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Abstract: The main purpose of the present work was to evaluate the efficiency of the gasification 

process of three different types of agro-forest biomass residue (rapeseed, softwood, and sunflower 

husks) along with the characterization of size-segregated particulates’ emissions. The experiments 

were carried out in a drop tube furnace (DTF), using two different gasifying agents (O2/N2 and 

O2/N2/CO2) at atmospheric pressure and a constant temperature of 1000 °C. In focus was the effect 

of biomass and the gasifying agent on syngas composition (CO, H2, CH4, and CO2), cold gas and 

carbon conversion efficiency, and on the emissions of by-products, such as particulate matter (PM), 

known for having negative environmental and health impacts. The collected particulates were char-

acterized by SEM/EDS and XPS analysis. The results reveal that: (i) the introduction of CO2 increased 

the production of CO and CH4 and syngas’ lower heating value (LHV), thus leading to higher cold 

gas and carbon conversion efficiency; (ii) CO2 decreased the production of H2, leading to lower 

H2/CO ratio (between 0.25 and 0.9). Therefore, the generated syngas is suitable for the synthesis of 

higher hydrocarbons, (iii) CO2 lowered the emissions of char (cyclone) particles but increased the 

overall PM10–0.3. Submicron size PM was the dominant fraction (PM1–0.3) in O2/N2 and (PM1.6–0.3) in 

O2/N2/CO2. Unimodal PM size distribution was observed, except for sunflower husks gasification 

in O2/N2/CO2; (iv) the SEM/EDS and XPS analysis confirmed that submicron-sized PM1–0.3 contain 

above 80% of carbon associated to soot, due to incomplete oxidation, whereas in cyclone (char) par-

ticles, carbon decreased to about 50%. The SEM/EDS results showed that K and Cl are typical con-

stituents of the submicron size PM, whereas the alkaline earth metals were detected mainly in fine 

and coarse particulates. Detailed analysis of the XPS (C1s) spectra showed that the most common 

oxygen-containing groups on the PM1 surface were carbonyl and carboxyl. 
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1. Introduction 

The recent energy demand, because of the growth of the Earth’s population and in-

tensive industry development, requires an energy supply at reasonable prices and avail-

ability. Combustion of fossil fuels has been and still is cost-effective and the world’s pri-

mary source of energy. Thus, the influence of the secondary combustion products on the 

environment, climate, and the quality of life of humans and ecosystems is the focus of the 

recent research, along with the need for developing easy accessible alternative fuels (such 

as biomass) and low-emission utilization technologies. Most of the existing utilization 

technologies render significant social and economic pressure on society [1,2]. Most of the 
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contemporary technologies for utilization of conventional and/or alternative fuels, de-

mand implementation of innovations, leading to improved energy-efficiency and reduced 

environmental impact. Currently, biomass appears as the fourth biggest energy source 

worldwide and under given circumstances it can be considered carbon-neutral, assuming 

that this fuel replaces the carbon dioxide (CO2) that is captured [3–5]. Currently, the en-

ergy in Bulgaria is derived mainly from fossil fuel combustion [2]. In Bulgaria, there are 4 

077 million hectares of forested lands, corresponding to 34% of the total territory. Thus, 

providing a significant annual amount of biomass that should be utilized in the most ef-

fective and environmentally friendly way [6]. 

The transformation of biomass to energy can be achieved through several processes. 

One of them is gasification, which is a thermo-chemical process, converting fossil or non-

fossil fuels to solid, liquid, and gaseous products. Usually, a chemical reactor is used, op-

erating at moderate to high temperatures, 700–1500 °C, [5] with the presence of a gasifying 

agent, e.g., oxygen, under sub-stoichiometric conditions. The resulting gas is called pro-

ducer gas or synthetic gas (syngas) and it is mainly composed of carbon monoxide (CO), 

hydrogen (H2), methane (CH4), and a small amount of CO2 and hydrocarbons. The syngas 

is flammable and combustible. It has a pronounced potential to be used for energy gener-

ation purposes, because it is relatively easy to clean, transport, and burn in a more efficient 

way, in comparison to the original feedstock [7]. The gasification process with coals as 

fuel is responsible for 30% of methanol and 25% of ammonia production worldwide [8]. 

Effective syngas cleaning is fundamental to have a clean engine operation [9]. According 

to the authors, the contaminants and heavy hydrocarbons are considered as tar or char 

that can be removed before the combustion process. They further discuss that tar removal 

still requires optimization, but char is a valuable product with a wide range of applica-

tions. The possible utilization concepts of the inert ash are also reviewed in [9], along with 

the syngas cleaning from fine PM through cyclones or water/oil scrubbers. However, 

some carbonaceous particles of different size and content, such as soot and char are freely 

released to the environment. The soot particles are of great concern as they are usually 

part of the submicron PM. Due to their small size and complex chemical composition, they 

specifically create problems for human health, since ultrafine particles can infiltrate in 

cardiovascular and respiratory systems, causing lung malfunction [10]. These PM are also 

known for creating problems downstream of the energy systems, such as equipment per-

formance and durability [11], thus decreasing the carbon conversion efficiency [12]. There-

fore, controlling the ultrafine particulates in the exhaust of such systems is a task of essen-

tial importance, requiring detailed research from experimental and theoretical points of 

view. 

The gasification process can be affected by several key factors, the most important of 

which are as follows: fuel composition, gasifying atmosphere, operating pressure, tem-

perature, moisture content of the fuels, the gasifiers’ design, residence time, and heating 

rate [13–15]. The reactors that are typically used for gasification purposes include fixed or 

moving beds, fluidized beds (bubbling and/or circulating), entrained flow, and drop tube 

furnace (DTF). The use of entrained flow and a DTF is common in the study of biomass 

gasification under well-controlled conditions (temperature, residence time, fuel particle 

size, etc.). The gasifying medium (atmosphere) significantly influences the process. This 

can be composed of oxygen (O2), air, CO2, and steam, or a mixture of these compounds. 

The use of air leads to syngas with a low heating value due to the presence of nitrogen. 

The heating value of the syngas increases when pure oxygen is used. However, in such 

cases, an air separation unit is required, which makes the process more expensive. If steam 

is used in the gasifying medium the water-gas shift reaction is promoted, generating a 

high percentage of hydrogen, while the tars yield is decreased due to the decomposition 

of the organic pyrolytic vapors [4,13]. Finally, when CO2 is added as a gasifying agent, the 

formation of CO increases while the formation of char is decreased. The negative effect, 

in this case, is the reduced production of H2 and the LHV of the obtained syngas [16]. 
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The agro-forest biomass residue is an adequate feedstock for gasification purposes. 

Rapeseed residue has gained significant interest, since the stalks of rapeseed are widely 

available, mainly for bio-oil production. Gao et al. [17] investigated the impact of the tem-

perature on products’ (solid charcoal, liquid oil, and gaseous products) characteristics ob-

tained during rapeseed stalk pyrolysis. The tests were conducted in a fixed-bed reactor at 

a temperature between 250 and 950 °C. The results disclose that at temperatures above 

550 °C, the liquid oil and solid char yield decreases, while the combustible gas products 

(H2, CH4, CO, CO2, C2H4, C2H6, and C2H2) yield increases. Burhenne et al. [18] studied 

pyrolysis of three types of biomass (rape straw, wheat straw, and spruce wood) in a fixed 

bed reactor. The biomass was heated at a slow heating rate of 20 K/min up to 773 K. The 

results pointed out that the CO2 volume in the product gas was almost twice that of the 

CO volume for the two straw types. The CH4 yield did not differ significantly among 

studied samples. The lowest portion in the product gas was for H2. The two types of straw 

showed a higher H2 fraction compared to the wood biomass. Sattar et al. [19] gasified 

rapeseed, wood, sewage sludge, and miscanthus biochar at intermediate temperatures 

(700–750 °C). The authors obtained a high concentration of H2 together with high mineral 

composition in the yielded char. 

Softwood is another type of biomass suitable for gasification [20–23]. Mandl et al. [20] 

gasified softwood pellets in an updraft fixed-bed gasifier. The main results showed a con-

siderable impact of the airflow rate on the composition of the producer gas, while the 

increase of the airflow resulted in increasing of CO, due to the improved char gasification. 

Aghaalikhani et al. [21] carried out detailed modeling of softwood pellets in a dual fluid-

ized bed gasifier with steam The simulations corresponded well with the experimentally 

measured parameter and showed that increasing the temperature leads to higher H2 and 

CO in the resulting gas, while the yield of CO2 and CH4 decreased. Tsalidis et al. [22] stud-

ied the effect of torrefaction on the gasification behavior of softwood (spruce) and hard-

wood (ash). For this purpose, a steam-oxygen blown circulating fluidized bed gasifier was 

used. The authors’ observation was that the torrefaction resulted in a limited impact on 

the constituents of the product gas, but the cold gas efficiency and the carbon conversion 

efficiency decreased significantly. The conclusion was that the torrefaction of both soft-

wood and hardwood was not recommended in the gasification process. Mauerhofer et al. 

[23] investigated the impact of CO2 in the gasification atmosphere on the main product 

gas component during softwood gasification in a dual fluidized bed reactor. The experi-

ments were performed with a mixture of CO2 and steam in different proportions. The 

authors reported that increasing the CO2 portion in the gasifying mixture decreased the 

yield of H2 and CH4, while the presence of CO and CO2 grew in the product gas composi-

tion. 

According to the Bulgarian Ministry of Agriculture, Food and Forestry [24], the av-

erage annual production (2016–2020) of rapeseed and sunflower is 406,707 t and 1,756,483 

t, respectively. There are studies, focused on the gasification of sunflower husk [25–27], 

but it is hard to find detailed investigations on sunflower husk gasification in conditions 

typical for a DTF. Cabuk et al. [25] examined the impact of biomass torrefaction on the H2 

production during gasification of torrefied biomass and its blend with lignite. For this 

purpose, sunflower seed cake was torrefied at 250, 300, and 350 °C. The authors concluded 

that the torrefied sunflower seed cake, instead of the raw one, is a promising feedstock for 

H2 production through steam co-gasification with lignite in both fluidized bed and down-

stream reactors, after some alteration. Mojaver et al. [27] model biomass gasification in 

fluidized bed conditions in a steam atmosphere. The model was verified with experimen-

tally obtained results. The work considered 13 different types of biomass, including sun-

flower husks. The authors concluded that hydrogen production increased by increasing 

the steam quantity and temperature, while the CO2 syngas concentration decreased at a 

lower steam quantity and higher temperature for all studied biomass types. 
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Recently in Bulgaria, the atmospheric PM was characterized with a general focus on 

PM10 and PM2.5. The PM investigations were carried out mainly in two directions, as fol-

lows: (a) monitoring the concentration of PM10 and PM2.5 in the atmospheric air and its 

dispersion [28–31] by experimental techniques or computational models; (b) characteriza-

tion of atmospheric PM in terms of their chemical composition [32–34]. A lack of detailed 

characterization of the PM emitted during typically applied utilization processes of locally 

produced and provided blends of biofuels was observed. Moreover, such solid biofuels 

are typically used in small- and medium-scale energy systems providing household heat-

ing services. Thus systematic research is needed concerning the PM of a wide range of 

sizes (PM10–0.1) that can be obtained directly from the flue gases. Once exhausted in the 

atmosphere, these particulates undergo numerous chemical transformations. Therefore, 

of significant importance is the PM characterization with regard to their chemical compo-

sition, structure, size distribution, etc. 

The global objective of the present work was to evaluate the efficiency of the gasifi-

cation of three different types of agro-forest biomass residue as well as to study the effect 

of biomass and gasifying agent on the syngas production, and its composition, along with 

the emissions of harmful by-products, size-segregated PM, formed during gasification of 

rapeseed, softwood, and sunflower husks in DTF. The experiments were performed at a 

fixed temperature of 1000 °C (conditions stimulating soot formation), and the reported 

data quantified the influence of CO2 on the carbon conversion and the cold gas efficiency. 

The morphology and the elemental composition of the obtained particulates were charac-

terized through SEM/EDS and XPS analysis. 

The present study is one of a series of investigations, focused on the conversion of 

lignocellulosic biomass residue that is used for solid biofuel production and such fuels are 

already available at the Bulgarian market. The study is highly motivated by the currently 

observed interest in the country on biomass usage for power production [35]. Such an 

initiative requires detailed research on the locally obtainable blends of biomass fuels, in-

volving different conversion techniques. The regular reports of the Member State show 

municipalities with exceedance of PM, in the context of the European legislation [36], ac-

cording to which about 50% of the PM10 and above 80% of the PM2.5 are due to household 

heating [37]. Herein only some preliminary results are presented relevant to biomass gas-

ification in a DTF. 

2. Materials and Methods 

In the present work, three types of biomass residue (in the form of pellets), freely 

available on the Bulgarian energy market, were investigated: rapeseeds (RP), softwood 

(SW), and sunflower husks (SFH). Their chemical characteristics are presented elsewhere 

[38], but a summary is given in Table 1. Prior to the experiment, the biomass was crushed 

and sieved (using a mechanical sieve shaker with 250 µm sieve mesh) to sizes between 

200 and 250 µm. To remove the moisture, all three biomasses were dried in an oven at 100 

°C to 105 °C before each test. 

Table 1. Chemical characteristics of the used biomass, as reported elsewhere [38]. 

Parameter Studied SW SFH RP Parameter Studied SW SFH RP 

Proximate analyses (wt. %, as analyzed)   Ash analysis (wt. %, dry basis)—normalized  

Moisture 6.89 7.52 9.86 SiO2 3.60 1.44 3.32 

Ash 0.65 2.88 4.59 Al2O3 7.05 0.21 1.31 

Volatile organic compounds (VOC) 78.77 76.93 78.53 Fe2O3 2.26 1.31 0.34 

Fixed carbon (by dif.) 13.69 12.67 4.59 MnO 2.10 0.03 0.08 

Ultimate analysis (wt. %, as analyzed)    CaO 43.71 29.18 39.13 

Carbon 47.77 54.04 49.64 MgO 9.77 17.06 12.60 

Hydrogen 6.48 8.45 8.24 BaO 0.24 0.01 0.07 

Nitrogen 0.14 3 2.67 Na2O 1.29 0.81 3.34 
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Sulfur <0.02 <0.05 <0.05 K2O 20.69 41.08 23.96 

Chlorine na <0.10 <0.10 Cr2O3 0.01 0.10 0.01 

Oxygen (by dif.) 38.05 23.96 24.85 TiO2 0.42 0.20 0.11 

Higher heating value, (MJ/kg, dry basis)    ZnO 1.22 0.09 0.01 

HHV 20.28 20.28 18.69 CuO 0.04 0.04 0.01 

   SrO 0.01 0.03 0.03 

    P2O5 7.59 8.39 15.71 

Figure 1 visualizes the experimental setup used in the present study. The experi-

mental installation consisted of biomass feeder, gas supply system, laboratory-scale DTF, 

particle sampling system, gas sampling, and gas analyzing systems. The feeder, posi-

tioned on the top of the DTF, dosed the needed amount of the pulverized biomass which 

was conveyed with gas to the DTF’s gasification chamber. In this experiment, N2 was 

used. The DTF is an electrically heated ceramic tube with an inner diameter of 40 mm and 

a length of 1.75 m. The DTF temperature was constantly controlled by three thermocou-

ples of type-K. The gases that compose the gasifying agent stream were all supplied from 

pressurized bottles. 

The particle collection system consisted of two cyclone filters and a low pressure 13-

stage cascade impactor (DLPI, Dekati®  Ltd., Kangasala, Finland). The cyclone filters were 

an in-house made cyclone, which caught the particles with an aerodynamic diameter 

above 10 µm, and a commercial Dekati®  cyclone that guaranteed the collection of particles 

with a 50% efficiency cut off at 10 µm. The 13-stage impactor captured particles with sizes 

between 10 µm and 0.030 µm. The remaining particles were collected in the low-pressure 

impactor. The particle collection system was kept at temperatures above 150 °C using heat 

blankets against gas condensation during the tests. Before and after each test run, the fil-

ters were weighted to determine the mass of the sampled PM. 

The composition of the gaseous products was experimentally measured, using the 

following equipment: paramagnetic pressure analyzer for measuring the excess of O2; 

non-dispersive infrared analyzer (for CO2 and CO); gas chromatograph (GC) of type Cla-

rus 500 was used for analyzing the concentration of H2, CH4, and some light hydrocarbons 

in the generated syngas. 

The experiments, subject to the present study, were carried out at a DTF wall tem-

perature of 1000 °C. The present study puts an accent on the emissions of secondary by-

products, having harmful environmental and health effects. The choice of the gasification 

temperature was based on preliminary studies of biomass gasification, using similar 

equipment [24]. The authors observed that under the chosen conditions the highest soot 

yield could be obtained, which was expected to highly influence the emissions of fine par-

ticulates in the flue gases. 

The effect of biomass type and two different gasifying agents were studied. The first 

one consisted of 1% of O2 and 99% of N2, while the other one was a mixture of 1% O2, 

93.5% N2, and 5.5% CO2. The biomass feed rate was around 15 g/h. The oxygen equiva-

lence ratio, λ (the ratio between the oxygen fed and the stoichiometric oxygen needed for 

the biomass oxidation) was 0.4. The residence time of the fuel particle in the reactor was 

between 2.0 and 3.0 s. The total inlet of the gas flow was 10 dm3/min, using N2 to reach it. 

According to Villeta et al. [9], different parameters can be used to evaluate the con-

version rate of a biomass gasifier. At present, three parameters were used to assess the 

efficiency of the gasification process, namely the cold gas efficiency (CGE), the carbon 

conversion efficiency (CCE), and the ratio of H2/CO. 
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Figure 1. Scheme of the experimental installation. 

Thus, the CGE is the ratio between the chemical energy leaving the reactor in the 

syngas form and the chemical energy entering the reactor with the biomass [9,39,40]. It 

can be estimated by the following equation: 

CGE =
𝑄syngas · 𝐿𝐻𝑉syngas

𝑚̇bio · 𝐿𝐻𝑉bio
 (1) 

where LHVsyngas and LHVbio are the lower heating values of the produced syngas and the 

initial biomass, respectively. 

The CCE is normally determined through the ratio between the carbon leaving the 

gasifier as syngas (in the form of CO, CO2, etc.) and the carbon entering the gasifier 

[9,39,40]. Thus, the following equation can be applied: 

CCE =
𝑄syngas · ∑ 𝑥carbon,i

𝑛
𝑖

𝑚̇bio · 𝑦carbon
 (2) 

where Qsyngas is the syngas flow rate (in Nm3/h); xcarbon is the molar fraction of carbon in the 

products; 𝑚̇bio is the feeding mass rate of the biomass (in kg/h), and ycarbon is the carbon 

mass fraction from the ultimate analysis of the biomass. In the present experiment, the 

CCE was calculated through Equation (2). However, when O2/N2/CO2 was used as the 

gasifying agent, only the CO2, produced during the gasification process was considered. 

The morphology and elemental composition of the sampled particulates were de-

tected by the SEM-EDS technique using JEOL JSM 6390 apparatus, equipped with an 

INCA Oxford EDS detector. 

In addition, X-ray photoelectron spectroscopy (XPS) studies were performed to ob-

tain the primary elemental composition and the functional groups, available on the parti-
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cle surface. For that purpose, a VG Escalab II system was implemented, using AlKα radi-

ation with an energy of 1486.6 eV. The chamber pressure was 1.10–9 Pa. The Al2p and Si2p 

lines at 72.7 eV and 103.5 eV respectively were applied as an internal standard in the cal-

ibration procedure, with regard to the binding energies (BE). The corrections in the pho-

toelectron spectra were based on the subtraction of the Shirley-type background. Their 

quantities were determined through the peak area and the Scofield’s photo-ionization 

cross-section. The measured BE was obtained with an accuracy of ±0.2 eV. 

3. Results 

3.1. Gaseous Products—Syngas 

The primary syngas compounds obtained during biomass gasification were: CO, 

CO2, CH4, and H2. The effect of biomass type and the choice of the gasifying agent in the 

syngas composition is presented in Figure 2. Similar trends were observed for all gasified 

biomass types. Generally, the production of CO and CH4 showed a slight increase in the 

presence of CO2 in the reaction atmosphere, whereas H2 and CH4 concentrations slightly 

decreased. This effect was least expressed during softwood gasification. 

As expected, CO2 concentration in the exhaust decreased, when O2/N2/CO2 was used 

as the gasifying agent, because it reacts with the formed char [16]. The results are in ac-

cordance with the observations of Mauerhofer et al. [23], who reported that the introduc-

tion of CO2 in the gasification atmosphere of pellets made of softwood increases the CO 

yield. Shen et al. [41] reported syngas production during gasification of woody pellets in 

a fixed bed reactor. The authors compared the effect of two different gasifying agents: air 

and air/CO2 on syngas production. When solely air is used, higher H2 and CO concentra-

tions are reported. However, the gasification temperature at the experiment, reported in 

[41], is below 1000 °C. 
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Figure 2. Effect of biomass and gasifying agent on syngas composition during gasification of (a) rapeseed, (b) softwood, 

and (c) sunflower husks in a drop tube furnace (DTF), at 1000 °C. 

The CGE obtained in the present experiment, for all three biomass types, is presented 

in Figure 3 (left). Gasification of agriculture residue led to about 20% lower CGE in O2/N2 

atmosphere (48.62% for the sunflower husks and 53.01% for the rapeseed). The CGE con-

siderably increased when CO2 was added to the gasifying mixture (65.56% for the sun-

flower husks and 70.65% for the rapeseed). There was a lesser effect of the gasifying agent 

on the CGE in softwood gasification (70.21% in O2/N2 and 74.80 in O2/N2/CO2), and the 

maximum CGE was also obtained during softwood gasification in O2/N2/CO2. 

The results are in line with other studies. Pohořelý et al. [16] observed similar tenden-

cies in wood chips gasification. The authors compared the use of different gasification 

atmospheres: CO2/O2/N2, H2O/O2, and N2/O2 in a catalytic fluidized bed of dolomitic lime-

stone. They reported that the CGE obtained when CO2 is introduced in the gasification 

atmosphere was higher than when solely O2 and N2 were used. Furthermore, they stated 

that the use of CO2 increased the carbon and energy conversion efficiency and decreased 

the quantity of tar in the produced gas. However, the CGE obtained in their work was 

close to 100%, since the authors used a different type of reactor. 

  

Figure 3. Effect of biomass and gasifying agent on (a) calculated cold gas efficiency (CGE) and (b) carbon conversion 

efficiency (CCE). 

Duarte [39] reported that the CGE obtained during biomass gasification in a DTF 

typically varied between 55 and 90%. The author studied wheat straw gasification in a 

DTF at 1000 °C and reported CCE = 66.15%, CGE = 37.49%, and H2/CO = 0.3. Billaud et al. 
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[13] described (also reported by Duarte [39]) the effect of additives, such as steam, CO2, 

and O2 on the CGE, carbon conversion, and formation of tar and soot during gasification 

of beech wood in a DTF. The experiment was performed in a relatively wide range of 

temperatures (between 800–1400 °C) and air equivalence ratios (ʎ, between 0.24 and 0.61). 

The authors concluded that the CGE increased with increasing ʎ and T up to 1200 °C, but 

it was found to decrease at the higher temperatures (up to 1400 °C). 

Waldheim and Nilsson [42] studied the heating values of gases formed during bio-

mass gasification and reported an increase of CO production when a gasification atmos-

phere containing CO2 was used. The effect was attributed to the increased overall LHV of 

the syngas, which leads to an increase of CGE (Equation (1)). 

The efficiency of carbon conversion (Figure 3 (right)) was similar to the CGE trend, 

since the increase of CO and CH4 was bigger than the decrease of CO2, as observed in 

Figure 2. The maximum increase of the CCE was found during the gasification of rapeseed 

in O2/N2/CO2. Adánez-Rubio et al. [43] gasified pig manure in a similar experimental 

setup, using O2/N2/CO2 and O2/N2 atmospheres. The experiments were carried out be-

tween 900 and 1200 °C, including the temperature used in this work, 1000 °C. The results 

showed that the addition of CO2 to the gasifying agent (O2/N2) increased the CCE, due to 

the increase of CO mainly, and to the increase of CH4. 

Tsalidis et al. [22] investigated the impact of torrefaction on the performance charac-

teristics of oxygen-steam blown circulating fluidized bed gasification of woody biomass 

(hardwood and softwood) and reported CCE = 89.1%; CGE = 53.4% and H2/CO = 2.3. 

The H2/CO ratio and LHV of the syngas obtained in the present experiment are 

shown in Figure 4. This parameter (H2/CO) is often used for estimating the possible ap-

plication of the generated syngas, e.g., whether it is suitable to be used for energy produc-

tion, further processing through Fischer-Tropsch reaction, or to produce long-chain hy-

drocarbons [44]. 

  

Figure 4. Effect of biomass and gasifying agent on (a) H2/CO ratio and (b) LHV. 

The H2/CO ratio obtained in the present experiment reduced with introducing CO2 

in the gasification atmosphere, due to the decreased H2 and the increased CO concentra-

tion. The highest obtained H2/CO ratio (0.37) was during rapeseed gasification with O2/N2. 

Thus, the syngas generated in the present work cannot be directly used in a Fischer-Trop-

sch process, since it requires H2/CO ratios between 2 and 3 [25–27]. The produced syngas 

can be processed for the synthesis of long-chain hydrocarbons, where the required H2/CO 

ratios are much lower (between 0.25 and 0.9), and CO2 is also needed. In a similar experi-

ment, Adánez-Rubio et al. [43] reported H2/CO ratios within the same range. The LHV, 

determined by the same authors, was in line with the present observations, according to 

which the LHV increased when O2/N2/CO2 was used as a gasifying atmosphere. Cur-

rently, the effect was independent of the biomass type. 
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3.2. Solid Particles 

The present work was focused on particulates, sampled using the equipment, de-

scribed in Section 2. Both cyclones collected particulates with an aerodynamic diameter 

larger than 10 µm, which further in the text for simplicity are named cyclone particles. 

The low-pressure 13-stage cascade impactor collected only fine particulates of type PM10 

to PM0.3. Table 2 shows the relative mass of the cyclone particles and the total PM (mg) 

generated per biomass (g), expressed in dry basis (db) in both gasification atmospheres. 

Table 2. Effect of the gasifying atmosphere on the mass of particles, sampled with both cyclones 

and with the 13-stage impactor (PM-13). 

Biomass 

Gasifying 

Gas  

RP (mg/g, db) SFH (mg/g, db) SW (mg/g, db) 

O2/N2 O2/CO2/N2 O2/N2 O2/CO2/N2 O2/N2 O2/CO2/N2 

Cyclone 139.30 85.24 146.04 69.65 110.6 76.56 

PM-13 2.228 7.268 6.992 9.972 6.528 7.206 

The highest mass of cyclone particles was obtained during biomass gasification in 

O2/N2, whereas the overall mass of PM, caught in the impactor, was lower. The gasifica-

tion of rapeseeds showed the lowest concentration of PM of a size below 10 µm in O2/N2 

atmosphere (2.23 mg/g of biomass, db). 

The total mass of the cyclone particles was considerably reduced during biomass gas-

ification in O2/N2/CO2. The highest decrease was obtained for the sunflower husk: from 

146.04 mg/g of biomass, db (for O2/N2) to 69.65 mg/g of biomass, db (for O2/N2/CO2). 

Figure 5 discloses the effect of biomass and gasifying agent on PM mass and size 

distribution. The particulates, collected in filters 5–8 (i.e., PM0.3, PM0.4, PM0.65, and PM1) 

had the main contribution to the total PM mass. Rapeseed (a) had the lowest PM mass 

regarding both gasifying agents. Biomass gasification in O2/N2/CO2 increased the PM 

emissions (about 2.5 times for rapeseeds, 1.8 times for softwood, and 2.2 times for sun-

flower husks), due to the enhanced rate of carbon conversion. 

According to [45], during biomass combustion, the submicron-sized particles often 

show the highest number density, but they do not conduce considerably to the total mass 

of the PM. However, in the present experiment, the submicron particulates contributed 

significantly to the total mass of PM, collected with the low-pressure impactor, regardless 

of the gasification atmosphere. The total mass of the submicron PM, derived from the sum 

of the PM mass, obtained from filters 5 and 8 (PM0.3, PM0.4, PM0.65, and PM1), in O2/N2 was 

as follows: 84.56 wt % (rapeseed); 94.24 wt % (sunflower husk); 78.95 wt % (softwood), 

whereas in O2/N2/CO2 it was: 91.53 wt % (rapeseed); 79.16 wt % (sunflower husk); 57.00 

wt % (softwood). Similar results were reported in previous studies [38,46]. Gao and Wu 

obtained in situ volatiles during fast pyrolysis of wood at 800–1000 °C and combusted 

them in a DTF at 1300 °C. The authors investigated the contribution of volatiles to the 

emissions of submicron particulates (PM1). Thus, the main part of Na, K, and Cl (43.5–

97.2%) was volatilized and the sequential combustion of Na-, K-, and Cl-containing vola-

tiles conduced greatly to PM1 (77.4–89.3% of total PM1 sampled during the combustion of 

volatiles and char). Naydenova et al. [38] observed that PM emission is highly influenced 

by the presence of both volatile matter and ash compounds. Submicron size PM (between 

0.1 and 2.5 μm, with maximum concentration for the particulates of size around 0.25 μm) 

showing unimodal size distribution, were the prevailing portion in the combustion of five 

different biomass types in a bubbling fluidized bed reactor (700–900 °C). In addition, the 

PM number density was about three orders of magnitude lower during char combustion 

and shifted towards smaller PM (between 0.1 and 1 μm), with a maximum of around 0.2 

μm. 

Unimodal PM distribution was obtained for all three biomass types, gasified in 

O2/N2. Peaks of the relative mass of PM were obtained between filters 5 and 8 (at PM below 

1 µm: 0.4 µm in rapeseed; 0.6 µm in softwood and sunflower husks). However, biomass 
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conversion in the presence of CO2 led to a slight peak shift to the right (peaked at 1 µm in 

rapeseed and sunflower husk and at 1.6 µm in softwood (filter 9)). The effect of CO2 in 

softwood resulted in a bimodal PM distribution, designated in the range between 0.3 and 

1.6 µm (filters 5 to 9). 

  

 

Figure 5. Effect of the gasifying agent on PM size and mass distribution for the different biomass (a) rapeseed, (b) soft-

wood, and (c) sunflower husks. 

Hermansson et al. [47] investigated PM size distribution during wood chips gasifica-

tion in a direct fluidized bed gasifier. The authors used a similar low-pressure PM im-

pactor and two PM maximums: one in the range of 0.1 to 0.6 μm and the other between 

5–7 μm. In line with the present observations, the reported in [47] general results showed 

the highest measured number density of submicron PM at approximately 0.3 μm. 

Chen et al. [48] reported bimodal PM size distribution in lignite and anthracite coal 

combustion, in the range of PM size between 0.1 and 1 µm. The authors attributed the 

emissions of submicron PM mainly to the process of vaporization, condensation, and nu-

cleation of particular ash-forming inorganic compounds. 

In contrast to biomass combustion, the present experiment was carried out in a low 

oxygen atmosphere (ʎ = 0.4). As expected, the major constituents of the submicron PM 

were carbon-containing particles (e.g., soot). This conclusion was confirmed through the 

SEM/EDS and the XPS analysis of these PM. 

In the present study, SEM-EDS analysis was applied to the PM sampled on filters 8 

(PM1), and the effect of biomass and the gasifying agent was investigated. The EDS results 

indicated a significant amount of carbon among all filter 8 samples (PM1). In an atmos-

phere of O2/N2, the PM1 showed 88.08% of carbon for rapeseed, 88.86% for softwood, and 

91.88% for sunflower husks. In the case of O2/N2/CO2, the PM1 carbon content was between 

90.23% (rapeseed) and 94.63% (softwood). 

Figure 6 shows the SEM images of PM from all filter 8 (PM1). A particular accent was 

put on the PM1 and smaller particulates. Although they are not yet regularly monitored 
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by European legislation, this type of particle is known for having significant environmen-

tal and health impacts. According to [39], the submicron-sized PM obtained during bio-

mass gasification contains a significant amount of carbon (above 80%), usually reported 

as soot, because of the incomplete oxidation of the fuels’ hydrocarbons. 

   
SFH, O2/N2 Rapeseed, O2/N2 Softwood, O2/N2 

   
SFH, O2/N2/CO2 Rapeseed, O2/N2/CO2 Softwood, O2/N2/CO2 

Figure 6. SEM images of PM from filter 8 (PM1). 

The volatile ash compounds, such as K and Cl, were found explicitly in all PM1 col-

lected during gasification of agricultural residue (rapeseed and sunflower husks) inde-

pendently of the gasifying agent. This result is in line with the observations in [49]. The 

authors discussed that elements, like K and Cl, are incorporated in the fine particulates, 

through the processes of homogeneous vaporization, condensation, and nucleation. 

Hermansson et al. [47] show PM chemical characterization, using handheld XRF 

analysis. The results showed that the elements K, S, and Cl are predominant in the sub-

micron fractions of PM, while Ca, Si, and P are typically found in the supermicron partic-

ulates. These findings correspond well with the currently obtained EDS results. 

Rapeseed is a traditional crop that gained significant interest during the last decades 

in the context of biofuel production. In the present experiment, this biomass showed the 

lowest PM emissions, even in presence of CO2, in the gasification atmosphere. Thus, 

SEM/EDS analysis was carried out for the particles collected during rapeseed gasification 

with O2/N2/CO2. In focus were the cyclone particles, as well as those, sampled in filters 5, 

7, and 10 with the low-pressure impactor (PM0.3, PM0.65, and PM2.5). The results are sum-

marized in Table 3 and Figure 7a–d. Pictures (a) and (b) show the presence of dispersed 

large size particles, with a porous structure, varying geometrical shape and size. The im-

ages disclosed the existence of the char particles with a size larger than 100 μm. 

Generally, the cyclone particulates and the PM in filter 10 (PM2.5) showed heteroge-

neous structures according to their carbon content, C/O ratio, and mineral composition 

(Table 3, Figure 7a,b). These observations are in line with the work of [39,40,50]. The re-

ported therein SEM results, concerning the top few filters (9–13), using a similar impactor, 

confirmed the presence of large char particles in the collected matter. 
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Figure 7. SEM images of rapeseed PM, sampled from different filters. 

Table 3. Elemental composition of particulate matter, obtained through the EDS analysis. 

Gasifying Gas Biomass PM 

C O Cl K Mg Ca Cu Na 

wt % 

O2/N2 

SFH 

PM1 

91.88 ± 0.79 6.45 ± 0.79 0.64 ± 0.09 1.03 ± 0.09     

RP 88.08 ± 1.03 6.60 ± 1.03 2.43 ± 0.18 2.89 ± 0.19     

SW 88.86 ± 1.40 11.14 ± 1.40       

O2/N2/CO2 

SFH 94.09 ± 1.50 5.09 ± 1.50 0.17 ± 0.11 0.65 ± 0.18     

RP 90.23 ± 1.01 4.48 ± 1.00 1.92 ± 0.17 2.79 ± 0.19   0.59 ± 0.27  

SW 94.63 ± 1.21 5.31 ± 1.21  0.06 ± 0.08     

O2/N2/CO2 RP 

(a) >10 μm 50.92 ± 1.99 28.23 ± 1.89  6.75 ± 0.39 0.81 ± 0.17 12.59 ± 0.63  0.7 ± 0.21 

(b) >10 μm 72.10 ± 1.58 18.30 ± 1.61  6.16 ± 0.34 0.17 ± 0.11 3.26 ± 0.27   

(a) 

PM2.5 
58.37 ± 2.41 39.78 ± 2.38 0.25 ± 0.13 0.77 ± 0.18 0.32 ± 0.15 0.52 ± 0.26   

(b) 

PM2.5 
90.54 ± 1.74 6.21 ± 1.75 0.56 ± 0.16 0.81 ± 0.18  1.89 ± 0.33   

PM0.65 89.68 ± 1.06 6.16 ± 1.07 1.70 ± 0.14 2.28 ± 0.16   0.18 ± 0.17  

PM0.3 87.97 ± 1.54 5.27 ± 1.55 2.93 ± 0.26 3.83 ± 0.3     

In the present experiment, the EDS of the rapeseed filters 5 and 7 (PM0.3 and PM0.65) 

showed carbon content of 87.97% (PM0.3) and 89.68% (PM0.65). Based on the SEM images 

(Figure 7c,d) and the EDS elemental composition (Table 3), it can be concluded that carbon 

(e.g., soot) was the dominating matter in these samples. The results correspond well with 

the work of [39,43,50]. All authors propose that the filters, consisting merely of soot parti-

cles, contain above 80% of carbon and represent submicron size PM. 

  

а) cyclone (PM >10 μm) b) filter 10 (PM2.5) 

  

c) filter 7 (PM0.65) d) filter 5 (PM0.3) 
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Expectedly, all examined rapeseed particulates, except from both cyclones, showed 

the presence of Cl (0.13–0.26%) and K (0.18–0.34%). The cyclone particulates and those 

from filter 10 (PM2.5) contained also Mg (0.11–0.15%) and Ca (0.26–0.33%) because alkaline 

earth metals are typical constituents of the bottom ash [49]. 

The appearance of Cu was found in some of the rapeseed filters (PM1 and PM0.65), 

whereas Na was found only in the cyclone particles. 

A surface-sensitive quantitative spectroscopic technique (XPS) was used, thus sup-

plementing the characterization of submicron size PM. The XPS analysis is still not a rou-

tine method in aerosol characterization, but it gains significant interest because the surface 

chemical composition has great potential to define the key optical parameters of aerosols 

with different origin and their specific reactivity [51]. 

Thus, the XPS analysis was applied to all filters 8, concerning the PM1, obtained dur-

ing a set of experiments with uncertainties of ±0.1 at %. The results are summarized in 

Table 4 and Figures 8 and 9. 

Relatively low Al concentration was observed in the biomass ash analysis (Table 1) 

and this element was not detected by the EDS technique. The significant content of Al in 

the XPS spectra was associated mainly with the signal, originating from the filter’s mate-

rial [52]. Particulates from the filter that showed the maximum Al content, sunflower 

husks in O2/N2/CO2, (see specter X11734), were placed on an Al-free conductive tape and 

an independent scan was shot, named X11735. This helped to differentiate the C-available 

in the lubricant placed on the Al filters (in the PM impactor), prior to the gasification ex-

periment, as well as to demarcate the effects due to the intensive Al spectra. 

The PM, captured on the Al filters was analyzed at a depth up to 5 nm, whereas the 

chemical composition specimen, placed on the conductive tape was obtained for the entire 

sample volume. The chemical composition of PM1 was estimated from the total scan of 

each filter/specimen. 

Comparing the composition in X11734 and X11735 the carbon content in X11735 was 

higher. Noticeable was the fact that the entire tape’s surface was covered with PM, 

whereas the particulates on the Al-filter’s surface (X11734) were unevenly distributed. The 

effect was observable also when the elements Al and O were compared (Table 4). The 

elevated concentration of both elements, according to the X11734 spectra, was attributed 

to the availability of Al3+. Detailed spectra of Al2p (not presented), revealed that the surface 

of the alumina filters was covered with Al(OH)3 and AlOOH [52]. 

The chemical composition obtained with the XPS technique corresponded well with 

the EDS analysis, confirming that the primary PM1 component was carbon, due to the 

incomplete oxidation. The effect of the gasifying agent was also clearly observable, result-

ing in elevated carbon in the presence of CO2. The elements O and Si were obtained in all 

PM1 specimens, along with the low concentration of Cl, and Ca in some of the filters. 

Table 4. Chemical composition of PM1 obtained through XPS analysis. 

Gasifying Agent Biomass Specter Name 
C O Al Si Ca Cl 

at % 

O2/N2 

SFH X11739 89.0 5.9 4.1 0.6  0.4 

Rapeseed X11736 89.5 4.9 4.0 0.9  0.7 

Softwood X11737 82.5 8.3 8.7 0.6   

O2/CO2/N2 

SFH X11734 74.0 12.9 11.9 0.4 0.4 0.5 

SFH (Al-free) X11735 95.7 3.0 0.0 1.2  0.1 

Rapeseed X11740 92.9 3.7 2.1 0.8  0.5 

Softwood X11738 96.1 2.2 1.3 0.4   

Deconvolution of the C1s; O1s; Si2p; Cl2p spectra helped to identify the chemical state 

of the elements. Detailed analysis of the C1s spectra showed the general oxygen-contain-

ing groups. An example is shown in Figure 9 for the deconvolution of the X11735 (C1s) 
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spectra (Figure 9, left), obtained for the PM1 from sunflower husk on the conductive tape, 

which showed three peaks at BE of 285.3; 286.3, and 287.1 eV. According to [53–57], the 

peak at 285.3 eV was related to the existence of poorly oxidized carbon chains (e.g., –CH–

CH–; –C–O). The one at 286.3 eV was attributed to carbon involved in –C–O–C– bonds 

(including aromatic structures), as well as in C–OH, whereas the peak at 287.1 eV was 

associated with carbonyl groups (–C=O). 

 

Figure 8. XPS spectra of PM1 for three biomass types and two gasifying agents (O2/N2 and 

O2/N2/CO2). 

The C1s spectra (X11734—Figure 9, right) showed three peaks at 284.8, 286.0, and 

287.6 eV. The first peak was associated solely with –C–C– bonds, which were not observed 

in X11735 (C1s), the specimen on the conductive tape. It allowed us to conclude that the 

first peak in X11734 was due to the lubricant on the alumina filter. The next two peaks 

(286.0 and 287.6 eV in X11734) referred to carbon involved in –C–O–C– and –C=O bonds. 
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Figure 9. Chemical-state analysis of carbon (C1s) from the XPS spectra of PM1, derived from sunflower husk gasification 

in O2/N2/CO2. 

The spectra of Si2p (not present) revealed two phases: one at 103.6 eV, corresponding 

to SiO2, and another at 100.8 eV, showing the existence of organically bound Si 48–50. The 

BE of the peaks of Cl2p at 200.4 eV (also not present) confirmed that the Cl in PM1, was 

involved in hydrocarbon chains. 

The present XPS results are in line with the XPS spectra of atmospheric PM of differ-

ent sizes, reported in [51,58]. The detailed analysis of C1s in [51] showed that the main 

oxygen-containing groups were: carbonylic, carboxylic, and carbonate groups. The results 

in [58] from the high- resolution XPS spectra of atmospheric PM suggested the following 

organic functional groups (C–C/C=C, –C–O, C–O/–C(O)N, –C(O)O, CO3=), as well were 

involved inorganic elements like sulfur (SO42+, sulphone, and sulfide compounds); nitro-

gen (NH4+, NO3−, NO2− and organic-N compounds); sodium (Na+) and chlorine (Cl−). 

4. Conclusions 

The present work was focused on biomass (rapeseed, softwood, and sunflower 

husks) gasification in a DTF. The experiments were carried out using two different gasi-

fying agents (O2/N2 and O2/N2/CO2) at atmospheric pressure and a constant temperature 

of 1000 °C. The effect of biomass and gasifying agent on the following parameters was 

investigated: syngas composition (CO, H2, CH4, and CO2); CGE and CCE; emissions of 

cyclone particles and PM emissions and their chemical characterization using SEM/EDS 

and XPS techniques. The main conclusions were as follows: 

 The introduction of CO2 increased the production of CO and CH4, while there was a 

decrease in CO2 and H2. The syngas LHV was also slightly higher. These results 

enhanced the CGE and CCE. 

 Because CO2 decreased the production of H2, it resulted in a lower H2/CO ratio. 

Rapeseed had the highest H2/CO ratio and the highest carbon conversion efficiency, 

while softwood had the highest cold gas efficiency. Most of the generated syngas 

can be used for the synthesis of higher hydrocarbons since the H2/CO ratio was be-

tween 0.25 and 0.9. 

 Another effect of CO2 containing gasifying atmosphere was the lowered emissions 

of cyclone particles, while the total mass of the PM10–0.03 has increased regardless of 

the biomass type. Particulates of submicron size were the dominant fraction (PM1–

0.3) in O2/N2 and PM1.6–0.3 in O2/N2/CO2. Unimodal PM size distribution was ob-

served, except for sunflower husks gasification in O2/N2/CO2, for which bimodal 

PM distribution was determined. All PM peaks in the CO2 atmosphere were 

slightly shifted to the right, but still in the submicron range of PM size. The effect of 

CO2 concentration (in the gasifying atmosphere) and the temperature was not sub-

ject to the present work. However, further optimization experiments are required, 
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aiming to reduce the overall PM yield while keeping the process efficiency or even 

improving it. 

 The SEM/EDS and the XPS results confirmed that submicron-sized PM contains 

above 80% of carbon, which is considered to be mainly soot, formed due to the in-

complete biomass oxidation. The carbon content gradually decreased in the larger 

particulates, reaching about 50% in cyclone (char) particles, on the account of the 

ash mineral composition. The SEM/EDS results confirmed that alkali metals, such 

as K and Cl were typical constituents of the submicron size PM, whereas the alka-

line earth metals were found in the fine and coarse particles. Detailed analysis of 

the XPS (C1s, O1s, Si2p, and Cl2p) spectra allowed determining the most common 

oxygen-containing carbon groups on the PM1 surface (carbonyl and carboxyl), 

along with the appearance of –C–OH, –CH–CH, and aryl groups, as well as inor-

ganic and organically bound mineral compounds (e.g., SiO2, organically bound Si 

and Cl). 
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