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Abstract: Fly ash containing high levels of alkali metals likely causes deleterious effects 

during municipal solid waste incineration (MSWI), including fouling, slagging, corrosion, 

and deterioration of materials. This study aimed to understand the occurrence of alkali metals 

in fly ash, the attachment phenomenon of fly ash and the corrosion mechanisms of 

high-temperature surfaces in heat exchangers. The presence of alkali metals was studied 

through a three-step extraction. Additionally, scanning electron microscopy-energy dispersive 

spectrometry (SEM-EDS) was used to analyze the surface microstructure of fly ashes. X-ray 

fluorescence (XRF) and X-ray diffraction (XRD) spectroscopy were used for content and 

crystalline phase analyses of alkali metals. The experimental results indicated that the 

surfaces of fly ash that contained higher levels of alkali metals were more smoother, and the 

content of alkali metals tended to increase with the slightly fluctuation with declining effluent 

gas temperature. The alkali metals were mainly water soluble. Based on the XRD analyses, 

the water-soluble alkali metals were primarily alkali chlorides and sulfates existing as NaCl, 

KCl and K3Na(SO4)2. Moreover, the transformation of alkali metals could accelerate 
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corrosion of heat exchanger due to the formation of low temperature eutectic melt. 

Key Words: Fly ash; Alkali metals; Municipal solid waste incineration; Occurrence; 

Transformation 

 

 

Nomenclature 

Abbreviation Full name 

MSW municipal solid waste 

MSWI municipal solid waste incineration 

PVC polyvinylchloride 

SEM-EDS 
scanning electron microscopy-energy 

dispersive spectrometry 

XRF X-ray fluorescence 

XRD X-ray diffraction 

RIR reference intensity ratio 

RSDs relative standard deviations 

FA fly ash 

Symbols Unit 

I intensity (cps) 

W weight fraction (%) 

M relative atomic mass 
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1. Introduction 

The treatment of MSW poses serious problems due to the rapid expansion of cities and 

urbanization of rural areas in China [1, 2]. The incineration of MSW has many advantages, 

including significant reductions in waste volume (approximately 70-90 %), energy recovery, 

and the complete disinfection and conversion of ash into building materials [3-5]. However, 

in terms of environmental considerations, MSWI faces serious challenges. During 

incineration, various solid residues, such as bottom ash, fly ash and particulates, are produced 

as secondary pollutants [6-8]. The unsorted MSWs typically incinerated in China include 

wood, glass, paper, kitchen waste and all kinds of plastic. Unsorted wood, PVC, and kitchen 

waste may create high concentrations of Na, K and Cl [9]. During MSWI, Na and K are 

generally released as NaCl and KCl, and, in the presence of sulfur in effluent gas, alkali metal 

sulfates are produced by the following reaction [10-12]. 

2MCl + 2SO2 + 2O2 + H2O = M2(SO4)2 +2HCl  (M: Na, K) 

Compared with alkali metal chlorides, sulfates are more stable. Generally, alkali metal 

sulfate formation requires higher temperatures [13]. Alkali metal chlorides and sulfates are 

more inclined to combine with fly ash when the gas temperature decreases during waste heat 

recovery [14-16]. 

Most studies have focused on heavy metals and have failed to address alkali metals 

during MSWI. High chloride concentrations, especially of NaCl and KCl, can decrease the 

melting temperatures of MSWI fly ashes and cause severe slagging and corrosion when the 

fly ashes that contain alkali metals deposit on high-temperature surfaces of heat exchangers 

during waste heat recovery [17, 18]. These problems endanger employees and increase the 
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cost of facilities [19]. Therefore, research on alkali metals in MSWI fly ashes is urgently 

needed. Moreover, most reports have focused on the removal of alkali metals in fly ashes, 

and the attachment process of alkali metals on fly ashes has largely been ignored. During 

incineration, high temperatures can promote the release of alkali metals [20, 21]. Reductions 

in temperature in waste heat boilers can promote the attachment of alkali metals on fly ash 

[22-24]. The influence of temperature on alkali metal attachment should be studied to identify 

zones prone to corrosion. XRD analyses of the main crystalline phases of Na and K have 

been conducted by RIR method [25]. These quantitative studies can help in understanding the 

phase analyses of Na and K in fly ashes compared with qualitative analysis. 

The occurrence modes and levels of alkali metals should be known in facility design and 

operation. Usually, these factors are determined by a sequential extraction method [26-28], 

which is a three-step procedure using three types of extraction solutions: deionized water, 

ammonium acetate (NH4OAc) and hydrochloric (HCl). Accordingly, alkali metals are 

categorized into four occurrence modes: water soluble, exchangeable, acid soluble and acid 

insoluble. The alkali metal contents in each of the four occurrence modes are determined by 

analyzing extract solutions collected in each step [29]. Generally, alkali metal chlorides and 

sulfates that exist as water-soluble forms are more easily released during MSWI [30]. 

This paper reports on the laboratory-scale results of the study of MSWI fly ashes via 

four experimental methods, i.e., SEM-EDS, XRF spectroscopy, three-step extraction, and 

XRD spectroscopy. The surface microstructures of fly ashes were analyzed by SEM-EDS. 

Alkali metal content variations in fly ash were determined by XRF during waste heat 

recovery. Alkali metal occurrence modes and contents were determined by three-step 
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extraction. XRD was used to study the detailed crystalline phases of alkali metals in fly ash. 

An alkali metal chloride corrosion mechanism on high-temperature surfaces of heat 

exchangers was also introduced. 

2. Experimental Materials and procedures 

2.1. Experimental materials 

MSWI fly ashes, i.e., FA-1, FA-2, FA-3 and FA-4, were collected from a municipal solid 

waste incinerator plant (as shown in Figure 1a) located in Haikou, Hainan Province, China, 

which handles 600 tons of MSW (about 1.25-2.65 % alkali metals) per day and produces 54.5 

tons/hour vapor. The fly ash samples were collected by an isokinetic sampling device and fly 

ash in the gas, could enter the sample bottle under gravity inertia through a cyclone separator. 

Samples as received were dried at relatively low temperatures (T<50 ºC) and sieved to 

particle sizes between 40 µm and 100 µm. The gas temperature of a receiving hopper is 

shown in Figure 1b and the corresponding position of temperature measurement can be found 

in Figure 1a. The contents of Na2O, K2O and SiO2 in fly ashes are listed in Table 1. SiO2 was 

used as a reference for XRD quantitative analysis. Obviously, MSW fly ashes were 

characterized by high Na and K. 

 

(a) 
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Figure 1. (a) Schematic of waste-to-energy facility located in Haikou, Hainan Province, 

China: A-flue gas preheater; B-superheater; C-vaporizer; D-economizer. (b) The gas 

temperature corresponding to hopper position. 

Table 1 Contents of Na2O, K2O and SiO2 in fly ash (mg/g) 

Samples Na2O K2O SiO2 

FA-1 31.7 23.3 35.4 

FA-2 97.6 61.0 32.7 

FA-3 185.9 85.2 31.6 

FA-4 193.7 101.3 30.4 

2.2. Experimental procedures 

Prior to the experiments, all sieved fly ash samples were dried again in an oven at 383 K 

in a N2 atmosphere for 2 h. The morphology and relative elemental contents of fly ash 
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mixtures were determined using a scanning electron microscope (JSM-7800F, JEOL, Japan) 

and energy-dispersive X-ray spectroscopy (SEM-EDX) at an accelerating voltage of 20 kV. 

Fly ash sample contents were then analyzed by XRF using an energy-dispersive instrument 

(E3, Netherlands). Crystalline phase analyses were determined by powder XRD using a 

Rigaku D/MAC/max 2500 v/pc instrument (DX2700, China) with Cu-Kɑ radiation (40 kV, 

200 mA, λ=1.5418 A). Diffractometer data were acquired at a step size of 0.02º for 2θ values 

from 5-80º 

A three-step sequential extraction of alkali metals was employed based on the method of 

Benson for low-rank coals [26]. For the water-soluble occurrence mode, 1 g of fly ash and 

100 ml of deionized water were mixed in a 150 ml polyethylene centrifuge tube. The tube 

was placed in a 60 ºC water bath for at least 24 h. The washing solution was collected for 

water-soluble Na and K analyses (denoted as Naw and Kw, respectively). The residue was 

used for the next step. For the exchangeable occurrence mode, 100 ml of the 1 mol/L 

NH4OAc buffer solution was added to the residue, and the above operation was repeated. 

Exchangeable Na and K were denoted as Naex and Kex. For the acid-soluble occurrence mode, 

the procedure was the same as that used in determining the exchangeable occurrence mode, 

but the solution used for the residue was 1 mol/L HCl. The determined Na and K were acid 

soluble and were denoted as Naac and Kac, respectively. The Na and K in the residue can be 

classified as insoluble and were denoted as Nains and Kins, respectively. In each step, the 

dissolved Na and K species were measured by ICAP 6000 Series. The alkali metal contents 

were converted to fly ash weight base. At least three replicates of each sample were examined; 

relative standard deviations (RSDs) were less than 5 %. 
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3. Results and discussion 

3.1 Morphology and composition of MSWI fly ashes 

During waste heat recovery in MSWI, some alkali metals in the flue gas attach to the 

MSW fly ash as the temperature decreased from 1000 to 500 K. Figure 2 shows detailed 

images of fly ash morphology as provided by SEM. The compositions of the four fly ashes as 

determined by EDX analysis are also shown. The four fly ashes are characterized as high 

amounts of Ca, Na, K, Cl, S, et al elements. As determined by EDX in the FA-1 and FA-2 fly 

ashes, the positions of relative high Ca content were inhomogeneous and contained many 

needle-shaped crystallites and irregular materials, indicating the presence of chlorides and 

sulfates of Ca [30]. Comparatively, Na and K were enriched in the smother position in FA-3 

and FA-4 fly ash samples, indicating the existence of chlorides and sulfates of Na and K. 
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Figure 2. The results of SEM-EDS for four MSWI fly ashes 

This phenomenon was consistent with the results obtained from XRF (see Figure 3), 

which indicated that the contents of alkali metals increased from the hoppers of FA-1 to FA-4. 

In the hopper of FA-1, the alkali metals in the fly ash were relatively low compared with 

those of the other hoppers. A large amount of alkali metals remained in gaseous form as Na(g) 

and K(g) or as aerosols because of the higher hopper temperatures. For FA-2, the Na mass 

fraction increased from 2.35 % to 6.74 % as the gas temperature decreased. The concentration 

of Na reached a maximum value of 12.87 % in FA-4. The total Na ratio in FA-4 increased by 

approximately 5.5-folds compared with that of FA-1. Fly ash variations in K were similar to 

those of Na during waste heat recovery. The K content increased from 1.94 % to 7.44 % with 

decreasing temperature. The results indicated that temperature had an important effect on the 

condensation of gaseous Na(g) and K(g) in fly ash. A reduction in flue gas temperature in the 
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waste heat boiler can promote the enrichment of alkali metals in fly ashes. High amounts of 

alkali metals in fly ash could cause severe and harmful results, including fouling, slagging, 

corrosion, and deterioration of materials [9, 30]. 
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Figure 3. Contents of Na, K, Cl and S in four fly ashes 

3.2 Occurrence modes of alkali metals in MSWI fly ashes 

Figure 4 shows the total contents of Na and K determined in each extraction step (the 

stack column) and the total amount of Natotal and Ktotal in the fly ashes (denoted by asterisks). 

The experimental results showed that most of the Na and K in the fly ashes were water 

soluble. Compared with existing forms of water-soluble alkali metals, the number of Na and 

K of acid-soluble and insoluble alkali metals were relatively small. However, ammonium 

acetate soluble Na and K were not found in the fly ashes. The organic structures of alkali 

metals in fly ashes were destroyed under high temperature (>1273 K) during MSWI [31]. The 

contents of the water-soluble forms of Na and K increased sharply from 19.7 to 123.71 mg/g 
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and 12.68 to 71.29 mg/g, respectively, as the temperature reduced during waste heat recovery. 

These results showed that Na and K in the flue gas were water soluble. The water-soluble Na 

and K were deposited on the fly ash particles as the temperature decreased. Acid-soluble and 

insoluble Na and K content variations were not obvious. This conclusion also indicated that 

small amounts of acid-soluble and insoluble Na and K were present when the fly ashes were 

initially formed and did not observably precipitate from the flue gas as the temperature 

decreased. 
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Figure 4. Summation of alkali metals contents using different extraction methods 

3.3 Crystalline phase analysis of alkali metals in fly ashes 

To investigate the detailed chemical compositions and compounds in the four fly ashes, 

XRD analyses were conducted to determine the main crystalline phases of the alkali metals. 

For the MSWI fly ashes, except FA-1, Na, K, Cl and S accounted for more than 40 % of the 

elements. As shown in Figure 5, high amounts of alkali metals, chlorine and sulfur indicated 
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large amounts of alkali metal chlorides and sulfates, which were verified by XRD.  
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Figure 5. XRD pattern of four MSWI fly ashes, and the main crystalline phase can be shown 

as: 1 (Halite) NaCl; 2 (Sylvite) KCl; 3 (Potassium sodium salt) K3Na(SO4)2; 4 (Anhydrite) 

CaSO4; 5 (Quartz) SiO2; 6 (Gehlenite) Ca2Al(AlSi)O7; 7 (Calcium hydroxide) Ca(OH)2 

Halite (NaCl), sylvite (KCl) and potassium sodium salt (K3Na(SO4)2) made up the main 

alkali metal phases in the fly ashes. In FA-1, the Na and K crystalline phases were mainly 

alkali metal chlorides, such as NaCl and KCl, whereas alkali metal sulfate contents were 

relatively low. In FA-2, more alkali metal sulfates were found in the fly ash as K3Na(SO4)2. 

Parts of NaCl and KCl were sulfated in the presence of SO2 and SO3 during MSWI. 

According to a few studies [32, 33], Na2SO4 forms when the temperature exceeds 1073 K. 

Considering the melting point of NaCl is 1074 K, that of KCl is 1043 K and that of 

K3Na(SO4)2 is approximately 1157 K, when the combustion temperature exceeded 1157 K, 

the gaseous phase reaction played an important role during the sulfation of NaCl and KCl. 

The main reaction was as follows: NaCl(g) + 3KCl(g) +2H2O(g) + 2SO2(g) + O2(g) =  
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K3Na(SO4)2(g)+4HCl(g). 

Concurrently, Figure 5 shows the band positions of NaCl, KCl and K3Na(SO4)2 in the 

MSWI fly ashes. The NaCl bands were mainly found in peaks at 31.7º, 45.6º, 66.5º and 75.4º; 

the KCl bands showed peaks at 28.6º and 40.8º; and the K3Na(SO4)2 bands were 

characterized by peaks at 22º, 30.6º, 36.9º and 44.5º. The different bands of each crystalline 

phase indicated that the crystal structure planes were diverse, representing (2 0 0), (2 2 0), (4 

0 0) and (4 2 0) for NaCl; (2 0 0) and (2 2 0) for KCl; and (1 0 1), (1 0 2), (0 0 3) and (0 2 2) 

for K3Na(SO4)2. For XRD analyses, the absorbance band areas of each crystalline phase is 

related to their percentages [34]. The absorbance area of NaCl increased from FA-1 to FA-4 

as the flue gas temperature reduced during waste heat recovery in the MSW incinerator. The 

main absorbance bands were characterized by peaks at 31.7º and 45.6º. This was the main 

reason that caused the Na content in fly ashes to increase as the waste heat recovery process 

proceeded. This was also observed for K3Na(SO4)2, which had main absorbance peaks at 

30.6º and 44.5º in addition to the main peak of FA-1 at 36.9º. The absorption area of KCl was 

characterized by peaks at 28.6º and 40.8º as the gas temperature decreased. K content was 

enhanced due to contributions from K3Na(SO4)2.  

3.4 Quantitative analysis of crystalline phase in MSWI fly ashes 

To further investigate the occurrence modes of halite (NaCl), sylvite (KCl) and 

potassium sodium salt (K3Na(SO4)2), the XRD analyses of the four fly ashes were used to 

compare with PDF standards acting as a reference database. The RIR quantitative analysis for 

XRD is given by: 

𝑅𝐼𝑅𝑠
𝑗
=
𝐼𝑗

𝐼𝑠

𝑊𝑗

𝑊𝑠
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where W denotes the weight fraction, I the intensity and the subscripts j and s indicate 

phase j and standard phases, respectively. For the corundum (Al2O3) standard phase, the 

intensity ratio was determined according to the most intense corundum line Icor and the most 

intense line from phase j, Ij in a 1:1 mixture by weight. The RIR values are known as I/Icor or 

RIRcor. In terms of RIRcor the concentrations of any phase j in a sample spiked with a known 

amount of corundum is given by: 

𝑊𝑗 =
𝑊𝑐𝑜𝑟

𝑅𝐼𝑅𝑐𝑜𝑟

𝐼𝑗

𝐼𝑐𝑜𝑟
 

The RIRcor values for the main crystalline phases in the four MSWI fly ashes, 

determined from the spray-dried mixtures with corundum are listed in Table 2. The 

characteristic peak of corundum was not obvious in the XRD analysis; however, quartz was 

observed as characterized by a peak at 26.7º. The weight fraction of quartz can be precisely 

measured by ash components analysis as shown in Table 1. The formula used to calculate the 

concentrations of any phase j can be converted as follows: 

𝑊𝑗 = 𝑊𝑞𝑢𝑎

𝑅𝐼𝑅𝑐𝑜𝑟
𝑞𝑢𝑎

𝑅𝐼𝑅𝑐𝑜𝑟
𝑗

𝐼𝑗

𝐼𝑞𝑢𝑎
 

Table 2 RIRcor values of the main mineral in fly ashes, determined from spray-dried mixtures 

and corresponding peak positions 

Mineral Peak position (º) Peak d-spacing (Å) RIRcor 

Halite 31.7 2.82 4.71 

Sylvite 28.6 3.14 6.07 

Potassium sodium salt 30.6 2.84 2.39 

Quartz 26.7 3.34 4.04 

Considering the differences in diffraction peak widths for the crystalline phases in the 
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fly ashes, the intensity ratios can be more accurately calculated by integral intensity (i.e., 

peak area) than linear intensity (i.e., peak height) [25]. The Ij/Iqua of NaCl, KCl and 

K3Na(SO4)2 for the four MSWI fly ashes are shown in Table 3, and the mass fraction 

variations with decreasing temperature are shown in Figure 6. The mass fractions of NaCl 

and K3Na(SO4)2 in the fly ashes tended to increase from FA-1 to FA-3 followed by slight 

fluctuations as the effluent gas temperature decreased. Compared with halite and potassium 

sodium salt, the KCl weight fraction variations were relatively stable. These results indicated 

that the alkali metals in the fly ashes separated from the flue gas in the crystalline phase 

formed NaCl and K3Na(SO4)2. The sulfation of KCl can be considered the primary reason 

that the content of KCl slightly varied with decreasing gas temperature. Quantitative analyses 

of alkali metals can help us study the condensation of alkali metals in fly ashes. Higher Na 

and K contents in the input waste fed into the grate incinerator may partially result in high 

concentrations of Na and K in the fly ashes. In grate incinerators, alkali metals are primarily 

transformed to fly ashes by evaporation and condensation [35]. Generally, the mass fraction 

of alkali metals in fly ashes will be determined by the local temperature in the waste heat 

boiler. 

Table 3 Ratio of the integral intensity between the crystalline phase of alkali metals and 

quartz 

Phase FA-1 FA-2  FA-3  FA-4  

NaCl 1.57  4.72  8.43  10.53 

KCl 1.12 1.65   1.83  1.98  

K3Na(SO4)2 0.22  1.73  2.24  2.43 
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Figure 6. The influence of the gas temperature on the mass fraction of the main crystalline 

phase of water-soluble alkali metals in fly ashes 

The accuracy of the quantitative XRD in the crystalline phase analysis of MSWI fly 

ashes was verified by comparing between XRD and XRF by calculating the weight fractions 

of water-soluble Na and K as follows: 

𝑊𝑁𝑎 = 𝑊ℎ𝑎𝑙

𝑀𝑁𝑎

𝑀ℎ𝑎𝑙
+𝑊𝑝𝑜𝑡

𝑀𝑁𝑎

𝑀𝑝𝑜𝑡
 

𝑊𝐾 = 𝑊𝑠𝑦𝑙

𝑀𝐾

𝑀𝑠𝑦𝑙
+𝑊𝑝𝑜𝑡

𝑀𝐾

𝑀𝑝𝑜𝑡
 

where M represents the relative atomic mass: MNa=22.99, MK=39.1, MCl=35.45, 

MS=32.06 and MO=16. The water-soluble alkali metals were assumed to consist of NaCl, KCl 

and K3Na(SO4)2. Figure 7 illustrates the total water-soluble Na and K contents as determined 

by XRF and XRD, respectively. The results gained from XRF were consistent with those of 

XRD. This also showed that the water-soluble alkali metals mainly comprised chlorides and 

sulfates. 
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Figure 7. Comparison of alkali metals contents of water-soluble alkali metals determined by 

XRF and XRD 

3.5 Analysis of the transformation of alkali metals during MSWI 

Based on some conclusions provided by other researchers and our results, the release 

and migration paths of alkali metals can be predicted during MSWI, as shown in Figure 8. At 

the beginning of MSWI, sodium and potassium are released from MSW as gaseous metallic 

sodium, NaCl and KCl [10]. In the oxidizing atmosphere, in which SO2 is present and the 

temperature reached 1157 K, NaCl and KCl reacted with SO2 to form the gaseous alkali 

metal sulfate, K3Na(SO4)2. When fly ash and gaseous alkali metals, such as NaCl, KCl and 

K3Na(SO4)2, leave the grate incinerator and enter the waste heat boiler, the gas temperature 

decreases, and the alkali metals vapor or aerosols condense onto the fly ash, thereby 

decreasing the fly ash melting point and enhancing the corrosion and cohesiveness of fly 

ashes [8, 22]. The speculated mechanism determined with lab-scale experiments is similar to 

Otsuka [22] and Song, et al [31] and suitable for the occasion that the temperature plays a 

dominant role in the condensation of alkali metals on fly ashes. 
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Figure 8. Mechanism of Na and K transformation, condensation and corrosion 

To prevent corrosion of oxidation, the heat exchanger and chimney materials in some 

particular positions, are typically stainless steel in MSWI plants. Stainless steel consists of Fe, 

Cr and Ni. When fly ashes move to the surfaces of heat exchangers and chimney, alkali 

metals can accelerate the corrosion process due to the formation of low temperature eutectic 

melts. For example, Sulfate and chloride salts in MSWI fly ashes concentrate on protective 

metal oxide scales as Cr2O3 and Fe2O3 and become partially fused because these deposits 

contain alkali metals (Na and K) [22, 36]. Shinata [37] found that the oxidation rate of 

chromium was accelerated by NaCl. Below the melting points of NaCl and Na2CrO4, a low 

temperature eutectic melt was formed as NaCl-Na2CrO4 (melting point of 830 K). At the 

same time, NaCl-KCl-FeCl3 can also form a eutectic melt system, accelerating corrosion [38, 

39]. As a result, a dense, protective scale cannot be formed in the melt.  

4. Conclusion 

(1) As the temperature decreased from 1000 to 500 K during waste heat recovery, the alkali 

metal contents in the fly ashes gradually increased followed by slight fluctuations. The 

surfaces of fly ash that contained higher levels of alkali metals were more homogenous 

and smoother. 
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(2) The alkali metals primarily presented water-soluble occurrence modes as NaCl, KCl and 

K3Na(SO4)2, as determined by crystalline phase analysis results from XRD. Quantitative 

analysis indicated that the increased fly ash Na content was due to the condensation of a 

large number of gaseous NaCl and the enhanced K content for K3Na(SO4)2. 

(3) When fly ash and gaseous alkali metals, such as NaCl, KCl and K3Na(SO4)2, leave the 

grate incinerator and enter the waste heat boiler, the gas temperature decreases, and alkali 

metals vapor or aerosols condense onto the fly ash, decreasing the fly ash melting point 

and enhancing the corrosion and cohesiveness of fly ashes.  
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