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Abstract:



The microwave assisted leaching of the vanadium bearing-high carbonaceous shale process was investigated using surface response methodology (RSM) based on Box–Behnken design (BBD). The effect of important factors such as CaF2 usage, H2SO4 concentration, leaching time and microwave power, as well as the interactive coefficients, the signification of the model and factors were analyzed. With the condition of 9.8 wt % CaF2, 23.0 vol % H2SO4, 170.6 min and 350 W, the actual values of vanadium (V) leaching efficiency in microwave heating (MH) and conventional heating (CH) were 85.43% and 79.64%, which agreed well with the predicted values. Meanwhile, the influence order of the factors in MH and CH was CaF2 dosage > H2SO4 concentration > leaching time. Microwave was an efficacious impetus for V extraction, but the microwave power itself was not a significant factor when the temperature of leaching system was high enough. The further characterization of mineral components before and after leaching confirmed that the prior dissolving of muscovite and pyrite in MH was intensified, while both minerals were in fine grains and filled with black carbon. The selective heating of carbon and pyrite sequenced the large temperature gradient between solids and liquids, which accelerated the dissolving reaction of muscovite with CaF2 present in MH condition.
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1. Introduction


Vanadium (V) bearing shale ore is one of the two most important vanadium recourses in China, along with the vanadium titanium magnetite [1]. Often, primary ore contains considerable element carbon and reducing minerals. The vanadium mainly exists in the form of isomorphism in muscovite or illite, which is difficult to extract [2,3]. The current practice first used high temperature pretreatment to destroy the lattice structure and the subsequential leaching process to dissolve the metals into liquid phase [4]. At present, the research was focused on enhancing these two stages to increase the V extraction. The external field intensified method, like ultrasonic and microwave irradiation, were introduced to the process [5]. Considering the fact that both the carbon and pyrite are the typically strong microwave absorbing materials, the application of microwave into black shale extraction process is promising.



Microwave heating differs from conventional heating due to the fact that the microwave heating occurs via direct microwave material interaction, while the conventional heating requires the heat to be transferred from the external heat sources [6]. As in situ heat generation alleviates the heat transfer limitations of the conventional ovens, materials can be processed at a faster rate via the use of the microwave ovens. The properties of in-core volumetric and uniform heating, lower thermal inertia and faster responses make microwave chemistry applied widely [7,8]. In the materials and metallurgy research, microwave assisted synthesis of catalysts, electrodes, and optical devices [9,10,11] have proven to be efficient with some special effects. Moreover, in the organic compound extraction and separation, in medical, food and energy fields, the microwave assistance method has already been practically used [12,13,14]. In hydrometallurgical leaching of nonferrous, lanthanum and noble metals, the dielectric properties have also been reported to have a pronounced effect on the microwave heating pattern [15,16,17]. The effect of microwaves appeared in different circumstances, but it also occasionally disappeared while the system changed.



In the previous research of vanadium extraction through the blank roasting-acid leaching process, the synergic effect of microwaves with CaF2 on V leaching improvement was observed, for which it was attributed to the decrease of chemical reaction resistance with the transformation from chemical reaction control to diffusion control [18]. Attributed to the muscovite, as well as the roasted shale ore having barely any microwave absorbing capacity, the particular selective features and volumetric heating of microwaves were not shown in such cases. In other words, it means that, in most cases, the microwave heating appeared to have no effect on V leaching from roasted shale. Meanwhile, the V leaching efficiency was improved by only 10% under the optimized condition, for which it was not so significant in high-cost terms. Another problem was the explanation about how this consequence was realized was not convincing enough, and the interrelation in it was also not figured out [19,20,21,22].



As the carbon and pyrite were favorable for the microwave absorption, the leaching of black shale in microwave heating may be efficacious with a remarkable improvement in V extraction. The research of microwave heated leaching of carbonaceous black shale may be enlightening for the mechanism discussion for the same reason. The response surface analysis was used to analyze the main influencing factors of extracting vanadium from shale by microwave and conventional heating. Hence, the present work intends to assess the effects of variables such as CaF2 usage, H2SO4 concentration, leaching time and microwave power using a Box–Behnken design (BBD). The comparison experiments in conventional heating were also carried out for the contrast. The phase and morphology analysis before and after leaching were also conducted as the corroborative evidence of the optimizing process.




2. Materials and Methods


2.1. Materials


The material obtained from Tongshang, Hubei province, China was first mixed evenly and then crushed to −0.074 mm accounted for 80%. The main chemical composition determined by scanning electron microscopy (QEMSCAN) analysis (FEI, Hillsboro, OR, USA) is presented in Table 1. The carbon and pyrite indicated that the material was a highly carbonaceous original type shale formed in a reducing environment. The surface morphology of the minerals is shown in Figure 1 by means of scanning electron microscope (SEM; JSM-IT300, JEOL, Tokyo, Japan), equipped with an X-ACT energy dispersive spectrometer (EDS; Oxford Instruments, Oxford, UK). According to the rock-mineral determination [23], muscovite is micro scaly with fine grains, mostly occurring in close contact with carbonaceous matter, and the grain size is basically <0.02 mm, mostly <0.01 mm. The pyrite is generally dispersed in quartz, silicate and carbonaceous materials with finer particles. The surface and clearance of pyrite was contaminated or filled with black carbon. The carbonaceous matter in the ore is mainly in the form of flakes or microcrystalline in clay minerals, and the size of some carbon inlays is generally less than 0.005 mm.


Figure 1. The SEM-EDS results of the minerals before leaching: (a) muscovite; (b) quartz; (c) pyrite.
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Table 1. Main chemical composition of the black shale (wt %).


	V
	Si
	Al
	Fe
	Ca
	Mg
	K
	Na
	C
	S





	0.40
	25.20
	7.07
	3.01
	3.71
	1.45
	1.50
	0.22
	10.77
	1.22









The capacity of different microwave absorbents to be heated can be measured and compared using the dielectric properties. In Table 2, the relative dielectric constant (ε′) and dielectric loss factor (ε″) are used to express the dielectric response of materials in the microwave field [24]. The dielectric constant measures the ability of a material to store microwave energy, i.e., the ability of the material to be polarized. The loss factor measures the ability of a material to dissipate the stored energy into heat [25].


Table 2. Major mineral constituents and dielectric property (ε′, ε″) in black shale.


	Mineral
	ε′
	ε″
	Contents (wt %)





	Muscovite
	3.096
	0.589
	15



	Quartz
	3.644
	0.643
	37



	Pyrite
	15.645
	3.765
	7



	Carbon
	25.584
	8.162
	11



	Feldspar
	3.232
	0.607
	10



	Calcite
	3.954
	0.733
	11










2.2. Equipment and Experimental


2.2.1. Leaching Procedure with Microwave Heating (MH)


The equipment was assembled with a microwave furnace (Model MAS-II plus supplied by SINEO Microwave Chemistry Technology Co., Ltd., Shanghai, China) with a spherical condenser, temperature sensor and mechanical stirrer. Take 50 g material in a three neck flask and fully mix it with the sulfuric acid. The sulfuric acid solution was heated to approximately 102 °C and then mixed with the raw material to eliminate possible temperature differences. The stirring speed was 300 rpm. During the experiment, the power was fixed at different conditions and the temperature was not restricted. After leaching was completed, the slurries were filtered to obtain the leachate solution and the residue. In this paper, the vanadium leaching rate is the mass ratio of V2O5 in the raw material and in the leachate solution. The concentration of V was determined through inductively coupled plasma-atomic emission spectrometry (ICP-AES) (IRIS Advantage Radial, Thermo-Elemental, Waltham, MA, USA).




2.2.2. Leaching Procedure with Conventional Heating (CH)


The leaching experiments with conventional heating were conducted in the same manner as those by microwave heating except that the heater was an electric heating jacket. The rated power of the electric heating jacket was 350 W and cannot be changed. The temperature was at approximately 102 ± 1 °C (boiling point at atmosphere pressure).





2.3. Experimental Design


Response surface methodology (RSM) was used for the process optimization with a minimum number of experiments as well as analyzing the interaction between the factors [26,27,28]. Based on the previous work we have made, four major factors: CaF2 dosage (wt %), H2SO4 concentration (vol %), leaching time (min) and microwave power (W) were chosen as the independent variables because of the apparent affection on the V leaching. As the conventional heating equipment was unadjustable, the factor of power was not suited for the CH leaching procedure. On the other side, the boiling temperatures in MH at different levels of power were different (about 102 ± 1 °C at 350 W as well). Thus, the analysis of CH leaching was based on the first three factors. Their levels and ranges are shown in Table 3. The other basic leaching conditions were a solid-to-liquid ratio of 1.5 mL/g. The response variables Y1, Y2 were the leaching rate of V with MH and CH, respectively.



Table 3. Independent factors and levels used for design.



	
Factors

	
Symbol

	
Range and Levels




	
−1

	
0

	
1






	
CaF2 dosage (wt %)

	
X1

	
0.0

	
5.0

	
10.0




	
H2SO4 concentration (vol %)

	
X2

	
10.0

	
20.0

	
30.0




	
Leaching time (min)

	
X3

	
60.0

	
150.0

	
240.0




	
Power (W)

	
X4

	
150

	
350

	
550












3. Results and Discussion


3.1. Response Analysis and Interpretation


The experimental conditions in the design and the results are shown in Table 4. The leaching efficiency of V in both microwave heating (MH) and conventional heating (CH) conditions designed by RSM were present. In Run 2 and Run 25, the V leaching rate difference of MH and CH was increased to 13% with the leaching time increased from 60.0 min to 150.0 min with no CaF2 present. Compared with Run 17 and Run 19, with 10.0 wt % CaF2 and 20.0 vol % H2SO4 used, the microwave improving effect was shown in the initial leaching stage, and then gradually disappeared. Meanwhile, in Run 13 and Run 14, the differences were generally less than 3%.


Table 4. Experimental design matrix and results.


	Run
	CaF2/wt %
	H2SO4/vol %
	Time/min
	Power/W
	Y1 (MH)
	Y2 (CH)





	1
	5.0
	10.0
	60.0
	350
	0.3703
	0.3445



	2
	0.0
	20.0
	240.0
	350
	0.3701
	0.2489



	3
	5.0
	20.0
	240.0
	150
	0.6663
	-



	4
	5.0
	10.0
	150.0
	550
	0.4216
	-



	5
	0.0
	20.0
	150.0
	550
	0.3165
	-



	6
	10.0
	20.0
	150.0
	150
	0.7915
	-



	7
	5.0
	10.0
	150.0
	150
	0.4500
	-



	8
	10.0
	30.0
	150.0
	350
	0.9494
	0.9282



	9
	5.0
	20.0
	60.0
	550
	0.5813
	-



	10
	5.0
	30.0
	60.0
	350
	0.7238
	0.6842



	11
	5.0
	10.0
	240.0
	350
	0.4779
	0.4211



	12
	5.0
	20.0
	240.0
	550
	0.6601
	-



	13
	5.0
	20.0
	150.0
	350
	0.6362
	0.6235



	14
	0.0
	10.0
	150.0
	350
	0.1614
	0.1303



	15
	5.0
	30.0
	240.0
	350
	0.9036
	0.8785



	16
	10.0
	20.0
	150.0
	550
	0.8091
	-



	17
	10.0
	20.0
	60.0
	350
	0.7345
	0.5638



	18
	0.0
	30.0
	150.0
	350
	0.4539
	0.3219



	19
	10.0
	20.0
	240.0
	350
	0.8433
	0.8456



	20
	10.0
	10.0
	150.0
	350
	0.4864
	0.4246



	21
	5.0
	30.0
	150.0
	550
	0.7910
	-



	22
	5.0
	20.0
	60.0
	150
	0.5843
	-



	23
	0.0
	20.0
	150.0
	150
	0.3258
	-



	24
	5.0
	30.0
	150.0
	150
	0.8197
	-



	25
	0.0
	20.0
	60.0
	350
	0.2577
	0.1881



	26
	5.0
	20.0
	150.0
	350
	0.6439
	0.614









The ANOVA of quadratic model is presented in Table 5, which proves the validity of the model. The Model F-value implies the models are significant, and the value lack of fit implies that it is not significant relative to the pure error. In the fit summary, both of the two response factors were fitted for quadratic model. The proposed quadratic model agrees well with the experimental data, with correlation coefficients (R2) of the factors of Y1, Y2 were 0.9931 and 0.9970, respectively. The predicted leaching of V in MH and CH, which do not show any significant nonlinear pattern indicating non-normality in the error term.



Table 5. Analysis of variance (ANOVA) for response surface quadratic model.



	
Source

	
F-Value

	
p-Value, Prob > F




	
Y1

	
Y2

	
Y1

	
Y2






	
Model

	
112.57 Significant

	
147.21 Significant

	
<0.0001

	
0.0001




	
X1

	
854.27

	
666.92

	
<0.0001

	
<0.0001




	
X2

	
593.08

	
423.36

	
<0.0001

	
<0.0001




	
X3

	
51.40

	
71.55

	
<0.0001

	
0.0011




	
X4

	
0.38

	
-

	
0.5478

	
-




	
X1X2

	
10.00

	
37.01

	
0.0090

	
0.0037




	
X1X3

	
0.0044

	
18.57

	
0.9480

	
0.0126




	
X1X4

	
0.25

	
-

	
0.6277

	
-




	
X2X3

	
1.79

	
5.27

	
0.2075

	
0.0834




	
X2X4

	
0.000039

	
-

	
0.9951

	
-




	
X3X4

	
0.00372

	
-

	
0.9524

	
-




	
X12

	
47.37

	
100.90

	
< 0.0001

	
0.0006




	
X22

	
3.79

	
2.69

	
0.0774

	
0.1763




	
X32

	
0.13

	
0.84

	
0.7280

	
0.4105




	
X42

	
0.00527

	
-

	
0.9434

	
-




	
Lack of Fit

	
26.86

	
19.09

	
0.1492 Not significant

	
0.1663 Not significant










The value of Prob > F less than 0.05 indicates that the model terms are significant. Values greater than 0.1000 indicate that the model terms are not significant. For the leaching of V, the influence order in MH (Y1) was X1 > X2 > X3 > X1X2 > X12. While in the CH (Y2) condition, it was X1 > X2 > X3 > X1X2 > X1X3 > X12. CaF2 usage has the greatest effect on V leaching with the highest F-value, whereas sulfuric acid concentration and leaching time were found to be less significant. The microwave was an efficacious impetus for V extraction, but the microwave power itself was not a significant factor while the temperature of the leaching system was high enough. The insignificance of microwave power in the leaching process was attached to the high temperature concealment. While the insignificant terms were already eliminated to simplify the model, the detailed modified models were present as follows:


Y1 = 0.62 + 0.23X1 + 0.19X2 + 0.056X3 + 0.043X1X2 − 0.082X12,



(1)






Y2 = 0.59 + 0.23X1 + 0.19X2 + 0.077X3 + 0.078X1X2 + 0.055X1X3 − 0.14X12.



(2)







The combined effect of independent variables CaF2 and H2SO4 concentration on the V leaching can be observed. The factors’ significant ranking of V extraction in MH indicated the particular function of microwave irradiation. More concretely, in contrast to CH leaching, the CaF2 was not that important or affected greatly.




3.2. Process Optimization


With the modified quadratic model, the experimental and predicted V leaching with MH are shown in Figure 2. The figure shows a close proximity of the model prediction with the experimental data signifying the validity of the regression model. Figure 3 shows the 3D plot of interactive effects between H2SO4 concentration and CaF2 usage on the V leaching. It shows that the V leaching increases significantly with an increase in the CaF2 presented in the leaching solution.


Figure 2. Plot of predicted vs. actual data of the modified model in MH.
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Figure 3. 3D response surface plot of the interactive effects between CaF2 and H2SO4 concentration on V leaching efficiency in MH.
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In the optimization process, with the aim of observing the specific effect of microwave heating, the target of V leaching rate in MH was set at 85.0% considering the agents and energy consumption, and other projects were set in range. The solution selected was 9.81 wt % CaF2, 23.06 vol % H2SO4, 170.6 min and 350 W, and the desired values of Y1 and Y2 were 85.01%, 80.18%, respectively. The actual confirmation experiments under the selected condition results of Y1, Y2 were 85.43%, 79.64%, which agrees well with the predicted values. This solution given indicated that it was difficult for the carbonaceous shale to be dissolved even with the assistance of microwave heating. With the aim of improving the affect as a consequence of MH, the purpose of the optimize process was changed to find out the most beneficial leaching system for MH, and the target of V leaching efficiency in MH was set at Maximize. Meanwhile, it was set at Minimize in CH. The solutions were given in Table 6.


Table 6. Solutions given out at target of V leaching efficiency in MH at Maximize and Minimize in CH.


	Number
	CaF2 Usage/wt %
	H2SO4/vol %
	Time/min
	Y1
	Y2





	1
	10.00
	15.56
	60.0
	0.6081
	0.4545



	2
	9.98
	15.23
	60.0
	0.6001
	0.4468



	3
	10.00
	14.58
	60.0
	0.5841
	0.4291



	4
	10.00
	15.81
	62.1
	0.6149
	0.4643



	5
	0.12
	30.00
	240.0
	0.5432
	0.3773



	6
	0.04
	30.00
	240.0
	0.5361
	0.3671



	7
	0.24
	30.00
	240.0
	0.5541
	0.3930



	8
	0.41
	30.00
	240.0
	0.5694
	0.4150



	9
	0.16
	30.00
	237.9
	0.5448
	0.3824



	10
	0.57
	30.00
	240.0
	0.5834
	0.4351



	11
	0.21
	29.13
	240.0
	0.5422
	0.3819



	12
	9.71
	15.12
	60.0
	0.5965
	0.4512



	13
	0.44
	28.67
	240.0
	0.5562
	0.4053



	14
	0.15
	30.00
	216.9
	0.5209
	0.3746



	15
	10.00
	11.38
	147.3
	0.5381
	0.4606









An obvious phenomenon was observed that only two extreme conditions with CaF2 usage were present here, and the differences of V leaching efficiency between MH and CH were at the highest level. With 10 wt % CaF2 added for 60.0 min, the microwave heating significantly promoted the V leaching rate to about 15% higher than that in CH, while, with 0.04 wt % CaF2 used for 240.0 min, the microwave heating significantly promoted the V leaching rate to about 17% higher than that in CH. As the references reported [20], the activation energy as well as chemical reaction difficulty could be reduced with CaF2 added. Thus, the leaching system of carbonaceous shale required for MH was also confirmed.



As the carbon was strong absorbing microwave material, the temperature of carbon in microwave power could have easily reached more than 102 °C when the temperature of the surroundings was still at a lower level. Thus, the water contacting the carbon would be especially hated and exceed its surroundings. The detailed research of the effect of microwave power and temperature on V, Fe leaching was discussed. The results are shown in Figure 4.


Figure 4. The effect of microwave power (a) and temperature (b) on the V, Fe leaching efficiency.
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A possible reason was the local high temperature regions caused by the strong microwave absorbing materials, such as pyrite and carbon. As the carbon was disseminated in particles, there may exist many “hot point” regions, and this helps the muscovite reacting with the sulfuric acid. While the “hot point” regions were unable to be detected by temperature sensor, the characterization of the materials before and after leaching may be helpful for the explanation of this phenomenon. As it was difficult for the pyrite to be dissolved in sulfuric acid, the Fe leaching rate tendency was not violent in both MH and CH conditions. Thus, temperature was the major factor while the microwave power was strong enough.



The muscovite was dissolved with the cations released inside and the silicon residue remaining. Meanwhile, the quartz may compete with muscovite for HF [29,30]. The selective decomposition of muscovite with CaF2 in MH indicated the existence of selective “hot point” regions. For directly perceived evidence, the leaching residues in Run 17, with 10 wt % CaF2, were taken for the detailed micro morphology analysis. The results are shown in Figure 5.


Figure 5. The SEM-EDS results of the residues in Run 17: (a–c) in MH and (d–f) in CH.
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The muscovite minerals (Figure 5a,d) in the residue was seriously corroded in both MH and CH, and the straight edges shown in Figure 1 disappeared. Thus, the V inside was released. Compared with the residue in MH, the surface of quartz in CH (Figure 5b,e) was abnormally dissolved. Another remarkable piece of evidence was the appearance of pyrite in MH, which was coarse and full of tiny pores. Meanwhile, the pyrite found in CH residues (Figure 5c,f) still had smooth surfaces. It could be confirmed that the existence of “hot point” regions resulted in the desorption of small particles packed in the pyrite [31].



The leaching system with 9.81 wt % CaF2 added was much more sensitive to the hot regions resulted from microwave irradiation with the muscovite dissolved more drastically. Hence, the optimum condition of microwave assisted high carbonaceous black shale acid leaching was under the conditions of 9.81 wt % CaF2, 23.06 vol % H2SO4, 170.6 min and 350 W.





4. Conclusions


Via the comparative experiments of V leaching in microwave heating and conventional heating with RSM analysis, the proposed quadratic model was in good accordance with all of the two response factors’ experimental data. The influence order in MH and CH was CaF2 usage > H2SO4 concentration > leaching time. Compared with conventional heating, microwave was an efficacious impetus for V extraction. However, the microwave power itself was not a significant factor when the temperature of the leaching system was high enough. The interactive effect of CaF2 and H2SO4 concentration was confirmed in MH. With the optimization condition of 9.8 wt % CaF2, 23.0 vol % H2SO4, 170.6 min and 350 W, the actual values of V leaching efficiency in MH and CH were 85.43%, 79.64%, which agreed well with the predicted values.



Through the comparison of SEM-EDS analysis of the minerals before and after leaching, the prior dissolving of muscovite and pyrite with the coarse surface and structure destruction, which was contaminated by tiny carbon in MH, was observed. The selective heating of carbon and pyrite, which sequenced the large temperature gradient between solids and liquids in MH, accelerated the dissolving reaction of muscovite with CaF2 present as well as the V leaching in MH. It also confirmed the feasibility of microwave intensified V extraction from black shale.
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