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Intermittent ultrasound retains cellulases unlock for enhanced cellulosic 
ethanol with high-porosity biochar for dye adsorption using desirable rice 
mutant straw 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A desirable recalcitrance-reduced ligno
cellulose was used from rice mutant 
straw. 

• Optimal ultrasound pretreatment was 
specifically efficient for lignin 
extraction. 

• Intermittent ultrasound is effective for 
more enzyme unlock and less lignin 
block. 

• Highly-porous biochar was generated 
from undigestible residues for dye 
adsorption. 

• A green-like biomass process is explored 
by a novel ultrasound treatment 
technology.  
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A B S T R A C T   

In this study, optimal ultrasound pretreatment was performed with recalcitrance-reduced rice mutant straw to 
effectively extract lignin and hemicellulose for improved cellulose accessibility. Intermittent ultrasound-assistant 
enzymatic hydrolyses were followed to maintain more cellulases unlock and less cellulose surface block with 
lignin for raised hexose yield at 81 % (% cellulose) and bioethanol concentration at 9.9 g/L, which was higher 
than those of other mechanical pretreatments as previously conducted. Using all enzyme-undigestible ligno
cellulose residues, this work generated the biochar with the highest porosity (SBET at 2971 m2/g) among all 
biomass-based biochar obtained from previous studies. Furthermore, the biochar were respectively examined 
with high adsorption capacity for Congo red and methylene blue at 7946 mg/g and 861 mg/g. Therefore, this 
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study has demonstrated a green-like process technology for high-yield bioethanol and high-porosity biochar with 
full biomass utilization by integrating optimal ultrasound pretreatment with intermittent ultrasound-assistant 
enzymatic hydrolyses of recalcitrance-reduced lignocellulose in crop straws.   

1. Introduction 

Biomass-based bioeconomy is regarded as a substitution of fossil- 
fuel-driven economy, while it relies on an efficient utilization of bio
resource (Liao et al., 2020). Although the co-production of bioethanol 
and biochemicals from lignocellulose residue is a feasible way for full 
biomass utilization (Kalyani et al., 2017), the inherent biomass recal
citrance determines a low saccharification and conversion efficiency 
(Himmel et al., 2007). Even though physical and chemical pretreatments 
are effective to break down the rigidity of biomass for high saccharifi
cation, the most pretreatment are energy-intensive and environmentally 
unfriendly (Cantero et al., 2019). Selection of recalcitrance-reduced 
lignocellulose along with mild and green-like biomass process has 
been considered as a promising solution for cost-effective production of 
biofuels and biomaterials (Wells et al., 2020). 

Genetic improvement of plant cell wall is thought as a powerful so
lution to reduce the biomass recalcitrance, which is predominantly 
determined by cellulose crystallinity and lignin–carbohydrate com
plexes (Martínez, 2016; McCann and Carpita, 2015). In general, genetic 
manipulation of cellulose biosynthesis has been performed to effectively 
reduce cellulose recalcitrance for increased biomass enzymatic 
saccharification in bioenergy crops (Fan et al., 2017; Glass et al., 2015; 
Huang et al., 2019; Li et al., 2018). In particular, a natural site mutation 
of cellulose synthase (CESA) is identified for remarkably reduced cel
lulose crystallinity and polymerization in rice mutant (Osfc16) straw, 
leading to desirable cellulose nanofibrils generated for efficient con
version into fermentable sugar or nanomaterials (Li et al., 2017; Peng 
et al., 2022). As the natural rice mutant (Osfc16) shows a normal plant 
growth and improved lodging resistance to maintain high yields of grain 
and biomass, it provides a clue to select the desirable site mutants by 
performing CRISPR/Cas9 gene editing with cellulose synthase 
complexes. 

Ultrasound pretreatment has emerged as a green-like technology to 
overcome biomass recalcitrant, as it has multiple advantages including 
high activation energy, short residence time, and efficient mass transfer 
for effective deconstruction of the lignocellulose without any chemical 
waste release (Choi et al., 2011). It is particularly effective for partial 
removal of hemicelluloses and lignin to improve cellulose accessibility 
(Mankar et al., 2021). However, while ultrasound pretreatment is con
ducted alone, it is limited for enhancement of sequential enzymatic 
saccharification (Easson et al., 2011). Hence, it remains to develop the 
novel ultrasound technology for further improving biomass enzymatic 
saccharification. 

Biochar production from hydrolysis residue is a viable option for full 
biomass utilization (Kalyani et al., 2017). Because biochar is of stable 
structure, large pore volume, high specific surface area and active 
functional groups, it has been widely applied in environmental reme
diation such as agricultural soil improvement and industrial wastewater 
clearness (Pan et al., 2021). The adsorption performance of biochar 
depends on its physicochemical properties (Cheng et al., 2021). Taking 
advantage of the biodegradation and infiltrability of hyphae, a hierar
chical porous carbon is generated with ultra-high specific surface area, 
large pore volume, abundant pores and advanced adsorption capacity 
from agricultural waste edible fungus slag (Cheng et al., 2019). Mean
while, a nitrogen-doping of biochar generated from enzyme-undigested 
cellulose residue is also synthesized serving as the lithium-sulfur cath
ode that displays high discharge capacity and coulombic efficiency (Xu 
et al., 2020). 

Rice is a staple food crop with large amounts of lignocellulose-rich 
straw convertible for biofuels and bioproduction (Bhattacharyya et al., 

2019). In this study, the straw sample of rice site-mutant was collected 
with much recalcitrance-reduced lignocellulose residue by performing 
OsCESA9 gene-editing. To find out a green-like pretreatment with 
desirable lignocellulose substrate, this study performed optimal ultra
sound pretreatments with the rice straws of both mutant and its wild 
type, and further explored the ultrasound-assistance enzymatic hydro
lyses of pretreated residues for integrative enhancement of biomass 
saccharification. Notably, to establish a full-chain of biomass process, 
this study collected all remaining enzyme-undigestible residues to 
generate highly-porous biochar, and detected much raised adsorption 
capacity with Conge red (CR) and methylene blue (MB) for potential dye 
remediation, providing a green-like strategy applicable for relatively 
low-cost biofuels and high-value bioproducts. 

2. Material and methods 

2.1. Collection of the cesa9 mutant generated by CRISPR/Cas9 gene- 
editing 

The cesa9 mutants were generated by using a precise base- 
replacement CRISPR/Cas9 system as described by Lu and Zhu (2017). 
The sgRNA targeting to the ZnF domain of OsCESA9 was sought by the 
CRISPR-PLANT tool basing on the reference genome of Oryza sativa L. cv. 
Nipponbare (NPB). The sgRNA was cloned into the pCSGAPO1 vector 
and transformed into NPB calli via Agrobacterium-mediated trans
formation. The transgenic positive lines were screened by PCR ampli
fying using a Cas9 gene specific primer. Genomic edits were checked by 
PCR amplifying and Sanger sequencing of the target regions. Potential 
off-target sites were identified by CRISPR-P program. Genomic regions 
neighboring six top-ranked potential off-target sites were checked by 
PCR amplifying and Sanger sequencing. 

2.2. Rice biomass sample collection 

The cesa9 mutant and its wild type (WT/NPB) were planted in the 
field of Huazhong Agricultural University during 2019–2021. Ten rice 
plants were transplanted in each row, with row and column distances of 
26 and 16 cm, respectively. After maturation, rice plants were harvested 
and their stems were dried at 60 ◦C. The stem samples were cut into 
pieces and then ground into powders. The biomass powders were 
screened pass a 40 mesh sieve (425 μm) and then stored in a dry 
container. 

2.3. Soluble sugars and cell wall composition determination 

Soluble sugars and wall polysaccharides were extracted and deter
mined as described by Peng et al. (2000). Lignin content was measured 
by using the two-step acid hydrolysis method as described by Li et al. 
(2018) with minor modification. Biomass power was firstly extracted by 
benzene-ethanol solution for 4 h. After drying, the pellet was hydrolyzed 
by 67 % (v/v) H2SO4 at normal temperature for 1.5 h. The hydrolysate 
was then diluted to 2.88 % and followed by heating at 120 ◦C for 1 h. The 
ASL in supernatant was determined by UV spectroscopy (λ = 205 nm). 
The remaining residue was calcined at 575 ± 25 ◦C for 4 h. The AIL 
content was calculated as the weight of acid insoluble residues after 
subtracting ash. The sum of ASL and AIL represented the total lignin 
content. 
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2.4. Cellulose feature detection 

The degree of polymerization (DP) of crude cellulose and crystalline 
cellulose substrates were measured by the viscometry method (Zhang 
et al., 2013). The crystalline celluloses were extracted by acetic acid
–nitric acid–water (8: 1: 2, v/v/v), and the crude celluloses were 
extracted by 4 M KOH and 8 % (w/v) sodium chlorate (pH 4.5). Cellu
lose crystalline index (CrI) was measured by the X-ray diffraction (Li 
et al., 2018). Cellulose accessibility was detected by Congo red (CR) 
stain as previously described by Alam et al., (2019). 

2.5. Ultrasound pretreatment and intermittent ultrasound treatment 

The ultrasound pretreatment was carried out by using an ultrasonic 
processor (JY92-IIDN, China) at 22 kHz with an output power of 0–600 
W for 0–80 min in an ice bath. The diameter of the amplitude-change 
pole was 6 mm and its top was placed at 0.5 cm below the liquid 
level. For intermittent treatment, ultrasound was conducted at 0, 12, 24 
and 36 h during the enzymatic hydrolysis process with an output power 
of 600 W for 20 min each time. 

2.6. Biomass enzymatic saccharification and yeast fermentation 

Biomass enzymatic saccharification and final yeast fermentation 
were conducted as previously described by Li et al. (2018). The pre
treated residues were incubated with 0.16 % (w/v) mixed-cellulases 
(Imperial Jade Biotechnology Co., China) with 1 % Tween-80 (v/v) 
co-supplied. The enzymatic hydrolysis was performed at 50 ◦C under 
150 rpm shaken. The released hexose and pentose were measured by 
anthrone/H2SO4 and orcinol/HCl method, respectively. The activated 
yeast (Angel yeast Co., ltd., China) was inoculated into the enzymatic 
hydrolysates. The fermentation reaction was performed at 37 ◦C for 48 
h. The fermentation solution was distilled for the determination of 
ethanol content. The ethanol content was measured by the K2Cr2O7 
method. 

2.7. Enzyme concentration assay 

During enzymatic hydrolysis, the supernatant was collected after 
centrifugation at 12,000 g for 10 min. SDS-PAGE analysis was carried 
out as previously described by Li et al. (2017). The enzyme concentra
tion was diluted by 20 times before loading. The Bradford method was 
performed for quantitative assay of total proteins as previously 
described by Madadi et al. (2021). The enzyme concentration was 
calculated based on the curves established by the standard enzyme so
lution at various concentrations. 

2.8. Biochar preparation 

The raw materials and enzyme-undigestible residues were firstly 
carbonized at 400 ◦C for 3 h in N2 atmosphere. After cooling to 25 ◦C, 
carbonized powders (1 g) were mixed with 4 g KOH and fully grounded. 
The solid mixtures were further heated at 800 ◦C for 3 h in N2 atmo
sphere. The heading rate and cooling rate for two heating processes were 
5 ◦C/min and 10 ◦C/min, respectively. The carbon residues were washed 
with 1 M HCl aqueous solution for 6 h to neutralize KOH, and finally 
washed with deionized water. The carbon sample was treated by ul
trasound in a sonicator for 6 h and dried at 60 ◦C. 

2.9. CR and MB adsorption measurements 

CR solution (20 g/L) was prepared using 0.3 M phosphate buffer as 
the solvent, while MB solution (1 g/L) was prepared using ultra-pure 
water as the solvent. About 20 mg biochar and 20 mL CR or MB solu
tion were supplemented in 50 mL tubes. Adsorption experiments were 
carried out at 25 ◦C with 150 rpm shaken for 6 h. The initial 

concentrations of CR solution were 5, 6, 7, 8, 9, 10 and 11 g/L, and those 
of MB solution were 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 g/L. After 
adsorption, the samples were centrifuged at 12,000 g for 10 min, and the 
residual CR and MB concentration in the supernatant were determined 
by a UV–vis spectrometer at 498 nm and 668 nm, respectively. The 
maximum dye adsorption capacity was calculated using monolayer 
Langmuir adsorption model. The adsorption rates were evaluated with 5 
g/L CR solution and 1 g/L MB solution at 25 ◦C for 0 – 60 min. 

2.10. AFM, FTIR, SEM, BET and XPS characterization 

Tissue section of rice stem with 80 μm thick was applied for in situ 
atomic force microscopy (AFM) observation. Innermost surface of the 
parenchyma secondary cell wall was selected for site observation. The 
Agilent multipurpose AFM scanner with open-loop was applied for all 
recognition imaging. The PicoPlus Molecular Imaging system together 
with a PicoScan 3000 Controller was utilized for AFM quantitative 
measurement. Ten random zoom-in areas and 100 data points were 
collected for statistical analyses. Fourier transform infrared (FTIR) 
spectroscopy was performed using a PerkinElmer spectrophotometer 
(Nicolet Nexus 470, USA) equipped with diamondegermanium ATR 
single reflection crystal. The morphology of the biomass samples was 
characterized by scanning electron microscopy (Hitachi SU8020). The 
electronic binding energy of biochar was obtained by using X-ray 
photoelectron spectroscopy on the ESCALab 250Xi (Thermo Scientific) 
instrument. The specific surface area and pore size of biochar were 
detected using the ASAP2460 (Micromeritics) analyzer at 77.3 K. 

2.11. Statistical analysis 

Student’s t-test and Analyses of Variance (ANOVA) were performed 
using the SPSS 23 software (Inc., Chicago, IL). The plotting was con
ducted using ggplot2 package installed in R software (V 4.1.2). 

3. Results and discussion 

3.1. Altered cell wall composition and cellulose nanofibrils in the 
desirable rice mutant straw 

As described above, this study initially collected a desirable rice 
mutant sample by performing site mutation of OsCESA9 protein, which 
is characterized as the essential isoform of cellulose synthase complexes 
for cellulose biosynthesis of plant secondary cell walls (Tanaka et al., 
2003). The cesa9 mutant was of decreased plant height and extension 
force, but its biomass yield was significantly increased at p < 0.05 level, 
compared to its wild type/WT (see supplementary materials). Using 
mature rice straw, this study examined much reduced cellulose level and 
raised lignin content with more soluble sugar accumulation relative to 
the WT (Fig. 1 A), which explained why the cesa9 mutant had relatively 
higher total biomass yield. Furthermore, this study examined signifi
cantly reduced DP values of crude cellulose and crystalline cellulose 
substrates by 14.7 % and 31.6 % in the cesa9 mutant, respectively (Fig. 1 
B). Meanwhile, the cellulose CrI was also reduced by 13.2 % in the 
mutant (Fig. 1 C). By means of our-recently-established AFM approach 
(Peng et al., 2022; Zhang et al., 2020a), cellulose microfibrils assembly 
in the de-lignin plant cell walls were observed in situ (see supplementary 
materials), and the average length of cellulose nanofibrils were then 
measured by scaling the distance of two amorphous/non-crystalline 
cellulose chains on the surfaces of cellulose microfibrils (Fig. 1 D). As 
a comparison, the WT sample showed the average cellulose nanofibers 
length at 125 nm, whereas the cesa9 mutant was at 97.7 nm, being 
consistent with much reduced cellulose CrI and DP values examined in 
the mutant. Hence, the length-reduced cellulose nanofibrils should be 
accountable for relatively raised amorphous cellulose chain assembly in 
the cesa9 mutant. 
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3.2. Ultrasound pretreatment followed with intermittent ultrasound for 
enhanced biomass enzymatic saccharification 

Because the amorphous cellulose chains have been considered as the 
breakpoints for initiating and completing cellulose hydrolysis into sol
uble sugars (Martínez, 2016), this study determined biomass 

saccharification of the cesa9 mutant by measuring hexose yield (% cel
lulose) released from lignocellulose enzymatic hydrolysis (Fig. 2). 
Without any pretreatment, the mutant displayed much higher hexoses 
yields than those of the WT (Fig. 2A), consistent with recalcitrance- 
reduced lignocellulose features in the mutant such as reduced cellu
lose DP and CrI, and raised amorphous cellulose chain as described 

Fig. 1. Cell wall composition and cellulose features of rice mature 
straws in the cesa9 mutant and WT. (A) Soluble sugars and wall 
polymer levels; (B) Degree of polymerization (DP) of crude cellulose 
and crystalline cellulose substrates; (C) Cellulose crystalline index 
(CrI); (D) Evaluation of the average distance between two 
amorphous/non-crystalline cellulose chains on the surfaces of cel
lulose microfibrils accountable for average length of cellulose 
nanofibrils by randomly-selected 100 samples, the data as mean ±
SD (n = 100). The arrows indicate the amorphous regions. * and ** 
represented significant difference at p < 0.05 and 0.01 (n = 3), 
respectively.   

Fig. 2. Biomass saccharification of rice mature straws in the cesa9 mutant and WT under optimal ultrasound pretreatments followed with intermittent ultrasound- 
assistance enzymatic hydrolyses. (A) Hexose yields (% cellulose) released from time-course enzymatic hydrolysis without pretreatment; (B and C) Hexoses yields (% 
cellulose) released from enzymatic hydrolyses under ultrasound pretreatments at various powers for 20 min and with 600 W under a time course; (D) Hexoses yields 
released from enzymatic hydrolyses under ultrasound pretreatment and intermittent ultrasound-assistance enzymatic hydrolyses. The intermittent ultrasounding was 
conducted at 0, 12, 24 and 36 h. 
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above. As ultrasound is a typically green-like (nonchemical) pretreat
ment, this study explored different conditions (power, incubation time) 
of ultrasound pretreatments with rice straws (Fig. 2B-C). As a result, the 
optimal ultrasound pretreatment (600 W, 20 min) could lead to hexoses 
yields raised by 22 %-25 %, compared to the control (without pre
treatment). Notably, as the optimal ultrasound pretreatment respec
tively caused<53 % and 32 % cellulose hydrolyses into fermentable 
hexoses in the mutant and WT, this study further performed intermittent 
ultrasound during the enzymatic hydrolyses of pretreated lignocellulose 
residues, and determined their cellulose hydrolyses at 81 % and 45 % 
(Fig. 2D), suggesting that the intermittent ultrasound-assistant enzy
matic hydrolyses should play an active role for enhancing enzymatic 
saccharification. As a further comparison with the previous reports from 
other physical/mechanical pretreatments conducted with diverse 
biomass resources, this study achieved the highest hexoses yields in the 
desirable mutant straw (da Silva et al., 2010; Hideno et al., 2009; Ivetic 
et al., 2017; Yu et al., 2009; Zakaria et al., 2014; Zakaria et al., 2014; 
Zhang et al., 2020b). In addition, the mutant remained consistently 
higher enzymatic saccharification than that of the WT, which should be 
mainly due to much recalcitrance-reduced lignocellulose in the mutant 
as examined above. Hence, this study has sorted out the synergistic 
enhancements on biomass saccharification by integrating the genetic- 
modified cellulose substrate, optimal ultrasound pretreatment and 
intermittent ultrasound-assistance enzymatic hydrolysis. 

3.3. Raised ethanol fermentation under ultrasound pretreatment and 
intermittent ultrasound treatment 

Based on a previously-established approach (Li et al., 2018), this 
study conducted a classic yeast fermentation for bioethanol production 
by using all hexoses released from enzymatic hydrolyses of pretreated 
lignocellulose residues (Fig. 3). To achieve high concentration/yield of 
bioethanol, this study loaded three solid–liquid (1:20, 1:15, 1:10) ratios 
of lignocellulose substrates into enzymatic hydrolyses with intermittent 
ultrasound treatment were performed. In general, both rice mutant and 
WT samples showed an increasing hexose yield (g/L) released from 
enzymatic hydrolysis, while the solid–liquid ratio was rising from 1:20 
to 1:10 (Fig. 3A). However, on the basis of hexose yield against cellulose 

level (% cellulose), three solid–liquid ratios of lignocellulose substrates 
showed a slightly altered cellulose digestion rate (Fig. 3B). Notably, the 
following intermittent ultrasound treatment could remarkably enhance 
both hexose yields (g/L, % cellulose) in all enzymatic hydrolyses per
formed in the mutant and WT samples, compared to their controls 
(without intermittent ultrasound). For instance, under the intermittent 
ultrasound treatment, the mutant sample (1:10 loading) produced the 
hexose yield at 22 g/L or 70 % (% cellulose), whereas the hexose yield of 
17.5 g/L or 39 % (% cellulose) was only obtained from the controls. 
Meanwhile, this study examined that the mutant produced much more 
hexoses yields than those of the WT, in particular from the intermittent 
ultrasound treatment, which confirmed a consistently higher biomass 
enzymatic saccharification in the mutant. 

As a consequence, this study achieved the highest bioethanol yields 
at 8.5 g/L and 9.9 g/L in the WT and mutant samples (Fig. 3C), due to 
their relatively higher hexoses yields than those of other samples as just 
examined. In addition, this work calculated sugar-ethanol conversion 
rate, and all samples showed a close conversion rate even though under 
the intermittent ultrasound treatment (Fig. 3D), suggesting that the 
intermittent ultrasound treatment should not produce extra toxic com
pounds that inhibit yeast fermentation. Taken together, this study has 
demonstrated a novel and green-like technology for enhancing biomass 
enzymatic saccharification and bioethanol production by using inter
mittent ultrasound-assistant enzymatic hydrolysis in the desirable 
lignocellulose substrate. 

3.4. Distinct wall polymer extraction from ultrasound pretreatment 

To understand why the ultrasound process led to much enhanced 
biomass enzymatic saccharification for bioethanol production, this 
study examined wall polymer compositions and interlinkages in the 
ultrasound pretreated lignocellulose residues (Fig. 4). Compared to their 
raw materials, both cesa9 mutant and WT samples showed much 
reduced lignin levels with relatively less hemicelluloses, leading to 
significantly raised cellulose contents in the pretreated residue (Fig. 4A- 
B). The results suggest that the ultrasound pretreatment should lead to a 
major lignin extraction with small amount of hemicellulose co- 
extraction, being similar to classic alkali pretreatments examined 

Fig. 3. Biomass saccharification and bioethanol fermentation by loading rice mature straws of the cesa9 mutant and WT at three solid–liquid ratios with intermittent 
ultrasound-assistance enzymatic hydrolyses. (A and B) Total hexoses yields (g/L, % cellulose) released from both soluble sugars and enzymatic hydrolyses; (C and D) 
Bioethanol concentration (g/L) and sugar-ethanol conversion rates. * and ** represented significant difference at p < 0.05 and 0.01 level (n = 3), respectively. 
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before (Si et al., 2015). However, unlike alkali pretreatment, the ultra
sound pretreatment could not significantly improve cellulose features 
such as CrI and DP values (Fig. 4C, D), which may explain why the 
optimal ultrasound pretreatment could not cause a near-complete 
biomass enzymatic saccharification even though for the recalcitrance- 
reduced rice mutant. Furthermore, despite the lignin and hemicellu
lose extraction could increase cellulose accessibility in the pretreated 
residues, the cesa9 mutant remained relatively higher cellulose acces
sibility than that of the WT (Fig. 4E), which should be accounting for 
higher biomass saccharification and bioethanol production achieved in 
the mutant. 

3.5. Consistent enzyme unlocking by intermittent ultrasound assistance 

Provided that the optimal ultrasound pretreatment is limited for 
near-complete biomass enzymatic saccharification, this study has 
consequently performed intermittent ultrasound-assistant enzymatic 
hydrolysis to further raise higher hexose and ethanol production as 
described above. To understand the mechanism of intermittent 
ultrasound-assistant enzymatic hydrolysis, this study first detected that 
the long-time ultrasound treatments had little impact on enzymatic 
hydrolyses of pretreated lignocellulose residues in both mutant and WT 
samples, indicating the enzyme activity was not affected by ultrasound 
treatment (Fig. 5A). However, during the intermittent ultrasound- 
assistant enzymatic hydrolyses, relatively more enzymes (commercial 
mixed-cellulases) occurred in the supernatants from SDS-PAGE profiling 
compared to the controls (without/before intermittent ultrasound) in 
the mutant and WT samples (Fig. 5B), which were confirmed by protein 
assay of the supernatants (Fig. 5C). The results thus reveal that the 
intermittent ultrasound treatment should be effective to protect the 
cellulases enzymes to be unlocked, possibly by maintaining enzyme 
disassociation with lignin. By contrast, while raw materials of rice 
straws were applied for direct enzymatic hydrolyses in the mutant and 
WT (without ultrasound pretreatment), a reducing enzyme 

concentration in the supernatants was determined (see supplementary 
materials), which should be mainly due to either a rich lignin deposition 
in raw materials or the soluble lignin-hemicellulose complex that tightly 
interact with cellulases (Cantero et al., 2019). Furthermore, a relatively 
higher cellulose accessibility was determined during the intermittent 
ultrasound-assistant enzymatic hydrolyses in the mutant and WT sam
ples (Fig. 5D), confirming that the intermittent ultrasound should also 
maintain lignin disassociation with cellulose microfibrils or cellulases 
enzymes during enzymatic hydrolysis performed. Hence, much raised 
rough surfaces of lignocellulose residues were observed after 
ultrasound-assistant enzymatic hydrolyses in both mutant and WT 
samples (see supplementary materials), providing an evidence about 
much enhanced biomass saccharification from the intermittent 
ultrasound-assistance hydrolyses conducted in this study. However, it 
remains to further explore how the intermittent ultrasound is effective to 
maintain lignin disassociation in the further study. 

3.6. Porous biochar generated from enzyme-undigestible lignocelluloses 
for chemical adsorption 

As described above, intermittent ultrasound-assistant enzymatic 
hydrolysis has provided a green-like approach for biomass saccharifi
cation and bioethanol production, but both mutant and WT samples 
remained enzyme-undigestible residues rich at lignin (see supplemen
tary materials). By performing classic thermochemical conversion, this 
study generated biochar samples using all enzyme-undigestible ligno
cellulose residues in both mutant and WT. As a comparison with ones 
from raw materials of rice straws, the biochar samples from enzyme- 
undigestible residues showed consistently higher specific surface area 
and pore volume (Fig. 6 A, B). Meanwhile, the biochar generated from 
the mutant enzyme-undigestible residue remained higher specific sur
face area and pore volume than those of the WT by 8.6 % and 9.6 %, and 
its specific surface area and pore volume respectively reached to 2970.7 
m2/g and 2.4 cm3/g, which should be either the highest surface area or 

Fig. 4. Altered wall polymer levels in the mutant and WT from optimal ultrasound pretreatment. (A and B) Cell wall composition; (C and D) Cellulose DP and CrI; (E) 
Cellulose accessibility by CR staining assay. * and ** represented significant difference at p < 0.05 and 0.01 level (n = 3), respectively. 
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the second high pore volume among all biochar samples as previously 
obtained from diverse biomass resources (Jiang et al., 2022; Kong et al., 
2014; Kumar and Jena, 2016; Mbarki et al., 2022; Prusov et al., 2021; 
Wang et al., 2022; Wu et al., 2020; Yu et al., 2019; Zheng et al., 2021). 
Furthermore, XPS assay showed major C and O elements occurred in all 
biochar samples (see supplementary materials), confirming a typical 
biochar generated in this study (Cheng et al., 2019). 

To test the biochar function, this study performed its adsorption 
capacity with two organic chemicals (CR and MB), which are two typical 
wastes of dye industry (Kumar and Jena, 2016; Yu et al., 2019). As a 
comparison, the biochar of mutant samples showed consistently higher 
CR and MB adsorption capacities than those of the WT (Fig. 6 C, D), 

consistent with their distinct specific surface areas and pore volumes as 
examined. In particular, the biochar generated from mutant’s enzyme- 
undigestible residue was of the highest CR adsorption capacity at 
7946 mg/g and the third high MB adsorption at 861 mg/g among all 
biochar samples as previously detected (Jiang et al., 2022; Kong et al., 
2014; Kumar and Jena, 2016; Mbarki et al., 2022; Prusov et al., 2021; 
Wang et al., 2022; Wu et al., 2020; Yu et al., 2019; Zheng et al., 2021). 
Furthermore, a time-course of CR and MB adsorption was conducted and 
all biochar samples showed a fast adsorption to reach the maximum 
within 20 min (see supplementary materials), consistent with the pre
vious report about biochar adsorption (Cheng et al., 2019). Therefore, 
the enzyme-undigestible residues of rice mutant straw are convertible to 

Fig. 5. Intermittent ultrasound-assistant enzymatic hydrolyses of lignocellulose residues in the cesa9 mutant and WT. (A) Effect of ultrasound treatment on the 
activity of enzyme. The ultrasound-treated enzyme solution was applied for enzymatic hydrolysis of rice straw. Enzymatic activity was not decreased after ultrasound 
treatment at 600 W for 0–100 min; (B) SDS-PAGE profiling of enzymatic hydrolysates with the enzyme concentration diluted 20 times before loading; (C) Enzyme 
concentration in the supernatant as highlighted in (B) detected by Bradford assay; (D) Cellulose accessibility of solid substrates by Congo red staining assay. * and ** 
represented significant difference at p < 0.05 and 0.01 level (n = 3), respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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generate typically highly-porous biochar for efficient adsorption with 
dye chemicals. 

4. Conclusions 

By collecting recalcitrance-reduced lignocellulose substrate of rice 
mutant straw, this study performed optimal ultrasound pretreatment 
followed with intermittent ultrasound-assistant enzymatic hydrolysis 
for remarkably raised hexose yield at 81 % (% cellulose), leading to the 
higher bioethanol yield achieved at 9.9 g/L. Using all enzyme- 
undigestible lignocellulose residues, a typically porous biochar was 
generated with much high adsorption capacities for two dye (CR, MB) 
chemicals. Therefore, this study has demonstrated a green-like strategy 
for high-yield of bioethanol and high-porosity biochar with full biomass 
utilization by integrating optimal ultrasound pretreatment with inter
mittent ultrasound-assistant enzymatic hydrolyses of desirable ligno
celluloses in bioenergy crops. 
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