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Abstract 

In oxy-fuel combustion, coal particles undergo pyrolysis in CO2 rich atmospheres. 

The composition of the gaseous atmosphere under which pyrolysis takes place may 

have important effects also on the formation of pyrolysis products. 

In the present work, pyrolysis experiments have been carried out with a medium 

rank high volatile bituminous coal substituting N2 with CO2. Experiments have 

been carried out in a laminar drop tube reactor as well as in a fixed bed reactor. 

CO2 chars prepared in the drop tube reactor turned out to be less reactive towards 

combustion than the corresponding N2 chars. Differently chars prepared at low 

heating rates and temperature have similar combustion reactivity regardless of the 

N2 vs CO2 pyrolysis atmosphere. 

 

Introduction 

Pyrolysis of solid fuels has been studied for coal and biomass extensively and it is 

well known that the kinetics and quality of pyrolysis products are severely affected, 

among other factors, by the severity of heating, in particular temperature and 

heating rate [1–3]. The presence of the large CO2 concentrations typical of oxy-fuel 

conditions may further alter the pyrolysis pattern and the quality of pyrolysis 

products and enhance or mitigate the relevance of heating conditions. 

The goal of the current study was to investigate the influence of increased CO2 

concentrations on the reactivity of the resulting chars prepared from pyrolysis of a 

medium rank coal under largely different heating conditions. Pyrolysis was carried 

out in N2 or CO2 atmospheres in quite different experimental apparatus: a fixed bed 

reactor and a drop tube reactor (DTR). 

In thermogravimetric apparatus and fixed bed reactors, typical heating rates are 

below 100 °C/min, which are orders of magnitude below the heating rates in 

pulverized fuel (pf) applications, however, they allow careful control of the time 

temperature history. In DTRs the heating rates are much higher (up to 10
6
 °C/s, e.g. 

Ref. [4]) as well as process temperature, while residence times are shortest 

possible. They fulfil all requirements to measure pyrolysis under pf conditions. 
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Experimental 

A bituminous coal from Colombia was used for the current experiments. Proximate 

and ultimate analysis data are given in Tab. 1, classifying the bituminous coal as 

high volatile. The fuel was sieved to a typical pc size but large enough to get 

sufficiently long process times for analysis (90-106 µm). The proximate analysis 

(moisture, ash and volatile matter) of the coal was carried out in accordance to DIN 

standards 51718 (moisture at 106 °C), 51719 (ash at 815 °C), 51720 (volatiles at 

900 °C) and 51900 (higher heating value, HHV). Oxygen content was calculated 

by difference. All values are given on raw, dry or dry and ash-free (daf) basis. 

 

Table 1. Standardized analyses of the examined Colombian coal. 

Moisture 

raw 

Ash 

dry 

Volatiles 

dry 

C 

daf 

H 

daf 

N 

daf 

S 

daf 

O 

daf 

HHV 

daf 

d50 

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (MJ/kg) (µm) 

2 4.83 38.96 79.00 5.39 1.78 0.88 12.95 32.575 108 

 

The fixed bed micro reactor consists of a tubular quartz reactor (inner diameter 

di = 20 mm) heated externally by electric furnaces. Approximately 1 g of the 

sample is placed inside the reactor from the very beginning of the experiment and 

heated accordingly. A thermocouple is inserted into the bed. N2 or CO2 are fed 

from the reactor top at flow rate of 200 ml/min (standard temperature and pressure, 

STP) and leave the reactor from the bottom. The reaction products at the reactor 

outlet are quickly cooled down to 200 °C and then to 0-5 °C. The incondensable 

gas stream passes through a filter to capture residual tar or water and then is sent to 

gas analyzers (ABB AO2020), including Caldos 27 and Uras 26 modules, for the 

measurement of O2, CO, CO2, CH4 and H2. The char is recovered from the reactor 

after cooling. 

The laminar drop tube reactor is designed for short residence times, comparable to 

devolatilization time scales of pf boilers. The particles are fed through a water-

cooled injection tube to avoid preterm exposure to heat or reaction atmosphere. A 

microwave-based plasma source is used to heat the gases to a pre-selected 

temperature. The volume flow rate (process and feed gas flow) was set to 

(49+1) l/min by mass flow controllers in all experiments. 

The reactor tube is a 320 mm long electrically heated Al2O3 pipe (di = 50 mm). The 

wall temperature was set to 1300 °C. Due to the thermal conditions, particles are 

heated up rapidly with maximum heating rates in the order of 3·10
4
 °C/s [5]. The 

reaction distance was set to 270 mm. Resulting residence times for N2 were 120 ms 

and 130 ms for CO2, respectively, a time sufficient to complete pyrolysis but short 

compared to the timescale of heterogeneous char gasification. Final particle 

temperature was calculated by CFD to be approx. 1230 °C (N2), respectively 

1280 °C (CO2). For the current work, in each experiment char is sampled under 

steady conditions until a suitable amount of sample is accumulated. A more 

detailed description of the test rig is given in Ref. [5]. 
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Characterization of samples 

Four samples of chars have been obtained from the pyrolysis tests: two chars 

collected from the fixed bed experiments in N2 and CO2 and two chars collected 

from the drop tube reactor. Char samples have been analysed by means of TGA to 

assess the combustion reactivity and to investigate the nature and distribution of 

active sites. 

In particular combustion tests were carried out in a Netzsch 409 TG-DSC 

apparatus. Approximately 20 mg of sample were loaded in the pan in each test. The 

sample was heated up at a constant heating rate of 5 °C/min to the final 

temperature of 900 °C in an upward flow of gas of 100-200 ml/min (STP). The 

sample was finally held at isothermal conditions for 30 min. The mass recorded 

during experiments is worked out in order to obtain DTG plots of (dw/dt w0
-1

) vs. 

T, where w, w0 are the actual and the initial weight of sample (after the 

dehumidification stage), t the time and T the temperature. This apparatus was also 

used to perform temperature programmed desorption (TPD) experiments. In TPD 

experiments the heating rate was set at 30 °C/min and the final temperature at 

1200 °C. A gas flow of pure Ar was used. On-line analysis of CO and CO2 in the 

off gas was carried out by means of ABB AO2020 analyzers. 

 

Results and discussion 

The elemental and proximate analysis of the four char samples produced in the 

fixed bed and drop tube are reported in Tab. 2. The SEM pictures of the same 

samples are reported in Figs. 1-2. 

 

 
Figure 1. SEM images of the fix bed chars: N2 (left) and CO2 (right). 

 

It can be observed that the fixed bed chars still have an edged surface while the 

DTR-chars are smoother and more spherical. The DTR-chars also have large pores 

whereas that there are no obvious pores in both chars produced in the fixed bed. 

For the two chars produced in fixed bed reactor, the char yield attains values close 

to the proximate analysis. In the DTR chars, instead, a lower char yield is attained. 

The mass ratios H/C of the chars are comparable for the fixed bed experiments in 

N2 and CO2. It decreases slightly in the char prepared in the drop tube in N2 and 

more remarkably in the char produced in drop tube with CO2. 
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Figure 2. SEM images of the DTR chars: N2 (left) and CO2 (right). 

 

Table 2. Char yields and elemental analyses of the produced chars. 

Test rig T 
Char 

yield, dry 
H/C 

DTG 

peak 

TPD CO 

peak 

 (°C) (wt%) (mass) (°C) (°C) 

Fixed Bed N2 600 65 0.029 500 835/1300 

Fixed Bed CO2 600 63 0.028 500 835/1300 

DTR N2 1300 51 0.024 535 835/1300 

DTR CO2 1300 48 0.010 455 1300 

 

Fig. 3 shows the DTG plots of the four chars. In all cases a single peak is obtained. 

The temperature corresponding to the peak is reported in Tab. 2. It can be observed 

that the same values are obtained for the two fixed bed chars. The peak of the N2-

DTR char occurs at lower temperatures, suggesting a higher combustion reactivity 

of the material pyrolyzed in the DTR compared to the fixed bed in N2. Instead, the 

DTG peak of the CO2 drop tube char is shifted towards higher temperatures 

suggesting a distinctively lower combustion reactivity. The result, is consistent 

with the lower H/C content of the sample, and suggests a higher extent of thermal 

annealing/graphitization of this sample compared to the others. 

 

 
Figure 3. DTG plots of the char samples: fixed bed (right) and DTR (left). 
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The results of TPD experiments are shown in Figs. 4-5, reporting the profiles of 

CO and CO2 evolved upon heating in argon as a function of time. Minor 

differences are observed in the evolution of CO and CO2 of the two fixed bed chars 

(Fig. 3), while the two DTR-chars show different behavior. CO largely exceeds 

CO2 in both cases. The release of CO occurs in two stages, with a first peak after 

35 min at 835°C and a second one after 60 min at 1300°C. 

The profiles of the drop tube N2-char appear similar to those of the fixed bed char, 

whereas for the CO2-DTR-char, only one major CO-peak is observed after 60 min 

at 1300°C. The similarity of TPD profiles is consistent with the similarity of the 

DTG curves and evocative of a similar distribution of active sites with formation of 

similar C-O complexes on the structure of the chars. The loss of the first peak of 

the CO profile in the TPD of CO2-DTR char suggests that the more active sites, 

those which are more labile and produce the early CO peak, have been lost upon 

pyrolysis with CO2 in the drop tube rector. This is consistent with the lower rate of 

combustion attained for the same sample in TGA. 

 

 
Figure 4. Gas evolution of the TPD tests of the chars from the fixed bed. 

 

 
Figure 5. Gas evolution of the TPA tests of the chars from the DTR. 
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Conclusions 

Substitution of N2 with CO2 during pyrolysis of coal in a fixed bed rector at 600 °C 

with low heating rates does not produce remarkable effects on the quality of char in 

terms of combustion reactivity. Chars appear relatively young with high H/C value. 

Chars prepared in a DTR at 1300 °C with very short residence times (120/130 ms) 

also have a relatively high H/C ratio and exhibit an even higher combustion 

reactivity than the chars produced in the fixed bed reactor. Instead, the substitution 

of N2 with CO2 in the drop tube results in major changes in the char quality. Char 

turns out to have a lower rate of combustion and much lower H/C content, 

suggesting more extensive aromatization/annealing. 

The reactivity rankings of the chars are fully consistent with the profiles of 

CO/CO2 evolved upon TPD experiments. In particle the char prepared in the drop 

tube reactor seems to have lost the more reactive active sites or equivalently, to be 

poorer in CO complexes of lower stability. 
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