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White rot fungi mixed culture technology was applied in order to improve the efficiency of lignite liquefaction. In this paper, 15 fungi were used to liquefy Zhaotong lignite. The results showed that there was a good linear relationship between the liquefaction effect and lignin peroxidase (LiP). Since the low activity of LiP is the barrier in real practice, five strains with the highest LiP activity for a combinatorial culture suggested that a mixed strains culture is an effective way to improve LiP activity and the liquefaction effect, and the average enzyme activity was 76.28 U/L. The single strain, however, was only 19.24 U/L. Among 10 mixed culture strains, four of them showed obvious synergy, and the one with maximum enzyme activity had increased by 6.7 times its original size. The analysis of lignite and liquefaction products using 13C NMR showed that the aromatic carbon (fa) decreased while the phenol or aromatic ether carbon ([image: image]) and oxygen-linked fatty carbon ([image: image]) increased, which proved that LiP had undergone ring-opening, oxidation, and other reactions during lignite liquefaction.
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INTRODUCTION

Coal is one of the main energy sources in China. According to BP's World Energy Statistics Report in June 2017, the total coal consumption of China was 1,685.7 million tons of oil equivalent in 2016, which accounts for 46.1 and 61.8% of the world's coal consumption and primary energy consumption, respectively (BP Statistical Review, 2017). The reserve of lignite resources contains over 130 billion tons of coal, accounting for ~13% of the national coal reserves (Han et al., 2016). However, lignite has obvious disadvantages such as high moisture content, high ash content, high porosity, and low calorific value. Therefore, it is not suitable for direct use. Normally, lignite is burnt to generate electricity, however its use in electricity generation has caused issues; environmental issues such as haze are becoming increasingly prominent during the combustion process (Zhang et al., 2015), resulting in many lignite power plants being shut down.

The chemical process of turning lignite into a high value chemical compounds is a promising method; however, these conversion processes have to be carried out under high temperature and high pressure, and they generate hazardous secondary compounds during the process (Choudhary et al., 2016; Barbara, 2017). Compared to chemical treatment, the microbial liquefaction of lignite is an environmentally friendly, mild reaction condition with no secondary pollution method, and it is therefore attracting the interest of researchers (Jiang et al., 2013; Romanowska et al., 2015; Shi et al., 2015; David et al., 2017; Luo et al., 2017).

The reason why lignite can be degraded by microorganisms is that coal is a complex macromolecular polymer consisting of large polycyclic aromatic clusters of several rings (Hayatsu et al., 1979; Hölker et al., 1999). It is produced by ancient plants in different natural environments through a series of biological, chemical, and physical chemical effects. The biodegradation of coal is a process that uses oxidative depolymerization combined with the participation of microorganisms or bioactive enzymes; it can be considered the reverse process of coal formation. Many studies have reported that certain fungi (most representative is white rot fungi) can secrete lignin-degrading enzymes such as lignin peroxidase (LiP, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13), laccase (Lac, EC 1.10.3.2), and hydrolase (Mäkelä et al., 2013; Barrasa et al., 2014) to degrade lignin. Since Coal is generated from plants, low-rank coal contains many lignin structures, such as lignite. There are many side chains and bridges in coal molecules, and the content of reactive functional groups is high, which make it very easily degraded by microorganisms (Hölker et al., 1999).

Lignin peroxidase (LiP) is one of the most popular white rot fungi extracellular enzymes studies. LiP was first discovered in Phanerochaete chrysosporium (Tien and Kirk, 1983), and various isozymes of LiP are also present in other white rot fungi. The LiP isozyme is a type of glycoprotein with a molecular weight of 38–46 kDa, an isoelectric point of 3.2–4.0, an optimal enzyme activity temperature of 35–55°C, and an optimum pH of 2–5 (Asgher et al., 2006). Each mol of protein contains 1 mol of iron-protoporphyrin IX. The redox potential of LiP is 1.5 V. In the presence of H2O2, LiP can oxidize and decompose aromatic polymers, which are considered to be one of the key enzymes for lignin degradation. LiP contains a series of isozymes including Fe3+, porphyrin rings, and heme cofactors. Tien and Kirk (1988) believed that LiP can make use of H2O2 and organic peroxides to catalyze a series of substrates, and its catalytic action is non-specific. Haemmerli et al. (1986) and Hammel et al. (1986) found that LiP has a wide range of substrates, including phenolic and non-phenolic aromatic compounds, which can oxidize substrates such as lignin monomers, disomics, triads, and polycyclic aromatic hydrocarbons. The structural units of lignin are mainly linked by ether bonds (β-O-4) and carbon–carbon bonds (C-C). LiP degrades lignin by catalyzing the Cα-Cβ chain of the lignin side chain (Hammel et al., 1993).

The main types of reaction catalyzed by LiP include: (1) C-C fracture, including both ring opening and side chain fracture; (2) demethylation, methoxy; (3) benzyl alcohol; and (4) hydroxylation, among others (Haemmerli et al., 1986; Hammel et al., 1986; Tien and Kirk, 1988).

Studies found that strains play an important role in the degradation process of lignite, and the performance of strains determines the success or failure of microbial liquefaction. For a long time, scholars in China and other countries have made great achievements in strain screening, domestication, and identification (Cohen and Gabriele, 1982; Maka et al., 1989; Bublitz et al., 1994; Gokcay et al., 2001). Nevertheless, the low activity of strains, long liquefaction period, and low liquefaction efficiency are still the most intractable technical problems in the liquefaction of coal microorganisms, which restricts the further development of coal microbial liquefaction technology. It has been proved that no liquefaction of macromolecules by microorganisms is performed by absolutely single microorganisms. Instead, the interactions and interrelationships between various microorganisms in the mixed strains liquefaction system have significant effects on biological liquefaction.

The co-cultivation of mixed strains has been applied to the degradation of lignin and the synthesis of natural products. Wen et al. (2005) demonstrated that Aspergillus phoenicis and Trichoderma reesei could be co-cultured to produce β-glucosidase and cellulase. Trichoderma reesei was co-cultured with Coprinus comatus to improve laccase activity, and the results showed that the highest laccase activity from the co-culture was 2.6-fold greater than that of the C. comatus monoculture and reached its peak 3 days earlier (Ma and Ruan, 2015). Three white rot fungi, Dichomitus squalens, Trametes versicolor, and Pleurotus ostreatus, were chosen as laccase production fungi to reveal the differential levels of intracellular metabolites when fungal mycelia interact with each other. Chuanren et al. (2009) took Trametes cinnabarina, P. ostreatus, and P. chrysosporium as mixed culture examples of white rot fungi. By measuring the activity of ligninase, it was found that the compound strains produced higher enzyme activity than single strains.

However, there has been few open public reports on the liquefaction of lignite by mixed strains. Therefore, based on strain screening, this article compared the relationship between the activity and liquefaction effect of extracellular lignin peroxidase secreted by single strains and mixed strains. As a result, the role of depolymerization of peroxidase in lignite lignin was expounded based on the changes of the macromolecular structure of lignite before and after depolymerization, which can lay the foundation for elaborating on the bio-liquefaction mechanism of lignite.



EXPERIMENTAL MATERIALS AND METHODS


Coal and Its Pretreatment

Coal samples used in this study were collected from the Zhaotong opencast lignite mine. The coal was first ground to below 0.2 mm, and then, through proximate analysis, it was found that the water content of Zhaotong lignite reaches 35.56%, and the ash content is 27.51%. In order to improve its liquefaction efficiency, oxidation pretreatment was carried out. Nitric acid oxidation was generally considered as one of the most effective and commonly used methods (Machnikowska et al., 2002). The concentration of nitric acid was 8 mol/L and mixed with the coal particles in a ratio of 1 g:2 mL. After oxidation for 48 h, the oxidized coal was washed with deionized water until the pH of the washing solution was >5.5.



Microorganism

There were two major sources of experimental microorganisms. First, there were two white rot fungi, T. versicolor (CGMCC NO 5.960) and Schizophyllum commune (CGMCC NO. 5.390), which were purchased from the Institute of Microbiology at the Chinese Academy of Sciences (IMCAS) and used after activation in PDA culture (boiled potato 200 g/L, glucose 20 g/L). Second, there were the microorganisms screened from the surrounding soil, pit water, and decay wood in the Zhaotong open lignite mine area. The screening method was based on existing research results (Sridevi and Charya, 2011), and the selected bacteria, actinomycetes, and fungi were further separated and purified. The result showed that Zhaotong nitric acid pretreated coal was sprinkled on the surface of microorganisms and present the situation of being liquefied. If microbes can liquefy coal into black drops or liquefied product dye these microorganisms could be used for further liquefaction.



Culture of Single White Rot Fungi and Coal Liquefaction

The coal liquefaction fungus medium was DOX medium consisting of (L−1): Sodium glutamate 2.0 g, NaNO3 3.0 g, Glucose 10.0 g, K2HPO4 2.0 g, MgSO4·7H2O 0.5 g, and KCl 0.5 g.

Puncturing a well-developed place on PDA medium with a 4-mm bore punch, the inoculated needles were used to separate and transfer the cake to an Erlenmeyer flask containing DOX liquid medium, and this was then cultivated in an incubator at a rotation speed of 120 rpm at 28°C. When the strain grew vigorously in the DOX medium, 0.50 g of pretreated Zhaotong lignite was added to the medium and the culture was continued in the incubator.

In order to determine the liquefaction effect of strain on lignite, 1 mL liquid was removed periodically from the cone bottle and characterized by 450 nm absorbance; as much research has shown, the greater the absorbance is the better the effect of lignite liquefaction (Shin et al., 1995; Hofrichter and Fritsche, 1997; Gokcay et al., 2001; Shi et al., 2013).



Culture of Mixed White Rot Fungi and Coal Liquefaction

Through the comparison of liquefaction and the enzyme activity of single strains, the researchers selected mycelium strains with higher enzyme activity and blended the two for mixed cultivation. For the cultivation of a single strain, two identical mycelium cakes were picked out; for the mixed strains, two mycelium cakes with different strains were inserted into the same Erlenmeyer flask. Then, the inoculated flasks were placed in a constant temperature shaker at 28°C. The culture solution was periodically taken out as a crude enzyme solution, and the enzyme activity was measured. After a certain period of time, 0.5 g of lignite was added, and the liquefaction continued. In addition to this, the absorbance at 450 nm and the enzyme activity were measured periodically and compared with the liquefaction of a single strain.



Determination of the Activity of Lignin Peroxidase

A 1 mL reaction solution plus 0.2 mL resveratrol solution (10 mmol/l), 0.4 mL tartrate buffer (250 mmol/L, pH 3.0), 0.4 mL culture solution or dilution, and 20 μL hydrogen peroxide solution (20 mmol/L) were selected. After a few minutes of reaction in a 10°C water bath, the change of absorbance value at the wavelength of 310 nm was measured. The formation of 1 μmol of veratraldehyde by oxidation of resveratrol per minute was defined as an enzyme activity unit, as shown in Equation (1):

[image: image]

where N is the dilution multiple, ΔOD310 is the increase in absorbance of the reaction solution at 310 nm in 3 min, and 9,300 is the molar absorptivity (L mol−1 cm−1) of the oxidation state of resveratrol.



Macromolecular Structure Analysis of Lignite and Its Liquefaction Products

In order to study the catalysis of lignin peroxidase in the liquefaction of lignite, 13C NMR analysis was performed on the lignite and the liquefaction products obtained after liquefaction by a Bruker AVANCE III 400 WB Fourier transform NMR spectrometer. The static magnetic field was B0 = 9.4 T, and the corresponding proton and 13C resonance frequencies were 400.1 and 100.6 MHz, respectively. The spectrometer used a 7 mm diameter ZrO2 rotor with a magic angle rotation speed of 4 kHz and a transfer of 54.7°. By using CP/MAS/TOSS nuclear magnetic resonance technology, the cross-polarization contact time was 1 ms and the cycle time was 2 s. The 13C chemical shift δ was referenced to hexamethylbenzene of high-field magnetic resonance (17.17 ppm).

Eight lignite macromolecular structural parameters and their liquefaction products were calculated in order to calculate the change of the connection form of various carbons before and after liquefaction (Solum et al., 1989). The ratio of aliphatic carbon (fal, δ < 100 ppm), aromatic carbon (fa, δ > 100 ppm), phenol or aryl ether carbon ([image: image], δ = 150–165 ppm), carbonyl carbon ratio ([image: image], δ > 165 ppm), adeps-methyl or arylmethyl ([image: image], δ = 0–22 ppm), substituted aromatic carbon in the aromatic ring ([image: image], δ = 135–150 ppm), quaternary carbon, aliphatic carbon attached to oxygen atom ([image: image], δ = 50–95 ppm), and CH or CH2 ([image: image], δ = 22–50 ppm) can be calculated based on the absorption peak area of the chemical shift, as shown in Equations (2–9).
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EXPERIMENTAL RESULTS AND ANALYSIS


Strain Screening

Thirty-four fungi were screened and continuously purified from soil, pit water, and decay wood, and then used for lignite liquefaction. There are 13 fungi with significant liquefaction capacity: ZTW107, GL301, ZX092, ZT201, ZT053, ZT101, ZTW07, ZTL153, SL203, ZTM23, ZTL307, ZTL205, and SL112. These strains can liquefy Zhaotong lignite, and the liquefaction effect of lignite in one strain is shown in Figure 1, from which it can be found that a and b are the control groups. In c, we can see that the fungi have liquefied the Zhaotong lignite into black droplets, and in d we can see that the resulting black liquefaction products have dyed the DOX black.


[image: Figure 1]
FIGURE 1. Effect of White Rot Fungi on Liquefaction of Zhaotong Lignite. (A) Strains + DOX culture; (B) Zhaotong lignite + DOX culture; (C) strains + DOX culture + Zhaotong lignite (upper side); (D) strains + DOX culture + Zhaotong lignite (back side).




Effect of Single White Rot Fungi on Lignite Liquefaction

The 13 fungi screened above, together with the two typical coal liquefaction fungi purchased, T. versicolor and S. commune, were inoculated to DOX medium. On the second day, Zhaotong lignite was added and continued to cultivate, and the extracellular LiP activity was also measured on the ninth day. The result is shown in Figure 2, which reveals that there is a large difference in the activity of LiP enzymes produced by different fungi, with the lowest being ZTW107, which is 1.94 U/L. Five strains with highest LiP enzyme activity are SL203, T. versicolor, ZTL153, S. commune, and ZTW07, that is, 51.2, 56.8, 46.3, 64.0, and 25.2 U/L, respectively.


[image: Figure 2]
FIGURE 2. Comparison of the activity of 15 single white rot fungi.


At the same time, the absorbance at 450 nm was measured. Taking LiP enzyme activity as abscissa and absorbance at 450 nm as ordinate, and the relationship between the liquefaction effect and LiP enzyme activity is plotted and shown in Figure 3. From the figure, we can see that there is a clear linear relationship between the liquefaction effect (A450) and LiP activity. R2 is 0.9779, and y (liquefaction effect) = 0.0381 × (LiP activity) + 0.5212. The result shows that LiP plays an important role in the Zhaotong lignite liquefaction.


[image: Figure 3]
FIGURE 3. The relationship between the effect of a single strain and the activity of the LiP enzyme.




Effect of Mixed White Rot Fungi on Lignite Liquefaction

The five fungi with the highest LiP activity and liquefaction effects from Figure 2, strains ZTW07, ZTL153, SL203, S. commune, and T. versicolor, were selected, and two strains of the five were blended for mixed strains culture. The LiP activity of the mixed strains on the ninth day is shown in Figure 4, and the relationship between LiP activity and the liquefaction effect (A450 nm) is shown in Figure 5. As shown in Figure 5, lignite liquefaction (absorbance at 450 nm) still has a high linear relationship with LiP in mixed strains. y(absrobance at 450 nm) = 0.03496 × (activity of Lip) – 0.08511 and R2 is 0.9484.


[image: Figure 4]
FIGURE 4. Comparison of the activity of mixed strains on day 9.



[image: Figure 5]
FIGURE 5. Relationship between LiP activity and the liquefaction effect of mixed white rot fungi.


Comparing Figure 2 and Figure 4, we can see these four mixed strains, which are combination 1 (S. commune + T. versicolor), combination 2 (T. versicolor + ZTW07), combination 5 (T. versicolor + SL203), and combination 9 (ZTW07 + SL203), have much higher LiP activity than a single strain. In order to compare the enzymatic activity of single strains and mixed strains, the activity of LiP needs to be measured before the addition of lignite on day 0 as well as on day 3rd, 6th, and 9th day after the addition of lignite. The change of enzyme activity was plotted, and the results are shown in Figure 6.


[image: Figure 6]
FIGURE 6. Comparison of lignin peroxidases in different combinations of mixed strains. (A) mixture of S. commune and T. versicolor, (B) mixture of T. versicolor and ZTW 07, (C) mixture of T. versicolor and SL203, (D) mixture of ZTW07 and SL203.


Figure 6A shows that the mixed strains culture of S. commune and T. versicolor both have a synergistic effect on the liquefaction of lignite. The highest LiP activity of S. commune and T. versicolor were 63.978 and 25.215 U/L, respectively, while the highest activity after mixing was 95.663 U/L. The combinations of T. versicolor and ZTW07 (Figure 6B), T. versicolor and SL203 (Figure 6C), and ZTW07 and SL203 (Figure 6D) also had strong synergy in secreting LiP enzymes. The highest enzymatic activity of the single strain, T. versicolor and ZTW07, was 25.215 and 56.802 U/L, respectively, while the highest activity after mixing was 170.00 U/L, which was 6.7 and 3.0 times that of the single strain. The highest enzymatic activity of T. versicolor and SL203 was 1.6 and 2.9 times that of the single strain, respectively. The highest enzymatic activity of ZTW07 after mixing and SL203 after mixing was 1.9 and 2.1 times that of the single strain, respectively.

Other combinations of mixed strains had no significant effect on LiP secretion, and this was even lower than that of a single strain, as shown in Figure 4 (number 3, 4, 6, 7, 8, and 10).

After considering all the combinations, T. versicolor and ZTW07 have the highest LiP activity, which reached 170.00 U/L on the 9th day of coal liquefaction.



Comparison of Liquefaction of Lignite by Single Strains and Mixed Strains

Table 1 shows a comparison between the main indicators in the liquefaction of lignite by single strains and mixed strains. It can be clearly seen that the highest lignin peroxidase activity of the mixed strains was 170.00 U/L, and the average activity was 76.28 U/L, while the single strain was only 63.98 and 19.24 U/L. Similarly, the liquefaction effect (absorbance at 450 nm) of the mixed strains has a maximum value of 5.91 and an average value of 2.58, whereas single strains had only 3.08 and 1.25. Therefore, the liquefaction of mixed strains is an effective way to improve the liquefaction efficiency of lignite, and lignin peroxidase plays a key role in this.


Table 1. Comparison of liquefaction of lignite by single strains and mixed strains.

[image: Table 1]



13C NMR Analysis of Macromolecules Structure of Lignite and Its Liquefaction Products

This section has analyzed the macromolecular structure of lignite before liquefaction and its liquefied product. Since carbon is the main skeleton element of coal macromolecules, 13C NMR was used for analysis in this study. The results are shown in Figure 7. Table 2 lists the corresponding carbon connections represented by the peaks in the spectrum. From Figure 7 and Table 2, the main forms of carbon in lignite are -CH3 (20.3, 17.9 ppm), aromatic ring (128.9, 134.0 ppm), followed by -CH2- (42.8 ppm) and -COOH/R (162.5 and 178.3 ppm). On the other hand, for liquefied products, the predominant form of C is =C-O-(81.5 ppm), followed by aromatic and heterocyclic C (142.1, 151.1 ppm), -CH2- (37.3 ppm), and -COOH (187.1 ppm).


[image: Figure 7]
FIGURE 7. 13C NMR spectra of coal and liquefaction products.



Table 2. 13C NMR peak assignment table.

[image: Table 2]

According to the spectral information in Figure 7, the macromolecular structure parameters of lignite and liquefaction products can be calculated by calculating the spectral area of different chemical shifts using the origin. The results are listed in Table 3. It is revealed that the aromatic carbon rate fa of lignite is 56.52%, which shows that the coalification degree of the lignite and the degree of its aromatic ring condensation are both low, so it is a typical low-rank coal. The proportion of carbonyl carbon ([image: image]), and oxygen-linked aliphatic carbon ([image: image]) in total carbon was high, and they were 20.48 and 23.95%, respectively. In addition, the proportion of phenol or aryl ether carbon ([image: image]) was 7.55%. The proportion of these three types of C connected to O was 51.98% in total, indicating that the lignite contained a high degree of oxidation. The carbon content in the methyl carbon ([image: image]) and CH/CH2 was not high; they were 6.45 and 9.09%, respectively, suggesting that the lignite had a short side chain length.


Table 3. Structure parameters of Zhaotong lignite and liquefied product according to 13C NMR.

[image: Table 3]

The parameters of macromolecules of liquefaction products were relatively close to those before liquefaction. The rate of aromatic carbon (fa) decreased to 54.41%, showing that the ring opening reaction took place under the catalysis of LiP, and some aromatic rings of coal macromolecules were opened. On the other hand, the relative content of phenol or aryl ether carbon ([image: image]) and oxygen-linked fatty carbon ([image: image]) increased by 0.87 and 0.38%, respectively, indicating that an oxidized reaction occurred while the aromatic ring was opened. Additionally, the methyl and methylene carbons in the side chains ([image: image] and [image: image]) also decreased, which indicates that LiP also catalyzed the demethylation reaction.




CONCLUSION

In this research, 34 strains of fungi were screened and isolated from nature; of these, 13 strains had the ability to liquefy Zhaotong lignite. The liquefaction of Zhaotong lignite was carried out using the 13 strains of fungi together with two white rot fungi that were purchased. By comparing the activity of lignin peroxidase and the absorbance at 450 nm, several conclusions were made.


(1) There existed a good linear relationship between lignin liquefaction (A450 nm) and lignin peroxidase (LiP) activity and R2 is 0.9779, which proved that lignin peroxidase played a key role in lignite liquefaction.

(2) In the process of the liquefaction of Zhaotong lignite by 15 single strains, the activity of the LiP enzyme fluctuated from 1.94 to 63.98 U/L with an average value of 19.24 U/L. The absorbance of A450 nm fluctuated from 0.53 to 3.08 with an average value of 1.25.

(3) On the condition of a single strains culture, when the five fungi with the highest LiP activity were cultured in combination, the activity of the LiP enzyme fluctuated between 29.65 and 170.00 U/L with an average value of 76.28 U/L. The absorbance of A450 nm ranged from 1.20 to 5.91 with an average value of 2.58.

(4) Among the 10 combinations of mixed strains, there were four combinations of white rot fungi producing LiP that had an obvious synergistic effect, and the LiP activity of mixed strains was 1.5–6.7 times that of a single strain. Among them, the combination of T. versicolor and ZTW07 had the highest activity, and the LiP activity reached 170.00 U/L on the ninth day of liquefaction, while the activity of LiP on T. versicolor and ZTW07 was only 25.22 and 56.80 U/L, respectively.

(5) Through 13C NMR analysis, it was found that the aromatic carbon ratio fa of lignite before liquefaction was 0.565, and the aromatic carbon ratio of the product obtained after liquefaction was 0.544, which indicated that the lignite underwent a ring opening reaction under the catalysis of LiP. In addition, the relative contents of phenol or aryl ether carbon ([image: image]) and oxygen-linked aliphatic carbon ([image: image]) increased by 0.87 and 0.38%, respectively, and this indicated that a certain oxidation reaction occurred.
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