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Abstract: A water-soluble cationic kraft lignin (named JLQKLsy), synthesized by combining quater-
nization and crosslinking reactions, was used as an additive to enhance the enzymatic hydrolysis
of dilute-alkali-pretreated corn stalk. The chemical constitution of JLQKLsy was investigated by
Fourier transform infrared spectroscopy, 'H nuclear magnetic resonance (NMR) and '*C NMR
spectroscopy, and elemental analysis. The enzymatic hydrolysis efficiency of corn stalk at solid
content of 10% (w/v) was significantly improved from 70.67% to 78.88% after 24 h when JLQKLs5q
was added at a concentration of 2 g/L. Meanwhile, the enzymatic hydrolysis efficiency after 72 h
reached 91.11% with 10 FPU/g of cellulase and 97.92% with 15 FPU/g of cellulase. In addition,
JLQKL5y was found capable of extending the pH and temperature ranges of enzymatic hydrolysis
to maintain high efficiency (higher than 70%). The decrease in cellulase activity under vigorous
stirring with the addition of JLQKLsy was 17.4%, which was much lower than that (29.7%) without
JLQKLs5p. The addition of JLQKLs( reduced the nonproductive adsorption of cellulase on the lignin
substrate and improved the longevity, dispersity, and stability of the cellulase by enabling electrostatic
repulsion. Therefore, the enzymatic hydrolysis of the corn stalk was enhanced. This study paves
the way for the design of sustainable lignin-based additives to boost the enzymatic hydrolysis of
lignocellulosic biomass.
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1. Introduction

Over the past few decades, significant economic growth around the world has in-
creased the demand for energy and chemicals derived from renewable resources because
of the limited sources of fossil fuels and their serious environmental problems [1,2]. In this
context, lignocellulosic biomass (LCB) has been regarded as the most promising source
of renewable fuel and chemicals and a potential material to reduce the global reliance
on fossil fuels [3,4]. LCB is the most abundant renewable non-grain feedstock for sugar
production and contains essential platform molecules to produce a wide variety of fuels and
chemicals by fermentation or chemical processing [5-7]. One of the mandatory steps in the
biorefinery of LCB is the enzymatic hydrolysis of pretreated LCB to produce sugar syrups.
The economic feasibility of the biorefinery of LCB is highly restricted by the efficiency of
enzymatic hydrolysis [8].

Considerable effort has been devoted to improving the efficiency of enzymatic hy-
drolysis [9,10]. The following strategies are often used to enhance the efficiency of the
enzymatic hydrolysis of lignocellulose: (1) using pretreatment methods to overcome the
obstinacy of lignocellulose biomass [11]; (2) adding beneficial additives during enzymatic
hydrolysis; (3) screening microorganisms with high cellulase production rates; (4) using en-
zymes prepared with activities complementary to cellulase; (5) regulating the composition
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of lignocellulose through genetic engineering; (6) conducting batch feeding to offset the
limited mass transfer at high solid content [12]. The application of additives to enhance
enzymatic hydrolysis has become of great interest owing to its high operational feasibility
and ability to reduce the non-productive binding of cellulase to lignin in substrates [13].
Additives, including metal ions (e.g., Fe3* and Co?*) [14], proteins (e.g., bovine serum
albumin, soybean protein, casein, etc.) [15], and various types of surfactants or polymers
(e.g., polyethylene glycol, tween, saponin, glycolipid, sophora resin, cetyltriethylammno-
nium bromide, sodium dodecyl sulfate, lignin derivatives, etc.) [16-18], have been used
to boost enzymatic hydrolysis. Lignin in lignocellulose cannot be completely removed,
although residues in the pretreated raw materials negatively impact enzymatic hydrolysis
through steric hindrance and unproductive cellulase adsorption. Water-soluble lignin used
as an additive can effectively promote the enzymatic hydrolysis of lignocellulose [19]. By
modifying lignin with appropriate functional groups, it has the ability to reduce the original
negative effects of lignin on enzymatic hydrolysis [20]. Meanwhile, this is conducive to the
value-added utilization of abundant and renewable lignin. Thus, lignin-based additives for
enzymatic hydrolysis have received considerable attention [19-23].

Generally, lignin with poor water solubility (e.g., alkali lignin from the paper and
pulp industry and enzymatic hydrolysis lignin from biorefinery) inhibits or only slightly
promotes enzymatic hydrolysis [20]. Water-soluble sodium lignosulfonate (LS) obtained
from sulfite pulping can effectively increase the sugar content in the enzymatic hydrolysis
system of lignocellulose. When the ratio of LS with a suitable degree of sulfonation and
molecular weight to substrate lignin was 1:1, it had the best effect on the efficiency of
enzymatic hydrolysis [21]. This is because LS can increase the negative charge of cellulase
to reduce the ineffective adsorption of cellulase on substrate lignin with a negative charge.
In addition, other types of water-soluble lignin used as additives for enzyme hydrolysis
have been reported. Lin et al. synthesized water-soluble lignin polyoxyethylene ether
(KL-PEG) and found that when adding 2 g/L KL-PEG, the enzymatic hydrolysis efficiency
of eucalyptus pretreated with dilute acid increased from 58.3% to 93.8%, and the cellulase
activity remained at 44% after 72 h of enzymatic hydrolysis [22]. In another study, Lai et al.
synthesized a lignin-based surfactant by grafting polyethylene glycol diglycidyl ether onto
organic solvent lignin and found that the surfactant could adsorb on the substrate lignin
faster than cellulase, thus promoting the enzymatic hydrolysis efficiency of lignocellulose
by increasing the effective adsorption of cellulase on the substrate [23]. These studies have
suggested that the strategy of synthesizing water-soluble lignin is of great significance to
the enhancement of enzymatic hydrolysis.

In this study, a new water-soluble lignin-based polymer was synthesized using kraft
lignin (KL) as a raw material. The KL was first modified by a cationization reaction
using 3-chloro-2-hydroxypropyltrimethylammonium chloride and then crosslinked by
using poly(ethylene glycol) diglycidyl ether. The aim of this modification method was
to enable electrostatic repulsion by causing both the cellulase and substrate lignin to
become electropositive after the modified lignin was adsorbed onto them. This strategy is
different from those of previous studies, which aimed to increase the negative charge or the
hydrophilicity of both cellulase and substrate lignin [19-23]. This modified lignin (named
JLOKLsp) was investigated by Fourier transform infrared spectroscopy (FI-IR), elemental
analysis, nuclear magnetic resonance (NMR), and zeta potential analysis. JLQKLs5y was
added as an additive to the enzymatic hydrolysis system, and the effect of JLQKLs5 on
the enzymatic hydrolysis efficiency of dilute-alkali-pretreated corn stalk was studied.
The mechanism of JLQKLs5 affecting the enzymatic hydrolysis of lignocellulose was also
investigated. This study enriches the strategies to design lignin-based additives to enhance
the enzymatic hydrolysis of lignocellulosic biomass.
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2. Materials and Methods
2.1. Materials and Chemicals

Corn stalk crushed and screened with a 40-60 mesh sieve was used as the substrate for
enzymatic hydrolysis after intensive drying. Cellulase was obtained from Azure Biological
Co., Ltd. (Qingdao, China). Cellulase filter paper activity was 55.65 FPU/g, and its
protein content was 89.47 mg/mL, found according to the method reported elsewhere [24].
KL was separated from black liquor via an acid precipitation method. The black liquor
produced from the kraft pulping process of softwood was supplied by Tiger Forest & Paper
Group Co., Ltd. (Yueyang, China). The acid precipitation method included the following
processes: firstly, the black liquor was heated to 50 °C under stirring and the pH value
of the black liquor was adjusted to 2 using aqueous sulfuric acid (20 wt%); secondly, the
produced suspension was continuously stirred for 2 h at 50 °C; finally, the KL powder was
obtained by suction filtration, washing with deionized water, and intensive drying in an
oven at 50 °C.

In addition, 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTMAC)
solution (60 wt%) and poly(ethylene glycol) diglycidyl ether (PEGDGE) were purchased
from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). Sulfuric acid (HSO4, 95-98 wt%)
and sodium hydroxide (NaOH, 96 wt%) were supplied by Luoyang Chemical Reagent
Factory (Luoyang, China). Acetic acid (CH3COOH) and sodium acetate (CH3COONa) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. Synthesis of [LQKLsg

JLQKL5y was synthesized by a two-step modification reaction of KL, in which the
quaternization method as reported in the literature was used [25-27]. First, a quantitative 25%
solution of KL was weighed in a four-necked flask and heated up to 85 °C in a water bath
(HH-WO0-5L, China), and CHPTMAC was added dropwise using a peristaltic pump, where
the mass ratio of KL to CHPTMAC was 2:1. A quantitative 50% sodium hydroxide solution
was added to maintain the pH of the reaction above 11 for 5 h. The obtained and cooled
QKL solution was weighed in a four-necked flask and heated up to 45 °C with a water
bath. PEGDGE was added to the flask dropwise by using a peristaltic pump, where the mass
ratio of QKLsgp to PEGDGE was 10:1 and the reaction was conducted for 4 h. The obtained
JLQKLs5 solution was purified by dialysis using a dialysis bag with a cut-off molecular weight
of 1000 Da, concentrated under reduced pressure and then freeze-dried. The reaction equation
for the synthesis of JLQKLs5 is shown in Figure S1 (Supporting Information).

2.3. Enzymatic Hydrolysis of Corn Stalk

The pretreatment of corn stalk was performed according to the literature [28]. The corn
stalk was accurately weighed into a four-necked flask, and 2% (w/v) NaOH solution was
added to make the solid-liquid ratio 1:20, and it was placed in a water bath at 80 °C for 2 h.
After pretreatment, the solid was separated from the liquid using a filtration method, which
was performed with a ceramic Biichner funnel (200 mm), suction flask (Sichuan Shubo
(Group) Co., Ltd., Chongzhou, China), and recirculating water vacuum pump (Zhengzhou
Great Wall Technology Industry and Trade Co., Ltd., Zhengzhou, China). The residue was
washed with deionized water to a neutral pH and dried in an oven at 60 °C. Component
analysis of the pretreated corn stalk was performed according to the method of the National
Renewable Energy Laboratory [29], and the cellulose content of the pretreated corn stalk
was found to be 63.19%, hemicellulose content 11.17%, and acid insoluble lignin 6.15%.

Pretreated corn stalk (2 g) was placed in a 100 mL blue-capped bottle, and 20 mL
of acetic acid—sodium acetate buffer at pH 4.8, cellulase with 10 FPU/g of substrate, and
2 g/L additive were added successively. No additive was added to the control group. The
blue-capped bottles were placed in a shaker (IS-RDS6T, Suzhou Jiemei Electronic Co., Ltd.,
Suzhou, China) at 50 °C and 200 rpm for enzymatic hydrolysis. At different intervals,
such as 6, 12, 24, 48, and 72 h, 200 pL of each sample was collected during the reaction,
centrifuged at 10,000 r/min for 10 min, and diluted 10,000 times, and then the glucose
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content was detected by ion chromatography. Enzymatic hydrolysis efficiency data were
obtained from triplicate readings.

2.4. Analysis and Characterizations

The glucose concentrations in the enzymatic hydrolysis products were analyzed by ion
chromatography on a Dionex™ CarboPac™ PA20 column with an injection volume of 25 uL
and an eluent of 200 mmol/L sodium hydroxide solution and ultrapure water at a flow rate
of 0.5 mL/min. The temperatures of the column and detector were maintained at 30 °C.

The enzymatic hydrolysis efficiency was calculated by the following equation:

Yc = (Cg X V x 09)/mc x 100%

where Y¢ is the enzymatic hydrolysis efficiency, Cg is the glucose concentration, V is
the buffer volume, m. is the mass of cellulose in the pretreated corn stalk, and 0.9 is the
conversion factor between cellulose and glucose.

An organic elemental analyzer (Vario Micro, Elementar Analysensysteme GmbH,
Frankfurt, Germany) was used in quantifying the percentages of carbon, hydrogen, nitro-
gen, and sulfur elements in lignin samples.

An FT-IR system (Tensor II, Bruker Optics, Ettlingen, Germany) was used to analyze
the functional groups of lignin samples.

The lignin samples were analyzed by liquid NMR (AVANCE NEO 400 MHZ, Bruker,
Karlsruhe, Germany) and superconducting solid NMR (AVANCE (3) 400 WB, Bruker,
Zurich, Switzerland).

The zeta potential of lignin samples at different pH values was measured with a
nanoparticle size and zeta potential analyzer (DLS) (Zetasizer Nano Z590, Malvern Pan-
alytical, Spectris, Shanghai, China). The measurement of the average size of cellulase in
water with or without additive was also conducted on this instrument.

3. Results and Discussion
3.1. Structural Characterizations of KL and JLQKLsg
3.1.1. FI-IR Spectra and Elemental Analyses of KL and JLQOKLs

The FT-IR analysis results of KL, PEGDGE, and JLQKLs5, are presented in Figure 1.
Compared with the spectrum of KL, the spectrum of JLOKL5y showed the characteristic
peak of a C-N bond at 1416 cm ™!, and the stretching vibration peak of the alcoholic hy-
droxyl group at 1125 cm~! was significantly enhanced. By contrast, the stretching vibration
peak of the phenolic hydroxyl group at 1216 cm~! was weakened [30]. These results
suggested that the phenolic hydroxyl group in the lignin molecule was the reaction site for
graft quaternization. The characteristic peaks at 753, 848, and 910 cm ! corresponded to
the epoxy group in PEGDGE and disappeared in JLOKLsy [31]. In addition, a new C-O-C
stretching vibration peak at 951 cem! appeared in JLQKLs [32], indicating the presence of
the PEGDGE fragment in JLQKLs.

Table S1 (Supporting Information) shows the elemental compositions of KL and
JLOKL5¢. The nitrogen content increased from 0.28% for KL to 2.165% for JLQKLs5g. The
results indicated that quaternary ammonium groups were introduced to the lignin molecule,
increasing the nitrogen content.

3.1.2. 'TH NMR and *C NMR Analyses of KL and JLQKLs

The 'H-NMR spectra obtained for KL and JLQKLsj are illustrated in Figure 2a. In
the spectrum of KL, the signal peaks in the 8.0-6.0 ppm range could be attributed to the
phenolic hydroxyl group proton on lignin and almost disappeared in the spectrum of JLQKLs,
indicating the involvement of the phenolic hydroxyl group of the lignin molecule in the
reaction [33]. The strong peaks between 3.8 and 3.5 ppm are attributed to the methyl proton
(—=CH3) in lignin [33]. The chemical shifts of these two peaks were significantly enhanced
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in the spectrum of JLQKLs5 after the introduction of quaternary ammonium groups on the
lignin molecule. The sharp peak at 2.5 ppm was the solvent peak (DMSO-d6) [34,35].

—JLQKLgq

KL e

\/' —PEGDGE

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. FT-IR spectra of KL, PEGDGE, and JLQKLs5.
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Figure 2. (a) "H NMR and (b) 13C NMR of KL and JLQKLs.

Solid-state 13C NMR is a widely used method for the investigation of the lignin
structure. In this study, it was used to analyze the chemical structures of KL and JLQKLsj.
As seen in Figure 2b, all the characteristic peaks in the spectrum of KL were retained
in the spectrum of JLQKLsy. For example, a peak at 55 ppm was observed in both the
KL and JLOKLsy spectra, which was the characteristic methoxy group of lignin [36]. In
contrast to KL, JLQKLs5p exhibited a strong peak at 70 ppm, which was the O-C-C-O
repeating unit contained in the PEGDGE crosslinker and indicated an effective crosslinking
reaction between QKLsy and PEGDGE [37]. These results confirmed the successful synthesis
of ]LQKL50

3.1.3. Zeta Potential versus pH of KL and JLQKLs5

The zeta potential of KL and JLQKLsy solutions under different pH conditions is
presented in Figure S2 (Supporting Information). The zeta potential of KL was negative
within the pH range of 3-12 because of the absence of positively charged functional groups
in the molecule. In JLQKLsy, an isoelectric point (pH = 7.5) was observed, which was
attributed to the introduction of quaternary ammonium groups that could neutralize the
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original negatively charged groups in the KL molecule. When the pH increased from 3
to 7, the zeta potential of JLQKLs5( gradually decreased because the level of ionization of
the carboxyl group was increasing [38]. At a pH range of 7-9, the zeta potential slowly
decreased because of the ionization of the unreacted phenolic hydroxyl groups. At the
pH range of 9-12, the zeta potential stabilized when the phenolic hydroxyl groups were
completely ionized [39].

3.2. Effects of Different Concentrations of Additive on Enzymatic Hydrolysis

Figure 3a presents the influence of the JLQOKLs5y concentration on the enzymatic
hydrolysis efficiency of the corn stalk. The enzymatic hydrolysis efficiency increased with
the additive concentration from 0 g/L to 2 g/L and then decreased. When the concentration
of additive JLQKLsy was 2 g/L, the maximum enzymatic hydrolysis efficiency reached
78.88%, which was increased by 11.62% compared to that without the additive. When
the concentration increased beyond 2 g/L, the enzyme activity was inhibited by excessive
JLQKLsy, resulting in a decrease in enzymatic hydrolysis efficiency [40]. Therefore, 2 g/L
of additive was found to be the optimum.

100 95 o
= a
S (a) ﬁgo_( )
§ 90 - §85-
T 80
® g4 . )
L) g 757
2 T @70
> 704 = I I 8 1 —s— Control
b T O 65- —e— JLQKL,,
(o} =
o |
50 T T T T 50 T T T T T T T
0 2 25 3 0 10 20 30 40 50 60 70 80
Concentration(g/L) Time(h)

Figure 3. (a) Effect of different concentrations of additive on enzymatic hydrolysis efficiency. (b) En-
zymatic hydrolysis efficiency at the optimum concentration 2 g/L.

Figure 3b depicts the enzymatic hydrolysis efficiency of the control and JLOKLs5
from 6 to 72 h. The enzymatic hydrolysis efficiency of corn stalk at 6, 12, 24, 48, and 72 h
increased to 57.10%, 70.94%, 78.88%, 85.13%, and 91.11% after the addition of 2 g/L of
JLQKLs5p. The increase rate was 3.14%, 6.66%, 11.62%, 6.89%, and 4.56%, respectively. The
enzymatic hydrolysis of corn stalk was obviously promoted at 24 h and the increase rate
was the highest. Thus, we conducted subsequent experiments to check the environmental
applicability of enzymatic hydrolysis with or without JLQOKL5y based on the enzymatic
hydrolysis efficiency at 24 h. This could help to improve the efficiency of experiments.

3.3. Environmental Applicability of [LQKLso-Enhanced Enzymatic Hydrolysis

The effect of JLQKLs5y on the enzymatic hydrolysis efficiency of corn stalk under
the different buffer pH conditions is presented in Figure 4a. The enzymatic hydrolysis
efficiency of the corn stalk tended to be stable when the buffer pH was 4.5-5.0 without
additive. A decrease in the enzymatic hydrolysis efficiency of corn stalk was observed as
the pH increased from 5.0 to 6.0. As the pH increased to values over 6.0-6.5, the enzymatic
hydrolysis efficiency of corn stalk decreased rapidly to 35.04% because of the partial
inactivation of cellulase at high buffer pH values. The addition of JLOKLs, did not change
the trend of the enzymatic hydrolysis efficiency with the pH value. However, the enzymatic
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hydrolysis efficiency of corn stalk with the addition of JLQKLs( at pH 6.0 was even higher
than that of the control at pH 4.8. This indicated that JLQKL5( contributed to widening the
pH range for enzymatic hydrolysis to maintain high efficiency. This is possibly because the
addition of JLQKLs( reduces the nonproductive adsorption of cellulase on substrate lignin
by enabling electrostatic repulsion after JLOKL5y adsorbs on the cellulase and substrate
lignin. As shown in Figure 4a, the decrease in the enzymatic hydrolysis efficiency of the
control experiment was slightly slower than that of the experiment with the addition of
JLOKLs5p when the pH increased from 4.8 to 6.0. This demonstrated that the decrease in
enzymatic hydrolysis efficiency with the addition of JLQKL5y was not only due to the
decrease in cellulase activity. In fact, the positive electricity of JLQKLs( declined (Figure S2,
Supporting Information) when the pH increased from 4.8 to 6.0, resulting in a reduction
in the electrostatic repulsion between JLQKLsg-adsorbed cellulase and substrate lignin.
Hence, the ability of JLQKLsg in reducing the nonproductive adsorption of cellulase on
substrate lignin dropped. These analyses indicated that the contribution of JLQKLs5g in
widening the pH range for enzymatic hydrolysis might be highly related to the ability of
JLQKLs5( in reducing the nonproductive adsorption.

100
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F 80 - I e —
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Figure 4. Enzymatic hydrolysis efficiency of corn stalk under different (a) buffer pH, (b) reaction
temperatures, and (c,d) enzyme loading.

The effect of JLOKL5p on the enzymatic hydrolysis efficiency of corn stalk at different
temperatures is presented in Figure 4b. After the addition of JLQKLs5 within a temperature
range of 45-55 °C, the enzymatic hydrolysis efficiency significantly improved. The maxi-
mum enzymatic hydrolysis efficiency reached 78.88% at 50 °C with JLQKLsy, which was
much higher than that (70.67%) without the additive. The enzymatic hydrolysis efficiency
was reduced significantly as the temperature increased above 55 °C, owing to the partial
inactivation of cellulase under high temperatures. It could be seen that the enzymatic
hydrolysis efficiency of corn stalk with the addition of JLOKLs5 at 45 °C was even higher
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than that of the control at 50 °C. This implied that the addition of JLQKLs5( could broaden
the temperature range for enzymatic hydrolysis to maintain high efficiency.

The effect of enzyme loading on the enzymatic hydrolysis efficiency of corn stalk after
24 h was investigated, as shown in Figure 4c. In the absence of additive, the enzymatic
hydrolysis efficiency increased rapidly and then slowly with increasing enzyme loading.
The enzymatic hydrolysis efficiency of corn stalk improved at different loadings of the
enzyme in the presence of the additive (JLQKLsg). A 15 FPU/g of enzyme loading was
required to increase the enzymatic hydrolysis efficiency of corn stalk without the additive
to over 80%. Similar efficiency could be obtained by using 10 FPU/g enzyme loading and
using JLQKLs5g as the additive. The results showed that when the enzymatic hydrolysis
efficiency of corn stalk reached ~80%, the addition of JLQKL5 reduced the enzyme loading
by 33.33%. There are some studies reporting the ability of additives to effectively reduce
the enzyme loading during the enzymatic hydrolysis process [41-44]. In addition, it
could be found that the enzymatic hydrolysis time of 24 h was not sufficient to reach
higher enzymatic hydrolysis efficiency than 95%, although the enzyme loading increased
to 30 FPU/g. Thus, we further studied the effect of enzyme loading on the enzymatic
hydrolysis efficiency of corn stalk after 72 h. The results are shown in Figure 4d. An enzyme
loading of 15 FPU/g should be used to obtain higher enzymatic hydrolysis efficiency
than 95% after 72 h. The enzymatic hydrolysis efficiency at 72 h with the addition of
JLQKLs5g reached 97.92%.

Here, we do not compare the results of the increase rate with those in previously
published papers. This is because the enzymatic hydrolysis efficiency of the control ex-
periments in our study was high, as shown in Figure 3b. In this study, the enzymatic
hydrolysis efficiency of dilute-alkali-pretreated corn stalk after 72 h reached 87.14% under
the following conditions: substrate solid content of 10% (w/v), 10 FPU/g of cellulase,
pH 4.8, 50 °C, 200 rpm, and no additives. Therefore, the maximum improvement was
only 12.86%, regardless of the used additive. The addition of JLQKLsj strongly improved
the enzymatic hydrolysis efficiency of dilute-alkali-pretreated corn stalk according to our
results. The increase rate was not very significant, only due to the good enzymatic hydroly-
sis efficiency of the control experiments. It is possible that the JLQKL5y additive also can
present remarkable improvements in the enzymatic hydrolysis efficiency in a system in
which the enzymatic hydrolysis efficiency of the control experiments is not very high.

3.4. Effect of Stirring on Cellulase Activity

The cellulase and additive were added sequentially to the buffer and subjected to a
temperature of 50 °C and agitation at 200 rpm for 72 h. Then, corn stalk was added for 24 h
of enzymatic hydrolysis. The effect of JLQKLs5j on cellulase activity after strong agitation
was investigated. As shown in Figure 5, the enzymatic hydrolysis efficiency of cellulase
without agitation and without an additive was 70.67%, whereas that of cellulase without an
additive but with agitation was reduced to 49.70%. The decrease rate was 29.7%. Similarly,
the efficiency of cellulase with the additive (JLQKLsy) but without agitation was 78.88%
and it was reduced to 65.14% after the addition of JLQKLs5y and with agitation for 72 h.
The decrease rate was 17.4%. The results showed that cellulase was easily deactivated
after strong agitation when no additive was added and presented high activity when an
additive (JLQKLsy) was added, which was beneficial to the recycling of cellulase with
sufficient activity.

3.5. Effect of JLQKLsg on the Aggregation and Dispersion of Cellulase

Dynamic light scattering (DLS) analysis was used to determine the average size of
cellulase in water. The results of the mean diameter versus storage time are shown in
Figure 6. The initial mean diameter of cellulase was ~31 nm. With the increasing storage
time, the mean diameter of cellulase increased gradually and approached ~48 nm after
storage for 24 h. This indicated that the aggregation of cellulase increased with storage time.
Meanwhile, in the presence of JLQKLs5y, the initial mean diameter of cellulase decreased to
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~18 nm and remained stable with the storage time. This illustrated that JLQOKLs5, could act
as a dispersant to prevent cellulase from aggregating.
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Figure 5. Effect of JLQKLs5( on cellulase activity after intense agitation.
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Figure 6. Effect of storage time on the mean diameter of cellulase in water.

According to the above experimental results and analyses, a potential mechanism to
enhance the enzymatic hydrolysis of corn stalk by adding JLQKLs5 is proposed. JLQKLsq
contains a crosslinked lignin backbone and branched cationic groups, which are hydropho-
bic and electropositive, respectively. It could adsorb on the hydrophobic and electronegative
lignin in the substrate through hydrophobic interaction and electrostatic interaction to
make the substrate hydrophilic and electropositive. Meanwhile, the cellulase also becomes
electropositive because of the adsorption of JLOKL5 through hydrophobic interaction.
Thus, the nonproductive adsorption of cellulase on lignin in the substrate is reduced by
electrostatic repulsion. In addition, the dispersity and stability of cellulase are improved by
JLQKLsp. Due to the aforementioned reasons, the cellulase and cellulose in the substrate
could have more opportunities to interact with each other so that the enzymatic hydrolysis
efficiency can be increased.

4. Conclusions

In summary, new cationic kraft lignin (JLQKLs5q) with good water solubility was
successfully synthesized by quaternization combined with crosslinking using KL as a raw
material, CHPTMAC as a cationic modifier, and PEGDGE as a crosslinker. There was a
11.62% increase rate in the enzymatic hydrolysis efficiency of corn stalk at solid content of
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10% (w/v) after 24 h when the dosage of JLQKLs5, was fixed at a concentration of 2 g/L.
With this dosage of JLOKLs, the enzymatic hydrolysis efficiency after 72 h reached 91.11%
and 97.92% when the enzyme loading was 10 FPU/g and 15 FPU/g, respectively. The
enzymatic hydrolysis system containing JLQKL5p could present high efficiency (higher
than 70%) at a wide pH range (at least 4.5-6.0) and temperature range (at least 45-55 °C).
The ranges were wider than those of the control without JLQKLzg. The cellulase activity
with the protection of JLQKL5y under intense agitation remained at 82.6%, which was much
higher than that (70.3%) without JLQKLsy. The promotion effect of JLOKL5y on enzymatic
hydrolysis is likely due to the reduction in the nonproductive adsorption of cellulase on
substrate lignin and the improvement in the longevity, dispersity, and stability of cellulase.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15091991/s1, Figure S1: Schematic diagram of the synthesis
of JLQKLs5p; Figure S2: Zeta potential of KL and JLQKLs5y under different pH conditions; Table S1:
Elemental composition of KL and JLQKLs5.

Author Contributions: Conceptualization, ].X. and W.X.; methodology, ] X. and W.X_; software, H.L.
and W.X,; validation, ].X., H.L. and W.X,; formal analysis, ].X., H.L. and W.X,; investigation, ] X., H.L.
and W.X,; resources, ].X. and W.X,; data curation, H.L. and W.X.; writing—original draft preparation,
J.X. and H.L.; writing—review and editing, M.A.A., GM,, Y.L., A.Z,, S.Z. and W.X,; visualization, ].X.
and W.X; supervision, ] X. and W.X; project administration, J].X. and W.X.; funding acquisition, J.X.,
Y.L., A.Z. and W.X. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of
China (Nos. 22278382, 21908205, 22078308, and 22208324), Innovation Leadership Program in
Sciences and Technologies for Central Plains Talent Plan (No. 214200510009), Program for Science &
Technology Innovative Research Team in the University of Henan Province (No. 22IRTSTHNO007),
Young Elite Scientists Sponsorship Program by Henan Association for Science and Technology
(Nos. 2022HYTP018 and 2021HYTP022), Key Program of Henan Provincial Science and Technology
R&D Plan Joint Fund for Cultivation of Superior Disciplines (No. 222301420008), Henan Provincial
Key Research and Development Program (Nos. 202102210312 and 212102310865), and Program of
Processing and Efficient Utilization of Biomass Resources of Henan Center for Outstanding Overseas
Scientists (No. GZ52022007).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, H,; Liu, Z. Enzymatic hydrolysis of lignocellulosic biomass from low to high solids loading. Eng. Life Sci. 2017, 17, 489-499.
[CrossRef] [PubMed]

2. Guo, Y; Liu, Y;; Guan, M,; Tang, H.; Wang, Z.; Lin, L.; Pang, H. Production of butanol from lignocellulosic biomass: Recent
advances, challenges, and prospects. RSC Adv. 2022, 12, 18848-18863. [CrossRef] [PubMed]

3. Da Silva, A.S.; Espinheira, R.P.; Teixeira, R.S.S.; De Souza, M.E,; Ferreira-Leitdo, V.; Bon, E.P. Constraints and advances in
high-solids enzymatic hydrolysis of lignocellulosic biomass: A critical review. Biotechnol. Biofuels 2020, 13, 58. [CrossRef]

4. Huang, C.; Jiang, X.; Shen, X.; Hu, J.; Tang, W.; Wu, X,; Ragauskas, A.; Jameel, H.; Meng, X.; Yong, Q. Lignin-enzyme interaction:
A roadblock for efficient enzymatic hydrolysis of lignocellulosics. Renew. Sustain. Energy Rev. 2022, 154, 111822. [CrossRef]

5. Liu, Y,; Tang, Y,; Gao, H.; Zhang, W.; Jiang, Y.; Xin, F; Jiang, M. Challenges and Future Perspectives of Promising Biotechnologies
for Lignocellulosic Biorefinery. Molecules 2021, 26, 5411. [CrossRef]

6. Robak, K.; Balcerek, M. Review of Second Generation Bioethanol Production from Residual Biomass. Food Technol. Biotech. 2018,
56,174-187.

7. Toor, M.; Kumar, S.S.; Malyan, S.K,; Bishnoi, N.R.; Pugazhendhi, A. An overview on bioethanol production from lignocellulosic
feedstocks. Chemosphere 2020, 242, 125080. [CrossRef]

8.  Sidiras, D.; Politi, D.; Giakoumakis, G.; Salapa, I. Simulation and optimization of organosolv based lignocellulosic biomass
refinery: A review. Bioresour. Technol. 2022, 343, 126158. [CrossRef]

9. Guo, H.; Chang, Y.; Lee, D.J. Enzymatic saccharification of lignocellulosic biorefinery: Research focuses. Bioresour. Technol. 2018,

252,198-215. [CrossRef]


https://www.mdpi.com/article/10.3390/polym15091991/s1
https://www.mdpi.com/article/10.3390/polym15091991/s1
https://doi.org/10.1002/elsc.201600102
https://www.ncbi.nlm.nih.gov/pubmed/32624794
https://doi.org/10.1039/D1RA09396G
https://www.ncbi.nlm.nih.gov/pubmed/35873330
https://doi.org/10.1186/s13068-020-01697-w
https://doi.org/10.1016/j.rser.2021.111822
https://doi.org/10.3390/molecules26175411
https://doi.org/10.1016/j.chemosphere.2019.125080
https://doi.org/10.1016/j.biortech.2021.126158
https://doi.org/10.1016/j.biortech.2017.12.062

Polymers 2023, 15,1991 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liu, Y,; Li, B.; Feng, Y.; Cui, Q. Consolidated bio-saccharification: Leading lignocellulose bioconversion into the real world.
Biotechnol. Adv. 2020, 40, 107535. [CrossRef]

Putro, J.N.; Soetaredjo, FE.; Lin, S.Y.; Ju, YH.; Ismadji, S. Pretreatment and conversion of lignocellulose biomass into valuable
chemicals. RSC Adv. 2016, 6, 46834-46852. [CrossRef]

Agrawal, R.; Verma, A.; Singhania, R.R.; Varjani, S.; Patel, A K. Current Understanding of the Inhibition Factors and their
Mechanism of Action for the Lignocellulosic Biomass Hydrolysis. Bioresour. Technol. 2021, 332, 125042. [CrossRef] [PubMed]
Sanchez-Mufioz, S.; Balbino, T.R.; de Oliveira, F.; Rocha, T.M.; Barbosa, EG.; Vélez-Mercado, M.1.; Marcelino, PR.F.; Antunes, FA.F,;
Moraes, E.J.C.; dos Santos, J.C.; et al. Surfactants, Biosurfactants, and Non-Catalytic Proteins as Key Molecules to Enhance
Enzymatic Hydrolysis of Lignocellulosic Biomass. Molecules 2022, 27, 8180. [CrossRef] [PubMed]

Shan, W.; Lv, M; Jian, Y.; Zhou, Y.; Xu, B. Effects and Mechanism of Metal Ions on Enzymatic Hydrolysis of Wheat Straw after
Pretreatment. BioResources 2018, 13, 2617-2631.

Florencio, C.; Badino, A.C.; Farinas, C.S. Soybean protein as a cost-effective lignin-blocking additive for the saccharification of
sugarcane bagasse. Bioresour. Technol. 2016, 221, 172-180. [CrossRef]

Noori, M.S.; Karimi, K. Chemical and structural analysis of alkali pretreated pinewood for efficient ethanol production. RSC Adv.
2016, 6, 65683-65690. [CrossRef]

Li, H.; Wang, C.; Xiao, W.; Yang, Y.; Hu, P; Dai, Y.; Jiang, Z. Dissecting the effect of polyethylene glycol on the enzymatic
hydrolysis of diverse lignocellulose. Int. ]. Biol. Macromol. 2019, 131, 676—681. [CrossRef]

Zhang, H.; Fan, M; Li, X,; Zhang, A.; Xie, J. Enhancing enzymatic hydrolysis of sugarcane bagasse by ferric chloride catalyzed
organosolv pretreatment and Tween 80. Bioresour. Technol. 2018, 258, 295-301. [CrossRef]

Wang, W.; Zhu, Y,; Du, J.; Yang, Y.; Jin, Y. Influence of lignin addition on the enzymatic digestibility of pretreated lignocellulosic
biomasses. Bioresour. Technol. 2015, 181, 7-12. [CrossRef]

Li, M.; Jiang, B.; Wu, W.; Wu, S.; Yang, Y,; Song, ].; Ahmad, M.; Jin, Y. Current understanding and optimization strategies for
efficient lignin-enzyme interaction: A review. Int. J. Biol. Macromol. 2022, 195, 274-286. [CrossRef]

Wang, Z.; Zhu, J.; Fu, Y;; Qin, M.; Shao, Z,; Jiang, J.; Yang, F. Lignosulfonate-mediated cellulase adsorption: Enhanced enzymatic
saccharification of lignocellulose through weakening nonproductive binding to lignin. Biotechnol. Biofuels 2013, 6, 156. [CrossRef]
Lin, X;; Yang, Y.; Wu, L.; Wu, L.; Qin, Y. Improved enzymatic hydrolysis of hardwood and cellulase stability by biomass kraft
lignin-based polyoxyethylene ether. Int. J. Biol. Macromol. 2019, 136, 540-546. [CrossRef] [PubMed]

Lai, C; Jia, Y.; Yang, C.; Chen, L.; Shi, H.; Yong, Q. Incorporating Lignin into Polyethylene Glycol Enhanced Its Performance for
Promoting Enzymatic Hydrolysis of Hardwood. ACS Sustain. Chem. Eng. 2020, 8, 1797-1804. [CrossRef]

Shen, L.; Wang, C.; Chen, J. Photometric determination of the activity of cellulase and xylanase via measurement of formation of
gold nanoparticles. Microchim. Acta 2017, 184, 163-168. [CrossRef]

Li, Y;; Yang, D.; Lu, S.; Lao, S.; Qiu, X. Modified Lignin with Anionic Surfactant and Its Application in Controlled Release of
Avermectin. |. Agr. Food Chem. 2018, 66, 3457-3464. [CrossRef]

Xu, ]J.; Wang, M.; Alam, M.A.; Muhammad, G.; Lv, Y,; Zhu, C.; Zhang, H.; Xiong, W. Fabricating a Gel Electrolyte Based on
Lignin-Coated Nanosilica to Enhance the Reversibility of Zinc Anodes for Rechargeable Aqueous Zn/MnO, Batteries. ACS
Sustain. Chem. Eng. 2022, 10, 2063-2071. [CrossRef]

Xu, J.; Wang, M.; Alam, M.A; Hoang, TK.; Zhang, Y,; Li, H.; Lv, Y,; Zhao, A.; Xiong, W. Employing cationic kraft lignin as electrolyte
additive to enhance the electrochemical performance of rechargeable aqueous zinc-ion battery. Fuel 2023, 333, 126450. [CrossRef]
Bernier-Oviedo, D.J.; Rincén-Moreno, ].A.; Solanilla-Duqué, J.F; Mufioz-Hernandez, J.A.; Vaquiro-Herrera, H.A. Comparison of
two pretreatments methods to produce second-generation bioethanol resulting from sugarcane bagasse. Ind. Crops Prod. 2018,
122, 414-421. [CrossRef]

Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates
and Lignin in Biomass. Laboratory Analytical Procedure (LAP). Golden, CO: National Renewable Energy Laboratory (NREL);
Revised Version 2012. 2012. Available online: https:/ /www.nrel.gov/docs/gen/fy13/42618.pdf (accessed on 9 April 2023).
Xiong, W.; Yang, D.; Alam, M.A; Xu, J.; Li, Y.; Wang, H.; Qiu, X. Structural regulation of lignin/silica nanocomposites by altering
the content of quaternary ammonium groups grafted into softwood kraft lignin. Ind. Crops Prod. 2020, 144, 112039. [CrossRef]
Liu, T,; Ren, X.; Zhang, J.; Liu, J.; Ou, R.; Guo, C.; Yu, X.; Wang, Q.; Liu, Z. Highly compressible lignin hydrogel electrolytes via
double-crosslinked strategy for superior foldable supercapacitors. J. Power Sources 2020, 449, 227532. [CrossRef]

Teng, X.; Xu, H.; Song, W.; Shi, J.; Xin, J.; Hiscox, W.C.; Zhang, ]J. Preparation and Properties of Hydrogels Based on PEGylated
Lignosulfonate Amine. ACS Omega 2017, 2, 251-259. [CrossRef] [PubMed]

Li, Y;; Qiu, X,; Qian, Y.; Xiong, W.; Yang, D. pH-responsive lignin-based complex micelles: Preparation, characterization and
application in oral drug delivery. Chem. Eng. J. 2017, 327, 1176-1183. [CrossRef]

Chin, D,; Lim, S.; Pang, Y.L.; Lim, C.H.; Chong, C.T. Effects of Organic Solvents on the Organosolv Pretreatment of Degraded
Empty Fruit Bunch for Fractionation and Lignin Removal. Sustainability 2021, 13, 6757. [CrossRef]

Huang, D.; Li, R;; Xu, P; Li, T,; Deng, R.; Chen, S.; Zhang, Q. The cornerstone of realizing lignin value-addition: Exploiting the
native structure and properties of lignin by extraction methods. Chem. Eng. J. 2020, 402, 126237. [CrossRef]

Ye, X.; Luo, W.; Lin, L.; Zhang, Y.; Liu, M. Quaternized lignin-based dye dispersant: Characterization and performance research.
J. Dispers. Sci. Technol. 2017, 38, 852—-859. [CrossRef]


https://doi.org/10.1016/j.biotechadv.2020.107535
https://doi.org/10.1039/C6RA09851G
https://doi.org/10.1016/j.biortech.2021.125042
https://www.ncbi.nlm.nih.gov/pubmed/33813178
https://doi.org/10.3390/molecules27238180
https://www.ncbi.nlm.nih.gov/pubmed/36500273
https://doi.org/10.1016/j.biortech.2016.09.039
https://doi.org/10.1039/C6RA11486E
https://doi.org/10.1016/j.ijbiomac.2019.03.131
https://doi.org/10.1016/j.biortech.2018.03.004
https://doi.org/10.1016/j.biortech.2015.01.026
https://doi.org/10.1016/j.ijbiomac.2021.11.188
https://doi.org/10.1186/1754-6834-6-156
https://doi.org/10.1016/j.ijbiomac.2019.06.105
https://www.ncbi.nlm.nih.gov/pubmed/31216448
https://doi.org/10.1021/acssuschemeng.9b05724
https://doi.org/10.1007/s00604-016-1979-0
https://doi.org/10.1021/acs.jafc.8b00393
https://doi.org/10.1021/acssuschemeng.1c06550
https://doi.org/10.1016/j.fuel.2022.126450
https://doi.org/10.1016/j.indcrop.2018.06.012
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://doi.org/10.1016/j.indcrop.2019.112039
https://doi.org/10.1016/j.jpowsour.2019.227532
https://doi.org/10.1021/acsomega.6b00296
https://www.ncbi.nlm.nih.gov/pubmed/31457225
https://doi.org/10.1016/j.cej.2017.07.022
https://doi.org/10.3390/su13126757
https://doi.org/10.1016/j.cej.2020.126237
https://doi.org/10.1080/01932691.2016.1207545

Polymers 2023, 15,1991 12 of 12

37.

38.

39.

40.

41.

42.

43.

44.

Park, ].H.; Rana, H.H.; Lee, ].Y,; Park, H.S. Renewable flexible supercapacitors based on all-lignin-based hydrogel electrolytes and
nanofiber electrodes. J. Mater. Chem. A 2019, 7, 16962-16968. [CrossRef]

Zheng, T.; Zhen, D.; Li, X,; Cai, C.; Lo, H.; Liu, W.; Qi, X. Synthesis of Quaternized Lignin and Its Clay-Tolerance Properties in
Montmorillonite-Containing Cement Paste. ACS Sustain. Chem. Eng. 2017, 5, 7743-7750. [CrossRef]

Yang, D.; Guo, W.; Zeng, W.; Qiu, X. Influence of pH on the Adsorption Characteristics of Sulfonated Alkali Lignin-based
Polymers. Acta Polym. Sin. 2014, 3, 333-340.

Yuan, Y,; Jiang, B.; Chen, H.; Wu, W.; Wu, S;; Jin, Y.; Xiao, H. Recent advances in understanding the effects of lignin structural
characteristics on enzymatic hydrolysis. Biotechnol. Biofuels 2021, 14, 205. [CrossRef]

Lin, X,; Qiu, X,; Zhu, D; Li, Z.; Zhan, N.; Zheng, ]J.; Lou, H.; Zhou, M.; Yang, D. Effect of the molecular structure of lignin-based
polyoxyethylene ether on enzymatic hydrolysis efficiency and kinetics of lignocelluloses. Bioresour. Technol. 2015, 193, 266-273. [CrossRef]
Mukasekuru, M.R.; Hu, J.; Zhao, X; Sun, E; Pascal, K.; Ren, H.; Zhang, J. Enhanced High-Solids Fed-Batch Enzymatic Hydrolysis
of Sugar Cane Bagasse with Accessory Enzymes and Additives at Low Cellulase Loading. ACS Sustain. Chem. Eng. 2018,
6,12787-12796. [CrossRef]

Du, J.; Song, W.; Zhang, X.; Zhao, J.; Liu, G.; Qu, Y. Differential reinforcement of enzymatic hydrolysis by adding chemicals and
accessory proteins to high solid loading substrates with different pretreatments. Bioprocess Biosyst. Eng. 2018, 41, 1153-1163.
[CrossRef] [PubMed]

Lou, H.; Wang, M,; Lai, H.; Lin, X.; Zhou, M,; Yang, D.; Qiu, X. Reducing non-productive adsorption of cellulase and enhancing
enzymatic hydrolysis of lignocelluloses by noncovalent modification of lignin with lignosulfonate. Bioresour. Technol. 2013,
146, 478-484. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C9TA03519B
https://doi.org/10.1021/acssuschemeng.7b01217
https://doi.org/10.1186/s13068-021-02054-1
https://doi.org/10.1016/j.biortech.2015.06.089
https://doi.org/10.1021/acssuschemeng.8b01972
https://doi.org/10.1007/s00449-018-1944-x
https://www.ncbi.nlm.nih.gov/pubmed/29687236
https://doi.org/10.1016/j.biortech.2013.07.115
https://www.ncbi.nlm.nih.gov/pubmed/23958680

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Synthesis of JLQKL50 
	Enzymatic Hydrolysis of Corn Stalk 
	Analysis and Characterizations 

	Results and Discussion 
	Structural Characterizations of KL and JLQKL50 
	FT-IR Spectra and Elemental Analyses of KL and JLQKL50 
	1H NMR and 13C NMR Analyses of KL and JLQKL50 
	Zeta Potential versus pH of KL and JLQKL50 

	Effects of Different Concentrations of Additive on Enzymatic Hydrolysis 
	Environmental Applicability of JLQKL50-Enhanced Enzymatic Hydrolysis 
	Effect of Stirring on Cellulase Activity 
	Effect of JLQKL50 on the Aggregation and Dispersion of Cellulase 

	Conclusions 
	References

