shows the best fit in the
entire matrix of experiments. In some cases, the A2 model, which was developed for the crystallization process,
turns out to be better. The A2 model therefore describes the nucleation reaction, where in the initial stage there is
an induction period, i.e. the generation of nucleation seeds. The RPM model, on the other hand, describes the
course of reaction on the surface of the pores and presents essentially changes in the internal surface during the
reaction. The relative error between the models RPM and A2 is 0.86% and 0.23% for the Turéw and Janina
chars respectively, so there are cases where the A2 model also shows a good fit.

Mathematical selection based on the analysis of the mean square error and model ranking clearly indicates
the RPM model as the best fit model. Therefore, the adjustment of individual models for differential data for
char oxycombustion for thermogravimetimeter HPTGA and Netzsch STA 409 PG Luxx it is presented in Fig. 3 -
Fig. 6.
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Fig. 3 Reaction rate of the char oxycombustion of Turéw and fitting the models: — — model FO, —
— model F1, — — — model R2, —— model R3, —— model RPM, —— model A2, ® the experimental value of

the reaction rate, for subsequent reaction temperatures: (a) - 450°C, (b) - 500°C, (c) - 550°C, (d) - 600°C (20%
O, in CO total pressure 0,1MPa)
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Fig. 4 Reaction rate of the char oxycombustion of Janina and fitting the models:: — — model FO, —
— model F1, — — — model R2, —— model R3, —— model RPM, —— model A2, ® the experimental value of

the reaction rate, for subsequent reaction temperatures:: (a) - 500°C, (b) - 550°C, (c) - 600°C, (d) - 700°C (20%
O3 in COy, total pressure 0,1MPa)

The figures presented above clearly indicate that the model with the best fit is the random pore model,
however, the RPM model as a function of the conversion rate also shows less regular courses. Fit of the RPM
model to the results of the Janina char oxycombustion process shows a good correlation between the
experimental results and the results of the model analysis. However, in the case of Turéw char oxycombustion
reaction, there are deviations of experimental results from the RPM model, especially in the initial reaction stage.
In the initial stage, the reaction rate decreases or remains unchanged up to the conversion rate of approx. 0.2.
Then, the reaction rate stabilizes at a similar level or slightly increases, so that above the conversion rate X =
approx. 0.6-0.7 decrease to a value of 0.

The above changes in the reaction rate or the constant rate of oxidation reaction result from the fact that the
parameter v in the RPM model is assumed as a constant value, which refers to the initial properties of the porous
chars structure.

This model closely defines the structural parameter of fuel y, the value of which depends not only on the
measurable specific surface, but also on the structure and number of pores (16):

4Ly (1 — &)

TSk

where: Lo - initial pore length in the system related to the volume unit, & - initial porosity of the char.
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The structural parameter y can be calculated on the basis of the above dependence based on measurements of
the "initial" characteristic properties or it can be determined experimentally. However, during the reaction occur
changes in the structure of the porous chars, which indirectly influents on the observed reaction rates as a
function of the C element conversion. In particular, in the initial stage, may occur the largest and most significant
changes in the structure and therefore irregularities may be observed in the course of the reaction rate in the
initial reaction stage.

The reason for differences between the rates of reaction rate as a function of the degree of conversion for
oxycombustion process of both chars may be due to differences between these chars. Both chars have different
properties of the porous structure, with the structure of the Turédw char being more developed, properties
presented in Table 1 and in Table 2 i.e. characterization of the structure of carbonates obtained by sorption of N
and CO; vapours, characterization of the structure of chars obtained by mercury porosimetry.
Influence of oxygen concentration on reaction rate of oxycombustion
Influence of oxygen concentration on reaction rate of oxycombustion under total pressures 0.1 and 1.0 MPa

for both chars at 500°C (Kinetic regime of reaction) is shown on Fig. 5 and 6.

(@) (b)
4.E-07 2.0E-07
10% O, 20% O, 10% O,
20% O,
3.E-07 - 30% O,

40% O,
gZ.E-O? .
1.E-07 A
0.E+00 } } \ 0.0E+00 } } } }
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X/ - X/ -

Fig. 5. Influence of oxygen concentration on reaction rate of oxycombustion under total pressure
0.1MPa for chars Turdw (a) and Janina (b) in HPTGA
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Fig. 6. Influence of oxygen concentration on reaction rate of oxycombustion under total pressure 1.0
MPa for chars Turéw (a) and Janina (b) in HFTGA
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It can be noticed in above figures that increase of oxygen concentration in O,/CO, mixture causes growth of
reaction rate of oxycombustion under constant total pressure. Positive influence of oxygen partial pressure or
oxygen concentration under atmospheric pressure are fully consistent with the literature [29- 31]. Influence of
oxygen concentration on reaction rate of oxycombustion was also studied under higher total pressures. Reaction
rates in function of oxygen molar volumetric concentration expressed as a number of O, moles per volume unit

mol/m3 are shown on Fig. 7 for all total pressures and concentrations.
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Fig. 7. Influence of oxygen concentration (O, partial pressure) on reaction rate of oxycombustion for chars
Turdw (a) and Janina (b) in HPTGA

Analysis of above date leads to conclusion that for both chars a linear increase of reaction rate with
increasing oxygen concentration is observed under all used pressures. Experiments were conducted at 500°C so
in kinetic regime of reaction where influence of mass transfer is negligible. It can be then stated that reaction rate
of oxycombustion is independent from total pressure.

Basing on data of reaction rate in function of oxygen concentration an estimation of reaction order with
oxygen concentration was performed. Calculated reaction order for Turéw char equals 1.00 with high correlation
coefficient of 0.97. Identical correlation for Janina char gives reaction order equal 0.79 with significantly lower
correlation coefficient of 0.93.

Differences observed in values of reaction order for both chars are mainly due to share of available active
sites in oxycombustion reaction [30, 32]. Rate of reaction is namely dependent on contribution of char active
substance which is C element and decreases with the decreasing share of this substance and the possibility of
creating active sites. Changes of rate of reaction can be correlated with parameter expressing ratio of C element
share to mineral substance in char. Calculated value of that parameter equals 5.58 and 7.11 for Janina and Turéw
chars respectively. Ratio of these values is equal 0.81 when ratio of reaction orders is equal 0.79. It confirms a
dependence between reaction rate of oxycombustion and active substance share which is C element in char.

Above analysis indicates that in kinetic regime reaction rate of oxycombustion is proportional to oxygen
concentration in feed gas. Rate of reaction is characteristic for each char and should be determined separately.

Influence of total pressure

In order to analyze the influence of total pressure on oxycombustion reaction rate experiments under three
different total pressures were conducted with the same oxygen partial pressure equal 0.05 MPa, and oxygen
concentration of 11.3 mol/m?3. Comparison of reaction rates for above conditions are shown on figure 8.
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Fig. 8. Influence of total pressure at constant oxygen partial pressure (0.05 MPa, 11.3 mol/m3 O,) on
oxycombustion reaction rate of chars Turéw (a) and Janina (b) in HPTGA

Analyzing data on above figure leads to conclusion that in kinetic regime there is no influence of total
pressure at constant oxygen partial pressure on reaction rate of oxycombustion. It is a confirmation of the
assumed chemical reaction model that takes into account only the influence of oxygen concentration on the
chemical reaction rate and does not take into account the influence of total pressure.

Global impact of oxygen concentration and total pressure

Reaction rate of oxycombustion is the result of the resistance of both the chemical reaction and diffusion
processes as shown in equation (8). In this study model from publication of authors was applied [26] which can
be expressed by (Eq. 17):

Do mol

= Noz = %TOJSAN(}’OZJ N J’oz,z):T (17)
where: Dogz,0 — molecular diffusion coefficient at T = 273 K and P; = 1.013-10°Pa

The rate of oxygen transport processes is therefore not dependent on total pressure but on oxygen partial
pressure in feed gas. In diffusion regime only influence of molar fraction on oxycombustion reaction rate is
observed and with increasing oxygen molar fraction rate of O, transport increases.

Kinetic parameters of isolated chemical reaction were calculated and shown in Tab. 6. Activation energy is
determined from experiments with feed gas containing 20% O, in CO, under pressure 0.1 MPa and is consistent

for whole range of total pressure. Reaction order were determined at 500°C.

Table 6. Kinetic parameters of oxycombustion of chars in pressure range from 0.1 to 1.0 MPa

Turéw char Janina char
Activation energy, Ea, kd/mol 147,3 142,4
Preexponential factor, In(Ao), In((m3) Y1 /s) 6,88 4,77
Reaction order vs Oz, n, - 1,00 0,79
¥ parameter in RPM model 21 58
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Inserting above data to elaborated chemical reaction model we obtain results of model analysis for whole
range of temperature and total pressure. Results were correlated with experimental values of chars
oxycombustion obtained under whole range of total pressure i.e. 0.1, 0.5 and 1.0 MPa and oxygen concentration
20 and 30% in CO,. Results of correlation are shown on figures 9 and 10.
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Fig. 9. Reaction rate in function of temperature reciprocal for oxycombustion of Turéw char in gas
containing 20% O3 (a) and 30% O3 (b) in HPTGA
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Fig. 10. Reaction rate in function of temperature reciprocal for oxycombustion of Janina char in gas
containing 20% O (a) and 30% O3 (b) in HPTGA

Results of above analysis indicates that with increasing total pressure reaction rate in kinetic regime
increases. This is due to the fact that increase of total pressure at constant oxygen molar fraction in feed gas (for
example 20% O, in COy) increases O partial pressure and this is essential reason of reaction rate growth.

In diffusion regime oxygen transfer rate does not depend on total pressure but O, molar fraction in feed gas.
For that reason reaction rates in diffusion regime are close to each other and relatively independent of total
pressure. Small differences in reaction rates can be noticed on figures in diffusion regime, in particular between
reaction rates under 0.5 and 1.0 MPa. The reason for these differences is total pressure, however acting in this
case in completely different way.

20



Conclusions

e Use of increased pressure influence positively the kinetics of coal oxycombustion reaction due to
increase of O molar volumetric concentration. Increase of total pressure causes only apparently
increase of reaction rate which is in fact secondary to increase of O; concentration in feed gas.

e Reaction rate of oxycombustion in kinetic regime is proportional to oxygen concentration raised to
the power of reaction order.

o Kinetic parameters of oxycombustion reaction are constant for pressure range from 0.1 to 1.0 MPa
and describes reaction rate in function of oxygen concentration.

e Selection of the appropriate reaction model must be based on the correlation of differential data not
integral data (conversion rate as a function of reaction time). Differences between these methods
result from the accuracy of the approximation of the function describing the reaction model to the
experimental data.

¢ Random pore model (RPM) is an appropriate model describing the rate of oxycombustion reaction
of coal char.
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