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A B S T R A C T

The additivation of solid biofuels has proven to be an effective method for reducing total particulate matter
(TPM) and carbon monoxide (CO) emissions, as well as for reducing ash-related problems related to, e.g., fouling
and slagging. During the combustion with additives, potassium (K) released from the solid biofuels is bound into
temperature-stable compounds, thus preventing the formation of inorganic (i.e., K-based) TPM. Simultaneously
by reducing K in the gas phase, the inhibition of gas-phase oxidation (e.g., CO oxidation) due to interference of K
within the existing radical pool is hindered. Particularly kaolin, an aluminum-silicate-based additive has proven
effective in reducing not only TPM but also CO emissions. The mitigation effects on CO emissions have previously
been reported mostly in a subordinate role and explanations are given in the form of hypotheses. In this study,
seven additives (i.e., kaolin, kaolinite, meta-kaolinite, aluminum hydroxide, muscovite, muscovite coated with
titanium dioxide and kalsilite, each at 0.3 wt%a.r.) were investigated during wood pellet combustion in a small-
scale furnace (7.8 kW). For both CO and TPM emissions, kaolin proved to be most effective (i.e., − 52% CO,
− 49% TPM), followed by muscovite, kaolinite, TiO2 coated muscovite, aluminum hydroxide, and meta-kaolinite.

1. Introduction

In the domestic heating sector small-scale combustion units for wood
(i.e., mostly logs and pellets) play a significant role in the provision of
renewable heat [1], while releasing emissions harmful to the environ-
ment and human health. These emissions originate from inorganic
aerosol-forming elements contained naturally within the biomass (e.g.,
particulate matter (PM) emissions) or from an incomplete combustion
(e.g., carbon monoxide (CO) emissions)). These challenges are still not
fully addressed.

To comply with the legal limits for PM and CO emissions in small-
scale combustion systems defined by law e.g., in Germany (e.g., 30
mg/Nm3 and 250 mg/Nm3 for pellet stoves without water pockets [2]),
various measures can be taken. These measures can be divided into

• fuel side measures (e.g., fuel pre-treatment or additivation),
• primary measures (i.e., optimizing combustion efficiency e.g., by
modifying air-fuel ratio or furnace geometry), and

• secondary measures (e.g., downstream flue gas cleaning).

Especially for small-scale combustion units the first measure, more
precisely (solid) fuel additivation, offers high potential to reduce the
emission of (inorganic) PM by binding ash- and PM-forming elements
(especially potassium (K)) within the ash. As opposed to secondary
measures with high capital costs (and for small scale typically not
feasible) [3], the additional costs of fuel additivation can be expected to
range from 0.1 to 1.0% of the costs of the fuel (prices assumed for the use
of 0.3–1 wt% kaolin with wood pellets [4–6]).

Al-, Ca-, Mg- and P-based additives have proven to show a certain
reduction potential for TPM (and partially for CO) [7]. Among these, the
Al-Si-based additive kaolin, primarily composed of the mineral
kaolinite, has been repeatedly identified as being most effective (e.g.,
[7–12]). During combustion, K contained naturally within a solid bio-
fuel is primarily released in the form of volatile gaseous compounds (e.
g., as potassium hydroxide (KOH), potassium chloride (KCl), potassium
sulfate (K2SO4), potassium carbonate (K2CO3)) into the surrounding gas
phase [13]. Due to cooling effects in either the stack or the atmosphere,
these alkali components undergo nucleation and agglomeration,
consequently constituting the predominant part of the released inor-
ganic PM emissions [14]. By adding additives such as kaolin, alkali
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metals such as K are incorporated primarily through chemical reactions
into temperature-stable compounds remaining within the bottom ash
and thus preventing the formation of TPM emissions [8] (refer to eq.
(7)–(10) in section 2).

Some studies have also shown a significant reduction in CO emis-
sions by additivation of solid biofuels with selected additives. This is
most widely reported for kaolin (consisting mostly of kaolinite
Al2Si2O5(OH)4) resulting in a reduction of up to 90% in the flue gas (e.g.,
[8,10,11,15,16]). Unlike the well-documented reduction of TPM, there
has been limited explanation regarding the mitigation of CO; however,
authors have proposed some hypotheses, including the catalytic activity
of kaolin (and/or intermediate products) on fuel oxidation or the
alteration of fire bed structure due to the formation of K-Al-silicates,
which may avoid CO channels and layers [11]. Recent research suggests
that the shift of K from the gas phase into solid components in the
bottom ash results in reduced K-induced inhabitation effects on CO
oxidation due to interference with O/H radicals (i.e., mainly hydroxyl
radicals (•OH)) [17]. The oxidation of CO in the gas phase is known to
occur mostly via the reaction with •OH radicals (eq. (1)) [18].

CO+•OH⇋CO2 +H• (1)

KCl and KOH in the gas phase may react with •H radicals, forming
atomic K and HCl/H2O (eqs. (2) and (3)). Atomic K may then react with
•OH radicals and O2, forming KOH and KO2

• (eqs. (4) and (5)) from
which KO2

• may then react with •OH radicals to form KOH (eq. (6)). This
leads to an overall radical removal [19].

KOH+H•⇋K• +H2O (2)

KCl+ H•⇋K• +HCl (3)

K• + •OH+M⇋KOH+M (4)

K• +O2 +M⇋KO2
• +M (5)

KO2
• + •OH⇋KOH+O2 (6)

With K bound in temperature-stable components within the ash,
these radical reactions are suppressed, resulting in a higher radical
availability and promoting CO and gas phase oxidation.

Against this background, the scope of this paper is to investigate the
CO mitigation potentials of (K-)Al-(Si-)based additives, including (in-
termediate) products of K incorporation. For this, previous research
results regarding the CO and TPM emissions during the combustion of
solid biofuels in a small-scale combustion furnace (i.e., pellet stove) with
well investigated additives were validated and further additives are
included. The additives utilized were Al-silicates (i.e., kaolin, kaolinite),
aluminum hydroxide, as well as the (intermediate) products of K
incorporation (i.e., muscovite (plain and coated with titanium dioxide
(TiO2)), and kalsilite). Additionally, meta-kaolinite was investigated;
meta-kaolinite is the dehydrated, amorphous form of kaolinite and
essentially the reactive form of the Al-silicate for K incorporation
(section 2). For all combustion experiments, the TPM and CO emissions
were measured, and the chemical composition of the TPM emissions as
well as the residual combustion ash were analyzed.

2. Additive reaction paths

Below, the current state of knowledge for the reactions of the utilized
additives with volatile, K-containing compounds from organic matter
associated with TPM emission formation and the inhibition of CO/ gas
phase oxidation, are discussed.

2.1. Kaolin/Kaolinite (Al2Si2O5(OH)4)

The main constituent and chemically reactive component of kaolin is
the clay mineral kaolinite (Al2Si2O5(OH)4), characterized by a layered

structure with a large specific surface area and a low porosity [20].
During the combustion process, kaolinite is dehydrated and dehy-
droxylated at temperatures of around 400 to 650 ◦C [21]. Thereby, the
hydroxyl groups between the silicate layers are released in a gaseous
form as water (eq. (7)). Subsequently, delamination (i.e., deconstruction
of the kaolinite structure) and structure modification occur. Al changes
from a 6- to 4-fold coordination and Si remains in 4-fold coordination in
the tetrahedral sheet. These reactions and modifications are endo-
thermic and result in the highly reactive meta-kaolinite. At higher
temperatures of 900 to 1000 ◦C, exothermic recrystallization may occur
[22].

Al2Si2O5(OH)4→Al2O3⋅2SiO2 +2H2O (7)

Meta-kaolinite, in the amorphous structure of alumina (Al2O3) and
silica (SiO2) then reacts with K from the biomass, released as KCl, K2SO4,
and KOH to form gaseous hydrogen chloride (HCl), sulfur oxide (SO3), or
water (H2O), as well as K-Al-silicates (i.e., kalsilite (KAlSiO4)) according
to eq. (8) till (10). With additional SiO2 leucite (KAlSi2O6) and ortho-
clase (KAlSi3O8) may also form (not shown)) [23].

Al2O3⋅2SiO2 +2KCl+H2O→2 KAlSiO4 +2HCl (8)

Al2O3⋅2SiO2 +K2SO4→2 KAlSiO4 + SO3 (9)

Al2O3⋅2SiO2 +2KOH→2 KAlSiO4 +H2O (10)

To determine the equilibrium composition of K and additive mix-
tures at different ratios and temperatures, and to provide indications on
ash-related issues in the furnace, thermodynamic calculations can be
considered (e.g., in [24] and [25]).

2.2. Aluminum hydroxide (Al(OH)3)

At temperatures of ca. 1000 ◦C, aluminum hydroxide undergoes an
endothermic calcination reaction; i.e., a transformation into aluminum
oxide (Al2O3) and various crystal modifications as per eq. (11) takes
place accompanied by the elimination of water [26]. With silicon di-
oxide (SiO2) contained within the solid biofuel, meta-kaolinite may also
be formed from aluminum oxide according to eq. (12) to subsequently
react with the K to form temperature-stable compounds following eqs.
(8) and (9). At approx. 900 ◦C and in the absence of Si, Al2O3 can also
bind KCl according to eq. (13) as K-Al-oxide (KAlO2) in the form of a
high-temperature stable compound in the ash. However, this reaction is
significantly less effective in terms of reducing K emissions than the
reaction mechanism via kaolinite [27].

2Al(OH)3→Al2O3 +3H2O (11)

Al2O3 +2SiO2→Al2O3⋅2SiO2 (12)

Al2O3 +2KCl+H2O→2KAlO2 +2HCl (13)

2.3. Muscovite (KAl2Si3AlO10(OH)2)

The incorporation of K in K-Al-silicates (i.e., kalsilite, leucite, and/or
orthoclase) may occur through the intermediate phase muscovite [28].
Muscovite belongs to the mica mineral group and undergoes gradual
endothermic dehydroxylation in a wide temperature range of 800 to
1000 ◦C [29].

2.4. Titanium dioxide (TiO2)

TiO2 and the mineral ilmenite (FeTiO3) can react with ash and TPM-
forming K (compounds) to form K-Ti-oxides and K-titanates (e.g.,
KTi8O16) [30]. Ilmenite is commonly used as an oxygen carrier in flu-
idized bed systems, enhancing combustion efficiency (e.g., [31–33]).

T. Siegmund et al.
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3. Material and methods

The combustion trials were conducted at the test stand of the Insti-
tute of Environmental Technology and Energy Economics (IUE) at the
Technical University of Hamburg (TUHH). The pellet stove with a tilting
grate is commercially available (Polly 2.0, Austroflamm) and has a
nominal thermal output of 7.8 kW. In previous experiments, the additive
concentration of 0.3 wt%a.r. (a.r. as received) was determined as most
effective in CO and TPM reduction with kaolin within the used experi-
mental setup and fuel (refer to supplementary data). Based on this, an
additive concentration of 0.3 wt%a.r was employed for all additives
across the experiments here, to minimize the variations in combustion
conditions due to varying ash contents of the fuel (i.e., ash from pellets
and additives).

For the preparation of the samples, 5 kg wood pellets were mixed
with 15 g additive in a conventional concrete mixer for 10 min. Both
before and after the mixing process, the fuel was manually sieved with a
mesh size of 4 mm to separate the fines. After initial ignition, the stove
was heated for approx. one hour until steady-state operation tempera-
ture at the nominal load. Temperature and pressure were measured
continuously to ensure stable combustion conditions, the flue gas speed
was discontinuously measured with a Prandtl probe. For a more detailed
description of the measurement section and procedure refer to [34–36].
The TPM emissions during combustion were gravimetrically and
discontinuously measured and the chemical composition was subse-
quently analyzed (section 3.3). For each combustion test, a minimum of
6 serial dust measurements were carried out over a period of approx.
1–2 h. The remaining ash after each combustion trial was collected and
analyzed in terms of chemical composition and crystalline phases
(section 3.4). All chemical analyses of the TPM and ash samples were
performed in triplicates. The flue gas was continuously measured
(Wöhler A 550) in terms of composition (i.e., CO, O2, H2, NOx) (section
3.5). As becomes clear with the supplementary data, the mean CO and
TPM emissions from the reference combustion experiments (i.e.,
without additive) demonstrated a high replicability, indicating a high
overall reliability.

3.1. Additives

The effects of (K-)Al-(Si-)based additives on mitigating TPM and
reducing CO emissions have been investigated based on a variety of
additives including kaolin (i.e., kaolinite with impurities), kaolinite,
meta-kaolin (i.e., the dehydrated, amorphous structure of kaolinite),
aluminum hydroxide, selected as an exclusively Al-based additive, and
the K-Al-Si-based (intermediate) products of K incorporation – musco-
vite (pure and with TiO2 coating) and kalsilite. Kaolin is obtained by
mining naturally occurring mineral deposits, with large deposits re-
ported in the USA, China, and Germany among others [37]. Kaolin
possesses low toxicity [38] and is used as paper coating and filler in
paints, plastics, and pharmaceuticals [37]. Pure aluminum hydroxide is
generally produced as “aluminum hydrate” and may be used in vaccines
as adjuvant and for other medical applications [39]. Muscovite/mica is
used in cosmetics and food, and large deposits have been reported in
Brazil, India, and Madagascar [40]. Muscovite with TiO2 coating may be
used as a cosmetic product [41]. The particle size distributions of the
additives were determined in accordance with DIN EN ISO 17827-2
[40].

• Kaolin was supplied by Gebrüder Dorfner GmbH & Co. Kaolin- und
Kristallquarzsandwerke KG.

• Kaolinite was purchased from Sigma Aldrich.
• Meta-kaolinite was produced by thermal activation of kaolinite
(heating at 650 ◦C for 2 h).

• Aluminum hydroxide has been delivered by Andrea Wolbring GmbH
& Co. KG as “Alumina hydrate”.

• Pure muscovite was obtained as “Mica Fine” from Olionature.

• Muscovite coated with TiO2 was acquired as “Soft Silver” from
Olionature. The composition of the latter varies between 56 and 60
wt% muscovite and 40 to 44 wt% TiO2 along with small amounts of
unspecified impurities from trace elements.

• The additive kalsilite was synthesized from potassium hydroxide
(KOH) and kaolinite (molar ratio 2:1). The two reactants were ho-
mogeneously mixed with a small amount of water as a solvent and
then heated at a maximum of 550 ◦C for 3 h. After the treatment, the
product was ground and then tested for the crystalline compound
kalsilite using X-ray diffraction.

The combustion samples and their denotation are shown in Table 1.

3.2. Wood pellets

The wood pellets used are pressed from sawdust from hard- and
softwood and certified as quality class A1 pellets in accordance with DIN
EN ISO 17225-2 [42]. Table 2 shows the fuel properties and chemical
composition of the pellets.

3.3. Total particulate matter (TPM) emissions

The determination of TPM emissions follows a manual, discontin-
uous, gravimetric methodology in accordance with DIN EN 13284–1
[46] and VDI 2066–1 [47]. This includes sampling a partial volume flow
of the flue gas under isokinetic conditions at a representative point
within the measuring section, as outlined in DIN EN 15259 [48]. Each
sampling duration was 5 min and conducted back-to-back with an out-
stack filter unit (Paul Gothe). Prior sampling the filters were baked
out in a laboratory drying oven (Heraeus LUT 6050) at 160 ◦C for 1 h
and subsequently cooled for a minimum of 8 h in a desiccator. Following
the 5 min sampling time, the loaded filters were subjected again to
heating, cooling, and re-weighing. In each combustion trial, eight flat
filters were sampled. TPM emissions are reported for dry flue gas in mg/
Nm3 with a reference oxygen concentration of 13 vol.-% in the flue gas.
In the used furnace, a cleaning cycle is carried out roughly every 50 min
during the firing operation by reducing the fuel supply and simulta-
neously increasing the primary air supply. Sampling of TPM emissions
was avoided at this time.

The derived filters were then analyzed in terms of chemical
composition by atomic absorption spectrometry (AAS, Analytik Jena
contrAA 700) and ion chromatography (IC, Dionex Sodtron ICS-90)
(three flat filters each). The sample preparation for the AAS was con-
ducted in accordance with DIN 22022–1 [49] and DIN EN ISO 16967
[50] with aqua regia in a microwave digestion system (Anton Paar
Multiwave GO Plus). The IC sample preparation was conducted with
deionized water and the water-soluble dissolved anions (e.g., sulfate and
chloride) were measured, according to DIN EN ISO 16994 [51] and DIN
EN ISO 10304-1 [52].

Table 1
Denotation of the (additivated) wood pellet samples used in the combustion
trials.

Sample name Additive Formula of Additive

Ref No additvie –

Ka Kaolin Al2Si2O5(OH)4 + 3.4%
impurities

Kao Kaolinite Al2Si2O5(OH)4
M-Kao Meta-kaolinite Al2O3 • 2SiO2

Al-Hyd Aluminum hydroxide Al(OH)3
Musc Muscovite KAl2Si3AlO10(OH)2

Musc+ TitOx
Muscovite and titanium
dioxide KAl2Si3AlO10(OH)2 + TiO2

Kal Kalsilite KAlSiO4

T. Siegmund et al.
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3.4. Ashes

After each combustion experiment ash samples were taken from the
ashtray, homogenized, and analyzed in terms of chemical composition
via AAS and IC (compare to section 3.3). In addition to this, the crys-
talline phases of the ashes were analyzed by X-ray diffraction (XRD,
Siemens D500); the existence of the respective crystalline phases was
determined using a database (Brucker Diffrac Plus).

3.5. Carbon monoxide (CO) emissions

Every 10 s the CO, as well as CO2, O2, H2, and NOx emissions were
logged using a flue gas analyzer (Wöhler A 550) in the measurement
section. The CO emissions are given for dry flue gas in mg/Nm3 with an
oxygen reference concentration of 13 vol.-%.

4. Results and discussion

4.1. Additives

Table 3 shows the composition of the additives, the molar ratios for
Si/K and Al/K within the fuel-additive blend, and the median grain sizes
x50%. The cumulative particle distributions Q3 are given in the supple-
mentary data.

Kaolin and kaolinite show with x50% = 37 and x50% = 36, respec-
tively the lowest median grain size x50% of all used additives. Meta-
kaolinite and kalsilite show the highest x50%, most likely due to

agglomeration from thermal activation and synthesis. The median grain
size may influence the reactive outer surface of the additive. Higher
median grain sizes indicate the presence of agglomerates and potentially
an uneven/irregular distribution in the pellet surface. The highest Si/K
and Al/K ratios are shown for meta-kaolinite with 24.4 and 24.3,
respectively, followed by kaolinite. The lowest and highest ratios of Si/K
and Al/K, respectively, are displayed for aluminum hydroxide. Here, Si
and K are provided only from the fuel, and high amounts of Al are
introduced. These molar ratios can be used as indicators for K-release
from the fuel: high ratios of Si/K [53] and Al/K [54] indicate low K-
release. In Fig. 1 the respective patterns from X-ray diffraction (XRD)
(Siemens D5000) of the additive samples are shown. Except for meta-
kaolinite and kalsilite, all additives show high crystallinity and a
conclusive classification of the crystalline phases. In the case of kalsilite,
leucite and orthoclase could also be detected.

4.2. Total Particulate Matter (TPM) emissions

In Fig. 2 the TPM emissions released during wood pellet combustion
without and with additives in a small-scale pellet furnace are shown as
boxplots. The average of the TPM emissions during the combustion of
unadditivated wood pellets in this test series was 30 mg/Nm3 (corre-
sponding to the valid limit value of 30 mg/Nm3 defined in the 1.
BImSchV [2] for pellet stoves without water pocket) and was signifi-
cantly reduced by additivation with Al-Si-based minerals – except for
kalsilite.

• The additives kaolin, its pure form kaolinite, as well as muscovite,
showed the greatest reduction effect of TPM emissions with 15 mg/
Nm3 (− 50%), 18 mg/Nm3 (− 40%) and 19 mg/Nm3 (− 37%),
respectively. At the same time, the scatter of the individual measured
values decreased significantly in most cases compared to the non
additivated reference case.

• The TPM-mitigation effect of meta-kaolinite was 24 mg/Nm3

(− 20%) and thus lower than in its initial, non-activated form
kaolinite.

• The average TPM emissions for aluminum hydroxide were around
24 mg/Nm3 (− 20%), whereby a comparatively large scattering of
the individual measured values was observed, particularly for the
latter.

• Compared to pure muscovite (19 mg/Nm3), the use of muscovite
coated with titanium dioxide exhibited a slight increase in TPM
emissions to 22 mg/Nm3 with a simultaneous significant increase in
the scatter of the measured values.

• The addition of kalsilite as an additive to the combustion of the wood
pellets did not show any reduction in TPM emissions and was with
31 mg/Nm3 (+3%) even slightly above the level of the reference
case.

Table 2
Fuel properties and chemical composition of the used wood pellets (a.r. as
received, d.b. dry basis, * calculated by mass difference) [43–45].

Parameter Unit Wood Pellets Method for Analysis

Moisture content wt%a.r 6.78 ISO 18134-2
Ash content wt%d.b. 0.59 ISO 18122
HHV MJ/kgd.b 19.27 ISO 18125
Carbon (C) wt%d.b. 51 ISO 16948/ ISO 16994
Hydrogen (H) wt%d.b. 6 ISO 16948/ ISO 16994
Oxygen (O)* wt%d.b. 42
Nitrogen (N) wt%d.b. 0.16 ISO 16948/ ISO 16994
Sulfur (S) wt%d.b. < 0.2 ISO 16948/ ISO 16994
Calcium (Ca) mg/kgd.b. 865 ISO 16967/ ISO 16994
Potassium (K) mg/kgd.b. 468 ISO 16967/ ISO 16994
Sodium (Na) mg/kgd.b. < 313 ISO 16967/ ISO 16994
Magnesium (Mg) mg/kgd.b. 159 ISO 16967/ ISO 16994
Phosphorus (P) mg/kgd.b. 142 ISO 16967/ ISO 16994
Manganese (Mn) mg/kgd.b. 89 ISO 16967/ ISO 16994
Silicon (Si) mg/kgd.b. 74 ISO 16967/ ISO 16994
Iron (Fe) mg/kgd.b. 65 ISO 16967/ ISO 16994
Aluminum (Al) mg/kgd.b. 20 ISO 16967/ ISO 16994
Zinc (Zn) mg/kgd.b. 12 ISO 16968
Lead (Pb) mg/kgd.b. < 0.62 ISO 16968

Table 3
Composition of selected Al-Si-based, Al-based, and K-Al-Si-basedmaterials for wood pellet additivation in a pellet stove, the resulting Si/K and Al/Kmolar ratios within
the fuel-additive blend and the median grain size x50% of the additives (+ according to the supplier, * 100% purity is assumed, ** within fuel-additive blend).

Unit Ka+ Kao M-Kao Al-Hyd Musc* Musc + TitOx* Kal

Composition

SiO2 wt%a.r. 50.2 46.5 54.1 45.3 37.7 38.0
Al2O3 wt%a.r. 34.4 39.5 45.9 65.4 38.4 32.0 32.2
H2O wt%a.r. 12 14.0 34.6 4.5 3.8
CaO wt%a.r. < 0.1
TiO2 wt%a.r. 0.4 16.7
Fe2O3 wt%a.r. 0.5
K2O wt%a.r. 2.1 11.8 9.8 29.8
Na2O wt%a.r. 0.2
MgO wt%a.r. < 0.1
P2O5 wt%a.r. 0.2

Ratios
Si/K** 10.3 21.1 24.4 0.2 2.2 2.2 0.8
Al/K** 8.3 20.9 24.3 34.6 2.2 2.2 0.8

Size x50% μm 37 36 356 160 105 119 271

T. Siegmund et al.
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These results can be discussed as follows.

• The 50% reduction in TPM emissions by kaolin surpasses the
reduction effects of its pure form kaolinite. This has also been re-
ported in other investigations (e.g., [34,55]). The exact reasons are
not clear so far; some authors suggested the small particle sizes of
kaolinite lead to the entrainment of the additive particles with the
flue gas [56].

• Meta-kaolinite showed a lower reduction in TPM emissions than the
other additives (except for kalsilite), including its “preform”
kaolinite. Solely considering the chemical composition, it was
anticipated that meta-kaolin would exhibit superior K incorporation
effects: Si/K ratio and Al/K ratios were higher than for kaolin and
kaolinite, and no endothermic dehydration and structure change, as
depicted in eq. (7), was necessary before reactions with the K-com-
pounds could occur. When considering the mean particle size
(Table 3), the physical properties of the additive might become
relevant: meta-kaolinite shows with 356 μm the highest mean par-
ticle size, resulting not only in a potential irregular distribution on
the fuel particle surface but also in a lower surface to mass ratio of
the additive, reducing the reactive outer surface.

• The diminished TPM reduction observed with aluminum hydroxide
can be attributed to the absence of Si when solely Al is introduced
through the additive. This implies that K incorporation via meta-

kaolinite is reliant on Si present in the biomass. However, the theo-
retically required molar ratio (SiO2:Al2O3 = 2:1) for the formation of
meta-kaolinite (eq. (12)) cannot be achieved due to the insufficient Si
concentration in the wood pellets (Table 2). Alternatively, KCl can be
incorporated without Si involvement (eq. (13)), forming K-Al-oxide,
but this is considered less efficient compared to reactions with kaolin
[27].

• For muscovite, despite the low availability of compounds for incor-
porating the same amount of K from the biomass, reflected in the Si/
K and Al/K ratios in Table 3, a substantial reduction in TPM emis-
sions by 37% was observed at the investigated additive concentra-
tion of 0.3 wt%. However, muscovite coated with TiO2 showed a
slightly lower reduction in TPM emissions of 27%. The presence of
approx. 42 wt% TiO2 in the additive significantly reduced the
amount of the presumably reactive substance (e.g., aluminum and
silicon). Although K incorporation and thus a potential TPM miti-
gation has been reported in the case of TiO2 addition to solid biofuels
[57], the specific contribution of TiO2 itself does not seem to
compensate for the dilution effects of muscovite.

• The slight increase in TPM emissions with kalsilite (in combination
with leucite (KAlSi2O6) and orthoclase (KAlSi3O8)) by 3% compared
to the reference case, goes along with the expectations and the
depicted Si/K and Al/K ratios: as a stable reaction product (refer to
eqs. (8) till (10)) of K incorporation, kalsilite cannot contribute suf-
ficiently to the reduction of corresponding K from the biomass.
However, due to its high melting point and inert nature, the addition
of kalsilite leads to an increase in ash content, potentially disrupting
the primary air supply and increasing emissions of organic particles.

In Fig. 3 the average chemical compositions of the sampled TPM
emissions are shown, and Table 4 denotes the absolute emissions in the
flue gas. Sulfate (SO4

2− ) and K had the highest share of the sampled TPM
for the unadditivated reference case with 347 mg/gTPM and 278 mg/
gTPM, respectively. Other significant contents were chloride (Cl− ) (66
mg/gTPM), Ca (37 mg/gTPM), and Na (28 mg/gTPM). Mg and Al had
negligible shares within the TPM emissions.

• In the additivation of the wood pellets with kaolin, a notable SO4
2−

reduction to 217 mg/gTPM along with a small reduction of K to 258
mg/gTPM becomes pertinent. The share of Ca, Na, and Cl− in the TPM
emissions rose, as well as the share of unidentified components.

• Similar results are shown for kaolinite, although the share of un-
identified components (most likely mainly organic particles) rose
from 22% (reference case) to 26% (kaolinite).

• Meta-kaolinite demonstrated with 179 mg/gTPM, 14 mg/gTPM, and
148 mg/gTPM the lowest share of K, Na, and SO4

2− in TPM emissions
from all additives, though exhibiting the highest share of unidenti-
fied compounds (51 wt%).

Fig. 1. X-ray diffractogram of additives and detected crystalline phases.

Fig. 2. Total particulate matter (TPM) emissions for wood pellet combustion in
a 7.8 kW pellet furnace without (Ref) and with 0.3 wt% additives (IQR: inter-
quartile range, Range within 1.5IQR: minimum value without outliers <

Q1–1.5 x IQR, maximum value without outliers > Q3 + 1.5 x IQR).
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• The TPM emissions for the additivation of the fuel with the additive
aluminum hydroxide showed a small decrease in the SO4

2− and K
concentrations to 288 mg/gTPM and 232 mg/gTPM, respectively, as
well as slightly higher proportions of Cl− , Ca, and Na compared to
the reference case; the proportion of unidentifiable components was
around 25 wt%.

• With a concentration of 325 mg/gTPM for SO4
2− and a K concentration

of 250 mg/gTPM, the TPM emissions for the additivation of the fuel
with muscovite had a similar composition to the reference case. The
contents of Na, Cl− , and especially Ca were higher in comparison.
The proportion of unidentified components for the additive with
pure muscovite was around 17 wt%, while the addition of TiO2-
coated muscovite increased this proportion to around 39 wt%; the
composition of the detected inorganic components remained almost
the same.

• When kalsilite was used as an additive, the TPM composition seemed
to be similar to that of the unadditivated reference case, although,
except for Ca, slightly lower concentrations were measured for all
main components of the TPM compared to the combustion of pure
wood pellets. Conversely, the proportion of unidentifiable TPM
components increased to around 25 wt%

SO4
2− and K constituted the primary components of all TPM emis-

sions, resulting from inorganic TPM forming components such as po-
tassium sulfate (K2SO4), followed by lower concentrations of Cl− (e.g.,
from KCl), Ca, and Na.

• The significant reduction in TPM emissions observed with kaolin
addition can be primarily attributed to the incorporation of K from
K2SO4 in K-Al-silicates (eq. (9)). The thermodynamically favored
reactions between K2SO4 and meta-kaolinite (Gibb's Energy ΔG to
KAlSiO4: ΔG = − 357 kJ, to KAlSi2O6: ΔG = − 439 kJ compared to
ΔG = − 318 kJ and ΔG = − 399 kJ, respectively for the reaction of
KCl and meta-kaolin [58], eq. (8)), may be one explanation for this
higher relative reduction compared to KCl. Despite kaolin addition,
the release of Ca, Cl− , and Na into the gas phase during combustion
seems to have remained almost unaltered, leading to a relative
enrichment of these substances in the TPM emissions, even with
approximately constant absolute emissions (Table 4).

• Meta-kaolinite has the lowest relative share of K, Na, and SO4
2− in the

measured TPM emissions, yet the absolute emissions of K and SO4
2−

in the flue gas (i.e., in mg/Nm3) are higher than with kaolin and
kaolinite. This indicates less effective K incorporation, though being
the “active” form of kaolinite.

• The reduction in TPM emissions due to aluminum hydroxide addi-
tion can be mainly attributed to the suppression of SO4

2− and K
release. However, compared to kaolin addition, the reduction in
absolute emissions for K is about 20%, and for SO4

2− approx. 36% less
than for kaolin. This limitation is attributed to the restricted avail-
ability of intrinsic Si from the biomass needed for the formation of
meta-kaolinite necessary for subsequent reactions with K2SO4.

• For muscovite as an additive, the significant reduction in TPM
emissions is primarily attributed to the suppression of K release,
albeit slightly weaker than observed for kaolinite. The decrease in
the SO4

2− fraction in the TPM is less pronounced.
• The TPM emissions from combustion experiments with wood pellets
and muscovite with TiO2 as an additive showed a nearly identical
relative composition of the identified elements compared to that of
pure muscovite. This mixture results in a minor further reduction in
absolute emissions of K, SO4

2− , and Cl− . This observation suggests
that TiO2 also contributes to reducing TPM emissions during wood
pellet combustion, which has been observed elsewhere (e.g.,
[59,60]).

• In contrast, the slight increase in TPM emissions with kalsilite
addition compared to the reference case can be explained by an
enhanced release of incompletely burned organic particles. Kalsilite,
as an inert and temperature-stable reaction product of K incorpora-
tion, leads to an increased ash content in the combustion chamber,
potentially disrupting the primary air supply and resulting in poorer
solid combustion. Minor reductions in absolute emissions of SO4

2− ,
Cl− , and K may be attributed to the presence of unreacted kaolinite
from the synthesis process available for K incorporation.

4.3. Ashes - chemical composition and crystalline phases

The composition of the ash from the pellet combustion series is
shown in Fig. 4. For all cases, significant contents of K, Ca, Mg, and Al
have been identified, while Na, Cl− , and SO4

2− showed low, and in the
case of Na almost negligible amounts. Most parts of the ashes (57% and
66% for the reference case and kaolin, respectively) were not identified
but assumed to be incompletely burned fuel particles, as well as silicates
and oxides, which align with the detected crystalline phases (Table 5).
The Ca concentration in the ash decreased from 225 mg/gash in the
reference case to 157 mg/gash and 156 mg/gash for the addition of kaolin
and kaolinite, respectively. The average Ca concentration in the ash for
the other additives was 185 mg/gash. After Ca, the concentration of K in
the ash was highest with about 125 mg/gash for unadditivated wood
pellets. As a result of the addition of the various additives, the K content

Fig. 3. Chemical composition of TPM emissions from wood pellet combustion
in a 7.8 kW pellet furnace without (Ref) and with 0.3 wt% additives.

Table 4
Chemical components in flue gas fromwood pellet combustion in a 7.8 kW pellet
furnace without (Ref) and with 0.3 wt% additives.

Component
in mg/Nm3

Ref Ka Kao M-
Kao

Al-
Hyd

Musc Musc
+

TitOx

Kal

K
8.2

± 1.3

3.9
±

0.7

3.7
±

0.9

4.4
±

0.5

5.6
±

1.3
4.6

± 0.6
4.3 ±

0.8

7.7
±

1.1

Ca
1.1

± 0.2

1.2
±

0.2

1.9
±

0.6

1.6
±

0.0

1.4
±

0.2
1.4

± 0.3
1.4 ±

0.2

2.3
±

0.9

Mg
0.1

± 0.0

0.1
±

0.1

0.2
±

0.1

0.1
±

0.0

0.2
±

0.2
0.1

± 0.1
0.1 ±

0.0

0.2
±

0.1

Na
0.8

± 0.5

1.0
±

0.9

1.0
±

1.1

0.3
±

0.0

1.4
±

0.8
0.8

± 0.6
0.6 ±

0.4

0.6
±

0.1

Cl−
2.0

± 0.1

1.6
±

0.2

1.6
±

0.3

1.5
±

0.2

2.1
±

0.2
1.8

± 0.1
1.7 ±

0.2

1.8
±

0.2

SO4
2−

10.2
± 1.4

3.3
±

0.5

3.4
±

0.1

3.6
±

0.4

7.0
±

1.5
6.0

± 0.8
5.1 ±

1.0

9.9
±

0.8
Other 7.1 4.0 6.4 12.8 6.7 5.0 9.1 6.2
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decreases on average to 95 mg/gash, while comparatively higher con-
centrations of 103 mg/gash and 118 mg/gash could be measured for (K-
containing) muscovite and kalsilite. For Mg, a halving of the content in
the ash from 59 mg/gash in the reference case to an average of 28 mg/
gash for the use of the various additives was observed, possibly due to
dilution effects attributed to the higher amount of ash. The content of Al
in the ash, on the other hand, showed a significant increase as a result of
the additives. While the concentration for the combustion of pure wood
pellets was around 5 mg/gash, concentrations of 29 mg/gash could be
measured for the addition of muscovite, 34 mg/gash for the kaolin and
kaolinite additives, 37 mg/gash for meta-kaolinite and 66 mg/gash for
aluminum hydroxide. The Al concentration for the additives kalsilite
and muscovite with TiO2 averaged at 21 mg/gash each.

The XRD analysis identified crystalline compounds in the ash sam-
ples (Table 5). The results reveal the presence of magnesium oxide
(MgO) and calcium oxide (CaO) in almost all ash samples. Silicon di-
oxide (SiO2) was also detectable in the ash for some additivated samples,
similar to the reference case. In addition, kalsilite (KAlSiO4), leucite
(KAlSi2O6), and orthoclase (KAlSi3O8) were detected in the ash for all
additives used, as well as for muscovite and kaolin. Furthermore, cal-
cium sulfate (CaSO4) and calcium aluminum silicates (CaAl2Si2O8,
Ca3Al2Si3O12) were found in the ash for various fuel samples.

The analysis of ash samples from additivated fuels discloses a sub-
stantial increase in Al concentrations, corresponding with the intro-
duced Al content from the additives. This correlation is especially
evident in the case of aluminum hydroxide, disclosing a notably high Al
concentration. Similar considerations apply to the K-content within the
ash, which are highest for muscovite and kalsilite, introducing the
highest share of K from the additive into the fuel-additive blend. How-
ever, the highest K-content within the ash is measured in the reference

case without additive. This is plausible when considering the lower ash
content for the reference case compared to the additivated fuels: by
additivation, inorganic material is introduced with the wood into the
combustion chamber, raising the ash content of the fuel mixture from
0.59 wt% (ash from wood pellets alone) to 0.89 wt% (pellet ash + ad-
ditive). This results in a dilution of some elements (e.g., K, Ca, and Mg)
in the ash by >50%. The actual increase in bottom ash is even higher
when accounting for the incorporation of elements (e.g., K). For
instance, in the ash from kaolin additivation compared to the reference
case, the K share is reduced by 36%, Ca by 30%, Mg by 55%, and Cl− by
62%, even though higher incorporation of K within is the case.

XRD analysis substantiates the presence of kalsilite in the ash for all
additives, proving the incorporation of K in the form of temperature-
stable K-Al-silicates as per eqs. (8) till (10) (excluding the additive kal-
silite, since no additional incorporation can be determined with cer-
tainty via XRD). For the muscovite-based additives, leucite (KAlSi2O6)
and orthoclase (KAlSi3O8) are notable reaction products formed. The
crystalline composition of muscovite (K2O:Al2O3:SiO2 = 1:3:6) favors
the formation of these compounds during K incorporation.

4.4. Carbon monoxide (CO) emissions

The CO emissions evolved during the combustion of the wood pellets
without additives for the reference case and with respective additive
concentrations of 0.3 wt% during the experiments are shown in Fig. 5.

Approximately every 50 min the CO emissions peak due to the reg-
ular cleaningmode. Here, the primary air supply is increased to blow out
the ash from the combustion bowl resulting in a high excess air ratio and
lower temperatures in the combustion chamber. This leads to higher
emissions from incomplete combustion. The highest peaks were reached
in the reference case with 13,900 and 23,000 mg/Nm3 for the first and
the second peak, respectively. The lowest level of emission and the
lowest fluctuation of emissions were measured in the case of additivated
pellets with kaolin, aluminum hydroxide, muscovite, and muscovite
with TiO2. Fig. 6 shows the boxplots of the CO emissions, with the
emissions released during the cleaning mode excluded from the
calculation.

• In the unadditivated reference case, the CO emissions showed an
average value were 498 mg/Nm3.

• By adding kaolin, the CO emissions could be reduced to a mean value
of 237 mg/Nm3 (− 52%).

• Pure kaolinite showed slightly higher CO emissions than kaolin at
344 mg/Nm3 (− 31%), its activated form meta-kaolinite showed CO
emissions of 603 mg/Nm3 (+21%) and thus even higher than the
reference case.

• The addition of aluminum hydroxide resulted in a slight reduction
(with 432 mg/Nm3, − 13%) compared to the reference case.

• Introducing muscovite reduced the CO emissions to a level of 265
mg/Nm3 (− 47%), close to the level of kaolin.

• The addition of muscovite with TiO2 slightly increased the emissions
compared to muscovite, reaching an average of 364 mg/Nm3

(− 27%).
• Kalsilite led to an elevation in CO emissions to an average of 838 mg/
Nm3 (+68%) and a considerable variability in the measured values.

The results can be discussed as follows:

• The 31% reduction in CO emissions by kaolinite, compared to the
reduction effects of kaolin
(− 52%), is consistent with the results observed in other in-

vestigations (e.g., [34,55]). This prompts further investigation,
including exploration of potential synergistic effects contributing to
the enhanced performance of kaolin in mitigating TPM emissions.

• When comparing the effects of respective additives on CO emissions
with the effects on TPM emissions, similar mitigation dimensions are

Fig. 4. Chemical composition of ash from wood pellet combustion in a 7.8 kW
pellet furnace without (Ref) and with 0.3 wt% additives.

Table 5
Detected crystalline phases of the combustion ash of wood pellets without (Ref)
and with 0.3 wt% additives from XRD analysis.

Ref Ka Kao M-
Kao

Al-
Hyd

Musc Musc +

TitOx
Kal

MgO x x x x x x x x
CaO x x x x x x x
SiO2 x x x x
CaSO4 x x x
KAlSiO4 x x x x x x x
KAlSi2O6 x
KAlSi3O8 x x x
Ca3Al2Si3O12 x x x x x
CaAl2Si2O8 x
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observed for kaolin, kaolinite, muscovite (+ TiO2), and aluminum
hydroxide. Since the reduction of TPM emissions is mainly due to K
incorporation, the simultaneous mitigation of CO emission is plau-
sible, as outlined in section 1. KCl and KOH in the gas phase lead to
reactions with radicals (eq. (2) till (6)), resulting in a decrease of the
radical pool, inhibiting CO oxidation. Thus, by K incorporation this
interference with the radical pool is avoided, overall leading to a
higher radical availability for CO oxidation.

• Meta-kaolinite resulted in a decrease in TPM emissions due to K
incorporation, while CO emissions increased, suggesting incomplete
combustion. This is consistent with the high share of unidentifiable
components within the TPM emissions, potentially attributable to
organic emissions. Albeit K incorporation of meta-kaolinite is not as
effective as for kaolinite, other reasons for incomplete combustion
may be considered here: the conversion of kaolinite to meta-
kaolinite, during which water is released at temperatures of 450 to
600 ◦C was outsourced here. The release of water at these temper-
atures, even in small amounts, could serve as a local catalyst/radical
supplier (e.g., •OH and H• radicals) for gasification and oxidation in
the firebed.

• Aluminum hydroxide also exhibits the potential to reduce CO emis-
sions, possibly by incorporating K into the ash (e.g., as in eq. (13)),
thereby reducing K release into the gas phase. This mitigates the
inhibition of CO oxidation due to interference of K with radicals in
the gas phase, which are crucial for CO oxidation. However, the
reduction is less pronounced compared to kaolin, attributed to the
lower availability of SiO2.

• Muscovite demonstrated the highest CO (and TPM) mitigation po-
tential after kaolin, despite relatively low Si/K and Al/K ratios and
higher median particle size. In line with this, the K content in the flue
gas showed less absolute K incorporation than kaolin, kaolinite, and
meta-kaolinite, and the share of unidentifiable (including organic)
compounds was the lowest among all additives. This suggests better
combustion efficiency, which is also reflected in the CO emissions.
The dehydroxylation and associated radical supply in the tempera-
ture ranges of 800 to 1000 ◦C could also have an effect, as outlined
above for meta-kaolin.

• Combining muscovite with TiO2 resulted in a slight decrease in CO
mitigation compared to pure muscovite due to a quasi-dilution ef-
fect. While positive effects of TiO2 have been reported, they are not

Fig. 5. CO emissions during wood pellet combustion in a 7.8 kW pellet furnace without (Ref) and with 0.3 wt% additives, respectively.
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sufficient to counterbalance K incorporation and CO oxidation;
additionally potential accessibility limitations to muscovite due to
the coating of TiO2 may be pertinent.

• Kalsilite shows the highest CO emissions, with an increase to the
reference case of almost 70%. With the introduction of kalsilite, one
final product of K incorporation is introduced (refer to eq. (8)),
which makes it evident that for further K incorporation into leucite
(KAlSi2O6) and/or orthoclase (KAlSi3O8) additional SiO2 (i.e., from
the biomass) would be necessary. According to the XRD results
(Table 5) this is not the case. However, the significant rise in CO
emissions compared to the reference case without additive could be
caused by unreacted KOH left from the synthesis, inhibiting CO
oxidation [61]. TPM emissions do not rise in the same order of
magnitude: this may be because although KOH is a contributor to (T)
PM emissions, the components K2SO4 and KCl have been suggested
to be the larger contributors to PM formation [62]. The influence of
the additional KOH on TPM emissions thus might be limited. The
results disprove previous hypotheses suggesting that kalsilite or K-Al-
silicates may act as catalysts for CO oxidation and thus COmitigation
in the flue gas. The introduction of primarily inert material increased
the ash content and also potentially introduced parts of unreacted
KOH and (meta-)kaolinite. KOH may evaporate into the gas phase,
leading to a further inhibition of CO oxidation.

5. Conclusion

This paper examines the mitigation potentials for TPM and CO
emissions fromwood pellet combustion with (K-)Al-(Si-)based additives.
The effectiveness of these additives in reducing TPM emissions,
compared to the reference case, is as follows: kaolin > muscovite >

kaolinite > muscovite + TiO2 > aluminum hydroxide > meta-kaolinite
> kalsilite, with a slight increase in emissions observed for kalsilite. The
same order is valid for CO emissions, suggesting K as the main connector
between TPM and CO emissions.

• Kaolin exhibits the highest mitigation effects in both TPM and CO
emissions, surpassing even kaolinite.

• Muscovite also shows significant TPM reduction, though the reduc-
tion of K-originated TPM is relatively low. This is attributed to the
smaller K incorporation potential, coupled with high combustion
efficiency. The latter could be enhanced by the slow dehydroxylation
of muscovite, providing a local radical supply at temperatures of 800
to 1000 ◦C.

• Muscovite coated with TiO2 has a reduced effectiveness due to lower
SiO2 and Al2O3 availability, which is not compensated by the posi-
tive effects of TiO2.

• Due to the low content of SiO2 (i.e., only from within the fuel),
aluminum hydroxide primarily incorporates K as K-Al-oxides, which
is thermodynamically less favored than incorporation in K-Al-
silicates.

Meta-kaolinite and kalsilite show higher discrepancies between their
effects on TPM and CO emissions.

• Meta-kaolinite unexpectedly shows lower TPM mitigation effects
compared to kaolinite, likely due to poorer combustion conditions
and insufficient air supply, which are evident in high CO emissions.

• Kalsilite leads to a significant increase in CO emissions, possibly due
to unreacted KOH from the synthesis, evaporating into the gas phase
and inhibiting CO oxidation. The TPM emissions do not rise
accordingly; this may be because the influence of KOH plays a sub-
ordinate role in TPM emission formation compared to KCl and
K2SO4.
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[57] H. Wiinikka, C. Grönberg, O. Öhrman, D. Boström, Influence of TiO 2 Additive on
vaporization of potassium during straw combustion, Energy Fuel 23 (11) (2009)
5367–5374, https://doi.org/10.1021/ef900544z.
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