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Abstract: The previous work found that the additive kaolin could scavenge not only sodium (Na) but also calcium (Ca) and magnesium (Mg), which is the important ash fluxing agents in low rank coal combustion. Such scavenging effects of kaolin on fine ash formation were studied in the present work. A typical Zhundong coal and its blends with kaolin at dosages of 1, 2 and 4 wt% were combusted in an electrically heated drop tube furnace (DTF) at 1300°C. The fine ashes generated were collected and size segregated by a low pressure impactor (LPI). The morphology and chemical composition of fine ash were analyzed by scanning electron microscopy equipped with an energy-dispersive spectrometer (SEM-EDS). In addition, char/ash particles were sampled at various positions of DTF to elucidate how kaolin additive affected the fine ash formation process. The results further showed that apart from the scavenging of volatile Na, kaolin additive could also strongly scavenge the refractory Ca, Mg and Fe in the fine ash during Zhundong coal combustion, which transformed the sintered particles with irregular shape into melted spherical particles, and finally resulted in the considerable decrease of these elements in both PM0.4 and PM0.4-10 by melting and agglomeration. The close contacts between kaolin particles and coal resulted from physically mixing were a key factor responsible for the reaction of kaolin with the refractory Ca, Mg and Fe.
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1  Introduction

Low rank coals are usually of high content of basic elements (Na, Ca, Mg and/or Fe) [1,2]. These elements were likely to cause troublesome fouling and slagging problems during combustion in boilers, which has long been a problem facing the engineers and scientists in the world [2–8]. Besides, the low rank coals were likely to produce much more fine ash particles (here refer to particles less than 10 μm, PM10) than bituminous coals on the same ash content basis [7,9], which not only contribute to ash deposition but also cause an environmental risk when they were emitted to the atmosphere [10–12]. Extensive research has been conducted on the inorganics transformation, ash formation, deposition and control technologies during low rank coals combustion in the past decades [1,13–18].

In the literature, Na is considered to be the important trigger of ash deposition, as it can easily vaporize from the coal and condense on the surface of boiler tubes, or react with silicates forming sticky particles [5], initiating and accelerating the ash deposition rate. Injection of mineral additives is one of the important control technologies to capture Na vapors [19,20]. In this technology, vapor of Na compounds is captured by the sorbent through chemical reactions and/or physical condensation. Kaolin has been widely studied by many researchers, and found to be the most effective additive in scavenging Na vapor [17,19,21,22], which can subsequently reduce the emissions of Na-containing PM1 (particulate matter with an aerodynamic diameter less than 1 μm) [23,24] and mitigate the ash deposition [25–27]. Although the mechanisms of reactions between Na and kaolin have been well understood, it is little known whether kaolin additive would also affect other basic elements (such as Ca, Mg and Fe), which are much less volatile than Na. This is of critical importance and needs to be well understood if kaolin is selected as the additive during combustion of low rank coals that are abundant in Ca, Mg or Fe as well as Na. The recent work [28] on a low rank Zhundong coal found that, in addition to Na, the added kaolin could also strongly scavenge refractory elements such as Ca and Mg, forming complex Ca-Mg-Na containing aluminoslicates in the bulk ash. However, the effects of kaolin addition on fine ash particle formation were not discussed. This is particularly investigated in the present work. Two aspects are well addressed: (1) How kaolin addition would affect PM10 emissions and particle size distributions; (2) How kaolin addition would affect the partitioning of basic elements such as Na, Ca, Mg and Fe from the coal.

2  Materials and Methods

2.1 Coal and Kaolin Properties

A typical Zhundong coal (denoted as ZD) was studied in this paper, which was the same as the coal used in our previous work [28]. The particle size of the coal sample was less than 100 µm. The proximate and ultimate analysis were performed according to Chinese standards GB/T 30733-2014 and GB/T 476-2008, and are presented in Tab. 1. The low temperature ash of the Zhundong coal was prepared in a low temperature oxygen plasma asher (EMS1050X). Its chemical composition is presented in Tab. 2. Tab. 1 shows that the ash content of Zhundong coal is very low, which is only 3.5 wt%. The contents of Na2O, MgO and CaO in the low temperature ash (Tab. 2) are 4.86, 6.18 and 33.78 wt%, respectively, which are much higher than typical Chinese coal ashes [29]. The content of Fe2O3 is 2.55 wt%, which is at a middle level. While the contents of SiO2 (9.03 wt%) and Al2O3 (8.34 wt%) are much lower than typical Chinese coals. In addition, the content of SO3 is also high (accounting for 33.96 wt%) due to the sulfation of Na2O, MgO and CaO during the low temperature ashing process. Our previous work [28] showed that Na was mainly presented as water-soluble form (73 wt%) and organically bond form (24 wt%), while Ca and Mg were mainly in the organically bound form (about 60 wt%). Fe was mainly presented as hydrochloric acid insoluble form (86 wt%), and the rest (14 wt%) was hydrochloric acid soluble, probably as organically bond form [30].

Table 1: Proximate analysis and ultimate analysis of Zhundong coal
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Table 2: Chemical composition of Zhundong coal low temperature ash and kaolin (wt%)
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The kaolin additive used was the same as that in our previous work [28], which is mainly composed of SiO2 (60.32 wt%) and Al2O3 (37.56 wt%), as shown in Tab. 2. The particle size distribution of kaolin additive was analyzed by a Malvern size analyzer (Mastersizer 2000) and is shown in Fig. 1. The result shows that the mean size of kaolin is about 2.25 μm, and 95% of particles were less than 10 μm.
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Figure 1: Particle size distribution of kaolin

Kaolin was added to the coal by physically mixing method. The dosages were 1, 2 and 4 wt% of coal mass, which were denoted as ZD + 1% Kaolin, ZD + 2% Kaolin and ZD + 4% Kaolin, respectively.

2.2 Experimental Process and Analysis Methods

The combustion experiments were carried out in a well-controlled electrically heated drop tube furnace. Detailed information on this facility can be found elsewhere [31]. Briefly, the reactor was 2 m long with an inner diameter of 56 mm. The furnace temperature was set at 1300°C. A mixture of O2/N2 with a volume ratio of 21/79 was used to simulate air combustion, and the flow rate was 10 L/min. ZD coal and its blends with kaolin were fed at a rate of 0.1 g/min by a microfeeder (model PEF-90A) to the furnace.

After combustion, the particle-loaded flue gas was directed into a water cooled isokinetic sampling probe. A stream of pure N2 was introduced at the inlet of the probe to dilute and quench the gas, so that further reactions between the fine ash aerosols could be suppressed [32]. Subsequently, the ash particles were collected by a Dekati cyclone and a low pressure impactor (LPI). The cyclone was used to remove particles with an aerodynamic diameter larger than 10 μm. The LPI classified the particles less than 10 μm into 13 fractions. Both the cyclone and LPI were heated to 130°C to avoid the condensation of SO3, HCl and water vapor [33]. Aluminum foils coated with Apiezon grease (H) were used as substrates for particulate matter collection. The mass of aluminum foils before and after sampling were measured by a high precision (1 μg) balance to obtain the particle mass based size distributions. Meanwhile, Millipore membranes were also used to collect particles for morphology and composition analyses by scanning electron microscopy equipped with an energy-dispersive spectrometer (SEM-EDS, Zeiss Sigma300, Oxford X-MaxN80). In addition to PM10, intermediate char/ash samples were also collected at different positions along the drop tube furnace (0.5, 0.7 and 1 m from the injector) and analyzed. The data were used to elucidate how kaolin additive would affect fine ash formation processes during Zhundong coal combustion.

3  Results

3.1 Fine Ash Particle Size Distributions and Yields before and after Kaolin Addition

The fine ash particle (PM10) size distributions (PSDs) before and after kaolin addition at 1300°C were presented in Figs. 2a and 2b. Generally, in all cases, the PSDs are bimodally distributed in terms of mass. The fine mode was below 0.4 μm (defined as PM0.4), with a peak at 0.07 μm. And the coarse mode was in the range of 0.4–10 μm (defined as PM0.4-10), with a peak at 5 μm. According to previous work [11], particles less than 0.1 μm are often called “ultrafine” mode, which is mainly formed by the homogeneous condensation, nucleation and coagulation of vaporized inorganic species. The particles in the range of 0.1–0.4 μm (or larger) is often called the accumulation mode, which is formed by coagulation and heterogeneous condensation of vaporized species. Differently, the coarse mode is mainly formed by the coalescence of included mineral and the fragmentation of char [34]. For ZD coal, the yield of PM0.4 was about 0.65 mg/g coal, while the yield of fragmentation mode PM0.4-10 was about 6 mg/g coal, which accounted for 90 wt% of the total PM10. After kaolin addition, the yield of PM0.4 was significantly decreased by 40%–50% at the dosages of 1%–4%. While the amount of PM0.4-10 at the same coal input basis was only slightly increased (at 1% and 4% kaolin dosage) or even decreased at 2% kaolin dosage. Considering that kaolin was fine, with the peak size at 2.25 μm (Fig. 1), so it can be speculated that the kaolin additive also interacts with the coarse mode PM0.4-10 from ZD coal. Otherwise, the amount of PM0.4-10 should increase significantly if no interaction has taken place.
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Figure 2: (a) PSDs before and after kaolin addition (b) PM yield before and after kaolin addition

3.2 Chemical Composition of PM10

By comparing the chemical composition, how kaolin will affect the key elements can be clearly examined in detail.

Figs. 3a–3d present the size segregated composition of fine ash before and after kaolin addition. In the ZD coal (Fig. 3a) fine mode PM0.4, in addition to the volatile Na2O, K2O and SO3, it was mainly composed of MgO, CaO, and Fe2O3. The composition was similar to the submicron particles produced from American low rank coals [35] and Australia brown coal [33]. Such high content of refractory oxides was mainly attributed to the organically bound nature of Mg, Ca and Fe in the coal [33]. So they were more easy to decompose and vaporize than their mineral forms. While for the fragmentation mode PM0.4-10, the composition was almost constant at each size. Where CaO was the major composition, accounting for more than 60 wt%. This was followed by MgO, Al2O3 and SiO2, accounting for more than 30 wt%. The content of Fe2O3 was around 4 wt%. Nevertheless, the Na2O content was very low in PM0.4-10.
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Figure 3: Composition of PM10 before and after kaolin addition (a) ZD (b) ZD + 1% Kaolin (c) ZD + 2% Kaolin (d) ZD + 4% Kaolin

By contrast, after kaolin addition, several changes can be observed. First, the content of SiO2 and Al2O3 was significantly increased in the coarse mode PM0.4-10, as well as in the fine mode PM0.1-0.4, and gained with the increase of kaolin dosage. It suggests that kaolin participated in the formation of PM10, which is reasonable since kaolin was fine (Fig. 1). Second, the content of Na2O in the fine mode was decreased when 1% and 4% kaolin was introduced. Na2O in the coarse mode was correspondingly increased. Third, and most importantly, the content of refractory CaO and MgO in both fine mode PM0.4 and coarse mode PM0.4-10 were significantly decreased and the content of refractory Fe2O3 was slightly decreased. It suggests that kaolin can also affect the transformation of Ca, Mg and Fe in the fine ash.

3.3 PSDs and Yields of Na, Ca, Mg and Fe in PM10

Figs. 4a–4h present the mass-based PSD and the yield of Na2O, CaO, MgO and Fe2O3 in PM10. From Figs. 4a–4b, it can be seen that the mass of Na2O in PM0.4 was reduced by 50%, 50% and 75% at the kaolin dosage of 1%, 2% and 4%, respectively. And the mass of Na2O in PM0.4-10 was increased to 4~7 times of that in the ZD coal. It proved that kaolin indeed captured Na vapor during Zhundong coal combustion, inhibiting its nucleation and condensation into PM0.4, and fixed it into PM0.4-10.
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Figure 4: Mass distribution of Na, Ca and Mg in fine ash particles

Figs. 4c–4h show that CaO, MgO and Fe2O3 were mainly distributed in PM0.4-10 during ZD coal combustion. This is because Ca, Mg and Fe were all refractory elements, so they formed PM0.4-10 by coalescence and char fragmentation [34]. It was notable that they were all reduced significantly by kaolin addition. More than 50% of CaO, MgO and Fe2O3 were reduced in PM0.4-10 at kaolin dosages of 2% and 4%. In addition, their mass in PM0.4 was also decreased, and the amount was comparable with that of Na2O in PM0.4. These data demonstrated that, besides the capture of volatile Na, kaolin can also strongly capture refractory CaO, MgO and Fe2O3, affecting their transformation both in PM0.4 and PM0.4-10. This was a bit different from the results of Chen et al. [36], where only Na and K were significantly decreased in PM1 after kaolin addition, while other elements were little changed. The difference may be caused by the different coal ash composition. The coal in Chen’s work [36] was rich in SiO2 and Al2O3, but deficient in CaO and MgO. So the content of CaO and MgO in PM1 may be low, and the mass changes after kaolin addition were insignificant.

To more clearly elucidate the effect of kaolin on the fine ash formation, the morphology and elemental mapping results of fine ash in the 11 stage (5 μm) of LPI before and after kaolin were presented in Figs. 5–7. Remarkable differences can be observed in both morphology and elemental mapping. The ZD fine ash (Fig. 5a) was mainly composed of sintered particles with irregular shape, in addition, several spherical particles can be observed. The elemental mapping results (Fig. 6) show that the sintered irregular particles were rich in Ca and Mg, together with some Al. While the spherical particles were mainly rich in Si-Na, Si-Al-Na, or Si-Al-Ca-Mg. After kaolin addition (Figs. 5b–5d), it is striking that the amount of sintered particles decreased significantly or even disappeared, which were replaced by a large number of smooth spherical particles. Elemental mapping results (Fig. 7) show that all these spherical particles were rich in both Si and Al, together with Ca/Mg and/or Na. The signal of Fe was weak due to its low content, it was seemed to disperse in all particles. These results directly demonstrated that kaolin additive participated in the fine ash formation by strongly scavenging Ca, Mg and Na from ZD coal, which finally formed melted Ca-Mg-Na containing spherical particles.
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Figure 5: Morphology of coarse mode particles (a) ZD (b) ZD + 1% Kaolin (c) ZD + 2% Kaolin (d) ZD + 4% Kaolin
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Figure 6: Elemental mapping of Na, Ca, Mg, Fe, Si, Al in PM0.4-10 of ZD case (Fig. 5a) (a) Ca (b) Mg (c) Na (d) Si (e) Al (f) Fe
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Figure 7: Elemental mapping of Na, Ca, Mg, Fe, Si, Al in PM0.4-10 of ZD + 2% Kaolin case (Fig. 5c) (a) Al (b) Si (c) Na (d) Ca (e) Mg (f) Fe

4  Discussion

The above results have suggested that, kaolin not only can capture Na, but also can strongly affect the transformation of refractory Ca, Mg and Fe in fine ash during Zhundong coal combustion. It has been well known that Na was captured by kaolin in terms of chemical adsorption between Na vapor and kaolin, which is vapor-solid interaction. In this way, Na vapor should diffuse from the surface of char particles to the surface of kaolin particles [37]. Then it was chemically adsorbed by kaolin. Note that, different from Na which was volatile, Ca, Mg and Fe were refractory elements, only very limited amounts of them can vaporize during coal combustion [35]. So they can hardly diffuse to the surface of kaolin particles. Therefore, the reaction mechanism of Ca, Mg and Fe by kaolin should be different from that of Na.

Since kaolin can react with the Ca, Mg and Fe from coal particle, there should be contact between kaolin particles and coal particles. To gain insight into the dispersion state of kaolin among coal particles, the backscattered electro images (BSE) of ZD coal and ZD + 4% Kaolin were collected, as shown in Figs. 8a and 8b. BSE can distinguish different chemical phase by the gray-scale intensity. Particles with higher atomic number will be brighter than particles with lower atomic number [38]. Thus the dispersion state of kaolin among coal particles can be clearly recognized. It can be found that the particles from ZD coal (Fig. 8a) were of the same grey level, meaning that ZD coal was mainly consists of carbon with rare excluded minerals. While there are many small and bright particles (marked in yellow) among the grey coal particles for the ZD + 4% Kaolin sample (Fig. 8b), some of them even attached on the coal surface. Composition analysis further confirmed that they were kaolin particles. Such close distance between coal and kaolin particles is expected to provide sufficient opportunities for their interactions during combustion.
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Figure 8: Fine ash formation process before and after kaolin addition

To reveal the evolution process of Ca, Mg and Fe into fine ashes after kaolin addition, the char/ash particles burnt at different positions of DTF were sampled and analyzed. Fig. 8c shows a partially burnt particle of ZD coal sampled at 0.5 m from the injector of DTF, where the resistance time was about 0.5 second. Clearly, the surface was covered by many ash grains with angular morphology. Composition analysis results (Tab. 3) show that these grains were all of high content of Ca, which ranged from 50 wt% to 93 wt%. Some grains were also of high Mg, such as 1#, 2# and 3#. Several spherical ashes (such as 2#) can also be observed, in which the contents of Si and Al were relatively higher. It suggested that during the early combustion stage of ZD coal, the organically bonded Ca and Mg were exposed to the char surface as the char edge receded due to carbon consumption. Despite most of them were organically bonded in the coal matrix [28], they did not seem to vaporize intensively to form fumes at this condition. On the contrary, they were mostly retained on the char surface. This can be explained by the high boiling point of CaO (2850°C) and MgO (3600°C) [28], which were much higher than the experimental temperature 1300°C. If quartz or kaolin grains were available, these fine Ca/Mg grains would also react with them and form melted Ca-Mg alumino-silicates [14]. Further combustion would lead to the fragmentation/breakup of char/ash particles, as shown in Fig. 8e. At this stage, char/ash particles were likely to breakup into several small pieces. The Ca-rich or Ca-Mg rich grains or Ca-Mg alumino-silicate droplets on each small piece would be most likely to form one or more sintered particle in the final ashing stage, as shown in Fig. 8g. It can be observed that most of the particles in Fig. 8g were in the size range of 1–10 μm, which is in agreement with the PSD results (Fig. 2a).

Table 3: Composition of selected particles (wt%)
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When compared with the ZD coal case (Fig. 8c), it is interesting that the surface of the char in ZD + 4% Kaolin (Fig. 8d) was covered by many spherical particles, and their sizes range from 1 to 4 μm. Composition results (Tab. 3) show that they were all Na-Ca-Si-Al, Ca-Si-Al or Ca-Mg-Si-Al, indicating that they were resulted from the scavenging of Na, Ca and Mg by kaolin. And this process was very quickly, as the resistance time at this position was about 0.5 s. The following reasons should be responsible for this phenomenon: (1) The distance between kaolin and coal particles was very close, so once kaolin particle adhered to the coal surface, it could directly contact with the solid CaO/MgO grains that were exposed. This is a key step that contributes to the scavenging of Ca and Mg. (2) Na was likely to vaporize as NaOH vapor [13], which was very active and could react with kaolin quickly. (3) The Ca/Mg rich grains originated from the organically bonded Ca and Mg were also reported to be active [14]. Thus, as long as they contacted, kaolin would quickly react with them, forming melted Na/Ca/Mg containing aluminosilicates. As the char continued to burn, more Ca and Mg rich particles were exposed on the surface. The melted Na/Ca/Mg containing droplets that adhered on the char surface would continue to embed them and react with them, and form new melted spherical particles. Meanwhile, char fragmentation was also expected, forming several small pieces. The small melted particles were likely to coalescence or agglomerate into bigger particles (Figs. 8f and 8h). Consequently, a large amount of Ca and Mg that presented in PM0.4-10 during ZD coal combustion would be aggregated into bigger particles after kaolin addition. This explained why Ca and Mg were significantly decreased in PM0.4-10 and PM0.4 after kaolin addition (Figs. 4d and 4f). As for Fe, it was low in the ash (Tab. 3) and always co-existed with Ca/Mg in the same ash particle during ZD coal combustion, which was likely to be originated from the hydrochloric acid soluble Fe in the coal. So its trend was similar to that of Ca/Mg after kaolin addition, and was also significantly scavenged by kaolin. Thus, the mass of Fe2O3 in PM0.4 and PM0.4-10 was greatly reduced (Fig. 4h).

5  Conclusions

The effect of kaolin addition on the fine ash formation and the partitioning of Na, Ca, Mg and Fe in fine ash during Zhundong coal combustion was studied in a drop tube furnace at 1300°C. Kaolin dosages were 1, 2, 4 wt% of coal mass. Fine ashes were collected by a low pressure impactor and analyzed by SEM-EDS. It was found that, kaolin indeed strongly captured volatile Na during Zhundong coal combustion, which was expected. More importantly, kaolin additive can also strongly scavenge refractory Ca, Mg and Fe during Zhundong coal combustion. This significantly affected the fine ash formation by forming melted Na/Ca/Mg containing aluminosilicates, and finally resulted in the decrease of Ca, Mg and Fe in both fine mode PM0.4 and coarse mode PM0.4-10. The close distance between kaolin particles and coal particles that resulted from their physical mixing was the key factor that contributing to the scavenging of Ca, Mg, Fe by kaolin. Because it provided sufficient opportunities for the contact of solid kaolin and solid Ca, Mg grains derived from the coal.
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