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One of the most widely used in-situ remediation methods is phytoextraction, during which 

excessive amounts of heavy metals are removed from the soil by plants capable of storing and uptaking 
contaminants. However, the combustion of these plants assumes that their heavy metal content is 
transformed into gaseous and solid combustion matter. Therefore, extensive research is required to 
define the composition of such hazardous remains and to identify the proper methods for the treatment 
and disposal of the waste. In this article, we examine the gaseous and solid pollutant particle content of 
the flue gas produced from combustion, as well as the heavy metal content of the fly ash. We have 
developed two different experimental processes applicable to domestic-scale and semi-plant scale 
biomass combustion, respectively. Oak and poplar samples from a heavy metal contaminated site were 
used for both experiments. The domestic-scale test was conducted with a furnace of 7 kW heat capacity, 
with closed combustion chamber; the semi-plant scale examination was carried out in a 500 MW 
capacity boiler equipped with an automatic fuel feeding system and a cyclone dust extractor. In both 
combustion experiments, the composition of flue gas was measured with a portable gas analyser type 
HORIBA PG-250. For the analysis of the heavy metal content of the fly ash, DX4 EDAX EDS 
microprobe by an AMRAY 1830 type scanning electron microscope and ICP-AES tests by a 720 ES 
instrument were applied. 

Based on our results, it can be determined, that any type of combustion device used for burning 
biomass from heavy metal polluted sites (brownfield lands) must allow the separation of the fly ash 
from the flue gas, and make the proper handling of the solid burning residues viable. 
Keywords: brownfield lands, ligneous plants, heavy metal pollution, combustion experiments 
 
Introduction 
 

Constant population growth and large-scale pollutant emissions from intensive industrial 
activities set ever demanding challenges to mankind – especially from an ecological point of 
view. Pollutants emitted into the environment often cause irreversible damage. Over the past 
few decades, decontamination efforts have gained special importance in Eastern-European 
countries such as Hungary. The industrial changes of the early 90’s lead to the transformation 
of old, obsolete structures and significantly reduced the role of heavy industry in sectors like 
metallurgy, mining and machinery. Abandoned industrial sites gradually turned into 
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brownfield lands along the years. The reutilization of these areas cannot be achieved without 
decontaminating the polluted fields. 

In the case of polluted lands, especially soils with high heavy metals contents, a common 
method for remediation is phytoextraction [1], through which the heavy metals present in the 
soil get accumulated in the plants’ tissues [2–5]. Once in-situ remediation get accomplished, 
these plants are still suitable for energetic utilization, supposing that no heavy metal 
components accumulated in the plant will cause damage to the environment. A substantial 
fraction of the heavy metal content of the biomass fuel can be found in the ash after burning, 
while a smaller fraction will enter the flue gas, in gaseous and solid form. In this paper, we 
examine the solid and gaseous air pollutants formed in the flue gas during the combustion of 
such fuels. For purposes of our investigations, we have taken oak and poplar samples from a 
closed mining site in Hungary. 

The energetic use of ligneous plants highly depends on the combustion technology 
applied and the type of the combustion equipment used. During our research, we first 
examined the domestic utilization of firewood contaminated with heavy metals. In Hungary, 
manually-fed combustion devices of low capacity are common, which means that the 
burning process takes place under relatively uncontrolled circumstances. Therefore, we used 
an experimental furnace to determine combustibility. The main objective of the combustion 
experiment was to examine the emission of the solid and gaseous air pollutants produced, and 
to sample the fly ash formed in the burning process. We have conducted laboratory 
measurements to define the composition of the fly ash. 

After having completed the domestic-scale combustion experiments, we examined the 
change in the amount of emitted pollutants under controlled circumstances, in a 500 kW 
capacity boiler. 

The underlying question of our investigations was whether it is possible for heavy metal 
contaminated ligneous plants taken from brownfield lands to be transformed into 
commercially viable fuels appropriate for energetic utilization? 
 
1. Combustion experiments 
 
 We have carried out two combustion experiments for the examination of ligneous plants 
contaminated with heavy metals. We have used oak and poplar samples from the same site 
for both the domestic-scale and the semi-plant scale experiments. 

 
1.1. Domestic Domestic-scale combustion experiments 

 
The simplest method for the energetic utilization of contaminated biomass would be to 

burn the logs obtained from the polluted sites in household or industrial combustion units, in 
the nearest town. In order to determine whether the respective heavy metal contaminated 
biomass is suitable for residential utilization, combustion experiments have been carried out. 
The tests were conducted with a furnace of 7 kW capacity, with closed combustion chamber. 

The scheme of the measurement system is shown in Figure 1. Two sampling points have 
been allotted on the straight flue gas conduction tube, at the outlet of the boiler. One set of 
samples, for solid air pollutant analysis, were taken at the first point, while another set for 
flue gas composition analysis were taken at the second. In the case of traditional, 
manually-fed household combustion devices, the soot content of the flue gas usually 
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increases after feeding. In order to replicate a realistic combustion process, some flue gas 
samples were taken during fuel feeding, so some of the values represent this “sooting” stage. 

In Hungary, no specific emission limit values for household combustion devices have 
been set by governmental regulations so far, but, considering recent EU environmental 
directives, this will undoubtedly change in the near future. The lack of regulations makes it 
unclear whether heavy metal contaminated biomass can be burnt uncontrollably in household 
devices. Aim of our researches was to develop a model that resembles “uncontrolled 
residential utilization” as closely as possible. 

 

 

Figure 1. Scheme of the measurement system  
(domestic-scale experiment) 

1.2. Semi-plant scale combustion experiment 
 

The semi-plant scale experiment was carried out in a 500 kW capacity boiler with an 
automatic fuel feeding system (Figure 2). The boiler is equipped with a cyclone dust 
precipitator. The gaseous pollutant content and the fly ash concentration of the flue gas 
produced from the combustion process has been examined by setting up a standard sampling 
point in the upper part of the chimney. For the analysis of solid particles flowing in the flue 
gas, we have taken samples from the fly ash collected by the cyclone, then from the fly ash 
leaving the chimney together with the flue gas. 
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Figure 2. Photo of the examined boiler (semi-plant scale experiment) 

2. Examination of pollutant emission 
 
2.1. Gaseous pollutants 

 
We have examined the composition of the flue gas produced from the above described 

combustion experiments with a portable gas analyser type HORIBA PG-250, which allows 
the determination of flue gas components along the following measurement principles. Based 
on a chemiluminescence method, CO and SO2 were determined through infrared absorption 
by a NOx analyser (inside the device). The analyser is supplied with two pyroelectric sensors. 
One of them is to measure CO2 absorption, the other is the reference sensor, whereby 
different wavelengths are applied to induce CO2 absorption and to determine light energy, 
respectively. Actual measurement is made with an analysing zirconium-oxide sensor. The 
applied measurement methods comply with all standard regulations [6–11]. As 
for/considering gaseous air pollutants, the measured values should be converted to a given 
oxygen concentration according to the relevant regulations [12–13]. KöM Decree No. 
23/2001. (XI.13) sets a reference value of 11% oxygen content for emissions from 
combusting wood, woodchip and solid bio-fuels (by smaller-scale industrial utilities). 
 
2.2. Amount and content of solid air pollutants  

 
The solid material content of the flue gas was determined with different techniques during 

the two combustion experiments. 
In the domestic-scale combustion tests, a “wet” absorption method has been used to 

identify solid air pollutants. The flue gas was diverted from the sampling probe into two 
absorption tanks filled with water. The flow volume of the flue gas circulating through the 
system has been measured for a present time, together with the weight of the solid residue 
remaining after the evaporation of the absorption fluid. The solid content of the flue gas was 



Quantitative Analysis of Air Pollutants Produced from the Combustion… 

 
35 

determined from these two values. Fly ash samples could be obtained in such small quantities 
that only limited options were left to determine the total heavy metal content. The average 
chemical composition of particulate air pollutants and of the fly ash has been determined via 
DX4 EDAX EDS microprobe with an AMRAY 1830 I scanning electron microscope. 

During the semi-plant scale combustion experiment, we have taken fly ash samples at the 
sampling point located at the upper part of the chimney, where a standard sampling pipe 
section was installed. The amount of fly ash has been determined with gravimetric method 
using S-20 type cyclone probe. Isokinetic sampling has been applied during the 
measurement. In analysing the heavy metal content of the fly ash, all the elements were 
determined by ICP-AES, using a 720 ES instrument manufactured by Varian Inc., which is 
an axially viewed simultaneous multi-element ICP spectrometer. Calibration was done by 
matrix matched calibration solutions, using CertiPUR® IV multi-element ICP CRM solution 
by MERCK Ltd. The samples were then heated in a closed PTFE bomb in concentrated nitric 
acid at 130 °C for 120 minutes until complete dissolution. After cooling the bombs to room 
temperature, the dissolved samples were transferred into a volumetric flask, filled up to the 
final volume of 50 cm3. 

 
3. Results 
 
3.1. The heavy metal content of biomas 

 
As a result of the phytoremediation process, the heavy metal contaminants of the soil are 

accumulated in the plants. The heavy metal content of the ligneous biomass samples has been 
determined. The results can be seen in Table 1. Figure 3 shows the heavy metal content of the 
biomass samples in a diagram form. 

 
Table 1 

Heavy metal content of the combusted biomass samples (mg/kg) 

Oak Poplar 

Domestic-scale Semi-plant scale Domestic-scale Semi-plant scale Metal 

mg/kg 
Zn 47.6 59.4 274 149.1 
Cu 32.7 147.4 16 25.6 
Cd 10.9 3.5 19 2.7 
Pb < 10 8.1 < 10 4.4 
Mn 206 253.1 58 74.9 
Cr 813 721 191 279.7 
Ni 556 190.3 94.9 63 
Co 24.8 4.3 19.1 1 
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The Figure 3 shows the heavy metal content of the biomass samples. 
 

 

Figure 3. Heavy metal content of biomass samples 

Based on the results of Table 1 it can be state that the biomass samples contain heavy 
metal pollutants in high amount.  
 
3.2. Solid and gaseous pollutant emission 

 
Specific emission values converted to the measured CO and NOx mg/m3 values are given 

in Table 2 (1 ppm NOx equals to 2,05 mgNO2/m
3; 1 ppm CO equals to 1,25 mgCO/m3). 

Table 2 also gives information about the CO2 content of the flue gas, besides its oxygen 
content. During the domestic-scale combustion experiment, the temperature of the flue gas at 
the sampling point changed between 450–500 °C, while in the semi-plant scale combustion 
experiment, it was between 200 and 250 °C. 

The table does not contain data on the SO2 content of the flue gas, since SO2 emission 
from the fired wood samples was very low during the measurements. 
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Table 2 

Air pollutants formed during the combustion of biomass, O2 and CO2 content of flue gas 

Domestic-scale 
(7 kW) 

Semi-plant scale 
(500 kW) Air pollutants 

Oak Poplar Oak Poplar 

Limit 
value** 

[13] 

NOx*, (11% O2) mg/m3 324 156 249.02 266.74 650 
CO*, (11% O2) mg/ m3 268 279 177.38 283.98 250 

O2 % v/v 11.26 10.96 10.77 10.35 – 
CO2 % v/v 9.68 9.94 10.38 10.62 – 

Solid air 
pollutants 

mg/ m3 25.5 165.4 320.28 343.19 150 

* The concentrations expressed in mg/m3 refer to flue gas with 11% oxygen content produced from dry (absolute) 
biomass combustion at t = 273 K and p = 101.3 kPa. 
** Hungarian regulations give only technical limit values for the emission of air pollutants from combustion 
equipments with a nominal heat input capacity higher than 140 kW. 

The results are shown in Figure 4. Emission limits values are marked with a horizontal 
line for the semi-plant scale combustion experiment in the diagram. 
 

 

Figure 4. Amount of air pollutants formed during combustion, with limit values relevant  
for industrial combustion plants 

As compared to the regulations currently in effect in Hungary, the measurement results of 
the semi-plant scale combustion experiment show that the amount of solid air pollutants 
formed during the combustion of wood samples is higher than the maximized limit values.  
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For oak samples, the emission of gaseous air pollutants remained within the limit values, 
while for poplar, measured CO emission exceeded the limit values by nearly 14%, with NOx 
emission acceptable. 
 
4. The heavy metal content of solid air pollutants 
 
4.1. Domestic-scale combustion experiment 

 
In the case of the domestic-scale combustion experiment, the sampled volume of fly ash 

suitable for composition analysis had been so small, that we performed an electron 
microscopic examination instead of chemical composition analysis. The heavy metal 
composition of the fly ash relative to sample weight is shown in Table 3.  

           Table 3 

Heavy metal content of the fly ash relative to fly ash weight, mg/kg 

Zn Cu Mn 
Sample 

mg/kg 
Oak 0.96 0.12 0.41 

Poplar 2.14 0.33 0.38 

Electron microscopic and energy dispersive microprobe examinations of the fly ash 
separated from the flue gas gave evidence of the presence of zinc, copper and manganese. 
Therefore, the domestic use of the examined fuels is not recommended. 

 
4.2. Semi-plant scale combustion experiment 

 
During the semi-plant scale combustion experiment, we have examined the heavy metal 

content of the fly ash taken at two sampling points. The amount of fly ash was sufficient to 
allow for the exact determination of its chemical composition, as presented in Table 4. Figure 
5 shows the results of the examination. 

                Table 4 

Heavy metal content of the fly ash relative to fly ash weight, mg/kg 

Zn Cu Cd Pb Mn Cr Ni Co 
Sample 

mg/kg 
Oak 2156.6 282.6 15.1 168.3 6029.0 144.9 94.6 2.0 

Poplar 3305.3 221.9 48.0 124.8 5454.1 70.6 68.7 2.9 
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Figure 5. Heavy metal content of the fly ash samples in the case of boiler 

It can be deduced from the results that – like in the case of the domestic-scale combustion 
experiment – the fly ash did contain all the examined metallic elements. Based on the 
chemical analysis, we can state that a more efficient separation of the fly ash from the flue 
gas is necessary in order to prevent these high heavy metal contents being released into the 
atmosphere. Heavy metal polluted fly ash entering the environment can cause serious 
environmental problems. 
 
Conclusions 
 

On the whole, it can be stated that in the semi-plant scale combustion experiment, the 
amount of gaseous air pollutants produced from the combustion of poplar samples has 
exceeded the emission limit values. Concerning the solid material content of the flue gas, we 
can say that the rate of fly ash formation is excessive for both samples. The detectable heavy 
metal content of the fly ash makes it necessary to improve the technological efficiency of 
dust collection or to replace the cyclone dust filter with a baghouse dust collection system. 
Based on our results, it can be determined, that the combustion device used for burning 
biomass grown on heavy metal polluted areas – brownfield lands – must make it possible to 
separate the fly ash from the flue gas and allow the proper handling of solid burning residues. 
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