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Abstract:
Crosslinked metaplast influences char N, adsorption specific surface area (*v,), and the

influence changes with coal rank significantly. When crosslinked metaplast is adequate, planar

polycyclic aromatic structures overlap tightly and ., is small. When crosslinked metaplast
content is small, #x, in crosslinked metaplast is larger than that in the coal matrix and takes a

considerable proportion of total char surface area. Two exponents, K..... and K. i ...,

representing order degrees of planar polycyclic aromatic structure arrangement in coal matrix
and crosslinked metaplast, respectively, were introduced in the previous model for calculating

the change of char surface area during coal pyrolysis. The previous model was extended to

include predicting Fx. of subbituminous and high-volatile bituminous coals, and was validated



with 5 subbituminous coals, and 2 bituminous coals. The change of #u, with coal ranks and the

transition characteristics between coal ranks can be predicted.
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Introduction

In the numerical simulation for operation optimization of coal conversion processes, various
coals usually need to be compared, and therefore, a general char surface area evolution model for
different coals is essential.'* However, the change of char specific surface area during coal
pyrolysis depends on coal rank very much. Table 1 is the change of char adsorption surface area
during the pyrolysis of several lignite and high-volatile bituminous coals (Beulah Zap Lignite,
Glen Harold Mine Lignite, Savage Mine Lignite, Pittsburgh #8 Bituminous and Utah Blind

Canyon Bituminous).”” When the mass release is less than 30%, the char CO, adsorption specific

surface area (¥:o.) of lignite coal increase slightly, while that of hv-bituminous char decrease.

When the mass release is more than 30%, although the o, of lignite and high-volatile

bituminous coal, and char N, adsorption surface area (¥, ) of lignite coal changes significantly,

the %u. of the high-volatile bituminous char changes slightly.

The rank of subbituminous coal is between lignite and high-volatile bituminous coals, and

the change of ., during subbituminous coal pyrolysis exhibits transition characteristics. At 1050

K, during the pyrolysis of New Mexico Blue #1 Subbituminous coal, the change of %, is little,



and it is like high-volatile bituminous coal, while at the temperature 1250 K, the ., increases

from 25 m?*/g to 350 m?/g rapidly at the mass release 50%, like lignite coal.>® After coal
pyrolysis, the chemical composition and polymer network of char is similar for different coals,’

and the transition characteristics should relate with the metaplast content in char during coal

pyrolysis.

Table 1. Change of char adsorption surface area during coal pyrolysis in literature>’

Mass Lignite Char High-volatile Bituminous Char
release (daf) 8y 5o, 5y .
0~30% level off increase slightly decrease slightly
30~55% increase rapidly  increase rapidly from change slightly increase rapidly from
from 0 to 250 m?/g 200 to 400 m?/g (0~25m?/g) 100 to 300 m?/g
55~60% decrease rapidly level off level off

It was believed that the metaplast could close the pores in char.®'° The metaplast content in

char during the pyrolysis of high-volatile bituminous coals is high, making #., change little, and

even at the end of pyrolysis, after the metaplast is crosslinked with coal matrix and resolidified,

Sy, cannot increase. Also, the reduction of %:, at the early stage of the pyrolysis of high-volatile

bituminous coals should reflect the closing effect of metaplast. It indicates the molten metaplast
generated at the early stage of coal pyrolysis can close the pores in char, and this effect can be

kept to the late stage of pyrolysis partially. However, as a part of solid char, the crosslinked

metaplast cannot be without pores, and actually, the rapid increase of .. at the late stage of the

pyrolysis of high-volatile bituminous coals indicates the micropores are increased, but how do

the pores adsorbing N, are “closed” completely by the solid crosslinked metaplast? In addition,



%u, of some chars generated at high pressures, which should increase the metaplast content in

char by reducing the evaporation, are much larger than that of the chars generated at atmospheric
pressure.'' The effect of metaplast on the char surface area cannot be explained by the “closing
effect” completely, and it should relate with the distance between metaplast clusters and the
arrangement order.

The thermoplastic phenomena observed in bituminous coals can be described by the space-
filling model."*"* In this model, planar polycyclic aromatic structures in coal are initially
connected and interrupted with each other by the aliphatic bridges. During pyrolysis, the
aliphatic bridges are cleaved, and aliphatic radicals diffuse outside to form light gases or attached
to the boundary of the aromatic layer. The remaining planar polycyclic aromatic structures,
formerly lamellae locked in place by the aliphatic bridges, are free to slide over one another in
two dimensions as metaplast to fill the space left by the aliphatic radicals, and the sliding forms
the thermoplastic phenomena. After the sliding, the planar polycyclic aromatic structures could
be overlapped, and the aromatic clusters can be rearranged in a more orderly and tight fashion.
The space-filling model describes a mild evolution process, but the actual reaction and mass
transfer during coal pyrolysis are very fast.'*'> During the thermoplastic deformation, the bubbles

118 and it may disturb their arrangements. Before the planar

in metaplast swell and rupture,
polycyclic aromatic structures are overlapped tightly, it may crosslink with the coal matrix, and
the pores between them can be kept in char;" meanwhile, the crosslinking bridge may also be
cleaved again to release planar polycyclic aromatic structures.

In the previous study, based on the chemical percolation devolatilization (CPD) model,*** a

model for the evolution of pore structure in a coal particle during pyrolysis (CPD-PS) was

established.'”*** It can predict the experimentally-observed change of ¥, during pyrolysis of



lignite coals and #:a, during pyrolysis of lignite and high-volatile bituminous coals. In the CPD-

PS model, the pore structure in char is assumed to change with the cracking of aliphatic
structures. At the early stage of pyrolysis, with the aliphatic bridges and sidechains cleaving, the
inside of the char polymer network is opened, and the surface area is increased. Meanwhile,
because a significant part of adsorption sites is attached to the aliphatic structures and because
the “space-filling” of planar polycyclic aromatic metaplast can make aromatic structures arrange
more ordered, at the late stage of pyrolysis., the cleavage of aliphatic structures reduces the
adsorption sites in the char and decreases the char surface area. However, for simplification, in
the previous model, it was assumed that the adsorption sites in the char reduced linearly with
aliphatic structure cleaving. It is reasonable for the adsorption sites attached to the aliphatic
structures, but the reduction of the adsorption sites between the planar polycyclic aromatic
structures with the aliphatic structure cleaving should not be linear. In addition, the metaplast has
more degrees of freedom than the coal matrix, and the movement of metaplast during coal
pyrolysis makes the change of adsorption sites in metaplast different from the coal matrix.

Especially, because N, cannot pass through some small pores that are accessible for CO,, the

effect of metaplast on %u, is more obvious. The CPD-PS model cannot predict the change of .

during the pyrolysis of subbituminous and high-volatile bituminous coals, and the predicted .

of lignite coal cannot agree with the experimentally-observed decreasing trend with increasing
heating rate.’

In this paper, the nonlinear relationship of the adsorption site number in metaplast and
between the planar polycyclic aromatic structures with the cleavage of aliphatic structure is

analyzed, and the CPD-PS model was improved.



Modeling
In the previous study, the char polymer network parameters and volatile yield calculated by

the CPD model were used to calculate char particle structure parameters.'’*** The number of

monolayer molecular adsorption sites per aromatic cluster was calculated by Eq. (1), where &..

and K, represented the decrease of monolayer molecular adsorption sites and the effect of the

pore opening process with aliphatic chain cleaving, respectively; 4" and #F. represented the

number of side chains and the spaces left by side chain cleaving after considering cross-linking

reactions, respectively; M. and M, represented the molecular weight of side chain and

adsorbing species, respectively; and o+1 represented the coordination number, average number

of attachments per aromatic cluster.
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The change of adsorption sites attached to aromatic and aliphatic structures in the coal

matrix and crosslinked metaplast during coal pyrolysis are different. In this paper, V. is divided

into the number of monolayer molecular adsorption sites attached to aliphatic structures in coal

matrix (N....), the number of monolayer molecular adsorption sites attached to aliphatic

structures in crosslinked metaplast (V.. ... ), the number of monolayer molecular adsorption



sites attached to aromatic structures in coal matrix (V). ,..), and the number of monolayer

molecular adsorption sites attached to aromatic structures in crosslinked metaplast (V... .. ).

] ] vam

Ny NV, Vi, and N L for %4, and Sco, are calculated by Eq. (2) - Eq.
(6), where /... and f... represent the weight fraction of crosslinked metaplast and char yield on

a dry-ash-free basis of coal. The f..../ fi. and 1= f... / f.. are used to calculate the fractions

of crosslinked metaplast and coal matrix in char, respectively, and also, they are used to divide

the coal matrix connected with the crosslinked metaplast and that unconnected with the

crosslinked metaplast in the calculation of N .. and . ... In the coal matrix connected
with the crosslinked metaplast, the £... of the aliphatic structure is set as the average of the k.. of
aliphatic structure in the coal matrix and the crosslinked metaplast (“f_.!_I Y T 2), and the
k,. of the aromatic structure is set as the average of the #,.of aromatic structure in the coal

matrix and the crosslinked metaplast ((k;."" +k;- "™}/ 2), as shown in Eq. (3) and Eq. (5). The

N, adsorption specific surface area of the aliphatic structures in coal matrix ( *x, «1w ), the Ny
adsorption specific surface area of aliphatic structures in crosslinked metaplast ( ¥, .1 cine: ), the
N, adsorption specific surface area of aromatic structures in coal matrix (¥, .. ), and the N,

adsorption specific surface area of aromatic structures in crosslinked metaplast ( *u, et ) are



My

calculated by the V.. of different structures, respectively. &u, .imw, S sichuer, S, s,

Sy, woime and Sy, .. (the residual amount of the initial coal particle N, adsorption surface area

in the char) make up the . .
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A CO, molecule can pass through some very small pores and diffuse into spaces that are not
accessible by N,, and only the pores in very deep positions in raw coals initially cannot be
reached by CO,. In the previous study, the aliphatic structure around the aromatic core was

assumed as the framework of char surface area, and the “very deep position” for the framework

of %-u, was assumed at the boundary of the aromatic core, while for #.,, the opening of pores

happened around all carbons. In this paper, according to the above physical meaning of pore
opening for N, and CO,, the effect of the pore opening process in aromatic structures with
aliphatic chain cleaving is calculated by Eq. (7), and that in aliphatic structures for N, adsorption

specific surface area is calculated by Eq. (8), while for CO, adsorption specific surface area it is



set as 1.0 as shown in Eq. (9), where f.", f", £ and f represent fractions of protonated,

bridgehead, substituent aromatic carbons, and aliphatic carbons, respectively.
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In the previous study, #.. was set as a linear function of light gas yield. However, k..

should be different for different structures. In this paper, it is still assumed that the number of

monolayer molecular adsorption sites attached to the aliphatic structures in the coal matrix is

decreased linearly with the generation of light gas, and & 3" for N, and CO, adsorption specific

surface area is calculated by Eq. (10), where g, represents the amount of light gases generated
from the cracking of side chains, g» represents the amount of light gases generated along with the
formation of char bridge, and ¢, represents the initial fraction of the charred bridges in the raw

coal.
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The number of monolayer molecular adsorption sites attached to the aromatic structures in

the coal matrix should decrease with the decreasing fraction of the aliphatic structure in the

aromatic clusters, however not linearly. In this work, the adjustable exponent &........ is used to

reflect the nonlinear characteristic for the changing amount of N, and CO, adsorption sites, as

shown in Eq. (11). The metaplast is mobile during coal pyrolysis, making the number of



monolayer molecular adsorption sites attached to the structures in crosslinked metaplast decrease

with the decreasing aliphatic structure nonlinearly. The adjustable exponents K o are added

to Eq. (10) and (11) to reflect the nonlinear characteristic of the changing amount of N, and CO,

adsorption sites caused by the metaplast movement, respectively, as shown in Eq. (12) and (13).
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surface area during pyrolysis of the Beulah Zap Lignite coal, New Mexico Blue #1
Subbituminous coal, Utah Blind Canyon Bituminous coal, and Pittsburgh #8 Bituminous coal in
experiments.>%* In the fitting, the particle was heated at a heating rate of 5x10* K/s to 1300 K
and then held at the final temperature for 10 s. The ultimate and proximate analysis of these coals
in the fitting and Glen Harold Mine, Savage Mine, Knife River lignite coal, Naomaohu
Subbituminous coal, Buliangou Subbituminous coal, Zhundong Subbituminous coal, and Yulin

5-7,11,27-30

Subbituminous coal reported in literature are shown in Table S1 in Supplementary

Material for Review, and the fitting results are shown in Figure S1-S4.

The overlap of planar polycyclic aromatic structures is determined by the aliphatic

component amount in them, and it is a property of the aromatic structure, so k.. ... should be

close for different coals. X....... should increase with the metaplast content of coal, and

therefore, the metaplast content of subbituminous should be bigger than lignite. However,



through data fitting, it is found that ..., for Beulah Zap Lignite coal is a little bigger than

New Mexico Blue #1 Subbituminous coal, and when Ko, s 2.0, k peruse v, for Beulah Zap
Lignite coal is closest to New Mexico Blue #1 Subbituminous coal, so the Ko, 18 set as 2.0
for all the coals, and then the ..o, are fitted as 0.5, 0.4, 1.9 and 1.7 for Beulah Zap Lignite

coal, New Mexico Blue #1 Subbituminous coal, Pittsburgh #8 Bituminous coal, and Utah Blind

Canyon Bituminous coal, respectively. Moreover, the K ivciuni e, of Knife River lignite coal at

0.25 MPa, 0.6 MPa, and 1.0 MPa are fitted by the data in the literature'' as 0.07, 0.15, and 0.8,

respectively. Because of the high metaplast content, the K cives anter o, for Pittsburgh #8 Bituminous

and Utah Blind Canyon Bituminous coals should not be smaller than 1.0. However, in the fitting

in Figure 4 when #......-co. is bigger than 0.9, ¥ .eco. cannot be bigger than 1.0; On the
other hand, when ¥....... co. is smaller than 0.5, the calculated ¥co, of Beulah Zap Lignite char
is too big and no K et snaeecon, can fit it, so K it co, is set as 0.7 for all the coals, and then it is
found that when & _.i...c0. is 1.0, the calculated results are good for all the coals.

L (0.7) <1.0, indicates the number of CO, adsorption sites attached to the aromatic

structures in the coal matrix decreases more slowly than that attached to the aliphatic structures.

L S— (2.0) >1.0, indicates the number of N, adsorption sites attached to aromatic structures



in coal matrix decreases more rapidly than that attached to aliphatic structures. ket anieco,=1.0

indicates the change of the CO, adsorption site number in the crosslinked metaplast is the same

as that in the coal matrix, and it is different from the molten metaplast. Although in the previous

study the molten metaplast can decrease the o, ,"” K et im0, =1.0 indicates the CO, can pass
through the pores between crosslinked metaplast and get the surface area.

K iveomiev should relate to the fraction of the crosslinked metaplast (fios) and the fraction

of volatile yield (f;) in char. The relationship between K ivctomieo, and feross/fv 18 analyzed, as

shown in Figure 5. In this figure, for simplification f.../fv is set as the value at the end of

pyrolysis. At fooss/fv <0.35, K iweianacen, is smaller than 1.0 and changes slightly, and it indicates

that adequate volatiles pass through the inside structures of coal and keep the planar polycyclic
aromatic structures in metaplast arranged disorderly, making the number of N, adsorption sites

attached to the structures in crosslinked metaplast decreases more slowly than the decrease of

aliphatic structures. At fios/fy >0.35, ¥iineumie, increases rapidly with the further increase of

feross/fv, and it indicates that the volatiles are not enough to keep that disorder arrangement and the
planar polycyclic aromatic structures in metaplast can slide over one another, making the number

of N, adsorption sites decreases more rapidly than the decrease aliphatic structures. By fitting

the data in Figure 5, Eq. (14) is obtained, and it is used to calculate the change of K it amten v

during coal pyrolysis. During coal pyrolysis, f.oss and £, change with mass release, so when Eq.

(14) is used in the char surface area model, K cictanier s, 18 changed with the changing f...s/f+-
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Results and Discussion

The changes of char specific surface area during pyrolysis of 3 lignite coals (Beulah Zap,
Glen Harold Mine, and Savage Mine), 5 subbituminous coals (New Mexico Blue #1, Naomaohu,
Yulin, Buliangou, Zhundong), and 2 high-volatile bituminous coals (Pittsburgh #8 and Utah
Blind Canyon) at different maximum temperatures and heating rates were calculated. The
predictions were compared with experimental results to validate the model and analyze the
influence of coal rank and heating condition on char specific surface area. Most of these

experimental results were from literature.>’?* Moreover, some chars were prepared at the
temperatures from 600~1000 °C under the nitrogen atmosphere in a drop tube reactor at Dalian
University of technology at the heating rate about 1x10* K/s, and the specific surface areas of
these chars were added in the comparison about the influence of heating rate.

Validation of the model



The predicted and experimental changes in the char surface area of lignite, subbituminous,
and high-volatile bituminous coals are compared in Figure 2 - 5. For the lignite coals, high-
volatile bituminous coals, and New Mexico Blue #1 Subbituminous coal, whose experimental
data were obtained at rapid pyrolysis (heating rate > 1x10* K/s),>” in the calculations the particle
was heated at a heating rate of 5x10* K/s from 300 K to 1300 K, and then held at the final
temperature for 10 s. For Zhundong, Naomaohu, Yulin, and Buliangou Subbituminous coals,
whose experimental data were obtained at slow pyrolysis (heating rate <1 K/s),***! the heating
rate was set as 1 K/s, and after heated to 1300 K the particle was held at the final temperature for

10 s.

The agreement between the predicted changes and experiments in ., of lignite coals and

the agreement between the predicted changes and experiments in F:o. of lignite and high-volatile

17,24,25 3

bituminous coals during pyrolysis in the previous study is still maintained in the improved

model (see Figure 2 and 3).
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Figure 2. Comparison of the predicted and experimental changes in *x, of lignite coals during

pyrolysis. (Experimental data are from Fletcher et al.’, Gale et al.® and Nsakala et al.” Calculation



condition: ambient pressure 0.1 MPa, heating rate 5x10* K/s, final temperature 1300 K and

residence time 10 s.)
The change in experimental #u, of high-volatile bituminous coals during pyrolysis is small,

and the relative error of the data in Figure 4 is therefore obvious. A first increasing and then
decreasing trend can be observed, and the predictions agree with this trend. There are two main

peaks in the prediction at the mass release of 47% and 56%, respectively, and between these two

peaks, the predicted .. fluctuates slightly. The two predicted peaks and fluctuation between
them agree with the fluctuation of experimental data at the mass release between 50% and 60%.
The change of v, during subbituminous coal pyrolysis is much more complicated than that

during the pyrolysis of lignite and high-volatile bituminous coals. There are two kinds of

experimental trends in the #, of subbituminous coals during pyrolysis in Figure 5. The ., of

Buliangou coal increases at the mass release of 30%, and this is similar to lignite coals. The *x,

of New Mexico Blue #1 coal and Naomaohu coal change little until the mass release of 50%,

which is similar to high-volatile bituminous coals, while at the mass release of 50% the .

increases rapidly, and the increase is even larger than lignite char.
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Figure 3. Comparison of the predicted and experimental changes in F.o, of lignite and
bituminous coals during pyrolysis. (Experimental data are from Fletcher et al.®, Gale et al.® and
Nsakala et al.” Calculation condition: ambient pressure 0.1 MPa, heating rate 5x10* K/s, final
temperature 1300 K and residence time 10 s.)

The model can reflect the complicated influence of coal rank on the char surface area of
subbituminous coal. There are two kinds of predicted curves, the curves with a single peak
(Zhundong and Buliangou) and the curves with two peaks (New Mexico Blue #1, Naomaohu,
and Yulin). The predicted curves with a single peak start to increase at the mass release of 30%,

and the peaks are between the mass release of 40% and 50%. These predicted single peak curves

agree with the experimental change in #., of Zhundong coal and Buliangou coal, and the

predicted trend is close to the predicted changes in v, of lignite coals. In the curves with two

peaks, the first peak is between the mass release of 35% and 50%, and before the mass release of

the second peak, the predicted ¥, is small and close to the change in ¥, of high-volatile

bituminous coals. The second predicted peak is at a larger mass release (between 50% and 65%),



and it agrees with the rapid increase of experimental #u, at the mass release of 50%. The value

of the second predicted peak is close to the experimental peak value at the mass release of 50%,

and this value is several times as large as the first peak.

35

L Predicted  Experimental
| Pittsburgh #8 (Fletcher)
Pittsburgh #8 (Gale) [ 2

[ Utah Blind Canyon ~ ----- °
25 | ]

30

0 10 20 30 40 50 60 70
Mass Release (% of daf coal)

Figure 4. Comparison of the predicted and experimental changes in *u, of high-volatile

bituminous coals during pyrolysis. (Experimental data are from Fletcher et al.’, and Gale et al.®
Calculation condition: ambient pressure 0.1 MPa, heating rate 5x10* K/s, final temperature 1300
K and residence time 10 s.)

Besides, two points need to be mentioned. (1) the experimental data in Figure 5 were

obtained at the temperatures below or equal to1000 °C, and the coal may not be pyrolyzed

completely, so the decreasing #u. at the end of pyrolysis (obtained at the temperatures above

to1060 °C) in Figure 2-4 were not observed. However, if the coal pyrolyzed completely,

graphitization could decrease the surface area and the predicted decreasing trend of #w, at the

end of pyrolysis should be reasonable. (2) The data of Zhundong, Naomaohu, Yulin, and

Buliangou Subbituminous coals in Figure 5 are obtained at slow pyrolysis. However, the CPD



model is not good at predicting slow pyrolysis, and this may influence the accuracy of the

prediction.
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Figure 5. Comparison of the predicted and experimental changes in ., of subbituminous coals

during pyrolysis. (Experimental data are from Fletcher et al.,>® Zhang et al.,*' and Yang et al.*
Calculation condition: ambient pressure 0.1 MPa, heating rate 5x10* K/s for New Mexico Blue
#1 and 1 K/s for other coals, final temperature 1300 K, and residence time 10 s for New Mexico
Blue #1 and 1010 s for other coals.)

Influence of coal rank
The predicted distributions of #u. in different structures in char during pyrolysis of Zap

Lignite coal, Pittsburgh #8 Bituminous coal, New Mexico Blue #1 Subbituminous coal are

shown in Figure 6, 8, and 10, respectively, while correspondingly the predicted changes of

kimeantes, Seass faars feross and fooss/fv are shown in Figure 7, 9 and 11. In the calculation, the

particle was heated at a heating rate of 5x10* K/s from 300 K to 1300 K and then held at the final

temperature for 10 s.
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Figure 6. The predicted distributions of *., during Zap Lignite coal pyrolysis. (Calculation

condition: heating rate 5x10* K/s, final temperature 1300 K and residence time 10 s.)
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Figure 7. The predicted Change of "'!‘-..-I-r.:.-.'.l..' My ,féas, ﬁar, f;:ross and f;ross/f;/ duril'lg Zap ngnlte coal

pyrolysis. (Calculation condition: heating rate 5x10* K/s, final temperature 1300 K and residence

time 10 s.)

During pyrolysis of Zap Lignite coal, lesser crosslinked metaplast forms, while a lot of gas

and tar generate, and LS, keeps at a small value (see Figure 7), making the crosslinked

metaplast arranged very disorderly. Therefore, the specific surface area of the aliphatic and



aromatic structures in the crosslinked metaplast is big, and although the content of crosslinked
metaplast is small, its surface area takes a considerable proportion of the total char surface area.

During the pyrolysis of Pittsburgh #8 Bituminous coal, much more crosslinked metaplast

forms, and the volatile yield is lesser. K i onicw, can increase to a very high value (see Figure 9),

and even at the end of pyrolysis K ipamien, s still bigger than 1. With the bigger K iwcantio . , the

planar polycyclic aromatic structures can be overlapped tightly, and therefore, the specific
surface area of the aliphatic and aromatic structures in the crosslinked metaplast is small. With
the generation of volatiles, the crosslinked metaplast becomes the main part of char, and the char

surface area is restrained at a small value.
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Figure 8. The predicted distributions of #u, during Pittsburgh #8 Bituminous coal pyrolysis.

(Calculation condition: heating rate 5x10* K/s, final temperature 1300 K and residence time 10
s.)
During the pyrolysis of New Mexico Blue #1 Subbituminous coal, the content of metaplast

is bigger than Zap Lignite coal and smaller than Pittsburgh #8 Bituminous coal. When the mass



release is between 45% and 60%, ¥.iwoouew is bigger than 1, and the char surface area is

restrained at a small value, similar to high-volatile bituminous coals. However, at the late stage

of pyrolysis, % ircisna v, become smaller than 1, making the specific surface area of the aliphatic

and aromatic structures in the crosslinked metaplast increase, and the second peak of *u, is

formed.
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Figure 9. The predicted change of K.iwonic , faass furs foross @Nd furos/fy during Pittsburgh #8

Bituminous coal pyrolysis. (Calculation condition: heating rate 5x10* K/s, final temperature

1300 K and residence time 10 s.)
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pyrolysis. (Calculation condition: heating rate 5x10* K/s, final temperature 1300 K and residence
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Figure 11. The predicted change of L Saass Jrars foross and foross/fy during New Mexico Blue

#1 Subbituminous coal pyrolysis. (Calculation condition: heating rate 5x10* K/s, final

temperature 1300 K and residence time 10 s.)

The changes of *x, with different ranks are controlled by &..i....i v, . The predicted change

of %, with different Koo, during pyrolysis of Pittsburgh #8 Bituminous coal and New



Mexico Blue #1 Subbituminous coal is shown in Figure 12. When K iwanin, =10, the predicted

Sy, is small. When ¥ v, =0.4, the predicted change of #x, is a curve with one single peak,

and the predicted #x. of lignite coal in Figure 6 is this kind of curve. When K ianan, 1S set as

the function of fis/fs, the predicted Sv. is between the curves of Ko =10 and Koiweonio,

=0.4: before the metaplast is crosslinked, K oo, is small, and the S, of Pittsburgh #8

Bituminous coal and New Mexico Blue #1 Subbituminous coal are both increased along with the

curve with one single peak; then with the increasing crosslinked metaplast L 1

increased, and the predicted ., changes along with the curve of ¥ =10; at the end of

pyrolysis, the K o, of New Mexico Blue #1 Subbituminous coal can decrease to a small

value, the predicted #., will increase to the curve with one single peak again, and changes

further along with this curve.
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Figure 12. Comparison of the predicted change of .. with different L, during

Pittsburgh #8 Bituminous coal and New Mexico Blue #1 Subbituminous coal pyrolysis.

(Calculation condition: heating rate 5x10* K/s, final temperature 1300 K and residence time 10
S.)

The change of K s amten v during coal pyrolysis is complicated, and it may be influenced by

many factors, such as particle fragmentation, plastic deformation, free radical exchange, volatile

secondary reaction, and gasification reaction. However, the introduction of K iwcami as the

function of f.s/fv makes the model be able to reflect the influence of coal rank on #x,. The

predicted changes of K v amio s, for the pyrolysis of subbituminous coals in Figure 5 are shown



in Figure 13. The ¥ of Buliangou and Zhundong coals is small, and therefore,

correspondingly the predicted change of Sx., is more like lignite coal. The predicted ¥,

of New Mexico Blue #1 coal and Naomaohu coal change largely, and therefore, correspondingly

the predicted changes of *u, are cures with two peaks. The predicted K e cionacen, of Yulin coal is

even large enough to be close to high-volatile bituminous coals, and the predicted changes of *u,

is small and similar to char of high-volatile bituminous coals.
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Figure 13. The predicted change of K cimctanin v, during pyrolysis of subbituminous coals.

(Calculation condition: ambient pressure 0.1 MPa, heating rate 5x10* K/s for New Mexico Blue
#1 and 1 K/s for other coals, final temperature 1300 K, and residence time 10 s for New Mexico
Blue #1 and 1010 s for other coals.)

Influence of maximum temperature
The predicted changes of #.. during the pyrolysis of New Mexico Blue #1 Subbituminous

coal at different maximum temperatures are shown in Figure 14. In the calculation, the particle

was heated at a heating rate of 5x10* K/s from 300 K to different final temperatures and then



held at the final temperature for 10 s. A higher temperature can increase the vaporization of

metaplast, more bridges and side chains can also crack to generate light gases, and therefore, at a

higher temperature, K ot w, is smaller. At a lower temperature (1000 K in Figure 14), the side
chains tightly connected with aromatic carbon cannot crack, making K iwcsantcs v, much larger than

1.0 at the end of pyrolysis, and there is not the second peak in the curve of the predicted v, . At

the temperatures high enough (21100 K in Figure 14), the side chains tightly connected with

aromatic carbon will be cleaved, and the light gases generated from these side chains will

decrease Koo to the value under 1.0 at the end of pyrolysis, forming the second peak of
fu, curve.
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Figure 14. The predicted changes of Su, and K.u.omiev. of New Mexico Blue #1 Subbituminous

coal during pyrolysis at different maximum temperatures. (Calculation condition: ambient

pressure 0.1 MPa, heating rate 5x10* K/s, and residence time 10 s.)
The model can support the experimentally-observed dependence of *u, with temperature

6

during New Mexico Blue #1 Subbituminous coal pyrolysis,™® as shown in Figure 15. The

predicted . keeps in the value under 70 m*/g at 1050 K, while the maximum predicted .

increases to 300 m?/g at 1250 K, and this agrees with the experimental trend. If the change of

L S, during coal pyrolysis is not considered (setting L, =0.4), the predicted S,

can increase very high at the temperature 1050 K, and it does not agree with the experimental

results.
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Figure 15. Comparison of the predicted and experimental changes in *u. of New Mexico Blue

#1 Subbituminous coal during pyrolysis at different maximum temperatures. (Experimental data

1 5,6

are from Fletcher et al.> Calculation condition: ambient pressure 0.1 MPa, heating rate 5x10* K/

s, and residence time 10 s.)



Influence of heating rate
The predicted changes of #u, during the pyrolysis of Zap Lignite coal, Pittsburgh #8

Bituminous coal, New Mexico Blue #1 Subbituminous coal, and Naomaohu Subbituminous coal
are shown in Figure 16, 17, 18, and 19, respectively. In the calculation, the particle was heated

from 300 K to 1300 K at different heating rates and then held at the final temperature for 10 s.

The ¥, of these chars prepared in the rapid pyrolysis with the drop tube reactor at Dalian

University of technology and chars generated in the slow pyrolysis from literature® are

compared with the prediction in Figure 19.

The changes of #u, during the pyrolysis of different coals are different. The maximum

predicted *w, of Zap Lignite coal and Naomaohu Subbituminous coal decreases with increasing

heating rate, while that of Pittsburgh #8 Bituminous coal and New Mexico Blue #1

Subbituminous coal increases with increasing heating rate.
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Figure 16. The predicted changes of #u, during Zap Lignite coal pyrolysis at different heating

rates. (Calculation condition: ambient pressure 0.1 MPa and final temperature 1300 K.)



A higher heating rate can make the char reach a higher temperature earlier, and improve the

vaporization of metaplast, making K e iionacn, increase with decreasing heating rate as shown in

Figure 20. With a smaller X_i..w at a higher heating rate, the Sx, should be larger. However,

the ¥v, is also influenced by the content of crosslinked metaplast in char. The changes of #.. at

different heating rates with the K i oni v, set as different constant (0.4 and 10) are compared in

Figure 21. When #.i..v, <1.0, the specific surface area of crosslinked metaplast is larger

than the coal matrix, and with more vaporization of metaplast, the %, is decreased with

increasing heating rate; and when ko, >1.0, the specific surface area of crosslinked

metaplast is smaller than the coal matrix, and the more vaporization of metaplast makes .,
increase with increasing heating rate.

During pyrolysis of Zap Lignite coal, LS, keeps in a small value as shown in Figure

7. Therefore, the maximum predicted #., decreases with increasing heating rates (see Figure

16), and it agrees with the experiments in the literature.® In addition, with more metaplast

evaporated at the early stage of pyrolysis, the peak moves to the higher mass release.

During the pyrolysis of Naomaohu Subbituminous coal, at the heating rate 1K/s, L

can be bigger than 1.0 as shown in Figure 13. However, the duration is short and K i, s



decreased with increasing heating rate. At the heating rate 100 K/s, the curve of #u, changes

from the curve with two peaks to the curve with one single peak, and then the curve varies with

increasing heating rates like lignite coal. The maximum predicted *.. decreases and the peak

moves to the higher mass release with increasing heating rates, which agrees with the

experiments (see Figure 19).

In addition, with more vaporization of metaplast at a higher heating rate, K i csamten v

decrease at the late stage of pyrolysis, and the second peak of the #, curve becomes larger and

starts to increase earlier as shown in Figure 18. Even during the pyrolysis of Pittsburgh #8

Bituminous coal, at a very high heating rate (1x10° K/s in Figure 17), when K i ianiee v, is small

enough, the second peak become bigger than the first one, which agrees with the fluctuation of

experimental data at the mass release between 55% and 60% in Figure 4. Meanwhile, at a very

low heating rate (100 K/s in Figure 16), when K i, s big enough, the increase of *u, of

New Mexico Blue #1 Subbituminous coal at the mass release between 45% and 55% is

restrained completely, and the second peak of .. curve become unapparent, more like the

curves of high-volatile bituminous coals, as shown in Figure 8.



Figure 17. The predicted changes of .

different heating rates. (Calculation condition: ambient pressure 0.1 MPa and final temperature

1300 K.)

Figure 18. The predicted changes of #u, during New Mexico Blue #1 Subbituminous coal

pyrolysis at different heating rates. (Calculation condition: ambient pressure 0.1 MPa and final

temperature 1300 K.)

1x10° K/s

----- 1x10° K/s
- — - 1x10* K/s
e 1%10° Kis

70

Mass Release (% of daf coal)

during Pittsburgh #8 Bituminous coal pyrolysis at

1x10° K/s
----- 1x10° K/s
- - - 1x10* Kis
e A% 10° K
1x10° K/s

10 20 30

40 50 60 70

Mass Release (% of daf coal)



400

350

300

250 |-

(mig)

200

« 130

Figure 19. Comparison of the predicted and experimental changes in *x,

[ ]
Heating Rate Predicted
roIx10°Ks - ]
1x10* Kis e
1x10% Kis e i
1%10° K/s i
1x10" Kis s
L 110" K/s S ]
Experimental 5
I Slow Pyrolysis . o |
Rapid Pyrolysis o
. . L e & aaam ] L
b £ . 40 50 60

Mass Release (% of daf coal)

70

during Naomaohu

Subbituminous coal pyrolysis at different heating rates. (The circle symbols are from literature®”;

and the square symbols are the surface area of char prepared in this work. Calculation condition:

ambient pressure 0.1 MPa and final temperature 1300 K.)
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Figure 20. The predicted changes of K. during New Mexico Blue #1 Subbituminous

coal pyrolysis at different heating rates. (Calculation condition: ambient pressure 0.1 MPa and

final temperature 1300 K.)
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Conclusions

The effect of the order degree of planar polycyclic aromatic structure arrangement on char

surface area was analyzed, and two exponents, Koo and Ko one, representing the order

degrees of planar polycyclic aromatic structure arrangement in the coal matrix and metaplast

respectively, were introduced in the previous CPD-PS model. A correlation between the

k..‘|'l'.:.-.‘.|..‘ My andfcmss/fv was ﬁtted, and the J'!‘-'l'!: arder- {0, , k..‘|'l'_: ardler OO, and k-r:: amles %, WEre set as 07,

1.0, and 2.0, respectively. The application of the CPD-PS model, which could predict %, of

lignite coals and *:a, of lignite and high-volatile bituminous coals during pyrolysis, was

extended to include #x, of subbituminous and high-volatile bituminous coals.



The trend of changing . during coal pyrolysis was determined by fu../fv, and it is

reflected by K i ctanen s During pyrolysis of lignite coals and some subbituminous coals with

lesser metaplast (Buliangou coal and Zhundong coal), with LS keeping at a small value

(<0.4), the crosslinked metaplast arranges disorderly, #w, first increases and then decreases, and

the maximum ¥x, could be more than 250 m?*/g. During pyrolysis of high-volatile bituminous

coals and some subbituminous coals with adequate metaplast (Yulin coal) at the heating rate

<1x10° K/s, Kowmaomen, keeps at a value bigger than 1.0, and the planar polycyclic aromatic

structures overlap tightly to restrain ¥v, at a small value. The changes of . during pyrolysis of

New Mexico Blue #1 Subbituminous coal and Naomaohu Subbituminous coal are curves with

two stages: at the early stage, LS bigger than 1.0, making #x, change little like high-

volatile bituminous coals; and at the late stage K iociamie v, decreases to the value smaller than 1.0,

making fu, increase rapidly and then further change like lignite coals.

The maximum temperature determines the maximum mass release during coal pyrolysis.

During New Mexico Blue #1 coal pyrolysis, at the maximum temperature < 1100 K, L

keeps at the value bigger than 1.0, restraining ., at a small value, like high-volatile bituminous



coals; and at the maximum temperature > 1100 K, K oo, can decrease to the value smaller

than 1.0, making %, first increase and then decrease rapidly at the end of pyrolysis.

The increase in heating rate can improve the vaporization of metaplast and decrease

LA During pyrolysis of lignite coals and some subbituminous coals with lesser

metaplast, because K tmeontcn, 18 kept smaller than 1.0, the N, adsorption specific surface area of

structures in crosslinked metaplast is larger than that in coal matrix, and therefore, the increased

vaporization of metaplast at a higher heating rate decreases #x. and moves the *., peak to the

higher mass release. During pyrolysis of bituminous coals and some subbituminous coals with

more metaplast, K ciwctanier v, can be bigger than 1.0, and at a higher heating rate, ¥, increases
with decreasing v v, and increasing vaporization of metaplast. At a very high heating rate
(>1x10° K/s), when K ivaamier is decreased adequately, even the ., of Pittsburgh #8

Bituminous coal can sharply increase and then decrease at the end of pyrolysis, similar to New

Mexico Blue #1 coal at the heating of 5x10* K/s. At a low heating rate (<100 K/s), when

K cictanaer e, 18 big enough, during New Mexico Blue #1 coal pyrolysis the second peak of .,

curve becomes unapparent, more like the curves of high-volatile bituminous coals at the heating
of 5x10* K/s.
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