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A B S T R A C T

Nowadays, Nano-biotechnology is emerging to be one of the most promising tools in environmental remediation.
In this study, the degradation efficiency of lignocellulose by white-rot fungi was improved by addition of Fe3O4

nanomaterials (NMs) in solid-state fermentation. The highly-ordered cellulose crystalline was demonstrated to
be broken down through infrared spectroscopy (FT-IR) and crystallinity index analysis. The decay of fluores-
cence intensity presented a lower degree of aromatic polycondensation and less conjugated chromophores in
lignocellulose. Mechanistic analysis showed that NMs participated in the Fenton reaction and affected lig-
nocellulose biodegradation process by regulating enzyme secretion. Specifically, the time variation curves of
hydroxyl radicals and Fe2+ were discussed to illustrate the degradation pattern. The NMs remained stable after
the fermentation and were possible to be recycled for the next cycle. All the results support that the synergism of
Fe3O4 NMs and white-rot fungi would be a promising research direction in lignocellulose treatment.
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1. Introduction

Lignocellulosic plant materials include rice straw, sugarcane ba-
gasse, cotton stalk, and so on. It is reported that the yield of lig-
nocellulose is about 1.5–2.0×1011 tons per year, but only 2.0–3.5% of
the total yield was utilized (Dong et al., 2018; Miyamoto et al., 2018).
The abundant biomass is either burnt to generate energy or discharged
randomly as a waste, which brings a disposal problem as well as en-
vironmental deterioration (Qu et al., 2012). The main components of
lignocellulosic biomass include lignin (10–41%), cellulose (40–60%)
and hemicellulose (7–20%) (Kyunga et al., 2015), among which lignin
functions as a physical barrier and slows the utilization of cellulose and
hemicellulose. It is found that lignin can be broken down and miner-
alized by white-rot fungi. (Castoldi et al., 2014; Guo et al., 2018). The
most-studied kind of white-rot fungi, Phanerochaete chrysosporium, has
the ability to degrade lignin to CO2 and H2O effectively by a battery of
peroxidase (Xu et al., 2017a).

However, there are limitations in traditional biotreatment, such as
long incubation time and ineffective delignification. Therefore, a de-
tailed understanding of the biotreatment of lignocellulose by white-rot
fungi is needed, which would indicate the future direction of the fungal-
based technologies. It is inferred that the lignocellulose biodegradation
mechanism of white-rot fungi involves a Fenton-based oxidation model,
which is amenable for better enzymatic hydrolysis process (Eastwood
et al., 2011). There are many studies attempting to build up a Fenton
system or Fenton-like system to improve the treatment efficiency,
among which nanotechnology holds out the promise of improving de-
gradation efficiency (Jung et al., 2015; Ma et al., 2016). To date, iron-
based nanoparticles have shown tremendous potential for its excellent
performance, such as low toxicity, biocompatibility and superior
paramagnetism (Huang et al., 2015). Moreover, it is efficient and cost-
effective to be applied in environmental remediation (Xu et al., 2012a).
The excellent properties lead to wide application of iron-based nano-
materials (Gong et al., 2017; Huang et al., 2017a; Xue et al., 2018a,b).
Huang et al. (2015) created a composite system including Fe3O4 NMs
and P. chrysosporium to degrade phenol, and achieved peak degradation
efficiency of 93.41% under solar light. This demonstrated that Fe3O4

NMs combined with white-rot fungi have huge potential to be applied
in environmental remediation. Hence, Fe3O4 NMs seem to be desirable
for enhancing the fungal degradation performance of lignocellulose.

In this study, the degradation performance of P. chrysosporium with
various ratios of Fe3O4 NMs (0%, 2.5%, 5%, 10%) was systematically
investigated. The main enzymes (LiP, cellulase and hemicellulase) se-
creted by P. chrysosporium were measured during the fermentation
period to observe the fungal response to NMs. XRD and FTIR were used
to determine the structural transformation. 3D-EEM spectra were used
to characterize and distinguish different types of humic substances. To
uncover the underlying mechanisms of the Fenton-reaction-aid de-
gradation system, the time variation curves of Fe2+ content and hy-
droxyl radicals were discussed. The present study will unravel the
knowledge of lignocellulose degradation pattern by P. chrysosporium
and elucidate the possible interaction between NMs and microorgan-
isms, which give reference to a more effective and feasible biotreatment
technology for lignocellulose waste.

2. Methods and materials

2.1. Solid-state fermentation design

The white-rot fungus used in this study was P. chrysosporium strain
BKMF-1767, and was obtained from the China Center for type Culture
Collection in Wuhan province. After diluted in sterile distilled water,
the concentration of the spore suspension was adjusted to ×2.0 106 CFU
mL−1 according to the previous work (Huang et al., 2016). Rice straw
was acquired from suburban district in Changsha, China. For the pre-
paration of the experiment, it was dried in open air and cut into pieces

shorter than 1mm. Fe3O4 NMs were purchased (Jingkang Co. Ltd,
Changsha). The average diameter of the commercial Fe3O4 NMs ranged
from 100 to 150 nm. The chemicals were analytical pure. Ultrapure
water used in this study was from the Milli-Q ultrapure (18.25MΩ·cm)
system.

The fermentation experiment was carried out in conical flask. Each
flask contained 12 g of straw pieces (dry weight). Fe3O4 NMs were
added in different ratios, and samples were labeled as A (control), B
(0%), C (2.5%), D (5%), E (10%), respectively. Group A was the control
group without the inoculum of P. chrysosporium. The flasks were then
stoppered and autoclaved for 30min at 121 °C. 3mL of the above-
mentioned spore suspension of P. chrysosporium was inoculated to each
flask except for A. The experiment was performed at 37 °C for 60 days.
The moisture content of the fermentation was kept at 65%. The straw
samples were harvested periodically (day 0, 5, 8, 11, 15, 20, 25, 30, 35,
40, 50 and 60) and mixed for the referring analysis. All the experiments
were carried out in three replicates.

2.2. Biological parameters measurement

2.2.1. Enzyme activity assays
The enzymes were extracted from harvested samples by ultrapure

water at a ratio of 1:10 (w:v). After thoroughly mixed at 200 r·min−1

for 30min on a rotary shaker and centrifuged at 3500 r·min−1 for
15min, the supernatant fluid was obtained by filtration. And it was
used for enzyme activity analysis with an UV–vis spectrophotometer
(UV-2550). (see supplementary material).

2.2.2. Hydroxyl radical measurement
The hydroxyl radical (%OH) was determined as described (Zhao

et al., 2015). 0.055 g 2-deoxy-D-ribose was added into 100mL sterile
distilled water. And then 1mL of the 2-deoxy-D-ribose solution and
0.4 mL of enzyme extraction were added to the centrifuge tube. After
incubated at 37 °C for 60min, 1mL of trichloroacetic acid (0.7%) and
1mL of thiobarbituric acid (0.25%) were added to the filtrate. The
mixture was heated at 100 °C. After heated for 15min, reductive ac-
tivity of %OH was indicated by the absorbance of the filtrate at 532 nm.

2.3. Fe2+ content determination

Phenanthroline spectrophotometric method was used to determine
the Fe2+ content by an ultraviolet spectrophotometer (UV-2550)
(Handler et al., 2009).

2.4. Water-soluble carbon and humic acid content analysis

The water-soluble carbon fraction of the sample was extracted by
ultrapure water (1:100, w/v). After stirred for 1 h, humic substances
were extracted according to the methods described by International
Humic Substances Society (IHSS). The carbon content in the extracted
WSC and humic acid was determined by Total Organic Carbon Analyzer
(TOC-5000A). The extracted fulvic acid was used for fluorescence
measurement (Doskočil et al., 2018). The three-dimensional excitation-
emission matrix (3D EEM) spectra were obtained by a HITACHI F7000
fluorescence spectrophotometer. The scan speed was set as 1200 nm/
min. The excitation spectra were from 200 to 500 nm with interval of
5 nm. The emission range was 300–600 nm at interval of 1 nm with the
photo multiplicator tension of 700 V. And the integration time was
0.1 s. The continuous scans recorded the three-dimensional plots of the
humus fluorescence intensity.

2.5. Characterization of fermented straw sample

Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet, Nexus-
670) was used to uncover the chemical structure change of the treated
straws (Xu et al., 2012b). X-ray diffractometer (XRD; Rigaku, Japan)
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was carried out using a Cu Ka1 radiation source (k= 0.1540 nm). It
was operated in the region of 2θ from 10° to 80° at 40 kV and 40mA
with a step size of 0.02. CrI was calculated by the classical Segal method
as below:

= −I I ICrI ( )/crys amor crys (R2-1)

where Icrys stands for the intensity of the peak (2θ≈ 22.9°) and Iamor
represents the intensity of the amorphous region (2θ ≈ 16.9°).

2.6. Statistical analysis

The experimental samples were settled in three replications. The
final results were presented as the mean value along with the standard
deviation. SPSS software (SPSS 18.0, Germany) was used to conduct
statistical analysis with the significance level set as P < 0.05 in this
study (Gong et al., 2018).

3. Results and discussion

3.1. Dynamic changes of enzyme activities during fermentation process

3.1.1. Changes of lignin peroxidase activities
During the fermentation, two enzymatic systems might contribute

to lignocellulose degradation: one is the hydrolytic system including
cellulases and hemicellulases, and the other is known as oxidative lig-
ninolytic system, including the LiP and MnP (Castoldi et al., 2014).
Time variation curves of the LiP, CMCase and xylanase activities were
discussed in this study. MnP and Lac were either not detected in this
study or were maintained at very low levels, indicating that they may
not play a key role in the fermentation.

LiP is reported to oxidize lignin via two consecutive one-electron
oxidation steps. It shows a high redox potential to be capable of cata-
lyzing the oxidation of non-phenolic lignin units, which comprised
more that 90% of the polymer. It was obvious that P. chrysosporium
maintained a good condition and regular enzyme activities with the
presence of Fe3O4 NMs (Fig. 1(a)). The LiP level in all groups with NMs
increased rapidly due to quickly propagation of Pc and then reached the
peak after 30 days. Finally it declined till the end. With the supplement
of NMs, significant increases in peak activity of C (2.5%), D (5%), E
(10%) were observed. The maximum LiP enzyme activity value in
group C (2.5%) reached 169.78 U·g−1, while it was 33.7832 U·g−1 in
group A (control).

3.1.2. Changes of cellulase and hemicellulase
Cellulose is a considerable barrier for lignocellulose degradation

process including crystalline region and amorphous region. And cellu-
lases like CMCase discussed here mainly aimed at the amorphous region
(Rajput et al., 2018). CMCase fluctuated sharply in the initial period
(Fig. 1(b)). It was affected by many factors such as the cellulose crys-
tallinity, the lignin-cellulose association, hemicellulose component and
so on. It started to increase on day 15, which might be due to the
hemicellulose removal. A time lag could be observed between the
CMCase peak and first peak of xylanase (Fig. 1(b) and (c)). It could be
illustrated that the cellulose microfibrils were wrapped by hemi-
cellulose in the cell wall so that the CMCase enzyme activities might
increase after the removal of hemicellulose. It is widely known that the
enzymatic hydrolysis process is highly dependent on the structural al-
terations of cell-wall components. After 60 days of cultivation, the
CMCase level ended up at a relative low level. And xylanase, which is
essential for hemicellulose degradation, was promoted in all groups
with Fe3O4 NMs (Fig. 1 (c)). During the fermentation, there were two
peaks on day 11 and day 40, respectively. The first peak value on day
11 was 13.27 U·g−1 for group D, indicating that the excretion of xy-
lanase by P. chrysosporium was not affected by NMs. It was found that
the increasing production curve of xylanase corresponded to the
hemicellulose degradation pattern as it was the primary substrate for

xylanase (Castaldi et al., 2008). So the rapid increasement of xylanase
activity referred to the consumption of hemicellulose. The hemi-
cellulose degradation was believed to happen before other components
(Wan & Li, 2011; Xu et al., 2017b).

The production of LiP, CMCase and xylanase presented that white-
rot fungi could degrade all the three main components of straw biomass
and the addition of Fe3O4 NMs enhanced the enzyme production to
some degree to promote the degradation process. The enzymatic en-
hancement would be accountable in the presence of Fe3O4 NMs. In
general, the Fe3O4 NMs functioned as iron source. It is obvious that
Fe3O4 NMs applied in this study at all the selected concentration im-
proved the degradation of lignocellulose, although the improvements
were not proportional to Fe3O4 NMs concentration elevation. Sufficient
initial NMs ensured the supply of Fe2+ and Fe3+ and reinforce the

Fig. 1. Enzyme activities in different groups on different sampling days. (a). LiP
(b). CMCase (c). Xylanase. The bars represent the standard deviation (n= 3).
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Fenton reaction. Besides, NMs could also be used as energy source to
accelerate the growth of P. chrysosporium so that enhancing the enzyme
secretion.

3.2. Biochemical Fenton process during the fermentation

3.2.1. Time variation pattern of Fe2+

During the solid-state fermentation, it has been reported that a
group of white-rot fungi (notably P. chrysosporium) could modify the
backbone of lignocellulose to make it accessible for enzymatic hydro-
lysis based on a Fenton oxidation model. And in this regard, low-mo-
lecular weight compounds such as oxalate have been reported to be
involved in the Fenton reaction. Oxalate is reported to be biosynthe-
sized by glyoxylate or oxaloacetate in the tricarboxylic acid (TCA) cycle
as a consequent byproduct. Previous literatures have detected oxalate
both in liquid medium and solid culture medium. And P. chrysosporium
was reported to generate 5.8mM oxalate at high nitrogen condition for
3 weeks. Numerous researches have proved that oxalate played a key
role in white-rot decay system when grown on a lignocellulose substrate
like wheat straw (Huang et al., 2015; Zhao et al., 2015; Zhu et al.,
2016). It was reported that a layer of NMs would be absorbed on the
microorganism cell wall due to the unique properties such as high
surface-to-volume ratio and small size (Ye et al., 2013). And the oxalate
production might facilitate the NMs to enter the degradation system. It
has been demonstrated that oxalate provided an organic anion and
protons with the coexistence of metallic oxide, and the anion would
form a complex with the metal cation (Anna and Marcin, 2006). Ox-
alate and iron oxides coexistence was reported to be capable of setting
up a Fenton-like system even without external source of H2O2 (Liu
et al., 2006). Dai et al. (2018) found out that large quantity of ferric ion
could be leached from iron oxide composite with the coexistence of
oxalate and enhanced the degradation efficiency of Orange Ⅱ. So it was
inferred that the Fe3O4 NMs may enter the complex degradation system
through reaction R3-1.

+ ↔ ≡
− −Fe O H C O C On [ Fe( ) ]n

n
3 4 2 2 4 2 4

(2 3) (R3-1)

Liu et al. (2006) has detected −C OFe( )2 4 2 and −C OFe( )2 4 3
3 in the iron

oxide-oxalate system they established. The formation of iron oxide-
oxalate complexes were crucial steps for many degradation processes
(Li et al., 2007; Rodríguez et al., 2009). So a hypothesis was proposed
that Fe3O4 NMs combined with oxalate would enhance the degradation
of lignocellulose by generating %OH with high redox potential through
enhanced Fenton chemistry (Cheng et al., 2016b; Gligorovski et al.,
2015; Huang et al., 2017b).

+ → +
+ +Fe H O FeOH ·OH2

2 2
2

+ +
+ −(orFe OH ·OH)3 (R3-2)

+ → +
+ + + −Fe ·OH FeOH (orFe OH )2 2 3 (R3-3)

In the proposed hypothesis, oxalate was secreted as the secondary
metabolite of P. chrysosporium, and then absorbed by Fe3O4 NMs to
form Fe3O4-oxalate complexes, in which way Fe3O4 NMs got to enter
the whole degradation system and worked in the form of Fe3+ and
Fe2+. During the Fenton reaction, Fe2+ reacted with H2O2 and %OH was
formed as described in R3-2. After Fe2+ was oxidized to Fe3+, the
microbial cell might also produce reductants such as O2

%− and then
Fe3+ is reduced to Fe2+ in the presence of O2

%−. The dynamic change
of Fe2+ content was shown to decipher this process (Fig. 2). It is no-
teworthy that the Fe2+ content in control group exhibited an average
level of 0.83mg/kg, which indicated the high Fe2+ background level of
straw. And during the fermentation period, it remained stable in control
group. It was found that Fe2+ level in group B was higher than that in
group A, which may be due to the regulating ability of P. chrysosporium.
With regard to the groups with NMs, the Fe2+ increased rapidly in the
initial stage and reached the first peak. It might have some relevance to

the accumulation of oxalate. After that, the Fe2+ content in group C
(2.5%) even exceeded that in group D (5%) and group E (10%) on day
15. This might be attributed to the limited oxalate content in the
system. After that, the Fe2+ triggered the Fenton chemistry to generate
%OH and then declined to the bottom level on day 11. The lowest
content was 0.48mg/g in group C. NMs mainly functioned as a catalyst
as it was consumed with H2O2 and then recycled from FeOH2+ (Fe3+).
The reaction R3-2 was supposed to be much faster than R3-5 and R3-6
according to literature (Gligorovski et al., 2015).

+ → +H O ·OH HO · H O2 2 2 2 (R3-4)

+ → + +
+ − + −FeOH HO ·/O · Fe O H O/OH2

2 2
2

2 2 (R3-5)

+ → + +
+ +FeOH H O Fe H O HO ·2

2 2
2

2 2 (R3-6)

When the consumption rate exceeded generation rate, Fe2+ content
would show a decreasing trend. The Fe2+ level rose gradually in the
final period, which may be attributed to more Fe3O4 NMs entering the
complex Fenton system, and the later increase of %OH also confirmed
that.

3.2.2. Content of hydroxyl radical level variation
In Fenton reaction, iron, the electron donor, would donate an

electron to the hydrogen peroxide and obtain %OH. %OH is known to be
highly reactive to react with a large number of organic compounds
without distinction (Cheng et al., 2016a; Zhou et al., 2017). %OH has the
superior ability to attack lignin in the early stage and initiates the
oxidative attack of the enzymes. The Fenton reaction is a redox cycling
process as mentioned before. A vital factor of the reaction was the re-
duction of Fe3+ to Fe2+, so the %OH level was correlated with the
ferrous iron content. In all groups with NMs, high levels of %OH were
observed (Fig. 2), confirming that the addition of NMs stimulated %OH
production. The reaction R3-5 and R3-6 gave direct evidence that the
process would continue and generate %OH until H2O2 was consumed
entirely. The first peak appeared on day 8 and the absorbance reached
0.46 in Group D (5%). The increasing Fe2+ content which triggered
Fenton chemistry may account for the peak. After that, the %OH level
dropped to the initial level. This decline could be explained by the %OH
scavenging by excess Fe2+ based on R3-3. After reaching the bottom
level, the %OH content kept an increasing trend until the end. On day
60, the absorbance in group E rose to 0.738, the highest among all.
Since the reaction R3-2 proceeded much faster than the reaction R3-5
and R3-6, the %OH formulation rate would show a considerable de-
crease after Fe2+ consumption because the first reaction took faster
than others. On the other hand, the enhanced recycling process of Fe3+

to Fe2+ contributed to the increase of hydroxyl radicals. The humic
substance would function as %OH scavengers and thus increase the re-
action rate. The structural modification caused by %OH and other ra-
dicals during Fenton reaction might be beneficial to the enzymatic
hydrolysis for exposing cellulose to enzymes as it is impossible for them
to penetrate the cell wall. Hu et al. (2018) also demonstrated that
during the removal process of bisphenol A by white-rot fungi, Fenton
reagent functioned at the beginning while fungal treatment mainly
served in the subsequent process.

3.3. Effect on structural change of lignocellulose

3.3.1. Evaluation of structural alteration
FTIR spectra of the treated straw presented an overview of the de-

gradation effects. The structural alteration of treated straw in group B
(0%) and group C (2.5%) was illustrated by FTIR. The dynamic change
of chemical structure was judged by distinguishing the difference be-
tween specific and characteristic absorbing peak of the lignocellulose
components. The spectrum of untreated straw was used as a reference
for further comparison. The band at 588 cm−1 in group C assigned to
the vibrations of Fe-O bonds proved the existence of Fe3O4 NMs in the
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tested sample. The bands at 1507 and 1595 cm−1 ascribed to aromatic
skeletal vibration and C=O stretch vibration of benzene rings, de-
creased in both group B and group C. These peaks were recorded as the
characteristic absorbing peaks of lignin. The diminution in these bands
suggested a substantial and efficient degradation of lignin (Castoldi
et al., 2014). And the more significant decrease in group C offered
evidence that NMs enhanced the structural change. Besides, it could be
found that the adsorption band at 1372 cm−1 declined after 60 days
fungal treatment. The band diminishment suggested that the hemi-
cellulose was partly degraded, and this was in accordance with the
enzyme results discussed before (Xu et al., 2017b). The remarkable
peak at 1317 cm−1 was assigned to S ring and 5-substituted G of lignin
component as well as C–H deformation in cellulose. A clear decrease at
this band was found in group C, which was believed to be an evidence
of the partly fracture of cellulose or S and G lignin structure of the straw
(You et al., 2019). The bands at 898 cm−1 and 1110 cm−1 reflected the
structural change in the amorphous region and crystalline region, re-
spectively. The intensity diminishment of the two bands was a signal of
cellulose degradation. The lower peak intensity at 898 cm−1 manifested
the less ordered cellulose structure after incipient fungal treatment. The
more pronounced diminution in group C further implied that the
crystalline cellulose was disrupted by fungal attack with the addition of
NMs. A comparison of these samples presented the chemical changes
during the fermentation process. In sum, the NMs didn’t affect the
microbial growth. And fungal treatment with NMs resulted in the lig-
nocellulose structural alteration.

3.3.2. Cellulose crystallinity index variation
Cellulose is different from hemicellulose or starch for its unique

crystalline structure (Karimi et al., 2013). A key characteristic of this
region is that it is highly ordered and is difficult to be penetrated even
by small molecules such as water. And this is the reason why CMCase
remained at a relatively low level in the early stage. It has been re-
ported that the cellulose’s “crystallinity reduction” phenomenon exists
in the fugal treatment of lignocellulose. XRD provides us with direct
information of the ratio of crystal and amorphous parts. The

crystallinity index (CrI) of the cellulose in group C (2.5%) on different
sampling days (day 5, 15, 25, 50) was calculated as mentioned. In
general, CrI of the straw sample presented a descending trend from
0.3507 to 0.3405 after fermentation. Hastrup et al. (2012) discovered
the CrI decrease in some brown-rot fungi. But similar decrease was not
observed in their white-rot fungi group, which might be attributed to
the different substrate as they chose hardwood in their research rather
than rice straw in this study. Besides, the crystallinity reduction was
substrate-dependent, which means that not only various white-rot fungi
presented great difference with each other, and even one fungus with
different types of substrate would differ in the degradation perfor-
mance. A slight increase could be observed on day 15 in general
downwards tendency as the CrI on day 15 was 0.3656, higher than that
on day 5. This corresponded to the previous literature (Xu et al.,
2017b). It was noteworthy that the crystallinity of most fungus-treated
lignocellulose biomass would present a minor increase at the premier
stage of cultivation due to the selective removal of the less-ordered
components (i.e. hemicellulose and non-crystalline cellulose) by P.
chrysosporium (Xu et al., 2010). That also echoed the discussion about
enzymes that P. chrysosporium tended to degrade hemicellulose in the
initial stage. Arantes and Saddler, 2010 proposed the carbohydrate-
binding modules (CBM) and cellobiohydrolase system to illustrate en-
zymatic processes. It was demonstrated that white-rot fungi could cause
the ‘swelling’ by accommodating more water molecules into the mi-
crofibrils. So the rising mechanical pressure would uncover the tightly
bound structure of cellulose chain. After that, the crystalline cellulose
started to break apart. CrI decreased from 0.3656 on day 15 to 0.3604
on day 25. And finally, it declined to the bottom level at 0.3405 on day
50. The depressed CrI index also worked in concert with the decrease of
peak intensities at 1110 cm−1 in FTIR spectra. All the results demon-
strated the decrystallization of the highly-ordered cellulose of straw. It
was believed that NMs could enhance the hydrolysis degree and favor
fungi to utilize soluble sugars from lignocellulose biomass by causing
some structural alteration (Zeng et al., 2011). However, it was worth
mentioning that the change of crystallinity was relatively small in
magnitude during the primary degradation of lignocellulose. One

Fig. 2. Dynamic changes of Fe2+ and %OH in different groups on different sampling days (A: control; B: Pc and 0% Fe3O4; C: Pc and 2.5% Fe3O4; D: Pc and 5% Fe3O4;
E: Pc and 10% Fe3O4.) The bars represent the standard deviations of the means. (n= 3).

D. Huang et al. Bioresource Technology 276 (2019) 335–342

339



possible reason was that the crystallinity decreases only took place in
the outer space while XRD was a kind of averaging technique focusing
on the crystal plane of the entire sample.

3.4. The humification degree of lignocellulose

As the fermentation went on, the combined effect of Fenton process
and enzyme hydrolysis led to the demethylation, oxidation and frag-
mentization of lignocellulose by cleaving various bonds of lig-
nocellulose to form some phenolic and quinone compounds. WSC re-
presented the amount of organic carbon which can be easily used by
microorganisms so that it was an essential index to evaluate the process.
The chief constituents of WSC extracted from lignocellulose were glu-
cose and xylose, which also stood for the main component of cellulose
and hemicellulose. WSC content presented an increasing trend along
the whole period (Fig. 3). The stable increase echoed the ascending of
CMCase and xylanase. After 50 days, the WSC in group D rose to
52.42mg/g, which suggested that NMs promoted the formation of
WSC.

Humic acid is a complex that is insoluble in water (Moharana &
Biswas, 2016). As the fermentation continued, non-humic substances
decomposed and formed some humic substances. The variation of HA
content on day 5 and day 50 was presented (Fig. 3). The increase of
humic substances was observed after the fermentation. During the
fermentation, the precursor of humus, phenolic and quinone com-
pounds were obtained, leading to the increase of HA content. It was
commonly known that humus was the outcome of a series of biological
activity as it could serve as carbon source and energy for the micro-
organisms to produce simple organics. The humus formation process
was closely associated with the microbial activity. It was obvious that
NMs provoked the increase of HA. After 50 days, HA content in group C
increased by 54% and was the highest one among others.

It has been demonstrated that the fluorescence spectra can be used
to characterize and distinguish different types of humic substances
(Fuentes et al., 2006). Thus, a 3D-EEM contour plot for the FA extracted
from the samples was presented in Fig. 4. The spectra showed the
contour maxima at different excitation/emission wavelength (λ) ac-
cording to the literature: λex/λem=320/453 nm, ascribed to visible
fulvic-like fluorescence peak, Peak A; λex/λem=270/449 nm, re-
presenting the protein-like fluorescence peak, Peak B (Zhang et al.,
2011). Peak A was labeled as fulvic-like acid, suggesting the poor
biodegradability of the sample. And peak B was called a protein-like
fluorescence peak that originated from aromatic groups (Fengchang Wu
and Tanoue‡, 2001). The fluorescence intensities in Fig. 4 (a) of the two

peaks were 6645 and 6817, respectively. The high degree of fluores-
cence intensity was a signal that peak A and peak B were the finger-
prints peaks, from which chemical change could be observed visually.
From Fig. 4 (b) to Fig. 4 (c), it could be observed that the fluvic-like
peak A shifted to shorter emission wavelength nearly at the same ex-
citation wavelength, and the fluorescence intensity declined. Shorter
emission wavelength was ascribed to a simpler structure as well as
lower molecular weight components (Doskočil et al., 2018). So the
position shift of the fluorescence peak indicated the initial degradation
of lignocellulose. Besides, the decay of fluorescence intensity presented
a lower degree of aromatic polycondensation and less conjugated
chromophores, thus indicating the contribution of NMs. The fluores-
cence intensities of the two peaks showed a remarkably downward
trend along the fermentation period, and peak B almost disappeared.
The decreasing of peak B indicated the oxidation of protein-like sub-
stances. These results proved effective humification process during the
fungal treatment with NMs.

3.5. The effect of fermentation on characteristic of Fe3O4 NMs

In order to figure out the interaction between NMs and micro-
organism, it is also crucial to focus on the effect of fermentation on
NMs. Direct evidence for the Fe3O4 NMs characteristics after fermen-
tation could be obtained by XRD. The XRD pattern manifested that the
NMs remained stable during the experiment. There was only a peak at
2θ=22.9° belonging to the cellulose in group A. Compared to group A,
a group of diffraction peaks showing the cubic structure could be ob-
served in group C. Characteristic peaks at 2θ=31.4°, 35.4° and 43.0°
observed in the spectra were corresponding to diffraction peaks (2 2 0),
(3 1 1), (4 0 0), respectively (Xu & Wang, 2012). The most intense
(3 1 1) peak was the characteristic reflection of Fe3O4 materials
(2θ=35.4°) (Dai et al., 2018). And no obvious change of characteristic
peaks was found in the spectra after fermentation.

The magnetic separation experiment was carried out to confirm if it
is possible to recycle the NMs. And it was proved that easy separation of
NMs could be realized after the fermentation. In order to confirm the
Fe3O4 NMs changes in morphology after the fermentation, the recycled
Fe3O4 NMs was analyzed by Transmission electron microscope (TEM).
It could be observed that the commercial Fe3O4 NMs had cubic shape
with the uniform diameter ranged from 100 to 150 nm. After solid-state
fermentation with fungal for 60 days, the Fe3O4 NMs were irregular and
had smaller diameter, which might due to the NMs dissolution and
transformation by P. chrysosporium. Surface layer of NMs were solved
by the organic acid and Fe2+ was released into the system.

4. Conclusion

Synergism of Fe3O4 NMs and white-rot fungi was proved feasible in
lignocellulose treatment. Therefore, this work highlights the role of
Fe3O4 NMs in the lignocellulose biomass biotreatment based on a
Fenton-reaction-aid pattern and provides an insight for other bio-
technology to enhance the fungal degradation performance of lig-
nocellulose. However, the mechanism is not completely clear and fur-
ther mechanical study of the related Fenton reaction between NMs and
microorganisms is still needed for solving out the existed problem in
lignocellulose biotreatment.
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