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Abstract−The controlled air oxidation technology is a promising way of disposing medical waste, which has been

a huge challenge in China. It converts waste through partial oxidation into a gaseous mixture, small quantities of char

and condensable compounds. But operational performance of the primary chamber of the controlled air incinerator is

poorly understood, leading to difficulty in control. In this paper, a packed-bed reactor was established to study the effect

of O2 concentration on sawdust oxidation. The feed gas flow rate was kept constant at 0.6 m3/h at room temperature

(26 oC) with O2 concentrations varied from 6% to 12%. Temperature profiles of the beds, product yields and gas com-

positions in the out-of-bed fuel gas were measured in detail. The results showed that the sawdust beds achieved low

temperatures for the given O2 concentrations and leveled off in the oxidation processes. The bed temperatures increased

and the solid yields decreased with the increase of O2 concentrations. When the O2 concentration was 10%, the gas

yield reached a minimum and the liquid reached a maximum correspondingly. When the O2 concentration increased

from 6% to 10%, the peak concentrations of CO and CH4 in the gas yield increased. However, when the O2 concen-

tration exceeded 10%, CO and CH4 concentrations decreased. As O2 concentration varied from 6% to 12%, CO2 con-

centration increased continuously. This study provides a fundamental insight that the reaction processes could be well

regulated by means of adjusting the feed air in practical units.
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INTRODUCTION

Medical waste includes materials produced in the course of health

protection, medical treatment and scientic research. It forms a sep-

arate category-medical or health care waste [1] and constitutes a

large part of the hazardous wastes. Many countries have started to

pay more attention to generation and management of medical waste

[2-11]. Hazardous waste pollution controlling is also a huge chal-

lenge to Chinese environmental management. At present, the pro-

duction volume is around one million tons per year and increases

at a rate of about 3-6%. Most of the medical waste is improperly

treated in poorly designed or inadequately operated incinerators [2],

producing a signicant quantity of hazardous pollutants, such as diox-

ins, HCl, and heavy metals including Cd, Hg, and Pb.

In recent years, controlled air oxidation technology has emerged to

address these issues and improves the energy output [12-18]. It con-

verts waste through partial oxidation into a gaseous mixture, small

quantities of char and condensable compounds. It is considered as one

of the most efcient ways of converting waste into energy, and it is

becoming one of the best alternatives for the reuse of solid waste.

The typical controlled air incinerator involves sequential ther-

mochemical processes taking place in two separate chambers [19].

The primary combustion chamber accepts the waste feed in batches.

The devolatilization of the waste is initiated under substoichiomet-

ric condition, which results in the production of CO and unburned

hydrocarbons. Then, the products of partial combustion enter the

secondary combustion chamber, resulting in the complete destruc-

tion of the volatile organic gases with excess air injection. The func-

tion of the primary combustion chamber is to decompose the waste

with heat supplied partly by burning part of the waste. The devola-

tilization rate and the heat released in the primary combustion cham-

ber primarily determine the combustion condition and the amount

of auxiliary fuel required in the secondary combustion chamber.

Compared with waste combustion, substoichiometric conversion

of these fuels into energy in packed beds has the benefit of lower

bed temperature, largely preventing dioxins formation and reduc-

ing thermal NOX formation in the bed, lower dust carryover in the

flue gases, simplified gas-treatment procedures and lower running

costs [20-23].

A number of experiments and modeling work have been done

in the past which have provided important information on waste

combustion [24-27]. However, theories of controlled air oxidation

technology are still immature, and the overall performance of con-

trolled air incinerators was regulated by setting the temperature of

the secondary chamber through auxiliary fuel. Operational perfor-

mance of the primary chamber is not fully understood.

The objective of the present work is to study the effect of O2 con-

centration on the oxidation performance of medical waste in a packed-

bed reactor by using a contracted experimental facility. For conve-

nience, wood was chosen as the oxidation sample. Results in terms

of detailed characteristics such as temperature profiles, product yields

and gas compositions are presented and discussed.

EXPERIMENTAL SECTION

1. Materials Properties

A typical woody material, poplar sawdust, was used. The saw-
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dust sample was screened with particle size about 1.5 mm. Proxi-

mate and ultimate analyses of the sawdust sample are presented in

Table 1. The ultimate analysis results are similar to other experimen-

tal data in literature [28-31].

Besides the particle properties, the bed characteristics have an

important impact on the heating rate, mass transport and residence

time of volatiles. The main bed properties are shown in Table 2.

The average bed density was measured by a precision balance and

a graduated cylinder.

2. Experimental Facilities and Procedures

Fig. 1 shows the schematic diagram of the experimental facility.

The main components of the facility include a gas feeding system, a

gas pre-heater (3 kW) for heating the feed gas to a certain temperature,

a packed-bed reactor, a bed heater (8 kW) for heating the reactor to

the desired temperature, a condenser and a scrubbing bottle to cool

and clean the gaseous stream, a data acquisition board linked with a

PC. The reactor is made up of a stainless steel pipe which can with-

stand a high temperature about 1,200 oC. The height of the reactor

is 1.2 m with the internal diameter of 80 mm. A bubble cap-type

distributor was set at the bottom of reactor. Six caps were arranged

in a circle with diameter of 56 mm uniformly. Four orifices with

diameter of 2.5 mm were perforated on the top of each cap. The

bed heater was installed around the reactor wall. A thick layer of

heat insulation cotton (Aluminum silicate) covered outside of the

heater.

Before each experimental run, N2 was introduced into the reac-

tor to purge air for more than 10 minutes. In each experimental run,

a feed gas mixture of N2 and O2 with a specified mixing proportion

was preheated to 400 oC, and then supplied into the reactor through

the gas distributor. At the same time, the bed heater was set to heat

the reactor wall and maintained it at 400 oC.

The temperatures at the center of the reactor at positions of 100

and 200 mm above the gas distributor were measured by K-type

thermocouples, which had been calibrated specially and recorded

continuously by the data acquisition board. The product gas went

sequentially through the condenser and scrubbing bottle to be cooled,

removing the tar within it. The gas was sampled about every 5 minutes

at the outlet of a gasometer and analyzed by gas chromatography.

In the gas analyzer, only components of CO, CO2, CH4 and O2 can

be measured. Other gas components, including N2 and other trace

gases, cannot be measured.

At the end of each test, the bed heater was turned off, and the

solid residues in the reactor and the liquids in the condenser were

collected and weighed. The gas yield was calculated on the base of

its measured volume and the gas components which were ana-

lyzed by gas chromatography. The mass balance for each test was

calculated and the error was less than 4%.

During experiments, the feed gas flow rate was kept constant at

0.6 m3/h at room temperature (26 oC). O2 concentration was varied

at 6%, 8%, 10% and 12%.

RESULTS AND DISCUSSION

1. Combustion and Controlled O2 Oxidation Characteristics

The conventional combustion of solid fuels is characterized by a

series of successive temperature rises from room temperature to

over 700 oC within a few minutes. Besides, complete combustion

using excess air results in numerous disadvantages including pro-

duction of large flue gas volumes, hazardous waste streams associ-

ated with the fly ash.

Conventional combustion means that fuels were completely com-

busted with high excess air coefficient. To compare with the perfor-

mance of conventional combustion inside the packed-bed reactor,

a combustion experiment was carried out in the same system at an

air flow rate of 1.2 m3/h. Fig. 2 shows the measured temperatures

in the bed and compositions of the flue gas as functions of times.

As can be seen in Fig. 2(a), the bed temperature at the height 100

mm reached 810 oC within 30 minutes, which was similar to that

for other waste and biomass materials [15]. In Fig. 2(b), the O2, CH4,

CO and CO2 profiles show the typical behavior of sawdust com-

bustion. All the O2 was consumed by combustion in 26 minutes,

leading to a rapid increase of CO2. Besides, due to the excess air,

production of large flue gas volumes brought many difficulties in

Table 1. Proximate analysis, ultimate (dry basis) analysis and calorific value for sawdust

Proximate analysis (wt%) Ultimate analysis (wt%) Calorific value

(MJ/kg)Moisture Volatile matter Fixed carbon Ash C H O N S

Sawdust 13.81 74.19 11.06 0.54 47.73 5.73 38.07 1.03 0.21 17,109

Table 2. Properties of the packed bed of sawdust

Mass (g) Average bed height (mm) Average bed density (kg/m3)

400 390 204

Fig. 1. Schematic diagram of the experimental facility.
1. Flowmeter 08. Data acquisition
2. Preheater 09. Condenser
3. Sawdust 10. Scrubbing bottle
4. Electric heater 11. Gasometer
5. Reactor 12. Extraction pump
6. Heat insulation cotton 13. Bag
7. Thermocouples
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managing the flue gas.

While the objective of this paper is to study the controlled air

oxidation, the waste is fired with less than the stoichiometric air re-

quirement, usually from 40% to 60%. So a lower air flow rate was

chosen. Fig. 3 shows the measured temperatures and gas composi-

tions of the flue gas in sawdust oxidation for the feed gas flow rate

of 0.6 m3/h. O2 concentration in the feed gas mixture was 6% in

volume. The whole oxidation process can be divided into three stages.

At the beginning of the oxidation process, the sawdust was heated

and the volatiles began to release. When the sawdust was heated to

a certain temperature, an immediate oxidation reaction took place

in the bed. As can be seen in Fig. 3(b), the concentrations of CO,

CO2 and CH4 in the outgoing gas reached their maximum levels,

and a rapid drop of the O2 concentration was observed. Then, in

the second stage, the gas compositions remained at low and stable

levels for a relatively long time, which meant that a steady oxida-

tion reaction took place. When concentrations of CO, CO2 and CH4

were almost zero and the O2 concentration started to increase, it was

considered the end of the devolatilization reaction. This was the

beginning of the third stage. In industrial facilities, excess air would

be injected into the chamber to combust the char completely.

Compared with Fig. 2 for the combustion of sawdust, the peak

temperature in the oxidation bed was much lower, only 445 oC at

the bed height of 100 mm. Besides, the temperature at the height

of 200 mm was in harmony with that in the position of 100 mm,

which meant that the sawdust bed could maintain a steady state in

the oxidation process. Nitrogen is a macronutrient for plants, criti-

cal to their growth, and in high concentration. Nitrogen, sulfur and

chlorine are important in the formation of pollutants. The pub-

lished research results indicated that NOX was emitted from the fuel

bed simultaneously with the volatile matters during devolatilization

when the temperature reached 600 oC [21] and was known to be

sensitive to the equivalence ratio, producing high yields under air

rich conditions [20]. Furthermore, high temperature led to the melt

of heavy metal, which had a strong influence on ash disposal [20].

A lower bed temperature process led to lower NOX formation in

the bed and produced available fuel gas which contained 10.56%

CO and 2.26% CH4. Therefore, due to the less feed gas, this tech-

nique combined a number of favorable properties, i.e., lower bed

Fig. 2. Temperatures (a) and gas compositions of the flue gas (b)
in sawdust combustion at an air ow rate of 1.2 m3/h.

Fig. 3. Temperatures (a) and gas compositions of the flue gas (b)
in sawdust oxidation at a mixed gas (6% O2+94% N2) flow
rate of 0.6 m3/h.
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temperature, largely preventing PCDD/Fs formation and reducing

NOX formation in the bed, lower dust carryover in the flue gases,

simplified gas-treatment procedures and lower running costs, which

could be friendlier to environment.

2. Effect of O2 Concentrations on Temperature Profiles

Temperature profiles in the bed were studied in order to obtain a

better understanding of the oxidation process. Fig. 4 presents the

temperature profiles at the bed height of 100 mm for the sawdust

oxidation processes at different O2 concentrations. Based on ther-

mogravimetric results, wood decomposition took place after 220 oC

[32-34]. Biomass degradation in a pure flow of N2 is an endother-

mic process which requires external heat input. In contrast, gasifi-

cation of wood is an exothermic process in theory. In this experiment,

the heat for the temperature rise was provided by the heater, hot

feed gas and the partial combustion which maintained the reaction.

For all the performed experiments, the same thermal behavior was

observed: the temperature rose to a certain point and then leveled

off in the oxidation process. At the beginning of the run, the tem-

perature of the reactor wall increased to the designed temperature

with the rate about 15 oC/min. Due to the delay of the heat transfer,

temperature rise of the sawdust had a lag. Then, because of the pres-

ence of O2, oxidation reactions of pyrolysis products proceeded to

provide the required heat for the successive thermal decomposition.

Temperature profiles also showed that the increase in O2 con-

centration led to the increase in bed temperature. By changing the

O2 concentration from 6% to 12%, the temperature increased signi-

cantly. The bed temperatures for O2 concentrations of 6%, 8%, 10%

and 12% were 415 oC, 434 oC, 454 oC and 502 oC, respectively. For

every 2% rise in O2 concentration, temperature increased by about

20 oC. Hence, reaction processes could be well regulated by means

of adjusting the feed air in practical equipment.

3. Product Yields

The oxidation products were divided into gas, liquid consisting

of condensed vapor and tar, and solid residues including char and

ash. Fig. 5 presents the product yields of sawdust for O2 concentra-

tions ranging from 6% to 12%. It can be observed that the increase

in O2 concentration led to the decrease in solid fraction. The maxi-

mum yield of residues (29.25 wt%) corresponded to the lowest O2

concentration. The yield of char decreased to 22.04 wt% at O2 con-

centration of 12 vol%. This could be attributed to the high temper-

ature caused by the richer amount of O2 which led to more vigorous

reaction. Therefore, high O2 concentration led to low solid yield

and high tar and gas yields.

Fig. 5 also shows that the gas yield reached a minimum at O2

concentration of 10% while the liquid achieved a maximum corre-

spondingly. This could be explained by the comprehensive effects

of residence time of the volatile phase and the sawdust bed temper-

ature. Generally, the longer the residence time of the volatile phase

was, the better the cracking reaction of tar was [35]. As a result of

low O2 concentration, low temperature led to a low gas flow rate.

Therefore, there would be enough time for tar cracking to generate

gas. With the increase of O2 concentration, which meant higher tem-

perature in reactor and shorter residence time of the volatile phase,

there would not be enough time for tar cracking to generate gas.

Therefore, yields of tar increased and yields of gas decreased as O2

concentrations varied from 6% to 10%. However, it can be observed

that yields of tar decreased and yields of gas increased as O2 con-

centration from 10% to 12%. This suggests that there was a critical

point, at which the gas formation not only depended on the resi-

dence time but also was affected by the sawdust bed temperature.

When O2 concentration was 12%, the temperature was high enough

to cover up the influence of the residence time.

4. Gaseous Compositions

The compounds analyzed in the gas product were CO, CO2, CH4

and O2. Fig. 6 displays the volume percentage of each compound in

the gas product as a function of times with O2 concentrations ranging

from 6% to 12%.

When the feed O2 concentration was 6%, the maximum con-

centrations of CO, CO2 and CH4 were 10.56, 8.28 and 2.24 (vol%),

respectively. On the other hand, these maximum values increased

slightly with the increase of O2 concentrations. For the cases that the

O2 concentrations in the feed gas equaled to 6, 8, 10 and 12 (vol%),

the corresponding peak CO concentrations during the oxidation were

10.56, 11.42, 12.81 and 11.98, respectively, while the peak values

for CO2 were 8.28, 11.88, 13.81 and 14.27 (vol%), respectively.

And in the case of CH4, the increase was slight as the O2 concen-

Fig. 5. Product yields vs. O2 concentrations in feed gas.

Fig. 4. Temperature profiles at different O2 concentrations for bed
height of 100 mm.
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tration increased. The conclusion can be drawn that the peak con-

centration of CO, CH4 and CO2 increased when the O2 concentration

increased from 6% to 10%. This was mainly because reaction degree

at higher O2 concentration was deeper than that at lower O2 concen-

tration. Furthermore, when higher O2 concentration was used, less

N2 was poured to the reactor and therefore the product gas was less

diluted. However, when the O2 concentration reached 12%, CO con-

centration decreased slightly and the increase of CO2 concentration

was comparatively large. The possible reason for this behavior was

that more CO converted into CO2 at higher O2 concentrations.

CONCLUSIONS

A packed-bed reactor was established to study the effect of O2

concentration on sawdust oxidation.

(a) The sawdust beds achieved low temperatures for given O2

concentrations and leveled off in the oxidation processes. Reaction

processes could be well regulated by means of adjusting the feed

air in practical equipment.

(b) For all the performed experiments, the same thermal behav-

ior was observed. The bed temperature rose to a certain point and

then maintained almost steady in the oxidation process. Increased

O2 concentration led to the increase in bed temperature. Tempera-

ture increased by about 20 oC for every rise 2% in O2 concentra-

tion. The bed temperatures for O2 concentrations of 6%, 8%, 10%

and 12% were 415 oC, 434 oC, 454 oC and 502 oC, respectively.

(c) Increased O2 concentration led to the decrease in solid frac-

tion, the gas yield reached a minimum at about 10%, and the liquid

achieved a maximum in correspondence. Then, there was a critical

point where could be observed that yields of tar decreased and yields

of gas increased when O2 concentrations varied from 10% to 12%.

(d) The peak concentrations of CO, CH4 and CO2 increased when

the O2 concentration increased from 6% to 10%. When the O2 con-

centration reached 12%, CO concentration decreased and CO2 con-

centration increased slightly.
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