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Fourwastematerials, paper, wood, textile and kitchen garbage, inmunicipal solidwastewere gasified separately
with oxygen in a fixed bed reactor. The yields of products char, tar and gas, the composition of gas components
H2, CO, CO2 and CH4, and the lower heating value (LHV)were examined at temperatures between 700 and 900 °C
and equivalence ratio (ER) between0.14 and0.32. Characteristics of gas evolution during gasificationwere inves-
tigated. Results show that a higher temperature improves the formation of H2 and CO while lowers the yield of
CO2 and CH4. The LHV of syngas increases with temperature and varies in the range of 6–10 MJ·m−3, reaching
the maximum at 800 °C or above. As ER increases, both combustible gas component and LHV of syngas decrease
while the yield of CO2 rises linearly. The appropriate ER for obtaining high quality gas is in the range of 0.18–0.23.
Temperature and ERhave significant effects on theproduct distribution. Higher temperature and ER are favorable
for higher gas yield and lower yield of char and tar in the gasification of textile and kitchen garbage. At 800 °C, the
gas evolution may be divided into two regions. In the first region, the flow rate of gas increases and then de-
creases rapidly, while in the second region the flow rate decreases monotonically to lower level.
© 2014 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Because of land wastage and seepage of toxic decomposition prod-
ucts out of landfill areas, landfill disposal of municipal solid waste
(MSW) is becoming environmentally less desirable [1–3]. Conventional
incineration has problems of dioxins and final disposal of burnt ash, and
its energy utilization efficiency is low [4,5]. Thus the gasification that
convertsMSW through partial oxidation into a fuel gaswith appropriate
heating value is becoming one of the best alternatives for the reuse of
MSW. Especially, the process can reduce the emission of dioxins and
heavy metals effectively, which is strongly concerned by the public
when MSW is combusted [6]. Some researches on MSW gasification
have been performed during the past decade. Xiao et al. reported air
gasification characteristics ofwastewood, paper andplastics using aflu-
idized bed gasifier [7]. Ahmed and Gupta investigated the characteris-
tics of syngas from pyrolysis and gasification of waste food and rubber
[8]. However, the gas produced from the air gasification is highly diluted
by nitrogen, lowering the lower heating value (LHV). The use of oxygen
has been proven effective for reducing the dilution effect and achieving
a medium heating value. Yoon et al. compared the gasification results
with air and oxygen separately for biodiesel by-product and found
that the LHV of syngas and carbon conversion with oxygen was higher
[9]. Therefore, MSW gasification with oxygen may be a promising tech-
nique to produce fuel gas of high quality.

So far, little work has been found using oxygen for gasification. In
this study, four representative and important materials in MSW,
paper, wood, textile and kitchen garbage, are chosen as experimental
samples to investigate the characteristics of syngas produced from oxy-
gen gasification in a fixed bed. The effects of temperature and equiva-
lence ratio (ER) on the product distribution and syngas evolution in
the gasification process are examined.

2. Experimental

2.1. Material

Four materials in MSW were involved in the experiments: paper,
wood, textile and kitchen garbage, from waste typing paper, waste
wood, waste cloth and waste family food, respectively. The materials
were first dried under the sun for 2 days to reduce themoisture content
and then shredded into particles in sizes of approximately 2 mm by a
shredder. The analysis results are listed in Table 1.

2.2. Procedure

Gasification tests of MSWwere carried out at atmospheric pressure in
a lab-scale fixed bed reactor shown in Fig. 1. The gasification system
consisted of an oxygen supply, afixed bed reactor, a condensate collecting
flask, a gas cleaning section, and a gas analyzer system. The reactor with
60mm IDwasmade of Inconel and could be externally heated by an elec-
trical ring furnace with total heating length of 1000 mm. A 60 mm OD
stainless steel feeding tube containing testing sample was placed in the
inlet of reactor before test. In each test the electrical heater was turned

Chinese Journal of Chemical Engineering 22 (2014) 1021–1026

☆ Supported by the National Basic Research Program of China (2011CB201505) and the
National Natural Science Foundation of China (51006023).
⁎ Corresponding author.

E-mail address: heyyj@seu.edu.cn (Y. Huang).

http://dx.doi.org/10.1016/j.cjche.2014.06.026
1004-9541/© 2014 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

j ourna l homepage: www.e lsev ie r .com/ locate /CJCHE

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cjche.2014.06.026&domain=pdf
http://dx.doi.org/10.1016/j.cjche.2014.06.026
mailto:heyyj@seu.edu.cn
http://dx.doi.org/10.1016/j.cjche.2014.06.026
http://www.sciencedirect.com/science/journal/


on and the furnace was heated at a rate 10 °C·min–1. After reaching the
desired final temperature, the feeding tube was pushed into the heating
zone and an oxygen flow at an appropriate equivalence ratio was intro-
duced as a gasifying agent. The operating conditions for all experiments
were as shown in Table 2. The reaction proceeded for the next 25 min.
Subsequently, the heating and oxygen supplywere stopped and the reac-
tor was allowed to cool. Syngas exited from the reactor and passed
through the condenser and scrubber in sequence for cooling and purifica-
tion. Twowayswere used for gas sampling and analysis. For the influence
of temperature and ER, all the gas produced were first collected by a gas
sampling bag and then sent to an Emerson Gas Component Analyzer for
component analysis and mass measurement. For the gasification evolu-
tion, the clean gas was tested online to detect the component change
with time. The amount of condensed tar in the glass condenser and the
char left inside the reactor were measured by taking the difference in
mass before and after the test.

3. Results and Discussion

The main reactions involved in the gasification process are given
below [10], inwhich the value of reaction heat refers to the temperature
298.15 K.

Devolatilization MSW→ Char Cð Þ þ Tarþ Volatile

Secondary cracking Tar→ Light and Heavy hydrocarbonsþ H2

þ COþ CO2

Boudouard Cþ CO2 → 2COþ 172 kJ �mol−1

Water–gas CþH2O↔ COþH2 þ 131:4 kJ �mol−1

CO shift COþ H2O↔ CO2 þH2−41:3 kJ �mol−1

Methanation COþ 3H2 ↔ CH4 þ H2O−206:3 kJ �mol−1

The LHV of syngas is calculated by LHV (MJ·m−3)= (CO× 126.36+
H2 × 107.98 + CH4 × 358.18) / 1000, where CO, H2, and CH4 are their
volume percentages.

3.1. Effect of temperature

Temperature is crucial for the MSW gasification process [11]. In the
present work, gasification temperature is varied from 700 to 900 °C in
50 °C increments. The effect of temperature on gas composition is
shown in Fig. 2. The yield of H2 of kitchen garbage increases monotoni-
cally from 10 to 20% with temperature, while that of other three mate-
rials show the same increase of about 5% from 700 to 800 °C and the
same decrease of about 5% from 800 to 900 °C. For the four samples,
the yields of CO2 and CH4 decline as temperature increases, while the
yield of CO increases greatly. In the experimental range, the yield of
CO2 decreases sharply from 40% to 20% while that of CO increases
from 20% to 40% approximately. On one hand, higher temperature
accelerates the rate of devolatilization and cracking reactions of tar,
producingmore H2 and CO [12]. On the other hand, higher temperature
is conducive tomove the equilibriumof Boudouard andwater–gas reac-
tions to the right hand side, leading to a marked drop in CO2 content
[13]. Besides, CO shift reaction and methanation reaction are exother-
mic and thus less dominate at higher temperature, increasing the pro-
duction of CO to a certain extent. The yield of CH4 is practically the
same (5%–9%) for different samples and the variation with temperature
is not significant.

In Fig. 2, the main gas composition shows evident differences
for different waste materials. The differences are large at high gas-
ification temperatures but reduce dramatically as temperature de-
creases. The yield of H2 in gasification of kitchen garbage is the
highest, which could be attributed to its high moisture content.
More steam is produced by evaporation and steam reforming reac-
tions of carbon, carbon monoxide and methane are favored. Be-
cause of high content of volatiles and low fixed carbon content,
the heat and its transfer in gasification of paper and textile are bet-
ter and more light gases (mainly CO and CO2) are produced by
cracking reactions [14]. Due to high content of fixed carbon in
wood material, wood gasification results in a relatively high yield
of CO2 [10].

The effect of temperature and material on LHV of the syngas is pre-
sented in Fig. 3. The content of H2 and CO with high LHV is larger, so
higher gasification temperature leads to higher LHV and improves the
syngas quality effectively. In particular, with the continuous decrease
of CH4 yield, there is a slight drop in LHV for paper, wood and textile

Table 1
Properties of materials in MSW (dry basis)

Material Proximate analysis/% Ultimate analysis/%

M V FC A C H N O S

Paper 4.51 79.54 11.16 9.30 41.11 3.38 0.07 46.09 0.05
Wood 9.72 82.05 15.68 2.27 48.81 5.41 0.05 43.40 0.06
Textile 0.82 87.78 11.17 1.05 43.37 6.18 1.45 47.03 0.92
Kitchen garbage 18.2 67.14 17.49 15.37 40.04 3.22 2.59 38.45 0.33
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Fig. 1. Schematic illustration of the gasification apparatus.

Table 2
Summary of gasification operating conditions

Material Sample amount/g Particle size/mm Oxygen flow rate/ml·min−1 Gasification temperature/°C Equivalence ratio

Paper 18.4 1-2 80-140 700-900 0.18-0.32
Wood 15.0 2-3 75-143 700-900 0.15-0.29
Textile 15.0 0.2-2 70-140 700-900 0.14-0.28
Kitchen garbage 20.0 0.8-1.5 78-121 700-900 0.18-0.28
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