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a b s t r a c t

X-ray photoelectron spectroscopy was used to investigate the characteristics and evolution of sulfur (S) in
mixtures of bituminous coal and sewage sludge (SS) and their chars during isothermal combustion. Five
groups of mixtures with SS content of 0%, 10%, 20%, 30% and 100%, were examined at different burn-off
ratios (ˇ) of 0, 30%, 50%, 70% and 100%. The S in the coal mainly exist as the forms of mercaptan (S1), sulfide
(S2), thiophene (S3), sulfoxide (S4), sulfone (S5) and sulfate (S6). During the coal combustion process, the
content of S1 and S2 decreased, while that of S3 and S5 increased in the early stage and decreased in
the late stage. The S4 content increased throughout the entire process of combustion. Small amount of
S6 was detected, showing a fluctuated pattern. The trend of S1, S2, S5 and S6 in SS was alike with that
in coal, whereas S4 decreased at the end of combustion. The changing process of S3 in SS was opposite
to that of coal, while the composition of S in the mixtures resulted from the mixing of coal and SS. The
ulfur
unctionality

transformation of each functional group during co-combustion were correlated with their transformation
characteristics during the mono-combustion of coal and SS, and no obvious interaction was observed,
which demonstrated that the coal-origin and SS-origin sulfur in mixtures kept their own characteristics
in the combustion. SS may accumulate on the solid surface as ˛ increase, resulting its significant influence
on the evolution of each form of S. When ˛ was low, most of the S-contained functional groups presented
the characteristics of coal. The percentage of coal-origin functional groups declined as ˛ increased. The

ost fu
transforming trends of m

. Introduction

Co-combustion of sewage sludge (SS) and coal was favored due
o several distinct advantages over other disposal methods [1–3]. As
result of growing environmental awareness, pollutant emissions
uring co-combustion were paid more attentions. SOx emission
echanism of coal during mono-combustion had been studied by
any researchers [4–6], however, the combustion character of SS
ay be different from coal, resulted from its particular character-

stics, such as high contents of volatile matter and ash, and the
ow content of fixed carbon. Therefore, further studies are needed

or better understanding of SOx emission mechanism during co-
ombustion of coal and SS. Recently, Folgueras et al. [7] studied
ulfur retention induced by Na2O, K2O and CaO in ash from co-
ombustion of three bituminous coals and a sewage sludge, while

∗ Corresponding author at: School of Power & Mechanical Engineering, Wuhan
niversity, Wuhan 430072, PR China. Tel.: +86 27 68772268; fax: +86 27 68772268.

E-mail address: lipeisheng@yahoo.com (P.-S. Li).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.01.115
nctional groups were similar with that of SS when ˛ reached 30%.
© 2009 Elsevier B.V. All rights reserved.

Elled et al. [8] investigated the interference of phosphorus on sulfur
capture during co-combustion of sludge with wood. However, the
conversion and evolution mechanisms of microscopic sulfur forms,
which are of significance for better sulfur retention and desulfur-
ization methods, had yet been fully explained.

X-ray photoelectron spectroscopy (XPS) can be used to identify
elements (except H) on particle surface. It is one of most success-
ful non-destructive techniques for studying the functionalities on
coal surface. Schultz and Proctor [9] analyzed a range of organic and
inorganic sulfur compounds as well as a number of coals using XPS,
which indicated that XPS could distinguish among the forms of sul-
fur such as organic, pyritic and sulfate sulfur. From then on, Frost
et al. [10], Jones et al. [11], Dutta et al. [12], Gorbaty et al. [13,14],
Hittle et al. [15], Chen [16], Grzybek et al. [17], Olivella et al. [18] and
Kozlowski [19] studied the forms of S in coal, concluding that S func-

tionalities in coal included mercaptan, sulfide, thiophene, sulfoxide,
sulfone, sulfone, sulfate and pyrite.

Research on the forms of S in SS received less attention. Dote
et al. [20] utilized GC/MS to determine the S in oils derived from
liquefaction of dewatered SS, suggesting that its main S species

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lipeisheng@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.01.115
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Table 1
Proximate and ultimate analysis of coal and sewage sludge.

Coal/SS Proximate analysis (wt%) Ultimate analysis (wt%) Q (MJ kg−1)

M A V FC C H O N S

100/0 1.48 12.56 26.3 59.66 61.89 1.792 6.51 0.978 1.05 28.39
9 8.02
8 4.16
7 0.29
0 3.25
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0/10 1.93 12.60 30.08 55.38 5
0/20 2.38 12.64 33.86 51.11 5
0/30 2.83 12.68 37.64 46.83 5
/100 6.00 12.96 64.12 16.92 2

ere mercaptan, sulfide and thiophene. Meanwhile, Harrison et
l. [21], Kienhuis and Geerdink [22] and Merino et al. [23] also
ointed out that sulfoxide, sulfone and sulfate existed in SS. Thus,
he S-contained functionalities in SS were similar to that in coal.

In the view of the above, the study of S in mixtures of SS and
oal during co-combustion was mainly focused on S retention or
apture, whereas the conversion and transformation mechanisms
f microscopic sulfur forms were rarely discussed [24–26]. Mean-
hile, the study of S transformation and evolution of pure SS and
ure coal were concentrated in pyrolysis, and was seldom presented
or combustion. This study using XPS would improve the knowledge
ase on this subject. The first aim was to discuss the transforma-
ion mechanism of S in coal and SS during their mono-combustion.
he second aim was to discuss evolution mechanism of S during
o-combustion, as well as the relationship between mono- and
o-combustion based on the findings from mono-combustion.

. Experimental

.1. Sample preparation

Experiment was performed on a bituminous coal sample and
SS sample. The SS was collected from a municipal sewage plant,
uhan, China. Both samples were dried at 105 ◦C and ground into

ne powder by pestle and mortar, and then passed through a 120-
esh screen. Five groups of mixtures, in which the mass percent ˛

f SS were 0%, 10%, 20%, 30% and 100%, respectively, were obtained
y finely stirring and mixing until uniform in appearance. Anal-
sis data of samples were given in Table 1. Chars were prepared
t the temperature of 850 ◦C under the environment of N2 and O2
N2:O2 = 80:20) in a tuber reactor furnace. The excessive air coef-
cient value was 1.2. Five groups of chars (25 samples in all) were
btained, corresponding to coal and SS and their mixtures, and the
urn-off ratio ˇ was 0%, 30%, 50%, 70% and 100%, respectively. The
xperimental furnace was illustrated in Fig. 1. Chars were stored in
acuum prior to XPS analysis.
.2. Apparatus

XPS experiment was performed using XSAM800 ESCA spectrom-
ter (made by KRATOS Company) equipped with Mg K� (1253.6 eV),

Fig. 1. The scheme of experiment for char preparation.
1.787 6.17 0.958 1.03 26.31
1.782 5.84 0.938 1.02 24.23
1.777 5.50 0.918 1.01 22.15
1.743 3.161 0.780 0.946 7.59

excitation source being operated at 12.5 kV and 16 mA (200 W) at
a base pressure of 5 × 10−7 Pa. The spectrometer was run in FRR
mode at analyzer pass energy of 160 eV and 20 eV for whole and
narrow scans, respectively. The spectra were recorded with middle
resolution of 0.9 eV and sensitivity of 0.1%. The calibration was car-
ried out to the main C 1s peak at 284.6 eV. Samples were mounted
on double-sided adhesive tape. The vertical axis represented elec-
tronic number in the spectra while horizontal axis was electronic
binding energies. The area of peak reflected the relative content,
and the height contained information strength in S2p spectral line.

3. Result and discussion

Six to seven kinds of S functionalities were contained in coal
and SS according to the literature, shown in Table 2. The forma-
tion process, as well as the formation condition, of coal and SS was
quite different from each other, resulting in different combinational
environment and various properties of the same functional group
in these two substances.

3.1. S Functionalities in coal

S2p spectra line of raw coal and peak-splitting result were
presented in Fig. 2. Six components were required to achieve an
acceptable fit in the XPS spectra, corresponding to S1, S2, S3, S4,
S5 and S6, respectively. The concentrations of these S-contained
functionalities derived from the fitted S2p components were 42.0%,
25.7%, 14.5%, 11.2%, 0.1% and 6.4% apart, which was in agreement
with the findings in the literatures [13,24,26,27]. Since most of S7
was picked out manually, as well as oxidized to S6, no obvious S7
signal was found in the spectra.

The behavior of S functionalities in coal surface during combus-
tion was shown in Fig. 3. In the process of combustion, the contents
of S1 and S2 declined to 0 gradually. There are two reasons: (a)
these S-contained functionalities would be released into environ-
ment as volatilize; (b) the alky sulfur, having poor thermal stability,
was easily transformed into the more stable modes, such as S3–S5,
at the presence of oxygen [13,14,25,26].

The contents of S3–S5 rose up in early stage of combustion,

which was supported by the previous studies [13,14], may include
two aspects: first, the oxide sulfur (S4, S5) and aromatic sulfur (S3)
was s at low temperature and easily to retain in the char; second,
the decreasing of S1 and S2, being released as volatilize or trans-

Table 2
Binding energies of sulfur functionality in coal.

S-contained functionality Symbol Binding energy/eV References

Mercaptan S1 162.2 ± 0.3 [16,34]
Sulfide S2 163.3 ± 0.4 [17,19,24,27,34]
Thiophene S3 164.1 ± 0.2 [17–19,27,34]
Sulfoxide/sulfide S4/S4′ 166.0 ± 0.5 [17,19,24,27,29,34]
Sulfone S5 168.0 ± 0.5 [16,17,19,24,27,34,35]
Sulfate S6 170.0 ± 1.0 [10,17,19,24,27,34,36]
Pyrite S7 162.5 ± 0.5 [19,25,34,37]
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Fig. 2. S2p spectral line of raw coal.

ormed into S3–S5, induced by the increasing relative contents of
hese functionalities.

S3 and S5 contents decreased in terminal stage of combustion.
3 may be oxidized into the oxide-S in the oxygen-enriched envi-
onment, resulting in the decrease of its content. However, it was
eported that the S3 content increased and reached the maximum
f 80% under the severe conditions of pyrolysis [26,28]. Actually,
xygen was absent in these pyrolysis experiments, which was oppo-
ite to this work. This discrepancy may result from the distinct react
onditions. The temperature was so high on particle surface that S5
egan to be decomposed at the end of combustion, which was in
ccordance with the study by Liu et al. [29].

S4 content increased throughout the entire combustion process.
revious studies [24] showed that S4 can be decomposed at 673 K,
ndicating that its tendency of it, like that of S5, may decline from

iddle stage of combustion, which was different from this exper-
ment. In fact, the chemical valence of sulfite was identical to that
f S4, suggesting that the binding energies of the two function-
lities were close to each other. Part of S may react with mineral
ubstance on coal surface and transformed into sulfite during com-

ustion, leading to the increasing of the component ascribed to S4

n XPS spectra. Thus the increasing of S4 in terminal stage may be
elated to the formation of sulfite.

Fig. 3. Evolution of S functionalities in coal during combustion.
Fig. 4. S2p spectral line of SS.

Small amount of S6 was detected and the fluctuant character-
istic of its content was observed, reflecting the enrichment and
liberation of organic sulfur on granule surface during combustion.
S6 decreased when the organic sulfur were concentrated on coal
surface and increased when organic sulfur were decomposed and
released.

3.2. S Functionalities in SS

The S functionalities in SS were similar to those in coal, how-
ever, the different tendency of transformation was observed. S2p
spectral line of SS was given in Fig. 4. S1–S6 were used to obtain an
acceptable fit, and their contents were 20%, 16.1%, 40.4%, 15.8%, 5.9%
and 1.8%, respectively. The S1 and S2 contents in SS were lower than
that in coal while S3 was higher, being relative with their distinct
formation conditions.

The evolution of S functionalities in SS surface during combus-
tion was presented in Fig. 5. S1 and S2 decreased gradually, which
was identical to that in coal. The explanation could be similar to

coal, being released into environment as volatilize or transformed
into other forms.

S5 was relatively low and presented the tendency of increasing
at the beginning and decreasing at the end, being consistent with
that in coal except that tendency was milder. The reasons may be

Fig. 5. Evolution of S functionalities in SS during combustion.
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eferred to the coal character. Besides, S5 was mainly influenced by
he variation of other forms of S because of its low concentration.

The fluctuant characteristic of S6 was also obtained in SS. How-
ver, the concentration of S6 in SS was higher than coal, fluctuating
round 10%. The large CaO and MgO contents present in SS ash could
etain part of SO2 produced during combustion, forming S6. This
as in agreement with the previous studies [7,30].

S4 increased at the beginning of combustion, showing no differ-
nce with that in coal. However, the decrease of this functionality
n the end of combustion was observed. S4 may be formed by the
onversion of S1 and S2 under low temperature at the presence of
xygen in early stage and decomposed to other forms under high
emperature in terminal stage [13,14,28]. It also demonstrated that
he increasing mount of S4 in the end of combustion in coal could
e caused by the formation of other S-contained functionality, such
s sulfite.

The decreasing trend of S3 in SS was observed, being opposite
o that of coal. Reference data [31,32] showed S3 in coal usually
ontained multi-ring and even more complex structure may be
xpected with the coalification degree. The formation condition of
S was different from that of coal, without the process under high
emperature and pressure for long-period. Single-ring contained
3 may be expected as the main component of S3 in SS. Single-
ing S3 may be released as volatilize at the temperature of 673 K
24]. Thus the single-ring contained S3 may be decomposed when
ombustion started while multi-ring contained S3 were more sta-
le and easily retained in chars, inducing the different trend of S3

n coal and SS. Besides, the discrepancy may also be ascribed to the
nherent nature of coal and SS, which still need to be discussed.

.3. S functionality in the mixtures of SS and coal

.3.1. S functionality in original mixtures of SS and coal (ˇ = 0)
S2p spectra line of original mixtures of coal and SS (ˇ = 0), as

ell as peak-splitting result, was given in Fig. 6. The mass per-
ent ˛ of SS were 10%, 20% and 30%, respectively. There were also
ix components in the mixtures, corresponding to S1–S6 sepa-
ately. However, their contents were different from that in coal or
S.

The evolution of S functionalities in original mixtures with mass
ercent ˛ of SS, was presented in Fig. 7. Fig. 7a was obtained in
xperiment while Fig. 7b was calculated by the contents of each
unctional group in coal and SS, as well as the atomic proportion of
from coal and SS in mixtures. The tendency of each component in
ig. 7a was consistent with that in Fig. 7b, illustrating that S in the
ixtures resulted from the accumulation of that in coal and SS and

o obvious reaction was observed.
More information could be obtained by the comparison of Fig. 7a

nd b. The experimental contents of the functionalities, which were
n low concentration in SS such as S1 and S2, were significantly
ower than the calculated values in the mixtures, whereas that in
igh concentration in SS such as S3 and S4, were obviously higher
han the calculated values. This may be caused by the enrichment of
S on mixtures surface. More notable deviations were observed as
he mass percent ˛ of SS grew. When ˛ reached 30%, the contents
f S1–S4 in mixtures had been close to that in SS, but far away
rom the calculated values, showing serious enrichment of SS on

ixtures surface. The behaviors of S5 and S6 were less evident for
heir low concentrations.

.3.2. S functionalities in the chars of mixtures

The evolutions of S-contained functionalities in mixtures dur-

ng co-combustion were shown in Figs. 8–10. Mass percent ˛ of SS
ere 10%, 20%and 30%, respectively. Figs. 8a–Fig. 10a were gained

n this experiment while Fig. 8b–Fig. 10b were calculated by the
tomic ratio of S from coal and SS in mixtures and the contents
Fig. 6. S2p spectral line of blends ((a) ˛ = 10%; (b) ˛ = 20%; (c) ˛ = 30%).

of each functional group during their mono-combustion (shown in

Figs. 3 and 5).

The experimental results of all the functionalities agreed well
with that of calculated values at different mass percent ˛ of SS in
Figs. 8–10, indicating that combustion of S in mixtures both kept
their own characteristics in the process of reaction. If it was not the
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Fig. 7. Evolution of S function

ase, more deviation may be expected between experimental data
nd calculated value.

The experimental evolution of each functional group was com-
letely consistent with that of calculated value at different burn-off
atio ˇ in Fig. 7, except that experimental values of S1 and S2 were a
ittle less than the calculated values, whereas that of S3 and S4 were
little higher when ˇ = 0 (stated by Section 3.3.1). From comparison
f Figs. 3 and 5 with Fig. 8a, it was obtained that the evolution of
1–S5 during co-combustion showed no difference with that in coal
uring mono-combustion, but showed great difference with that in
S. S6 also presented fluctuant characteristic during co-combustion

nd no obvious inclination to coal or SS was observed. Thus, it
as deduced that S functionalities in coal and SS both kept their

wn characteristics during co-combustion, which resulted that the
haracteristic of the component in high proportion would play a

Fig. 8. Evolution of S functionalities
in original blends as ˛ grows.

dominant role. The mass percent ˛ of SS was 10% while that of
coal was 90% in Fig. 8, causing that the trend of S functionalities in
mixtures was mainly in agreement with that of coal.

The well agreement between experimental and calculated data
was also gained in Fig. 9, except the further deviation of exper-
imental data of S1–S4 from the calculated value caused by the
enrichment of SS on coal surface when ˇ = 0. The transformation
of S1, S3 and S4 in mixtures was still consistent with that of coal by
the comparison of Fig. 3, Fig. 5 with Fig. 9a. However, the tendency
of S6 in mixtures was mainly in agreement with that of SS. This
was ascribed to the higher content of S6 in SS and its chars than

coal during combustion. S2 and S5 in mixtures presented the both
characteristics of coal and SS.

The situation in Fig. 10 was similar to that in Fig. 9. Part of the S
functionalities began to represent the characteristic of SS. The ten-

in blends as ˇ grows (˛ = 10%).
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Fig. 9. Evolution of S functionalities in blends as ˇ grows (˛ = 20%).
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Fig. 10. Evolution of S function

ency of S1–S6 in mixtures became to accord with that in SS while
4 performed the effect of both coal and SS. On one hand, the surface
ontent of SS outclassed its bulk content in mixtures as the growing
f mass percent ˛ and the enrichment of SS on mixtures surface,
eading the majority of functionality to exhibit the characteristic of
S. On the other hand, the each content of S4 in coal and SS was in
igh level, showing the both characteristic of the two components.

In summary, most of the S-contained functionality in mixtures
resented the characteristic of coal under low mass percent ˛ of
S. However, SS gathered on mixtures surface gradually and some

-contained functionality began to exhibit the characteristic of SS
s the mass percent ˛ of SS increased. When ˛ reached 30%, the
endency of most functionality was in agreement with that in SS.

eanwhile, the enrichment of SS on mixtures surface had great
in blends as ˇ grows (˛ = 30%).

influence on the evolution of the functionality. When the bulk mass
percent of SS was only 30%, the majority of the functionality on mix-
tures surface performed the characteristic of SS. This demonstrated
that even though the mixing amount of SS was low in mixtures,
it maybe have obvious effect on the co-combustion, because the
fuel surface properties were very important for its combustion.
Besides, the S6 contents obtained in this experiment were always
higher than the calculated values from Figs. 8–10, contributed to
the reaction between SO2 and alkaline oxides contained in SS ash.
4. Conclusions

XPS was utilized to investigate the evolution of S function-
alities presented in coal, SS and their chars during mono- and
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GC-MS) and non-destructive- (SEM-EDX, XANES and XPS) techniques, Fuel 81
132 P.-S. Li et al. / Journal of Hazard

o-combustion. The following conclusions were obtained:

1. The S in the bituminous coal mainly existed in the forms of mer-
captan (S1), sulfide (S2), thiophene (S3),sulfoxide (S4), sulfone
(S5) and sulfate (S6). The contents of S1 and S2 decreased dur-
ing combustion while that of S3 and S5 increased in early stage
and decreased in terminal stage of combustion. S4 ascended in
whole combustion period. Small amount of S6 was detected and
the fluctuant characteristic of it was reached.

. S functionalities in SS were similar to that in coal, and also exist
as S1–S6. The tendencies of S1, S2, S5 and S6 in SS were con-
sistent with those of coal. However, S4 decreased in the end of
combustion. The evolution of S3 in SS was opposite to that of
coal.

. S in the mixtures resulted from the accumulation of that in coal
and SS respectively. SS may gather onto the mixtures surface as
the mass percent ˛ of SS grew up.

. The combustion of S in mixtures both kept their own character-
istics in the process of reaction, and no obvious interactions were
observed. When ˛ was low, most of the S-contained functional
groups presented the characteristics of coal while part of the
functionalities were inclined to SS as ˛ grows. Even more, the
tendencies of most functional groups were in agreement with
that of SS when ˛ reached 30%. The enrichment of SS on mixture
surface had great influence on the evolution of the functionality.
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