CHAPTER 5

5.0 GASIFICATION WITH CARBON DIOXIDE:
RESULTS AND DISCUSSION

51 Introduction

The results of the cha&©O, gasification experiments are presented in thipthiaThe
chars were prepared at 900 according to a procedure described earlier ini@ect
3.4.1. The gasification reaction experiments weagied out in the Thermax 500
TGA following the method already discussed in Set#.4. The main focus of this
chapter is: (i) to show the relative impact of thy@erating conditions (temperature,
CO, concentrations and different chars) on the cadmmversion; and (ii) to correlate
the reactivity results with the properties of theals and chars as obtained from the

detailed characterisation results of Chapter 3.
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Chapter 5: Gasification with Carbon Dioxide: Reks and Discussion

5.2 Normalisation of the Experimental Results

Results recorded by the TGA are in a format showirgrelative loss in mass, time
and temperature. A typical experimental result ioleh from the TGA is shown in

Figure 5.1.
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Figure 5.1: Typical mass loss curve for char C20it°C, 100%CO,, 0.875bar.

A rapid decrease in mass was observed during itial istage of the reaction until
about 50% mass loss. A slower rate of consumptias wbserved from this point
forward, until an equilibrium stage is reached \hiadicates that all the carbon
compounds in the char have fully reacted wit®,. It was observed that the final
equilibrium mass value corresponded well with ttsh &ontent of the chars as
determined from proximate analysis (Table 3.8, i8acB.7.1). The mass of reacted
carbon also corresponded to the fixed carbon véioie the proximate analysis.
However, a maximum deviation of + 5% from the asl &xed carbon percentages
was observed in most of the experiments. Theshtsligviations may be attributed to
the heterogeneity of the individual char particMsch was not fully eliminated, even
with the use of a rotary sample splitter to ob&iepresentative sample. Furthermore,
the unreactive or unreacted highly aromatic paftéshe carbon matrix may also

introduce some anomalies in the results.
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Chapter 5: Gasification with Carbon Dioxide: Reks and Discussion

Reaction time for the experiments varied from 12ireato over 48 hours at lower
concentrations o€0,. Kaitano (2007) also experienced very long reactime with

chars prepared from inertinite-rich low grade cpalsnilar to chars used in this
investigation.

For a quantitative study of the conversion of tiked carbon in the char only, the
TGA raw data were normalised on an ash free basth®assumption that negligible
product gas is produced from mineral transformation mineral reactions wit60,
according to Equation 5.1 (Duté& al, 1977; Hampartsoumiagt al, 1993; Kyotani
et al, 1993; Yeet al, 1998; Zhanget al, 2006; Cakakt al, 2007; Kaitano, 2007;
Zhanget al, 2007; Eversoet al, 2006 and 2008a; Wet al, 2008):

(5.1)

A typical normalized result (carbon conversion wsrstime plot) from the
experimental result of Figure 5.1, is presented-igure 5.2. The number of data
points used throughout this investigation was 281oand is considered accurate
enough for all interpretations as well as for kinetodelling.
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Figure 5.2: Conversion-time plot for char C2 at 900100%CQO,, 0.875bar.
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5.3 Reproducibility of the Experimental Results

The experimental results from the TGA were crosskbe for reproducibility. This
was done by conducting three different experimevits each of the respective char
samples at the same operating conditions of teryperandCO, concentration. The
characteristic experimental data were analysedirdial reactivity, R; structural
parametery; time factort;; and time for 50% and 90% conversiongs (and to g).
Experimental error in terms of the standard desratind percentage average deviation
was determined for each set of three experimentsmRhe results presented in
Appendix B, it was found that the average deviafmmall the determined parameters
was < 2% for chars B and C; < 3% for char C2; and% for char D2. Thus,
experimental results from the TGA are reproduciliiee distinct plots from the

reproducibility tests for each of the chars are aisluded in Appendix B.

54 Effect of Operating Conditions on Char€O, Gasification

Reactivity

Apart from using four different char samples foe texperiments, the isothermal
temperature of reaction ar@@O, concentration were varied. The resultant effe€ts o
these variables are discussed in this sectiorhdtild however be noted that only a

few of the results are shown here. More resultpersented in Appendix B.

54.1 Effect of Isothermal Temperature of Reaction

The relative impact of the isothermal temperaturehe char€O, reaction (varied
between 900C and 950°C) is illustrated using the conversion-time plotsHigure
5.3. From the results, it is clear that that thexea relative increase in carbon
conversion with increasing isothermal reaction terafure. This shows that the char-
CO, gasification reaction follows Arrhenius type kilmst These tendencies were
observed in all the chars. Similar results wereo abkbtained for differentCO,

concentrations in the reaction gas mixture.

The same trend was observed by other investigaborschar€O, gasification
reactions (Dutteet al, 1977; Matsuiet al, 1987; Radovicet al, 1985; Harris and
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Smith, 1990; Miuraet al, 1990; Hampartsoumiaet al, 1993; Ochoat al, 2001; Fu
and Wang, 2001; Sigeet al, 2003; Murilloet al, 2006; Zhangpt al, 2006; Kajitani
et al, 2006; Zhanget al, 2007; Kaitano, 2007; Eversaet al, 2006 and 2008a;
Sangtong-Ngam and Narasingha, 2008; &val, 2008; Hattingh 2009).
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5.4.2

Effect ofCO, Concentration in the Reaction Gas

Carbon dioxide gas composition was varied from 2fefb to 100 mole%. The effect

of changing concentrations 61O, in the reaction gas on the reactivity of the chars

given in Figure 5.4. It is evident from the resuhlat increase in the concentration of

CO; in the reaction gas mixture, culminates

in a gpoading higher reactivity of the

chars.
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This can be explained by the fact that an incre&®g concentration means that
moreCO, molecules are available for the gasification rieactThe presence of larger
amounts ofCO, molecules in the reaction gas stream imply thatenactive sites in
the char take part in the reaction resulting iastdr reaction rate. All the investigated
chars exhibited similar trends, even at distinothsrmal reaction temperatures and
correlate well with the results of other investayat (Harris and Smith, 1990; Zhang
and Calo, 1996; Fu and Wang, 2001; Murélaal, 2006; Zhangt al, 2006; Kaitano,
2007, Eversomet al, 2006 and 2008a; Hattingh, 2009).

It was also observed that the reactivity at 26%, concentration was substantially
lower than at the other concentrations. This mayatbebuted to the substantially
lower amounts ofCO, molecules in the reaction gas mixture, makingelatively
difficult for the participation of all the char ag¢ site in the reaction. Kaitano (2007)
also made a similar finding in char gasificationpesiments withCO, at lower

concentrations of 20 mole@0O,. More results are included in Appendix B.

55 Determination of theCO, Reactivity of the Chars

Reactivity of the chars in this study was confibedhe initial reactivityR, defined as
(Jungten, 1981; Czechowski and Kidawa, 1991; Seneéeed, 1998; Kajitaniet al,

2006; Zhanget al, 2006; Kaitano, 2007; Eversat al, 2008a; Wuet al, 2008;
Hattingh, 2009; Zhangt al,, 2010):

n 2 OX

= Eco (5.2)

This was achieved by constructing a quantitativa pf the rate of reactiongX/dt
versus the carbon fractional conversi®n]t should be noted that the initial reactivity
is also equivalent to the slope of the carbon cmiee versus time plot at timez 0.

The characteristic plots ofiX/dt againstX that was used to evaluate the initial
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reactivity of the chars at 25@0O, concentration, 0.87bar are given in Figure 5.5(i)

- (iv); while similar plots at 50, 75 and 100@€, concentrations in the reaction gas

mixture, are included in Appendix B. The summailrgetermined initial reactivity of

all char samples is presented in Table 5.1.
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It is obvious from Figure 5.5 and Table 5.1 thaarcib2 had the highest initial
reactivity, while char C2 exhibited the lowest raty of the four chars. It was also
observed that for chars B, C, and D2, the maximate of reaction occurred at tinte,

= X = 0; while for char C2, the maximum rate of reactoccurred at time,> 0 andX

> 0. The reactivity of char D2 was found to be ¢ge#han the reactivity of the other
chars by a factor > 4. Thus, the increasing orde¢he reactivity of the chars is: char
C2 < char C < char B < char D2.

The initial reactivity of the chars were correlateidh the various characteristic parent
coals and subsequent chars properties to studydbeiribution and or influence to

the char€0, gasification reaction and kinetics.

Table 5.1: Determined initial gasification readlyyiR of the char at various operating
conditions, 0.87bar.

Temp.(°C)  Yeo, (Mol. %) Initial Reactivity, R -10° (min?)

Char ID Char B Char C Char C2 Char D2
900°C 1.56 1.02 0.92 6.87
917°C 2.16 1.55 1.25 7.96

25%
933°C 2.51 2.21 1.67 9.57
950°C 3.49 2.69 2.02 12.8
900°C 1.95 1.73 1.29 9.37
917°C 2.86 2.01 1.78 12.0
50%
933°C 3.54 2.93 2.52 13.8
950°C 5.53 4.43 3.37 19.0
900°C 2.24 2.18 1.72 12.3
917°C 3.07 3.19 2.52 16.4
75%
933°C 4.92 4.15 3.06 20.5
950°C 6.72 5.80 4.41 23.3
900°C 3.07 2.37 1.84 15.3
917°C 3.93 3.96 3.09 19.7
100%
933°C 5.92 4.80 3.83 25.6
950°C 8.07 6.50 5.52 27.2
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5.6 Effect of Coal and Char Properties orCO, Reactivity of the
Chars

One of the objectives of this investigation is torelate the chemical and physical
properties of both coals and chars with the submsgohar reactivity toward€0O,
gasification. The influence of the parent coal' srpgraphic properties — such as total
vitrinite content; total inertinite content; inetitie-vitrinite ratio; coal-TRCandTIC;

MI andRMI*; and rank parameter (vitrinite reflectan€&%o)) — on the reactivity of

the subsequent chars were assessed.

The effects of char properties such as petrograptoperties (charTRC and TIC)
and chemical-structural or carbon crystallite prps (aromaticity, fraction of
amorphous carbon, and degree of disorder indexg werestigated. The catalytic
influence of the high ash components of the chasevexamined using the lumped
parameter, the alkali inde’l). Physical structural properties such as D-R npiore
surface area, H-K average micropore diameter, anoisfiy were also correlated with

the reactivity results.

5.6.1 Effect of Parent Coals Petrographic Propertie

It is generally accepted that coal vitrinites arerenreactive and possesses better
burnout characteristics than the coal inertinitecenals (Tsai and Scaroni, 1987; du
Cann, 2008). It has also been proven that someinitermaceral components are
indeed “reactive” (Cloke and Lester, 1994). Theseenassessed by qualitative plots
of the initial reactivity of the chars against thetrographic properties of the parent
coals, including the inertinite-vitrinite ratiosducoal TRCas shown in Figure 5.6(i)-
(iv). Excluding char D2 that is entirely out of ek with respect to the petrographic
properties of the parent coals, it can be deducad Figures 5.6 (although the trend
is rather insignificant) that the char reactivityr fchars B, C, and C2, increases
slightly with increasing volumes of coal vitriniteand decreases with increasing

proportions of inertinites in the parent coals.
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The reactivity of coal vitrinites is enhanced bgithpropensity to swell, expand and

form vesicles that improve the porosity and incesahe surface area of the reacting
chars (Falcon and Snyman, 1986; Cloke and Les®;1Tsai and Scaroni, 1987; du

Cann, 2008). Although some inertinite componengsraactive, most of the inertinite

species observed in the four parent coals are tieh menser components that do not

easily “open up”, soften or expand during devalksdiion. This results in denser chars

with little or no significant augmentation of thkar porosity or surface area (with the
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exception of char D2). This is responsible for tieserved lower reactivity of the
chars with increasing inertinite volumes in thegpércoals (B, C and C2). It was also
observed that the initial reactivity of the chaeciéase with increasing inertinite-
vitrinite ratios of the parent coals (though guitsignificant), with the exception of
char D2 which again, was conspicuously off the drehhis is as expected, since
vitrinites are far more reactive than inertinitder{eset al, 1985; Caiet al, 1998;
Megaritiset al, 1999). Char C2 with the highest original coartmite-vitrinite ratio
generally exhibited the lowest reactivity, whileachB whose parent coal has the

lowest inertinite-vitrinite ratio was more reactiveall the experiments.

The total reactive componenfSRQ of the parent coals discussed earlier in Section
3.7.6, was also assessed for its influence onrti@lireactivity of the chars. It was
observed from Figures 5.5(iv) that initial readvincreases with increasing volume
of coalTRCfor chars B, C and C2, although the exhibiteddresnrather infinitesimal

to be considered significant. TR&®C of the precursor coals comprises of the reactive
macerals: liptinites, vitrinites, reactive semifute and reactive inertodetrinite and its
relative abundance in coal should be a valuableator of the expected reactivity of
the chars. It was however observed that char D2agas out of trend in this regard.
The plot of the initial reactivity of the chars ags theTIC of both the parent coals
and the chars yielded a considerable scatter withay observed trend and was
therefore not reported.

5.6.1.1 Effect of Maceral Index and Modified Reactie Maceral
Index of the Parent Coals

Due to the inconsequential and unsystematic trebdsrved in the correlations of the
parent coal’'s petrographic properties to the sulbseigchars reactivity, a further step
was taken to confirm the observed negligible treridwas thus considered that the
use of a lumped predictive parameter that encomepas® combined effects of the
maceral components would be useful. The maceraixiifdl), proposed by Set al
(2001) and the modified reactive maceral inde(*) (Phiri, 2010), modified from
the original reactive maceral indeRNIl) proposed by Helleet al (2003) was
evaluated and assessed. The maceral indiéx Was evaluated from the expression
(Suet al, 2001):
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Mi

_TL+ (TV/RrZ)[GCVJZ'S 5.3)

T 30

Helle et al. (2003) modified theMl to RMI by considering the total inertinite
denominator TI) of Equation 5.3 to consist only of the inert campnts of the
inertinites adjusted by the subtraction of reacts@mifusinite and inertodetrinite from
the Tl term. Thus, théll was modified to the coallC (Table 3.22, Section 3.7.6),
consisting of only the “inert” inertinite macerabroponents: inert semifusinite,
fusinite/secritinite, micrinite and inert inertodaite. TheGCVterm was also removed
and theRMI takes the form (Hellet al, 2003):

2
RMI _TL+ TV/Rr (5.4)

TIC_ '

coal

Phiri (2010) went further by modifying Equation 3 reflect the reactivity of the
reactive semifusinite and reactive inertodetrimite included in Equation 5.4 by Helle
et al (2003). By introducind'1C..q, from Equation 3.16, Section 3.7.6, the proposed

modified reactive maceral indeR§I*) can be given as:

TL +((TV + RSF+ RINT)/Rr?)
TIC s

coal

RMI* =

(5.5)

Substituting Equation 3.12 (Section 3.7.6) into &tpn 5.5, it can then, be re-written

in terms of the coalfRCandTIC as follows:

TL+((TRC,, - TL)/Rr?)
TIC__ "

coal

RMI* = (5.6)

The MI and RMI* were evaluated using Equation 5.3 and 5.6 resgti All
maceral components including the coalRC and TIC were normalised to mineral

matter free basisr{mfl) as presented in Table 5.2.
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Table 5.2: Results used to evaluate the maceraki@dl) and the modified reactive
maceral indexRMI*) of the parent coals on mineral matter free b@siafh.

Sample ID Coal B Coal C Coal C2 Coal D2
Total Vitrinite (vol. %, mmflp 32.94 24.05 3.529 16.67
Total Liptinite /ol. %, mmfp 3.529 3.797 3.529 5.128
Total Inertinite yol. %, mmfhp 63.53 72.15 92.94 78.21
TRGeoa (vol. %, mmfh 51.76 48.10 40.00 44.87
TICcoal (vol. %, mmfh 48.24 51.90 60.00 55.13
GCV (MJ-kgh) 21.40 20.00 20.20 18.10
Vitrinite ReflectanceRr (%) 0.670 0.720 0.750 0.560
MI (-) 0.184 0.087 0.013 0.071
RMI* (-) 0.873 0.641 0.409 0.878

The determinedl of the coals varied significantly from the repdrtesults of St
al. (2001), but correlated well with the findings Hfttingh (2009). This can be
attributed to the fact that Set al (2001), investigated vitrinite-rich coals, while
inertinite-rich Highveld coals were used both instistudy and that of Hattingh
(2009). TheRMI* results were found to be similar to the publisihesults of Phiri

(2010), in his investigation of inertinite-rich SbuAfrican low grade coals.

The lumped parameterb]l and RMI*, of the parent coals were correlated with the
initial reactivity of the subsequent chars as giverFigure 5.7. Analogous to the
petrographic properties of the coals a trend oinitgfsimally increasing reactivity
with increase in both indices was observed, thisasiever too insignificant to be
considered as systematic or meaningful. Char D2aga# out of trend, while chars

B, C, and C2 were more consistent.

These findings indicate that, although petrograpihaperties of parent coals do affect
the quality and quantity of chars produced duriygolysis, their influence on the

charCQO, gasification reaction is quite limited.
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Figure 5.7: Relationship between initial reactiwtythe chars and thdl andRMI* of
the parent coals at 100% and 78%,, 0.875bar.

5.6.1.2

Effect of Rank Parameter of the Parent Coal

Vitrinite reflectance of coal is a valuable toolthre determination of age or extent of

maturation of coal in the coalification processjally referred to as rank.

The relationship between the mean vitrinite randeffectance Rr%) of the original

coals and the reactivity of the chars is presemédgure 5.8. A more meaningful and

very systematic trend was observed. Char reactiwidy found to decrease with

increasing vitrinite reflectancés-a-visrank of the parent coal. Although coal B, C,

and C2 were of the same rank (bituminous mediurk @) the slight variation in

vitrinite reflectance was pronounced in the reaigtiof the chars. Low reflecting

inertinites have been found to be more reactiven thegher reflecting inertinites

(Cloke and Lester, 1994). Char D2 was derived feolower ranked coal (bituminous
medium rank D), and had the lowest vitrinite retdexce Rr%) value of 0.56 %, and

was generally the most reactive among the fourschar
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Figure 5.8: Relationship between the initial reattiof the chars and the vitrinite
reflectance Rr%) of the parent coals at 100% and 76%,, 0.875bar.

However, the higher reactivity of lower ranked soélks long been known to be
positively influenced by the inherent catalyticesffs of ash components (Walker and
Hippo, 1975; Laurendeau, 1978; Miwtaal, 1989; Huanget al, 1991; Czechowski
and Kidawa, 1991; Kyotanet al, 1993, Yeet al, 1998; Samarast al, 1996;
Huattinger and Nattermann, 1994; Tomita, 2001; Kabal, 2004; Lee, 2007). This
holds true for char D2 as it has the highest amotiash (36.8vt. %, dfj compared
to the other three chars.

5.6.2 Influence of Char Properties on Chai€O, Reactivity

5.6.2.1 Influence of Char Petrography (CharTRC and TIC)

The development of char carbon forms with frequiamy gas pores from coal
vitrinites (Category Al (i)), with fine walled mo@pen network from coal reactives
(Category A2) and thick walled isotropic coke framal vitrinites (Category B7) in
the transition to char process, improved some ptigseof the char (du Cann, 2007,
Kaitano, 2007; Eversoat al, 2008b). Notable among these enhanced propentees

the surface area and porosity which play a vitld mo the gasification reaction. It is
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therefore expected that an increase in the volufrtetal reactive components will
correspondingly give rise to increased char redgtivhis was however, not fully
validated by the insignificant and unsystematiadrebserved in the qualitative plot
of the char reactivity against the chERC (char carbon forms) presented in Figure
5.9. From the result, a relatively infinitesimatiaase in char reactivity was seen with
increasing volumes of chd@iRCfor chars B, C, and C2; while char D2 did fit inhe
trend.
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Figure 5.9: Relationship between the initial reattiof the chars with the chaiRCat
100% and 75% C£0.875bar.

Like the parent coal'3IC, the qualitative correlation of the chal&C with the initial
reactivity of the chars, resulted in a disperseattec without any observed
relationship and was therefore not reported. Thishér strengthens the fact that,
petrographic properties do not effectively predne char€O, gasification behaviour
of the chars in this investigation
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5.6.2.2 Influence of Char Carbon Crystallite (Chental Structural)
Properties
5.6.2.2.1 Influence of Char Aromaticity

Aromaticity of carbonaceous materials refers to rdt@ of aromatic carbons to the
total aromatic and aliphatic carbons containedhient (Schoening, 1983; Let al.,
2001, 2002a and 2002b; Maity and Mukherjee, 200&7 Wiekerk, 2008). It is the
fraction of aromatic carbon atoms within the chaystalline structure (Lwet al,
2002b) and can describe the level of structurationgd of the carbons.

A plot of aromaticity of the chars versus theialireactivity at 50% and 25%0,
concentrations is shown on Figure 5.10. It candmtuded from the result, that initial
reactivity decreases with increasing aromaticityhef chars. Char D2 with the lowest
aromaticity of 0.75 exhibited the highest initigactivity, while char C2 with the
highest aromaticity of 0.95 showed the lowest iigdgt Lu et al (2002a and 2002b)
reported increasing aromaticity with increasingcfi@al burnout which is an

evidence that reactivity is reduced with increasem@maticity of the chars as

expected.
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Figure 5.10: Relationship between the initial radigt of the chars and the aromaticity
of the char samples at 50% and 25%,1875bar.
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5.6.2.2.2 Influence of Fraction of Amorphous Carhan Char

The influence of the amorphous carbon content ef ¢hars on their initialCO,
reactivity is illustrated in Figure 5.11. It is dbus from the plot, that the initial
reactivity of the char increases almost linearlyhwncreasing content of amorphous
carbon. Amorphous carbon is the fraction of dismdedis-orientated, non aromatic
carbon contained in these chars (Franklin, 1956sdHi 1954; Ergun, 1968; Let al,
2001, 2002a and 2002b; Kawakashial, 2006; Wuet al, 2008).

This can be explained by the fact that increasingprahous fraction of carbon
indicates that the chars are less structurally redleand may still contain some
aliphatic and or pseudo-aliphatic carbons whichdafnitely more reactive than the
aromatic carbons. It is also directly related te #romaticity of the samples, as
samples with higher aromaticity exhibited lowerctrans of amorphous carbon as
shown earlier in Figure 3.8(i) in Section 3.7.4.8.et al (2002a) and more recently,

Wu et al (2008) reported similar findings.
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Figure 5.11: Relationship between the initial raaiyt of the chars and the fraction of
amorphous carbon in chars at 50% and Z5%, 0.875bar.
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5.6.2.2.3 Influence of Degree of Disorder Index cifiars

The fraction of amorphous carbon and aromaticitylbeen identified as having major
influences on char reactivity. To correlate theimped contribution to reactivity, Lu
and co-workers (2002a) introduced the degree airdées index DOI) to quantify the
disordered carbon in char. They found that reagtimcreases with increasimigQOl.

This observed trend is not unexpected ai@¢ quantitatively refers to the carbon in
amorphous phase and at the aliphatic side cham&&easingOl should therefore
suggest an increasing fraction of amorphous cadmhdecreasing aromaticity both
of which will result to increased char reactivityhe impact of this index on the initial
CO, reactivity of the four chars at 50% and 23%@, in reaction gas mixture is
presented in Figure 5.12. It is evident from thet phat reactivity increases linearly
with increasindOl. Char C2 with the lowe$20lI is slowest, while Char D2 with the
highestDOI has the highest reactivity.
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5.6.2.3 Inherent Catalytic Effects dhsh Components of Chars

Char D2 has been characterised with some out-nétteehaviour in most of the
correlations with the petrographic properties othbooals and chars. To have a better
understanding of this, the catalytic activity oetash components was studied. A
lumped parameter, the alkali index (Sakagtaal, 1982; Zhanget al, 2006) was
evaluated from the XRF results. Alkali indeXl, is a parameter frequently used to
describe the overall influence of catalytically iaetcomponents in the ash of the
reacting chars. The alkali indices of the charsew®otted against the initial reactivity

at 50% and 25% 0, gas compositions. The result is given in Figue35.
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Figure 5.13: Influence of the alkali index on théial reactivity of the chars at 50%
and 25% CQ 0.875bar.

It can be observed from these results that re&gtincreases with increasing alkali
index of the chars. Thus, the higher catalytic @ffepacted on char D2 by its higher
ash content and a corresponding higher alkali inc=xpled with the parent coals’
lower rank may well be responsible for its highaitial reactivity despite its parent
coal’'s low vitrinite content and higher inertintérinite ratio. These may be
attributed to the combined catalytic effects of CMg?*, Na', Fe*, and K species in
the char. Walker and Hippo (1975); Sakaatal (1982); Miuraet al (1989); Tomita
(2001); Suret al (2004); Zhanget al (2006); Lee (2007); and Zhamg al (2010)

reported similar findings.
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5.6.2.4 Effect of Physical Structural Propertie®f Chars

5.6.2.4.1 Effect of Micropore Surface Area of Claar

The D-R micropore surface area was correlated thighinitial CO, reactivity of the
chars. It was observed that the initial reactiwfythe chars increased almost linearly
with increasing D-R micropore surface area as shonvRigure 5.14.
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Figure 5.14: Influence of the D-R micropore surfacea of chars on their initial
reactivity at 100% and 75% G0.875bar.

This corroborates the result of other investigatbiest higher surface area promotes
char reactivity (Nget al, 1988; Liuet al, 2000; Kajitaniet al, 2006; Cakakt al.,
2007). The higher reactivity of Char D2 relativetihe other chars was thus promoted,
at least partially, by its higher micropore surfagea, although some contributions
may be expected from its mesopore surface aredeasatter act as feeder pores
(transitional pores) to the micropores (Blgal, 1988; Liuet al, 2000).

However, due to the large differences usually olesbetween the micropore surface
area and total pore area (meso- and macroporecewafaa), Duttat al (1977) as well
as Kajitani et al. (2006) have proposed that the total reactiveaserfarea can

effectively be estimated by the micropore surfaesaa
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5.6.2.4.2 Influence of Average Micropore Diametalr Chars

The micropore surfaces of chars have been repadeitie preferred reaction surface
area for gasification reactions (Ng al, 1988; Cakakt al, 2007; Liuet al, 2000;
Kajitani et al, 2006). Hence, the average micropore diametaul@dhme able to give a
qualitative description of the microporosity of thears. Interestingly, char D2, with
the lowest average micropore diameter (3.613 A9 tha highest initial reactivity. Char
C2 with a higher average micropore diameter exédbibwer reactivity under the same

reaction conditions. The result of this correlati®given in Figure 5.15.
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Figure 5.15: Influence of the average microporengdiger of chars on the initial
reactivity at 100% and 75% G0.875bar.

5.6.2.4.3 Influence of Char Porosity

Char porosity is one of the char properties thalengoes significant improvement
during the charring process with respect to theqacoals. The removal of volatiles
from coal and the formation of vesicles, vacuoled pores in the char enhance this
property (Tsai and Scaroni, 1987; Sennetcal, 1998; du Cann, 2008).
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The relationship between the initial char porosity reactivity is presented in Figure
5.16. It can be deduced from the plot that theiahiteactivity increases with
increasing char porosity. An increase in char pordsas been reported to impact
positively on the gasification reactivity of chgllsaurendeau, 1978; Senneegal,

1998) and this correlates well with the findingghag investigation.
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Figure 5.16: Influence of porosity of char on theial reactivity at 100% and 75%
CO,, 0.875bar.

5.7 Comparison of theCO, Reactivity of the four Chars

The reactivity of coal and chars has been useaashmark for assessing their burn-
out properties and performance during various cie processes. The four chars
used in this study were thus compared with eackraththe same temperature and
reaction gas composition. The results are part@ésented in Figure 5.17 while the
remainder are included in Appendix B. It is cleamfi the comparison plots that char

D2 is more reactive than the other three char§€ Bnd C2.

Char B generally exhibited a higher initial reaityiwvith respect to chars C and C2
until about 90%, followed by a very slow reactivitycompletion. This has the effect
that, although Char B has a higher initial reatfiwhen compared to chars C and C2,
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it also has a longer burnout time than for chaen@ char C2. This may be attributed

to the structural properties of char B and is atication that its use in commercial

systems may give rise to the presence of unbumbiooain the ash or fly ash with
reduced carbon efficiency (Cloke and Lester, 199dazzaneet al, 2002; Helleet

al., 2003; Styszko-Grochowiadt al,, 2004)
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Generally, reactivity of the chars increases indhger: C2 < C < B < D2. The very
low reactivity of char C2 was possibly due to itspession of a very low fraction of
amorphous carbon, low micropore surface area aed high aromaticity value
(Sections 3.7.4 and 3.7.7; Tables 3.15 and 3.28y €2 was also found to contain
more structurally ordered carbons than the redhefchars, with a very oWOl
(Daviset al, 1995; Sennecat al, 1998; Luet al, 2002a; Kawakanet al, 2006; Wu
et al, 2008). In addition, Char C2 also possessed idfieebt volumes of inert char
carbon forms amongst the four chars (du Cann, 20a8}hermore, char C2 had the
lowest alkali index as well as lowest microporosiglative to the other chars
(Sections 3.7.3 and 3.7.7; Tables 3.11 and 3.23).

Char D2 on the other hand exhibited very high npore surface area; the highest
proportion of amorphous carbon; the lowest arontgti@lue; and a relatively higher
alkali index, all of which indicate a higher levef disorderliness which impacts
positively on reactivity (Sections 3.7.3, 3.7.4 &d.7; Tables 3.15 and 3.23). The
high Al value of char D2 should also mean that the inheratalytic influence of the
ash components may accelerate its gasificatiortiomaf_aineet al, 1963; Kayembe
and Pulsifer, 1976; Ngt al, 1988; Hiuttinger and Natterman, 1994; Miwtal,
1989; Tomita, 2001; Zhangt al, 2006). Moreso, char D2 has the highest
microporosity as well as the lowest average micremghameter. Microporosity and
micropore surface area have been identified ascatigie of the preferred active
surface area fo€O, gasification reactions (Net al, 1988; Cakakt al, 2007; Liuet
al., 2000; Kajitanket al,, 2006).

Coal D2 is of lower rank (bituminous medium rankud}h respect to the other three
coals (bituminous medium rank C) (Section 3.7.5pl&a3.16). It is generally
accepted that chars derived from lower ranked casdsmore reactive than chars
derived from coals of higher rank (Laurendeau, 1®#8anget al, 1991; Czechowski
and Kidawa, 1991; Kyotamt al, 1993; Cloke and Lester, 1994; Samaataal., 1996;
Ye et al, 1998; Kabeet al, 2004; Leeet al, 2007). Thus, the higher reactivity of char

D2 was influenced by the rank parameter.

However, Hittinger and Natterman (1994); Miwtaal (1989); Tomita (2001) and
Lee (2007) had attributed the higher reactivityafer ranked coals partially to the
catalytic activity of their ash components, whi¢soaapplies to char D2.
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5.8 Summary

With regard to the operational variables used ia $study, the cha€GO, gasification
reactivity was found to follow the Arrhenius typaétics. Reactivity of the chars was
observed to increase with increasing temperatuneedisas CO, concentration in the

reaction gas mixture.

A comparison between the reactivity of the fourrehahows that char reactivity
increases in the order: char C2 < char C < charcBas D2. The reactivity of char D2

was found to be higher than the reactivity of time¢ other chars by a factor > 4.

The high reactive nature of char D2, although loweparent coal vitrinite content
and higher in inertinite-vitrinite ratio in compson to the chars B and C, can
probably be attributed to its higher micropore acef area and microporosity (Mg
al., 1988; Liuet al, 2000; Cakakt al, 2007; Zhangpt al, 2010), higher alkali index
(Sakawaet al, 1982; Zhanget al, 2006) and higher fraction of amorphous carbon
(Lu et al, 2002a; Wuet al, 2008). Its lower aromaticity also means thatehare
more disordered carbons in char D2 with respech# other chars. The lumped
parameter of structural disorderliness, @l was also found to have a positive
effect on the reactivity of the chars and corrobesahe results of char aromaticity
and fraction of amorphous carbon in the chars.

Except for the rank parameter - the vitrinite reféace, the parent coal’s petrographic
properties did not exhibit systematic or significaends when correlated with the
subsequent char reactivity. The only meaningfuleolstion was that, char reactivity
increases with decreasing vitrinite reflectanceictvimplies that reactivity decreases
with increasing rank. Hence, char C2 which was gdlye marked with lowest
reactivity had its parent coal possessing a higftenite reflectance (0.7]r%), a
very high inertinite content (A%l. %, mmlpand high inertinite-vitrinite ratio of 26.3.

Char D2 was however, derived from a lower rankead (@56Rr%).

An overview of the influence of the parent coal aathsequent char properties on the
charCQO, gasification reactivity, show that major factonspacting on the reactivity

of the four chars as it pertains to this studyloamutlined as follows:
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» Parent Coal properties:
v" Rank of parent coal (Vitrinite reflectance)
» Char properties:
v Carbon crystallite (Chemical structural) properties
= Aromaticity
* Fraction of amorphous carbon
= Degree of disorder index
v’ Catalytic effects of mineral matter (Alkali index)
v" Physical structural properties:
= Micropore surface area
= Average micropore diameter

= Porosity
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