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A B S T R A C T   

As lignocellulose recalcitrance principally restricts for a cost-effective conversion into biofuels and bioproducts, 
this study re-selected the brittle stalk of corn mutant by MuDR-transposon insertion, and detected much reduced 
cellulose polymerization and crystallinity. Using recyclable CaO chemical for biomass pretreatment, we deter-
mined a consistently enhanced enzymatic saccharification of pretreated corn brittle stalk for higher-yield bio-
ethanol conversion. Furthermore, the enzyme-undigestible lignocellulose was treated with two-step thermal- 
chemical processes via FeCl2 catalysis and KOH activation to generate the biochar with significantly raised 
adsorption capacities with two industry dyes (methylene blue and Congo red). However, the desirable biochar 
was attained from one-step KOH treatment with the entire brittle stalk, which was characterized as the highly- 
porous nanocarbon that is of the largest specific surface area at 1697.34 m2/g and 2-fold higher dyes adsorption. 
Notably, this nanocarbon enabled to eliminate the most toxic compounds released from CaO pretreatment and 
enzymatic hydrolysis, and also showed much improved electrochemical performance with specific capacitance at 
205 F/g. Hence, this work has raised a mechanism model to interpret how the recalcitrance-reduced lignocel-
lulose is convertible for high-yield bioethanol and multiple-function biochar with high performance.   

1. Introduction 

As the most abundant biomass resource, lignocellulose is trans-
formable for sustainable bioethanol and valuable biomaterials to attain 
carbon neutralization and bioeconomic benefit [1–3]. The bioethanol 
conversion demands three major strides: initial biomass pretreatment to 
destruct plant cell walls, sequential enzymatic hydrolysis of pretreated 
lignocellulose to release fermentable sugars, and final yeast fermenta-
tion to produce ethanol [4–6]. Even though lignocellulose is of great 
potential for industrialization, however, its inherent recalcitrance not 
only leads to a costly biomass process distasteful for high-yield bio-
ethanol, but it also causes a lowly effective generation of bioproduction 
with potential secondary pollution to the environment [3,7,8]. It thus 
endures to explore advanced technology for lignocellulose conversion at 

cost-effective and green-like style. 
Physical and chemical pretreatments can partially break down 

lignocellulose recalcitrance to enhance biomass enzymatic saccharifi-
cation for bioethanol production or chemical catalysis for bio-
production, but they principally require extra conditions along with 
secondary wastes disposition [9]. For examples, acid (H2SO4) pre-
treatments at high temperature and alkali (NaOH) pretreatments at high 
concentration are mostly implemented for partial hemicelluloses and 
lignin extraction and lignocellulose feature modification. Therefore, 
integrating desirable recalcitrance-reduced lignocellulose with green- 
like pretreatment is increasingly deemed to reduce the cost of bio-
fuels, as well to improve the quality of bioproducts [10–13]. Despite 
alkaline pretreatment is effective to achieve the goal for plant cell wall 
depolymerization and destruction, CaO pretreatment has been 
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particularly applied as a green-like process to improve biomass enzy-
matic saccharification, due to its mild and simply operation, relatively 
low cost and recyclable collection [14,15]. 

Biochar has been extensively exploited for industrial wastes removal 
and energy storage application, due to its stable structure, large 
porosity, high specific surface area and excellent electrochemical per-
formance [16–19]. Since lignocellulose contains almost 80 % carbon, it 
is regarded as one of the most promising precursors for synthesis of 
desirable carbon materials by advanced thermal-chemical technology 
[20–24]. Nevertheless, lignocellulose composition and property have a 
significant influence on biochar quantity and quality. In particular, the 
oxygen-containing functional groups of cellulose and hemicellulose can 
be eliminated as H2O, CO2 and CO to give micropores of biochar, 
whereas the plentiful aromatic units of lignin are chemically inert to 
produce nonporous carbon materials [25]. As biochar is efficient to 
remove toxic chemical dyes from industry and daily life locations 
[26–31], the well-quality biochar is also attempted to prepare super-
capacitors with high power density, short charge-discharge period and 
long life [32–34]. Despite thermal-chemical conversion has been well 
established to generate desirable biochar, chemical activators are 
increasingly supplied for high-performance carbon production. For ex-
amples, the addition of Fe element can form a carburized phase for 
graphene-like nanosheets during biomass carbonization process 
[22,35], whereas the K element can join into the carbon structure to 
improve its porosity [36]. Hence, attention has been paid to conduct 
optimal thermal-chemical conversion with desirable lignocellulose 
substrate. 

The crop brittle straws have been recently characterized as the 

recalcitrance-reduced lignocellulose substrates convertible for high- 
yield biofuel production, but little is yet reported about its application 
for high-performance biochar. As a widely cultivated crop, corn gener-
ates a huge amount of lignocellulose resource every year, and desired 
corn mutants could particularly improve economic benefits. In this 
study, we re-planted our recently-identified corn MuDR-transposon 
insertion mutant [37], and determined significantly improved ligno-
cellulose recalcitrant features in the brittle stalk (Fig. 1). By performing 
CaO pretreatments, this study examined consistently enhanced biomass 
enzymatic saccharification of corn mutant compared to its wild type/ 
WT, and all remaining enzyme-undigestible residues were employed to 
generate the biochar with relatively high adsorption with two classic 
industry dyes (methylene blue/MB and Congo red/CR) and improved 
electroconductivity. Furthermore, this study performed relatively sim-
ply thermal-chemical conversion with the entire brittle stalk to generate 
the desirable biochar with much improved performance. Notably, this 
work also employed the desirable biochar to eliminate the most bio-
chemicals remained from CaO pretreatment and final ethanol fermen-
tation (Fig. 1), providing a green-like strategy for reduction of secondary 
waste release from bioethanol biorefinery. Therefore, this study finally 
raised a novel model to sort out the mechanism about how the 
recalcitrance-reduced lignocellulose of brittle stalk was digestible and 
convertible for high-yield bioethanol and well-performance biochar. 
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Fig. 1. Flow charts of lignocellulose processes selective for bioethanol conversion and biochar generation to enhance dye and biochemical adsorption and elec-
trochemical performance using corn brittle mutant and its wild type/WT. 
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2. Materials and methods 

2.1. Collection of corn mature stalks 

The corn mutant with brittle stalk phenotype (termed bk1) was re- 
selected from the F2 seeds of the corn wild type (WT) crossing with 
MuDR transposon W22::Mu [37]. The homozygous seeds of WT and 
mutant were obtained by self-fertilization and their mature stalks were 
collected in the experimental field of Huazhong Agricultural University 
from 2020 to 2022. The mature corn stalks were dried at 60 ◦C, ground 
through a 60-mesh screen, and stored in a dry container as biomass 
samples for analyses of cell wall composition, biomass enzymatic hy-
drolysis and biochar production (Fig. 1). 

2.2. Wall polymers extraction and assay 

Wall polysaccharide fractionations of mature stalks in corn mutant 
and WT were accomplished as previously described [38,39]. The soluble 
sugars were extracted from biomass powder (0.1 g) with potassium 
phosphate buffer (pH 7.0), the residues were consecutively extracted to 
remove lipids, starch and pectin by using chloroform-methanol (1:1, v/ 
v), DMSO–water (9:1, v/v), and ammonium oxalate 0.5 % (w/v). The 
remaining crude residues were extracted with 4M KOH containing 
1.0mg/mL sodium borohydride for 1h at 25 ◦C, and the supernatants 
were combined as KOH-extractable hemicelluloses fraction. The 
remaining pellets were applied to detect total pentoses for non-KOH- 
extractable hemicelluloses fraction. Total hemicelluloses level was 
calculated by detecting pentoses of the non-KOH-extractable pellets and 
total hexoses and pentoses in the KOH-extractable fraction. The 
anthrone/H2SO4 and ferric chloride/HCl methods were respectively 
employed for the analyses of hexoses and pentoses [40]. Total lignin was 
detected according to the Laboratory Analytical Procedure of the Na-
tional Renewable Energy Laboratory [41]. All assays were completed in 
independent triplicates. 

2.3. Detection of cellulose features 

The crystalline cellulose was extracted from biomass powder (0.1 g) 
using 5 mL acetic acid-nitric acid-water (8: 1: 2, v/v/v). The degree of 
polymerization (DP) of cellulose substrate was evaluated by the 
viscometry method [42], and its crystalline index (CrI) was assessed by 
the X-ray diffraction [38]. 

2.4. CaO pretreatments of corn stalks 

For CaO pretreatment, biomass powder (0.3 g) was incubated with 6 
mL CaO at different concentrations (5 %, 10 %, 15 %, w/w) under 5 % 
solid loading. After well-mixed, the sample was treated at 50 ◦C under 
150 rpm shaken for 48 h [37]. After centrifugation at 4000 g, all residues 
were collected for enzymatic hydrolysis and biochar conversion as 
described below. All experiments were fulfilled at independent 
triplicates. 

2.5. Enzymatic saccharification and yeast fermentation 

Enzymatic saccharification and yeast fermentation were respectively 
conducted as previously described [38]. The biomass residues from CaO 
pretreatment were incubated with 0.16 % (w/v) mixed-cellulases (13.25 
FPU g− 1 cellulases and 8.4 U g− 1 xylanase from Imperial Jade Biotech-
nology Co., China) co-supplied with 1 % Tween-80 (v/v). The enzymatic 
hydrolysis was operated at 50 ◦C under 150 rpm shaken and the su-
pernatant was saved for yeast fermentation. The activated yeast (Angel 
yeast Co., ltd., China) was incubated with the enzymatic hydrolysates at 
37 ◦C for 48 h. The fermentation solution was distilled for the deter-
mination of ethanol content, and the ethanol was quantified by the 
K2Cr2O7 method as previously described [43]. 

2.6. Biochar generations from enzyme-undigestible residues and corn 
stalks 

The enzyme-undigestible residues after 15 % CaO pretreatments 
were well mixed with FeCl2⋅4H2O (1:2, w/w), and ground into the 
powder. The powder sample was loaded into a tube furnace (OTF- 
1200X-60UV, Kejing Material Technology Co., Ltd., Hefei, China), 
heated under N2 at a rate of 5 ◦C/min up to 800 ◦C for 2 h, and then up to 
1200 ◦C at the same rate. After the sample was cooled down to 300 ◦C at 
a rate of 10 ◦C/min and further cooled to room temperature, the sample 
was rinsed with 1 mol/L of HCl aqueous solution for 6 h to remove 
excess ferric ions. The material was rinsed with deionized water until 
pH 7.0, washed with ethanol under ultrasound for 2 h in a sonicator, and 
dried as biocarbon sample. The biocarbon was further mixed with KOH 
(1:2, w/w), heated at a rate of 5 ◦C/min up to 800 ◦C for 3 h, and then 
cooled down to 300 ◦C at a rate of 10 ◦C/min. The residue from KOH 
treatment was heated at a rate of 5 ◦C/min up to 800 ◦C for 3 h, and 
cooled down to 300 ◦C at a rate of 10 ◦C/min. The biochar was stored 
until in use. 

2.7. MB and CR adsorption analysis 

MB and CR adsorption were conducted as previously described [10]. 
MB and CR solution were prepared using ultra-pure water, and about 20 
mg biochar and 20 mL MB or CR solution were mixed into 50 mL tube. 
Adsorption experiments were carried out at 25 ◦C under 150 rpm 
shaking for 6 h. After adsorption, the samples were centrifuged at 
12,000 g for 10 min, and the residual MB and CR in the supernatant were 
determined by a UV–vis spectrometer at 668 nm and 498 nm, respec-
tively. Using the biochar generated from lignocellulose residues of 
enzymatic hydrolyses, the initial concentrations of MB and CR solution 
were 1 g/L and 2 g/L, whereas the biochar generated from full corn stalk 
applied the initial concentrations of MB and CR at 2 g/L and 10 g/L, 
respectively. The maximum MB adsorption capacity of biochar was 
evaluated using monolayer Langmuir adsorption model, and the initial 
concentrations of MB solution were 0.5, 1, 1.5, 2 and 2.5 g/L. 

2.8. Biochemical adsorption assay 

Biochar adsorption was performed with the biochemicals released 
from 15 % Cao pretreatments with corn stalks or final ethanol fermen-
tation. About 40 g/L biochar was incubated with 5 mL biochemicals at 
25 ◦C under 150 rpm shaken for 12 h. After adsorption, the supernatants 
were passing through 0.22 μm membrane filters to collect the bio-
chemicals. Total organic carbons (TOCs) of the biochemicals were 
detected by the TOCs analyzer (Multi N/C 3100, Analytik Jena, Ger-
many). All assays were accomplished at independent duplicate. 

Total biochemicals and the biochemicals after biochar adsorption 
were respectively detected by LC-MS/MS (Vanquish, UPLC, Thermo, 
USA equipped with column Waters HSS T3/100 × 2.1 mm, 1.8 μm and Q 
Exactive HFX, Thermo, USA), followed with data analysis by Progenesis 
QI (Waters Corporation, Milford, USA). Total 2756 organics compounds 
were searched including alkaloids, benzenoids, lipids, organic acids, 
organoheterocyclic, polyketides, and 1674 compounds were finally 
identified with a confidence level of over 10 %. 

2.9. Detection of electrochemical capacity 

The electrochemical properties of biochar were evaluated as previ-
ously described [34]. Biochar (0.032 g), Super-P (0.004 g) and PTFE 
(0.004 g) were mixed with ethanol as the dispersant, and biochar and 
PTFE were applied as the active material and binder, respectively. The 
working electrode was prepared by pressing the above mixture onto a 
current collector, which was nickel foam (1 cm × 1 cm). The test was 
performed in 6 mol/L of KOH with a three-electrode system, in which a 
Hg/HgO and a platinum plate were applied as the reference and counter 
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electrodes, respectively. 
Cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) 

were performed on a CHI660E electrochemical workstation to evaluate 
the electrochemical performance. The CV was completed at scan rates of 
50 mV/s, and GCD was conducted at current densities from 0.5 to 10 A/ 
g. The specific capacitance (C, F/g) based on GCD test was calculated 
according to the Eq. (1): 

C = I×Δt/(m×ΔV)

in this formula, I, Δt and ΔV represent for the discharging current (A), 
discharging time (s) and discharging voltage (V) excluding the IR drop 
during the discharging process; m (g) is the mass of active material in the 
working electrode [44]. 

2.10. Physical and chemical characterization of biochar 

The biochar was scanned under high resolution transmission elec-
tron microscope (HRTEM, JEOL JEM F200, Tokyo, Japan) and Raman 
spectrum (Thermo Scientific DXR, Waltham, MA, USA) as described 
[22]. The elements and binding energy of biochar were detected by X- 
ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Wal-
tham, MA, USA) as described [45]. Specific surface area, pore diameter 
and pore volume of biochar were analyzed by Automated Surface Area 

and Porosity Analyzer (Micromeritics ASAP 2460, Norcross, GA, USA) as 
described [46]. 

2.11. Statistical analysis 

Analyses of variance (ANOVA), regression coefficients and Spear-
man’s rank correlation coefficient were respectively attained using Su-
perior Performance Software System (SPSS version 16.0, Inc., Chicago, 
IL). Pair-wise comparisons were accomplished between two measure-
ments by Student’s t-test. The line graph, histogram, and regression 
analysis for the best fit curve were plotted using Origin 8.5 software 
(Microcal Software, Northampton, MA). The average values were 
calculated from the original independent triplicate measurements for 
these analyses. 

3. Results and discussion 

3.1. Recalcitrance-reduced lignocellulose regeneratable in corn mutant 

In this study, we re-selected the corn mutant as previously reported 
by MuDR-transposon insertion [37], and observed a brittle-stalk 
phenotype under manual bending (Fig. 1; Fig. 2A). By collecting 
mature brittle stalk of the corn mutant, this study determined 
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significantly reduced cellulose level by 11 % and raised hemicellulose 
and lignin contents by 16 % and 12 % at p < 0.01 and 0.05 levels (n = 3), 
compared to its WT (Fig. 2B), which was different from the previous 
report about much less cellulose level and similar contents of other wall 
polymers [37]. Meanwhile, we examined total soluble sugars level 
increased by 21 % in the brittle mutant (Table S1), but it is raised by 65 
% in the previous one, which should be mainly due to less reduced 
cellulose and significantly increased hemicellulose in this study. 
Furthermore, the brittle mutant showed more decreased cellulose DP 
value by 36 % than the previously-reported one by 17 % (Fig. 2C), which 
should be partially due to significantly raised hemicellulose level 
examined in this work [40,47,48]. As cellulose DP value and 

hemicellulose level are highly correlated with cellulose CrI [47,49], this 
study also detected significantly reduced cellulose CrI value in the brittle 
mutant (Fig. 2D), which should be accounting for more reduction of 
lignocellulose recalcitrance examined in this study [4,42]. Because the 
brittle mutant is identified from a genetically-stable homozygous line, 
the relatively-altered cell wall composition, cellulose features (DP, CrI) 
and soluble sugars level may be due to varied conditions for plant 
growth, stalk harvest stage and climate in this study, which was 
consistent with the previous findings about the distinct geographic lo-
cations and ecological conditions that affect plant cell wall compositions 
[50–52]. On the other hand, this study may also indicate a strategy for 
collection of recalcitrance-reduced lignocellulose resources by growing 
desirable crop mutants under optimal field management and ecological 
condition. 

3.2. Consistently enhanced biomass saccharification for bioethanol 
production 

Using our previously-established approach [37,38,53], this study 
examined biomass saccharification by measuring hexose yields (% cel-
lulose) released from enzymatic hydrolyses after 5 %, 10 %, 15 % CaO 
pretreatments with mature stalks in corn mutant and WT (Fig. 1). As a 
result, the brittle mutant showed consistently raised hexoses yields (% 
cellulose) than those of the WT at p < 0.01 levels (n = 3) under all CaO 
pretreatments (Table 1). In particular, about 94 % cellulose of the corn 
mutant could be digested upon 15 % CaO pretreatment, whereas 82 % 
cellulose degradation occurred in the WT. Even though the corn mutant 
contained significantly higher lignin level than that of WT (Fig. 2B), 
which has been characterized as a major barrier against enzyme access 
and loading [54–56], much more reduced cellulose features (DP, CrI) 
should improve its lignocellulose recalcitrance for consistently 
enhanced biomass enzymatic saccharification examined. Consequently, 
this study performed a classic yeast fermentation with hexoses released 
from enzymatic hydrolysis, and also detected constantly raised 

Table 1 
Biomass saccharification and bioethanol production in corn mutant and WT 
after CaO pretreatments.  

Samples CaO 
pretreatment 
(w/w) 

Hexose yield 
(% cellulose) 

Ethanol yield 
(% cellulose) 

Total ethanol 
yield in theory 
(% dry matter) 

WT 5 % 45.62 ± 0.26 15.62 ± 0.81 12.91 ± 0.04 
Mutant 46.86 ±

0.39** (3 
%)# 

19.27 ±
0.22** (23 
%) 

14.66 ± 0.23** 
(14 %) 

WT 10 % 54.86 ± 1.81 24.48 ± 0.31 15.99 ± 0.03 
Mutant 60.88 ±

0.58** (11 
%) 

27.33 ±
0.35** (12 
%) 

16.77 ± 0.24** 
(5 %) 

WT 15 % 82.12 ± 0.61 36.85 ± 0.28 22.31 ± 0.05 
Mutant 93.90 ±

1.64** (14 
%) 

40.61 ±
0.44** (10 
%) 

24.34 ± 0.21** 
(9 %) 

* And ** as significant differences between the mutant and WT by Student’s t- 
test at p < 0.05 and 0.01 (n = 3), and data as means ± SD; #Percentage of 
increased rate by subtraction between the mutant and WT values divided by the 
WT. 

M
B

 a
ds

or
pt

io
n 

 (m
g/

g)

400

500

600

700

800

500 1000 1500 2000 2500

WT
Mutant

Initial MB concentration (mg/L) 

C

40

30

20

10

0

R
es

id
ue

 c
om

po
si

tio
n

(%
 d

ry
 m

at
te

r)

F

41% 42%

38%Mutant
WT

** **

**

M
B

 a
ds

or
pt

io
n 

 (m
g/

g)

0

200

400

600

800
6%

B

**

C
R

 a
ds

or
pt

io
n 

(m
g/

g)

0

700

1400

2100

2800

13%

E

**

WT

Mutant

A
Enzyme-undigestible

residue
Biochar-I

C
e/q

e

0

1

2

3

4

0 500 1000 1500 2000 2500
Ce (mg/L)

Mutant
WT

D

y=0.0017x-0.521
R2=0.9902

y=0.0014x-0.471
R2=0.9927

Fig. 3. Characterization of the biochar-I generated from lignocellulose residues of enzymatic hydrolyses after 15 %CaO pretreatments with mature stalks in corn 
mutant and WT. (A) Schematic of the thermal-chemical conversion; (B) Biochar adsorption with methylene blue/MB; (C) MB adsorption capacity under different 
initial concentrations; (D) Langmuir adsorption isotherm model for maximum MB adsorption; (E) Biochar adsorption with Congo red/CR; (F) Wall polymer com-
positions of enzymatic residues; ** As significant difference between the corn mutant and WT by Student’s t-test at p < 0.01 (n = 3) with the increased/decreased (− ) 
percentage of the corn mutant relative to the WT, and data as means ± SD (n = 3). 

T. Li et al.                                                                                                                                                                                                                                        



International Journal of Biological Macromolecules 264 (2024) 130448

6

bioethanol yields (% cellulose) by 10 %–23 % at p < 0.01 level (n = 3) in 
the mutant compared to the WT (Table 1). Moreover, we evaluated total 
bioethanol yields (% dry matter) in theory from engineered-yeast co- 
fermentation with total hexoses and xylose of soluble sugars and enzy-
matic hydrates. As a comparison, the corn mutant remained more raised 
bioethanol yields than those of the WT, mainly due to its significantly 
increased soluble sugars and hemicellulose levels. As lignocellulose 
recalcitrance is consistently reduced in the corn mutant, it remains to 
explore its potential utilization for valuable bioproduction. 

3.3. Biochar generation from enzyme-undigestible residues for dyes 
adsorption 

To avoid any remaining biomass residues release into the environ-
ment, we collected all residues obtained from enzymatic hydrolyses of 
15 % CaO-pretreated corn stalks in mutant and WT, and performed a 
thermal-chemical conversion co-activated with FeCl2⋅4H2O and KOH 
chemicals to generate biochar termed as biochar-I (Fig. 1; Fig. 3A). By 
means of our recently-established approaches [10,45,57], this study 
tested biochar adsorption with two major industry dyes: methylene blue 
(MB), a common cationic organic dye, and Congo red (CR), a typical 
anionic organic dye. As a result, the biochar sample generated from corn 
mutant showed significantly higher adsorption capacities with MB at p 
< 0.01 level (n = 3), compared to the WT (Fig. 3B). By supplying MB at a 
series of concentrations for batch experiments, the typical Langmuir 
models were established with extremely high R2 values for both biochar 
samples of corn mutant and WT, but the mutant sample remained 

consistently higher MB adsorptions than those of the WT examined 
(Fig. 3C–D). Meanwhile, the corn mutant sample was examined with 
significantly higher CR adsorption than that of the WT by 13 % (Fig. 3E), 
and both mutant and WT samples were of greatly higher CR adsorption 
capacities than those of the MB up to 3 folds, probably due to the biochar 
containing the Fe2+ and K+ that are active for CR interaction [33,58,59]. 
To understand the MB and CR adsorption distinctive in the corn mutant 
and WT, we examined the composition of enzyme-undigestible residues 
after 15 % CaO pretreatments with corn stalks (Fig. 3F). Because the 
corn mutant showed significantly raised biomass enzymatic saccharifi-
cation as described above (Table 1), its remaining residue consisted of 
much reduced cellulose and hemicellulose levels than those of WT by 41 
% and 42 %, leading to the lignin content raised by 38 %. It thus suggests 
that the residue rich at lignin should be one of major factors accounting 
for the biochar with high MB and CR adsorption as previously reported 
[10,45,57]. 

3.4. Maximum dye adsorption by biochar generated from entire brittle 
stalk 

Given that the biochar of corn mutant was of significantly higher CR 
and MB adsorptions than those of the WT as described above, their 
adsorption capacities remained relatively low, compared to the 
previously-reported ones [60–62]. Hence, this study employed entire 
brittle stalks to generate new biochar termed as biochar-II by performing 
relatively simply KOH-activated pyrolysis (Fig. 1; Fig. 4A). In general, 
this study detected the highest CR and MB adsorption capacities with the 
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biochar samples generated from 4 % KOH activation with both corn 
mutant and WT, compared with the control (without KOH) and 8 % KOH 
treatment (Fig. 4B–C). In particular, all biochar samples of corn mutant 
remained consistently higher CR and MB adsorption capacities than 
those of the WT, and the CR adsorption capacities were increased by 16 
%–32 % in the mutant samples. Furthermore, the MB and CR adsorption 
capacities were respectively raised by 2- and 3.6 folds in the biochar-II 
generated from entire brittle stalk of corn mutant, compared to the 
biochar-I samples generated from enzyme-undigestible residues as 
described above (Fig. 3). Notably, as a comparison with the biochar 
samples as previously generated from other major biomass resources, 
the biochar-II of corn mutant was of the highest CR adsorption capacity 
with raised rates by 3.5–8.9 folds (Fig. 4D; Table S2). The results thus 
indicated that the entire brittle stalk of corn mutant could be applied to 
generate the optimal biochar for maximum dye adsorption from simply 
thermal-chemical conversion. 

However, as those two types of biochar showed distinct adsorption 
capacities with chemical dyes, this study has provided the comparable 
samples to explore biochar adsorption mechanisms for its specific 
application by characterization of their physical and chemical properties 
(Fig. S1). These may also help to sort out distinct biochar assembly by 
performing correlation analyses between lignocellulose features and 
thermal-chemical conductive conditions, which should be an interesting 
study in the future. 

3.5. Effective exclusion of toxic biochemicals released from ethanol 
biorefinery 

As toxic biochemicals are unavoidably released from cellulosic 
ethanol biorefinery [27,63,64], this study detected biochar adsorption 

with the liquids remained from biomass pretreatment and final ethanol 
fermentation in corn mutant and WT samples (Fig. 1; Fig. 5A). Using the 
biochar-II sample of corn mutant, we examined that about 54 % and 57 
% of total organic carbon (TOC) were respectively removed from the 
supernatants of 15 % CaO pretreatments with the mature stalks of corn 
mutant and WT (Fig. 5B). Despite that TOCs were much less released in 
the liquids of final ethanol fermentation, this study also tested 45 % and 
57 % TOCs removal with the biochar-II in the corn mutant and WT 
samples (Fig. 5C), indicating that the biochar-II was effective to remove 
almost half of TOCs released from the ethanol biorefinery performed in 
this study. On the other hand, the biochar of mutant sample could 
extract relatively more TOCs than those of the WT, in particular for the 
liquids of ethanol fermentation. It suggests that toxic TOCs were less 
produced in the mutant sample, which should be another factor ac-
counting for significant higher bioethanol conversion achieved in the 
mutant. 

Moreover, we applied LC-MS/MS to detect the composition of TOCs 
that were adsorbed with biochar-II using the liquid released from CaO 
pretreatment of corn mutant (Fig. 5D). In general, the biochar-II could 
adsorb diverse biochemicals such as alkaloids, benzenoids, lipid, organic 
acids, organoheterocyclic and polyketides. In particular, about 53 %–80 
% components could be completely removed by the biochar-II among all 
six types of chemicals examined (Fig. 6E), which confirmed that the 
biochar-II could mostly eliminate the toxic compounds released from 
bioethanol biorefinery. On the other hands, the remaining TOCs un- 
adsorbed with biochar-II should be mainly derived from the pentoses 
and hexoses released from CaO pretreatment performed in this study. 
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3.6. 3.6 Improved electrochemical performance 

To find out other function of two types of biochar samples (I, II) 
generated above, this study tested their electrochemical performances 
for supercapacitor (Fig. 1; Fig. 6). In terms of the electronic transport of 
biochar-I sample, the cyclic voltammograms (CVs) were recorded at 
scan rates from 5 to 150 mV/s to detect the power capability. The ob-
tained stable current response up to 50 mV/s showed that the biochar 
sample of corn mutant was of higher current density than that of the WT 
(Fig. 6A). While galvanostatic charge-discharge (GCD) tests were con-
ducted, a typical inverted “V” shape was observed in both mutant and 
WT samples, suggesting a classic capacitive response and fast charge 
transfer [58,65–67] (Fig. 6B). However, the mutant sample remained a 
much longer discharging time for the highest specific capacitance in the 

electrolyte systems at different current densities from 0.5 A/g to 10 A/g, 
compared to the WT. With respect to the capacitance values calculated 
from the GCD curves at different current densities, the mutant sample 
exhibited consistently higher specific capacitances than those of the WT 
(Fig. 6C), thereby confirming a consistently improved electrochemical 
performance for supercapacitor in the mutant. 

Furthermore, this study detected the electrochemical performances 
of the biochar-II samples (Fig. 6D–E). Constantly, the biochar-II samples 
of corn mutant were of higher electrochemical conductivity and specific 
capacitances than those of the WT, being similar to the findings exam-
ined in the biochar-I. However, the biochar-II samples showed the spe-
cific capacitances raised up to 2 folds, compared to the biochar-I ones. 
Taken together, therefore, the brittle stalk of corn mutant could provide 
options selective either to achieve higher bioethanol production or to 

B
io

ch
ar

-I
B

io
ch

ar
-I

I

Time/sec

C
ur

re
nt

 d
en

si
ty

 (A
·g

-1
)

−0.04

Potential (V vs.Hg/HgO)

0.00

0.02

0.04

0.0 0.4

−0.02

−1.2 −0.8 −0.4

WT
Mutant

A
0.4

100 20

0.0

−0.8

Po
te

nt
ia

l v
s.H

g/
H

gO

−0.4

30 40

B
WT
Mutant

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

(F
·g

-1
)

Current Density (A·g-1)

40

60

80

100

120

0 4 6 8 1050 2

C
WT
Mutant

Time/sec

C
ur

re
nt

 d
en

si
ty

 (A
·g

-1
)

−0.10

Potential (V vs.Hg/HgO)

0.00

0.05

0.10

0.0 0.4

−0.05

−1.2 −0.8 −0.4

WT
Mutant

D
0.4

200 40

0.0

−0.8

Po
te

nt
ia

l v
s.H

g/
H

gO

−0.4

60 80

E 
WT
Mutant

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

(F
·g

- 1
)

Current Density (A·g-1)

90

120

150

180

210

0 4 6 8 102

F
WT
Mutant

Fig. 6. Enhanced electrochemical performances using biochar-I generated from enzymatic residues or biochar-II from entire mature stalks of corn mutant and WT. 
(A, D) Cyclic voltammetry curves at 50 mV⋅s− 1; (B, E) Galvanostatic charge-discharge curves at 5 A⋅g− 1; (C, F) Specific capacitance calculated by galvanostatic 
charge-discharge at different current densities. 

0.0

0.1

0.2

0.3

0.4

0.5

dV
/d

D
 p

or
e 

vo
lu

m
e 

(c
m

³/g
·n

m
)

1 2 4 8 16 32
Pore diameter (nm)

WT
Mutant

Pore volumeC

0.00 0.25 0.50 0.75 1.00
Relative pressure (P/P0)

800

600

400

200

0

mc( debrosda y titnau
Q

3 /g
)

BET Surface area

W
T Mutant

adsorption
desorption

A B

Su
rf

ac
e 

ar
ea

 (m
2 /g

)

WT Mutant
0

500

1000

1500

2000
+25% +30%

Po
re

 v
ol

um
e 

(c
m

3 /g
)

WT Mutant
0.0

0.3

0.6

0.9

1.2
D

Fig. 7. Increased BET surface area and pore volume of the biochar-II generated from entire mature stalks of corn mutant and WT after 4 % KOH pretreatment. (A) 
Nitrogen adsorption/desorption isotherm; (B) Surface area; (C) Pore size distribution; (D) Pore volume. 

T. Li et al.                                                                                                                                                                                                                                        



International Journal of Biological Macromolecules 264 (2024) 130448

9

generate distinct biochar for enhanced dye and biochemical adsorption 
and electrochemical performance. 

3.7. Increased porosity of graphene-like biochar 

As the biochar-II sample was of much improved dye and biochemical 
adsorption and electrochemical performance in the corn mutant, this 
study conducted a classic BET assay by N2 absorption (Fig. 7). As a 
comparison, the biochar-II of corn mutant exhibited consistently larger 
BET areas than those of the WT (Fig. 7A). For example, the total surface 
area of mutant sample was calculated at 1697.34 m2/g, but the WT only 
reached to 1363.07 m2/g (Fig. 7B). Meanwhile, a typical adsorption 
isotherm was observed to be accountable for the presence of micro-pores 
in the mutant sample (Fig. 7C), and its pore volume under <4 nm 
diameter was raised by 30 %, compared to the WT (Fig. 7D). Hence, the 
increases of both surface area and pore volumes of biochar-II in the 
mutant should be the major cause for remarkably improved dye and 
biochemical adsorption and electrochemical performances examined 
above. 

Meanwhile, Raman scanning was implemented with the biochar-II 
samples (Fig. 8), and a typical G-peak (~1580 cm− 1) was observed 
(Fig. 8A), revealing that the graphene-like carbon could be obtained by 
4 % KOH activated thermal-chemical conversion with entire corn stalks. 
However, only mutant sample displayed 2D peak, and it also had a 
relatively lower ID: IG ratio than that of the WT sample, suggesting that 
the biochar of mutant sample should be of relatively higher graphitic 
intensity and reduced defect density [68–71]. Under high resolution 

transmission electron microscopy, we observed that the mutant sample 
consisted of 6-13 graphene layers as nanocarbon (Fig. 8B). Based on XPS 
assay, the nanocarbon of mutant sample contained 90.85 % carbon (C) 
and 9.04 % oxygen (O) with 0.11 % K (Fig. 8C). Four typical peaks were 
further identified to correspond for sp2-bonded carbon (284.6 eV), sp3-C 
(285.8 eV), C–O (286.3 eV), C––O (287.1 eV) [69,72] (Fig. 8D). 
Accordingly, the O1s spectrum was of two peaks corresponding to C––O 
(531.6 eV) and C–O (532.7 eV) [71] (Fig. 8E), but the peak at 288.8 eV 
was examined to correspond to K (Fig. 8F), due to KOH activation. 
Therefore, the results confirmed that the desirable graphene-like nano-
carbon could be achieved by coupling KOH pretreatment and thermal- 
chemical conversion with entire brittle stalk of corn mutant. 

3.8. Mechanisms of high bioethanol production and desirable biochar 
generation 

To understand how the brittle stalk of corn mutant could produce 
high-yield bioethanol and high-performance biochar, we raised a 
mechanism model to link all major findings achieved in this study 
(Fig. 9). By re-selecting MuDR transposon insertion corn mutant, this 
study initially collected recalcitrance-improved lignocellulose sub-
strates accountable by reduced cellulose CrI and DP values. Because 
cellulose CrI and DP have been well characterized as two crucial nega-
tive factors on lignocellulose enzymatic hydrolyses in the most bio-
energy crops examined [30,73–76], it is simply understandable for 
biomass saccharification and bioethanol conversion raised in the corn 
mutant, compared to the WT. As the corn mutant was of the mostly 
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enhanced cellulose enzymatic hydrolysis, its remaining residue is rich at 
lignin, which should be the major factor for the biochar-I with improved 
dye adsorption and electrochemical performance [22]. However, it re-
mains to further explore how the biochar-I of mutant residue is of better 
electrochemical performance than that of the WT in the future. 

With respect to the desirable biochar-II that was of even more 
improved performances (dye and biochemical adsorption, electro-
chemical conductivity), we assumed that it is mainly due to highly- 
porous nanocarbon generation in the corn mutant (Fig. 10). As length- 
reduced cellulose nanofibers could be generated by genetic engineer-
ing and alkali pretreatment for double-reduction of lignocellulose 
recalcitrance accountable by low-DP cellulose microfibrils assembly 
[12], we also presumed that the high-density cellulose nanofiber as-
sembly should occur in the mutant, which may cause the porous nano-
carbon formation [22]. In addition, as Fe and K elements could 
respectively activate to form a graphene-like and highly-porous nano-
carbon during biomass carbonization process [22,35], it remains to 
further improve quality and quantity of the nanocarbons by integrating 
desirable corn mutants with optimal biomass processes in the future. 

4. Conclusions 

By collecting the desirable brittle stalk of corn mutant with MuDR 
transposon insertion for sucrose synthase inhibition, this study deter-
mined recalcitrance-improved lignocellulose substrate accountable by 
significantly reduced cellulose CrI and DP values, leading to consistently 
enhanced biomass enzymatic saccharification and bioethanol conver-
sion. The remaining lignin-rich residue was further applied to generate 
the porous biochar effective for dyes adsorption and supercapacitor 
performance. Notably, highly-porous nanocarbon was produced with 
the largest specific surface area by performing one-step thermal- 

chemical conversion with entire brittle stalk, which was detected with 
the upgraded MB adsorption by 2 folds or the highest CR adsorption or 
the better electrochemical performance. In addition, this study detected 
that the nanocarbon could eliminate the most toxic compounds released 
from CaO pretreatment and enzymatic hydrolysis. 

Hence, this study has raised a mechanism model to highlight how the 
desirable lignocellulose of corn mutant is digestible for bioethanol 
production and convertible for highly-porous nanocarbon generation 
with multiple improved performances, providing a green-like strategy 
for full utilization of crop straws. 
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