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High tem per a ture steam gasi fi ca tion ex per i ments were con ducted to gasify sludge
in an elec tri cally heated tu bu lar fur nace at 650, 750, 850, 950, and 1050 °C. The
ob tained re sults de velop a mech a nis tic un der stand ing on steam gasi fi ca tion of
sludge from start ing con stit u ents to fi nal prod ucts. The in tro duc tion of steam led to
a steam re form ing of the tar and CnHm com pounds, and a par tial gasi fi ca tion of the
solid char and CH4, which con trib uted to the gen er a tion of rich H2 and CO. The
steam gasi fi ca tion pro cess can be di vided into three sig nif i cant stages. As tem per a -
ture in creased, a de creas ing absorbance amount of C-Har and C-O and a large re -
duc tion of C = O were ac com pa nied with an ev i dent re duc tion of tar yield and an
in creas ing gas yield, es pe cially the in crease of H2 and CO con tents. The H2 and CO
were the in di ca tor for the oc cur rence of tar and CnHm steam re form ing. In ad di tion,
more mi cro-pores gen er ated in solid char and a sharp in crease of
Brunauer-Emmett-Teller (BET) sur face from 24.2 m2g–1 to 75.4 m2g–1 showed the
oc cur rence of char de com po si tion. An in creas ing con tent of polycyclic ar o matic
hy dro car bons (PAH) with 2 and 3 rings and a sig nif i cant de crease of PAH  with 4-6
rings in tar showed the tar crack ing and re form ing of non-condensable in ter me di -
ates.
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In tro duc tion

Mu nic i pal wastewater sew age sludge (SS) is con sid ered an im por tant re new able bio -
mass en ergy source. In no va tive thermochemical pro cesses have at tracted con sid er able sci en -
tific in ter ests in many coun tries. Of the cur rent avail able thermochemical con ver sion tech nol o -
gies, gasi fi ca tion treat ment of SS are well proven tech nol o gies run ning at close to at mo spheric
pres sure and tem per a tures from 700 to 1000 °C [1, 2]. It pro duces low qual ity but high heat ing
value and high yields com bus ti ble bio-gas com posed of H2, CO, CH4, CO2, and CnHm. The fea -
si bil ity of pro duc ing fuel gas from the gasi fi ca tion treat ment of SS has been there fore in ves ti -
gated in some stud ies, sug gest ing that very high yields of H2 and CO un der the con di tion of high
tem per a ture and the pres ence of steam. Of the ex ist ing gasi fi ca tion me dium, such as air, steam,
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ox y gen, or a mix ture of steam with ei ther air or ox y gen, the main ad van tages of steam-only gasi -
fi ca tion are su pe rior car bon con ver sion, a higher yield of syngas, and a higher gas heat ing value
be cause the di lu tion of the gas with ni tro gen is avoided [3]. This gas can be uti lized power gas
en gines and gas tur bines or as a chem i cal feedstock to pro duce liq uid fu els [4].

To max i mize the pro duc tion of fuel gases, tars and chars de pend ing on the spe cific in -
ter est, the ef fect of gasi fi ca tion con di tions on SS steam-only gasi fi ca tion have been in ves ti gated 
by some re search ers [2, 5]. On the whole, chem i cal com po si tion, mole ra tio of H2/CO, and heat -
ing value of the fuel gas pro duced from SS gasi fi ca tion are close to typ i cal val ues ob tained from
other bio mass. This in di cates a po ten tial of SS as a raw ma te rial for the steam gasi fi ca tion pro -
cess. How ever, only a few re ports have fo cused on the path way of the for ma tion of gasi fi ca tion
prod ucts and the re lated mech a nism due to the com plex chem i cal re ac tions among or ganic com -
pounds, gasi fy ing agent, and non-bio de grad able frac tions. Nipattummakul et al. [5] stud ied the
evo lu tion ary be hav iour of syngas char ac ter is tics from the steam-only gasi fi ca tion of SS at dif -
fer ent tem per a tures. Roche et al. [6] in ves ti gated the in flu ence of through put and steam over the
SS gasi fi ca tion prod ucts, and found that higher throughputs de creased the H2 con tent of the
syngas and in creased tar pro duc tion. Gil-Lalaguna et al. [7] found that tem per a ture was found to 
be the most in flu en tial fac tor for most of the re sponse vari ables analysed in the pro cess of SS
gasi fi ca tion. In or der to op ti mize the tech nique of gen er at ing H2-rich syngas from the steam
gasi fi ca tion of SS, some new ef forts re gard ing in-depth in ves ti ga tions into re lated mech a nism
are needed.

In this study, a better mech a nis tic un der stand ing of SS steam gasi fi ca tion pro cess from 
start ing con stit u ents to fi nal prod ucts was de vel oped. The aims were to in ves ti gate the for ma -
tion and evo lu tion be hav iours of gasi fi ca tion prod ucts (syngas, tar, and solid char) ob tained at
dif fer ent tem per a ture (650, 750, 850, 950, and 1050 °C), and the gasi fi ca tion pro cess and de -
com po si tion mech a nism of SS fo cus ing on the vari a tion of or ganic func tional groups and phys i -
cal struc ture of prod ucts with tem per a ture. 

Ex per i men tal

Sam ples prep a ra tion 

The SS sam ples were col lected af ter me chan i cal dewatering us ing a fil ter press in a
mu nic i pal wastewater treat ment plant, Hangzhou, China. Sludge sam ple with around 80% of
mois ture con tent was firstly dried in open air for 2 days to re move most mois ture con tent, and
then were dried in a lab-scale air con vec tion oven. The dried sludge was kept in an air tight con -
tainer to pre vent re-ab sorp tion of mois ture be fore ex per i men ta tion. The con tents of ash, mois -
ture, com bus ti ble mat ters, and fixed car bon of sew age sludge were 48.2%, 3.8%, 46.3%, and
1.7%, re spec tively, which were de ter mined ac cord ing to the Na tional Test ing Stan dard of Prox i -
mate Anal y sis of Coal [8].

Gasi fi ca tion pro ce dures

A lab-scale tube fur nace with heat ing area of 40 mm in di am e ter and 600 mm in length
was used to sim u late sludge gasi fi ca tion. Fig ure 1 shows the sche matic di a gram of SS gasi fi ca tion
treat ment. The fur nace is con structed with quartz and is heated by a pro gram ma ble tem per a ture
con trol, and can be ad justed from room tem per a ture to 1100 °C. High tem per a ture steam at at mo -
spheric pres sure was gen er ated from a steam gen er a tor. The ob tained steam was de liv ered by a
quartz tube with the elec tri cally heat ing band so that the in put tem per a ture of steam could be well
con trolled. High tem per a ture steam then was in tro duced into the gasi fi ca tion re ac tor con tain ing a
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known amount of SS sam ple, 35 g (dry ba sis). For each ex per i ment, the steam flow rate was set for
2.5 g/min and re ac tor tem per a ture was var ied as 650, 750, 850, 950, and 1050 °C. The evolved
volatiles from the re ac tor were swept and passed through three con sec u tive con dens ers im mersed
in three ice baths, by which the con densed liq uid frac tion (tar) was col lected. The
non-condensable gas then passed through two fil ters which were filled with ab sor bent cot ton and
sil ica-gel desiccant in or der to re move the re sid ual mois ture and other im pu ri ties. Fi nally, the
clean gas was col lected in a tedlar sam ple bag. The flow rate of the gas was mea sured by a flow
me ter. The solid char was col lected and di rectly weighted. Af ter each gasi fi ca tion ex per i ment, the
con denser and con nec tion tubes were washed with meth y lene chlo ride. All the ex trac tion liq uid
was de hy drated by an hy drous so dium sulphate and fil tered to re move the fine par ti cles. 

Anal y sis meth ods

The dried SS and solid chars were grounded to fine par ti cles for fur ther anal y sis. Fou -
rier trans form in fra red (FTIR) anal y sis was em ployed to iden tify the chem i cal func tional groups 
in the orig i nal SS and solid chars af ter SS gasi fi ca tion treat ment. To ob tain ob serv able FTIR
spec tra, the sam ple was mixed with KBr pow der to pre pare pel lets. The mass ra tio of the sam ple
to KBr pow der was 1:70. The spec tra of the sam ples were mea sured us ing a Thermo
Nicolet6700 Spec trom e ter, Thermo Nicole Cor po ra tion, USA. In fra red absorbance data were
ob tained for wave num bers in the range of 400-4000 cm–1. The sur face mor phol ogy of the orig i -
nal SS and solid chars were ana lysed by SEM (Hitachi S-4700). Mi cro scopic sur face area and
dis tri bu tion of pore vol umes of the sam ples were de ter mined from ni tro gen ad sorp tion data ob -
tained from a sur face area and po ros ity analyser, ASAP 2020. The BET method was used to cal -
cu late the sur face area based on se lected N2 ad sorp tion data within the p/p0 range of 0.025-0.3.

Chem i cal com po si tion of non-condensable gas was de tected by a gas chromatograph
GC-9790 equipped with ther mal con duc tiv ity de tec tors (TCD). Ni tro gen was used as a car rier
gas at a con stant flow of 20 mlmin–1. The TCD was cal i brated with a stan dard gas mix ture at pe -
ri odic in ter vals. Chem i cal com po si tion of the pure tar was iden ti fied by GC-MS CP3800/sat urn
2000. Around 10 g of the tar was sam pled and di luted with di chloro methane sol vent with a vol -
ume ra tio of 1:1 and then cen tri fuged in or der to sep a rate res i dues. The col umn used in the GC
was a 30 m × 0.25 mm HP Ul tra 2 with a thick ness of 0.24 mm. The fol low ing tem per a ture pro -
gram was adopted: oven tem per a tures rose from 60 °C to 230 °C at a rate of 10 °C/min, where it
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Fig ure 1. The sche matic pre sen ta tion of the ex per i men tal ap pa ra tus; 1 – ni tro gen, 2 – pres sure gauge,
3 – flow me ter, 4 – quartz tube, 5 – fur nace, 6 – quatz con tainer, 7 – high tem per a ture steam gen er a tor,
8 – pro gram ma ble tem per a ture con trol ler, 9 – wa ter tank, 10 – pump, 11 – con densed oil con tainer,
12 – gas dryer, 13 – gas fil ter, 14 – flow meter, 15 – gas col lect ing bag



was held for 5 min, and then in creased from 230 °C to 300 °C at a rate of 3 °C/min, where it was
held for 0.67 min. One microliter of the sam ple was in jected into the cap il lary col umn with an
auto-sam pler. The in jec tor and ion source tem per a tures were both set at 310 °C. The car rier gas
was N2 of 99.9% pu rity and was pro vided with a flow rate of 1.0 mLmin–1. The chro mato graphic 
peaks were iden ti fied with the help of NIST mass spec tral data li brary.

Re sults and dis cus sion

Gasi fi ca tion prod ucts dis tri bu tion 

The ex per i men tal re sults about the dis tri bu tion of SS gasi fi ca tion prod ucts are pre sented
in tab. 1. Be cause of the high ash con tent in the used SS (48.2%), the solid char is an im por tant
by-prod uct in the gasi fi ca tion pro cess. The solid yield mod er ately de creased from 54.8% to 47.5% 
as the tem per a ture in creased from 650 and 1050 °C. As dem on strated by other re search ers, the de -
crease of solid frac tion yield could be due to the devolatilization of the solid hy dro car bons and the
par tial gasi fi ca tion of the car bo na ceous frac tion in the char at a high tem per a ture [1, 2, 9, 10]. The
car bon con tent in the solid char re duced from 11.5 to 4.9% by in creas ing gasi fi ca tion tem per a ture
from 650 and 1050 °C, which was ana lysed us ing a Leco Truspec Mi cro El e ment Analyser. The
fact could show that car bon re ac tions with steam are sen si tive to tem per a ture vari a tion. In ad di -
tion, some data of the solid yields are even be low the orig i nal ash con tent in SS. It sug gests that in -
or ganic ash com pounds could have been re leased to the gas dur ing the gasi fi ca tion pro cess. The
trans for ma tion of ash com pounds to gas phase frac tion dur ing thermochemical  pro cesses  have 
been  shown  in  some stud ies at a high enough tem per a ture [7, 11]. The gas yield data from SS
gasi fi ca tion var ied be tween 0.66 and 1.95 m3 kg–1 SS, which are close to the typ i cal ones found in
some pre vi ous stud ies for sim i lar op er a tion con di tions of SS gasi fi ca tion [6, 7, 10]. The in crease of 
the fuel gas yield as tem per a ture in creased could be due to the com plex chem i cal re ac tion pro cess
dur ing SS gasi fi ca tion that are fa voured by higher tem per a ture, such as crack ing and steam re -
form ing of tars and en do ther mic re ac tions of char gasi fi ca tion [12, 13]. The av er age tar con tent
con tained in the gas prod uct ranges be tween 14.4 and 33.4 g/m3 gas. The rise in the gasi fi ca tion
tem per a ture from 750 to 850 °C re sulted in a large re duc tion in tar pro duc tion, which may be due
to the en hance ment of tar crack ing and re form ing re ac tions. As the tem per a ture in creased fur ther
from 850 to 1050 °C, tar con tent mod er ately de creased. 

Gas com po si tion

Synggas evo lu tion vs. dif fer ent tem per a ture in ter vals

In or der to study the evo lu tion char ac ter is tics of the syngas dur ing SS gasi fi ca tion pro -
cess, gas sam ples were col lected at dif fer ent tem per a ture in ter vals. Based on our pre vi ous study
about TG and DTG ther mal anal y sis [14], five tem per a ture in ter vals were pro posed, in clud ing the
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Ta ble 1. Yields of solid, gas, and tar prod ucts at dif fer ent tem per a ture

Pro duc tion dis tri bu tion 650 °C 750 °C 850 °C 950 °C 1050 °C

Solid yield (g solid/100 g SS) 54.8 ± 2.3 51.5 ± 1.9 48.3 ± 1.1 47.9 ± 1.8 47.5 ± 2.1

Car bon con tent in the solid prod uct [wt.%] 11.5 ± 0.8 9.6 ± 0.7 5.6 ± 0.5 5.1 ± 0.3 4.9 ± 0.4

Gas yield (m3/kg SS) 0.66 ± 0.06 0.82 ± 0.05 1.28 ± 0.1 1.75 ± 0.2 1.95 ± 0.2

Tar con tent (g/g gas) 33.4 ± 2.1 28.2 ± 3.5 18.8 ± 1.7 15.2 ± 1.3 14.4 ± 1.2



first stage: room tem per a ture to 160 °C, the
sec ond stage: 160-410 °C, the third stage:
410-700  °C,  the  forth stage: 700-850 °C res -
i dence time for 7 min ute at 850 °C and the
fifth stage: re main ing res i dence at 850 °C for
20 minute. The main com po si tions of the gas
col lected at dif fer ent tem per a ture in ter vals
were shown in fig. 2. The CnHm rep re sents
sum ma tion of pro duced gas eous hy dro car -
bons, such as eth yl ene, eth ane and acet y lene.

Two ob vi ous en hance ments were fount for the vol ume con tent of H2, which in creased
from 0.08% at sec ond stage to 17.9% at the third stage, and from 17.9% at the third stage to 51.5%
at the forth stage. How ever, CO con tent in creased al most lin early from 0.97% to 15.9% as the
tem per a ture in ter vals var ied from the first stage to the fifth stage. The H2 and CO con tents reached
their max i mum val ues at the fifth stage, which were 53.5% and 15.9 %, re spec tively. How ever, for 
the max i mum value of CH4 con tent were 13.5% in the gas col lected from the tem per a ture in ter val
of 410 -700 °C. Af ter 700 °C, the con tent of CH4 was largely de creased. For CO2, when re main ing
solid char ex ist ing in the gasifier lon ger such as un der the tem per a ture of 850 °C for 20 min ute, its
con tent ob vi ously de creased. The re sult could be re sulted from the chem i cal re ac tion be tween C
and CO2  to pro duce more CO and a sec ond ary re ac tion from tar crack ing fa vored high tem per a -
tures. But it can be noted that the first stage (room tem per a ture to 160 °C) and sec ond ary stage
(160-410 °C) also con trib uted rel a tively higher con tents of CO2, CO, and CH4 com pared with the
pro duc tion of H2. This maybe be cause py rol y sis re ac tion is more dom i nant re ac tion be fore 410 °C
com pared with gasi fi ca tion re ac tion dur ing SS gasi fi ca tion. 

In ad di tion, it can be ob served that long res i dence time and high tem per a ture, such as
the fifth stage for re main ing res i dence at 850 °C for 20 min, would re sult in some ac tive re ac -
tions be tween the steam and the in ter me di ate prod ucts. High tem per a ture in ten si fied the
dehydrogenation re ac tion, led to an in crease in H2 con tent that re leased from heavy hy dro car bon 
com pounds. The H2 can also be a good in di ca tor for sec ond ary crack ing of tar. A steam-rich at -
mo sphere was kept at high tem per a ture could give rise to the en do ther mic re ac tion be tween the
steam and gasi fi ca tion prod ucts, which also sig nif i cant to H2 pro duc tion. The par tic i pa tion of
steam at high tem per a tures can give rise to the steam re form ing of the vol a tile com pounds and
the par tial gasi fi ca tion of the solid car bo na ceous char. The main re ac tions are steam re form ing
re ac tion. In ad di tion, the com po si tion of the col lected gas sam ples was not only the re sult of tar
crack ing or char and tar gasi fi ca tion, but also the non-condensable prod ucts could un dergo gas
phase re ac tions with each other, such as the chem i cal re ac tion hap pened as fol lowed steam gasi -
fi ca tion re ac tion in egs. (1) and (4):

CH H O CO 3H4 2 2+ ® + (1)

CO H O CO H2 2 2+ ® + (2)

C H O CO H2 2+ ® + (3)

C H O CO 2H2 2 2+ ® +2 (4)
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Fig ure 2. The gas com po si tion at dif fer ent
tem per a ture in ter vals



Fuel gas evo lu tion vs.
re ac tion time

A com par i son among gas-flow rates
from SS gasi fi ca tion at 650, 750, 850, 950,
and 1050 °C is pre sented in fig. 3. Re sults
show that the in flu ence of tem per a ture on
gas evo lu tion rate is more ob vi ous in the
first 30 min utes for the 750, 850, 950, and
1050 °C cases than the rest of the gasi fi ca -
tion pe riod, while in the first 17 min utes for
the 650 °C cases. About 43% of gas yield
was ob tained at this stage. The pro longed
re ac tion  evo lu tion at the 850, 950, and

1050 °C cases could be at trib uted to the in ten si fied steam ref or ma tion re ac tion dur ing the res i -
dence time at higher tem per a ture. In ad di tion, it was fur ther con firmed that the py rol y sis re ac -
tion was more dom i nant re ac tion be fore 400 °C, and a large share of gas re lease in the first few
min utes of gasi fi ca tion is due to py rol y sis. Some rel a tive py rol y sis re ac tions are as eqs. (5) and
(6),

Or ganic mat ter ® tar + solid char + gas (H2, CO, CO2, CnHm) (5)

Tar ® CH4 + H2 + H2O + CnHm (6)

The com po si tion vari a tion of the gas was in flu enced by two main stages, in clud ing the
de com po si tion of the vol a tile func tional groups in SS and the gasi fi ca tion of tar and char at high
tem per a ture. It can be ob served that the de com po si tion of SS ended within around 35 min utes at
gasi fi ca tion tem per a ture 650 °C, while the pro cess ended within ap prox i mately 85, 76, 65, 45,
min utes  at  750,  850,  950,  and  1050  °C,  re spec tively. The peak gas-flow rate oc curred ap prox i -
mately  be tween t  the  7th  and  12th min ute for all cases. The max i mum gas-flow rate was 6.1
gmin–1, which was ob tained at 1050 °C run. In ad di tion, at all cases a pro cess time of more than 40
min utes in di cated a slow con ver sion. Com par ing with the time du ra tion of SS gasi fi ca tion with
Nipattummakul`s [5] stud ies, sug gest a higher re ac tion rate in our case of SS. More com plete
chem i cal re ac tions among or ganic com pounds could be re lated to more pro duc tion of gas prod -
ucts. This could be de pend ent of the used re ac tor and a lower ash con tent in SS used by them.

Gas com po si tion at dif fer ent tem per a ture

The re sults in tab. 2 in di cate that SS steam gasi fi ca tion at dif fer ent tem per a ture pro -
duces a gas with a higher H2 con cen tra tion and a lower CH4 con cen tra tion. The H2 con tent in -
creased al most lin early from 40% to 52% as tem per a ture in creased from 650 °C to 1050 °C,
which the re sult is ba si cally con sis tent with other stud ies [5, 6]. In ad di tion, the CO con tent in -
creased sig nif i cantly from 10% to 20%, and the con cen tra tion of CO + H2 and H2/CO ra tio
(mole/mole) reached their max i mum value (72 vol.% ) at 1050 °C, re spec tively. The high re -
lease of H2 could be re sulted from the pres ence of steam as the gasi fy ing agent and the pro moted
sec ond ary re ac tion by the in creased tem per a ture. Char gasi fi ca tion re ac tions were pro moted by
the in crease in tem per a ture to sup port high yield H2 mole frac tion. The in crease in CO con tent
with tem per a ture in crease was at trib uted to the re ac tion (1), (3), (5) and the Boudouard re ac tion,
which the sim i lar be hav iours have been ob served by other re search ers [3, 7, 13]. Hy dro car bons
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Figure 3. Gas-flow rates from SS gasification at
different temperature vs. reaction time



CnHm were de creased from the in crease in tem per a ture through steam ref or ma tion re ac tions.
How ever, the con tents of CH4 and CO2 de creased grad u ally with tem per a ture in creased. Ac -
cord ing to a pre vi ous references, the re lease of CO2 at a rel a tively lower tem per a ture (650 °C) is
mainly caused by the break ing of car bonyl and car boxyl func tional groups in sludge. But a slight 
in crease of CO2 at 850 °C can be ob served at tab. 2, which was at trib uted to the pro moted wa -
ter-gas shift re ac tion at a higher tem per a ture, re ac tion (4).

Tar com po si tion at dif fer ent tem per a tures

Based on the to tal typ i cal ion count chromatograms of the tars ob tain from the gasi fi -
ca tion of SS at 650 °C and 950 °C. Here, two cases (tars at 650 and 950 °C) were taken as the
rep re sen ta tives to ob serve the com po si tion vari a -
tion of the tar gen er ated as tem per a ture in creased.
It was noted that the main qual i ta tive com po nents
of the tars were al most the same at the dif fer ent
scopes, but the peak ar eas (their rel a tive pro por -
tions) for the iden ti fied com po nents pres ent the
ev i dent dif fer ence. The re sults could in di cate that
the gasi fi ca tion tem per a ture has a sig nif i cant ef -
fect on the con tent of each com po nent in tar. In this 
work, the main com po nents qual i ta tively iden ti -
fied in the tars were di vided into five groups:
monoaromatic hy dro car bons, PAH, ox y gen ated
hy dro car bons, sub sti tuted aromatics, and ar o matic 
nitriles. In the two se lected cases, most of the tar
com po nents were qual i ta tively iden ti fied by sum -
ming up the peak ar eas of each com pound. The
peak area of the same spe cies were summed up and 
nor mal ized to 100% to rep re sent the rel a tive con -
tents of the main com pounds. There fore, the rel a -
tive con tent of the five groups in the tars is pre -
sented in fig. 4(a). It can be seen that the group
with the max i mum con tent was PAH, which de -
creased ev i dently from 71.6% to 60.7% as tem per -
a ture in creased.
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Ta ble 2. The main com po si tion of gas from gasi fi ca tion at dif fer ent tem per a ture

Av er age con tent of main com po si tion in the fuel gas [%]

H2 CO CH4 CO2 CnHm

650 °C 40.3 11.2 6.0 19.7 22.9

750 °C 47.5 13.9 4.5 16.3 17.7

850 °C 51.0 14.8 3.2 15.7 15.3

950 °C 52.6 15.3 2.8 15.2 14.2

1050 °C 52.4 17.2 2.8 14.9 12.7

Figure 4. Main composition of the tar from SS
gasification at 650 and 950 °C



In ad di tion, the rel a tive con tents of sub sti tuted aromatics and ar o matic nitriles in -
creased dras ti cally from 11.1% and 5.4% to 18.9%, and 13.8%, re spec tively. How ever, the ox y -
gen ated hy dro car bons de creased from 6.2% to 2.7%, and the rel a tive con tents of monoaromatic
hy dro car bons at 950 °C were de creased more than 55% com pared with that at 650 °C. This
could be at trib uted to the sec ond ary crack ing and steam ref or ma tion re ac tions of tar un der a
higher gasi fi ca tion tem per a ture. The re sults previously dem on strated that the in crease of tem -
per a ture was con du cive to the re duc tion of the spe cies in the tar. In par tic u larly, it is no ta ble to
con cern with the dis tri bu tion of PAH in the tar, which is nec es sary to fur ther study.

The dis tri bu tion of PAH was shown in fig. 4(b). It can be ob served that the most abun -
dant PAH in the two cases were rel a tively low mo lec u lar weight PAH (2-5 rings), such as naph -
tha lene, biphenylene, phenanthrene, and fluoranthene and pyrene. Some sim i lar ob ser va tions
have been found by other re search ers [15]. As tem per a ture in creased from 650 °C to 950 °C, the
PAH with 5 and 6 rings de creased ob vi ously from 25% to 9%. The rel a tive con tent of PAH with
4 rings de creased by 29% as well. In con trast, the PAH with 2 and 3 rings pre sented a ma jor in -
crease as the tem per a ture in crease. This is prob a bly be cause a higher gasi fi ca tion tem per a ture
pro moted the com ple tion of steam re form ing re ac tion of heavy hy dro car bons and parts of tar, re -
ac tion (1) and (2). 

Sur face chem is try and mi cro-pore struc ture of solid char

Fig ure 5 shows that FTIR spec tra of the chars ob tained from SS gasi fi ca tion at dif fer -
ent tem per a ture. The com par i son be tween the sur face chem is try of solid chars is tar geted to
better un der stand a re la tion ship be tween the chem i cal struc ture of solid char and the com po si -
tion of other gasi fi ca tion prod ucts. The FTIR spec tra re vealed that re mark able changes in chem -
i cal tex ture of the chars hap pened dur ing SS gasi fi ca tion. The bands within 3000-3750 cm–1 as -
signed to the O-H and N-H stretch ing vi bra tion tend to dis ap pear since 850 °C, but only
re mained a slight peak at 650 °C and 750 °C. The two peaks at 2927 cm–1 and 2712 cm–1 dis ap -
peared and left only an im per cep tive ves tige, in di cat ing that the de com po si tion of C-H bonds
com pletely fin ished when reached a high enough tem per a ture, such as 650 °C. More over, the
large re duc tion of C = O stretch ing vi bra tions at 1649 cm–1 for all chars at dif fer ent tem per a ture
dem on strates the break ing of the C = O bond with the gen er a tion of large amount of CO and
CO2. As gasi fi ca tion tem per a ture in creased fur ther from 750 °C to 1050 °C, the absorbance

amount of C-O and C-Har de creased sharply,
in di cat ing that crack ing and re form ing of
aromatics have been in ten si fied by high tem -
per a ture, and the de com po si tion of vol a tile
mat ter un der the par tic i pa tion of high tem per -
a ture steam to thereby gen er ated large amount 
of H2, CH4, and C2 hy dro car bons. It could be
drew a sim i lar con clu sion to pre vi ous stud ies
that H2 yield could be sig nif i cantly as tem per -
a ture in crease, and this is also con sis tent with
the data re sults re gard ing H2 pro duc tion as
tem per a ture in creased.

The fed steam can pen e trate the in ter -
nal pore of the SS to de velop a large pro por -
tion of micro spores. The pores on the sur face
of the solid char dis played re duced smooth
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Figure 5. Surface chemical of different solid chars



faces with in creas ing tem per a ture, and the pore de vel op ment was then well es tab lished. Mean -
while, the BET sur face area of the chars in creased from 26.5 m2g–1 to 37.9 m2g–1. It was also re -
ported that the sur face area of the solid char gen er ated from SS py rol y sis in creased with in creas -
ing re ac tion tem per a ture by many re search ers, which could be due to changes in the chem i cal
struc ture of the fed SS dur ing py rol y sis [16, 17].

Con clu sions

The SS steam gasi fi ca tion pro cess tar geted to pro duce syngas can be di vided into three 
stages: the dom i nant py rol y sis re ac tion at a rel a tively low tem per a ture (<410 °C), the break ing
of C-H bonds mainly led to evo lu tion of CO2, CH4, and CnHm, the dom i nant steam gasi fi ca tion
re ac tion (410-750 °C), the re lease of CO, CO2, and H2 evolved mainly as the re sult of the de -
com po si tion of C-H and C = O bonds, and the in ten si fied steam gasi fi ca tion and ref or ma tion re -
ac tion and the Boudouard re ac tion af ter 750 °C, a large amount of H2 and CO re leased as the re -
sult of the break ing of the C = O bond and the di min ish ing absorbance amount of O-H, C-H, and
-CH2 (-CH3). As the tem per a ture in creased, the de creas ing absorbance amount of C-Har and C-O 
and the large re duc tion of C = O was ac com pa nied by an ev i dent re duc tion of tar yield and an in -
creas ing gas yield, in par tic u larly the con tent of H2 and CO. The H2 and CO were also the in di ca -
tor for the oc cur rence of tar and CnHm steam re form ing. The main com po nents in the tars were
monoaromatic hy dro car bons, PAH, ox y gen ated hy dro car bons, sub sti tuted aromatics, and ar o -
matic nitriles. The group with the max i mum con tent was PAH, which de creased ev i dently from
71.6% to 60.7% as tem per a ture in creased from 650 to 1050 °C. More over, PAH with 2 and 3
rings pre sented a ma jor in crease while 4-6 rings pre sented a ma jor de crease, dem on strat ing that
high tem per a ture fa voured the sec ond ary crack ing and re form ing of non-condensable in ter me -
di ates. In ad di tion, more micropores gen er ated in solid char and a sharp in crease of BET sur face
from 24.2 m2g–1 to 75.4 m2g–1 showed the oc cur rence of char de com po si tion.
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