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Abstract

:

In this paper, the brightness of fly ash is improved by carbon removal by heating and iron-containing oxides removal by acid treatment using a two-step method to realize the application of fly ash as filler or coating in the future, which not only increases the range of resource utilization of fly ash, but also reduces dust pollution. The modification results show that the brightness of fly ash reaches the maximum value of 38.27% ISO (Brightness unit) after decarburization by heating at 600 °C. On this basis, the Box–Benhnken design scheme is adopted to optimize the brightening process for removing iron-containing oxides in fly ash. Finally, when the concentration of hydrochloric acid is 15%, the acid leaching time is 0.75 h, the reaction temperature is 74 °C, and the brightness of fly ash can eventually increase to 43.92% ISO.
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1. Introduction


Fly ash (FA) is a finely dispersed solid waste mainly composed of glass phase, which is produced by high-temperature combustion of pulverized coal through a series of physical and chemical changes in a coal-fired boiler [1]. However, the FA from coal combustion processes is not hazardous from the radiological point of view [2]. With the development of the power industry, the output of fly ash from coal-fired power plants has increased year by year [3,4]. Today, there are about 800 million tones of fly ash generated each year over the world [5], and it is expected to increase up to 2100 million tones in 2031 or 2032 [6]. However, the global average utilization rate of fly ash is estimated to be nearly 25% [7,8]. Although fly ash is used as an abundant commodity in some countries, only a low percentage is used in others, especially in China. For China, Greenpeace has reported that the practical utilization rate is only 30% [9]. It is clear that a significant proportion of coal fly ash is left untreated. Once it is discharged into the environment, it will cause different degrees of pollution such as significant damage to water, air and soil, but also cause great harm to living beings. Therefore, the improvement of the utilization of fly ash and the development of its applications are extremely urgent [10].



Over the years, many scholars have studied the resource utilization of fly ash through various methods, and made breakthroughs in many aspects such as road construction [11,12,13], sewage treatment [14,15,16], mineral extraction [17,18] and catalysts [19,20]. However, there are still various problems in the utilization of fly ash in these fields, such as a generally low product yield, low usage and high processing cost. Hence, it is imperative to find a new way for the utilization of fly ash. It was found that the chemical components and physical structure of fly ash are very similar to some coatings and fillers like kaolin, and that it has great application potential in these fields. However, the low brightness of fly ash is the main reason to hinder its application as a filler and in coating in the future [21,22].



The color of fly ash mostly depends on carbon particles and the characteristics of crystalline minerals, especially iron-containing minerals. The carbon particles in the fly ash are residual unburned carbon due to insufficient combustion of coal powder, which is the chief culprit behind the gray or black color of the fly ash. At the same time, the depth of the color mainly lies on the content of the carbon in fly ash. Other important low-temperature mineral components, especially those iron-containing oxide components, also show different colors. For example, iron in the oxidized state 3+ is brown, red or yellow, while iron in the oxidized state 2+ is gray or gray with a blue hue. The magnetite particles containing divalent and trivalent irons are black, and some of them, especially those finely divided particles, may also be brown [23]. Therefore, removing these chromogenic components from fly ash is a necessary step to increase its brightness.



In view of improving the brightness of fly ash by removing carbon, many scholars have made use of the characteristics that the surface of black carbon particles is not easily wetted by water, and it is easy to attach to the air bubbles; the unburned free carbon is removed by flotation [24,25], but this method has some disadvantages. For example, the carbon removal efficiency is low, the increase in brightness of fly ash is not obvious, and the process operation conditions are complicated. For the removal of iron-containing minerals in fly ash, it is common to remove those magnetic minerals by magnetic adsorption, but there are still a large number of non-magnetic and low-magnetic iron-containing oxides, resulting in only a slight improvement in brightness after magnetic adsorption. Therefore, after removing carbon and iron-containing oxides from fly ash by using high-temperature heating and acid leaching treatment, the brightness of the fly ash can be greatly improved, which can increase the possibility of fly ash to be used as a filler or coating in the future.




2. Materials and Methods


2.1. Pretreatment of Fly Ash


A certain amount of fly ash was weighed and placed in an oven dried at 105 °C for 6 h. In the next step, it was sieved for 40 min using the slap standard vibration machine (BSJ-200, Xinxiang, China). Finally, fly ash intercepted on different mesh screens was bagged and prepared for further treatment.




2.2. High Temperature Carbon Removal


Seven sets of the same batch of fly ash were weighed. In detail, one set included five parallel samples and each parallel sample weighed 3 g. In the second step, these fly ashes were place in the muffle furnace (LU-960M, Beske Electronic Materials Co., Ltd., Luoyang, China) and calcined at 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C, 850° C and 900 °C, respectively. Its heating rate was 8 °C/min and the holding time was 2 h. In the final step, these samples were put into the dryer to prepare brightness testing and follow-up experiments.




2.3. Iron-Containing Oxides Removal by Acid Leaching


2.3.1. Process Method


A certain concentration of hydrochloric acid solution and fly ash were mixed in the container. The mass ratio of fly ash to liquid was 1:5. The reaction system was stirred at 300 r/min in a three-necked flask connecting to a reflux condenser. After this, the product was centrifuged five times in a centrifuge (TDZ5-WS, Changsha, China), and then washed several times via a circulating water vacuum pump until the pH value of the filter cake was very close to 7. Finally, the washed fly ash was placed in a vacuum drying oven for testing of brightness in the next step.




2.3.2. Box–Behnken Design and Response Surface Methodology


We consider the concentration of hydrochloric acid (A), acid leaching time (B) and reaction temperature (C), three factors affecting the brightness of fly ash after removing iron-containing oxide. At the same time, solid–liquid ratio and stirring speed are kept constant. To be more specific, the solid–liquid ratio was 1:5 and the stirring speed remained at 300 r/min. According to the Box–Behnken design, the brightness of fly ash is the response value, and the classic three-factor three-level response surface test table was chosen to optimize and determine the best process for removing iron-containing oxides and brightness by the fly ash acid treatment. The levels of Box–Behnken test design factors are shown in Table 1.





2.4. Characterizations of Samples


2.4.1. Testing of Chemical Composition


The concentrations of major and minor elements in the original fly ash were determined by X-ray spectroscopy (Axios Pw 4400, Almedo, The Netherlands), and the sample was sampled at 0.5 g, and the measurement was carried out on a wavelength dispersive X-ray fluorescence spectrometer. The radiation source is an X-ray tube with a Co target, a high voltage of 30 kV, a current of 20 mA, and a measurement time of 300 s.




2.4.2. Testing of Phase and Crystal


An X-ray diffractometer (Bruker D8 ADVANCE, Karlsruhe, Germany) was used to test the material components of the original fly ash. The main technical indicators are: X-ray source output power 3 kW; 2θ measurement range −100°~150°; angular accuracy ≤0.01°; repeatability ≤0.001°; reproducibility ≤0.002°; LynxEye array detector; dynamic range: 1 × 108 cps; energy resolution ≤20% (Cu).




2.4.3. Testing of Powder Brightness


The L&W brightness meter (Elrepho 070, Kista, Sweden) is used to measure the brightness of the fly ash particles treated in different stages, according to the national standard (GB/T 23774-2009) test method. Firstly, the instrument is calibrated using a standard whiteboard, and then the brightness of the powder particles is tested. First, the powder sampler is used for filling, and under the same test condition, the angle of the sample is rotated, and the results of three consecutive measurements are only less than 0.3, and the average value of three determination results is taken as the brightness value of the sample.






3. Results and Discussion


3.1. Analysis of Phase Composition of Original Fly Ash


The broad characteristic diffraction peak appearing from 2θ at 22°–35° in Figure 1 indicates the presence of vitreous materials [26]. In addition to glass, the other major phase compositions of fly ash are also shown in Figure 1. The important phases are mullite, lime, quartz and silicate. In addition to unburned carbon (dark black), the color of fly ash is mainly affected by hematite (reddish brown) and its iron-containing oxides. It is difficult to find the presence of magnetite in fly ash, probably due to the fact that such fly ash does not contain magnetite or a small amount.




3.2. Analysis of Chemical Composition of Original Fly Ash


The chemical composition of the original fly ash is shown in Table 2, SiO2 > Al2O3 > CaO > Fe2O3. According to the McCarthy classification, the CaO content of the original fly ash is less than 10%, which belongs to the low calcium fly ash series [27]. The content of each element was determined by XRF analysis. In combination with Figure 1, the content of SiO2 and Al2O3 is high, which also indicates that mullite and quartz are important phases. It can be seen from Table 1 that the content of iron-containing oxides in the original fly ash is relatively high, which has a severe impact on the color of fly ash.




3.3. Screening Analysis of the Original Fly Ash


As shown in Table 3 below, the brightness exhibited by the original fly ash under different mesh numbers is also quite different, which is related to the average particle size of different substances in the fly ash. For example, unburned carbon particles tend to show a relatively large particle size [28], so they are mostly trapped on a sieve mesh of 400 mesh or more. In consideration of the brightness of the powder, the required particle size and the amount of the filler, the pulverized coal retained by the 600 mesh screen is more suitable for the subsequent modification.




3.4. Analysis of High Temperature Carbon Removal


Figure 2 and Figure 3 illustrate that before 600 °C, the brightness value of fly ash improves with the increase of heating temperature, which involves oxidation of some organic carbon in the early stage due to the environment of high temperature. Above 500 °C, a large number of free carbon particles have been removed, which made the brightness of fly ash improve rapidly. The brightness of fly ash reached a maximum of 38.27% ISO at 600 °C. However, as the heating temperature continued to increase, the brightness of fly ash began to decrease. This is related to the decomposition of some minerals in fly ash and the oxidation of low-valent iron-containing oxides.



The loss on ignition includes destruction of the unburned carbon present and breakdown of mineral phases (e.g., decomposition of carbonates, oxidation of sulfides, release of structure water from clay minerals, and dehydration of lime) [29]. In combination with Figure 4, the general reaction of fly ash heated at different temperatures can be roughly as follows:


300–500 °C, MgCO3 MgO + CO2



(1)






FeS + O2 Fe3O4 + Fe2O3 + SO2 (a little amount)



(2)






C (a little amount) + O2 CO2



(3)






500–700 °C, C + O2 CO2



(4)






CaCO3 CaO + CO2 (a little amount)



(5)






700–900 °C, FeS + O2 Fe2O3 + SO2 (a little amount)



(6)






FeO + O2 Fe2O3



(7)






Fe3O4 + O2 Fe2O3



(8)







In conclusion, 600 °C is the ideal temperature for removing carbon by high-temperature heating, which cannot only achieve maximum improvement of brightness, but also avoid oxidation of a large number of iron-containing minerals to reduce the acid consumption in the next step.




3.5. Analysis of Iron-Containing Oxides by Acid Treatment


3.5.1. Box–Behnken Design and Response Surface Methodology


Design Expert 8.0.6.1 software was used to perform multiple fit regression on the test results in Table 4. The quadratic multiple regression model equation about the modified ash brightness value (y) to hydrochloric acid concentration (A), leaching time (B) and reaction temperature (C) is obtained: y = 43.37 + 0.62 × A − 0.50 × B + 0.71 × C − 0.55 × A × B + 0.090 × A × C + 0.14 × B × C − 0.47 × A2 − 0.78 × B2 − 1.93 × C2.




3.5.2. Analysis of Variance of Response Surface Regression Model


In order to test the validity of the regression equation, the variance for regression model was further analyzed. The results are shown in Table 5.



It can be seen from Table 5 that the model has f = 9.88, p = 0.0032 < 0.05, the difference is significant, p = 0.4788 of the missing term, is not significant, the coefficient of determination R2 = 0.9270, and the change of response value is 92.70% from the selected factor. That is to say, this change of response value derived from the HCl concentration, acid leaching time, and reaction temperature indicates that the model has good fitting degree, and the regression equation can well describe the relationship between each factor and the response value, which proves that the obtaining results from this test method are reliable.



The steeper the gradient of the response surface, the more sensitive the response value is to the change of the operating conditions; on the contrary, the smoother the slope of the surface, the smaller the effect of the change in operating conditions on the response value. Figure 5, Figure 6 and Figure 7 visually reflect the influence of the interaction of various factors on the response value. The interaction between the concentration of hydrochloric acid and the acid leaching time is steep, indicating that the interaction of brightness of fly ash is obvious. The effect relationship of each factor is: A (HCl concentration) > B (leaching time) > C (reaction temperature).




3.5.3. Optimal Process Conditions


The quadratic polynomial regression equation was calculated by Design-Expert 8.0.6.1 software, and the best brightening conditions of iron-containing oxides removal were as follows: the concentration of hydrochloric acid was 15%, the acid leaching time was 0.76 h, the reaction temperature was 73.65 °C, and the predicted extraction rate was 43.93% ISO. However, the limitation of the actual operation was to correct the acid leaching time to 0.75 h and the reaction temperature to 74 °C. According to this condition, three parallel verification tests were carried out under the condition that the ratio of fly ash to hydrochloric acid solution was 1:5 and the stirring speed was 300 r/min. The average brightness value of fly ash after iron-containing oxides removal was 43.92% ISO, which is close to the theoretical prediction value of 43.93% ISO. This indicates that the established mathematical model has practical value for brightening processes of fly ash by removing iron-containing oxides.






4. Conclusions


In the process of high-temperature carbon removal, when the temperature was heated to 600 °C, the brightness of the fly ash retained on the 600 mesh screen reached a maximum value, with 38.27% ISO. During this process, it mainly involved the oxidation of carbon particles and the degradation of some minerals. More importantly, this heating method can not only remove free carbon particles, but also remove those carbon particles sticking to other minerals.



Using the response surface method to optimize the process of iron-containing oxides removal, the best process conditions are: HCl concentration of 15%, acid leaching time of 0.75 h, and reaction temperature of 74 °C. At the same time, the effect of HCl concentration on acid treatment is more obvious than leaching time and reaction temperature. Eventually, the brightness value of fly ash increased to 43.92% ISO.
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Figure 1. Analysis of different mineral phase composition of original fly ash. 
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Figure 2. Color change of fly ash heated under different temperatures. 
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Figure 3. Relationship between brightness and heating temperature of fly ash. 
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Figure 4. Relationship between loss of fly ash and heating temperature. 
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Figure 5. (a) The response surface plot and (b) the corresponding contour plot showing the effects of HCl Concentration and leaching Time on the brightness of fly ash by removing iron-containing oxides. 
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Figure 6. (a) The response surface plot and (b) the corresponding contour plot showing the effects of HCl Concentration and leaching Time on the brightness of fly ash by removing iron-containing oxides. 
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Figure 7. (a) The response surface plot and (b) the corresponding contour plot showing the effects of leaching Time and Reaction Temperature on the brightness of fly ash by removing iron-containing oxides. 
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Table 1. Response surface test factor level table.
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Factor

	
Variable Levels




	
−1

	
0

	
1






	
A HCl concentration/%

	
5%

	
10%

	
15%




	
B Leaching time/h

	
0.5

	
1

	
2




	
C Reaction temperature/°C

	
50

	
70

	
90
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Table 2. Analysis of different chemical compositions of original fly ash.
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	SiO2
	Al2O3
	CO3
	CaO
	Fe2O3
	TiO2
	K2O
	Na2O
	SO3
	MgO
	P2O5
	CeO2
	SrO
	ZrO2
	Cl
	MnO
	ZnO





	46.32%
	31.60%
	8.54%
	4.74%
	4.47%
	1.29%
	0.63%
	0.60%
	0.48%
	0.42%
	0.37%
	0.20%
	0.15%
	0.06%
	0.05%
	0.03%
	0.02%
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Table 3. Screening analysis of original fly ash.
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	400 Mesh
	500 Mesh
	600 Mesh
	700 Mesh





	Mass Percentage/%
	15%
	7%
	50%
	28%



	Brightness/%ISO
	9.02
	13.46
	18.01
	19.61
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Table 4. Response surface analysis test design and results.
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Run

	
Coded Variable Level

	
Brightness (%ISO)




	
HCl Concentration (/%)

	
Time (/h)

	
Temperature (/°C)

	
Predicted

	
Experimental






	
1

	
1

	
−1

	
0

	
43.79

	
43.52




	
2

	
0

	
0

	
0

	
43.37

	
43.55




	
3

	
0

	
0

	
0

	
43.37

	
42.33




	
4

	
1

	
1

	
0

	
41.69

	
41.26




	
5

	
0

	
1

	
1

	
41.01

	
41.11




	
6

	
0

	
−1

	
1

	
41.73

	
41.65




	
7

	
−1

	
0

	
1

	
40.97

	
40.62




	
8

	
0

	
0

	
0

	
43.37

	
43.55




	
9

	
0

	
−1

	
−1

	
40.59

	
40.50




	
10

	
0

	
0

	
0

	
43.37

	
43.76




	
11

	
−1

	
−1

	
0

	
41.45

	
41.90




	
12

	
1

	
0

	
1

	
42.39

	
42.73




	
13

	
0

	
0

	
0

	
43.37

	
43.67




	
14

	
−1

	
0

	
−1

	
39.73

	
39.40




	
15

	
0

	
1

	
−1

	
39.31

	
39.40




	
16

	
−1

	
1

	
0

	
41.55

	
41.82




	
17

	
1

	
0

	
−1

	
40.79

	
41.15
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Table 5. ANOVA for the brightness of fly ash according to the response surface quadratic model.
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Variable

	
Statistical Analysis




	
Sum of Square

	
Df

	
Mean Square

	
f-Value

	
p-Value






	
Model

	
30.86

	
9

	
3.43

	
9.88

	
0.0032a




	
A

	
3.03

	
1

	
3.03

	
8.72

	
0.0213




	
B

	
1.98

	
1

	
1.98

	
5.70

	
0.0483




	
C

	
4.00

	
1

	
4.00

	
11.53

	
0.0115




	
AB

	
1.19

	
1

	
1.19

	
3.42

	
0.1068




	
AC

	
0.032

	
1

	
0.032

	
0.093

	
0.7689




	
BC

	
0.078

	
1

	
0.078

	
0.23

	
0.6491




	
A2

	
0.92

	
1

	
0.92

	
2.66

	
0.1468




	
B2

	
2.55

	
1

	
2.55

	
7.35

	
0.0301




	
C2

	
15.66

	
1

	
15.66

	
45.11

	
0.0003




	
Cor Total

	
33.29

	
16

	

	

	








R2 = 0.9270, R2(Adj) = 0.8331; a Significant at 95% confidence degree (p < 0.05).
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