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Abstract

Effective pretreatment process to improve enzymatic saccharification and decrease inhibitors
generation is a key operation involved in the lignocellulosic bioconversion. The pretreatment
of steam explosion associated with ammonium sulfite (SEAS) process was carried out to
investigate the effect on enzymatic hydrolysis and fermentation production as a combinatorial
pretreatment. Results showed that after pretreatment (1.0 MPa, 30 min, 20%w/w ammonium
sulfite added), the phenolic inhibitors derived from lignin significantly removed (37.8%),
which transformed to chemical humic acid (humic acid and fulvic acid) mostly. Sugar
conversion (glucan (77.8%) and xylan (73.3%)) and ethanol concentration (40.8 g/L) of
combinatorial pretreated samples were increased by 24.7% and 33.8%, respectively, compared
with steam explosion (SE) pretreated samples. FT-IR and elemental analysis results indicated
that the lignin structure changed and aromatization degree increased after SEAS pretreatment.
In addition, the ratio of C/N decreased and compost maturity degree increased with the holding
time. The effect on the growth of wheat seedlings of soluble fulvic acid solution from
combinatorial pretreatment was investigated, where below 1% (w/w) concentration did con-
tribute to growth. Therefore, one-step chemical pretreatment process could be provided for
inhibitors removal, enzymatic saccharification increase, and chemical humic acid formation as
well.
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Introduction

Lignocellulose has received extensive attention from the green industry due to its extremely
rich resource reserves, renewable properties, and low cost [1-3]. Its dense and complex
macromolecular structure makes it difficult to destroy the biomass recalcitrance during
pretreatment, which affects the efficiency of subsequent enzymatic hydrolysis and inefficient
adsorption of enzyme molecules [4]. Researchers have developed a variety of pretreatment
methods after long time, including acid-base method, hydrothermal method, ionic liquid
treatment method, and steam explosion method [1, 5, 6]. Pretreatment methods with low
environmental protection and less fermentation inhibition by-products are still being explored.
For example, Chen HZ et al. [5, 7, 8] invented efficient and clean component selection refining
technology based on steam explosion pretreatment, which is more effective to the high value
conversion of each component of the lignocellulosic materials. Our research group has done
much work on steam explosion pretreatment technology for many years, and its application
range has expanded from biomass to textile and food fields, etc. [9, 10]. At present, steam
explosion has been applied to the lignocellulose refining demonstration industry as one mature
technology. Hydrogen bond fracture, hemicellulose degradation, and the cellulase reaction site
exposed through physical and chemical reaction are caused during steam explosion pretreat-
ment, which could promote enzymatic digestibility [10, 11].

However, inhibitors derived from lignin biopolymer in the pretreatment process will
seriously restrict the efficient biomass conversion [5, 11-14]. Palmqvist et al. [13] had
classified inhibitors into three types, namely, weak acids, furan derivatives, and phenolic
compounds, based on different inhibition mechanisms. Furan derivatives, such as furfural
and 5-hydroxymethylfurfural, are more likely to form high concentrations of active-oxygen in
fermentation microorganisms, resulting abnormal mutations and eventually apoptosis. Weak
acid inhibitors, such as formic acid and acetic acid, mainly do a certain damage to the biomass
and total amino acid contents of microbial cells, except microbial genetic activity. While
phenolic compounds have been reported a higher level of toxicity than that of other two types
inhibitors, with the same functional groups contained. And it acted as an electrophile to
electrophilic interaction with an active substance such as proteins or enzymes in a microbial
cell, finally destroying the metabolism of the normal body [14]. Overall, these substances have
inhibitory effects on enzyme activity and microorganisms; weak acids and furan derivatives
can be removed by physical or chemical methods, whereas lignin degradations-phenolic acid
inhibitors are hard to be removed in industrial production. In consequence, how to effectively
remove the phenolic inhibitors and establish a new promising pretreatment during lignocellu-
losic pretreatment process need to be solved urgently. Therefore, breaking the bottleneck of
lignocellulose is an indispensable step.

Research reported that sulfite could react with the aromatic compounds inhibitors mostly
derived from lignin, which would perform a certain role in improving enzymatic hydrolysis
yields and fermentation yields [15—18]. The mechanism of sulfonation reaction is to introduce
SO32~ and lignin to form water-soluble lignosulfonates. The sulfonation reaction of lignin
occurs only in the structural unit of the phenol type and the reaction proceeds slowly. The
initial delignification stage begins with sulfonation reaction, and the phenolic (3-aryl ether
bonds would be broken down by SOs%" introduction, furtherly -, B-disulfonic acid was
formed, while it performs stably for the non-phenolic lignin structural unit [19]. As a
consequence, the combination of the advantages of steam explosion and ammonium sulfite
pretreatment of lignocellulose could achieve degradation and removal of lignin components.
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Humic acid is a mixture of acyl, acids, and benzene cluster acid groups, formed by linkage
of chlorine bonds, which could improve certain enzyme activities of seeds, maintain mem-
brane integrity, and thus to promote the stress conditions of seeds in drought, saline, and alkali
[20]. Natural humic acid is mainly derived from weathered coal and lignite, etc., while
biological humic acid is mainly produced by plant residues, such as rice straw, wood chips
and bean cypress, and various auxiliary materials, which are fermented by various microor-
ganisms under certain conditions [21, 22]. Haider and Martin [23] had discovered that humic
acid formed from the phenols synthesized from the fungus Epicocium nigrum at pH 6.
According to the different solubility and color of humic acid in the solvent, humic acid is
divided into three kinds of fulvic acid, brown humic acid, and black humic acid. As one water-
soluble humic acid, fulvic acid is often used as a drought-resistant agent in agricultural
production practices, which is mainly extracted from weathered coal with a low molecular
weight and complex compositions. It contains carbon, chlorine and oxygen, sulfur, nitrogen
and other elements, and a variety of reactive groups. Fulvic acid has been often used as anti-
transpiration agents to regulate plant growth and development, with advantages of much more
efficiency, wide application, and non-pollution to the environment [24]. While after the steam
explosion pretreatment, the lignin degradation material such as acetosyringone and vanillin
[25] could provide a new route for the source of humic acid.

The inhibitors produced from the pretreatment of lignocellulose will inhibit the enzymatic
fermentation [1, 14]. For this reason, it is especially important to establish a pretreatment
technique for inhibitors removal and comprehensively utilization of lignocellulose. In the
present work, a new one-step method-SEAS pretreatment to realize the utilization of ligno-
cellulose biorefineries was put forward in this research. The structure and aromatization degree
of lignin after SEAS treatment were characterized by FT-IR and elemental analysis. And the
effect on the growth of wheat seedlings with fulvic acid derived from lignin was investigated.
The principal study objectives were to testify the feasibility of the comprehensive utilization of
lignocellulose and the conversion of chemical humic acid in this new process of biomass
refining.

Materials and Methods
Raw Materials Resource

Corn straw provided by Chinese Academy of Agricultural Sciences in Beijing, China, was
cleaned, dried, and shredded into about 1-3 cm length pieces, then stored in a dark and
ventilated place.

Steam Explosion Associated with Ammonium Sulfite (SEAS) Pretreatment

The 2-L steam explosion tank was independently developed by our research group. Each
time 100 g of corn straw was placed in a steam explosion tank, the steam explosion
conditions were steam pressure of 1.0 MPa, and the pressure time was 20 min. The
amount of neutral ammonium sulfite added was 20% of the weight of corn straw, where
adjusting pH to 9-10 with 3% aqua ammonia. In order to reduce the operational error,
the steam hot tank is pre-passed, and the steam explosion process is repeated three times
under the above conditions.
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Enzymatic Hydrolysis and Fermentation

Cellulase (Cellic CTec2) was provided by Novozymes (China) investment Co., Ltd. (Beijing,
China) and its filter paper activity was 120 FPU/mL.

The enzymatic hydrolysis process was tested in a 50-mL Erlenmeyer flask with pretreated
substance washed by running water exhaustively and buffer (100 mM sodium acetate with
acetic acid, pH adjusted to 4.8), where 0.02% (w/v) sodium azide was added to inhibit
microbial growth. Saccharomyces cerevisiae IPE 003 was stored in our lab for previous study,
which can co-ferment glucose and xylose.

Seed liquid preparation process The dry yeast is inoculated into YPD medium (20 g/L
glucose, 20 g/L peptone, and 10 g/L yeast powder), and cultured at 30 °C, 200 rpm for 12 h.

Simultaneous saccharification and fermentation of ethanol by pre-enzymatic
hydrolysate The above-mentioned pre-enzymatically hydrolyzed for 8 h was placed in an
anaerobic incubator, then simultaneous enzymatic hydrolysis for 96 h.

Analytical Methods and Calculations

Cellulose, hemicellulose, and lignin contents of corn straw were determined according to the
standard procedure developed by NREL. Sugars including glucose, xylose arabinose, and
ethanol were detected by a high-performance liquid chromatography system (HPLC, Agilent
Technologies, USA) equipped with a refractive index detector and a Bio-Rad Aminex HPX-
87H column (Bio-Rad, Hercules, CA, USA). Inhibitors including varieties phenols derived
from hemicellulose and lignin were analyzed by HPLC with Cg column.

Fourier infrared spectroscopy (FI-IR) was used to characterize the lignin structure
changes The vacuum-dried lignin (before and after pretreatment) was ground and analyzed by
infrared absorption spectroscopy. Infrared spectroscopy was carried out on a Fourier transform
infrared spectrometer. The sample was prepared by potassium bromide mixed tableting method.
The scanning range was 4000-500 cm™!, the resolution was 4 cm™, and the scanning was
performed 40 times for spectral accumulation. The ambient atmosphere was air.

Plant growth experimental design The effect of generation and growth of wheat seeds and
seedlings was tested with different concentrations of soluble fulvic acid solution (0.1%, 0.5%,
1%, and 2% (w/w)), where distilled water was added in the control group. The germination rate
and seed vigor index of wheat seeds (constant temperature incubator at 25 °C, relative
humidity of 85%) were calculated based on the data of 100 grains of seed, then the height
measurement of seeds after 1 week.

Chemical humic acid (HA) extraction The procedure described by the International
Humic Substances Society [26] was used in the isolation and purification of the chemical
humic acid from combinatorial pretreated corn straw with 8%, 13%, and 20% (w/w) of
ammonium sulfite added. Elemental analysis (C, H, O, and N) was performed on freeze-
dried samples of HA (1-3 mg) using an elemental analyzer (Elementar Vario EL,
Germany).
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Data Analysis

Three replicate groups were tested and the mean values with standard deviation are presented
on dry weight basis. SAS statistical software package (SAS, 2003) was applied for data
analysis, and Least Significant Difference Test at 5% probability was tested for differences
between individual means.

Results and Discussion

Component Analysis of Corn Straw Before and After Steam Explosion/Ammonium
Sulfite Pretreatment

The relative content of cellulose, hemicellulose, lignin, and ash of corn straw under different
conditions was shown in Fig. 1. As a result of the removal of hemicellulose by steam
explosion, the content of xylan and arabinan decreased significantly after steam explosion of
straw, while the content of cellulose and lignin increased correspondingly. When 20% (w/w)
ammonium sulfite was added for coupling pretreatment of SEAS, the pH gradually decreased
from the initial 10 to the end 3, and lignin was linked to the introduced sulfonic acid group to
cause lingo-sulfonation reaction. At the same time, hemicellulose was hydrolyzed in a large
amount under acidic conditions, which was reduced by 49.08%, and the relative content of
Klason lignin was significantly increased to 30.5%. As a result, it can be clearly found that the
SEAS pretreatment process could significantly remove the lignin content during sulfonation
reaction [27, 28], which was beneficial to increase the concentration of lignin in the extract and
prepare for subsequent comprehensive utilization.

FT-IR Analysis The corn straw pretreated with different conditions was analyzed by infrared
(Fig. 2) to determine the influence of SEAS pretreatment conditions on the structure of lignin.
And the most basic absorption peaks of lignin components were showed from the map [29]:
vibration absorption caused by alcohol hydroxyl or phenolic hydroxyl group at 3388 cm™;
vibrational absorption peak of methyl and methylene at 2850 cm™, strong absorption peak of
benzene ring skeleton of 1598 cm™! and 1503 ¢cm™!, and absorption peak of 1180 cm™! of lilac
ring C=0 and that of guaiac wood ring is 1208 cm™!, and absorption peak of 1018 c¢cm™!
associated with S=O stretching was gained in —SO3H group [30, 31]. From the FT-IR
spectroscopy results, the lignin component could be removed by sulfonation in the SEAS
pretreatment process.

Effects of Steam Explosion/Ammonium Sulfite Pretreatment on Enzymatic Hydrolysis
and Fermentation

Unlike cellulose and hemicellulose polymerized from monosaccharides, lignin is polymerized
from a phenylpropane structural monomer [32]. Thus, pretreated straw could not be directly
utilized in the enzymatic hydrolysis and fermentation process, owing to the physical barrier
and unproductively binding to enzymes of lignin on the cellulose would lead inefficient
adsorption to cellulase and low level of enzymatic efficiency [4, 33]. As a result,
delignification is an important step to improve the efficiency of enzymatic hydrolysis furtherly.
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about 37.8%. The results showed that most of the phenolic acid inhibitors have been removed,
which possibly on account of the sulfonation reaction of lignin during the SEAS pretreatment
process and lignosulphonates removal by water-washing [20, 34]. Even though the hydroly-
sate toxicity mostly depends on the microorganism, about 1 g/L of furfural could be considered
inhibitory to yeast [1]. Figures 3 and 4 showed the comparison of total sugar concentration and
ethanol production with solid-liquid ratiol:4,

24.7% and the concentration of ethanol produced was 40.8 g/L, which was 33.8% higher than

that of steam explosion pretreatment. The experimental results showed the 77.8% and 73.3%
of glucan and xylan conversion respectively in enzymatic hydrolysis at 20% solid loading,

which indicated a significant effect on inhibitors removal to ethanol simultaneous fermentation
reported that 20% (w/w) ammonium sulfite and 4% (based on ammonium sulfite dosage)

Fig. 1 Composition changes of corn straw before and after steam explosion/ammonium sulfite pretreatment. A,
substances washed thoroughly, which indicated that this pretreatment method could effectively
promote the enzymatic hydrolysis and fermentation process of lignocellulose. Research

without pretreatment; B, steam explosion pretreatment; C, steam explosion/ammonium sulfite pretreatment (with

20% ammonium sulfite added)
preimpregnation pretreatment [35], almost no ammonium salts remained in the hydrolysis

Liquefaction phenomenon of SEAS pretreated substances was showed during 3 h, and the
of with SEAS pretreatment. Different from nitrogen content increased by ammonium chloride

Table 1 shows the inhibitors changes of SEAS pretreatment and after water-

enzymatic hydrolysis efficiency was reached 60% at 4 h. After 6 h
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Fig. 2 FT-IR spectra of corn straw obtained from different pretreatment methods. Note: 1, control, corn stalk
without pretreatment; 2, SEAS (20%), steam explosion/ammonium sulfite (20% (w/w) ammonium sulfite added)
pretreated corn straw; 3, SE, steam explosion pretreated corn straw

sodium carbonate at 180 °C for 1 h caused about 82.6% acid insoluble lignin removal and
48.6% total sugar concentration increased [20].

In the substrate after SEAS pretreatment, only a small amount of macromolecules of lignin
depolymerization and repolymerization existed, which promotes the enzymatic efficiency at
low concentration [36]. Actually, as the most important linkage in the lignin macromolecular
structure, aryl ether bond is relatively fragile and easy to be broken under high temperature
acid-base conditions [37-40]. As high concentration of lignin depolymerization macromole-
cules impaired enzymatic hydrolysis, many chemical and thermochemical processes have been
developed, which would lead to inhibitors generation and high cost [36, 40, 41]. Thus,
inducing sulfonation was often used to decrease lignin depolymerization in industrial pulping.

Table 1 Inhibitors changes of corn straw with steam explosion/ammonium sulfite (SEAS) pretreatment and after
water-washing

Inhibitors SEAS pretreated substance (mg/100 g) Water-washed SEAS pretreated substance (mg/100 g)
5-HMF 102.5 62.5
Furfural 35.6 21.3
Vanillin 54.9 335
Syringaldehyde 80.4 50.2
Ferulic acid 6.3 3.6
Total phenols 13,615 8457.5
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Fig. 3 Comparison analysis of enzymatic hydrolysis process of steam explosion/ammonium sulfite pretreated
corn straw. Note: control, without pretreatment; SE, steam explosion pretreated corn straw; SEAS, steam
explosion/ammonium sulfite (20% (w/w) ammonium sulfite added) pretreated corn straw. (A), the total sugar
concentration of the enzymatic hydrolysis system; (B), the changes of substrates during enzymatic hydrolysis

Thus, the separation of lignin could not only reduce the inhibition of cellulolytic hydrolysis of
ethanol, but also at the same time obtaining the dispersibility and cohesive lignin component of
the macromolecular polymer with both hydrophilic and hydrophobic groups, and realizing the
biosynthesis of straw lignocellulose system.

Chemical Humic Acid Formed from Steam Explosion/Ammonium Sulfite-Pretreated
Corn Straw

During the pretreatment, the polysaccharide and the lignin depolymerization structure were
combined together, deposited as droplets and microspheres on the surface of biomass residue,
and also exhibited lignin-like properties, which was known as pseudo-lignins and/or humins
[33]. It was found that after 30-min coupling pretreatment, the chemical humic acid obtained
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Fig. 4 Total sugar utilization and ethanol production during fermentation. Note: control, without pretreatment;
SE, steam explosion pretreated corn straw; SEAS, steam explosion/ammonium sulfite (20% (w/w) ammonium
sulfite added) pretreated corn straw. “— represented the sugar concentration; “- - - represented the ethanol
concentration

includes 12.8% humic acid and 17.2% fulvic acid. Compared with the humic acid extracted
from municipal solid waste, the elemental analysis showed that the C/N ratio decreased with
the increase of pretreatment holding time, indicating that the degree of compost maturity
increased [42, 43]. The elemental components and atomic ratios of humic acid produced from
SEAS-pretreated corn straw were determined as shown in Tables 2 and 3. Under the same
pretreatment condition, the ratio of C/N decreased in the range of 2—4% with the increase
additions of ammonium sulfite. While as the SEAS pretreatment time increased, the percent-
age of C decreased within the range of 1.6-6.9%, and the percentages of N and S both
increased in the range of 0.3—1.3% and 0.8—1.8%, respectively, with the holding time increased
[44].

Table 2 Elemental components analysis of chemical humic acid from steam explosion/ammonium sulfite
pretreated corn straw with different additions of ammonium sulfite

Pretreatments with different AS additions (w/w) C (%) N (%) H (%) O (%) S (%) Atomic ratios

C/N C/H O/C

Control 487 1.6 6.9 425 03 304 7.1 09
SEAS-8% 46.1 2.8 5.6 442 13 165 82 09
SEAS-13% 458 3.1 5.4 435 22 147 85 09
SEAS-20% 454 3.6 5.1 429 30 126 89 09

Note: SEAS pretreatment was carried out under 20 min; 8%, 13%, and 20% mean different additions of
ammonium sulfite in pretreatment

@ Springer



494 Applied Biochemistry and Biotechnology (2019) 189:485-497

Table 3 Elemental components analysis of chemical humic acid from steam explosion/ammonium sulfite
pretreated corn straw

Treatments C(%) N(%) H (%) O (%) S (%) Atomic ratios
CN CH O0/C
Control 487 1.6 6.9 425 03 304 7.1 09
SE-T, 47.1 1.9 5.9 442 0.8 248 8.12 09
SEAS-T, 454 23 5.8 453 1.2 197 7.8 09
SEAS-T, 44.7 3.1 5.5 44.6 2.1 144 8.1 0.9
SEAS-T; 443 34 53 44.1 2.9 13.0 84 09
SEAS-T, 45.4 3.6 5.1 429 3.0 126 89 09
HA extracted from municipal solid waste [35] 43.2 2.8 5.1 448 - 141 09 0.6

Note: SEAS-T,/T,/T5/T4 represented the process stages of SEAS pretreatment; T;—>5min, T,—10 min,
Ts—15 min, T4—20 min; “~” means no mentioned

Table 4 Effect of soluble fulvic acid solution from combinatorial pretreatment on germination and growth of
wheat seeds and seedlings

Soluble fulvic acid solution (w/w) Germination rate (%) Vitality index Plant height (cm)
0 87.5 0.26+00.015b 5.8a
0.1 88.5 0.27+0.023a 5.7b
.5 95.2 0.25+0.019b 6.1a
1 90.5 0.20+0.035a S.4c
2 73.5 0.19+0.015¢ 3.5b

Note: Lowercase letters indicate a significant level of P=0.05; values are mean + standard deviation (n=3)

The soluble fulvic acid was formulated into different proportions of solutions, and the
effects of soaking seeds with fulvic acid solution on the germination rate, vigor index, and
plant height of wheat seedlings were investigated as shown in Table 3. The results have
showed that when the concentration of fulvic acid increased to 0.5% (w/w), the germination
rate, seed vigor index, and plant height of wheat seeds were significantly increased (Table 4).
When the concentration of fulvic acid was higher than 1% (w/w), the germination rate, seed
vigor index, and plant height were decreased. It indicated that fulvic acid from SEAS
pretreatment presented a trend of promotion in low concentration and inhibition in high
concentration on the germination and growth of plants [42].

Conclusion

Through the study of SEAS-pretreated corn straw, a new one-step method for biomass refining
of lignocellulose was proposed. Compared with FT-IR and elemental analysis of SEAS
pretreatment and SE pretreatment, chemical humic acid formed by the phenolic substances
derived from the depolymerization of lignin was identified. The results of enzymatic hydro-
lysis and fermentation experiments further gave eloquent proof of a higher content of total
sugar concentration and ethanol production with SEAS-pretreated substances than SE-
pretreated. In addition, the chemical fulvic acid could effectively increase the chlorophyll
content of wheat seedlings. Based on the above results, the feasibility of this one-step process
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of combinatorial pretreatment of SEAS was fully proved, which could provide theoretical
basis for comprehensive utilization of lignocellulose.
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