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ABSTRACT

Combustion as an efficient and reliable method is widely used for metal-enriched biomass to achieve
energy and metal recoveries, but there are emission risks of heavy metals in the flue gas and bottom
ash that can arise secondary pollutions. To optimise such combustion processes, this work investigated
the combustion characteristics of a kind of hyper-accumulator biomass and focused on the intermediate
states and dynamic transformations of metals for the first time. A pseudo-in-situ sampling method was
used to collect the burning solid residues at different time intervals before further analysis. The
conversions between elemental forms were revealed, and their changing rates were also calculated. It
was found that the transformation of metal was determined by their elemental natures, species
distributions and the combustion progress where there was not a consecutive process but separated by
several stages, which were related to 1) the release of volatile matters 2) formation and consumption
of the char and 3) the fixation by silicates. Based on the information of dynamic metal characteristics,
a new strategy was proposed to optimise metal distribution by adjusting combustion time of operations.
The methodology introduced in this work will also help emission control and metal recovery for other

metal-rich fuels.
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1. Introduction

Soil contamination by heavy metals has become a serious problem in developing countries, and
phytoremediation is regarded as an environmentally-friendly and economical method to remediate this
pollution. Phytoremediation is the process whereby some kinds of hyper-accumulator plants are used
to absorb elements present in the soil such that heavy metals can be enriched and fixated inside the
biomass without extra chemical and energy input »2. However, proper treatment for biomass harvested
from these polluted areas is required, because biomass rich in heavy metals can threaten food chains
and human health when disposed inappropriately 3. Thermal treatment including combustion,
gasification and pyrolysis is an efficient option since the biomass can be reduced into manageable
volume ®°. Gasification and pyrolysis of such contaminated biomass can produce products such as
syngas, oil and char, but these require more complex and immature technologies (tar in the syngas
during gasification, inefficiency and lack of commercial application for pyrolysis) and their products
inevitably contain heavy metals with difficulty or high price for separation %!, so those drawbacks
limit the development of these two technologies for treating such contaminated biomass. In
comparison, incineration with its high efficiency and reliability became welcomed for this issue which
can achieve both energy recovery and metal recovery *2. However, there are still risks of secondary
pollutions during combustion 3%, On the one hand, like other typical biomass, many problems are
induced by alkali metals such as slagging and particulate matter. Besides, heavy metals can be released
within the flue gas through the vaporisation-condensation mechanism and then emitted to the ambient
atmosphere. Moreover, high concentrations of heavy metals in fly ash generates new hazardous
materials with potential leaching toxicity 1361, Thus, it is necessary to reveal the behaviours of metals
for improving combustion processes and reducing pollutant emissions.

There have been many studies on combustion of those heavy metal enriched biomass, and there are
some general conclusions about metal behaviours in a furnace. Temperature is a dominate factor for

combustion kinetics and also has a significant effect on transformations of metals >%8, A reducing



atmosphere can enhance the conversions of metals to their elemental forms which often have a high
volatility, whereas in an oxidising atmosphere metals tend to form their oxide forms with much higher
melting points, but sometimes the vaporisations of metals also can be stimulated in an oxygen-rich
atmosphere due to more violent combustion 1°. The presence of chlorine increases the release of metals
through the formation of metal chlorides with low melting points 2°-??, while silicates can fix metals
to generate stable species in the ash -2,

For most studies covering incineration and heavy metal issues, the solid products are analysed to
investigate the transference of metals and the toxicity of heavy metals after the thermal process.
Besides the properties of the fuel and the combustion conditions, the behaviour of metals depends on
their elemental nature including their melting points and saturated vapour pressures, and is also related
to their species in the raw fuel 24?7, These results only considered the final statuses of the residues,
which means the intermediate statuses were unknown for the minor or trace elements in the burning
solid fuels. If the process of metals in the solid phase can be clarified, the mechanism of metal
transference can be further revealed, and in turn the combustion process can also be improved for fuels
with harmful metals 2. In some previous works, fuels were initially leached by different extraction
agents before ignition to remove a certain ‘metal form’, such as a water soluble form or acetic acid
soluble form, to determine the behaviours of each metal species during combustion 2%, Unfortunately,
there were potential conversions between metal forms in the solid phase during the combustion, but
this effect seems to be ignored before. Though the metals released in the flue gas can be measured by
an inductively coupled plasma optical emission spectroscopy (ICP-OES) in real-time or in-situ
detected by laser-induced breakdown spectroscopy (LIBS) 3134, it is still difficult to measure the metal
forms in the solid phase directly by conventional devices at the condition of combustion, where the
reactions at high temperatures are fast and inconstant, and the concentrations of some minor or trace

elements are too low to be detected. However, it is possible to pause the combustion to obtain the



burning samples with a pseudo intermediate state, which can still offer some useful information in the
ongoing process.

This study focused on the dynamic behaviours of metals during combustion of a kind of contaminated
biomass with high concentrations of heavy metals. A pseudo-in-situ sampling method in a furnace was
applied for the first time to gain the burning solid samples, which then were leached by two steps to
classify different metal forms. Matched with combustion characteristics, the dynamic transformations
of metals were measured and further analysed. Through the methodology in this study, the pseudo
intermediate state of metals in the burning samples could be traced. Additionally, based on the new
information derived from that experiment, a timing strategy was proposed for optimising the

combustion process of such hazardous fuels to control the species distributions of metals.

2. Materials and methods

2.1 The compositions of the fuel

The biomass named Sedum plumbizincicola, a hyper-accumulating plant 3>2¢, was harvested from a
heavy metal contaminated ground in South China of which the aboveground part was selected and cut
into pieces in the length less than 5 mm. The compositions of the biomass are listed in Table S1, where
the major elements of inorganic content were calcium, zinc, potassium and silicon. The concentrations

of heavy metals were very high, with 19.8 mg/g for Zn, 560 mg/kg for Pb and 174 mg/kg for Cd.

2.2 Combustion experiment

The combustion tests were conducted in a self-made horizontal tube furnace with a diameter of 30 mm
and a height of 400 mm where the airflow rate and the combustion temperature were 30 L/h and 900 °C
respectively. The biomass (dry basis, 0.2 g) was placed into a 10 mL crucible, which was made of

corundum instead of quartz to prevent potential slagging on the vessel surface. To feed the fuel and



pick up the residue quickly, an automated-controlled lifter was used with a refractory platform to hold
the crucible.

A diagram of the reactor and the procedures are displayed in Figure 1. As the sample would be still
either burning or pyrolysing after being removed from the furnace, and in consideration of probable
reactions between minerals in the combustion product and gases in the air, the sample was chilled and
quenched in an air free environment immediately after sampling to maintain the integrity of the sample.
The method firstly involved placing the crucible on the platform and waiting for temperature stability
within the reactor. Once the fuel was moved into the centre of furnace, the timing of combustion was
started. The combustion sampling times were set to 15, 30, 45, 60, 90, 120, 160, 200, 330, 420 seconds
for each trial. When reaching the set combustion time, the platform was lowered, then the top of
crucible would be covered immediately to isolate it from the air. Next, the crucible was moved into an
ice tank below 0 °C to quench the residue and minimise any potential pyrolysis. Those operations took
less than 2 seconds. Finally, the sample was weighted and stored after cooling down. For each sampling
point, at least five paralleled trials were conducted for further statistical analysis. It should be noted
that the rig must be located in a fume hood or cupboard, and the operator must wear a mask with an

active carbon filter, in case of the potential inhalation of harmful flue gas.

Figure 1 Schematic of combustion test and sampling procedures.

2.3 Analysis methods



The weight loss fraction wl; and its differential rate vi during the biomass combustion were calculated

as Equation 1 and Equation 2:

Wi
wl; =1 A Wy,=02g) (1)

wli 1 —wi;
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Where, the subscript i is the serial number of sampling, the subscript 0 means the parameter is derived
from initial biomass, Wi is the weight of combustion residue at the number i sampling, Ti is the time
from the beginning at the number i sampling, and the time of i+1/2 is the midpoint between T; and
Ti+1.

Thermogravimetric analysis and differential scanning calorimetry (TGA-DSC, STA-449F3,
NETZSCH) was used to resolve the weight loss and heat release peaks under a constant heating rate
of 10 °C/min, and DTG (differential thermo-gravimetric) analysis was calculated based on TGA result.
The samples after combustion were digested thoroughly by HCI-HNO3z-HF-HCIO4 to obtain the total
metal concentrations in the sample. Mass fraction of metal n in sample i per unit mass of input fuel

(min) and its metal retention rate (mrin) were expressed by these following equations:
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Where, Mi is the total mass of element n in the sample i.

Additionally, to evaluate the leachability and toxicity of metals, the samples were leached by 20 mL
water solution of acetic acid at PH = 3 with stirring for 24 hours to extract metals in their reactive
species such as oxides, hydroxides and carbonates. Equation 5 and Equation 6 show the fractions of
the leachable-form and the fixed-form of metal n per unit mass of input fuel (lin and fin):

V-
= L (v=20mL) (5)
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fin=mrin—lin (6)
Where V is the solution volume of acetic acid used in the leaching treatment and Cin is the
concentration of metal n in the leachate solution. To evaluate the characterisations of heavy metal in
the ash or char, Equation 7 and 8 present the mass fraction of metal n in the burning solid residue (main)
and the estimated leachate concentration (LCi,) which assumed the ash and acid solution were mixed

in a solid-liquid proportion of 1:20 (g/mL):

M:
ma;, = # (7)
l
C:
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4

The metal concentrations in the solutions from the leaching and digestion were measured by an
ICP—OES (Agilent 5110). For those data of weights and metal concentrations, at least three data from
the parallel tests were averaged for analysis. Furthermore, the morphologies and crystal phases of the
samples were analysed by a scanning electron microscopy with an energy dispersive spectroscopy

(SEM-EDS, SU3500, Hitachi) and X-ray diffraction (XRD, D8 Advance, Bruker) respectively.

3. Results and discussion

3.1 Weight loss analysis during combustion

Thermo-gravimetric and heat flux analysis were measured to understand the combustion process of
the biomass, of which the results are presented in Figure 2(a). There were three weight loss peaks at
220-380 °C, 280-510 °C and 560-670 °C. The first and the second peaks represented combustion of
volatile matters and fixed carbon respectively, while the third peak did not indicate the combustion
reactions but more likely was the decomposition of carbonates, because the biomass contained a large
amount of calcium which could absorb CO- to form CaCOg at lower temperatures and then release it
at higher temperatures. Another evidence is that there was an endothermic peak as shown in DSC

curves. 37



The mass loss change during the combustion in the horizontal furnace is shown in Figure 2(b), where
there were three stages within the whole process. From the start point to 45 seconds, there was a sharp
weight loss for the fuel which can be attributed to a rapid ignition of volatile matters, when this stage
is named as the quick combustion stage. 3 The second stage between 45-330 seconds was defined as
slow combustion stage, where there was steady and slow weight loss. The remaining of the volatile
matters and fixed carbon were burned in this period. The peak mass loss rate occurred at ~200 seconds
which could be due to the CO> release from carbonates. When the mass was constant, the biomass

stopped combusting and this period was named the burnout stage.

Figure 2 Combustion characteristics of the biomass. (a) TG, DTG and DSC curves of biomass at

10 °C/min heating rate. (b)Weight loss fraction and weight loss rate at 900 °C.

3.2 Evolution of main crystal minerals in the residue

The mineral phases were changed during combustion, which can affect both the behaviours of heavy
metals and the utilization of ash or char. Detailed XRD analysis curves are shown in Figure S1.
Feldspar was the only crystal occurring at 15 seconds, which means other elements were non-
crystalline or were free phases at the beginning of ignition. At 30 seconds, quartz, zinc oxide and
calcite were crystallised, while potassium crystals were not found, indicating the species of this

element was converted from feldspar to amorphous forms. No new crystal was generated until 160



seconds in the slow combustion stage when lime was generated which was the signal of calcite
decomposition, and the temperature in the char particle should have reached to a high level. Also, the
quick release of CO> could further prove the reason for the weight loss rate peak at 200 seconds. Larnite
was formed at 200 seconds, which was the product of the reaction between SiO, and CaO. Then at 240
seconds, the end of the second stage, kalsilite (KAISiO4) was formed, the formula of which chemical
has fewer silicon oxides than that of feldspar (KAISi3Og), Therefore, some of the potassium minerals
in the fuel or ash underwent a decomposition process from feldspar to quartz and amorphous potassium
(aluminosilicates) to kalsilite. At 330 seconds when the burnout stage started, calcite disappeared, and
the formation of hardysonite (Ca2ZnSi>O7) indicated that under high temperatures and with a longer
time, further eutectic transformation began with high melting point minerals of zinc oxide. Finally,
no further changes in crystal species were observed at 420 seconds.

It can be concluded that though there was a quick mass change at the early period of the combustion,
the evolution of crystal phases was little changed. But there were more frequent generations of new
crystal species and phase disappearances in the latter period of combustion, which can be attributed to
the higher temperatures during the char burning. It also should be noted that there could be a
considerable proportions of the mineral content not having been detected because they were in

amorphous phases *°.

3.3 Morphology of the burning biomass

The morphologies of the biomass and its burning residue presented two kinds of surface, a smooth one
and a rough one, indicating the components of the biomass can be classified into two parts, as displayed
in Figure 3a-s and 3a-r. It seems that the smooth surface was the fibre of the biomass as its veins were
in lines, while the rough surface might be a part of the leaf, where broken surface might be caused by

the drying process in the pre-treatment. According to the EDS analysis in Table S2, the smooth surface



contained more carbon and less silicon so that this structure was the dominant component in the stem,

while there were various minerals and less organic in the rough surface.

Figure 3 SEM images of the smooth (s) and rough (r) surfaces in the raw biomass and its burning
residue. (@) 0's; (b) 30's; (c) 200s; (d) 330 s.
For the smooth part, crystals appeared during the quick combustion stage (Figure 3b-s) and their size

grew and looked gradually clear with the char burning (Figure 3c-s). Finally, when the char was burnt,



mineral particles in the homogeneous size of 200-400 nm were laid in arrows (Figure 3d-s). Based on
elemental analysis in Table S2, the crystals mainly consisted of calcium oxide.*® Although the
concentration of potassium was at the similar level, this element did not seem to enrich after
combustion, so potassium in the smooth part could be transferred to elsewhere or vaporised directly
during the thermal process. 442

In the rough surface part, the growth of crystal was more remarkable than that in the smooth part, and
the distribution of particles was disordered. Additionally, those particles were agglomerated and
melted into bigger ones in and after the second combustion stage (Figure 3c-r and 3d-r), and the carbon
surrounded with some of them was burnt out earlier than that in the smooth surface, as listed in EDS
analysis. Those phenomena could be attributed to the interactions of mineral compositions including
potassium, calcium, zinc, silicon and aluminium, which resulted in eutectic melting and diverse

particles. 4243

3.4 The dynamic behaviours of metals during combustion

To analyse the behaviours of metals, the samples withdrawn at different stages of the combustion were
digested according to section 3.2 and the leachable and residual forms were analysed by ICP-OES;
their partition changes were calculated according to Equation 4-6. The mass fractions of calcium,
aluminium and iron varied little from their initial values, as they are non-volatile elements at high
temperature (absolute values of the metal mass changes are shown in Figure S2 based on Equation 3),
thus the retention rates of those three metals were approximately set as one to normalise the form
fractions in the solid residue (Figure 4). Other elements are semi-volatile metals and a part of them
was released to the gaseous phase during thermal treatment. Considering their different natures,

behaviours of the two kinds of metals are discussed respectively.



Figure 4. Dynamic distributions of metals during combustion
3.4.1 Non-volatile metals
Calcium: In the raw biomass, the calcium was 100% soluble so that it could be transported easily

within the biomass when living. When the biomass was sent into the furnace, over 40% of calcium



was immediately transferred to an insoluble form, and the proportion of residual form decreased until
90 seconds. The decline of the leachability after ignition could be due to the formation of char, which
can adsorb metal ions during the leaching step meaning that some of the calcium did not enter the
leachate. This explanation can also be proved because with the continual consumption of the char, the
adsorption capacity of metal ions decreased when leached, and calcite/lime can be thoroughly
dissolved by acetic acid . Then the fixed-form of calcium slightly increased again, which could be as
a result of the reaction with silicates and generating more stable minerals such as larnite (see XRD
results), and other amorphous calcium silicates which could not be detected by XRD could also have
be formed.

Aluminium: About 1/6 of the aluminium was soluble in the raw biomass, while at 15 seconds the value
was only 2% and then gradually increased. According to the XRD results, the elemental aluminium
was in the form of aluminosilicates, which is often stable in the acid solution. However, its reactivity
increased when the stoichiometric number of silicon decreased among the aluminosilicate system. For
example, the conversion from feldspar (KAISizOg) to kalsilite (KAISiOs) caused the aluminium atoms
in the aluminosilicate lattice to bond with a smaller proportion of the silicates, which promoted its
leachable fraction *°.

Iron: The iron was almost insoluble in the biomass and the burning residue. Its leachable-form of 5%
was generated at the beginning of combustion, which might be due to the conversion from organic iron
in the biomass to the free form in the char. Then during combustion, all iron converted to the residual
form while its leachable-form disappeared.

3.4.2 Semi-volatile metals



Figure 5. Transformation streams of semi-volatile metals during combustion
The behaviours of semi-volatile metals included both transformation within the solid phase and the
solid-to-gas phase, so, there were three potential conversions for an element during the combustion:
A. Fixed-form = Leachable-form
B. Fixed-form — Gaseous-form
C. Leachable-form — Gaseous-form
While the conversion A is reversible, the conversions B and C are irreversible. Set the conversion rates
as Va (positive direction), vy, vc and the generation rates of forms as vs, vg and v for the fixed-form,

gaseous-form and leachable-form respectively. Accordingly, there are



VatVp=-vf (9)

wb+Vve=vg  (10)

Vatve=vi  (11)
Where the net conversion rates of each form (v, vg and vi) were available, but here we cannot calculate
Va, Vb and v directly because vs + vg + vi = 0. To simplify the model, we assumed a kind of apparent
conversion rates, where each form was either the start or the end of the stream, which means the +/-
symbols whether it exported or imported to the stream was determined by the net conversion rate of
the form. For example, if the fraction of the fixed-form decreased at some time, it would be regarded
as transformed to other species but not converted from the leachable-form, and vice versa. Based on
this logic, the apparent conversion rates of metal forms were calculated and displayed in Figure 5.
Zinc: About half of the zinc was stable in the raw biomass. At the beginning of the combustion, there
was a release peak of 7% zinc from the leached species which could have resulted from the
vaporisation of some soluble organic zinc with low evaporation temperatures, and a conversion peak
to fixed-form could be attributed to the formation of char to stabilise the free zinc. Then, a bit of fixed-
form returned to leachable-form (maybe its oxide or other inorganic salts) due to the consumption of
char at the second combustion stage. During 90-330 seconds, more zinc was vaporised and mostly
from its fixed-form, because zinc in fixed-form tended to be reduced by organics to release gaseous
zinc so that there was a sharper and shorter releasing peak indicating its stronger reactivity, while the
peak of leachable-form was flatter when the inorganic zinc slowly reacted with char and formed atom
zinc at a higher temperature as Equation 12 until all the char was burnout and only 3/7 of zinc remained
in the ash 16:2744,

MOo.sx + 0.5xC = 0.5xCO(g) + M(g) (x is the metal valence) (12)

Potassium: This element was soluble in the initial fuel, and its behaviours before 90 seconds were
similar to that of calcium. Then about 1/6 of potassium was vaporised from its leachable-form because

of the higher temperature during char combustion and the reduction effect of char to generate metal



vapour. Since alkali metals tend to form their carbonate during combustion, *° a possible reaction for
metal vaporisation could be:

Am,COs3+ 2C = 2Am(g) + 3CO(g) (13)
where, symbol Am refers to alkali metal (K and Na). This reaction occurred at a higher temperature
than the oxides reduction reaction as Equation 13 (see thermal equilibrium calculations in Figure S3).
Gradually, its combination with aluminosilicates increased the proportion of its fixed-form at the same
time.
Sodium: Below a quarter of sodium was leachable in the raw biomass, from which a part of the metal
was vaporised at the first combustion stage, and there was a conversion to the fixed-form. Between
45-60 seconds, there were a release peak and a formation peak of leached species from the fixed-form,
and then some of the leachable-form sodium was slowly transformed to its fixed-form until 200
seconds. The first two vaporising peaks revealed the different species of sodium in the biomass, while
the three form transformations indicated the formation and consumption of the char and the fixation
by silicates. The retention of sodium dramatically declined during 240-330 seconds when the
temperature of the char was highest, where the reaction could occur as Equation 13. Since no char
remained at the burnout stage, the vaporisation of sodium stopped.
Cadmium: This hazardous element existed as a fixed-form in the biomass. As a high-volatile metal in
the furnace, cadmium was rapidly vaporised upon ignition and only 6% remained in the char at 90
seconds. Simultaneously there was the formation of the fixed-form which also released gaseous
cadmium. There were two release peaks from the fixed-form before 90 seconds, indicating two species
of organic cadmium in the biomass. Then there were almost only leachable-forms remaining in the
char, which was slowly vaporised, probably because of the reduction reaction (Equation 12) with the
inorganic cadmium by char. Since the middle term of the second combustion stage, some of the
leachable-form of cadmium was gradually transformed to the fixed-form due to the combination with

silicates, and about 2% remained in the ash eventually 4%,



Lead: Similar with cadmium, lead also presented as the fixed-form in the raw biomass and had the
same number and sequence of transformation peaks, but the curve of lead was smoother where the
transformations also raised later than that of cadmium, indicating the lower reactivity of lead.
Additionally, its release continued until the burnout stage, when the reduction agent, char, ran out,

leaving 6% of the lead in fixed-form remained in the ash which could be stabilised by silicates.

3.5 Dynamic concentration and leachate characteristics of heavy metals in the solid phase

The concentrations of three heavy metals (zinc, lead and cadmium) in the solid matters (biomass, char
and ash) and its leachate are listed in Table 1 (calculated by Equation 7 and 8), where the values of
leaching characteristics in the residue can reflect its toxicity to the environment.

The change of metal concentrations in the solid depended on both rates of combustion and metal
release. The concentrations of all the three metals increased rapidly in the early combustion period
because of the high ratio of weight loss through devolatilisation. Then the concentrations of lead and
cadmium decreased because the rate of weight loss through char combustion was much slower than
the vaporisations of the two metals, while the trend of zinc was almost flat due to its slower release
rate. The highest concentrations and their sampling times for heavy metals were 58 mg/g at 120
seconds for zinc, 353 ug/g at 60 seconds for lead and 711 pg/g at 30 seconds for cadmium.

The leached fractions of zinc in the solid phase increased and then floated over 40% after 60 seconds.
As zinc concentration in the leachate was very high, plenty of the metal in the solid phase can be easily
extracted and recovered as a form of metal mining, while on the other hand it made the ash or char
harmful when considering leachate toxicity. For lead, its concentrations in the ash leachate were
extremely low after 240 seconds, which contributed little to leachate toxicity, because lead in the solid
phase could be fixed by silicates after a longer thermal treatment. Cadmium had a much higher

leachability than lead, of which even 95.2% in the char could be extracted at 90 seconds. The



concentration of cadmium in the leachate also has the lowest value at 240 seconds because the
remained char could help to adsorb the metal in the aqueous solution.

Table 1 Concentrations of heavy metals (Zn, Pb, Cd) and their leachable fraction in the solid matter

_ Concentrations in the solid Concentrations in the leachate (1 g: 20 mL) Leached fractions in the solid (%)
Time/s Zn (mg/g) Pb(ug/g) Cd(ug/g) Zn(g/L) Pb (mg/L) Cd (mg/L) Zn Pb Cd
0 19 171 549 0.47 0.11 0.26 495 13 0.9
15 31 245 635 0.57 0.70 13.64 36.8 5.7 43.0
30 39 273 711 0.68 1.36 11.64 34.9 10.0 32.7
45 47 322 483 0.86 2.09 10.03 36.6 13.0 415
60 52 353 308 1.07 1.86 10.69 41.2 10.5 69.4
90 53 332 95 1.10 1.43 4.52 415 8.6 95.2
120 58 307 40 1.28 0.71 1.48 44.1 4.6 74.0
160 51 214 32 1.31 0.62 1.00 51.4 5.8 62.5
200 52 117 29 1.18 0.41 0.90 454 7.0 62.1
240 57 85 44 121 0.01 0.87 425 0.2 39.5
330 56 84 56 1.24 0.01 161 44.3 0.2 57.5
420 56 77 56 1.35 0.01 1.50 48.2 0.3 53.6

3.6 Discussion

3.6.1 Behaviours of semi-volatile metals

Since the non-volatile metals (calcium, iron and aluminium) in this plant are harmless to the
environment, here we discuss the behaviours of semi-volatile metals which have potential or directly
harm. In Figure 5, it seems that the behaviours of zinc, potassium and sodium had similarities while
cadmium and lead can be included in another group.

For zinc, potassium and sodium, there were: (1st combustion stage) slight volatilisations of organic
metals with low vaporisation points (except potassium) and conversions with high rates to the fixed-
form from the leachable-form due to the formation of char that can stabilise elements; (2nd combustion
stage) conversions to the leachable-form because of the consumption of the char and oxidation, then

the char reduced metals to be dramatically vaporised, where evidence was that the second main peak



was contributed from the metal combined with the char (fixed-form); (from about 90s to the 3rd
combustion stage) slowly conversions to fixed-form probably because of stabilised by silicates.
Additionally, the conversion rates between fixed-form and leachable-form approximately depended
on the fraction of the leachable-form when considering the distribution values in Figure 4.

For cadmium and lead, initially, they were both fixed-form and rapidly released at the first combustion
stage, which could be the organic metals with low boiling points. Then the second release peak was
the reduced elemental form of the metals. According to the thermal equilibrium calculations in Figure
S3, the reduction reaction of cadmium starts at a much lower temperature than lead, which explains its
higher reactivity.

Though metals performed differently resulted from their natures and initial species, it can be still
concluded that the transformation of a metal during combustion was not a consecutive process but
separated by several stages, which were related to the release of volatile matters, formation and
consumption of the char and the fixation by silicates.

3.6.2 Potential application based on the dynamic behaviours of metals

As the transformations of metals were traced during combustion, we can use this information for
incineration furnace design or condition adjustment to reach various purposes of emission control and
metal recovery, because both ash deposition and gaseous pollutants emission should be especially
considered for fuels with high concentrations of heavy metals. For example, if we hope to maximise
the metal collection in the flue gas and the energy recovery, and also minimise the toxicity of the
bottom ash, the best time to terminate the combustion is not at the burnout stage, but within the char
combustion stage (between 200-240s) when the release of semi-volatile metals is almost completed
and a little amount of char remains which helps the stability of metals. When the purposes are both
volume reduction and decreasing the total amount of metal vaporisation to control particulate matter
emission and ash slagging, 100-120 seconds after ignition would be preferable for the termination at

the conditions used in this work.



In a further study, more sequential extraction steps for measuring metal species and a higher frequency
of sampling can be conducted to extend the real-time information of metal transformation during
combustion. Moreover, other solid fuels can also be tested through this methodology when studying
the pathways of metals. Potentially, besides the traditional optimisation methods by adjusting the
combustion condition and co-combustion for metal issues 24?5, the new knowledge of metal dynamic
behaviours can also help to design the timing of reactions and operations during the thermal treatment
of hazardous fuels with heavy metals, including hyper-accumulator biomass, electric waste and

industrial sludge, so as to achieve: emissions control, volume reduction or metal recovery.

4. Conclusion

In this work, the combustion characteristics of a hyper-accumulator biomass was studied, where the
dynamic behaviours of metals were particularly investigated through in-situ sampling method that was
first reported. Three combustion stages were observed where the morphologies and mineral evolutions
were detected. Through an approximately in-situ sampling method, the metal species in the burning
solid matter could be reserved and were extracted by leaching steps. It was found that the
transformation rates and times varied from elements. Generally, devolatilisation, the formation and
consumption of the char and the fixation of the silicates had direct impact on the transference processes
of metals. Moreover, dynamic concentration and leachate characteristics of heavy metals in the solid
phase were measured to evaluate the toxicity change of the solid residues during combustion.

The transformations of metals in the solid phase during the combustion were firstly revealed, where
the dynamic conversions of different metal forms were traced, including the vaporisation and the
leaching characteristics of metals, which may help to design new strategies for heavy metal control

and metal mining.
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