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Synergistic Effect of Mixed Fungal Pretreatment on
Thermogravimetric Characteristics of Rice Straw
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The thermogravimetric properties and chemical characterization of rice
straw (RS) pretreated by mixed culture of white-rot fungi Phanerochaete
chrysosporium (P. chrysosporium) and brown-rot fungi Gloeophyllum
trabeum (G. trabeum) were investigated. The mixed fungal pretreatment
showed a synergistic effect, which resulted in an energy-efficient pyrolysis
of pretreated rice straw. The differences in thermochemical conversion of
rice straw before and after fungal pretreatment were investigated using
thermogravimetric analysis and the Flynn—Wall-Ozawa (FWO) method.
Furthermore, the pretreated samples were also analyzed by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) to illuminate the changes in chemical
composition and pyrolysis behavior. Compared to single fungal
pretreatment, the mixed fungal pretreatment worked better and exhibited
great potential in biomass pyrolysis.
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INTRODUCTION

The depletion of oil resources and continued increase in global energy demand are
important factors driving researchers to develop renewable and sustainable biofuel
resources (Sharma et al. 2020). Lignocellulosic biomass, which mainly includes
agricultural residues, forestry residues, and energy crops, is widely used in the biofuel
conversion field and is considered a potential replacement for traditional fossil fuels
(Kumar and Verma 2020). Additionally, agricultural crop residues are a subset of the total
biomass energy resource base to meet a large part of current energy demand (Yang et al.
2010). Rice straw (RS) is one of the most abundant agricultural castoffs. About 200 million
tons are produced in China, causing serious waste and environmental problems (Ranjan
and Moholkar 2013). Therefore, utilization of RS in an economically feasible way would
not only prevent environmental pollution but also provide biofuels.

Pyrolysis is a promising thermochemical conversion route, converting biomass to
energy-dense biofuels as well as chemical feedstocks (Moriana et al. 2014). In this way,
reactor designs and thermal decomposition mechanisms on the pyrolysis of wood biomass
have been extensively studied (Van de Velden et al. 2010; Zeng et al. 2011). In contrast, a
limited amount of research has focused on green pretreatment before biomass pyrolysis to
promote thermochemical reactions (Krutof and Hawboldt 2018). Pretreatment can break
the high recalcitrant limits of lignocellulose material limits by modifying chemical
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structure or selectively removing lignocellulosic components, thereby rendering biomass
more accessible for pyrolysis (Chen et al. 2019a). Meanwhile, several pretreatment
methods used for biomass modification before pyrolysis have recently been investigated,
mainly including physical (Wu et al. 2009; Wang et al. 2019), chemical (acid and alkali)
(Liang et al. 2019; Wu et al. 2019), and a combined pretreatment. However, these methods
require high temperature and operating pressure, corrosion resistant instruments, and the
use of acid and alkali, which might cause serious environmental pollution problems. Thus,
an effective, low-cost, and green pretreatment, with mild treatment conditions and low
energy consumption, exhibits evident superiority (Lee et al. 2008).

Fungi has been proved to have excellent potential in breaking down lignocellulosic
biomass (Chen et al. 2019b). Basidiomycete strains are the most efficient lignocellulose
degraders (Sanchez. 2009). Therefore, fungal pretreatment has been widely explored in the
production of bioethanol and wood pulp processing (Moriana et al. 2014; You et al. 2019).
White-rot fungi have the capacity to selectively decompose intact lignin via integrate
ligninolytic enzymes, which subsequently can be utilized to produce biofuels (Yang et al.
2011). Brown-rot fungi are often preferred for their use in depolymerizing polysaccharides
(mainly cellulose and hemicelluloses), with minimal assimilation of degradation products
(Shiny et al. 2018). Therefore, a mixed culture of white-rot fungi and brown-rot fungi was
expected to achieve better degradation and destruction of biomass structure, which could
effectively shorten pretreatment time or increase its degradation efficiency (Hermosilla et
al. 2018). To date, studies of mixed culture of wood-rotting fungi treatment have focused
on the secretion of ligninolytic enzymes or increasing sugar yields (Chen et al. 2018). A
co-culture of white-rot and brown-rot fungi has been proved to be an efficient pretreatment
for enzymatic hydrolysis (Rasmussen et al. 2010). However, the effect of mixed
pretreatment of white-rot and brown-rot fungi on thermogravimetric and chemical
characterization of RS has been poorly reported.

In the authors’ previous studies, the brown-rot fungi G. trabeum was shown to
decrease the activation energy of Ep and Mp pyrolysis, and reduce initiation temperatures,
as well as increase the proportion of aromatic hydrocarbons, which makes the pyrolysis
more energy efficient (Gao et al. 2016). P. chrysosporium is one of the most commonly
studied white-rot fungi, which showed potential to promote thermal degradation processes
by breaking down the complex structure, and improving the low-temperature pyrolysis of
RS. The aim of this study was to explore the effect of co-inoculation of white-rot fungus
(P. chrysosporium) and brown-rot fungus (G. trabeum) pretreatment on thermal behavior
and the chemical structure of RS.

EXPERIMENTAL

Materials and Fungal Strain

Rice straw, purchased from the suburb of Luoding (Guangdong province, China),
was ground through a 60-mesh sieve, and then dried at an equilibrium moisture content of
approximately 8% to 10% (oven-dry basis) for subsequent experiments. Moreover, all the
chemicals were reagent grade and used as received without further purification.

White-rot fungi P. chrysosporium and brown-rot fungi G. trabeum were purchased
from Guangdong Culture Collection Center (Guangzhou, China). The fungal strains were
maintained on potato dextrose agar (PDA) plates (pH 6.8) at 28 °C for 5 to 7 days on a
reciprocal shaker until the mycelia covered the entire agar plates. The fungal mycelium
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was then grown in 2-L Erlenmeyer flasks with a 200 mL liquid medium (sterilized at
121 °C, 20 min) containing 40 g potato (filter with gauze) and 5 g glucose. Twenty discs
of pre-cultured strain (8 mm in diameter) cut from actively growing cultures in a solid-state
PDA medium were inoculated in each flask and incubated for two weeks at 28 °C. The
grown mycelium was washed and filtered with approximately 300 mL sterilized water, and
then blended with 50 mL sterilized water in two cycles lasting approximately 10 s for each
washed mycelium obtained from several strain pre-cultures. The mycelium suspension was
used to inoculate the sterilized samples in bioreactors.

Bio-pretreatments of RS

P. chrysosporium and G. trabeum were used for biodegradation. Each bioreactor
was loaded with 30 g of RS samples and inoculated with a suspension volume
corresponding to 50 mg (25 mg P. chrysosporium and 25 mg G. trabeum) of fungal
mycelium per 100 g of dry samples. The inoculated RS were incubated in an acclimatized
room at 28 °C and 55% relative humidity for eight weeks. After bio-degradation, the
superficial mycelia on the surface of RS were brushed away and decayed samples were
dried at 40 °C to constant weight. Control samples of RS were prepared under the same
conditions but without incubation of fungi. The mass loss of biomass was calculated
according to Eq. 1,

Mass loss =Wo ="+ 1 o0 (1)
Wo

where Wo is the dry quantity (g) of the sample before bio-degradation, and Wi is the dry
quantity of the sample after bio-degradation.

Methods
Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectra of the RS samples were recorded on a NEXUS 670 spectrometer
(Thermo Nicolet Corporation, Madison, WI, USA). Samples for the FTIR analysis were
ground and sieved in a Wiley mill with a mesh size of 0.2 mm (IKA MF10; IKA-Werke,
Staufen, Germany). The KBr pellets used for FTIR spectroscopy were prepared by
tableting a mixture of powder samples and KBr (2 mg of sample in 200 mg of KBr) (Pandey
and Pitman 2003). The spectra scope was between 4000 and 400 cm™ with a spectral
resolution of 4 cm™,

X-ray diffractometry (XRD) analysis

X-ray diffraction data of the RS samples were recorded on a Rigaku-Ultima IV
diffractometer (Rigaku Corp., Tokyo, Japan) using Cu-Ka radiation (4 = 0.154 nm) at 40
KV and 40 mA in a 26 range of 5° to 40° with a step size of 2°/min. The crystallinity index
(Crl) was calculated by following equation,

Crystallinity index (Crl, %) = (looz - lam) / loo2 x 100 (2

where looz is the intensity of the peak (002) at approximately 22.5°, and lam is the intensity
of the background at approximately 15.7° (Segal et al. 1959).
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Scanning electron microscope (SEM) analysis

After drying in the oven at 105 °C for 2 h, an S-570 scanning electron microscope
(Carl Zeiss Ag, Jena, Germany) was used for recording surface morphologies of samples.
To prevent charging on the surface, a thick layer of gold was first sprayed on samples.

Chemical composition analysis

The component analysis was performed according to the Van Soest method (Van
Soest 1963). Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL) were obtained using sequential abstersion neutral detergent reagent, acid
detergent reagent, and 72% H2SOa4. The content of hemicellulose, cellulose, and Klason
lignin were calculated as the differences between NDF and ADF, ADF and ADL, and ADL
and ash content, respectively (Wang et al. 2018a). The experiment was repeated three times
for the mean value of each group of samples.

Thermogravimetric analysis

The thermogravimetric analysis was performed in a sensitive thermobalance
(PerkinElmer, Diamond, Shanghai, China). Powdered RS samples mainly from the surface
were sieved, and the fraction with an average diameter less than 0.2 mm was retained for
analysis. Each sample (5.0 mg) was loaded in an aluminum crucible and heated from 40 °C
to 800 °C with a steady insert nitrogen flow of 30 mL/min. Dynamic heating rates of 5, 10,
15, and 20 °C/min were used to research pyrolysis behavior. The deconvolution of
derivative thermogravimetric (DTG) curves was plotted according to the Grams/32
program with Log-Normal functions (Galactic Industry Corporation, V4.14, Shenzhen,
China). The thermogravimetric experiments were performed three times, and the average
results were used for plotting TG and DTG curves.

Kinetic Parameters Modeling

Based on relevant study, pyrolysis of biomass can be described using Eq. 3 (Gokul
et al. 2019). Therefore, a wide range of kinetic methods were used to analyze pyrolysis
kinetics of lignocellulose. In this study, it was assumed that conversion of raw materials
into product is the only single process (Idris et al. 2012). According to the Arrhenius
equation, a kinetic model of pyrolysis can be established, and kinetic parameters can be
determined. Equation 3 is as follows:

Biomass (Solid) SELI0EIN Volatile (Gases + Tar) + Char (Solid residue)  (3)

RESULTS AND DISCUSSION

Thermal Decomposition Characteristic

Thermal decomposition behaviors of bio-pretreated and un-pretreated RS samples
were investigated by thermogravimetry (TG). Each sample exhibited three distinct stages:
dehydration, active pyrolysis, and passive pyrolysis, which ranged from 40 °C to
approximately 190 °C, 200 °C to 410 °C, and approximately 400 °C to 800 °C (He et al.
2018). As shown in Fig 1b, the DTG peaks of all samples maintained essentially the same
shape on the temperature axis as was observed by comparing the RS samples before and
after pretreatment. In detail, a shoulder (the fastest conversion of hemicellulose), a peak
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(decomposition of cellulose), and a long tailing (lignin pyrolysis) can be observed for each
DTG curve. From Fig. 1a, weight loss (at the same temperature) became lower after
pretreatment. Concurrently, after single and mixed fungal pretreatment, a lower thermal
degradation rate was shown before the initial decomposition. However, in the initial
decomposition stage (degradation of hemicellulose), reaction rate at the same temperature
was followed by mixed fungi pretreated RS > brown-rot fungi pretreated RS (in close
proximity to mixed fungi pretreated RS) > untreated RS > white-rot fungi pretreated RS.
This sequence indicated that mixed fungal pretreatment tended to make it easier for RS to
be pyrolyzed. The untreated RS showed a higher maximum degradation rate of cellulose
than the pretreated samples, which was followed by untreated RS > white-rot fungi
pretreated RS > brown-rot fungi pretreated RS > mixed fungi pretreated RS; the
temperatures required to reach the maximum degradation rate of hemicellulose were in the
opposite order. These changes in thermal decomposition behaviors were related to
degradation of carbohydrates caused by brown-rot fungi. Furthermore, the tendency of the
weight loss curve became mild in the stage of passive pyrolysis, due to the slow
decomposition of solids and some lignin residue, which is associated with endothermic
reaction (Mishra and Mohanty 2018).
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Fig. 1. TG (a) and DTG (b) curves of untreated (black), white-rot fungi (red) and brown-rot fungi
(green) and mixed fungi (blue)-pretreated RS samples; the heating rate was 10 °C/min

Analyzed by the -d?X/dt?> curves, the thermal decomposition characteristics of
lignocellulose can be quantified through several parameters (listed as below): Tonset(hc) IS
the extrapolated temperature for the beginning of hemicellulose decomposition; Tshoulder IS
the temperature corresponding to the hemicellulose shoulder, marking the peak top of
hemicellulose decomposition; Tpeak iS the temperature of the maximum devolatilization rate;
and Torfset(c) IS the extrapolated temperature for the termination of cellulose decomposition
(and the beginning of the lignin tail). As seen in Table 1, pretreated samples possessed a
lower Tonset(nc) than the raw sample. Specifically, the Tonset(nc) Of the samples were followed
by mixed fungi-pretreated RS < brown-rot fungi-pretreated RS < white-rot fungi-pretreated
RS < unpretreated RS, which meant that bio-pretreatment, especially the mixed fungal
pretreatment, can decrease the beginning temperature of hemicellulose degradation.
Similarly, mixed fungi-pretreated RS showed the lowest Tshouider and Tpeak, Which indicated
that the mixed fungal pretreatment made pyrolysis of RS energy efficient. These results
can be attributed to the synergistic effect of white-rot fungi and brown-rot fungi. In terms
of Toffsetc), the Torfsetcy Of the bio-pretreated samples were higher than that of the
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unpretreated samples. This can be attributed to degradation of carbohydrates by white-rot
and brown-rot fungi. In addition, charcoal yields of samples were calculated. Results
showed that biopretreated samples possessed higher charcoal yield (17.5%, 9.8%, 12.8%
for white-rot fungi-pretreated RS, brown-rot fungi-pretreated RS and mixed fungi-
pretreated RS, respectively) in comparison with unpretreated RS (4.8%). This can be
attributed to removal of the vulnerable part caused by fungi.
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Fig. 2. Mass fraction: the first and the second time derivatives of the mass fraction as functions of
temperature for the pretreated RS sample

Table 1. Thermal Degradation Characteristic of Rice Straw Samples at the
Heating Rate of 10 °C/min

Tonset(nc) Tshoulder T peak Toffset(c)
RS Samples . h ] f
P (°C) (°C) (°C) (°C)
Untreated RS 285 317 356 393
prZ\t/rrgigg tges 276 305 352 418
prg%v;.?éaogs 252 264 317 403
pl\r/lgriitgg ?‘«:-s 248 257 305 402

Kinetic Parameters

Activation energy E., one of the most important dynamic factors to describe
reaction equations, is the minimum energy when a chemical reaction occurs. The first-
order decomposition reaction was supposed to occur in the co-pyrolysis process, and the
isoconversional method was used to analyze the pyrolysis dynamics that could obtain the
certain Eq uninfluenced by mechanism function (Jeguirim and Trouve 2009). In this study,
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the Eq of RS before and after pretreatment with two kinds of fungi were investigated by the
method of Flynn—-Wall-Ozawa (FWO) at four different heating rates (5, 10, 15, and 20 °C
/min). In the FWO method, there is a linear relationship between In(p) and 1/T, and the
kinetic parameters can be calculated at different conversion rates (0.1 < a. <0.7).

The detailed data are listed in Table 2. The E. values of untreated RS were around
78.310 223.0 kJ/mol at conversion rates from 0.1 to 0.7, respectively, which were markedly
higher than that of the pretreated samples. Higher values of E. corresponded to more
difficult thermal decomposition of the samples, which may illustrate that bio-treatment has
a positive influence on the decrease of activation energy, which is consistent with the
thermal decomposition characteristic. Moreover, the mixed fungal pretreatment possesses
a lower Eq value compared to white-rot fungi (P. chrysosporium) pretreatment or brown-
rot fungi (G. trabeum) pretreatment. Because activation energy is defined as the minimum
energy required to start a chemical reaction and driving force (Kannaiyan et al. 2015), this
suggested that it is easier to initiate a pyrolysis reaction for RS treated with mixed fungus
than with single fungal pretreatment. Compared to single fungal pretreatment, the mixture
of white-rot fungi and brown-rot fungi seemed to have a positive synergetic interaction
during the degradation. Therefore, based on decomposition mechanisms of white-rot fungi
and brown-rot fungi, it was assumed that simultaneous decomposition of cellulose,
hemicellulose, and lignin made pyrolysis of mixed fungi-pretreated RS easier.

Table 2. Activation Energies of Pretreated RS Sample at Different Conversation
Rates Based on the FWO Method

| omensars | g | o [ vt
0 (kJ/Er;oI) R (kJ/Er;oI) R (kJ/Er;oI) R (kJ/En:oI) R
10 | 783 | 0998 | 709 0.998 66.3 | 0998 | 622 | 0.998
20 | 2025 | 0998 | 1764 | 0999 | 1683 | 0996 | 1623 | 0.996
30 | 2160 | 0997 | 1831 | 0991 | 1811 | 0995 | 1796 | 0.993
40 | 2230 | 0999 | 2159 | 0998 | 2031 | 0998 | 201.9 | 0.997
50 | 2151 | 0.999 | 2041 | 0998 | 2004 | 0997 | 1983 | 0.987
60 | 1786 | 0995 | 1837 | 0985 | 1815 | 0994 | 1783 | 0.996
70 | 1835 | 0996 | 1721 | 0997 | 1684 | 0998 | 1653 | 0.999

The changes in the chemical components of bio-pretreated RS were different. As
shown in Table 3, the single fungal pretreatment had a great selective removal ability on
RS. A significant decrease in the lignin content after white-rot (P. chrysosporium)
pretreatment can be observed, which could be attributed to the delignification of white-rot.
For the single brown-rot (G. trabeum) pretreated sample, cellulose and hemicellulose
contents decreased 13.49% and 18.42%, respectively, in comparison with untreated RS. It
is widely believed that brown-rot fungi can mainly decompose polysaccharides (cellulose
and hemicellulose). At the same time, pretreatment with P. chrysosporium led to an
apparent increase in the percentage of cellulose and hemicellulose in RS, which was
attributed to the removal of the lignin component during degradation. For the mixed fungal
pretreatment, the pretreated sample showed a decline in the component of carbohydrates
(61.2% to 50.43%) and an increase in the lignin component (21.51% to 22.45%) compared
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to untreated RS. In term of weight loss, the mixed fungal pretreatment resulted in a weight
loss at 45.87%, which was higher than that of the single fungi pretreated sample. This could
suggest that the composition of the mixed fungi pretreated sample was the result of the
combined action of white-rot and brown-rot fungi. In other words, the mixed fungal
pretreatment can decompose polysaccharides and lignin simultaneously. The reduced
carbohydrates content revealed the strong delignification of mixed fungal pretreatment.
These changes in the composition accounted for the thermal decomposition characteristic
of the mixed fungi pretreated sample to some extent.

Table 3. Compositional Analysis wt% (on a Dry Basis) of Untreated and Bio-
pretreated RS Samples

Wood Components (% Dry Mass)

RS Samples Cellulose Hemicellulose Lignin Ash
Untreated RS | 36.77+0.25 24.43+0.15 21.5140.18 | 10.90+0.11

White-rot- 42.62+0.24 25.21+0.11 15.75+0.15 9.82+0.10
pretreated RS

Brown-rot- 31.78+0.21 19.93+0.16 23.75+0.16 | 10.10+0.11
pretreated RS

Mixed fungi- | 59 054097 10.3840.17 | 22.45:017 | 9.1240.11
pretreated RS

Effect of Pretreatment on Chemical Composition of RS

FTIR is a useful approach for describing changes in composition (Zeng et al. 2011).
It is well known that 1375 cm™ (unconjugated C=0O in xylans), 1158 cm? (C-O-C
vibration in cellulose and hemicellulose), and 898 cm™ (C-H deformation in cellulose)
belong to carbohydrates in biomass (Gao et al. 2016). As shown in Fig. 3, for brown-rot
fungi-pretreated samples, decreases in carbohydrate bands can be attributed to the
degradation of polysaccharides caused by brown-rot fungi (Wang et al. 2018b).
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Fig. 3. FTIR spectra of the RS with different fungal pretreatments
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In terms of lignin bands, such as 1268 cm™* (guaiacyl ring breathing, C—O stretch
in lignin, and for C-O linkage in guaiacyl aromatic methoxyl groups) and 1112 cm™
(aromatic skeletal and C-O stretch), the white-rot fungi-pretreated RS sample showed a
decline, and brown-rot fungi-pretreated RS exhibited an increase. For pretreatment with a
mixture of P. chrysosporium and G. trabeum, a similar tendency to the brown-rot fungi-
pretreated sample emerged. In combination with the composition analysis, the authors
speculated that brown-rot fungi play a dominant role in the mixed fungal pretreatment.

Effect of Pretreatment on Surface Morphology and Crystallinity of RS

To further investigate the influence of fungal pretreatment on RS, SEM was
executed to record microscopic photos of the samples. An obvious difference in
morphology between the samples can be observed. Figure 3a illustrates a smooth and plain
surface structure of the untreated RS. White-rot fungi-pretreated RS shows a breakage and
a collapsed surface (Fig. 4b). This change is attributed to delignification caused by white-
rot fungi (Zeng et al. 2011). Meanwhile, a loose and fragmented surface can be observed
from brown-rot fungi-pretreated RS (Fig. 4c), which is attributed to degradation of
polysaccharides caused by brown-rot fungi. Under the combined effect of white-rot fungi
and brown-rot fungi, micro-morphology of the mixture pretreated sample was heavily
destroyed, and a collapsed, cracked, and alveolate surface morphology emerged (Fig. 4d).
Lignin plays an important role in the integral cell wall structure, while hemicelluloses
connect celluloses and lignin by various ways (Kim et al. 2018). Therefore, the disrupted
structure may be attributed to the removal of lignin and hemicellulose, which has been
confirmed by chemical composition analysis and FTIR analysis.

Fig. 4. Scanning electron microscopic images of raw (a), white-rot (b), brown-rot (c), and mixed
fungi (d)-treated RS samples (500x%)
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To further explore the effect of pretreatment on the crystal structure of cellulose,
XRD was employed to analyze the RS samples. As shown in Table 5, the Crl of the brown-
rot-pretreated sample exhibited a decline, which may be due to conversion of some
crystalline cellulose to glucose by brown-rot fungi after micro-fibrils are exposed over a
long pretreatment time (Yiin et al. 2018). Furthermore, the Crl of the RS sample pretreated
by mixed fungi increased, which can be attributed to the cooperative effect of white-rot
and brown-rot fungi. This phenomenon can be ascribed to the removal of amorphous
fraction (Wu et al. 2016). With alteration of the crystal structure, the mixed fungi-
pretreated sample has a high possibility to produce more uniform and desirable
intermediates as fast pyrolysis products (Mukarakate et al. 2016).

Table 4. Crystallinity Index of RS Samples

Pretreatment Untreated White-rot Brown-rot Mixed Fungi
Crystallinity
Index (%) 40.45 43.10 36.38 44.12

CONCLUSIONS

1. The results showed that the mixed fungal pretreatment can effectively reduce
recalcitrance of biomass by degrading main components, removing amorphous regions
of cellulose, and destroying micromorphology. It can decrease temperatures of key
pyrolysis steps (beginning of initial decomposition, maximum rate of hemicellulose
degradation, and maximum devolatilization rate) and activation energy at a different
conversion rates.

2. The mixed fungal pretreatment, equipped with the synergistic effect, worked better than
the single fungal pretreatment on the basis of reducing the beginning temperature of
hemicellulose degradation, as well as start a pyrolysis reaction for RS with less energy.

3. This work demonstrated a green and energy-efficient method in the pyrolysis of
biomass and provided valuable reference information for pretreatment techniques.
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