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latile AAEM species to char
reactivity during volatile–char interactions

Changshuai Du, Li Liu and Penghua Qiu*

The volatile alkali and alkaline earth metallic (AAEM) species are an important component of the involved

reactants during volatile–char interactions and are beneficial to char reactivity. A fluidized-bed/fixed-bed

combination reactor was employed to investigate the effects of volatile AAEM species on the char

reactivity at 800 �C. ICP-OES and X-ray Photoelectron Spectroscopy (XPS) were utilized to reveal the

evolution of AAEM species and char structures during volatile–char interactions. The results indicate that

a large proportion of volatile AAEM species would migrate onto the char substrate, amounting to over

50% of the volatilization amount of AAEM species derived from char during volatile–char interactions.

Concentrations of AAEM species accord well with the oxygen atomic concentrations on the char

surface. The volatile AAEM species migrated onto the char would bond with the oxygen preferentially,

likely to stabilize the oxygen-containing structures. The reactivity of the char reacted with the volatile

loading of AAEM species is about two times higher than that reacted with the volatile free-of-AAEM

species. It is believed that the volatile AAEM species show a better catalytic activity than the residual

AAEM species in original char, possibly due to the more stable bonds between volatile AAEM species and

the char matrix, or the better dispersion of volatile AAEM species in char. The conclusions clearly

demonstrate that the volatile AAEM species play a significant role in the char reactivity.
1. Introduction

The volatile–char interactions existing in most gasication
processes signicantly affect many elementary steps of the pyrol-
ysis and gasication including the evolution of the char struc-
ture,1–4 the fate of alkali and alkaline earth metallic (AAEM)
species,5–8 the reforming of coal tar9–13 and the emission of N/S
pollutants.14,15 Therein, the change of char structure and the vola-
tilization of AAEM play dominant roles in altering the char reac-
tivity.16–19 Particularly, the AAEM species could act as an excellent
catalyst in gasication and thus enhance char reactivity.20–22

AAEM species existing in gasication contain two types, the
gas-phase AAEM species accompanied by the volatile release
(dened as volatile AAEM species) and the solid-phase AAEM
species remained in the char (dened as residual AAEM species).
In the actual pyrolysis and gasication, as fuel solids are
constantly fed into the gasier, the char particles will be sur-
rounded by the volatiles that containmany components, i.e. CO2,
H2O, tar, radicals, light hydrocarbons and vapour AAEM species
etc. As shown in Fig. 1, the adsorption of volatile AAEM species
and the release of residual AAEM species may take place simul-
taneously during volatile–char interactions. Both of the AAEM
species sources would affect the char structure and its reactivity.
Nevertheless, most previous studies5–7 lay emphasis on
Harbin Institute of Technology, Harbin,

.cn

hemistry 2017
investigating the changes and effects of residual AAEM species
during the volatile–char interaction, owing to the resultant
catalytic activity of residual AAEM species on the char reactions.
In this regard, AAEM-free coal samples treated by acid washing
are generally utilized to generate volatile free of gas-phase AAEM
species to eliminate the inuence of volatile AAEM species. Other
experiments1,3 involved the volatile–char interactions are con-
ducted under the volatile containing gas-phase AAEM species,
but the AAEM species in the resultant char are not separated into
two parts, the re-adsorbed volatile AAEM species or the residual
solid-phase AAEM species, to obtain the comprehensive under-
standing about the effects of AAEM species. Little attentions are
thus focused on the effect of volatile AAEM species on char
reactivity during volatile–char interaction.
Fig. 1 The schematic diagram of the changes of AAEM species during
volatile–char interaction.
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Adsorption of volatile AAEM species may have two decided
advantages in the gasication. One is the reducing of AAEM
species content in the product, which is benecial to the ash-
related problems (e.g. slagging and fouling)23,24 or the corro-
sion of the turbine components.25,26 Another one is the
increasing of AAEM species content in the char, which
contributes to the promotion of the char reactivity. Therefore,
a novel conceptual process could be proposed for taking the
advantages of the adsorption of volatile AAEM species by
adjusting the occurrence of volatile–char interaction in the
gasication. The volatile–char interaction could thus play
a positive role on the char reactivity. As stated above, despite the
knowledge about AAEM species in pyrolysis and gasication
have been extensively acquired, e.g. the volatilization of AAEM
species,27–32 the effects of them on the structure and reactivity of
char,16,28,33 the understanding of volatile AAEM species is highly
desirable and essential for developing this novel conceptual
gasication technology.

To date, direct evidence regarding the migration and the
adsorption behaviours of volatile AAEM species on char surface
has not been effectively investigated and the changes of char
structure and reactivity caused by the volatile AAEM species still
remain unclear. For the aim to independently elucidate the effects
of volatile AAEM species during the volatile–char interaction, we
employ a two-stage uidized-bed/xed-bed reactor in which the
char particles placed in xed-bed can directly react with the
volatiles generated from the feeding fuel in uidized-bed. The
feeding raw coals in uidized-bed section by acid washing or not
endow the produced volatiles without or with AAEM species,
respectively, and thus enable the independent determination of
the inuence of volatile AAEM species in this study.
Table 2 Contents of the AAEM species in different samples (wt%, db)

Sample

Alkali and alkaline earth metallic species content

Na K Ca Mg

R-form 0.096 0.022 0.821 0.156
H-form 0.002 0.005 0.079 0.009
D-form 0.0001 0.0003 0.003 0.0001
2. Experimental
2.1 Sample preparation

There are three kinds of coal samples and two kinds of char
samples used in the tests, which are raw coal (R-form), acid-
washed coal (H-form), demineralized coal (D-form), raw coal
char (R-char), and acid-washed coal char (H-char), respectively.
All the samples were prepared from Zhundong coal at diameter
106–150 mm. R-form coal and H-form coal were also used to
prepare the corresponding chars (R-char and H-char) under
Table 1 Proximate, ultimate and ash components analyses of Zhundon

Proximate analysis

Zhundong
raw coal

Mad
a Aad Vad FCad

9.63 5.50 40.30 44.57

Ash components analysis

SiO2 Al2O3 Fe2O3 CaO MgO
35.65 11.40 14.50 18.97 4.27

a By difference.

10398 | RSC Adv., 2017, 7, 10397–10406
certain reaction conditions. The samples were collected in
Teon sample bottles and stored at 4 �C for future use. The
properties of the R-form coal samples are given in Table 1.

The raw coal sample was stirred in 0.1MHCl solution (1 g : 50
mL) for 24 hours under N2 atmosphere and then washed with
deionized water until the neutral pH of the solution. The washed
coal sample was dried in an oven at 35 �C for 48 h and collected in
a Teon container in an incubator. The preparation of the
demineralized coal (D-form) contained two acid leaching steps.
Firstly, the raw coal sample was stirred in 5 M HCl solution (1
g : 50 mL) for 24 hours. Then, the ltered sample was stirred in
48% HF solution (1 g : 50 mL) for 24 hours. The collection
method was similar to the H-form sample preparation.

Besides the solid samples, volatile matters were used as
gaseous reactants. The volatile generated from R-form coal was
dened as R-volatile. The volatile generated from D-form coal
was dened as D-volatile. The reactions between H-char and
volatiles were used as blank test, comparing with the reactions
between R-char and volatiles. Interactions between R-char and
R-volatile, D-volatile and argon are named as R-C + R-V, R-C + D-
V and R-C + F-V, respectively. Interactions between H-char and
R-volatile, D-volatile and argon are named as H-C + R-V, H-C +
D-V and H-C + F-V, respectively. These codes are used in the
follow gures. The demineralized coal was used to produce free-
AAEM volatile. The amounts of AAEM species contained in the
three samples are shown in Table 2. A trace of potassium
element in the Zhundong coal is ignored in this study. The test
arrangements in this study are given in Table 3.
2.2 Preparation of char samples

Char samples, namely R-char and H-char, were prepared from
R-form and H-form coal samples at the fast heating rate in
a high temperature drop-tube furnace (HDTF). The HDTF is
g coal (wt%)

Ultimate analysis

Cad Had Oad
a Nad Sad

61.40 4.41 17.69 0.89 0.48

K2O Na2O MnO2 TiO2 Othera

1.43 2.12 0.23 4.45 6.98

This journal is © The Royal Society of Chemistry 2017
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Table 3 Arrangements of the experimental conditions

Samples Reacting volatiles

R-char R-volatile (R-C + R-V) D-volatile (R-C + D-V) Free-volatile (R-C + F-V)
H-char R-volatile (H-C + R-V) D-volatile (H-C + D-V) Free-volatile (H-C + F-V)
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mainly composed of drop-tube reactor, feeding system, gas
distribution system, heating furnace, sample collector and gas
analyser. The detail information about this experiment setup
was presented in elsewhere.34,35 R-form or H-form coal samples
were fed into the drop-tube reactor at 12 g h�1 with pure argon
as carrying gas (purity 99.999% in volume). The temperature of
the reactor was set at 900 �C, and under such condition, the
sample particles would be heated at a heating rate of 104 K s�1.
The sampling probe was placed at the position where the
samples kept reacting around 0.7 s to collect R-char and H-char
for subsequent experiments. The same experiment condition
ensured that the identical basis has existed for both R-char and
H-char. Otherwise, the circumstance inside the HDTF was close
to the situation in actual pyrolysis since the primary reactions
and secondary reactions of the solid sample took place simul-
taneously. Therefore, both R-char and H-char samples prepared
from this system were reasonable and adapted to be used in the
char reaction system.

2.3 Char reaction system

A reactor (id. 29 mm) combined uidized-bed and xed-bed is
used to carry out the volatile–char interaction experiments
(Fig. 2). This experimental system is mainly composed of
uidized-bed/xed-bed reactor, gas distribution system,
temperature controlling system and heating system. The main
body of the reactor is made of high temperature resistant
stainless steel (up to 1200 �C). The top section of the reactor is
a xed bed, and the bottom section is a uidized bed. Three
screen meshes (300 meshes) are installed in the reactor to
separate the reaction zones and avoid the escape of solid
samples, wherein the bottom mesh is employed to load the
uidized bed materials and distribute the uidizing agent.
These meshes use only once for each experiment. Besides the
main body, several tubes (T1, T2, T3 and T4 shown in Fig. 2) are
designed to input reaction gas, solid samples and to hold
thermocouples for acquiring the temperature in the reaction
zone, respectively. There are four calibrated thermocouples
installed in the experimental system. Two are for controlling the
furnace temperature by adjusting the current input of the
electric heater, and the other two are for monitoring the
temperatures at both the uidized-bed reaction zone and the
xed-bed reaction zone, respectively. Besides, an electric heat-
ing furnace is used to heat up the reactor and the mass ow
controllers (CA200) are employed to monitor the ow rates of
reacting gases.

2.4 Experimental procedure

Before experiments, the reactor was cleaned by two steps to
ensure no pollutants affecting the following char reaction. The
This journal is © The Royal Society of Chemistry 2017
rst step was the purging of the internal surface of the reactor
and the feeding tubes by N2 at fast ow aer the reactor was
disassembled. The second step was the burning of the inter-
surface of the reactor, as well as the screen mesh and the
quartz sand (loaded in the uidized bed), which was conducted
by putting the reactor into a furnace at 600 �C, and blowing pure
oxygen for 30 min at 500 ml min�1 to burn out the impurities
inside the reactor. In a general test, the sample char (weighted
200 � 1 mg) was rst loaded into the xed-bed before the
reactor was put into the furnace. Argon was then supplied into
the reactor from the bottom tube (T2) for at least 10 min at
1000 ml min�1 to substitute the gases completely which origi-
nally existed in the reactor since the gas ow could purging the
reactor (V: 240ml) by over 40 times. The argon owwould not be
ceased to supply until the test nished. Aer the furnace was
heated up and the temperature maintained at 800 �C for 10min,
the reactor was put into the furnace. There would be a bit
temperature fall in the furnace while the reactor came in, so the
test would not start until the temperature inside the reactor
increase to 800 �C. Then the feeder started to feed the R-form or
D-form samples (80mgmin�1) along with a 400mlmin�1 argon
ow into the uidized-bed zone from the tube T1. The oil
cooling system worked simultaneously to decrease the
temperature of the feeding tube to 150 �C to inhibit the coal
pyrolysis in the feeding tube. The R-volatile and D-volatile
produced from the pyrolysis of R-form and D-form samples in
the uidized bed zone, then owed up onto the xed-bed zone
and reacted with the char samples. While the R-form or D-form
samples were fed for 10 min, the test was terminated and the
reactor was taken out of the furnace immediately. Aer the
reactor cooled down to room temperature, the char in the xed
bed zone was collected.
2.5 Analysis methods and data processing

TGA was employed to measure the reactivity of char samples
collected from the reactor. About 5 mg samples were placed in
a Pt crucible, and then operated under the settings pro-
grammed for TGA. First, the temperature increased to 105 �C
under N2 atmosphere and held for 20 minutes to remove the
moisture in the samples completely. Then the temperature
continued to increase and reached 400 �C at the same atmo-
sphere. Aer holding for 2 min, the atmosphere was switched to
the normal air, and the char reacted with oxygen at themoment.
A relatively low temperature is benecial to minimize the
annealing effects on char reactivity.6 Though the condition
mentioned above is not similar to the actual reaction condi-
tions, it can also well reect the char reactivity, which is
susceptible to the char characteristics (e.g. AAEM species or
structures).1,27 Following the previous studies,16,36,37 it conrms
RSC Adv., 2017, 7, 10397–10406 | 10399
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Fig. 2 Schematic of the two-stage fluidized-bed/fixed-bed combination reactor.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 5
:5

9:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that the effects of heat andmass transfer can be neglect, and the
intrinsic reactivity is determined under this method. The
specic char reactivity (R) is calculated from the data of TGA at
any given time, and describes the changes in the whole
conversion, which is reasonable to indicate the char reactivity,
using the following equation:

R ¼ � 1

W

dW

dt
(1)

where W is the char weight (on dry ash free basis) at any given
time t.

The contents of AAEM species in the chars were obtained
using ICP-OES (Perkin-Elmer Optima 5300 DV). Additionally,
XPS (PHI 5400 ESCA System) was used to detect the atomic
binding energy and intensity so as to analyse the distribution of
elements on the char surfaces and the chemical structures of
char.38,39
3. Results and discussion
3.1 Direct evidence and quantication of the migration of
volatile AAEM species to the char

3.1.1 The dispersion of AAEM species in the bulk of the
char. The proportions of AAEM (Na, Ca and Mg) species
retained in the bulk of the chars aer interaction with the
volatile species were measured (Fig. 3). The proportion of an
individual AAEM species was calculated as the ratio of the mass
of that AAEM le in the char aer the volatile–char interaction
to the mass of the AAEM in the char before the interaction. The
different AAEM proportions reect the changes in total AAEM
amounts in the chars. For R-char (Fig. 3a), the volatile–char
interactions enhanced volatilization of AAEM species from the
char. Some studies1,5–7,16 have shown that free radicals in the
volatile can replace AAEM species and combine with the char
matrix, which increases the release of AAEM species from the
char. For R-char, the proportions of Ca, Mg, and Na species were
5.63%, 6.38%, and 28.58% lower, respectively, aer interaction
10400 | RSC Adv., 2017, 7, 10397–10406
of the char with D-volatile than with free-volatile. These results
show that the char is more likely to release monovalent species
(Na) than divalent species, with release of Na around ve-to-six
times that of the divalent species (Ca and Mg). This is in good
agreement with previous studies.30 By contrast, the proportions
of Ca, Mg, and Na species were about 2.97%, 2.63%, and 12.72%
lower, respectively, aer interaction of the char with R-volatile
than with free-volatile. Comparison of the two datasets indi-
cated that volatilization of AAEM species from the char aer
interaction with D-volatiles was about twice that of the char
aer interaction with R-volatiles. The AAEM species contained
in the R-volatiles and R-char probably contributed to this result.
It is likely that AAEM species in the R-volatiles migrated onto
the char surface, or hindered volatilization of residual AAEM
species in char. Overall, this resulted in higher AAEM propor-
tions in the char aer reaction with R-volatiles than aer reac-
tion with D-volatiles. To verify this, similar experiments were
carried out using H-char (Fig. 3b). In this case, the proportions
of AAEM species in the H-char were much higher aer inter-
action with R-volatiles than D- or free-volatiles. This would be
caused by migration of volatile AAEM species. Based on the
different proportions of AAEM species in the chars reacted with
R-volatiles and D-volatiles, we estimated about 50% of the
AAEM species volatilized from the R-char by the interactions
with D-volatile migrated.

(R-volatile) / R + gas + tar + AAEM(g), (2)

(D-volatile) / R + gas + tar, (3)

where R represents free radicals. In addition to the volatile gas-
phase AAEM species, other active components, such as light
hydrocarbons, tar, CO2, and H2O, should be considered for R-
volatiles and D-volatiles. The percentage yields of the chars
were measured under different experimental conditions (Fig. 4).
The R-volatiles and D-volatiles generated from the uidized-bed
seemed to differ little for mass loss of the char samples in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effects of char–volatiles interactions on AAEM species of R-char (a) and H-char (b), R-chars reacted with R-volatile, D-volatile and free-
volatile (labelled as R-C + R-V, R-C + D-V and R-C + F-V, respectively), and the labels for H-chars are H-C + R-V, H-C + D-V and R-C + F-V,
respectively.

Fig. 4 Mass yields of R-char (a) and H-char (b) under the different
conditions, the simple descriptions for the labels as Fig. 3 shows.
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xed-bed, and the minimal loss that did occur was mainly
because of further charring that occurred with thermal
annealing at 800 �C. Therefore, the conversion of char in the
This journal is © The Royal Society of Chemistry 2017
xed-bed by active components in the R- and D-volatiles,
particular by CO2 and H2O, can be ignored. The low concen-
trations of CO2 and H2O should have a negligible effect on the
volatilization of AAEM species. Moreover, almost all of the
steam was found to react with the nascent char underneath the
middle frit, and CO2 was unlikely to affect the volatilization of
AAEM species in the pyrolysis.5

The free radicals in volatiles generated from thermal
cracking of tars, tar precursors, and light hydrocarbons are very
reactive. It is assumed that these radicals will greatly affect
volatilization of AAEM species in the char during volatile–char
interactions.5–8 Previous studies28,33,40 have shown that the
presence of AAEM species in coal can decrease the tar yield
during pyrolysis. This can be attributed to AAEM species catal-
ysis of the decomposition of tar precursors, resulting in a higher
concentration of free radicals in the volatile. Thus, the R-volatile
produced from R-form samples could increase volatilization of
AAEM species in the char more than the D-volatile produced
from D-form samples. In combination with the earlier quanti-
tative analysis (Fig. 3), this conrms that a large proportion of
the volatile AAEM species from the volatile–char interaction of
R-char with R-volatile migrate onto the char surface, amounting
to >50% of the AAEM species that are volatilized from the R-char
in reaction with D-volatile. In the other words, because of
migration of the volatile AAEM species, the level of AAEM
species in the bulk of the char would decrease by <50% aer the
volatile–char interaction.

3.1.2 Dispersion of AAEM species on the surface of the
char. The volatile–char interaction mostly occurs on the char
surface, and the dispersion of AAEM species on the surface can
be used to investigate the migration behaviour of volatile AAEM
species. The char surface properties were characterized using
XPS, and the distributions of several elements on the char
surface were studied (Fig. 5). Among the AAEM species on the
char surface, Ca and Na were the main species, Mg was present
RSC Adv., 2017, 7, 10397–10406 | 10401
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at trace levels, and there was almost no K or Fe. As shown in
Fig. 3 and 5, the magnitude prole of Na, Ca and Mg concen-
trations on the char surface corresponded well with the
magnitude prole of that in the bulk of the char. For R-char
reacted with R- and D-volatiles, higher concentrations of Na
and Ca were observed on the surface and in the bulk of the char
reacted with R-volatile than on that of the char reacted with D-
volatile. This showed that the volatile AAEM species migrated to
the surface. Similar distributions of AAEM species were
observed on the surface of H-char.

The XPS results for chemical elements on the char surface
were obtained for an area measuring 0.8 mm � 2 mm, which is
much larger than the size of a single char particle. Therefore,
the XPS results were obtained from many char particles and
used to calculate averaged values, which were representative of
the entire char sample. Electrons emitted from the top 1–10 nm
of the solid surface were analysed to enable identication and
quantication of all surface elements. The surfaces of micro-
pores in the char (e.g. internal surfaces) were difficult to analyse
because it is hard for electrons to escape from pores during XPS,
which causes measurement losses. Therefore, we focused on
measuring the atomic concentrations of Na and Ca on the
external surfaces. Aer reaction with D-volatile, the atomic
concentrations of Na and Ca on the external surface of the R-
char decreased by 71% and 87% more, respectively, than in
the reaction with free-volatile. The reductions observed in
atomic concentrations were much greater than the reductions
Fig. 5 The dispersion of chemical elements on the surface of R-char (a

10402 | RSC Adv., 2017, 7, 10397–10406
observed for the proportions of AAEM species in the bulk of
char, where Na decreased by 28.58% and Ca by 5.63% (Fig. 3).
Compared with the reaction with free-volatile, when reacted
with R-volatile, the Na atomic concentration decreased by
32.55% more on the external surface of the char, and the Ca
atomic concentration showed almost no change. By compar-
ison, the reductions observed for Na and Ca proportions in the
bulk of char were about 12.72% and 2.97%, respectively.
Considering the dispersion of Na species in the char, the total
content of Na species (m0) in the bulk of char that reacts with
the free-volatile is given by the sum of the contents of these
species on the internal surface (mi) and the external surface
(me), as shown in eqn (4). The reduction in Na species for chars
reacted with D-volatile and R-volatile compared with char
reacted with free-volatile can be expressed as shown in eqn (5)
(D-volatile) and 6 (R-volatile). The total reduction for Na species
in the bulk of char (i.e. 28.58% m0) is given by the sum of the
reduction of Na species on the internal surface (i.e. x% mi) and
that on the external surface (i.e. 71%me). Addition of Na species
to the char surface from migration of volatile AAEM species
aer the reaction with R-volatile, compared with addition of Na
species for char reacted with D-volatile, is expressed in eqn (7).
The total Na content added to the char (15.86% m0) is the sum
of the contents of Na species added to the internal ((x% � y%)
mi) and external (38.45% me) surfaces.

m0 ¼ mi + me (4)
) and H-char (b), the simple descriptions for the labels as Fig. 3 shows.

This journal is © The Royal Society of Chemistry 2017
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(28.58% m0) ¼ (x% mi) + (71% me) (5)

(12.72% m0) ¼ (y% mi) + (32.55% me) (6)

(15.86% m0) ¼ ((x% � y%)mi) + (38.45% me) (7)

The x and y percentages represent reductions in the
proportions of Na species dispersed on the internal surfaces of
chars reacted with D- and R-volatiles, respectively, compared
with char reacted with free-volatile. Therefore, (x% � y%)
represents the proportion of Na added to the internal surface of
the char reacted with the R-volatile, compared with char reacted
with the D-volatile. If eqn (4) is combined with eqn (5)–(7),
ranges for x%, y% and x% � y% can be calculated at <28.58%,
<12.72%, and <15.86%, respectively. The volatile–char interac-
tions primarily take place on the external surface of the char,
and the proportions of released AAEM species dispersed on the
external surfaces should be higher than those of AAEM species
dispersed on the internal surfaces, as shown by x% < 71%
compared with y% < 32.55%. This occurs because of diffusion
and steric hindrance barriers that reduce access of the volatiles
to micropores, which means they do not easily penetrate into
the char. The inherent AAEM species, both in dissolved salts
and organic structures, disperse well at atomic- and nano-scales
in the char matrix. It seemed likely that the rate-limiting step
was the diffusion of volatiles within the char matrix. A previous
study inferred that radicals will replace AAEM species inside the
char matrix during volatile–char interactions.16 In addition, for
the migration of volatile AAEM species onto the surface of the
char, the proportion of Na species dispersed on the internal
surface ((x% � y%) < 15.86%) was much lower than that of Na
species dispersed on the external surface (38.45%). This could
be attributed to migration of volatile AAEM species onto the
surface of the char.
3.2 Changes in the char structure with the migration of
volatile AAEM species

3.2.1 Effects of volatile AAEM species on changes in the
char structure. The AAEM species can interact with the char
surface and form new bonds with the char matrix as follows:

(–CM + CC–X) / (CM–CC–X) (8)

(–CM + CC–X) / (CM–X) + (CC) (9)

where CM represents the char matrix; CC–X (X: Na, Ca and Mg)
represents the chemical compound that the volatile AAEM
species arises from; and CM–X represents the AAEM species
bonded to the CM. The CC–X may bond with the char matrix
directly (eqn (8)), such as through a –COOX bond forming a CM–

COOX structure. Otherwise, chemisorption of the CC–X on the
char surface may occur and a new bond will form between the
AAEM species (X) and the char matrix (eqn (9)). The –CC group
can then undergo decomposition to release light gases, such as
the transformation of the –COO group to CO2. The volatile AAEM
species are likely responsible for changes in the char structure,
and especially changes in the surface structure. The structural
This journal is © The Royal Society of Chemistry 2017
features of the char are closely related to its reactivity. We discuss
the changes in the char structure below.

For both R- and H-char, higher concentrations of O atoms
were observed on the char surface for char reacted with free-
volatiles than for chars reacted with R- or D-volatiles (Fig. 5).
The O atoms were mainly present in O-containing functional
groups in the char, and volatile–char interactions seemed to
increase the decomposition or transformation of the O-
containing structures. The concentration of O atoms on the
char surfaces corresponded with the AAEM species concentra-
tions, especially for R-char. This relationship suggests that
changes in the AAEM species will alter the effect of the volatile–
char interaction on O-containing structures, because the radi-
cals in the volatile will replace the AAEM species on the surface
of char. It is likely that the loss of AAEM species from the char
surface during volatile–char interactions decreased the stability
of O-containing structures. Then, when volatile AAEM species
migrated onto the char surface, this stabilized the O-containing
structures. Oxygen present in the char seemed to favour reten-
tion of AAEM species, and likely served as a link between the
AAEM species and the char matrix.41,42 Thus, the AAEM species
and the oxygen in the char were likely to form chemical bonds
(e.g. AAEM–O), which made the AAEM species and O-containing
groups more stable.

Because of the migration of volatile AAEM species to the char
surface, a higher proportion of the oxygen present in the char
reacted with R-volatiles than reacted with D-volatiles. Volatile
AAEM species that migrate onto the char surface will preferen-
tially bond to the char matrix through oxygen in the char, which
favours the retention of oxygen in the char. The AAEM species are
replaced by free radicals from the gas phase during volatile–char
interactions, which will likely break AAEM–O bonds. Therefore,
migration of volatile AAEM species will involve cycles of bond-
breaking and bond-formation. Earlier studies have suggested
that the reformed bonds will be more stable than the original
bonds.16,28,33 This means that any volatile AAEM species that have
migrated onto the char surface will be harder to release than the
original AAEM species in the bulk of the char. Therefore, it is
likely that chemical dispersion of volatile AAEM species in the
char will induce changes in the catalytic activity and structural
features, and this will affect the char reactivity.

3.2.2 Characteristics of O-containing structures on the
char surface. As discussed in Section 3.2.1, the AAEM species
were closely related to the O-containing structures on the char
surface. To investigate this further, we studied the features of
the O-containing structures using XPS. The C1s spectrum was
tted and deconvoluted into several peaks to analyse the
distribution of the O-containing structures (Fig. 6 and 7). There
were clearly twomain types of O-containing structures (C–O and
–COO) on the char surface, and almost no C]O structures were
observed. When the levels of O-containing structures on the
char surface were compared for char reacted with R-, D-, and
free-volatiles, the volatile–char interaction (e.g. R- and D-
volatiles) promoted the transformation or decomposition of
C–O and –COO structures. The reduction in the level of struc-
tures containing the carboxyl group or carboxylates (–COO) was
particularly pronounced, with a decrease of around eight times
RSC Adv., 2017, 7, 10397–10406 | 10403
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Fig. 6 Structural features of R-chars reacted with R-volatile (a), D-volatile (b) and free-volatile (c).

Fig. 7 Structural features of H-chars reacted with R-volatile (a), D-volatile (b) and free-volatile (c).
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compared to the free-volatile reaction. Coal can contain
carboxyl groups in carboxylic acids and carboxylates, and in the
present study, the AAEM species that had carboxyl groups were
mainly carboxylates. The volatilization of AAEM species that
occurred with the volatile–char interactions weakened the
stability of the O-containing groups, and the O-containing
structures were prone to decomposition at 800 �C.

Analysis of the O-containing structures on the surface of H-
char (Fig. 7) showed that C–O and COO– groups were present
at trace levels. The low levels of O-containing structures could
be attributed to the low concentration of AAEM species based
on the relationship between AAEM species and O-containing
groups. There were fewer O-containing structures present on
the surface of H-char aer reaction with R-volatile or D-volatile
than there were aer reaction with free-volatile. Even for H-char
reacted with R-volatile, high levels of AAEM species on the char
surface did not result in high levels of O-containing structures.
Therefore, the level of AAEM species did not appear to be
correlated with the level of O-containing structures at very low
contents of AAEM species or oxygen in the char.
3.3 Effects of volatile AAEM species on char reactivity

The effects of R-volatile, D-volatile, and free-volatile on char
reactivity were investigated (Fig. 8). Comparison of the char
reactivities showed that the char samples reacted with R-volatile
and D-volatile were less reactive than those that reacted with
free-volatile. These results show that volatiles carried by AAEM
species and those not carried by AAEM species both decrease
10404 | RSC Adv., 2017, 7, 10397–10406
the char reactivity. In previous studies, radicals in the gas phase
have always been regarded as the main factor affecting reac-
tivity.1,5–7 The changes we observed in AAEM species and char
structure (Sections 3.1 and 3.2) were closely related to the char
reactivity. Therefore, the effects of volatile AAEM species on the
contents of different AAEM species and structural features of
the char will be reected in the char reactivity.

For R-char reacted with R- and D-volatiles, the reactivity
proles (Fig. 8a) showed that the reactivity of the char reacted
with R-volatile was on average twice that of the char reacted with
D-volatile. This difference in reactivity could be caused by
differences in the chars' structural features, which can include
oxygen-containing, aliphatic, and aromatic groups. When eval-
uating structural differences between the chars, rst we can
ignore differences caused by thermal annealing (e.g. thermal
decomposition of aliphatic structures and the condensation of
aromatic structures) because both char samples underwent
similar thermal treatment. Next, when considering oxygen-
containing structures, as discussed in Section 3.2, these are
affected by the dispersion of AAEM species in the char, espe-
cially for the volatile AAEM species. Therefore, the oxygen-
containing structures should be taken into account when eval-
uating the differences in char reactivity. Finally, aromatic
structures can greatly affect the char reactivity, and changes in
these structures are caused by volatile–char interactions. Radi-
cals in the gas phase can induce condensation of small aromatic
rings, and this will decrease the char reactivity. However, the
degree of change in an aromatic structure is independent of the
level of radicals.1 Therefore, slight differences in the levels of
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Effects of volatile AAEM species on the reactivity of R-char (a)
and H-char (b).
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radicals between R-volatile and D-volatile will have little effect
on the char structures and the char reactivity. This means that
AAEM species and oxygen-containing structures will be the
main factors determining char reactivity.

As indicated in Sections 3.1 and 3.2, the proportions of
AAEM species in the R-char that reacted with R-volatile because
of the migration of volatile AAEM species were higher than the
proportions that reacted with D-volatile by 22.21%, 2.82%, and
4.01% for Na, Ca, and Mg, respectively. In the char that reacted
with R-volatile, the contents of C–O and COO– structures were
higher by 26.7% and 85%, respectively, than the contents of the
same structures in char that reacted with D-volatile. AAEM
species, which are regarded as excellent catalysts, and O-
containing groups, which are regarded as reactive structures,
would tend to increase the char reactivity. Therefore, it was not
surprising that the reactivity of R-char reacted with R-volatile
was twice that of R-char reacted with D-volatile. A comparison
of the reactivity prole of these two chars showed that as the
rate of conversion and decomposition of O-containing struc-
tures increased, the differences between the chars' reactivities
also increased. It was very likely that volatile AAEM species in
the char were the dominant factor affecting char reactivity at
high char conversion levels and low oxygen content.
This journal is © The Royal Society of Chemistry 2017
The reactivity proles of H-char reacted with R-volatile and
D-volatile were also evaluated (Fig. 8b). In this case, only trace
levels of AAEM species and O-containing structures were
present in the H-char (Fig. 3 and 7). Even without the contri-
bution of O-containing structures to the char reactivity, the
reactivity of the char reacted with R-volatile was twice that of
char reacted with D-volatile, and this was similar to the reac-
tivity prole of R-char. Therefore, migration of volatile AAEM
species to the char surface had an important role in deter-
mining the char reactivity. Moreover, the increasing difference
between the reactivities of the two chars indicated that the
volatile AAEM species had better catalytic activity than residual
AAEM species in the original char. This was likely caused by the
increased stability of bonds between the volatile AAEM species
and char matrix, better dispersion of volatile AAEM species in
the char, or an increase in catalytic materials in the char.
Studies of the catalytic mechanism of volatile AAEM species for
the char reaction are currently underway.

4. Conclusions

The migration of volatile AAEM species was a key step during
volatile–char interactions. This study showed that volatile AAEM
species are important to char reactivity and appeared to be
essential to achieve positive effects on char gasication from
volatile–char interactions. The main conclusions were as follows:

(1) Higher proportions of AAEM species were present in the
bulk and on the surface of the char reacted with R-volatile than
with D-volatile because of migration of volatile AAEM species
from the R-volatile onto the char. A large proportion of volatile
AAEM species migrated to the char surface during volatile–char
interactions at 800 �C. In total, >50% of the AAEM species that
were volatilized from the R-char in reaction with D-volatile
migrated to the char. This increased the dispersion of AAEM
species on the external surface of the char compared to
dispersion on the internal surface of the char.

(2) The levels of AAEM species were correlated to the atomic
concentration of oxygen on the char surface. Volatile AAEM
species would bond with oxygen on the surface of char, and this
would favour retention of the oxygen and AAEM species in char.
Analysis of the oxygen-containing structures on the surface of
the char showed that they were mainly C–O and COO– struc-
tures, and these structures combined with the volatile AAEM
species.

(3) The reactivity of char reacted with R-volatile was on
average twice that of char reacted with D-volatile, which showed
that volatile AAEM species affected the char reactivity. The
volatile AAEM species had better catalytic activity than residual
AAEM species in the original char, which could be attributed to
more stable bonds between the volatile AAEM species and char
matrix or better dispersion of the volatile AAEM species in the
char.
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