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ABSTRACT

The temporal release characteristics of sodium and potassium (Na and K) during the pellet combustion of
municipal solid waste (MSW) were comparatively studied using calibrated flame emission spectroscopy
(FES). A lab-scale setup with a Hencken burner was used to create a stable high-temperature environment
for pellet ignition and combustion. The results revealed a three-stage combustion process (devolatiliza-
tion, char, and ash stages) for most waste fractions, whereas a one-peak release distribution was observed
for plastics. In contrast, biomass-based products and kitchen waste were characterized by dual-maxima
release shapes. In general, the release concentrations of both Na and K were the highest in the char and
ash stages because of the higher pellet surface temperature than that in the devolatilization stage. Al-
though the variation in pellet mass changed significantly during devolatilization, less than 10% of alkali
contents were released. Compared to the combustion characteristics, the waste compositions were con-
sidered a critical factor. The peak release concentrations increased almost linearly with the initial alkali
concentrations during char oxidation. In addition, paper and wood waste were found to be the poten-
tial sources for the release of Na and K, respectively, second only to kitchen waste. Finally, the possible

transformation processes of alkalis during waste combustion were discussed.
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The disposal of municipal solid waste (MSW) has attracted in-
creasing attention due to China’s rapid urbanization and indus-
trialization [1]. Currently, incineration is widely used to realize
harmless disposal, energy recovery, and volume reduction of MSW
[2]. However, untreated MSW which varies largely in physical and
chemical composition is generally rich in alkali and alkaline earth
metals [3]. During combustion, these volatile elements especially
potassium (K) and sodium (Na) are prone to vaporize into the
gas phase and form sticky deposits on the heat exchange surfaces
[4], which eventually results in significant problems of slagging,
fouling, and corrosion. Therefore, knowledge of the release char-
acteristics of typical alkali elements during combustion is essential
to guide combustion optimization and the stable operation of the
boiler system.

Over the last few decades, studies on alkali detection have
evolved from offline to online measurements. This is because the
traditional offline techniques [5,6], such as X-ray diffraction (XRD),
energy dispersive X-ray spectroscopy (EDX), and X-ray fluorescence
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spectrometer (XRF), can identify alkali species and quantitatively
obtain the total amounts of alkali metals in fuel and ash, but
cannot provide time-resolved information on the alkalis released
during combustion. Therefore, non-invasive, real-time optical di-
agnostic techniques are promising for studying the release be-
haviors of alkalis in laboratories. Laser-Induced breakdown spec-
troscopy (LIBS), for instance, has been employed to perform quan-
titative point measurements of Na and K released during coal and
pinewood combustion by Hsu et al. [7]. Liu et al. [8,9] proposed a
multiple-point LIBS method to measure alkali concentrations in the
gas phase. Based on the potassium release characteristics of burn-
ing poplar and corn straw, possible reaction mechanisms were pro-
posed [9] to describe the transformation of elemental and atomic
potassium during combustion. Although multiple laser-based op-
tical methods are commonly used to measure flame gas/particle
concentration, flame temperature, and flue gas velocity [10,11],
they are rarely applied to industrial incinerators due to their harsh
environment.

Flame emission spectroscopy (FES), as a promising in-situ di-
agnostic technique based on the chemiluminescence phenomenon,
can retrieve important combustion information through the re-
ceived self-radiative signal of the flames and feature a much sim-
pler device and lower cost for laboratory experiments and even on-
site applications [12]. This technique is primarily applied in com-
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Fig. 1. Schematic diagram of in situ fuel pelletizing process (a) and combustion and FES experimental setup (b).

bustion diagnostics for detecting OH*, CH* and C2* flame radicals
[13,14] and is also used to make real-time measurements of al-
kalis in flames. Paulauskas et al. [15] used an inductively coupled
plasma mass spectrometer (ICP-MS) to verify the FES data. The re-
sults revealed that the FES technique was capable of online mon-
itoring the release of alkali species from biomass burning. Mason
et al. [16] measured the K release patterns from burning biomass
pellets and later established a potassium release model to predict
the temporal release of gaseous potassium [17]. He et al. [18] used
the FES method to further study the effects of biomass compo-
sition and moisture content on the K release patterns from the
combustion of camphorwood and rice husks. The results showed
that the change in moisture content affected the ratio of K re-
leased from the biomass with a low share of volatiles. Note that
the above investigations were conducted simply by assuming that
the combustion temperature was constant, but the temperature of

the flames actually changes continuously. Thus, Li et al. [19,20]
proposed a calibration method between alkali concentrations, tem-
perature, and spectral line intensity and further used the improved
FES method to measure the temporal release profiles of Na and K
from burning biomass and coal, respectively. They discovered that
the high spectral intensity of Na and K did not result in high re-
lease concentrations in the flame, where the temperature acted as
a significant factor.

Despite these efforts, most other similar investigations are still
based on the combustion of biomass and coal [21,22]. However,
minimal information is available on the release properties of al-
kalis during the combustion of municipal solid waste. He et al.
[23] recently conducted in situ FES measurements of alkali metals
in two MSW incinerators. The results indicated that the released
gaseous K and Na concentrations were correlated with the volatile
and alkaline contents of the waste, combustion temperature, and
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Table 1

The main properties of the test samples in this work [24].
Materials Proximate analysis(wt.% on air dry basis) Ultimate analysis(wt.% on air dry basis) Content(mg/kg)

M A \% FC C H (0] N S Na K

Wood 1.8 0.7 80.8 17.0 49.5 6.4 41.4 0.06 0.21 1219 4890
Bamboo 14 0.9 79.6 18.1 49.8 6.3 41.3 0.10 0.17 1028 5854
Leaves 1.7 11.5 68.2 18.6 45.1 5.5 345 1.44 0.15 723 12,374
Cardboard 1.7 10.8 76.4 11.1 413 52 40.6 0.19 0.15 1987 3014
Tissue paper 1.8 0.5 87.6 10.1 44.2 6.4 46.7 0.02 0.49 3987 2019
Office paper 1.7 114 75.6 11.3 37.7 4.7 44.4 0.07 0.10 2215 2458
Cotton fabric 5.2 0.5 85.6 8.7 43.2 6.1 441 0.27 0.78 785 1583
Nonwoven 0.9 5.1 93.7 0.3 77.3 14 2.4 0.02 0.22 1122 2236
PE bag 0.5 3.0 96.0 0.5 79.1 17 2.2 0.01 0.71 1213 619
Wood waste 1.7 44 771 16.8 441 6.1 41.8 0.15 0.16 2089 10,588
Paper 1.7 5.6 81.9 10.8 41.1 5.4 43.9 0.10 0.20 2567 2334
Kitchen waste 4.5 10.2 64.8 20.5 39.2 6.8 45.2 0.45 0.09 13,604 21,235
Textiles 0.7 3.2 89.9 6.2 45.6 35 40.1 1.20 0.85 4523 3612
Plastic 1.6 2.1 91.5 4.8 59.2 6.0 335 0.20 0.56 1166 210
MSW mixture 3.5 8.1 71.7 16.6 42.6 6.4 43.1 0.39 0.20 7254 9539

M: moisture, A: ash matter, V: volatile matter, FC: fixed carbon.

primary air in the furnace, despite the limited deeper elaboration
on the phenomenon. The regions and seasons could significantly
affect the physical composition of MSW [1], thereby leading to sig-
nificant variations in Na and K contents. However, little experimen-
tal or computational research has been conducted on the release
characteristics during the combustion of specific municipal solid
waste fractions to the best of our knowledge.

The present study aims to better understand the release be-
haviors of sodium and potassium during the combustion of dif-
ferent municipal solid waste fractions. The experiments were per-
formed in a lab-scale combustion setup, creating a stale and high-
temperature environment for waste-pellet combustion. The in-situ
FES technique was employed to obtain the time-resolved release
profiles of atomic alkali metals during combustion. In addition, the
surface temperature and mass of the pellets were simultaneously
recorded. Based on these combined measurement data, the release
characteristics across the waste fractions and possible transforma-
tion routes of alkalis are comparatively discussed.

2. Materials and methods
2.1. Materials preparation

Given the complexity of municipal solid waste in physical and
chemical compositions, a total of 15 common single/mixed waste
fractions were selected as experimental fuel samples [25], which
were all selected from Hangzhou, Zhejiang Province, China. Specif-
ically, the nine single fractions mainly included wood waste: wood
chopsticks, bamboo chopsticks, leaves, paper (i.e., cardboard, tis-
sue paper, and office paper), and plastic-containing materials (cot-
ton fabric, nonwoven fabric, and PE bag). The six typical mixed
fractions were kitchen waste, wood waste, paper, textiles, plastics,
and MSW mixtures, all sampled by hand from waste piles. The
main properties of the samples are listed in Table 1. The mass of
the oxygen fraction was calculated according to the mass balance,
and the initial sodium and potassium concentrations in the solid
wastes were determined via inductively coupled plasma atomic
emission spectroscopy (ICP-AES) [9]. As shown in Table 1, plas-
tic (textiles) fractions had a high share of volatile matter, while
biomass materials, such as paper and wood waste, had a high
share of fixed carbon. The initial contents of Na and K also var-
ied among the waste samples, with kitchen waste possessing the
highest proportion of alkalis.

Before the experiment, the materials were made into pellets for
subsequent combustion measurements following the on-site pel-
letizing process, as shown in Fig. 1a. First, all the materials were

dried in an oven at 105 °C overnight. Then, they were crushed,
milled into a fine powder, and sieved to obtain 250 pum particles.
Subsequently, approximately 120 mg (£1 mg) of the uniform pow-
ders was manually pressed into spherical pellets with a diameter
of 6 mm for consistency.

2.2. Experimental setup

The setup of the laboratory-scale FES measurement system is
shown in Fig. 1b. A Hencken burner was used to provide a stable
high-temperature environment for the ignition and combustion of
pellets. The complete details regarding the design principle of the
burner can be found in Ref. [26]. For the burner, methane was the
fuel gas with a constant flow rate of 0.6 L/min, while the air was
the oxidant with a constant flow rate of 8 L/min. A hyaline quartz
tube drilled with a feeding hole was placed above the burner to
reduce the heat loss during the experiment. The waste pellet was
suspended on two ceramic rods (diameter 0.8 mm) and burned in
the chamber in each trial. The temperature at the pellet height was
set to approximately 1073 K, which is typical for incineration ap-
plications. The stability of the temperature was tested beforehand,
as shown in Fig. 1b, where the maximum error was no more than
1.5%. Because the plastic-containing fractions melted when com-
busted, Pt wires were wrapped around the ceramic rods in order
to avoid the falling drop of the melted plastics during combustion.

As shown in Fig. 1b, an AvaSpec-ULS2048L-USB2 spectrometer
with a response wavelength range of 200-1100 nm was used to
capture FES signals 10 mm above the burning pellet in-situ. The
combustion images were recorded using a digital camera at 30
frames/s. In contrast, the variations in pellet mass and surface-
pellet temperature during combustion were obtained using an
electric balance and thermocouple, respectively. The ceramic rods
were cleaned prior to the next experiment to eliminate interfer-
ence from the residue on the spectral line intensity of the alkalis.
For the FES measurements, each trial was performed at least three
times to ensure reliable repeatability of the experiments. The stan-
dard deviation was calculated from parallel experiments and was
shown in the figure.

2.3. Calibration of FES system

Since the outputs of the spectrometer were just the rela-
tively radiative intensities (Counts) along the wavelength, a nec-
essary calibration using a blackbody furnace (FuYuan, HFY-203B)
was carried out to obtain the absolute spectral radiation profiles.
Figure 2a shows the calibration results of the spectrometer, in
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Fig. 2. Calibration results for the spectrometer (a) and the atom concentrations of alkali metals (b).

which the coefficient curves hardly changed with the temperature
of the black furnace (1173-1473 K). Generally, the thermal radia-
tion of the flame I(A,T) serves as a function of the wavelength
(A) and temperature (T) which can be described by Planck’s law:

Cl)\75

10.T) = £0IB(LT) = 80—~ Zram 1

(1)

Where I,(A,T) is the blackbody radiation intensity (W/m3), £(X)
is the flame emissivity, C; is the Planck’s first radiation constant
(3.7419 x 106 Wem?2), C, is the Planck’s second radiation con-
stant (1.4388 x 10~2 meK).

The radiation intensities (I;) are the sum of the spontaneous
thermal radiation intensity (I;) and the characteristic line intensi-
ties of sodium and potassium (Iy, + Ix) [27]. As reported, alkali
species released into the flame are thermally excited such that the
spectral intensity is proportional to the concentration of volatilized
alkalis in the gas phase [7]. For quantitative measurements of al-
kali concentrations in the flame, the FES system under study also
needs calibration, the details of which can be found in Ref. [20].

In the calibration experiment, the prepared sodium chloride
(NaCl) and potassium chloride (KCI) solutions with known con-
centrations ranging from 100 to 1800 ppm were seeded into a
flat flame through a nebulizer. The average seeding rate of the
solutions was approximately 0.11 g/min. Assuming that the alkali
salts were uniformly distributed in the flat flames produced by the
burner, the concentrations of gaseous K and Na in flame C (mg/m?3)
can be expressed as follows:

_ Vex G xRxTy
T Vnxpx (Vg +Vq)

(2)

where C; is the concentration of alkali salt in the solution (mol/L)
while Vs is the consumption rate of alkali salt (L/min), R is ideal
gas constant (8.31 Pa-m3/(mol:K)), T, is room temperature, p is
pressure (pa), vg and vq are flow rates of methane and air, respec-
tively (mol/min), and V, is the gas molar volume (mol/min). Note
that the solution fog would inevitably disturb the stability of the
flat flames produced at the start of the experiment; thus, spec-
tral data for the calibration were recorded after the system reached
equilibrium.

The FES calibration results for cases with different Na and K
concentrations are presented in Fig. S1. This indicated that the
concentrations and FES intensity exhibited a non-linear relation-
ship due to the self-absorption effect, especially at high concen-
trations. After the correct process of self-absorption by the Beer-
Lambert law, a linear relationship between the FES intensity and
the concentrations of volatilized K and Na was obtained. There-
after, the calibration experiments were performed in parallel at six
typical combustion temperatures from 1050 to 1850 K to estab-
lish a quantitative relationship between the calibration coefficient
and temperature (T). The coefficients of determination (R?) were
at least 95% and the measurement uncertainty of the FES system
was mainly due to calibration uncertainty and background noise.
As shown in Fig. 2b, the calibration coefficient («) increased expo-
nentially with the corresponding combustion temperature, consis-
tent with the findings reported by Li and Yan [20]. For the present
upset, the observed mathematical relationship can be written as:

IrEs,Na
Cresio = 1507 e000687T .
c _ Irgs (4)
FESK = 1322 x ¢0.00763T

Where Irgsng and Ipgs g are, respectively the absolute radiation in-
tensity of sodium and potassium, T is the temperature of the mea-
suring point, Crgs x and Crgs ng are the concentrations of alkali met-
als in the gas phase.

3. Results and discussions
3.1. Release quantification by FES

In this section, the quantitative release profiles of alkali met-
als during the combustion of wood (poplar), illustrated as an ex-
ample, are measured using FES. Figure 3a shows a typical rela-
tive and calibrated flame emission spectra from volatile combus-
tion. As noted in Section 2.3, spectral curves typically consist of
two parts of the continuous radiation spectrum and two character-
istic alkali line spectra (Na and K). The continuous radiation spec-
tra were used to calculate the temperature (T) based on a multi-
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Fig. 3. Release characteristics of sodium and potassium from burning wood: Typical flame emission spectra during combustion (a), combustion image of the wood pellet (b),
distributions of alkali concentration axially and radially above the pellet (c,d), and the alkali release history measured by FES (e).

wavelength temperature measuring algorithm [28], where a non-
gray emissivity model with a fourth-order polynomial function was
determined. Subsequently, Crgs  and Cggs, N, Were both solved ac-
cording to Egs. (3) and (4), respectively.

A typical image of the volatile flame produced from burning in-
dividual wood pellets is shown in Fig. 3b, and additional combus-
tion images for other samples are provided in Fig. S1. This revealed
that combustion behaviors underwent three well-differentiated
stages: devolatilization, char oxidation, and ash stages, indepen-
dent of waste type [8,9,18-21]. Herein, the disappearance of visi-

ble flames could be considered an indicator of the end of the de-
volatilization stage, after which the slower, smolder char oxidation
stage starts. In the early stages, the combustion performance was
a combination of homogeneous and heterogeneous ignition mech-
anisms [29]. Compared to typical biomass-based products, plastics
and fabrics exhibited stronger combustion reactions with relatively
higher heights and sizes of volatile flames, as shown in Fig. S1.
It has been reported elsewhere that plastic fractions in MSW can
improve incineration efficiency and increase the thermal output of
the boiler system [30].
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The distribution of K and Na concentrations along with the ax-
ial and radial distances above the 6-mm pellet at approximately
15 s after ignition are plotted in Fig. 3c and d. Overall, the trends
in the release concentration, as a function of the axial and radial
distances, were similar for both Na and K. Specifically, as the dis-
tance from the pellet centerline increased, the concentration grad-
ually increased, and the highest-concentration region appeared at
a height of approximately 8 mm, after which the decay began.
The diffusion and chemical reactions between the volatiles and air
could account for the phenomenon, which was also observed dur-
ing the early combustion of corn straw and coal [9,31]. In con-

trast, the concentrations decreased monotonically to zero with an
increase in radial distance. It should be mentioned that using the
FES technique, only the concentrations of Na and K atoms instead
of specific alkali species along the sightline direction were detected
in the present work.

Figure 3e shows the FES measurements of the temporal re-
lease concentrations of alkali metals performed 10 mm above the
wood pellets. As can be seen, there are two maxima in the re-
lease profiles, which strongly resemble the experimental results
for woody biomass [16]. Precisely, it was observed from the K re-
lease profiles that the first minor release peak occurred in the late
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devolatilization stage (devol.) with a maximum concentration of
around 9.6 mg/m?3. In comparison, the second one took place in the
char and ash stage (C&A) with a much larger peak release concen-
tration of 54.4 mg/m3, followed by a decay process asymptotically
to the baseline. The deviation in K concentrations compared with
the results obtained using LIBS [32] may be attributed to the larger
pellet quality used in this work, which exhibited an elongated de-
volatilization duration time and higher release concentrations. The
black dotted line readily identified the three stages, which also re-
flected the changes in the temperature of the measuring point. The
results showed that the flame temperature rapidly increased up to
1500 K due to the thermal radiation from burning volatiles and re-
mained steady. After the volatiles were completely combusted, the
temperature returned to the gas temperature or slightly lower.

3.2. Release characteristics of single fractions

Figure 4 shows the variations in atomic Na and K concentra-
tions measured over time. The results showed that the temporal
release profiles of the selected single biomass-based fractions (pa-
per and wood waste species) exhibited dual-peak shapes, similar
to what has been observed in a previous work [7]. In general, the
end of the first peak was identified as the devolatilization stage,
after which the char and ash stages occurred successively.

As shown in Fig. 4a, the released concentrations of K were
higher than those of Na. It is because potassium is essential for the
photosynthesis and growth of plants, thereby existing in high pro-
portions in biomass. Moreover, herbaceous crops and straw have
higher potassium of 0.2-1% or more than the woody biomass
(0.1%). Therefore, the peak release concentration of K from the
leaves reached a maximum of 128 mg/m3 during the char ox-
idation stage, which was more than twice than that of wood
(51 mg/m3) and bamboo (54 mg/m?3). In a similar study by Liu and
Wang [33], the peak K concentration from burning corn straw was
more than three times that from burning woody poplar. Another
study [34] also found that thermochemical processes in herbaceous
biomass materials with high amounts of cellulose were likely to
occur at a relatively low reaction temperature compared to woody
biomass, which could contribute to the earlier release of potas-
sium. Therefore, the second release peak for leaves was very close
to the devolatilization stage, followed by a long monotonic de-
cay. In contrast, wood and bamboo featured a release peak in the

late char oxidation stage. In addition, the temporal release profiles
of both Na and K from wood and bamboo were similar, proba-
bly because of their similar chemical compositions and structures
(Table 1).

In addition to wood waste, paper products constitute a large
proportion of the biogenic fraction of MSW. From Fig. 4b, the
three kinds of papers showed relatively lower K release concen-
trations but much higher Na release concentrations than the re-
sults of wood waste in the devolatilization and char stages. For ex-
ample, taking tissue paper, the peak concentrations of Na in the
gas phase were measured to be 0.31 mg/m3 and 6.22 mg/m3 in
the stages of devolatilization and char oxidation, respectively. In
contrast, the maximum Na release concentration attained no more
than 1 mg/m3 for the wood, bamboo, and leaves. It is also inter-
esting to note that the release mode of tissue paper was closer to
that of leaves while the other two were much closer to that of
woody biomass. In the case of the PE bag and nonwoven fabric
in Fig. 4c, however, only one initial peak of the alkali concentra-
tion was characterized in the devolatilization stage because most
of the pellet mass was consumed during the overlap combustion
of volatiles and char. As expected, cotton fabric made of cellulosic
materials showed release characteristics similar to biomass-based
products.

In this section, the alkali release characteristics from typical sin-
gle wastes were analyzed, and the results really revealed signifi-
cant effect of the waste type on the release performance. In actual
MSW incineration, the combustion routes for different components
are stirred together, except in extreme cases with only one domi-
nant component. Hence, we further explored the release character-
istics of sodium and potassium during the combustion of several
mixed wastes in detail in the next section.

3.3. Release characteristics of mixed fractions

3.3.1. Spectral characteristics of volatile flames

Figure 5 showcases the typical emission spectrum during the
volatile combustion for six types of mixed waste fractions. As
can be seen, plastic-containing species including plastics and tex-
tiles clearly showed a relatively larger radiation intensity than the
biomass-based products. It implied that the FES signals were as-
sociated with the portion of volatile matter in the sample, as
shown in Fig. 5a. In essence, the continuous spectrum originated



J. He, J. Li, Q. Huang et al.

Combustion and Flame 244 (2022) 112233

]

18 |
L devol. —~O— Papers

0.13mg/m*® 0.72 mg/m®

0.75 mg/m® 0.35 mg/m?®

1.96 mg/m?® n

~ Na concentration [mg/m
©

— Wood waste —A— Kitchen waste —<>— Plastics

T Textiles

MSW mixture

Time [s]

6
3
ol
0
(a
o 100
devol. —5— Papers
80 | 7.96 mg/m® 2.41 mg/m?®
4.58 mg/m®
60

- 2.45mg/m® 4.00 mg/m®

— Wood waste —2- Kitchen waste —@— Plastics

=/ Textiles <1— MSW mixture

d I ' I b 1
Wood waste  Papers Kitchen waste Textiles

1 " I
Plastics MSW mixture

£

o)
E,

C
§e]
®
£ 40

C

Q

g 20

S [ -

o N
v O

0 40 80 120 160 200
(b) Time [s]

o 100
% 2 [ O Ratio during the devol. stage
Qo L O t=55s O Ratio during C&A stage
- 80

(V] L

‘ZU 70 _—
O gk 0Ot=26s t=27s
o = t= 358 ti465 t=35s t=142s T
S 1ol t=116s t_DMBS b=87s t=26s =
b I

o o & 8 O
§e) -
= -10 .
o

—
o

Sampels

Fig. 6. Temporal release profiles of Na and K for the mixed waste fractions.

from the thermal radiation of the solid phase substances especially
soot distributed in the flame. As reported in many studies [35,36],
soot formation started with the small radicals produced during the
fuel decomposition at the early stage of combustion. This led to
the formation of larger radicals and polycyclic aromatic hydrocar-
bons (PAH) species widely accepted as precursors to soot forma-
tion. Generally, plastic materials generate more PAHs than biomass
[37]. In addition, the presence of lignin with aromatic structures in
biomass, compared to paper with very little lignin, contributes to
an increase in soot yield by accelerating the formation rate of soot
precursors [35]. Previous work [24] also found that flame-formed
soot from burning wood showed smaller particle size and more
ordered nanostructure than the soot generated from burning plas-
tics, such as polyvinyl chloride, which, in turn, showed a higher
oxidation tendency. It revealed that the chemical compositions of
solid fuels could play an essential role in the physicochemical and
radiative properties of soot particles in flames. Hence, although pa-

per had a relatively high share of volatiles, it showed a small flame
emissivity due to the lower soot volume fraction in the flame com-
pared to other wastes. From another respective, high concentra-
tions of soot particles for the plastic materials instead decreased
the combustion efficiency for that the partial fuels were converted
into soot rather than useful energy.

In addition, exciting work on the discrimination between differ-
ent types of fuels by combining the FES method and a mathemat-
ical model has been proven feasible with high prediction accuracy
[38]. The flame emission spectra from different waste fractions
may also feature certain specificities; for example, plastic (textiles)
exhibits a larger sooty spectrum than biomass species, despite the
lack of deeper analysis.

3.3.2. Release behaviors of atomic sodium and potassium
Figure 6 provided the temporal release profiles of atomic alkali
metals from the mixed fractions. All the samples, except plastics
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which only showed one peak release shape, exhibited a typical bi-
modal peak shape, consistent with the observation in Section 3.2.
It also indicated that Na and K featured identical trends in the re-
lease profiles despite the waste types.

To be specific, for example, the first peaks of the Na and K
release concentrations from burning wood waste were measured
to be 0.13 and 7.96 mg/m?3, respectively, while the second peaks
were 0.56 and 48.76 mg/m3, respectively. As discussed in the last
section, the obtained peak concentrations were close to the val-
ues obtained from single wood-based materials. Similarly, paper
and plastics also showed similar peak release concentrations for
singe wastes with similar compositions. Because the measurement
data at the second release peak were visible with much larger
intensity than at the first peak, we compared the differences in
the release patterns in the charring stage between the samples. In
general, kitchen waste featured the highest peak concentration of
71.06 mg/m3 among the samples, nearly 1.5 times that of wood
waste. In contrast, the MSW mixture attained a medium value of
36.70 mg/m3, whereas plastics (textiles) exhibited the lowest re-
lease peaks among the samples. Although wood waste and paper
both belong to biomass, the higher K release concentration dis-
played by wood waste may be explained by the differences in the
initial alkali content and chemical reactions during combustion: (i)
A much higher fraction of potassium content in wood waste, as
shown in Table 1, theoretically enables the release of more potas-
sium than paper. (ii) The high total amounts of SiO, and Al,05 in
the paper (71%) (see Table S1) facilitate the chemical reactions of
silicates (aluminosilicates) with potassium to form insoluble com-
pounds before reaching the ash stage [39]. (iii) Potassium is in-
creasingly released from burning wood waste because of the pre-
ferred reactions of silica with calcium rather than alkali metals.

The related chemical reactions and transformation mechanisms
are much more complex [40] and are strongly affected by the fuel
nature and experimental conditions. Textiles with relatively high
potassium content exhibited the lowest release concentration of
8.45 mg/m3. The most likely reason was that the high propor-
tion of potassium in textiles was increasingly captured within the
molten ash of glassy silicates.

The highest Na release was 12.21 mg/m? for the kitchen waste,
which contained a high proportion of Na, while the lowest was
only 0.56 mg/m3 for wood waste. Overall, the release concentra-
tions of Na were much lower than those of K, where the initial
contents between them may be the key influencing factor. Beside,
the K is more likely to be released than the Na for that K,0 owns a
lower liquid/vapor distribution coefficient (0.5) compared to Na,0O
(0.6) [41]. Another reason may be that the excited atoms decreased
more for Na than for K because of the higher energy level of the
excited state of Na when the temperature decreased [27]. Notably,
the Na release distribution was similar for the MSW mixture and
paper, with the maximum release concentrations second only to
kitchen waste. It has been reported elsewhere [42] that paper is
very reactive towards oxygen only after plastics among the com-
mon MSW materials. The additives in paper ash, such as kaolin and
calcium carbonate, could significantly increase the reaction sur-
face area by acting as catalysts or making the char more porous,
which in turn promotes the release of Na and K in the early char
stage, even though the additives may also transfer alkalis to the
ash [9,16,43]. Figure 6¢ shows the relative ratio of Na and K con-
centrations at the two peaks. Independent of the fuel type, potas-
sium exhibited a higher release level than sodium, especially for
wood waste. The ratio values reached over 60 and 85 at the de-
volatilization and char stages, respectively.

3.3.3. Surface temperature and mass variation of waste pellets
Figure 7 provided the output data of the pellet-surface temper-
ature recorded online by a K-type thermocouple. The pellet-surface
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Fig. 7. Variation of the surface temperature of the mixed waste pellets during com-
bustion.

temperature was critical to fuel pyrolysis and combustion rates by
determining the heat flux generated to the particle center. Further-
more, the evolution in the pellet temperature could also represent
the series of combustion phenomena. Plastic was excluded herein
due to the absence of the char stage. As observed, from the mo-
ment at which the pellet was sent into the chamber, the pellet sur-
face was rapidly heated up in the devolatilization stage due to the
high-temperature co-flow and the thermal radiation from volatile
flames; then, the surface temperature continued to increase with
maxima at the char oxidation stage attributed to the thermal effect
of char oxidation on the pellets; after that the temperature grad-
ually decreased towards the equilibrium temperature in the late
combustion stage with the consumption of char, where the inhi-
bition of the ash layer on the char reactions was nonnegligible. A
continuous increase in the pellet-surface temperature caused the
reactions of the active and more exposed structures with oxygen.
Hence, more alkalis were released in the char stage owing to the
increased diffusion and oxidative reaction rates on the pellet sur-
face that could enhance the bond breaking of most organic alkalis
[40]. The identical results were also obtained by LIBS experiments
[44]. It should be noted that the disappearance of volatile flames
slowed down the increase rate in the temperature, which may ex-
plain for the gap between the two release peaks.

Figure 8 showed the temporal variation of the pellet mass dur-
ing the combustion. The release concentrations of atomic alkali
metals from the devolatilization stage to ash stage were integrated
and normalized for semi-quantitative comparison, as shown in
Fig. 8g. A sizeable mass reduction was seen in the devolatilization
stage, at which most of the volatiles were released and then burnt
out. Figure 8g suggested that the ratios of Na and K released at
this stage mainly varied between 1 and 10% for the single/mixed
waste fractions, which was very similar to the results conducted
on raw biomass [16]. Additionally, although the mass loss rate was
much lower in the char & ash stages compared to that in the de-
volatilization stage, most of the alkalis were released at this stage
most likely due to the high pellet temperatures. It further revealed
that the performance of alkali release was more dependent on the
pellet-surface temperature, and less on the mass variation of the
pellets during combustion.

The quality of the relationships between the peak release con-
centrations of Na and K detected by FES and the total content of
those in the wastes was further explored, as shown in Fig. 9. There
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Fig. 8. Temporal changes of pellet mass and alkali release (normalized cumulative value) as a function of combustion time: Wood waste (a); Paper (b); Kitchen waste (c);
Textiles (d); Plastics (e); MSW mixture (f); Ratios of alkali release in the devolatilization stage for all the wastes (g).

was a clear trend identifiable (with a regression function R? val-
ues of 0.75 and 0.90 for Na and K, respectively, in the char stage),
which revealed that the peak release concentration occurring dur-
ing char oxidation increased almost linearly with the initial con-
centration of alkalis in the pellets. This was in line with the fact
that the established alkali release governed by the diffusion mech-
anism was proportional to the concentration gradient of the alkalis
at the surface of the particle [16]. In contrast, in the volatile com-
bustion stage, the peak Na/K concentrations were not related to
the initial alkali content.

10

3.3.4. Transformation processes of alkali metals

The possible transformation routes of alkalis into the gas phase
from waste burning are discussed [9,16,32,40], as shown in Fig. 10.
Paper and wood waste essentially belong to biomass or biomass-
based products. During volatile combustion, most gaseous alkalis
likely originate from the evaporation and thermal decomposition
of inorganic alkalis in the fuels. At this stage, some of the organic
compounds (char-M) also decomposed to release atomic alkalis.
For Cl-rich biomass, alkali metals are likely released in the form
of KCI or NaCl during the devolatilization stage [45]. In the pres-
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Fig. 10. Possible transformation routes of K and Na during waste combustion.

ence of moisture, alkalis can also take the form of alkali hydroxides
(KOH or NaOH) and then evaporate physically from the burning
pellets. However, Cl is quickly released into the gas phase as HCl,
as reported by Zhang et al. [32], which indicates that the release
of alkali hydroxide may be the dominant route during devolatiliza-
tion. Residual Na and K mainly remained as char-alkali/char-O-
alkali or mineral compounds. Accordingly, atomic alkalis would
come from char-alkalis, carbonate, and sulfate through char oxida-
tion and decomposition. Note that alkali metals can be transferred
into ash in both the devolatilization and char stages. In the ash
stage, although subtle, the ash can continuously react with vapor-
ized water to further liberate gaseous KOH and NaOH [9]. In the
real situation inside the furnace, as the mixed solid waste with a
large amount of moisture at the bottom is exposed for more time
to the high-temperature environment, the ratio of alkalis released
in the ash stage may be larger.

For plastic-containing materials, such as plastics, since most of
the alkali contents and pellet mass were consumed in the volatile
combustion stage, they therefore featured relatively higher Na and
K release concentrations than other biomass samples at this stage.
Interestingly, the plastic content could melt when heated, forming

1

a coating around the pellet surface. The melted plastic may inhibit
the release of water-soluble alkalis; for example, the MSW mixture
exhibited lower K release concentrations than wood waste, despite
the similar K contents in Table 1. This is because some volatiles re-
leased from fuel pyrolysis and decomposition may be trapped in-
side the molten layer, which leads to the formation of secondary
char via interactions between the volatiles and residual char/other
volatile species [46].

4. Conclusions

This work firstly studied the release characteristics of sodium
and potassium from burning multiple MSW fractions using cali-
brated flame emission spectroscopy (FES). The FES measurements
were performed above a flat flame burner at a controled environ-
mental temperature of 1073 K. The main conclusions are as fol-
lows:

The FES system was calibrated prior to the experiments in or-
der to determine the actual alkali concentration in the flame. The
calibration equation indicated that the alkali concentrations at the
measuring point were dependent on the received FES spectral line
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intensity of Na and K and the combustion temperature at the mea-
suring point. The release of alkali metals occurred throughout the
combustion process, and a three-stage releasing behavior, including
devolatilization, char, and ash stages, can be distinguished for most
wastes. It was also found that the concentrations of Na and K in-
creased and then declined along the axial direction of the volatile
flames. In contrast, the concentrations decreased monotonically to
zero with increasing radial distance.

Specifically, kitchen waste featured the highest release concen-
trations of both Na (12.21 mg/m3) and K (71.06 mg/m?), owing to
the highest initial alkali content among these samples. A large por-
tion of the alkalis was released during the overlap combustion of
volatiles and char as plastic (textiles) have shallow ash content. Be-
side, paper and wood waste possessed the second-largest amounts
of Na and K, respectively, only second to kitchen waste. It also
revealed that the initial alkali content served as the vital factor
positively influencing the release characteristics, where the peak
release concentration in the char stage increased almost linearly
with the initial concentration of alkalis in the pellets. In addition
to the fuel properties, the combustion characteristics of the pellets
also took a vital role in the release characteristics of Na and K. The
thermogravimetric profiles indicated that most of the pellet mass
was burned out in the devolatilization stage; however, less than
10% of the alkali content was released at this stage. In contrast,
the surface-pellet temperature was more important. The high pel-
let temperature contributed to an increase in the diffusion and re-
action rates in the char stage, which, in turn, contributed to alkali
release.

The transformation processes of alkali metals during the com-
bustion of different wastes were discussed. For biomass-based ma-
terials and kitchen waste, the alkalis are released through pyrolysis
and evaporation in the volatile combustion stage and decomposi-
tion and evaporation in the char and ash stages. However, for plas-
tics (textiles), large amounts of alkali species are liberated during
devolatilization because of the very high share of volatile matter.
In addition, the results revealed that paper and wood waste were
considered potential sources of Na and K release, respectively, once
kitchen waste was wholly separated due to garbage classification
in China.
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