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Abstract

One of the best low-cost approaches for capturanrpan dioxide from the combustion of
solid fuels is chemical looping combustion (CLC¢Hrology, where the processes of fuel
oxidation and extraction of oxygen from the air apdit in two separate reactors. In order to
model the petroleum coke (petcoke) conversion @L& method, detailed knowledge about
the reactions of pet-coke with,QCGO,, and HO at temperatures between 750 and 1106
required. Due to the lack of sufficient literatutata, in this paper, the reactivity of these
reactions is investigated in a custom-built tegtthiat enabled measurements of the mass loss
of the fuel sample and the composition of the sddagases. The Avrami, Random Pore,
Shrinking Core, and Hybrid models were appliedht® ¢éxperimental results to determine the
kinetic parameters of petcoke gasification. At temapures up to 1000, the reaction with

CO, was found to be negligibly slow. An activation emeof 103.91 kJ/mol was obtained for
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petcoke gasification in 10 — 40 vol.% of®| while a value of 15.87 kJ/mol was found for
oxidation in 2 — 4 vol.% @ as described by best-fitting models, i.e. Hylanmdi Random Pore

models, respectively.
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1. Introduction

The production of petroleum coke (petcoke), a lydpct of the oil refining process, is
constantly increasing due to the high demand fbdeiived fuels and chemicals [1]. This
highly calorific material can, therefore, be acegdirin abundance at a low cost to produce
energy or gaseous fuels [2]. The advantage of ugmetroke as a feedstock for
thermochemical conversion processes is its higtirnge&alue, approximately 20 % higher

than that of coal, and its low ash content (0.13-96) [3].

Due to the need to incorporate carbon capture amguestration (CCS) into the
thermochemical conversion of carbonaceous fuelgmatal looping combustion (CLC)
technology has become an attractive alternativeotoventional combustion methods. The
main reason for this is that the use of oxygeniearthat are transported between the air and
the fuel reactors essentially results in an oxy-fpecess without the energy penalty
associated with the cryogenic oxygen separatiorcga® of a regular oxy-fuel process.
Although CLC was initially designated for gaseouslfutilisation, the conversion of solids is
also feasible, but it requires a gasifying ageng, €O or CQ, to act as the gaseous

intermediate between the solids — oxygen carrier farel [4,5]. The feasibility studies on



large-scale CLC installations have confirmed the tmst of the C@capture integration [5],

thus increasing the importance of developing techibology to achieve zero or even negative
greenhouse gas emissions. To optimise the CLCaedesign, the detailed kinetic data on
solid fuel gasification under the conditions ch&eastic for this technology must be acquired.
Therefore, the purpose of this paper is to obta@icueate kinetic parameters for petcoke

gasification through kinetic modelling of experint@rdata.

No clear correlation between the main physicochamproperties of the petcoke and its
conversion rate have been established thus far.pdh@meters such as the specific surface
area or volatile matter content do not vary sigaifitly between various samples and they are
not responsible for the different kinetics of péteooxidation [6]. However, the metals
content in petroleum coke can be relatively diveasel these elements can have a non-
negligible, yet difficult to quantify, catalytic ffct on the petcoke conversion [6,7]. Among
others, vanadium, iron, or alkali and alkaline leartetals have been reported to have a

significant impact on petcoke gasification and castlon kinetics [6,8,9].

The focus of this study is low-sulphur Chinese pkécselected for testing at the SMW CLC
reactor designed in the scope of the CHEERS pfojeeen though some studies of petcoke
thermochemical reactivity already exist in the rhtere [3,8-11], the reactivity of this
particular petcoke has not previously been studieedn more importantly, the kinetic data
for CLC conditions, which require high temperatuaesl low oxygen concentrations, do not
exist. Thus, an examination of the thermochemioalersion of the actual material selected
for the pilot CLC reactor development, including #xact particle size range and gasification
agent concentration, was required to provide atewtata on the apparent kinetic parameters

to successfully model the reactor operation. Thistiey work on petcoke reactions with

2 CHEERS is jointly funded by the European Unionaikbn 2020 Research and Innovation Program (764697
and the Chinese Ministry of Science and Techno([M@ST). See http://cheers-clc.eu/ for more inforioat
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oxygen typically focuses on combustion, thus th@eexnents are carried out at lower
temperatures (400 — 600) and higher concentrations of oxidiser (>20 vol[%}2] than the
experiments performed in this work. E.g., Gajeralef13] examined petcoke conversion in
pure Q flow at temperatures up to 900 C. Gasificatioristese also usually performed with
undiluted oxidising agent, such as petcoke conerrsn TGA in a pure flow of steam
performed by Edreis et al. [14]. Some petcoke gadibn tests carried out at temperatures
above 1000C can be found in recently published works [15-t8wever, these reports are
often oriented on the fundamental research on teEoke kinetics, thus comprising
thermogravimetric experiments with small samplesiand the reaction atmosphere limited
to pure CQ. E.g., Wei et al. [17,20] examined the effectshaf addition of biomass leachates
and Yu et al. [15] the addition of biomass ash loa petcoke gasification. Meanwhile, the
conditions for gasification in a CLC reactor regupresence of steam or oxygen. It is also
beneficial to conduct the application-oriented agsk in a larger scale than the instrumental
analysis such as TGA. Lulu et al. [21] examinec:ple¢ gasification with @and BO at 900

°C in a fluidized bed, which represented a CLC reaaatsing large sample of 0.75 g. Wei et
al. [19] used a horizontal furnace with a 50 mgcpké sample placed in a quartz boat
crucible to examine Cfgasification at temperatures up to 1200 while Wang et al. [22]
carried out steam gasification tests at 650 — I5@ith 20 g sample in a fixed bed reactor.
Liu et al. [23] conducted tests in a 30 kW chemicalping combustion unit. However, the
experiments carried out in the larger facilitiesudsed mainly on the operational aspects of
these reactors, i.e. monitoring the conversiorcigificy or the evolved gases composition,
etc., and they do not provide any kinetic data.nghet al. [24] presented a robust model of
petcoke conversion in 15 — 50 vol.% of steam and B8 vol.% oxygen based on the
experiments in the entrained flow gasifier with@dh carbon feeding rate. The combined

array design methodology allowed for an accuratzmdation of the process, however, these



results cannot be directly incorporated into theeministic models for petcoke conversion.
Although the existing research on petcoke convarg@oextensive, there is a lack of kinetic
parameters determined at the conditions relevant gisification in chemical looping

combustion units, i.e. based on the experimentakwwerformed in the larger reactor, thus
comprising more representative samples, and caouéth the oxidising agent concentrations

up to 40 vol.% at the temperatures up to 1900

To provide relevant data for the CHEERS projectasaeements were conducted in a custom-
built test rig that allowed the use of a wider sfea&ction and higher sample mass than
thermogravimetric (TGA) experiments, which typigalfocus on samples with narrow
particles size ranges and lower sample masses g18,41,25-27]. The unigue construction
of the test rig, which has a crucible with a fiktbottom, enables the gas flow through the
sample. Improved sample penetration by the oxigigases reduces the diffusional resistance
at high temperatures. Therefore, the kinetic patarador the conversion not affected by the
external diffusion could be obtained for the tenapres as high as 950. The design also
allows the use of a larger, more representativ@pa size than conventional TGA, and the
particle size range wide enough to represent tterdgenous fraction of fuel particles used in
the industrial scale applications. Moreover, gaaiion tests for C®partial pressures <0.1
MPa and steam/COmixtures were performed to meet the conditionsvaht for chemical
looping gasification, as opposed to the typicakkimexperiments carried out in atmospheres
with a single gasifying agent [8-11,25,26]. The bomtion of the mass loss measurements
and analysis of the gases evolved during gasifinath CQ, H,O, CG/H,O and Q provide
insight into the nature of petcoke conversion. Bjnahe kinetic parameters are fitted using
the Avrami, Random Pore, Shrinking Core, and Hyhwiddel, and the most suitable
approximations are identified for each gasificategent. These most common and universal

models were chosen to ensure that the obtainedidsneould be easily applied to the global



models of the entire gasification installationg). €L C-CCS systems. E.g., the Random Pore
Model and the Shrinking Core Model were successfuied to describe thermochemical
conversion of petcoke in numerous thermogravimetsperiments [14,16,18,20,28]. The
experimental work and following calculations proeadthe apparent kinetics of petcoke
conversion under the conditions and for the partisizes typical for chemical looping
gasification, which is necessary for the design @aadielling of the pilot installation yet has

not been addressed in the previously published svork

2. Experimental

2.1. Materials

The petroleum coke (petcoke) used for the kinatidiss was a low-sulphur Chinese petcoke,
which was also used as the main fuel in the CHEPBRSect. The reported raw petcoke
composition on dry basis is: C —91.2, H — 4.13; ©.44, N — 2.52, and S — 0.51 wt.% and

ash 0.2 wt.% (by diff.).

Particles in the size range 100 — 300 um were umstite experiments. Some preliminary tests
with a larger fraction (300 — 500 pum) were alsaiedrout (as presented in the Supplement
S1); although the results were similar at lower geratures and oxidiser concentrations,
under the more reactive atmospheres (e.g. 40 vbk@ at 10000]) the gasification time
increased by 25 % when the larger fraction was .uSbis means that the internal diffusion
within the petcoke particles plays a nonnegligiake during conversion under more reactive
conditions (high temperatures and oxidiser conediotrs). The influence of the external
diffusion was limited due to the construction oé tiest rig (a porous crucible that allows for
an unrestrained gas flow through the sample bed) lanitation of the analysis to the

temperatures characteristic for the kinetic regifrteus, the obtained parameters represent the



apparent kinetics, which include only internal d#ion, and they are relevant for the
examined particle size that was chosen to besesept the fuel used in the CLC unit.
Therefore, for the successful utilisation of thessults for other applications, external
diffusion resistance should be incorporated inte ghresented model, adequately to the

conditions in the given reactor.

To avoid contaminating the test rig with releasa,tthe petcoke was devolatilised prior to
the experiments. The material was heated to/6@@ a N, flow with a 10(1/min heating rate
followed by a 30 min isotherm. It was then cooledambient temperature and stored in a
desiccator. This pre-treatment was also recreatedliGA instrument, where the petcoke was
heated and then cooled down in afldw, followed by CQ gasification. The similarity in the
devolatilised and raw petcoke mass loss curvesguhie gasification step confirmed that the
devolatilization and the cooling steps introduceé tb the pretreatment did not significantly
affect the gasification of the material (Supplem&a2). Moreover, the test with the non-
devolatilised petcoke was carried out in the mast trig under the most reactive of the
studied conditions, and a comparison is preseme®lpplement S3. An initial, rapid loss of
approximately 10% of the sample mass occurred duéhé rapid release of volatiles;
however, the further mass loss curve was parall¢hat of the devolatilised sample, and the
reactivity at 50% conversiorR{y) was 0.023 and 0.022 (1/min) for non-devolatilised
devolatilised petcoke, respectively. Thereforecan be assumed that the relatively slow
gasification reaction was not affected by the ramtbase of lighter compounds at the
beginning of the process and that the devolatibratime was negligibly small compared
with the oxidation of the solid residue. Therefailee applied petcoke pre-treatment should

not affect the kinetic parameters obtained in tegearch.

2.2. Thetest rig and experimental procedure
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Petcoke gasification kinetics were determined feoseries of measurements performed in the
custom-built test rig for thermochemical fuel corsien studies (Fig. 1). The test rig can
operate in two modes, referred to as the gravimeind evolved gases methods. The main
principle of the experiment was to perform the fyesiion of petcoke under isothermal
conditions in a controlled flow of a gaseous migtwith a predetermined composition while
registering the mass loss of the sample duringdhetion. The decrease in the sample mass
was determined by directly measuring the samplegit during the reaction (gravimetric
method). For some tests, the mass loss was validlgtealculating the amount of carbon in
the gases produced during petcoke gasificatiomatheer configuration of the test rig, where
the gaseous products were monitored instead ofrithes of the sample (evolved gases

method).

Pictures of the test rig are shown in Fig. 1. Thaimmpart of the rig is comprised of two
electrical furnaces fixed on a common panel attddbea vertical rail. An electric motor (1)
allows for a rapid¢a. 300 mm/s) movement of the panel along the rail aveistance of 500
mm to quickly heat the samplea( 170071/min). The required gas mixture obMO,/O, was
prepared by supplying high-purity (99.999 %) gafesn gas cylinders into the mixing
chamber (2) using thermal mass flow controllersic8isome of the examined gasification
parameters requires steam, the gaseous mixtuopied to the separate quartz tube reactor,
the evaporator (3), before entering the reactiamezdf steam is required, a constant water
flow is delivered to the evaporator using a syripgenp (4) and a PTFE transfer line, inserted
from the bottom of the reactor and nested in atquaool plug, in the middle of the heating
zone of the evaporator. The temperature in the @aadqr is maintained at 300 to ensure
constant, complete water vaporisation. The gasas fihe cylinders, now mixed with the
steam, are further transferred via a heated linein® the main reactor, enclosed in the

second furnace (6).



Depending on the selected method, one of the tpestpf vertical quartz tube reactors can be
fixed in the furnace of the test rig. For the gnagtric method, a reactor (i.d. 27 mm) sealed at
the top and opened at the bottom was used. Thegasaxture was continuously supplied to

the top of the reactor. Below the open lower entheftube, a weighing module (7) enclosed
in a protective case and purged with a constarilow was placed. A quartz rod was attached
to the weighing plate of the module. The shift lo¢ panel with the furnaces to the lowest
position allowed the rod to be inserted into thecter through its open end. At the end of the
rod, in the middle of the reactor heating zoneuartg sample holder (8) is mounted. The
holder is cylindrical with an i.d. of 15 mm and attom made of a G3 quartz frit disc to allow

the gaseous mixture to pass through the bed fahmle. The gaseous mixture and evolved
gasification products exit the reactor through thpen end. The sample mass was

continuously measured, with the accuracy of 0.1tmgughout the experiment.

The second method, involving analysis of the r&ldagases, required an air-tight gas outlet
from the reactor; thus, it is impossible to regisample mass during this measurement. In
this mode, a quartz tube (i.d. 20 mm) sealed oh bnots is used, and the gaseous mixture is
also supplied to the top of the reactor. It patisenigh a fixed bed of sample that is placed in
the middle of the heating zone and is supportea loypartz wool plug. Through the sealed
bottom end of the reactor, a thermocouple enclasedprotective quartz tube is inserted to
monitor the temperature of the bed. The evolvedegame transferred from the reactor
through a cleaning line directly to the samplingdoof a gas chromatograph with a thermal
conductivity detector (GC-TCD). The cleaning lingcludes an isopropanol impinger to
remove condensable species, a particular matter,fitnd a moisture trap. Gases, which
constantly purged the sampling loop of the GC-TQRre analysed every 10 min by
switching the 6-way valve, which introduced thereat contents of the sampling loop into

the capillary column. The analysis was performethwan Agilent 6890N gas chromatograph



with a TCD detector, with the 100 ppm limit of qtitetion. The samples were separated on a
capillary J&W GS-CarbonPLOT 30 m x 0.53 mm xufh column followed by J&W HP-
PLOT 30 m x 0.53 mm x 2Bm molecular sieves. For the duration of £fution, the latter

was bypassed using a 6-way valve.

Fig. 1. Test rig for petcoke gasification in thegmetric mode with the furnace in the lower
(left) and upper (right) position (1 — electric mmQt2 — gaseous mixture preparation unit, 3 —
evaporator, 4 — syringe pump, 5 — heated transfer 6 — the main furnace, 7 — weighting

module, 8 — sample holder)

The measurement principles of both methods aréleidia Fig. 2. In the gravimetric method,
300 mg of the sample (20 mg in tests witht®limit diffusion resistance) was weighted into
the crucible attached to the rod connected to tBghing module, while the furnace panel

was in the upper position, so that the reactor alas/e the sample holder. The experiment
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can be carried out with either a low or high heatiate. In the former case, the furnace panel
is lowered prior to heating, and the sample isdfoge enclosed inside the reactor purged by a
N, flow. The furnace is then heated to the selectedperature at a rate of 20min. The
atmosphere is then switched to the predefined gaseaxture and the gasification process is
initiated. The mass loss in time is registered,vigiag the process kinetics data. A high
heating rate ofa. 1700(//min could be achieved by lowering the pre-heateddce so that it
rapidly enclosed the sample that was waiting in @dngbient atmosphere. However, only
preliminary tests are carried out using the fastting, while the main experiments used for
kinetic calculations were performed using the slwating. The comparison of tests at both
heating rates (presented in Supplement S4) revélaéedalthough the initial mass loss of the
sample slightly increased during rapid heating,aherage reactivityRso) during conversion
was not significantly affected by the sample heptiime, due to the relatively long total

gasification time.

In the gas evolution method, the gasification posluare determined using GC-TCD
analysis. The test rig setup included a sealedighsreactor (Fig. 2). A 500 mg sample was
enclosed in the reactor prior to the experiment padyed with N, while the reactor was

heated with a controlled, low heating rate (20nin) up to the desired temperature. The N
flow was then switched to the gasification mixtarel the online analysis of the gasification

products, in 10 min intervals, was initiated.

a) b)
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Fig. 2. The principle of petcoke gasification witie a) gravimetric and b) evolved gases

methods

The parameters for the petcoke conversion tests sadected to represent the conditions in a
commercial CLC gasification unit. Therefore, thepesments were carried out under
atmospheric pressure at temperatures in the ran@d0o— 1100°C and the oxidising agent
concentrations set to: 2 and 4 vol.% far @0 and 40 vol.% for C§and 10, 20 and 40 vol.%

for H,O.

2.3. Calculations

Kinetic parameters are calculated only from the snésss curves obtained from the
gravimetric method. The evolved gases mode was lynaised to evaluate the reaction
products; however, the mass loss of petcoke dwtiegm gasification is also estimated from
the carbon balance, based on all detected carbaainong species, i.e. CO, GQGand CH.

The remaining relative mass of the sample is espas:

(nco(®) + 1oz () + neya(t))Mc (1)
mixc

mrel(t) =1-
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wheren; is the integrated molar amount of carbon (in mmolthe i-th reaction product
released in the time interval frotn= 0 to t = t, M, is the carbon molar mass (in mg/mmol),
m; IS the initial mass of petcoke (in mg), andis the mass fraction of C in petcoke (in mg

C/mg).

The recorded mass losses during the gravimetrihiodetire used to calculate the carbon

conversion, which is defined as

X(t) = %’th) (2)

where m,m, and m,, are the instantaneous, initial and final massesthef sample,
respectively (in mg). In the experiments where ¢alhversion was not reached, the final mass
was assumed based on the residual mass obtaingdeiriests with complete sample

conversion.
A general form of the apparent rate of conversargas-solid reactions is given by

aX

E = kf (X)poy

3)
wherep,, is the partial pressure of the oxidizer (Raj)s the reaction ordek, is the apparent
reaction rate coefficient (in 1/@d)) and f(X) is a model function. The apparent reaction
rate coefficientk takes into account the changes in temperaturedated in the Arrhenius

form

o= dexp <_%> (4)

whereA is the pre-exponential factor (in 1Rsl)), E is the activation energy (kJ/moB, is

the universal gas constant (in kJ/(rkQ) andT is the temperature (in K). The model function
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f(X) takes into account variations in the physical ahedmical properties of the sample as
the reaction proceeds. Four model functions atedesithin this study. First is the uniform
conversion model [29], also known as homogeneo0sdBAvrami model (AVRAMI) [31],

which is given by

fO0 = (1= ®)

The second examined function is the Random PoreeM&PM) [31][32] expressed as

fX) = (1-X)Jy1—-¢In(1l-X) (6)

wherey is the pore structure parameter, which can bemeted using

2
_ (7)
v= 2In(1 — Xppar) + 1

where X,,,., IS the conversion at maximum reaction rate, whghdetermined using the

condition

d(dx/dt) 0 (8)
ax

The third considered model function is the Shrigk®ore Model (SCM) [31]

fO=@a-xm (9)

wherem = 2/3 for spheres is assumed. The last function analizealled the Hybrid Model
(HM) [31] which is identical to Eq. (9), but the monentm is treated as a parameter and is

adjusted during data fitting.

The experimental data is analysed using a seriesgrgits written in Matlab. As mentioned
earlier, the measurements are done for petcokdioracwith O,, H,0 and CO,. For all

reactants, the reaction ordetswere determined first, by analysing the conversiates

14



obtained for various partial pressures of the ag@st Then, the obtained reaction orders were
kept constant and the reaction rate coefficient®wletermined by fitting the conversion rates
with functions (5)-(9). Finally, the kinetic parateessA andE from Eq. (4) were determined

using Arrhenius plots. The results of the analgsesporesented in section 3.2.

3. Resultsand discussion

3.1. Results of the petcoke gasification experiments

3.1.1. Gasevolution profiles

Gases released during the gasification of petcok#0i and 40 vol.% of steam in, Nvere
measured online with a gas chromatograph couplédaMihermal conductivity detector (GC-
TCD). The evolution profile for the test performad1000.] in 40 vol.% of steam in Nis
presented in Fig. 3 as an example; the main ralegases were CO and,Hvhile the CQ
and CH yields were an order of magnitude lower. The detaycrease in the G@volution
profile suggests that the water-gas shift (WGSgtrea was intensified during gasification.
This could be due to either the catalytic effectnoétals exposed by the initial carbon
consumption with steam or as a result of a locatease in the steam concentration in the
particle’s surrounding, which occurred as the ns@am gasification reaction, responsible for
CO formation, slowed after 50 min. Another explamafor the delayed release of €@ight

be its chemisorption on the petcoke surface ainitial stage of the process. For all examined
cases, the maximumytind CO yield occurred around the 0.1 conversiod,raaching even
this early stage of petcoke gasification requiresidence times too long to be considered in
operating commercial reactors. However, the expamis) with steam as a sole oxidising
agent were performed for the purpose of kineticapeaters determination that will be

implemented in the modelling of a real gasifier.eDa the low reactivity of the sample, and

15



the limited duration of the experiment (480 mite ttarbon conversiok,, in the tests with
the lower steam concentration reached only 0.55,@lepending on the applied temperature.
Thus, the composition of the gaseous products wasaged only for the first half of the
petcoke conversion (up 2 = 0.5), and the result is presented in Fig. 4. As cardan from
the figure, CO and Hwere the main gasification products, and theitdgigpeaked at the
beginning of the process and then decreased canishuwith the carbon burnout. The molar
ratios of the cumulative amounts of Bnd CO %y, /n¢o) released during carbon conversion
up toX = 0.5 at temperatures up to 1000were between 1.2 — 1.4 for the gasification with
steam. The C@concentration in the gasification products (ixecleding N> and HO) was
below 5 vol.%. The composition of the obtained asgas similar to the values reported by
Trommer et al. [33] for two petcoke samples gadifie 10 vol.% steam in a plug flow
reactor. However, more GQvas formed under the most reactive conditions 4i0evol.% of
steam and 1100. Wu et al. [9] stated that during petcoke gasifcmawith steam in a fixed-
bed reactor the water-gas shift reaction (WGS) show equation 10 will not reach

equilibrium.

CO + H,0 = CO, + H, (10)

Since the WGS reaction rate increases rapidly abho6d@°C, at 1100°C the WGS reaction is

intensified, despite its exothermic character, aifile rate of the heterogenous reaction

C+H,0 =CO+H, (11)

is constrained by the available surface of the gd&tcparticles, which increases £€@nd

decreases CO yield. Another possible explanationttie observed increase in the £O
formation is the rapid increase in the catalytitvaty of the metal M-C-O conformations in
petcoke, which are known to increase selectiviyamls CQ formation, at the expense of

CO yield [9,34].
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As can be seen from Fig. 5, the reaction rate tfgbe gasification with Cowas extremely
slow. The measurement time was arbitrarily limited80 min and negligible conversion was
achieved during these tests. Gasification with,Gfbadually increased the porosity of
petcoke, resulting in an increase in the CO yiElkn under the most reactive condition, i.e.
40 vol.% of CQ at 1000, the reaction rate did not reach its maximum eafézr 480 min of
measurements, while, in the same concentrationtedng the petcoke bed reached full
conversion in less than 240 min. Therefore, the odICQ during petcoke gasification below
10007 could be considered negligible and it does noehaw applicable commercial value.
Since the petcoke conversion with £@as so slow, realistic kinetic parameters couldb®

obtained.

In contrast, petcoke gasification in 4 vol.% of ias very rapid. In the temperature range of
750 — 1000 | total conversion was reached in less than 15 8imce the online gas analysis
with GC-TCD was performed in 10 min intervals, nmlation profiles could be determined
from these tests. The kinetic parameters of oxygamversion were, therefore, determined
based on the gravimetric tests. The only deteaadtion product was GOwhich suggest

that the combustion of petcoke was complete.
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Fig. 5. CO released during 480 min of petcoke gadion in 10 vol.% and 40 vol.% of GO

in N, at 900, 950 and 1000

3.1.2. Theresultsof thegravimetric and evolved gases experiments

Gravimetric analysis of petcoke gasification inasteand in oxygen was used to calculate
kinetic rate parameters for the heterogeneousioesctin addition, for steam gasification, gas
evolution profiles were also used to determinedheesponding mass loss curves. This was
done based on the amount of carbon in the gaseaaian products (Eq. 1). The comparison
of the mass loss functions obtained with both m#ghis presented in Fig. 6 and Fig. 7 for

experiments performed in 10 vol.% and 40 vol.%teém, respectively.

At the lower steam concentration, and thus a lawaction rate, the curves were similar, but
some discrepancies can be seen for the reactionsdccaut under more reactive conditions.
For those cases where full conversion was reach#ihvihe time frame of the experiment,

l.e. wheredX/dt = 0 at the end of the experiment, the final converseamd from the EV
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method is 0 — 0.1 larger than for the GR methods Tscrepancy may be because not all
gases were correctly captured and integrated uemdV method. For these cases, the final
conversion of the EV method is normalised by the obtained using the GR method. A
relatively good agreement between the mass lods platained with EV and GR methods
suggests that the former provides valid data orctdmeposition of released gases and can be
applied to study the petcoke gasification mechasiand kinetics. As no solid deposits were
observed in the experiments, the differences betwlee methods may result from the larger
uncertainties of the indirect mass loss deternonatipproach of the EV method; thus, the
data from the GR method was used for the kinetrarpater calculations. This observation
indicates that no such limitation occurs at lowamperatures, thus the kinetics calculated
from the petcoke gasification experiments up to 95@an be attributed to the chemical
reaction rates and increase in the surface aretheofparticles, rather than diffusional

limitations of a fixed bed.

850 °C 900 °C
10—~ 10 ~
0.8 N 08 ) :
706 e 306
0.4 EV ~04 EV >~
02 ---GR 02 | ---GR -
0.0 0.0
0 200 400 0 200 400

time. min time. min
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Fig. 6. Mass loss curves from gravimetric (GR) andlved gases (EV) analysis of petcoke

gasification in 10 vol.% of steam in,N

10 850 °C 1.0 900 °C

0 200 400 0 100 200 300

time. min time, min
950 °C 1000 °C

1.0 1.0

0 100 200 300 0 100 200

1100°C

0 100 200
time, min

21



Fig. 7. Mass loss curves from gravimetric (GR) andlved gases (EV) analysis of petcoke

gasification in 40 vol.% of steam ipN

The mass loss curves from the gravimetric testgetdfoke gasification with 2 and 4 vol.% of
O, are presented in Fig. 8. As expected, the reactiocurs more rapidly at higher
temperatures. CQis the only detected product, and the higher omygencentration

significantly shortens the reaction times.

2 vol.% O, 4 vol.% O,
10 ~ 1.0~
AN GR_750 i
08 ™ GR 850 08 GR_850
>~ 0.6 ....... GR_950 : 0.6 """" GR_950
- 0.4 0.4
0.2 0.2
0.0 A — 0.0
0 10 20 30 40 50 0 10 . . 20 30
fime, min fime. min

Fig. 8. Mass loss curves from gravimetric analgdipetcoke gasification in 2 and 4 vol.% of

O, in N,

3.1.3. Petcoke gasification in a mixture of steam and CO

The reaction of petcoke with GOwas significantly slower than steam gasification;
nonetheless, a possible contribution of ;.Cduring petcoke conversion under the more
complex gasification atmosphere was examined bfppring tests in a mixture of 40 vol.%
of H,O in CQ. The results were compared with the steam gasditaneasurements using

inert N; as the carrier gas, as presented in Fig. 9. Thss oas registered during the 480 min
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conversion tests in 40 vol.% of G@ N, are also provided as a reference. It can be noted
that, up to 10007, the curves of the petcoke mass loss during @activith 40 vol. % of
steam were not affected by changing the carrierfrgas N, to CQ. This finding confirmed

the dominating role of D over CQ in the petcoke gasification process at these
temperatures. However, the reaction with,df@came significant at 1100. At the same
time, since full conversion was reached for steasifigation (after about 160 min), almost
1/3 of the sample was converted whepOHwas substituted with GO The same non-
negligible role of CQ at high temperatures was confirmed by the enharmetdoke
conversion when Nwas substituted with GJor the measuremeat 11000 1. Therefore, for
high-temperature petcoke gasification the presefc@O, should be accounted for, while it

can be disregarded under less-reactive conditions.

900 °C 950 °C
1.0

0.8
= 0.6
0.4

0.2

0.0
0 100 200 0 100 200
time. min time. min
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Fig. 9. Mass loss of petcoke during gasificatio@hvol.% of HO with N, and CQ as the

carrier gas and in 40 vol.% of GO N,

Petcoke gasification measurements in 20 vol.% stear®O, were also carried out at
temperatures up to 1000. From these results, the assumption that the afplee carrier gas
does not affect the kinetics of the steam gasiboabf petcoke in this temperature range was

confirmed by comparison with corresponding measergmin HO/N, atmospheres.

Moreover, using 20 vol.% of steam for these addéldests allowed validation of the results
of the models applied for the conversion in 10 40ds0l.%. The mass loss of petcoke in 40,
20 and 10 vol.% of steam (in eithep bir CQ,) is presented in Fig. 10. Steam concentration
had a strong impact on the petcoke gasificatiod,when a higher steam content was used,
the total conversion times were shorter, regardbésbe applied temperature. At 90Q the
gasification reaction was significantly slower fall examined steam concentrations.
However, the offset between the mass loss curv@sGand 1000] was less pronounced and
decreased with the reaction time. Surprisinglyeraféaching 0.6 and 0.9 conversions with 20
and 10 vol.% of steam, respectively, the remaimrags of petcoke was lower at 95Ghan

at 10001, possibly due to diffusional limitations at 1000
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Fig. 10. Mass loss of petcoke during gasificatiod®, 20 and 10 vol.% of steam at 900, 950

and 1000

3.2. Calculation of the kinetic parameters of petcoke gasification

3.2.1. Reaction with O,

Petcoke oxidation experiments in ab,/N, mixture were performed for twd),
concentrations of 2 and 4 vol.% and three tempezataf 750, 850, and 950. The obtained
conversion curves are presented in Fig. 11. Torahéte the reaction order the reaction rates
(dX/dt) vs. conversionX) were limited to the regions dfe < 0.2,0.8 > in which straight
lines were fitted to the data, as presented in ERj.following the procedure described by
Gartner et al. [31]. The reaction orders were tetermined from a plot dh(dX/dt) vs.
In(p,,) for each conversioX, and based on the obtained results, a mean reawiier was

calculated. For the reaction wi@y, the determined mean reaction order is n=0.5%dukl

25



be stressed, however that variations in the raactidern with conversion¥ were observed,

in the range from 0.42 to 0.66.
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Fig. 11. Experimentally determined fuel conversusn time for two different mole fractions

of oxygen
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Fig. 12. Linear fits to the experimental data #action order determination

The mean reaction order was then used to calcthat@pparent reaction rate coefficidnt
(andm for HM) by fitting the experimental data with theodels defined in Egs (5) — (9). In
Fig. 13, thef(X) function models fitted to the experimental data eompared. As can be
seen, the best fit was obtained for the Hybrid Mo@#M), which was confirmed by

comparison of the sum of squared resid§&R defined as

SSR = EN (&)? (12)
i=1

whereg; is the residual (the difference between experialetdta and model) and is the
number of data points. TI®R for each model for all temperatures, as preseintédg. 13,
are: AVRAMI SSR =4.0-10"%, RPM SSR=1.4-10"% SCM SSR =1.7-107%, HM

SSR=1.8-10"".
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dX/dt, 1/s

%1073 HM
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Fig. 13. Comparison of fitted model functiofigX) for the reaction witl®, (x,, = 0.04)

Finally, the calculated apparent reaction rate fcwehts k were used to determine the pre-
exponential factod, and the activation enerds; by fitting the plottedn(k) vs.1/T data, as
presented in Fig. 14. The fitted linear functiomedicted the obtained rate coefficients well,
suggesting that the reactions occurred in the kimegime, as required by the tested models.
The determined model parameters are summarisedile . The obtained model parameters
were then used to verify the model predictionsriiggrating the conversion ratesX(/dt) for

the various models and comparing the results wile experimentally determined
conversions. The comparison is presented in FigTh& AVRAMI model was excluded, as it
gave the poorest predictions. All models predidieel experimentally-determined petcoke
conversion vs. time. In some instances, the moslgbtly overpredicted the conversion,
which is associated with the observed initial tide¢ay of the conversion due to initial sample
heating up not captured by the models. In gen#ralpest predictions were obtained for the
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Hybrid Model (HM), which is confirmed by the lowestsiduals. The calculated sums of
squared residuals (SSR) were: RPS$§R = 1.3:107>, SCM SSR =2.2-10">, HM
SSR = 1.2 - 1075, Therefore, it is recommended to use the HybridisldHM) for reactions

with O,. It should be also stressed that the models dickimathe kinetic regime.

It was reported by Afrooz et al. [35] that the aation energy of petcoke oxidation decreased
from 124 to 35.3 kJ/mol (determined with SCM), drain 124.8 to 31.3 kJ/mol (determined
with RPM) when heating rate in the TGA program waseased from 10 to 20 K/min. In this
work, the sample was already at the reaction teatper when the oxidising agent was
introduced, thus, it is plausible, that the lack tbé heating step further decreased the

activation energy to the values calculated hereby.

-10.6
o AVRAMI
o RPM
-10.8
o SCM
. © HM
:cﬁ =111
-
Z
~_
113
=
= -114¢
116} AVRAMI: A =1.00e-045'Pa™, E =16.4kJ /mol
' RPM: A =6.59e-05s 'Pa " E =16.9kJ/mol
SCM: A =8.66e-05s 'Pa *, E =16.7 kJ/mol
HM: A =5.88e-055"'Pa™", E =15.9kJ/mol
-11.8 : : ‘ ‘
8 8.5 9 9.9 10

1/T, 1/K 10

Fig. 14. Determination of the pre-exponential fact@and activation energy

Table 1: Summary of the model parameters deternforetthe reaction of petcoke with O2
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Model Equation* A E n m Y
ax 1/(sPa™) | k]/mol
= Aexp(~E/RD)f0py, | P
AVRAMI fX)y=1-X) 1.004e-4 16.44| 0.548 - -
RPM fX)= 1-X)y1—yIn(1l-X) 2.96
\/ 6.595e-5 16.85| 0.548 -
3
SCM fX)y=aQ-x)m 8.660e-5 16.70| 0.548 0.697 -
HM** fX)y=aQ-x)m 5.875e-5 15.87 | 0.548 | 0.266 -

*pno2 iN Pa, T in K; *recommended model
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Fig. 15. Comparison of experimental data (EXP) piredlictions of the subsequent models
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3.2.2. Reaction with H>O

The same procedures for determining the kinetiarpaters as described above @grwere
applied for the reaction witH,0, where the petcoke was gasified iflg /N, mixture for

the twoH,0 concentrations of 10 and 40% vol. In Fig. 16,ekperimentally-determined fuel
conversion vs. time is presented. As can be sdmncdonversion lines cross for the high
temperature tests. These phenomena are attribotebet reaction rate reduction due to
diffusion at high temperature. Furthermore, nol fitdnversion was obtained at the(H
concentrations of 10 vol.% due to very long reactimes. It should be however stressed that
both concentrationsxf;,, = 0.1 mol/mol and xy,, = 0.4 mol/mol) and all temperatures
were used to determine the reaction order. Ford#termination of the kinetic parameters,
only data for low temperatures and highO concentrationgxy,, = 0.4 mol/mol) were
used. In general, large variations in the reactiaters with temperature was observed, and a
mean value of: = 0.9 was calculated and used. Another choice woeltbltake the orders
for low temperaturesn(~ 0.86). Since the value was close to the onalfdemperatures and
the fitted model predictions with an order of 0.8re satisfactory, this approach was used,
and four models (AVRAMI, RPM, SCM and HM) were ttas previously. In Fig. 17, a
comparison of the fitted model functiofi¢X) to the experimental data is presented. As can
be seen for the highest temperature of 1000the reaction rate is initially the highest,
however at conversions greater than 0.5, the wractite decreases below that of the 950

plot.
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Fig. 17. Comparison of fitted model functiofi€X) for reaction withH,0
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In Fig. 18 theln(k) vs. 1/T plots of the four models are presented, which alsow the
calculated pre-exponential factdrand activation energ¥. In this figure, the data for all
temperatures are presented; however, due to ti@evieduction in the reaction rate due to
diffusion in pores at the highest temperature, daga at 1000°C was excluded from the
analysis. Comparing Fig. 13 and Fig. 14 with Fig.ahd Fig. 18 shows that the reaction rate
in 0, is an order of magnitude greater than thatHyO. The model parameters were
determined and used to verify the predictions byngaring the results with the
experimentally-determined conversions, and the @oispn is presented in Fig. 19. The
model predictions are satisfactory for all the temagures. As expected, at the highest
temperature of 100% the reaction rate is limited by reactant diffusithus these datapoints
were excluded from the analysis and the model patens were not determined at this
temperature. The sums of squared residuals (SSR) also similar to each other for all
models: RPMSSR = 2.0-10~7, SCMSSR =3.6-10"7 and HMSSR = 3.1-1077. It was
also observed that for the Hybrid Model (HM) themeo m (model parameter) changed
considerably with temperature. In the results preskin Fig. 17 — Fig. 19, a constant mean
value was used. It was therefore verified if the lrddel predictions could be improved by
introducing a linear dependence on temperaturehsn nt parameter. Indeed, such a
modification allowed reduced the sum of squaretueds of the HM model to HMSR =
3.1-1077 and improved the model predictions in the tempeeatange of the conducted
experiments; however, the(T) function became negative at lower temperatures;hwimay
lead to incorrect predictions at these temperatares was therefore excluded from this
analysis. The determined parameters of all the msagl® summarised in Table 2, where a
recommendation on the best model for reactions W@ is also given. Activation energy

determined from the thermogravimetric experimergsfggmed by Edreis et al. [14] was
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slightly higher, i.e. 165.54 kJ/mol modeled with MCHowever, their experiments were
carried out as a temperature program with a lowtingaiate of 10 K/min, whereas in these

tests, the reaction was initiated with the sample=ady heated up.

171
O AVRAMI
O RPM
7.5 >
I o SCM
~ : 0 HM
:cﬁ -18 H G
ol ]
2, L]
= 155l
= -18.5 [ Excluded data
= i
1 -19
195} AVRAMI: A =9.01e-04571Pa™™, £ =109.6 kJ /mol
' RPM: A =2.92e-0457'Pa™, F =103.9 kJ /mol
SCM: A =4.97e-04s 'Pa™™, E =105.6 kJ /mol
20 HM: A =1.65e-03s 'Pa ™, E =119.5kJ/mol ‘
7.8 8 8.2 8.4 8.6 8.8 9

1/T, 1/K <10

Fig. 18. Determination of the pre-exponential fact@and activation energy
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Fig. 19. Comparison of experimental data and mpodictions forH,0/N, mixture
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Table 2: Summary of the determined model paramé&ette reaction of petcoke with,8

Model Equation* A E n m Y
1/(sPa™ k 1
=% = Aexp(-E/RT)f(0ph | /) | 19/me
AVRA fX)=1-X)
9.0le-4 | 109.57 0.9 - -
MI
RPM** | r(x) = 1-X){/1—-y¥In(1-X) | 292e4 | 10391 | 09 - 3.612
SCM fX)=(1-x)m 4.97e-4 | 105.63 0.9] 0.66 -
HM fX)=(01-x)" 1.65e-3 | 119.50 0.9| 0.44 -

*pu20 N Pa, T in K; *recommended model
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To further validate the developed models (data frbable 2), they were used to predict
conversions vs. time for a set of experimental daitained for petcoke gasification in
H,0/CO, at 900 and 950C and water vapor mole fractiong,, of 0.2 and 0.4. Similar to
the previous comparison, the AVRAMI model was egedd from the analysis. The
comparison is shown in Fig. 20, where the convassigs. time are presented. The kinetic
data obtained foH,0/N, mixtures predicted the experimentally-determinedversions in
H,0/CO, mixtures well. Therefore, as stated before, it lsarconcluded that the role 60,

in the process is minor, and, as will be showrhariext section, the reaction witb, in the
context of this analysis can be neglected if theperature does not significantly exceed 1000

°C.
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Fig. 20. Comparison of the experimental datatfe®/C0O, mixture and model predictions

3.2.3. Reaction with CO»

The petcoke gasification experiments €@, /N, atmospherex(,, = 0.4 mol/mol) were
conducted at three temperatures, i.e. 900, 9501@00°C. In Fig. 21, the conversion vs. time
is presented. The reaction of petcoke vy, is an order of magnitude lower than that with
H,0, and decreases further as the reaction proceaed®kl approximately 6 hours to convert
10 % of the sample at 100Q; thus, the conversion rate is below practical @erations
under the analysed conditions. Therefore, no mada proposed here, since for practical
systems operating at the temperatures considerekisranalysis, the reaction rate can be
assumed to be 0. Some literature reports desdnbadlatively rapid C@ gasification of
petcoke with activation energies of approximatehp kJ/mol (e.g. 142 kJ/mol reported by
Kumari et al. [16] and 159 kJ/mol reported by Wdi a. [17]). However, those
thermogravimetric experiments were performed untter atmosphere of pure GQGat
temperatures above 1000, i.e. conditions significantly more reactive thifwe ones applied

in this study.

37



0127

017

0.08

» 0.06 |

0.04 |

—T =900°C, zco2 =0.4
002+ /r ——T =950°C, zco2 =0.4
// —T =1000°C, zco2 =0.4

O L L 1 1 1 I
0 0.5 1 1.5 2 2.5 3

t,s x10%

Fig. 21. Conversion vs. time for a reaction with,

4. Conclusions

In this article, the kinetic parameters for petcgasification were calculated based on the
experimental data from laboratory tests dedicatethé¢ material selected for the CHEERS
project, to enable modelling of the 3 MWth protaygf chemical looping combustion (CLC)

system with inherent carbon capture.

The tests revealed that the rate of petcoke gasdic at 10 and 40 vol.% of GQwas
negligible at temperatures below 1100 The tests allowed the determination of the kneti
parameters for petcoke gasification in steam angg@x at temperatures up to 950 At
higher temperatures, the conversion was limiteddiffusion. The kinetic parameters of
petcoke gasification were best described by:

- the Hybrid Model for gasification in 2-4 %,(¥, = 15.87 k] /mol);

- the Random Pore Model for gasification in 10 v40% HO (E, = 103.91 kJ/mol).
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Moreover, at the temperatures up to 10QCGconversion in C@was negligible and it did not

affect the reaction rate, when g®as added to the steam gasification of petcoke.

The apparent kinetic parameters determined invibik include the internal diffusion within
the particles; thus, to make the obtained resulisenuniversal, the continuation of this

research, to account for different particles sizek be considered in the future.
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