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        Abstract



        
          Objective:


          Thermal Dissolution (TD) and Co-thermal Dissolution (CTD) of Shenfu (SF) coal and lignin were studied. The effect of temperature on the TD and CTD of SF coal and lignin was discussed.

        


        
          Method:


          The synergistic effect of SF coal and lignin in CTD was probed with the characterization of thermal dissolution soluble fraction by elementary analysis, FTIR and TG determinations.

        


        
          Result:


          The results suggested that TD activity of lignin was higher than that of SF coal. Both SF coal and lignin gave their maximal thermal dissolution yield (TDY) of 57.6 and 82.5%, respectively at 360oC. In CTD of SF coal and lignin process, the experimental values (expressed by EXP) of TDY and Thermal Dissolution Soluble Yield (TSY) were both higher than the corresponding calculated weighted mean values (expressed by CAL) of TDY and TSY obtained from the individual TD of SF coal and lignin, suggesting that there existed a synergistic effect in the CTD of SF coal and lignin. Both TDY and TSY in CTD were enhanced to maximal values at 360oC with (EXP-CAL) values of 3.4 and 7.5%, respectively.

        


        
          Conclusion:


          There were interactions between SF coal and lignin in the CTD process. The pyrolysis of lignin at low temperature may form some intermediates such as phenoxy radicals, and these intermediates can further cause depolymerization of coal, thus promoting the TD of coal.
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      1. INTRODUCTION


      Due to considerable greenhouse gas emission as well as the increased demands and limited reserves of petroleum, much more attention has been paid to energy security and environment-friendly conversion [1, 2]. Coal liquefaction is one of the significant ways for alternative transportation fuels production, especially in China, which is abundant in low-rank coal reserves while being short of oil resources [3]. However, the main disadvantages of direct coal liquefaction of low-rank coals are the low yield of liquefied oil and a large amount of the carbon dioxide emissions in this process. Biomass such as lignin is a kind of renewable energy with carbon neutralization. It is one of the promising substitutes for fossil fuels for energy consumption. Co-liquefaction of coal and biomass is one of the effective measures to supply alternative transportation fuels and to decrease the emission of greenhouse gas in the process, because partial substitution of coal by biomass can directly decrease the use of coal, thus decreasing CO2 emission,. therefore, it has been gaining increased research interest [4-6]. Co-liquefaction of coal and biomass can also give a great effect on the yields and quality improvement for the liquid products, and promote coal liquefaction under milder conditions [7-9]. In our previous researches, several potential uses of thermal dissolution soluble fractions have been found: Firstly, the thermal dissolution soluble fractions from sub-bituminous coal and lignite show a higher liquefaction activity compared to the corresponding raw coal under the same conditions. Secondly, the catalyst used in the liquefaction of thermal dissolution soluble fraction is reusable. Moreover, the yield of oil achieved from liquefaction of thermal dissolution soluble fraction is relatively high (>70 wt %) [10, 11]. Thus, a new pathway can be raised to commercial high-efficiency liquefaction of coal in the industry.


      Based on the liquefaction mechanism, lignin was firstly depolymerized into several substituted phenoxyl radicals at 300°C. The phenoxyl radicals then resulted in depolymerization of coal, thus promoting the liquefaction of coal [12, 13]. It can also be considered that Co-thermal Dissolution (CTD) of coal and lignin will promote Thermal Dissolution (TD) of coal through the generation of phenoxyl radicals from the thermolysis of lignin at low temperature. Furthermore, as a biomass, CTD of coal and lignin also shows the potential reduction of carbon dioxide emissions as compared to the TD of coal.


      In this paper, we have studied the CTD behavior of SF coal and lignin. We speculate that the TD of SF coal can be promoted by the addition of lignin at mild temperatures and the yield of the thermal dissolution soluble fraction in the CTD should be increased.

    


    
      

      2. EXPERIMENTAL


      
        2.1. Raw Materials


        A Chinese sub-bituminous coal, i.e. SF coal and industrial lignin were used in this study. The proximate and ultimate analyses results are shown in (Table 1).


        
          Table 1 Ultimate and proximate analyses of SF coal and lignin.


          
            
              
                	Sample

                	Proximate Analysis

                	Ultimate Analysisd
              


              
                	Ma

                (wt%)

                	Ab

                (wt%)

                	Vc

                (wt%)

                	C

                (wt%)

                	H

                (wt%)

                	N

                (wt%)

                	S

                (wt%)

                	Oe

                (wt%)
              

            

            
              
                	SF coal

                	4.7

                	15.6

                	39.3

                	80.75

                	5.25

                	1.18

                	0.46

                	12.36
              


              
                	Lignin

                	7.1

                	2.9

                	67.8

                	63.92

                	6.31

                	1.78

                	0.59

                	27.40
              

            
          


          
            a The moisture contents are based on the air dry basis. b The ash contents are based on the dry basis. c The volatile yields are based on the dry and ash free basis. d Elemental composition is based on the dry and ash free basis. e The O content is measured by difference.
          


        

      


      
        2.2. Thermal Dissolution


        TD was conducted at a flow-type extractor, and the descriptions of the general TD process in details are shown elsewhere [14, 15]. In order to thermally dissolve the feedstock, about 0.15 g of SF coal or lignin or the mixture of SF coal and lignin (1:1 in weight) in CTD was charged into a stainless steel tuber cell. The cell was sandwiched between a pair of sintered stainless steel filter plates (average pore size, 0.5 μm) on both sides. 1-methylnaphthalene (1–MN) then flowed through the cell at a rate of 1ml/min at the required temperature for 1.5 h to thermally dissolve the material in the cell. After the TD process finished, the residual solid left in the cell was referred to as TD insoluble fraction. An excess of n-hexane was finally added to the TD solution for thermal dissolution soluble fraction precipitation purpose. Therefore, the raw material was divided into three parts, i.e. the gas produced in TD, the thermal dissolution soluble fraction and TD insoluble fraction. The Thermal Dissolution Yield (TDY) was calculated by Eq. (1) based on the weight of TD insoluble fraction. The Thermal Dissolution Soluble Yield (TSY) was calculated by Eq. (2) based on the weight of thermal dissolution soluble fraction.


        
          
            	[image: ]

            	(1)
          

        


        
          
            	[image: ]

            	(2)
          

        


        where m1 (g), m2 (g), m3 (g), and Ad (wt %, db) are the initial masses of the raw materials, TD insoluble fraction, the thermal dissolution soluble fraction, and the ash content of the raw material, respectively. The TD and CTD of SF coal and lignin were duplicated, and the experimental error of two parallel tests was within 5%. The results reported in this study were the mean values of the two parallel runs.

      


      
        

        2.3. Characterization of a Thermal Dissolution Soluble Fraction


        The elemental analysis was measured with an Elementar Vario EL III elemental analyzer. All elemental analyses were duplicated, and the experimental error was within 2%.


        FTIR was measured by a NICOLET6700 FT-IR spectrometer with a resolution of 4 cm-1. 1 mg of sample was mixed with 100 mg of KBr and then was formed into a pellet for the FTIR measurement.


        The synchronous fluorescence spectrum was performed at a Hitachi F-4600 spectrophotometer. The thermal dissolution soluble fraction was diluted in tetrahydrofuran to a concentration of 5 mg/l and placed in a quartz cell of 1 cm path length. A 150W xenon lamp was used as the excitation source. Emission and excitation wavelength difference was 13 nm. The spectrum was scanned from 200 to 900 nm at a speed of 240 nm/min.


        Thermogravimetric (TG) analysis was carried out on an STA-449-F3 Jupiter analyzer. About 10 mg of sample was placed in an alumina pan and heated from 25 to 900oC at a rate of 10oC /min. The argon gas flow rate was 50 ml/min.

      

    


    
      

      3. RESULTS AND DISCUSSION


      
        3.1. Pyrolysis of SF Coal and Lignin


        Fig. (1) compares the TG and DTG results of SF coal and lignin. The weight loss rate of lignin was about 55 wt% in the whole studied temperature range, which is much higher than that of SF coal of 29 wt%. If not taking the removal of moisture into account, the TG curve of lignin can be divided into three regions by different slopes. These regions can be attributed to the decompositions of hemicelluloses, cellulose, and lignin [16]. It can be observed that the initial pyrolysis temperature of lignin was about 200oC from TG curve using tangent line method according to the literature [17], and the maximum rate of weight loss was obtained at about 350oC as shown in DTG curve. A shoulder peak at about 250oC near the peak of the maximum rate of weight loss could be observed from the DTG curve of lignin. The shoulder and the maximum rate of weight loss peaks can be attributed to the hemicelluloses and cellulose decompositions, respectively according to the literature [18], and the peak corresponding to lignin was completely overlapped by the two peaks. After completion of this rapid devolatilization region up to about 550oC, several slow devolatilization regions were taken up to 900oC. This is in accordance with the low fixed carbon, ash and high volatile matter contents of lignin.


        [image: ]
Fig. (1)

        TG/DTG curves of SF coal and lignin.

        The initial pyrolysis temperature of SF coal was about 370oC, and the temperature of the maximum rate of weight loss was about 440oC. Rapid devolatilization region continued up to 550oC, and then slow devolatilization took place till 900oC. This is also in accordance with the contents of fixed carbon and ash in SF coal. Fig. (1) shows that both the initial pyrolysis temperature and the maximal rate of weight loss temperature of SF coal were much higher than those of lignin, respectively. The maximal weight loss rate of 1.9%/min for SF coal was lower than that of 2.8%/min for lignin as shown in the DTG curves. The results suggest that lignin is easier to be pyrolyzed compared to SF coal.

      


      
        3.2. Individual TD of SF Coal and Lignin


        Fig. (2) shows the TD results of SF coal at different temperatures. With the TD temperature rising, both TDY and TSY increased to 360oC and then decreased when the TD temperature further increased to 380oC. The maximal TDY and TSY were 57.6 and 52.1%, respectively at 360oC. The pyrolysis of SF coal may take place at 380oC as indicated by TG above, thus causing the condensation reaction to take place rigorously, resulting in a decrease in both TDY and TSY. TDYs at all temperatures were higher than the corresponding TSYs, suggesting that a certain amount of gas was produced at the TD of SF coal process. The (TDY-TSY) difference got to minimal value at 340oC.


        [image: ]
Fig. (2)

        TD of SF coal at different temperature.

        Fig. (3) shows the TD results of lignin at different temperatures. The TDY reached the maximal value of 82.5% at 360oC. The TSY gave its maximal value of 56.2% at 340oC. However, SF coal gave both maximal TDY and TSY at 360oC mentioned above. Further raising the TD temperature to 380oC, both TDY and TSY decreased due to condensation reactions. Lignin gave higher TDYs and (TDY-TSY) differences than SF coal at the same temperature, suggesting that the TD activity of lignin was higher than that of SF coal and more gases were produced in the TD of lignin. This result is in accordance with the TG/DTG result mentioned above.
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Fig. (3)

        TD of lignin at different temperatures.
      


      
        3.3. CTD of SF Coal and Lignin


        Table 2 shows the effect of SF coal/lignin mixing ratio on the CTD results at 360oC in a 1-MN solvent. For comparison, TDY and TSY from individual TD of lignin and SF coal are also presented in Table 2. It can be observed that with decreasing amount of lignin in the mixture, both TDY and TSY decreased. The mixing ratio of SF coal/lignin increased from 1:1 to 2:1, the TDY and TSY decreased from 73.8 to 64.9% and 59.6 to 55.7%, respectively as shown in Table 2. It is interesting that the TSY gave the maximal value of 59.6% at 1:1 of SF coal/lignin mixing ratio and this value was higher than the TSY of single TD of lignin or SF coal. In the TD products, the thermal dissolution soluble fraction should be the most valuable and preferable product. Therefore, in the CTD of SF coal and lignin, the mixing ratio of SF coal/lignin as 1:1 in weight was chosen in this study.


        
          Table 2 Comparison of TDY and TSY for the co-thermal dissolution of Shenfu coal and lignin at different mixing ratios.


          
            
              
                	SF Coal/Lignin Ratio

                	TDY

                	TSY
              

            

            
              
                	lignin

                	82.5

                	52.2
              


              
                	1:1

                	73.8

                	59.6
              


              
                	2:1

                	64.9

                	55.7
              


              
                	SF coal

                	57.6

                	52.1
              

            
          


        


        Fig. (4) shows the CTD results of SF coal and lignin at a mixing ratio of 1:1 in weight. The changes of TDY and TSY with TD temperature in CTD are same as those in single TD of SF coal. With CTD temperature rising from 300 to 360oC, both TDY and TSY increased. The maximal values of TDY and TSY were achieved at 360oC, which were 73.8 and 59.6%, respectively. The difference of TDY-TSY gave the minimum value of 11.3% at 340oC. Assuming that there are no synergistic interactions between SF coal and lignin in the CTD, the TDY and TSY in CTD should be equal to the corresponding calculated weighted mean values from the individual TD of SF coal and lignin. For simplicity, the calculated weighted mean value was defined as CAL value, and the experimental value was defined as EXP value hereafter. Fig. (5) shows the (EXP-CAL) value differences of TDY and TSY at different temperatures. If the difference of EXP-CAL is equal to 0, it may suggest that there is no interaction between SF coal and lignin in the CTD. As shown in Fig. (5), the experimental values (EXPs) for both TDY and TSY were higher than the corresponding calculated values (CALs), at all CTD temperatures, suggesting that in the CTD of SF coal and lignin, there actually existed synergistic effect, resulting in increases of the EXP values of TDY and TSY compared to the corresponding CAL values. The free radicals or intermediates formed from the pyrolysis of lignin may be responsible for the synergistic effect [7, 14]. Both TDY and TSY were promoted to maximal values at 360oC with (EXP-CAL) values of 3.4 and 7.5%, respectively. The promoted values of TDY and TSY at 320oC were larger than the corresponding values at 300 or 340oC. This may suggest that the synergistic effect is affected by TD temperature, and the free radicals or intermediates formed from pyrolysis of lignin at 320oC are more effective to promote depolymerization and hydrogenation of SF coal. It is interesting that at CTD temperature from 300 - 360oC, the (EXP-CAL) values of TSY are all higher than those of TDY at the same temperature. This may suggest that the synergistic effect between SF coal and lignin in the CTD is more preferable to promote the formation of thermal dissolution soluble fractions, thus resulting in the additional enhancement of TSY.


        [image: ]
Fig. (4)

        CTD of SF coal and lignin at different temperature.

        [image: ]
Fig. (5)

        (EXP-CAL) of TDY and TSY at different temperatures.
      


      
        3.4. Characterization of the Thermal Dissolution Soluble Fraction


        Tables 3 and 4 show the elemental compositions of the thermal dissolution soluble fractions of SF coal and lignin obtained at different temperatures, respectively. For thermal dissolution soluble fractions of SF coal, with the TD temperature rising from 320 to 360oC, C% increased and O% decreased. However, further raising the TD temperature to 380oC, C% decreased and O% increased. The TSY and TDY of SF coal achieved maximal values at 360oC as mentioned above. This may suggest that the condensation reactions at high TD temperature may easily take place within the oxygen functional groups, resulting in the decrease of O% in the thermal dissolution soluble fraction obtained at 380oC. As the lignin contained more oxygen and less carbon than SF coal as shown in Table 1, therefore, the O% was much higher and C% was lower in the thermal dissolution soluble fractions from lignin compared to those from SF coal. Both (EXP-CAL) values of TDY and TSY gave the maximum at 360oC as shown in Fig. (4). Table 4 shows the comparison of elemental compositions of CAL and EXP values for the thermal dissolution soluble fraction obtained from the CTD at 360oC. It can be observed that O% of EXP value was much lower than that of CAL value, suggesting that more parts of thermal dissolution soluble fraction came from SF coal due to the synergistic effect. This may demonstrate that depolymerization of lignin in CTD promotes the TD of SF coal.


        
          Table 3 Ultimate analysis of thermal dissolution soluble fractions of SF coal at different temperatures.


          
            
              
                	Temperature

                (oC)

                	C

                (wt%)

                	H

                (wt%)

                	N

                (wt%)

                	S

                (wt%)

                	Oa

                (wt%)
              

            

            
              
                	320

                	78.79

                	5.38

                	4.24

                	0.95

                	10.65
              


              
                	340

                	82.54

                	5.61

                	3.04

                	0.66

                	8.15
              


              
                	360

                	83.10

                	5.54

                	3.68

                	0.87

                	6.81
              


              
                	380

                	80.61

                	5.58

                	3.31

                	0.73

                	9.77
              

            
          


          
            a The O content is measured by difference.
          


        


        Fig. (6) shows the FTIR spectra of the thermal dissolution soluble fractions from single TD of SF coal and lignin and their CTD at 360oC. The intensity of the band at 1680 cm-1, which is attributed to carbonyl C=O in the thermal dissolution soluble fraction from CTD decreased when compared with the thermal dissolution soluble fraction from TD of lignin, suggests that the most parts of the thermal dissolution soluble fraction in CTD were from SF coal. The band at 1510 cm-1, which is attributed to CH2- stretching obviously appeared in the thermal dissolution soluble fraction from CTD, and also this band could be clearly observed in the thermal dissolution soluble fraction from TD of lignin, suggesting that a certain amount of thermal dissolution soluble fraction in CTD was from lignin. The adsorption peak at 3030 cm−1, which is attributed to aromatic C-H stretching [19] almost disappeared in the thermal dissolution soluble fraction from CTD, and this was also observed in the decreased intensities of bands of 750−900 cm−1, which are attributed to the aromatic out-of-plane CH bending bands [20] in the thermal dissolution soluble fraction from CTD, suggesting that thermal dissolution soluble fraction from CTD contained less amount of aromatic compounds compared to that from TD of SF coal or lignin. The results may suggest that there exist interactions between coal and lignin in the CTD process, and the interactions promote the TD of SF coal.


        [image: ]
Fig. (6)

        FTIR spectra of thermal dissolution soluble fractions from TD and CTD of SF coal and lignin at 360oC.

        
          Table 4 Comparison of elemental compositions of thermal dissolution soluble fraction obtained in at 360oC between the CAL and EXP values.


          
            
              
                	Sample

                	C

                (wt%)

                	H

                (wt%)

                	N

                (wt%)

                	S

                (wt%)

                	Oa

                (wt%)
              

            

            
              
                	EXP

                	78.90

                	5.44

                	4.39

                	0.86

                	10.41
              


              
                	CAL

                	78.43

                	5.70

                	3.69

                	0.78

                	11.40
              

            
          


          
            a The O content is measured by difference.
          


        


        Fig. (7) shows the synchronous fluorescence spectra of thermal dissolution soluble fractions from TD and CTD of SF coal and lignin at 360oC (expressed by EXP), and the corresponding calculated mean CTD spectrum based on the individual spectrum of thermal dissolution soluble fraction from TD of SF coal and lignin at 360oC (expressed by CAL). In general, the polyaromatic hydrocarbons (PAHs) with a different number of rings have different fluorescing properties. According to the literature [21, 22], in this study, the synchronous fluorescence spectrum peaks at 280-300 nm, 300-340 nm, 340–400 nm, and more than 400 nm are attributed to the PAHs containing 1, 2, 3, and 4~ rings, respectively. It can be observed from Fig. (7) that the thermal dissolution soluble fraction obtained from TD of SF coal at 360oC was mainly composed of 3, 4 and more than 4 rings PAHs, but the PAHs in thermal dissolution soluble fraction from lignin mainly consisted of 1 and 2 rings. If there are no interactions in the CTD of SF coal and lignin, the synchronous fluorescence spectrum (EXP) of the thermal dissolution soluble fraction obtained from the CTD of SF coal and lignin should be the same as the calculated mean spectrum (CAL) in CTD based on the individual spectrum of thermal dissolution soluble fraction from TD of SF coal and lignin as shown in Fig. (7). Comparing the two spectra of CTD (EXP) and (CAL), it can be observed that the content of more than 4 rings PAHs in the thermal dissolution soluble fraction obtained from the CTD (EXP) of SF coal and lignin is less than that of the calculated CTD (CAL) results. In the meantime, the contents of PAHs with 3 and 4 rings in the thermal dissolution soluble fraction from CTD (EXP) increased. The results suggest that there are some interactions in the CTD of SF coal and lignin, and the pyrolysis of lignin in the lower temperature can promote the depolymerization of coal, especially for the macromolecules of coal with more than 4 rings PAHs, thus resulting in a decrease in the EXP contents of PAHs with more than 4 rings in the thermal dissolution soluble fraction of CTD compared to that of calculated CAL result.


        [image: ]
Fig. (7)

        Synchronous fluorescence spectra of thermal dissolution soluble fractions from TD and CTD (EXP) of SF coal and lignin at 360oC and the calculated CTD (CAL) spectrum.

        [image: ]
Fig. (8)

        TG curves of thermal dissolution soluble fractions from TD and CTD of SF coal and lignin at 360oC.

        Fig. (8) shows the TG curves of the thermal dissolution soluble fractions from TD of SF coal and lignin at 360oC. The TG curves of thermal dissolution soluble fractions from CTD (EXP) and the corresponding calculated mean result (CAL) obtained from the TG curves of thermal dissolution soluble fractions from individual TD of SF coal and lignin are also shown in Fig. (8). The weight losses of the thermal dissolution soluble fraction from TD of lignin were larger than those of thermal dissolution soluble fraction from TD of SF coal after 300oC, and the differences of their weight loss increased obviously especially after 500oC. This may suggest that the thermal dissolution soluble fraction of lignin contains more light constituents and is easy to pyrolyze compared to that of SF coal. The TG curve (CAL) fall in between the TG curves of the thermal dissolution soluble fractions from SF coal and lignin. It is very interesting that the weight loss of the thermal dissolution soluble fraction of CTD (EXP) was larger than that of the CAL value before 650oC, and then it gave less weight loss than that of CAL value after 650oC. It should also be noted that weight losses of the thermal dissolution soluble fraction of CTD (EXP) were even larger than those of the thermal dissolution soluble fraction of lignin before 530oC. The results demonstrate that the pyrolysis of lignin at low temperatures may form some intermediates such as phenoxy radicals [12], and these intermediates can cause depolymerization of coal, thus promoting the TD of coal. The depolymerization of coal can take place at original thermal dissolution soluble fraction of SF coal as indicated by CTD (EXP) synchronous fluorescence spectrum in Fig. (7), resulting in larger weight loss of a thermal dissolution soluble fraction of CTD (EXP) at low temperatures. The depolymerization of coal can also occur in some heavy compositions, which are original TD insoluble fractions of SF coal, and this causes thermal dissolution soluble fraction of CTD (EXP) to have lower weight loss at high temperatures.

      

    


    
      

      CONCLUSION


      Both the SF coal and lignin gave their maximal TDY of 57.6 and 82.5%, respectively at 360°C. The TD activity of lignin was higher than that of SF coal and a greater amount of gases was produced in the TD of lignin.


      There existed synergistic effect in the CTD of SF coal and lignin, and the synergistic effect promoted increases of the EXP values of TDY and TSY compared to their corresponding CAL values. Both the TDY and TSY were promoted to maximal values at 360oC with (EXP-CAL) values of 3.4 and 7.5%, respectively. The synergistic effect between SF coal and lignin preferred to promote the formation of a thermal dissolution soluble fraction, resulting in an increase of TSY.


      Interactions between SF coal and lignin in the CTD process were observed. The pyrolysis of lignin at low temperatures might form some intermediates such as phenoxy radicals, and these intermediates could cause the depolymerization of coal, thus promoting the TD of coal.
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