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Abstract. The process conditions of phanerochaete chrysosporium degrading photo-oxidizd Inner
Mongolia Shengli lignite were optimized by orthogonal test, and the effect-weight order to
degradation rate was coal pulp concentration > coal particle size > incubation time > inoculum size,
the optimal process conditions determined were coal particle size of 75~45 um, coa pulp
concentration of 0.2000 g/20 mL, incubation time of 14 d and inoculum size of 2.0 mL/20 mL. Under
the optimal conditions, the experiment was carried out and its products were tested. The proximate
and ultimate analyses of raw, photo-oxidized and residual lignite indicate that the effect of
photooxidation and biodegradation both reduce the content of organic substances in lignite, and the
increase of oxygen and hydrogen in residual lignite may be due to the degradation process
accompanying by oxidation and hydrolysis reactions. The results of GC-MS of degradation liquid
extracting by ethyl acetate are shown that the product contains 52 kinds of organic substances,
molecular weight range from 67 to 759, mostly are aliphatic hydrocarbons, aldehydes, esters,
carboxylic acids and aromatic compounds, which are consistent with the UV-VIS and FTIR spectra
results of the products.

Introduction

From a global perspective, the energy of each country is based on fossil energy, and in primary
energy, the dominants are oil, coal and natural gas. In China's energy composition, coal accounted for
more than 60%, and in the present and future for along time, be with irreplaceable important position.
Coal is not only the main source of energy in China, but also the main chemical raw materials!*?.
However, the traditional coa processing technologies (Combustion for power generation,
liquefaction, gasification, pyrolysis, coking and so on) have high energy consumption, large pollution,
do not meet the environmental protection and energy consumption of Chinas sustainable
devel opment strategies, their application and devel opment will be more and more constraints. For this
reality, in energy use, both energy needs and environmental protection should be taken into account in
the futurd®*®. Comparing with traditional mineral processing technologies, coal microbial
transformation technology has the characteristics of simpler operation, lower cost, lower energy
consumption and so on. It is also a new environment-friendly technology, which is of a smaller
pollution for air, water and soil, agreen and efficient way to use mineral resources !,

Coa microbial transformation refers to the depolymerization of coal macromolecules under the
role of microorganisms, usually can be called coal biodegradation or coa biodissolution or coal
bioconversion. This technology is mainly the use of fungi, bacteria and actinomycetes on the
transformation of coal to make the coal dissolution-degradation, liquefaction or gasification into a
water-soluble substances or hydrocarbon gases, from which a special value chemicals, clean fuels,
industrial additives and plant growth promoters are produced!®®. This processing technology is a
new type of coal conversion method, especialy, is of great significance for the transformation and
efficient use of low-quality coal samples, such as lignite and low-quality bituminous coal ™.
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In addition, most of the newly mined coal is not conducive to microbial degradation, but the coal
which exposureto air for a period of time is more susceptible to microbia degradation, that because
the weathered coal has a higher oxygen content. Therefore, the coal generaly is pretreated by
oxidation before microbial degradation, and pretreatment of nitric acid oxidation is the most reported
in theliterature®®. However, the nitric acid oxidation method damages the structure of coal violently,
increases the content of nitrogen in codl, if it eventually uses as fuel, would increase the emissions of
nitrogen compounds, and cause environment pollution. Furthermore, the nitric acid oxidation of coal
need a lot of water to washed it to near neutral pH in order to carry out subsequent microbial
transformation, this process requires not only a lot of water resources but also is terrible to
environmental protection and safety[13]. Thus, this study used arotary bed photochemical reactor to
pretreat coal samples, and then carry out microbial transformation. The photooxidation pretreatment
IS superior to nitric acid oxidation in terms of environmental protection, safety and operability.

In this study, the degradation of photo-oxidized Inner Mongolia Shengli lignite by Phanerochaete
chrysosporium was carried out to determine the optimum conditions and then test and analyze the
degradation products.

Materials and methods

Lignite sample. Thelignite used in this study was sampled from Inner Mongolia Shengli coal field.
It was crushed, blended with photocatalyst (amphiphilic nano-TiO;) for a mass ratio of 1. 0.002,
grinded using ball mill, and then sieved to three fragments that particle size were 180~106 um,
106~75 um and 75~45 pum.

Fungal strain and sour ce. The experimental strain was phanerochaete chrysosporium purchased
from China General Microbiological Culture Collection Center (CGMCC).

Medium and composition. Funga growth medium selected SDA medium, degradation medium

selected improved PDA medium, their compositions werein Tables 1 and 2.
Table 1 Composition of SDA medium

Composition Maltose Peptone Ultrapure water Agar(solid)

Content 200 g 20 1L 1520 g

Table 2 Composition of improved PDA medium

Composition Potato extract Glucose  KH,PO, MgSO, FeSO, CuSO, VB, Ultrapure water

Content 2009 209 39 15¢g 1mg 2mg 8 mg 1L

Photooxidation pretreatment of lignite. Lignite samples were treatment using a rotary bed
photochemical reactor for 24 h, with UV lamps power of 120 watts, rotation bed speed at 60 r/mi nt4,

Fungal resurrection. Lignite samples and all the equipments were sterilized before operation. A
little phanerochaete chrysosporium colony preserved by slope at 4°C in refrigerator was put into
conical flask with 20 mL SDA medium and severa glassbeadsinit, shaking theflask violently. Then
the fungi liquid was inoculated to the plate dishes by coated plate method. After that the dishes were
placed in an artificial climate incubator at 28 °C and a relative humidity of 80% until the culture
dishes were covered with fungi moss. So inoculated and cultured repeatedly for three generations
preparing for the subsequent lignite degradation experiments.

Liquid dissolution experiment of lignite. Taking a diameter of 5 mm fungi moss from the well
resurrected fungi dish into aconical flask with 20 mL PDA medium and severa glass beads, shaking
violently, and then the fungi liquid wasfiltered using a sterile stainless steel mesh to removethe cells,
and aparent fungi liquid was obtained. Conical flask with 20 mL PDA medium was inocul ated by an
inoculation ring dipping in the parent liquid, after two days culturein theincubator, coal sampleswere
added into the flask for degradation experiments. Each experiment was done in three parallels while
making ablank control (without fungi).

In the end of the experiment, the degradation filtrate was taken and diluted 100 times and tested the
absorbance at a wavelength of 450 nm, the absorbance of original filtrate was the value tested
multiplied by the dilution factor of 100. The three absorbance values of the original degraded liquid
were averaged as an index of the degradation effect!*>2€],
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Orthogonal test design. Based on the results of previous single factor tests, the orthogonal table
Lo(s*) was used to design the technol ogical conditions for the degradation of photo-oxidized lignite by
Phanerochaete chrysosporium, presented in table 3. The main influence factors to biodegradation
were asfollows: coal particle size, coal slurry concentration, incubation time and inoculum size, each
factor took three levels and regardless of the interactions between them. The incubator temperature
was set up at 28 °C and the oscillation speed was 160 r/min according to the single factor tests. The

experimental method was like “Liquid dissolution experiment of lignite” before.
Table 3 Orthogonal table design of Lg(s")

Factors
Levels A-Coal particlesizefum]  B-coal pulp concentration [g/20mL]  C-incubation time[d]  D-inoculum size [mL/20mL]
1 180~106 0.1500 12 18
2 106~75 0.2000 14 20
3 75~45 0.2500 16 22

Results and discussion

Analysis of orthogonal test results. Table 4 showed the orthogonal test results of Phanerochaete
chrysosporium degrading photo-oxidized Inner Mongolia Shengli lignite. Comparing the four ranges
of the factors with each other in the table, we could seethat the effect-weight order are asfollows. B >
A > C > D, and among the four factors, the coa pulp concentration has the greatest influence on the

degradation of lignite, followed by the coal particle size and inoculum size has the least.
Table 4 Orthogonal test results of Phanerochaete chrysosporium degrading lignite

Serial number - - Factgrs — - Auso
A- Coal particlesize B- Coa pulp concentration C- Incubationtime  D- Inoculum size
1 1 1 1 1 26.652
2 1 2 2 2 27.980
3 1 3 3 3 20.256
4 2 1 2 3 34.353
5 2 2 3 1 33.115
6 2 3 1 2 22.637
7 3 1 3 2 38.439
8 3 2 1 3 35.768
9 3 3 2 1 28.351
Ky 24.963 33.148 28.352 29.373
K, 30.035 32.288 30.228 29.685
K 34.186 23.748 30.603 30.126
R 9.223 9.400 2.251 0.753

In addition, on the basis of the three mean values of the absorbance K1, K2, and K3 corresponding
to each factor, the optimal combination of process conditions obtained is A3zBi1C3D3 After
comparison, it isfound that K2 and K3 are not very different for C-incubation time and D-inoculation
size, we can try A3B1C,D, for experiments considering the economic principle. Then the combination
of A3B1C,D, was carried out according to the method of “Liquid dissolution experiment of lignite”,
and the average absorbance was cal cul ated to be 37.856, which was close to the highest absorbance of
38.439 in the orthogonal table. So the combination of A3B1C,D, was determined as the optimum
technological conditions, namely, particle size of 75~45 um, coal pulp concentration of 0.2000 g/20
mL, incubation time of 14 d and inoculum size of 2.0 mL/20 mL.

Proximate and ultimate analysis. Proximate and ultimate analysis results of raw, photo-oxidized
and residual lignite were presented in Table 5. From the proximate analysis of raw and photo-oxidized
lignite, it can be seen that the water content of the photo-oxidized is higher than that of the raw lignite,
which indicate that the water absorption of the photo-oxidized is stronger than that of the raw lignite.
Ash content increase, volatile and fixed carbon decreases indicate that the organic substances content
of lignite decreased after the photooxidation pretreatment. Comparing the ultimate analysis of the two
with each other, it isfound that the contents of C, H, N and S in the photo-oxidized are lower than in
the raw lignite and the oxygen content is increased, which show that the raw lignite is oxidized and
photo-degraded under the combined actions of light, photocatalyst and oxygen in the air.
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Comparing the ultimate analysis of photo-oxidized lignite and residual lignite with each other , it
can be seen that the moisture absorption of residual ligniteislower than that of photo-oxidized lignite.
Theincrease of ash content, decreases of volatile and fixed carbon indicate that the organic substances
in the photo-oxidized lignite are further degraded into a soluble substance dissolving in the
degradation solution or producing a gas molecule to escape. The ultimate analysis results of the
photo-oxidized and residual lignite show that the contentsof C, N and Sin residual lignite are reduced,
and the organic substances of lignite may be degraded or utilized to produce soluble substances or gas
molecules, this is consistent with the results of proximate analysis. The further increase of H and O
contents probably because the degradation process may be accompanied by oxidation and hydrolysis

reactions, so that the oxygen in air or hydrogen and oxygen of water are taken into the system (a7,
Table 5 Proximate and ultimate analyses of raw, photo-oxidized and residual lignite

proximate analysis (ad) wt% Ultimate analysis (ad) wt%
Codl samples M A , FC C H N s o)
Raw lignite 1204 978 2514 5304 5754 480 065 068 1454
Photo-oxidized lignite 1476 1128 2157 5239 5208 327 062 042  17.79
Residual lignite 11.86 1873 1862 50.79 4282 523 051 027 2058

UV-VIS spectrum of liquid product. Experiment was done according to the optimal degradation
process, and the degradation liquid product was filtrated and diluted 100 times, and then the
absorbance of diluted liquid at 200-600nm was scanned by PERSEE TU-900 ultraviolet
spectrophotometer shown in Fig.1. It can be seen that UV-VIS spectrum of the liquid product had two
strong absorption peaks at 250-290 and 300-370 nm. The strong absorption at 250-290 nm is the
characteristic absorption peak of aromatic ring, which is a benzene ring B absorption band with fine
structure. Another strong absorption peak at 300-370 nm indicates that the product contains aldehyde,
ketone carbonyl or Conjugated carbonyl, where the absorption peak is the unsaturated aldehydes and
ketones of the R absorption band, probably due to the fungal degradation of coa product contains
unsaturated a dehydes and ketones.
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Fig.1 UV-VIS spectrum of liquid product Fig.2 FTIR spectra of photo-oxidized and residual lignites

FTIR spectra of photo-oxidized and residual lignite. The same amount of photo-oxidized and
residual lignite were weighed by anaytical balance and mixed with equal amount of Potassium
bromide (KBr), respectively, and infrared detection was carried out by KBr tabletting method using
Perkin Elmer's Spectumn GX-type Fourier infrared spectrometer, spectra were shown in Fig.2.
Compared with the two spectra, it was found that the absorption peaks of residua lignite were
weakened at the corresponding absorption peaks of photo-oxidized lignite, and it can infer that the
photo-oxidized lignite was degraded by Phaner ochaete chrysosporium.

The main absorption peaks of photo-oxidized and residual lignite at 3617 and 3173 cm*
corresponding to the stretching vibration of O-H indicate that the photo-oxidized lignite contains
alcohols, phenols or organic acids. Peaks at 2915 and 2846 cm™ are corresponding to the stretching
vibration absorption of CH,. Peaks are observed at 1900-1850 cm™ corresponding to the vibration
absorption of C=0 indicating the presence of adehydes, ketones, carboxylic acids, esters and
anhydrides. In particular, the bimodal at 1716 cm™ and 1658 cm™ indicate the presence of the
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associative anhydride of the carboxylic acid. The bimodal near 1600 and 1500 cm™ are the aromatic
ring connected to the chain containing C=C conjugate structure of the skeleton vibration. Peaks at
1300-1000 cm™ are the stretching vibration absorption of C-O. The absorption peaks around
100%5100 cm™ are the out-of-plane stretching vibration absorption of the C-C bond on the aromatic
ring—.

GC/M S ions chromatogram of degradation liquid products. The degradation liquid products
under optimum conditions were filtered and the resulting black oily liquid was filtered through a 0.22
um microporous membrane and then extracted with ethyl acetete, the resulting extract was tested
using an Agilent 7890A/5975C Gas Chromatography-Mass Spectrometer (GC/MS) equipped with a
capillary column coated with HP-5M S(crosslink 5% PH ME siloxane, 30 m” 0.25 mm i.d., 0.25 Im
filmthickness) and a quadrupole analyzer and operated in electron impact (70 €V) mode. The mass

range scanned was from 30 to 500 amut*>?? The results was presented in Fig.3.
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Fig.3 Total ion chromatogram of ethyl acetate extracting degradation liquid products

Experimental data were acquired and processed using Chemstation. The compounds were
identified by comparing with NIST library data. Ethyl acetate extraction product mainly contains 52
kinds of organic substances, molecular weight range from 67 to 759, mostly are aiphatic
hydrocarbons, aldehydes, esters, carboxylic acids and aromatic compounds. Combining with UV-VIS
and FTIR spectra, it can be deduced that the effect of Phanerochaete chrysosporium degrading
photo-oxidized lignite is outstanding and the degradation products are rich in organic
micromolecules.

Conclusions

(1) On the basis of single factor tests, process conditions of phanerochaete chrysosporium
degrading photooxidizd Inner Mongolia Shengli lignite were optimized by orthogonal test, and the
effect-weight order to degradation rate inferred was coal pulp concentration > coa particle size >
incubation time > inoculum size, the optimal process conditions were coal particle size of 75~45 um,
coal pulp concentration of 0.2000 g/20 mL, incubation time of 14 d, inoculum size of 2.0 mL/20 mL.

(2)Proximate and ultimate analyses of raw, photo-oxidized and residual lignite show that
photooxidation improve the water absorption and oxygen content of lignite, which would be
beneficial to the degradation of lignite by fungi. The effects of photooxidation and Phanerochaete
chrysosporium on lignite reduce the amount of organic subustancesin lignite, and the further increase
of H and O contents probably because the process of degradation might be accompanied by oxidation
and hydrolysis reactions.

(3)The GC/M S analysis results of degradation liquid extracting by ethyl acetate are shown that the
product containes 52 kinds of organic substances, molecular weight range from 67 to 759, mostly are
aliphatic hydrocarbons, aldehydes, esters, carboxylic acids and aromatic compounds, which are
consistent with the UV-VIS and FTIR spectra of the products.
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