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Abstract

A Chinese bituminous coal was crushed in a jaw crusher and ground to micrometer size in a planetary ball mill. Three laboratory stand
sieves, with a sieve size of 63, 100, and 200, respectively, were used to obtain three coal fractions with different average diameter. The effect
of particle size on the proximate composition and combustion properties of these samples was studied by proximate analysis, thermogravim
(TG), differential thermogravimetry (DTG), and differential scanning calorimetry (DSC). Petrographic analysis showed that the content of vitrini
increased and that of inertinite decreased slightly with decreasing particle size, which was thought to contribute to increasing volatile yield (ad)
fine coal particles. When particle size decreased, the content of fixed carbon decreased and that of ash decreased and then increased. Com|
experiments in a thermobalance revealed that with increasing particle size, the whole burning profile shifted to higher temperatures, resulting i
increase in characteristic temperatures. It implied that finer coal particles exhibited higher reactivity. This was explained from the point of view
maceral enrichment effects, mass transfer effects, and different physical properties of coal particles and the resulting chars due to different par
size. The results also indicated that simultaneous reactions of volatiles and char might happen at low temperatures for small particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction coals with nitrogen and with other gases such as air and oxygen.
A few studies[3,4,8—16]have been carried out to investigate
Coal is, and for the foreseeable future will continue to be how coal thermal and combustion properties can be related to
a major source of fuel for power generation. Therefore, thergarticle size mainly with these thermal analysis techniques.
is still an increasing need for clean coal power generation and Morgan et al.[8] examined the effect of particle size on
for increasing combustion efficiency. Although the pulverized-coal burning profiles using a Du Pont 951 balance coupled
fuel (pf) combustion process has been well established in this a 1090 processor. The differences in burning profiles for a
past years, few data are available on the effect of particle sizeange of sample topsizes (less than 20, 50, 100 and.&®5
on coal properties and its reactivity. It has been proposed thaespectively) implied that, both peak temperature and burnout
the volatile matter measured by the ASTM standard depends demperature increased with increasing topsize. Oxygen uptake
particle sizd1,2], and data from a few studi¢3—6] imply that  preceding devolatilization increased with decreasing particle
particle size also has a significant influence on the content dfize. These results showed that decreasing particle size led
ash and fixed carbon. A surv§¥] of the literature reveals that to increasing coal reactivity. In their further stu@j, burn-
thermal analysis techniques, including thermogravimetry (TG)ing profiles of a series of size-fractioned chars from the same
differential thermogravimetry (DTG), differential thermal anal- coal were obtained. It was found that the reactivity of chars
ysis (DTA) and differential scanning calorimetry (DSC), havewith different size was intrinsically different although they were
been applied very successfully to studies of the interaction ofrom the same coal. The results showed that peak temperatures
increased markedly with decreasing particle size, which was
directly opposite to that observed with cod. It was sug-
* Corresponding author. Tel.: +86 27 87544779 8309; fax: +86 27 875455260€sted that both maceral segregation effects and the intrinsic size
E-mail address: mhxu@mail.hust.edu.cn (M. Xu). dependence on patrticle size be taken into account when reactiv-
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ity data obtained on a single char size range were applied to thermal analysis from ambient to 900 in air atmosphere. The
total coal. burning profiles of different size fractions showed that both
Jayaweera et aJ3] studied the effect of particle size on the peak temperature and burnout temperature decreased slightly
percentage weight loss of a low quality bituminous coal duringwith a decrease in particle size, which is consistent with the
combustion in air by thermal analysis. Three sieving methodsesults obtained by Morgan et é8]. It was also observed that
were adopted to prepare samples of different particle size. Thdecrease in particle size caused more residue at the end of the
first one was to obtain different size fractions using a set of laboeombustion process. Kinetic parameters of these samples were
ratory sieves stacked vertically in descending order of decreasirgdetermined using an Arrhenius type reaction model assuming a
mesh size with a collector pan at the base. In the second methditst-order reaction and the results indicated that the activation
the coal was divided into six portions. The first portion wasenergy values increased slightly as the particle size decreased.
crushed and sieved using a 30 sieve and the remaining By thermogravimetry Kk et al.[4] also studied the effect of par-
material on the sieve was crushed and sieved again. This prticle size on coal pyrolysis. It was found that peak temperature
cedure was continued until the whole portion eventually passeithcreased slightly as particle size decreased. The same Arrhenius
through the sieve. The other five portions were similarly crusheanodel [13] was applied to determined the kinetic parameters
and sieved to pass through sieves of different mesh size. In tfeom TG/DTG curves and it was observed that the activation
third method, the coal was also divided into six portions, ancenergy value increased as the particle size decreased to 48 mesh
the first portion was crushed and sieved using aj3@0sieve  (ASTM standard) and then decreased as it decreased from 48
with a 250u.m sieve and a base pan below it. The process wadown to 400 mesh. It can be seen that the effect of particle size
continued until the entire sample passed through thep®@0 on coal pyrolysis is different from that on coal combustion.
sieve and only the material remaining on the bottom sieve was Hanson et al[14] recently studied the effect of coal parti-
taken. The other five portions were prepared similarly with pairsle size on pyrolysis. Different coal size fractions ranging from
of sieves of successive mesh size. The results of the first meth@l5 to 2.8 mm were pyrolyzed in a spouted bed reactor. The
showed that the total percentage weight loss increased with paesults showed that smaller coal particles were more likely to
ticle size. The TG data of the fractions prepared by the secongroduce larger char particles while larger coal particles had a
method showed that all the fractions had approximately the sarrgreater tendency to fragment. Kizgut et[al5] also discussed
percentage weight loss except that the largest one had a smaltee effect of particle size on coal combustion profiles. It was
weight loss. However, there was a decrease in the percentagbserved that the onset of the devolatilization was delayed for
weight losses with particle size for the fractions obtain from thethe larger particle sizes. The initial temperature of the com-
third method. They concluded that the sieving method used tbustion increased slightly with increasing particle size while
prepare samples of different particle size had a significant effeathemisorption decreased as the particle size increased. Reddy
on the thermal analysis results. et al.[16] indicated that the very fine particles present in the
Morris [10] carried out pyrolysis runs in the tempera- coal had considerable plastic properties that were easy to lead
ture range 1000-115C and the particle size range +38 to to agglomeration in a FBC.
—2360pm on a semianthracite coal. The results showed that From the review of the major literature, it can be seen that
the yields of B and CH, at 1000, 1100 and 115@ and particle size has significant effects on both coal pyrolysis and
the yields of CO and C@®increased with increasing particle combustion. However, the intrinsic reasons have not yet been
size. He also established correlations for the yields piHd  clearly illustrated. This research was a further effort and investi-
CHg4 as functions of particle size and final temperature, and fogated the effect of particle size on the proximate composition and
those of CO and C@as functions of particle size at a final combustion properties of a Chinese bituminous coal by proxi-
temperature before decomposition of carbonates in the minerabate and thermal analysis techniques (TG/DTG/DSC).
matter. By devolatilization of a low ash coal in the particle size
range +38 to —236am and in the temperature range ambient to2. Experimental
900°C, Morris[11] correlated the evolution rates ofHCO and
CHg4 as functions of particle size and instantaneous temperatur@.l. Sample preparation
He observed a slight trend of decreasing volatile yield and an
increase in the residual mass with increasing particle size. A Chinese bituminous coal (Pingdingshan) was chosenin this
Milligan et al. [12] studied the effect of particle size on study because of its wide use for power generation in China. The
combustion profiles of several coal size fractions (<38, 38—75¢oal sample was first crushed to millimeter size in a jaw crusher
75-106, 106-150 and 150-2th). The results showed that and then sun-dried before being ground to micrometer size in
the initiation temperature of char combustion increased slightha planetary ball mill. A quantity of the sample was put in the
with increasing particle size. The temperature at which 50 wt.%op of a set of laboratory sieves stacked vertically in descending
burnoff occurred and the burnoff temperature also increased witbrder of decreasing mesh size with a collector pan at the base,
particle size. For smaller particle sizes there was a greater corand it was sieved for 30 min using an orbital shaker. The sizes
plexity in the combustion profiles, with discernible peaks forof the sieves were 63, 100 and 206, respectively. Then three
volatiles, reactive char and less reactive char combustion.  different fractions of the coal sample were obtained, that is,
Kok et al.[13] investigated the effect of particle size on the CO1 (the particles on the collector pan), C02 (the particles on
combustion properties of 12 different size fractions of coal bythe 63um sieve) and CO03 (the particles on the 1080 sieve).
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Those coal fractions were stored under a nitrogen atmospheneg profile parameters My, ITFc, PT and BT for the three coal
in sealed bags to prevent oxidation. samples are given ifable 2.

2.2. Sample characterization 3. Results and discussion

A MAM 5004 particle size analyzer (Malvern Instruments 3.1. Particle size distributions of coal samples

Ltd., UK) was used to measure the size distributions of the
sieved coal fractions and assess the quality of this sieving pro- As illustrated inTable 1, the average diameters of C01, C02
cedure. The particle size analyzer produces volume-based mesnd CO3 are 20.4, 81.6 and 17, respectively. Their parti-
surements for samples in the size range 0.05490@vith an  cle size distributions are shownfig. 1. It can be seen that this
accuracy ot:2% on volume median diameter. It gives the sizesieving method used in the present study does not produce sharp
distribution as 64 size bands, percentage by volume of the samize cuts for these coal samples. To assess the quality of this siev-
ple in each size band, along with the cumulative percentagesg procedure, each fraction is divided into four consecutive size
by volume above and below each size band, and the volumdsands, i.e. <63, 63—100, 100—200 and 200400 The volume
weighted average diamet@{4,3] of the sample. These coal percentages of the four size bands for each fraction are shown
fractions were also characterized by proximate and petrographin Fig. 2. It shows that for C01, about 95.14% is 468, and
analyses.

100 T >
2.3. Thermal analyses . .

80 — *
. . . . !
The sieved coal fractions were subjected to simultaneous

thermal analyses (TG/DTG/DSC) with a NETZSCH STA 409C
(NETZSCH Geatebau GmbH, Germany) thermobalance, using
a furnace with SiC heater and a HIGH RT 2 sample holder (Pt-
Pt90Rh10 thermocouples). To eliminate diffusion effda®|

and ensure fist-order kineti¢s8], a number of standardization
runs were performed in an attempt to find appropriate sam-
ple weights and gas flow rates. Consistent reproducible results
were obtained using 4.9-5.4 mg samples and a gas flow rate of 0 ——
60 c® min~—L. The samples were heated in 20% oxygen—80% 0 100 200 300 400
nitrogen to simulate combustion in air and at a heating rate Particle diameter, pm

of 20°C min~! from ambient temperature to 80G. Combus-
tion profiles for each fraction, including the TG, DTG and DSC

604 * /

1: / - - - Cot
. / — —Co2
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Cumulative volume fraction, %

Fig. 1. Particle size distributions of different coal fractions.

curves, were obtained. 100 4
Four characteristic temperatures are used in this study o <63um

[18,19]: initiation temperature (W) represents the tempera- s 81 fg;gggmm
ture where the weight begins to fall as volatile loss commences. £ 40l —/ 200_400;“
Fixed carbon initiation temperature @d) is the point where 8
the slope of the DTG curve increases abruptly. Peak temper- g 404
ature (PT) is the temperature where the rate of weight loss is g 20' E:E

. o . P = 9 d
at a maximum and it is the main characterizing temperature on S ] :Eg
the DTG curve. Another important temperature is burnout tem- 0 } NS

indi i idation i co1 co2
perature (BT). I.t indicates the po.lntlwhere' sample OX|dat|on. is Goal particle fraction
complete. This is taken as the pointimmediately before reaction
ceases when the rate of Weight loss is 1%Tﬁi[8]. The burn- Fig. 2. Volume percentages of the four size bands for each coal fraction.
Table 1
Characteristics of experimental samples
Sample Proximate analy8iéwt.%, ad) D[4,3]P (um) Petrographic analysigvol.%)
M VM A FC L Y | MM

co1 0.77 41.49 18.51 39.24 20.4 1.1 80.2 14.1 4.6
Co02 1.16 37.91 17.30 41.80 81.6 1.8 79.0 15.0 4.2
Co3 1.05 35.98 18.75 44.22 177.1 0.3 70.4 17.6 11.7

a M, moisture, VM, volatile matter, A, ash and FC, fixed carbon.
b p[4,3]: the volume-weighted average diameter.
¢ L, liptinite, V, vitrinite, 1, inertinite and MM, mineral matter.
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CO02 contains nearly equal percentages of particles in the sizemated inTable 1, the content of vitrinite increases from 70.4 to
bands <63, 63—100 and 100—20, while for C03, most par- 80.2% when the average particle diameter decreases from 177.1
ticles are in the size bands 100-200 (54.72%) and 200p:A00 to 20.4um. However, the content of inertinite decreases slightly
(85%), with less particles in the size bands <63 (3.96%) andavith decreasing particle size.

63-100um (6.32%). Therefore, this sieving method and crush- Consequently, the enrichment of vitrinite in small particles
ing approach produces a narrow size distribution for CO1 andan be used to explain their higher volatile yields in this study.
broader size distributions for C02 and CO03. It seems that thés a general trend, the volatile matter and H/C atomic ratio
bottom size fraction CO1 contains more fine particles and théncrease in the order inertinite <vitrinite <liptini{f24]. Since

top size fraction CO3 contains more coarse particles, however, lipptinite occurs in small quantities (<2%) in these coal sam-
is harder to produce a sharp size cut for the middle size fractioples its effect on volatile yields can be neglected. Therefore,
C02. Though C01, C02 and C03 are composed of particles ithe higher content of vitrinite in small particles may reasonably
different size band, the important effect of particle size on theiresult in higher volatile yields. Two other factors may also con-
properties may still be expected, for the average diameters of thteébute to the high volatile yields for small particles. Firstly, it has
three fractions increase in the order C01 < C02 < C03, as shoween reportef?5,26]that every order of magnitude increase in

in Table 1. heating rate can lead to increase in volatile yield of two percent-
age points. In general, small particles are expected to undergo
3.2. Effect of particle size on proximate composition more rapid heating and thus this alone would enhance volatile

yields. Secondly, it has been proposed that with decreasing par-

It was thought that different size fractions from a coal pre-ticle size, the pore diffusion path length is reduced, possibly
pared by the same sieving method as used in this study migieducing the extent of secondary interactions of the volatiles
not necessarily have the same composition, and larger particl¢g7], thus increasing the volatile matter. However, Mathews et
might have associated with them more mineral mgdeMath-  al. [5] found that non-maceral particle size effects on volatile
ews et al. [5]found that the ash of different size cuts of pure matter (daf) were not significant for a demineralized bitumi-
vitrinite from bituminous coals decreased and then increasedous vitrinite in the pulverized coal particle size range, and it
with decreasing particle size. This trend can also be observed implied that for comminuted coals, the particle size dependence
this study, with C03 having the highest content of ash and C0®f the volatile matter (after correcting for mineral matter influ-
the lowest, as indicated ifable 1. The variations in ash values ence) was due almost entirely to maceral effects. They postulated
among different size fractions are believed to be due to the diffethat the pore diffusion path length for volatiles did not depend
ent friabilities of the mineralgs]. However, as shownifiable 1,  significantly on particle size for microporous bituminous coal
the percentage of fixed carbon decreases with decreasing parpiarticles.
cle size, which is consistent with the conclusion reachedddy K
et al.[4], while that of volatile matter increases as the particle3.3. Effect of particle size on combustion properties
size decreases. Man et f20] measured the effect of particle
size on rapid heating volatile yields from a range of particle To find out the effect of coal particle size on the com-
size cuts prepared form three different coals using a wire-meshustion properties, the TG, DTG and DSC data are com-
apparatus. Itwas also observed thattotal volatile yields increasgshred inFigs. 3-5, respectively. Froffig. 3 slight differences
slightly with decreasing particle size. This was attributed to thebetween TG curves of the coal fractions can be observed. The
unavoidable maceral enrichment effects due to different grinddevolatilization of CO1 commences at a lower temperature and
abilities of the macerals during sample preparation. Althoughits oxidation is faster than the other two samples. However, TG
maceral analysis is more difficult for small particles due to thecurves of C02 and C03 are similar with the delayed onset of
lack of macrostructures for identification, some evidence camjevolatilization. The residues at the end of the combustion pro-
still be obtained from the literature. Hower etf@l] examined  cess for different fractions are different. The largest amount of
the relationship between the Hardgrove grindability index (HGl)residue is obtained for C02 and the least one for C03. It is dif-
and the maceral and microlithotype composition for two isorankerent from the results obtained byoK et al.[13] who found
sets of coal samples from eastern Kentucky. They found that
vitrinite-rich microlithotypes had a positive contribution to HGI,
while both inertinite- and liptinite-rich microlithotypes had neg- ]
ative contributions to HGI. These were further confirmed by a 80
recent study22]. Their results demonstrated that different mac- j\j :
erals exhibited different physical properties, that is, hardness, 5 601 co1 co3
toughness and friability. Liptinite was the toughest constituent 2 0] co2
in coals, contributing to the hardness and resistance to grind-
ing of liptinite-rich microlithotypes. However, vitrinite was the 20
easiest to break during coal pulverization. Therefore, it is rea- 1
sonable to postulate that small particles contain more vitrinite,
which has been confirmed by at least two studligs23]. This
study provides another evidence for this hypothesis. As indi- Fig. 3. Comparison of TG curves of different coal fractions.

T T T T
0 200 400 600 800
Temperature, °C
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164 that the rate of weight loss decreases at temperatures range from
] about 300 to 450C in the order C01>C02 > C03. This can be
124 attributed to the release of more volatile majf€ and the onset
cot Co3 of simultaneous combustion of both volatiles and daai for
smaller particles. With regard to the maximum rate of weight
loss, it can be clearly seen that CO1 has the largest value, while
C02 and CO03 have similar values. Thus, the combustion rate of
0 the smallest particle size fraction is the fastest.
The combustion behavior of a coal sample can be character-
ized by the four temperatures defined in SecHothat is, ITym,
ITec, PT and BT. Of the four characteristic temperatures, the
Fig. 4. Comparison of DTG curves of different coal fractions. peak temperature is the mostimportant one. It is often taken as a
measure of coal reactivity and the higher PT, the less reactive is
that decrease in particle size caused more residue at the end!B fuél, and vice versa. Itis obviousHig. 4that with increasing
the combustion process. pamc!e size, the wholc_a profile shifts to hllghertemperatures,_thus
Fig. 4 shows that burning profiles can be generally charFesultinginincreases inthe characte_nsnc.temperatures.Th|s can
acterized by several events. The initial peak at temperaturd€ More clearly seenifable 2. As particle size decreasesil,
around 150C corresponds essentially to the release of inherenf! Fc; PT and BT decrease in the order C03>C02 > CO1. Itindi-
moisture. Itis not normally included in the burning profile char- Cates that smaller particle size fraction is more easily burned.
acterization. The magnitude of this response is believed to bEhS is consistent with the conclusion reached by Morgan et al.
dependent on the inherent moisture content of the sample andl ] ] ) )
is indicative of ran19]. The rate of weight loss then falls at __ Fig- 5 depicts DSC curves of different coal fractions of
about 200-300C. This is caused by oxygen adsorption beforergdmgshan b!tummous coal. It shows that the thermal .effect's
subsequent combustion and can amount to as much as 4% of tﬂgrl_ng combustion of these c_oal samples are exothermic. This
sample weighfL9]. It can be seen that oxygen uptake increasedS different from coal pyrolysis. Mahajan et 429] reported
slightly with decreasing particle size, which is consistent withthat the thermal effects during pyrolysis of coals ranging in
the conclusion obtained by Morgan etf8]. This is believed to be rank from. anthracite to HVC bltummogs were endotherml_c.
due to the increase in external surface area with decreasing parfiXothermic heats were observed only in the case of subbitu-
cle size. Thereafter, as temperature increases, the rate of Weiiﬁtnous or lignite coals. The net thermal effect was found to
loss rises more or less linearly due to volatile loss. AlthougH?® Strongly rank-dependent. Some DSC and TG scans were
devolatilization and char burning are not uniquely separated€pPorted for samples of an HVB bituminous c¢@0]. Those
devolatilization is essentially complete before the main burninglata showed that low-temperature endothermic reactions and
peak temperature is reached. At the end of this process, corfi- Nigh-temperature exothermic reaction occurred during coal
bustion becomes the major mechanism at abouf@5énd the pyrolysls. T_he exothermic p_eak was considered to _resu_lt from
slope of the curve increases abruptly until the main combustiofgSolidification of the plastic coal mag81] and oxidation
peak appears. The peak temperatures of the three coal fractiofk volatile matter in the presence of very small quantities
C01, C02 and CO3 are 514, 530 and 561 respectively. Beyond ©f 0xygen[32]. The exotherms obtained from coal combus-
the peak temperatures, the rate of weight loss drops rapidly arfPn in this study are obviously the consequence of homo-
smoothly to near zero with no delayed burnout effect as indicate§€N€0Us or heterogeneous reactions of coal particles with
by Cumming et al[19]. oxygen. _
Comparison of the DTG curves for different coal fractions [N the cases of CO1 and CO2, there is a small peak or
reveals that particle size has significant effects on sample conghoulder in the temperature range from about 300 t0°@50
bustion profiles. In the case of CO1, there is a clear shoulddpefore the main exothermic peak. However, no obvious peak

before the onset of the main combustion peak. It can be sediffore the main exothermic peak is observed for C03. The
small peaks in the exotherms of C01 and C02 are believed to

coz2

Weight loss rate, %/min

v T ¥ T M T v 1
0 200 400 600 800
Temperature, °C

04
Table 2
g’ T 204 COo1 Burning parameters of different coal fractions
E 5 Sample M2 (°C) ITec? (°C) PT® (°C) BTY (°C)
-~ O
% S -40- Cco1 318 437 514 640
= co3 C02 326 446 530 651
§ 0. co2 Co03 335 462 561 657

a |Tywm: initiation temperature.

b |Tec: fixed carbon initiation temperature.
¢ PT: peak temperature.

Fig. 5. Comparison of DSC curves of different coal fractions. d BT: burnout temperature.

* T M T M T M T
0 200 400 600 800
Temperature, °C
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mainly attribute to the heterogeneous reactions of volatiles and. Conclusions
char[12]. Therefore, the exothermic heats for CO1 and C02 in
this temperature range are higher than that for C03. In con- Effect of coal particle size on the proximate composition
trast, the magnitude of the main exothermic peak increases mnd combustion properties of a size-classified bituminous coal
the order C01 < C02<CO03. This is expected when the thermakas investigated by proximate, petrographic and thermal anal-
effects at early stages of combustion of different coal fractionyses (TG/DTG/DSC). The results showed that the differences
are taken into account. As pointed out above, CO1 and COl some sample characteristics could mainly attribute to mac-
undergo a little more significant exothermic process at low temeral effects. Petrographic analysis demonstrated that as particle
peratures than C03. As a consequence, their main exothermsize decreased, the content of vitrinite increased and that of
heats are less than C03 because there are slight differencesitrertinite decreased slightly. This was considered to lead to the
heat of combustion values of the different size fractions of ancrease of volatile matter with decreasing particle size. When
coal[4]. Gold[33] also found that the magnitude of the exother-particle size decreased, the content of fixed carbon decreased,
mic peak was a strong function of sample particle size and this/hile the ash values showed a decrease-and-then-increase ten-
effect was attributed to partial oxidation of the smaller particlesdency. Also, differences in maceral composition had an impor-
By comparison of the DTG curve and its corresponding DSCant effect on sample burning performance. It was found that
curve for each coal sample, ashigs. 4 and 5, respectively, with increasing particle size, the whole profile shifted to higher
it can be seen that the main exothermic peak lags behind themperatures, resulting in an increase in characteristic temper-
peak at which the rate of weight loss is at maximum. As illus-atures 1Tm, ITec, PT, and BT. Besides the maceral effects,
trated inFig. 5, the temperature at which the main exothermicsome other factors had also been provided to explain the obser-
peak appears decreases with decreasing particle size. This agaation in this study that finer coal particles exhibited higher
confirms the conclusion that finer coal particles exhibit highereactivity.
reactivity.

This effect of particle size on the combustion process is
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