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ization and quality evaluation of
humic acids from lignite using the cell-free filtrate
of Penicillium ortum MJ51†

Shiying Li,‡ab Jinfang Tan,‡c Yi Wang,b Peipei Li,b Desheng Hu,b Qiuzhe Shi,b

Yanjun Yue,d Fang Li*b and Yanlai Han *b

Bio-solubilization of lignite is a promising technology to transform coal into humic acids (HAs) which are

broadly used in agriculture. In this work, HAs were extracted from lignite using the cell-free filtrate (CFF)

of Penicillium ortum MJ51. The extraction method was optimized using response surface methodology

(RSM) based on the interactive effects of nitric acid concentrations, coal loading ratio, extraction

temperature and time as input factors, and the absorbance of HAs at 450 nm wavelength as the output

response. Under optimized conditions (lignite pretreated with 4.7 N HNO3, coal loading ratio of 4.9%,

temperature of 77.3 �C and time of 8.6 hours), the absorbance at 450 nm peaked at 70.28, and the

concentration and extraction yield of HAs were 31.3 g L�1 and 63.9%, respectively, which were

dramatically higher than those observed for traditional biological methods (0.7 g L�1 and 14.1%,

respectively). The qualities of HAs produced under optimized conditions were evaluated and compared

with those extracted by the conventional chemical method. The optimized process resulted in better HA

quality indices, including lower molecular mass; higher nitrogen; less aromatic carbon; more aliphatic

and carboxylic carbon; and higher bioactivity for promoting plant growth. Moreover, the anti-

flocculation ability was improved, thereby supporting its applicability in agriculture. Extraction of HAs

from lignite using the CFF of P. ortum MJ51 provides a novel technological approach for the efficient

conversion of lignite to bio-active HAs.
1. Introduction

Humic acids (HAs) are a class of natural polyelectrolyte
complexes with a large number of active groups, including
carboxyl groups, phenolic hydroxyl groups, carbonyl groups and
methoxy groups, the pressence of these groups endows HAs
with many capabilities such as complexation, ion exchange and
redox properties, and makes HAs widely used in various elds,
especially agriculture.1 As a fertilizer additive and soil remedi-
ation agent, HAs play an important role in stimulating plant
growth, enhancing soil fertility and decreasing the toxicity of
heavy metals.2–4 Accordingly, the potential biochemical activity
and preparation method of HAs have aroused extensive
attention.
ood Crops, Henan Agricultural University,

Science, Henan Agricultural University,

01@henau.edu.cn; hyanlai@henau.edu.

ty, Guangzhou 510000, China

d, Xinxiang 453000, China

tion (ESI) available. See DOI:

ly to this study.
Lignite, a kind of low rank coal is an energy source as well as
a HAs resource, accounts for 45% of the global low-rank coal
reserves.5 Efforts had been made to extract HAs from lignite via
chemical and biological methods.6–8 The amount of HAs
extracted chemically depends on the extraction agent (such as
NaOH or KOH), temperature, time and coal particle size.42

Although chemical methods are efficient, HAs prepared via
biological methods are more environmentally safe and have
better bioactivity.9 Esterase-degraded lignite HAs have a higher
percentage of aliphatic carbon, but a lower percentage of
aromatic carbon and ester groups than raw lignite HAs, and
have been shown to promote the growth of asparagus lettuce.10

Oxidation pretreatment of lignite can also improve HA bioac-
tivity by reducing their molecular weight and increasing their
content of active functional groups.11 Among a variety of
oxidants (such as hydrogen peroxide, nitric acid and sodium
hydroxide), nitric acid (HNO3) was the most effective pretreat-
ment to improve the oxidation degree of coal.12 Oxidizing
pretreatment of coal with HNO3 also promotes microbial solu-
bilization of coal, enhances the yield of HAs and the number of
oxygen and nitrogen functional groups.7,13 Combining an
oxidation pretreatment of coal with biological methods to
obtain HAs of high quantity and quality has become a prom-
ising research area.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In the 1980s, white-rot fungi were reported to dissolve coal.14

Since then, many microorganisms, including Bacillus sp. Y7,15

Penicillium sp. P6 16 and Streptomyces fulvissimus K59,18 have
been reported to convert low-rank coal into HAs. Generally,
microorganisms degrade coal by releasing extracellular metab-
olites, such as surfactants, alkaline substances and extracellular
enzymes.19 Due to the diversity of microorganisms that produce
various extracellular metabolites, the mechanism and efficiency
of coal bio-solubilization vary. A recent study revealed that 35%
of H2O2-pretreated lignite was solubilized by Trichoderma cit-
rinoviride, which can secret oxidase, lignin peroxidase and lac-
case.20 Another study obtained a higher bio-solubilization rate
(36.77%) using the thermostable, alkaline extracellular mate-
rials produced by Bacillus sp. Y7.15 Furthermore, it has been
shown that lignite components can be solubilized using
biosurfactant-containing cell-free ltrate (CFF) extracted from
Bacillus licheniformis.21 Most coal-solubilizing bacteria and
actinomycetes primarily rely on alkaline action and chelation,
while fungi mostly rely on enzymes, but also utilize the above
substances to a lesser degree.22,23 Although extracellular
metabolites are widely known for their role in the lignite solu-
bilization process, research on process optimization of HA
extraction from lignite using extracellular CFF is still scarce.

Nowadays, efforts had been made to improve the yield and
bioactivity of HAs. The amount of HAs produced via biological
methods is inuenced by the culture conditions, temperature,
time, coal particle size, coal loading ratio and oxidation content
of coal.17,24 Accordingly, an appropriate experimental design is
necessary to optimize the extraction conditions. Response
surface methodology (RSM) has been widely used to explore the
optimal conditions related to multiple factors.25,26 RSM
modeling describes the relationship between input and
response variables with advantage of minimizing the number of
experimental runs.27 Hence, RSM could be adopted to optimize
the conditions for HA production. The biochemical activity of
HAs is determined by their chemical composition, structure,
molecular weight and other properties.28,29 To investigate the
chemical and structural properties of HAs, numerous analytical
methods have been widely used, including elemental analysis,
titration analysis of acidic functional groups, ultraviolet-visible
(UV-Vis) spectroscopy, uorescence spectra, Fourier transform
infrared (FTIR) spectroscopy, cross polarization magic angle
spinning 13C NMR (CP/MAS 13C NMR) spectrometry, X-ray
diffraction (XRD), gas chromatography-mass spectrometry
(GC-MS), high-performance size-exclusion chromatography
(HPSEC) and scanning electron microscopy (SEM).30–33

Here, Penicillium ortum MJ51 was isolated from lignite,
which has strong ability to solubilize lignite. Some strains of
Penicillium spp., such as P. simplicissimum, P. citrinum and P.
decumbens P6 are reportedly able to solubilize and degrade
lignite.22,34,35 However, the extraction of HAs from lignite using
the CFF of the P. ortum strain has not been conducted yet. In
view of the important role of extracellular metabolites secreted
by microorganisms in lignite solubilization, it can be hypothe-
sized that extracellular CFF of P. ortum MJ51 could be used to
extract HAs from lignite and that HAs have better bioactivity
than that extracted by traditional chemical methods. To test
© 2022 The Author(s). Published by the Royal Society of Chemistry
this hypothesis, HAs were extracted from lignite using the CFF
of P. ortum MJ51, the extraction conditions were optimized
through RSM based on the interactive effects of the input
factors (specically, HNO3 concentration, coal loading ratio,
extraction temperature and time) and the output response
(specically, the absorbance of HAs at 450 nm wavelength).
Meanwhile, the quality of HAs extracted under optimized
conditions was evaluated and compared with that extracted by
conventional chemical methods via elemental analysis, occu-
lation, HPSEC, FTIR spectroscopy and CP/MAS 13C NMR
spectroscopy.

2. Materials and methods
2.1. Coal samples

The coal samples used in this experiment were collected from
the Mile Coal Mine in Yunnan Province, China, and then
transported to the laboratory and stored at 4 �C. The coal
samples were ground to a diameter of 0.18–0.25 mm and dried
to a constant weight in an oven at 80 �C. Chemical character-
ization of the coal samples, which included proximate analysis,
caloric value and vitrinite reectance, was performed accord-
ing to Sabar et al. (2019).17 The gross caloric value and vitrinite
reectance of the coal were measured using a 5E-C5508 Kaiyuan
Calorimeter (Changsha, China) and a Leitz Orthoplan micro-
scope (Solms, Germany), respectively. The ash and volatile
contents of the coal samples were 29.5% and 44.04%, respec-
tively, and the gross caloric value and vitrinite reectance
index were 18.63 MJ kg�1 and 0.39%, respectively. These results
indicate that the coal was meta-lignite.

2.2. Fungus and cell-free ltrate (CFF)

Penicillium ortum MJ51, which was isolated from fresh lignite
samples, has 99% sequence homology of the internal tran-
scribed spacer (ITS) region with the P. ortum strain MK450708.1.
This strain has been demonstrated to effectively degrade coal
(unpublished data).

The fungal strain MJ51 was inoculated on potato dextrose
agar (PDA; 200 g potato, 20 g glucose, 20 g agar and 1000 mL
distilled water) and cultivated for 6 d at 28 �C. Aer cultivation,
0.1% sterilized NaCl was added to form a spore suspension. The
number of spores was observed under a microscope using
a hemocytometer. Next, 2.5 mL of spore suspension (1 � 108

spores per mL) was inoculated into a 250 mL ask containing
50 mL of culture uid (20.0 g L�1 sucrose, 3 g L�1 KNO3, 1 g L�1

KH2PO4, 0.5 g L�1 Na2HPO4, 0.5 g L�1 MgSO4$7H2O; pH 6.0).
The inoculated medium was cultured at 160 rpm and 30 �C. The
CFF obtained from the different fermentation times (12 hours
intervals) was prepared by centrifuging 50 mL of the culture at
12 000g for 10 min. The pH of the CFF was measured and the
mycelium was dried to a constant weight at 75 �C.

2.3. Optimization of the HA production process

The CFF (20 mL) was incubated with lignite in a 50 mL ask in
a SHA-CA reciprocating water bath oscillator (Changzhou,
China). Different parametric effects for HA production were
RSC Adv., 2022, 12, 528–539 | 529
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Table 1 Different conditions for bio-solubilization experiment

Group Variables Ranges Conditions

1 Bio-solution type A: culture solution inoculation with
P. ortum MJ51 for 0 hour

0.5% raw lignite, 30 �C, 160 rpm

B: CFF of P. ortum MJ51 cultured to
the 60th hour

2 Incubation time 0 h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h,
84 h, 96 h, 108 h, 120 h, 132 h, 144 h,
156 h, 168 h

0.5% raw lignite, 30 �C, 160 rpm

3 Temperature 30 �C, 45 �C, 60 �C, 75 �C, 90 �C 0.5% raw lignite, 160 rpm
4 HNO3 concentration 0 N, 0.5 N, 1 N, 2 N, 4 N, 6 N 0.5% raw lignite, 75 �C, 160 rpm
5 Coal loading ratio 0.5%, 1%, 2%, 3%, 4%, 5%, 6% 4 N HNO3, 75 �C, 160 rpm
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studied, including the bio-solution type, fungal growth phase,
HNO3 concentration for coal pretreatment, coal loading ratio,
temperature and time; see Table 1 for the specic conditions.
Pretreated lignite samples were prepared by placing raw lignite
into HNO3 at a ratio of 1 g coal per 25 mL solution. Pretreat-
ments were performed using 0, 0.5, 1, 2, 4, 6 N HNO3. Chemical
pretreatment was conducted in 50 mL glass vials at 30 �C for 48
hours. Aer pretreatment, the samples were centrifuged at
7000g for 10 min and then washed with deionized water until
the ltrate was colorless and the pH was greater than 5. Finally,
the treated coal was dried in an oven at 80 �C.

For the solubilization study, three groups of parallel experi-
ments were performed. Aer solubilization, the samples were
centrifuged at 8000g for 12 min, and the content of coal solubi-
lization products in the supernatant was determined using
a Thermo Scientic UV1510 Spectrophotometer (Waltham, USA)
at a wavelength of 450 nm, which is related to the HA content.18

The optimal condition for HA extraction from lignite was
determined by the Box–Behnken design of RSM. Based on the
univariate analysis, ranges for variable value design of the RSM
were as follows: HNO3 concentration: 2, 4, 6 N; coal loading
ratio: 4, 5, 6%; time: 6, 8, 10 h; and temperature: 60, 75, 90 �C.
Variables and experimental design of the RSM are shown in
Tables 2 and 3. The RSM design was analyzed by Design-Expert
8.0 soware.
2.4. Concentration and extraction yield of HAs

HAs were extracted from raw lignite, HNO3-pretreated lignite
with 60 h CFF (HA-CFF), and 0.1 MNaOH solution as the control
(HA-control). The volume of extractant was 20 mL. The method
for HA extraction was modied from Sabar et al. (2020).9 The
specic HNO3 concentration used for pretreating lignite, coal
loading ratio, extraction time and temperature referred to the
optimum conditions of RSM. The HA concentration and yield
Table 2 Range of values for response surface variables

Factor Name Units Minimum Maximum Mean

A HNO3 concentration N 2 6 4
B Temperature oC 60 90 75
C Coal loading ratio % 4 6 5
D Time hours 6 10 8

530 | RSC Adv., 2022, 12, 528–539
were determined gravimetrically as per eqn (1) and (2),
respectively.

CHAs

�
g L�1� ¼ wt: of dried HAs

v: of extractant
� 100 (1)

HA% ¼ wt: of dried HAs

wt: of dried coal
� 100 (2)

2.5. Quality evaluation of HAs

2.5.1. Elemental analysis, E4/E6 ratio analysis and molec-
ular weight distribution of HAs. Elemental composition of the
extracted HAs was determined with an Elementar Vario EL cube
(Hanau, Germany). The oxygen content was calculated by
determining the difference. The E4/E6 ratio was determined by
taking the ratio of absorbances at 465 and 665 nm. The
molecular weight distribution of HAs was determined by
HPSEC. The specic method was performed according to Sabar
et al., (2020).9

2.5.2. Flocculation limit. The occulation limit represents
the minimum milliequivalent number of electrolytes
(0.1 mol L�1 CaCl2) that must be added to the 0.02% HA lye
solution in 1 hour. The specic protocol was as follows: HA
samples were dissolved in a 0.05 M NaHCO3 solution at pH 8.4
with a concentration of 20 mg HAs per 100 mL solution. A series
of 0.1 mol L�1 CaCl2 solutions of different volumes (0.2–1.0 mL,
in 0.02 mL increments) was prepared; the CaCl2 solution was
then diluted to 2.5 mL with deionized water; 5 mL of the 0.02%
HA solution was added into the CaCl2 solutions of different
concentrations; and then the solutions were le to stand for 1
hour. Finally, occulation in the test tubes was observed. The
calculation for the occulation limit is described as eqn (3)

Flocculation limit (mmol L�1) ¼ M$V � 1000/5 ¼ 200MV (3)

where M is the CaCl2 concentration (here 0.1 mol L�1) and V is
the minimum CaCl2 addition amount (mL) at which the
aggregation limit is reached.

2.5.3. Spectroscopy analysis of HAs. To investigate the
structure and functional group distribution of the HA samples,
FTIR and solid-state CP/MAS 13C NMR analyses were per-
formed. For FTIR, 2 mg HAs was thoroughly mixed with 200 mg
dried KBr and pressed into pellets. The pellets were subjected to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Box–Behnken design with four-factor and three-levela

Run

Factor 1 A: HNO3

concentration (N)
Factor 2 B:
temperature (oC)

Factor 3 C: coal
loading ratio (%) Factor 4 D: time (h)

A450Coded Actual Coded Actual Coded Actual Coded Actual

1 0 4 �1 60 0 5 �1 6 50.36 � 0.56
2 �1 2 0 75 1 6 0 8 26.34 � 0.39
3 �1 2 �1 60 0 5 0 8 29.79 � 0.40
4 0 4 0 75 0 5 0 8 68.61 � 0.63
5 0 4 1 90 �1 4 0 8 59.87 � 1.31
6 0 4 0 75 �1 4 �1 6 52.16 � 0.84
7 0 4 �1 60 0 5 1 10 55.65 � 1.09
8 �1 2 1 90 0 5 0 8 31.71 � 0.32
9 1 6 0 75 �1 4 0 8 54.90 � 1.51
10 �1 2 0 75 0 5 1 10 29.96 � 0.72
11 0 4 0 75 1 6 �1 6 49.77 � 0.34
12 0 4 0 75 �1 4 1 10 61.73 � 1.18
13 0 4 0 75 0 5 0 8 68.02 � 1.31
14 0 4 0 75 0 5 0 8 67.49 � 1.24
15 0 4 0 75 0 5 0 8 65.45 � 1.67
16 1 6 0 75 0 5 1 10 57.11 � 0.74
17 0 4 1 90 1 6 0 8 51.95 � 0.70
18 1 6 0 75 1 6 0 8 50.92 � 1.49
19 �1 2 0 75 �1 4 0 8 26.89 � 0.68
20 0 4 �1 60 1 6 0 8 45.96 � 1.20
21 0 4 1 90 0 5 �1 6 56.40 � 1.38
22 0 4 0 75 1 6 1 10 54.94 � 0.94
23 1 6 �1 60 0 5 0 8 45.02 � 0.71
24 0 4 �1 60 �1 4 0 8 51.26 � 1.20
25 1 6 0 75 0 5 �1 6 52.20 � 1.08
26 �1 2 0 75 0 5 �1 6 28.60 � 0.48
27 1 6 1 90 0 5 0 8 55.92 � 1.25
28 0 4 0 75 0 5 0 8 66.49 � 1.49
29 0 4 1 90 0 5 1 10 64.68 � 1.31

a Note: results are presented as the mean � standard deviation.
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FTIR scanning using a Nicolet IS10 FTIR spectrometer (Madi-
son, USA) in the region of 4000–400 cm�1. The solid-state CP/
MAS 13C NMR spectra of the HA samples were obtained using
a Bruker AVANCE III 500 MHz spectrometer (Karlsruhe,
German) at a resonance frequency of 100.63 MHz, magic angle
spinning at 12 kHz, a contact time of 3.5 ms and pulse delay of
2 s. Approximately 1200 scans were performed for each spec-
trum. The spectral data of the HAs were quantitatively analyzed
according to the literature.36

2.5.4. Effect of HAs on maize growth. To verify the effect of
the HA biological activity on maize growth, two treatments with
three replicates each were established, namely the HA-control
and HA-CFF. Pots (20 cm � 25 cm) containing 7.5 kg of air-
dried soil were arranged randomly. All treatments received the
same amount of N, P2O5, K2O and HAs (0.15, 0.1, 0.1 and 0.03 g
kg�1, respectively). Three maize seeds were sown in each pot.
Aer 30 days, the stem diameter, plant height and biomass of
the plants were measured.
3. Results and discussion
3.1. Optimization of HA extraction conditions

To enhance the release of water-soluble HAs from coal, crucial
parameters that could potentially affect the concentration of
© 2022 The Author(s). Published by the Royal Society of Chemistry
dissolved coal products via coal solubilization were studied,
including the fungal incubation time, HNO3 concentration for
coal pretreatment, coal loading ratio, reaction temperature and
time.17,18 The HA content was evaluated by measuring the
absorbance value of bio-solubilized products at a wavelength of
450 nm (A450), which is the characteristic UV/Vis absorbance
wavelength of HAs.

3.1.1. Effect of fungal incubation time on untreated coal
dissolution. Lignite bio-solubilization can occur in fermenta-
tion broths with both living microbial cells and without living
cells. The latter mainly depends on the action of secondary
metabolites,37 which is more conducive to the optimized sepa-
ration and extraction conditions of HAs. In this study, two types
of biological solutions (A and B) were used to dissolve lignite.
Solution A represents a culture solution inoculated with P.
ortum MJ51 for 0 hours, and solution B represents the CFF of P.
ortum MJ51 prepared aer cultivation for 60 hours (the time at
which the mycelial biomass peaked) (Fig. 1a). The A450 of the
supernatant was measured from the moment when lignite was
added to solutions A and B. The results (Fig. 1b) show that the
A450 of the solution B supernatant increased sharply and peaked
at the 4th hour, while that of the solution A supernatant only
increased signicantly at the 48th hour and then peaked on the
10th day. Furthermore, there was no signicant difference
RSC Adv., 2022, 12, 528–539 | 531
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Fig. 1 (a) Growth curve of Penicillium ortum MJ51 strain; (b) effect of bio-solution type (A: culture solution inoculation with P. ortum MJ51 for
0 hour; B: CFF of P. ortum MJ51 cultured to the 60th hour) on coal solubilization; (c) pH of the cell-free filtrate (CFF) with different culture time
and lignite degradation in the CFF by P. ortum MJ51; (d) the relationship between pH of the CFF and the absorbance of HAs at 450 nm
wavelength. Note: error bars indicate standard deviation.
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between the maximum A450 of solutions A and B (p < 0.05). This
phenomenon demonstrates that the CFF can promote the
release of HAs more quickly. Other studies indicate that the
optimal fungal incubation time to obtain the maximum release
of organics from coal oen exceeds 7 days,17,38 which is
consistent with the results seen for coal dissolution by solution
A in this study. Efficient solubilization occurs in medium con-
taining rich secondary metabolites, which largely accumulate
when fungi grow to a certain extent. Accordingly, solution A
experienced a lag period prior to coal dissolution, whereas
dissolving lignite with solution B (CFF) shortened the coal
dissolution time to 4 hours. Therefore, the CFF from P. ortum
MJ51 was used to extract HAs.

Coal solubilization depends on the concentration of extra-
cellular secondary metabolites of fungi, which are associated
with the fungal growth period.38 Thus, we studied the growth
curve of P. ortum MJ51 and further explored the relationship
between the pH of the CFF and the A450 value of the bio-
solubilized products. The growth of P. ortum MJ51 changed
over time and was divided into four stages: the lag phase (0–12
hours), exponential phase (12–60 hours), stationary phase (60–
96 hours) and death phase (96–168 hours) (Fig. 1a). As
fermentation proceeded, the pH of the CFF increased from 6.05
to 8.17 during the exponential phase, then further increased
slowly during the stationary and death phases (Fig. 1c). The
trend in A450 was similar to that of the CFF pH, which indicates
532 | RSC Adv., 2022, 12, 528–539
that the alkaline substances secreted by P. ortum MJ51 promote
the release of HAs in coal. This result was supported by
regression analysis (Fig. 1d), which showed a signicant posi-
tive correlation between pH and A450 (R2 ¼ 0.9098, p < 0.001).
Our results were consistent with those of previous studies.15,39,40

Some microorganisms have been shown to secrete alkaline
materials that increased the medium pH to more than 8 aer 6
days;15,22,41 however, the pH of the CFF from P. ortum MJ51
surpassed 8.0 aer only 60 hours. This indicates that P. ortum
MJ51 is more efficient than the previously usedmicroorganisms
for increasing the pH of the CFF, which is helpful for shortening
the coal solubilization process.

3.1.2. Temperature effect. Solubilization of lignite by the
CFF was investigated at various temperatures. The A450 value
showed a continuous increasing trend in all treatments over 0–8
hours, but no notable increase was observed aer 8 hours
(Fig. 2a). With the increase of temperature (30–75 �C), the A450
value gradually increased, with a peak of 2.18 at 75 �C. A similar
result was reported in a mechanically agitated tank reactor.5

With the increase of temperature, a weak physical bond in the
coal molecular structure was opened, the nonpolarity of the
aqueous solution was stimulated, and the interaction between
coal and water molecules was enhanced, which nally acceler-
ated the dissolution of coal.42 Based on the results of this study,
a simple temperature increase did not cause a signicant
increase in the HA content in the blank medium solution; thus,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of different factors on coal solubilization. (a) Temperature, (b) HNO3 concentration, and (c) coal loading ratio. Note: error bars
indicate standard deviation.
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it was speculated that CFF is the key to coal dissolution. We
speculate that the reason for this may be that the elevated
temperature greatly accelerates the reaction between alkaline
and acidic groups, such as the hydroxyl and carboxyl groups in
the coal, rather than only the reaction between the coal and
water molecules. While an excessive temperature (90 �C) may
inactivate the enzymes in the CFF, causing loss of coal-
degrading function; on the other hand, high temperature may
degrade the amino acid structure in the HA molecular chain,5

thus the increased HAs may be offset by their degradation. The
above reasons may explain why the HA concentration did not
change signicantly (p > 0.05) in this study when the tempera-
ture was raised to 90 �C.

Generally, alkaline substances, surfactants and extracellular
enzymes in CFF participate during lignite solubilization.
Previous research demonstrated that the degradation capacity
was dramatically decreased when the CFF of P. decumbens P6
was heated.22 In this work, the CFF still had strong activity when
heated to 90 �C, indicating that the solubilizationmechanism of
P. ortumMJ51 is different from that of P. decumbens P6, and that
the main active substances of the CFFs were resistant to high
temperature. Due to the fact that few enzymes can resist such
high temperatures and gradually increase in pH of CFF, we
speculated that the main CFF substances contributing to coal
solubilization were alkaline substances or surfactants; similar
results have been found in the CFF from bacteria.15,43 Currently,
© 2022 The Author(s). Published by the Royal Society of Chemistry
the reported bacterial metabolites with coal-dissolving function
include glycerophosphocholine, proveratrol A, proveratrol B
and surfactin, etc.44 To evaluate the composition of alkaline
substances in the CFF of this study, whole genome-sequencing
of P. ortum MJ51 was conducted. A large quantity of genes
involved in aromatic compound degradation and alkaloid
(isoquinoline, tropane, piperidine and pyridine alkaloid, pyri-
dine and indole diterpene alkaloid etc.) biosynthesis were
annotated (Fig. S1†). Living cells of P. ortumMJ51 depolymerize
coal molecules by expressing genes involved in aromatic
substance degradation, while CFF degrades coal mainly
through alkaloids. Therefore, the coal solubilization mecha-
nism by the CFF from P. ortum MJ51 was claried.

3.1.3. HNO3-pretreated coal effect. The effect of HNO3-
pretreated coal on the release of HAs was investigated at 75 �C
(Fig. 2b). The A450 value continuously increased following an
increase in the HNO3 concentration (0–4 N) and time (0–10
hours), with a maximum value of 20.45 observed for 4 N HNO3

at 8 hours, which was 10 times higher than the results obtained
with raw coal. Aer the HNO3 concentration exceeded 4 N, the
A450 value declined. This is similar to the reported Streptomyces
fulvissimus K59-mediated coal bio-solubilization, where the
highest HA content was obtained with 5 N HNO3-pretreated
coal, relative to 2 N and 8 N HNO3-pretreated coal.18 A previous
study of brown coal oxidation mechanisms by HNO3 demon-
strated that some inorganic substances inlaid in coal are acid-
RSC Adv., 2022, 12, 528–539 | 533
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Table 4 ANOVA of response surface quadratic model for humic acids production

Source Sum of squares df Mean square F-Value p-Value

Model 4809.38 14 343.53 83.35 <0.0001
A – HNO3 concentration 1698.84 1 1698.84 412.20 <0.0001
B – temperature 150.45 1 150.45 36.50 <0.0001
C – coal loading ratio 60.44 1 60.44 14.66 0.0018
D – time 99.65 1 99.65 24.18 0.0002
AB 20.16 1 20.16 4.89 0.0441
AC 2.94 1 2.94 0.71 0.4124
AD 3.15 1 3.15 0.76 0.3967
BC 1.72 1 1.72 0.42 0.5292
BD 2.24 1 2.24 0.54 0.4736
CD 4.84 1 4.84 1.17 0.2968
A2 2622.28 1 2622.28 636.26 <0.0001
B2 270.29 1 270.29 65.58 <0.0001
C2 408.95 1 408.95 99.23 <0.0001
D2 136.15 1 136.15 33.03 <0.0001
Residual 57.70 14 4.12
Lack of t 51.39 10 5.14 3.26 0.1332
Pure error 6.31 4 1.58
Cor total 4867.08 28
Coefficient of determination (R2) ¼ 0.9881
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soluble and that their removal reduces the ash content while
concomitantly enhancing the pore volume and pore size of the
coal. In addition, aromatic rings are opened and oxidized by
nitric acid, which leads to an increase in carboxyl and
a decrease in the aromaticity of HNO3-oxidized coal.45 An
increased coal surface area and looser coal structure might
facilitate its subsequent bio-liquefaction and promote the
release of HAs from coal, while the oxidation of coal with 6 N
HNO3 led to a lower HA concentration in this study. Excessive
oxidation of lignite decreases the C content and increases the
carboxyl content and H/C ratio in residual coal.18 A lower
carbon content in lignite may lead to less organic substances
in the coal dissolution products, while a higher carboxyl
content and H/C ratio in the lignite could deplete more
alkaline substance in the CFF and decrease the pH of the
reaction liquid, thereby inhibiting the release of HAs from
lignite.
Fig. 3 Diagnostics of response surface quadratic model. (a) Normal plo

534 | RSC Adv., 2022, 12, 528–539
3.1.4. Coal loading ratio effect. The effect of the coal
loading ratio on coal solubilization was explored at 75 �C with
4 N HNO3-pretreated coal. The A450 value of all treatments
increased rapidly during 0–8 hours, and then remained basi-
cally constant at 10 hours (Fig. 2c). Properly increasing the coal
loading ratio contributed to an increased HA concentration. A
maximum A450 value of 67.49 was obtained at coal loading ratio
of 5%. When the coal loading ratio increased to 6%, the HA
concentration tended to decrease. Abundant carboxylic acid
groups are introduced during nitric acid pretreatment.40 The
presence of excessive acidic groups would neutralize the alka-
linity of the CFF, reduce the dissolution efficiency of coal, and
nally decrease the HA concentration.

The same trend has been found during the coal dissolution
process by living organisms. Under such conditions, previous
studies have shown that the best coal loading ratio is 1%, which
greatly limits the acquisition of fermentation products with
t of residuals, and (b) actual and predicted plot.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a high HA concentration.38,46 The reason for this is that the
presence of toomuch pulverized coal will cause cell damage and
inhibit the activity of cells and enzymes related to coal degra-
dation.17 Conversely, CFF has a stronger tolerance to coal than
living cells during the coal degradation process; thus, CFF can
withstand greater coal addition, which provides greater poten-
tial for an improved HA concentration in fermentation
products.
Fig. 4 Contour plots and 3-D surface plots of different variables interact
HNO3 concentration and coal loading ratio; (c) HNO3 concentration and
(f) coal loading ratio and time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2. HA concentration optimization by RSM

In the present study, optimization of process parameters was
carried out via Box–Behnken design to maximize the HA
concentration. The following regression equations for coded
values (eqn (4)) and actual experimental values (eqn (5)) were set
up by collecting the data from actual experimental conditions
(Table 3) according to the Box–Behnkenmodel, which expresses
the relationship between the dependent variable Y (the A450
ion on HA concentration. (a) HNO3 concentration and temperature; (b)
time; (d) temperature and coal loading ratio; (e) temperature and time;

RSC Adv., 2022, 12, 528–539 | 535
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value) and the independent variables A (HNO3 concentration), B
(temperature), C (coal loading ratio) and D (time).

Y¼ 67.21 + 11.90A + 3.54B� 2.24C + 2.88D + 2.24AB� 0.86AC

+ 0.89AD � 0.66BC + 0.75BD + 1.10CD � 20.11A2 � 6.46B2 �
7.94C2 � 4.58D2 (4)

Y ¼ �490.66 + 40.92A + 4.26B + 86.55C + 19.76D + 0.07AB �
0.43AC + 0.22AD � 0.04BC + 0.02BD � 0.55CD � 5.03A2 �

0.03B2 � 7.94C2 � 1.15D2 (5)

Analysis of variance (ANOVA) has been suggested as a way to
examine the signicance and accuracy of the quadratic model
by RSM. The ANOVA results for the current optimization case
are presented in Table 4. The F-value of themodel was 83.35 and
the p-value was less than 0.0001, which indicates that the
regression model was extremely signicant since the term is
considered signicant when the “P-value” is less than 0.05.27

Furthermore, A, B, C, D, AB, A2, B2, C2 and D2 were also seen as
signicant model terms. The value of the “lack of t” denotes
the tting degree of the current model and actual results.26 In
this study, the lack of t value was 0.1332, which was larger than
0.05, so the current model can be considered to have a good
condence level. The coefficient of determination (R2) of a good
statistical model should be greater than 0.75, and explains
a best tting degree of regression equation to data.27 In this
case, the R2 value of 0.9881 indicates that the model showed
a good t in the test range (Table 4). In addition, the normal
probability and residual plots for the A450 value (Fig. 3a) further
analyzed the adequacy of the tted model. Meanwhile, pre-
dicted and measured values were virtually identical (Fig. 3b),
which shows that the experiment design was appropriate.

Fig. 4 shows the contour plot and 3-D surface for the HA
concentration (quantied with the A450 value) as a function of
the HNO3 concentration, temperature, coal loading ratio and
time, as imitated by eqn (5). Color changes from blue to red
indicate increasing HA concentrations. The shape of the
contour plot can determine the intensity of the interaction
effects, with an ellipse indicating signicant interaction effects
and a circle indicating the opposite.47 With the increasing HNO3

concentration and temperature, the A450 value continuously
increased until peaking, and then decreased (Fig. 4a). The
maximum A450 value was calculated at an HNO3 concentration
of 4.7 N and temperature of 77.3 �C. Moreover, a strong inter-
action was found between the HNO3 concentration and
temperature, as the two-dimensional contour plot was elliptical
Table 5 Concentration and extraction yield of humic acids under differ

Extraction method
HNO3 concentration
(N)

Temperature
(�C)

Fermentation broth 0 30
CFF 4.7 77.3
NaOH (0.1 M) 0 77.3
NaOH (0.1 M) 4.7 77.3

a Note: results are presented as the mean � standard deviation.

536 | RSC Adv., 2022, 12, 528–539
with a large eccentricity (Fig. 4a). This observation was also
validated via ANOVA (p-value of 0.0441 for AB) (Table 4). The
A450 value followed a parabolic shape with an increase in the
HNO3 concentration and coal loading ratio (Fig. 4b). The
maximum A450 value was calculated at an HNO3 concentration
of 4.7 N and a coal loading ratio of 4.9%. However, no signi-
cant interaction between the HNO3 concentration and coal
loading ratio was observed. This result was further conrmed
via ANOVA (p-value of 0.4124 for AC) (Table 4). The contour plots
and response surface plots for the effects of time and HNO3

concentration, coal loading ratio and temperature, time and
temperature, and time and coal loading ratio on the HA
concentration (Fig. 4c–f, respectively) shared the same trend as
that in Fig. 4b.

Through RSM, the optimum response value (A450 ¼ 70.23)
was achieved at an HNO3 concentration of 4.7 N, coal loading
ratio of 4.9%, time of 8.6 hours and temperature of 77.3 �C. In
order to compare this with the predicted value, the experiment
was repeated under the determined optimum conditions. A very
similar A450 value of 70.28 was observed, thereby demonstrating
that these optimization conditions had good repeatability.
3.3. Concentration and extraction yield of HAs

Aer optimization of HA extraction conditions, the concentra-
tion of HAs increased considerably from 0.71 g L�1 to 31.3 g L�1,
and the HA extraction yield increased from 14.1% to 63.9%
(Table 5). Under the same extraction conditions, the yield of
HAs extracted from raw lignite and HNO3-pretreated lignite
with NaOH solution was 58.7% and 66.4%, respectively. In our
study, the extraction yield of HAs from lignite by the newly
optimized method was comparable to that by the chemical
method. While in previous study the yield of HAs extracted by
the biological method (36.4%) from HNO3-treated coal was
lower than that by the chemical method (54.2%).9 This indicates
that the CFFs of P. ortum MJ51 could directly replace sodium
hydroxide to extract HAs.
3.4. Quality evaluation of HAs

Multiple chemical and spectral analyses were used for quality
evaluation of HAs extracted from lignite using CFF (HA-CFF),
with HAs extracted using NaOH solution as the control (HA-
control). The elemental composition of HA-CFF was obviously
different from that of the HA-control, with lower carbon (C) and
sulfur (S) contents, and higher nitrogen (N), hydrogen (H) and
oxygen (O) contents (Fig. 5a). This result is consistent with
ent conditionsa

Coal loading
ratio (%) Time (h) CHAs (g L�1) HA yield (%)

0.5 240 0.7 � 0.1 14.1 � 0.9
4.9 8.6 31.3 � 1.9 63.9 � 2.8
4.9 8.6 28.8 � 1.3 58.7 � 2.4
4.9 8.6 32.5 � 2.1 66.4 � 3.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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previous reports.7,48 The increased O content may be directly
related to the addition of oxygen-containing functional groups
in the macromolecule. The new N in the HAs produced micro-
biologically was in the form of free or ionized NH2-groups of
amino acids, and its amount was related to the N content
initially present in the medium.49

The H/C ratio represents the degree of unsaturation in the
HAs, with a high H/C ratio oen representing small molecular
and low aromaticity compounds. The O/C ratio reects the
proportion of oxygen-containing groups in organic matter.
Previous research has revealed that fungal-transformed HAs
have higher O/C and H/C ratios than raw coal-derived HAs,48,50

which is consistent with our results (Fig. 5a). The N/C ratio
reects the N content in the organic material, the HA-CFF
showed a higher N/C atomic ratio of 0.11 than the HA-control,
while previous studies reported that the N/C value of lignite-
derived HAs was usually less than 0.05.51,52 The E4/E6 ratio is
known as the humication index. Generally, the higher the E4/
E6 ratio, the lower molecular mass and content of condensed
aromatic rings.7 In the spectroscopic estimations, the E4/E6 ratio
was also higher for HA-CFF when compared to the HA-control,
suggesting that the CFF may attack the aromatic structure of
coal and decrease the HA molecular mass. In addition, the
HPSEC results conrmed that the molecular weight of the HAs
was reduced by the CFF. The lowest molecular weight elution
peak (25.85 kDa) of HA-CFF was lower than that of HA-control
Fig. 5 Quality evaluation of humic acids. (a) Elemental composition, atom
spectra, (d) solid-state CP/MAS 13C NMR spectroscopy and (e) plant phy
HA-control, HA extracted by NaOH. Error bars indicate standard deviatio
levels are labeled with * and **, respectively. In the (d), CC]O represen
aromatic C; CAr–H,R represents aromatic C; CAlk–di-O represents di-O-
methoxyl and N-alkyl C; CAlk–H,R represents alkyl C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(28.38 kDa), while the highest molecular weight elution peak
in HA-control was divided into two elution peaks (66.78 and
63.74 kDa) in HA-CFF (Fig. 5b). Low molecular HAs can enter
root cells and directly elicit intracellular signals;53 thus, HA-CFF
may be more active in stimulating plant metabolism than HA-
control.

When an HA product is applied to agriculture as a water-
soluble fertilizer synergist, anions in the HAs easily form
insoluble humic acid salts with calcium and magnesium ions,
which will limit its application as a water-soluble fertilizer in
drip irrigation or as a foliar fertilizer on leaf surface.54 Accord-
ingly, the occulation limit was used to evaluate the anti-
occulation ability of the HAs. The occulation limit value
was signicantly higher in HA-CFF when compared to HA-
control (Fig. 5a), suggesting higher hydrophilicity of HA-CFF;
that is, the larger the hydrophilic components in humic
samples, the higher the activity of HAs on plant physiology.55

Moreover, HA-CFF exhibiting high hydrophilicity and anti-
occulation is very suitable for the preparation of liquid fertil-
izer, particularly when mixed with various trace elements and
applied to drip irrigation and sprinkler irrigation systems.

Both the spectra of HA-CFF and HA-control had similar
primary absorption bands (Fig. 5c). The common peaks were:
3500–3300 cm�1 (O–H stretching in alcohols and phenols),
1720 cm�1 (carboxylic and carbonyl groups), 1380–1480 cm�1

(deformation vibrations of methylene and methyl groups) and
ic ratio, E4/E6, and flocculation limit, (b) HPSEC elution profile, (c) FTIR
siological activity of humic acids. Note: HA-CFF, HA extracted by CFF;
n. Significant differences between treatments at p < 0.05 and p < 0.01
ts carbonyl C; CCOO–H,R represents carboxyl C; CAr–O represents O-
alkyl C (anomeric); CAlk–O represents O-alkyl C; CAlk–O,N represents

RSC Adv., 2022, 12, 528–539 | 537
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Table 6 The distribution of carbon in HAs as determined by solid-state CP/MAS 13C NMR spectroscopya

ppm 190–220 160–190 140–160 110–140 90–110 60–90 45–60 0–45

C%

Carboxyl/carbonyl
carbons Aromatic carbons Aliphatic carbons

CC]O CCOO–H,R CAr–O CAr–H,R CAlk–di-O CAlk–O CAlk–O,N CAlk–H,R

HA-control 2.0 8.8 10.0 26.9 4.0 8.0 7.2 32.9
HA-CFF 2.4 12.2 5.1 15.6 3.1 16.3 12.2 33.2

a Note: CC]O represents carbonyl C; CCOO–H,R represents carboxyl C; CAr–O represents O-aromatic C; CAr–H,R represents aromatic C; CAlk–di-O
represents di-O-alkyl C (anomeric); CAlk–O represents O-alkyl C; CAlk–O,N represents methoxyl and N-alkyl C; CAlk–H,R represents alkyl C.
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1035 cm�1 (C–O stretch of polysaccharide-like components).52,56

Compared with HA-control, the spectra of HA-CFF did not
contain strong absorption bands in wavenumbers 1617 cm�1

and 911 cm�1, which are assigned to stretching C]C groups in
aromatic rings and aromatic C–H bending, respectively,51 which
suggests the collapse of aromatic rings. Conversely, HA-CFF had
an absorption band at 1538 cm�1, which was caused by C]N
stretching and N–H deformation, implying that more N was
introduced in HA-CFF.57

More detailed information on the structure of the HAs was
obtained using solid-state 13C CP/MAS NMR spectroscopy,
which provides a non-destructive appraisal of the relative
amounts of different structures in a sample. The spectra were
divided into three regions: carboxyl/carbonyl carbons (160–220
ppm), aromatic carbons (110–160 ppm) and aliphatic carbons
(0–110 ppm) (Table 6). The HA-CFF spectra were obviously
different from those of HA-control (Fig. 5d), which contained
more aliphatic carbon (CAlk–O and CAlk–O,N), carboxyl and ketone
carbon (CCOO–H,R and CC]O), but less aromatic carbon (CAr–O,
CAr–H,R and CAlk–di-O). These results were consistent with the
results of the elemental analysis and FTIR. O-Alkyl groups play
a positive role on root and coleoptile elongation.29 The carboxyl
(R–COOH) and hydroxyl (R–OH) groups of HAs play an impor-
tant role in growth-related biological functions.58 The physio-
logical experiment also conrmed the stronger bioactivity of
HA-CFF. The stem diameter, plant height, root biomass, shoot
biomass and total plant biomass of maize were signicantly
higher for the HA-CFF treatment (Fig. 5e). These results reveal
that HAs extracted using CFF have excellent chemical and
physiological properties.

4. Conclusion

A new method to efficiently and cleanly convert lignite into HAs
using fungal CFF was proposed. The HA production process was
optimized by RSM, and the results showed that the maximum
HA concentration of 31.3 g L�1 was achieved with 4.7 N HNO3-
pretreated lignite at a coal loading ratio of 4.9% and reaction
temperature of 77.3 �C for 8.6 hours. The optimized method
improved the HA extraction yield, shortened the reaction time
and increased the coal loading ratio relative to the previous
biological method. Quality evaluation showed that the HAs
extracted from lignite using the CFF of P. ortum had a lower
molecular weight, higher nitrogen and occulation limit, and
538 | RSC Adv., 2022, 12, 528–539
stronger biological activity than the chemically-extracted HAs.
In conclusion, the ndings of this work could be a promising
technique for biologically active HA production, as well as for
clean utilization of lignite.
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