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Unraveling the secrets of harnessing a surfactant-
modified strategy in organosolv pretreatment of
lignocellulosic biomass for efficient fermentable
sugar productiont
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Alkaline-catalyzed organosolv pretreatment of lignocellulosic biomass affords excellent delignification,
yielding a holocellulose-rich substrate for fermentable sugar production. However, complete lignin
removal is impractical, and residual lignin also exacerbates negative effects on subsequent enzymatic
hydrolysis. Herein, a novel strategy of developing surfactant-assisted organosolv pretreatment (Triton-X
100, AEO 9 and Tween 80) for in situ lignin modification was proposed to overcome this issue. The results
indicated that the pretreated substrates showed considerable enzymatic hydrolyzability with a 15.7%—
38.3% higher sugar yield compared to the control group without surfactants. Surfactants could graft on
both residual and dissolved lignin through etherification, forming a-etherified lignin, though without sig-
nificantly changing the component distribution and substrate-related properties. Quantum chemical cal-
culations provided theoretical evidence of strong H-bonding and pronounced interaction energy
between lignin and surfactants (maximally at —48.4 kcal mol™). In particular, this surfactant modification
decreased the aliphatic —-OH and phenolic ~OH contents of residual lignin by 16.0%-22.4% and 13.8%—
28.8%, respectively. The reduction of —OH groups mitigated non-productive adsorption between lignin
and cellulases via H-bonding interaction, which exhibited a significant correlation with the increased
enzymatic hydrolyzability (>—0.9). Overall, this study offers valuable insight into the fundamental under-
standing of the mechanism involved in lignin modification during surfactant-assisted pretreatment and
lignin—enzyme interaction during enzymatic hydrolysis. The new findings underscore the potential appli-
cation of surfactants in organosolv pretreatment to achieve a feasible approach for developing an
efficient enzyme-mediated lignocellulosic sugar platform.

1. Introduction

The transition towards a sustainable, bio-based economy is
crucial due to dwindling fossil fuel reserves and the escalating
impact of greenhouse gas emissions.' Lignocellulosic biomass
(LCB), a renewable resource, has immense potential for
biofuel and biochemical production. Sugar platform biorefi-
neries, which convert LCB into fermentable sugars, are con-
sidered a pivotal step in numerous biochemical production
processes.” However, the inherent recalcitrance of LCB, par-
ticularly its intricate lignin network, poses significant chal-
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lenges for conversion into fermentable sugars. Thus, an
efficient pretreatment method targeting lignin is considered a
pioneering step in enzyme-mediated lignocellulosic sugar plat-
form biorefineries to overcome this recalcitrance.’

Among the various pretreatment strategies, organosolv pre-
treatment is notable for effectively disrupting lignin-carbo-
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hydrate complexes, enhancing cellulose and hemicellulose
accessibility for subsequent sugar production.” As a high-
boiling organic solvent, glycerol is low-cost, non-toxic, and
user-friendly under atmospheric conditions.” In particular, gly-
cerol organosolv (GO) pretreatment with alkaline catalysts
afforded efficient delignification while preserving cellulose
and hemicellulose with limited inhibitory compounds,
making it an ideal substrate for fermentable sugar pro-
duction.® However, like other pretreatment methods, GO pre-
treatment still faces some common problems: (1) the for-
mation of stable C-C bonds caused by lignin repolymerization
reactions; (2) the non-productive interaction between lignin
and cellulases; and (3) the balance of easily hydrolysable sub-
strates and high quality lignin.” Overall, the residual lignin in
the pretreated substrates still undergoes structural alterations
and significantly hampers substrate hydrolyzability.® Advanced
pretreatments targeting residual lignin are desperately war-
ranted to moderate the adverse effects on enzymatic hydrolysis.
Recently, in situ lignin modification during pretreatment
has emerged as a promising approach to mitigate the negative
effects of lignin on sugar production, offering advantages such
as no additional processing steps, no sacrifice of holocellulosic
sugars and no excess wastewater discharge.”® To name a few,
Chu et al. reported that adding 5% of 2-naphthol-7-sulfonate,
syringic acid, or mannitol in dilute acid pretreatment
enhanced the enzymatic hydrolyzability of poplar by 24%-
71%." Sheng et al. also found that nucleophilic derivatives like
3-hydroxylic-2-naphthoic acid in dilute acid pretreatment
increased carboxylic acid groups and negative charge in lignin,
reducing its inhibition of fermentable sugar production.'
These additives interact with lignin to form C,-etherified
lignin, which mitigates lignin recondensation and decreases
the non-productive adsorption onto enzymes."! Evidently, the
above-mentioned additives primarily target aqueous phase sol-
vents used in hydrothermal and dilute acid pretreatments
prone to lignin recondensation. So far, there are few studies
on exogenous additive-assisted organosolv pretreatment with a
more complex lignin modification. More importantly,
naphthol and its derivatives are petroleum-based, expensive,
and potentially toxic, limiting the overall sustainability and
cost-effectiveness.'® Therefore, it is crucial to explore more
suitable additives to enhance the efficiency of organosolv pre-
treatment for lignocellulosic sugar platform biorefineries.
Surfactants, especially non-ionic surfactants, such as poly-
sorbate (Tween), fatty alcohol polyoxyethylene ether (AEO) and
polyethylene glycol octyl phenyl ether (Triton-X) series, have
been widely employed as low-cost, less toxic and eco-friendly
exogenous additives to stabilize enzymes and mitigate lignin-
enzyme interactions during enzymatic hydrolysis."*"*
However, their application in upstream pretreatment processes
for in situ lignin modification is limited, with only a few
studies  reporting  positive effects on component
deconstruction.*™*® Fan et al. reported that the addition of
Tween 80 in FeCls-catalyzed aqueous-phase pretreatment
increased delignification from bagasse by nearly 50%.'® Even
so, some studies have reported the opposite result that surfac-
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tants had no obvious promotional effects on removing the
LCB components.'” In our recent studies, the authors found
that adding PEG 6000 to glycerol pretreatment could not
improve the fractionation of lignocellulose, but significantly
enhanced the enzymatic hydrolysis of the pretreated sub-
strates.'® Structurally, the ~OH tails of PEG or other surfactants
could react with the phenolic ~-OH group of the isolated lignin
under acidic conditions, forming etherified lignin like the
above-mentioned nucleophilic derivatives.'® It was reported
that the phenolic ~-OH group of lignin significantly affects the
non-productive adsorption among lignin-enzymes.” This
suggested that the structural modification of residual lignin
induced by surfactants, rather than just the deconstruction of
components, may be the fundamental reason for improving
the substrate hydrolyzability. Furthermore, the coupled effects
of different surfactants and organic solvents may also lead to
the diversity of lignin structures, which could positively or
negatively affect the non-productive adsorption of lignin and
enzymes through hydrogen bonding, hydrophobicity, and
electrostatic interactions.?® However, the changes of lignin pro-
perties during organosolv pretreatment in the presence of
different surfactants are virtually a mystery, and the mecha-
nism of how the alterations in the structural/physicochemical
properties of modified lignin dominate the substrate hydrolyz-
ability is not fully understood.

This work aims to shed light on the potential of various
non-ionic surfactants (i.e., Triton-X 100, AEO 9, and Tween 80)
for in situ lignin structural modification during the organosolv
pretreatment and elucidates the mechanisms underlying the
relationship between the altered lignin properties and
enhanced substrate’s enzymatic hydrolysis. First, biomass
component fractionation and substrate hydrolyzability after
the surfactant-assisted GO pretreatment were analyzed to
evaluate the availability of surfactants in LCB pretreatment.
Subsequently, to fully understand the structural alteration due
to such modification behavior, the changes in the physico-
chemical properties of both residual and dissolved lignin (i.e.,
chemical functional groups, key linkage bonds, and surface
properties) were evaluated with and without surfactant treat-
ment. Molecular dynamics simulations and density functional
theory (DFT) calculations were also employed to reveal the
interactions between surfactants and lignin. Furthermore, the
relationship between the structural changes of lignin and the
non-productive adsorption of enzymes was elucidated by quan-
titative analysis to assess the key structure-related parameters
affecting hydrolysis performance. Overall, this work will
propose underlying mechanisms to explain how in situ lignin
modification during the surfactant-assisted pretreatment con-
tributes to the favorable enhancement of enzymatic hydrolysis.

2. Materials and methods
2.1. Materials and reagents

Sugarcane bagasse was obtained from Guangxi Province,
China. It was oven-dried at 60 °C overnight and passed
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through a 40-mesh sieve. The contents of cellulose, hemicellu-
loses, lignin, and ash were 42.7%, 24.1%, 23.8%, and 4.3%,
respectively. Cellulase Cellic® CTec2 (filter paper activity: 120
FPU g ') and endo-xylanase (protein content: 150 mg g~ ') were
provided by Novozymes Investment Co. Ltd (Beijing, China)
and Qingdao Vland Biotech Inc. (Qingdao, China). Industrial-
grade glycerol with 99.5% purity was obtained from Wuxi
Chemical Factory, China. All other reagents were purchased
from Sinopharm Chemical Reagent Factory Ltd, China.

2.2. Surfactant-assisted glycerol pretreatment

In a typical process, 10 g of dried sugarcane bagasse and 100 g
of glycerol along with NaOH (45 mg g™, based on raw sub-
strates) were mixed in a three-necked round-bottom flask
equipped with an electric heating jacket.> The GO pretreat-
ment (control group) was performed at 195 °C with stirring at
180 rpm for 45 min based on our previously published work."®
As for surfactant-assisted GO pretreatment, three non-ionic
surfactants, including Triton-X 100, AEO 9, and Tween 80
(40 mg g7, based on the raw substrates), were individually
added to the pretreatment system; other operations were the
same as for the above GO pretreatment. After the pretreatment,
150 g of tap water was added to the flask with vigorous stirring
when the temperature was reduced to 100 °C. Subsequently,
the slurry was filtered through a G1 filter to obtain an undis-
solved solid substrate and a liquid phase. The solid fraction
was washed twice with 200 mL of tap water, and then oven-
dried at 60 °C for further analyses.

2.3. Enzymatic hydrolysis

The pretreated substrates under 2% (w/v) solid loading were
mixed with citrate buffer (0.05 M, pH 4.8) and Cellic CTec 2 (6
FPU g~ dry substrate) in an Erlenmeyer flask with an effective
working volume of 25 mL. Enzymatic hydrolysis was per-
formed in an incubator shaker at 50 °C for 72 h at 180 rpm.
After hydrolysis, 0.4 mL of samples were withdrawn and
heated at 100 °C for 5 min to deactivate the enzymes. The
samples were centrifuged at 8000 rpm. The supernatants con-
taining glucose/xylose and enzyme protein were diluted, in
which the glucose/xylose titer was detected by high-perform-
ance liquid chromatography (HPLC, Chomaster CM5110,
Hitachi, Japan) with a refractive index detector and a packed
column (Bio-Rad Aminex HPX-87H, 9 pm, 7.8 x 300 mm). The
mobile phase was 5 mM dilute H,SO, with a flow rate of
0.6 mL min~" under isocratic elution, and the column temp-
erature was set at 60 °C.>> The glucose yield was calculated
using eqn (1) as follows.

Glucose/xyloseyield (%) =

Glucose/xylose produced (gg™!) x 0.9/0.88
Cellulose/xylan content in the pretreated substrates (gg—1)

x 100%

(1)

where 0.9 and 0.88 are the conversion coefficients of glucose
to cellulose and xylose to xylan, respectively.
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The enzyme protein in the supernatants was estimated
using a UV-Vis spectrometer with an absorbance maximum at
595 nm using the Bradford protocol, as reported by Lai et al.*
The value of free enzyme concentration was calculated as a
percentage of the total enzyme protein concentration.

To evaluate the non-productive adsorption between
enzymes and lignin, the pretreated substrates were incubated
with bovine serum albumin (BSA) before enzymolysis. In
detail, 25 mg g~' (dry substrate) of BSA and 2% (w/v) pre-
treated substrates were mixed with citrate buffer, and the mix-
tures were incubated at 50 °C for 24 h at 180 rpm."* Then, 6
FPU g~ ' enzyme was added to induce the enzymolysis reaction.
The differences between the glucose yields with and without
BSA treatment revealed a non-productive enzyme adsorption
onto lignin.*

2.4. Compositional and characterization analyses

The lignocellulosic components were determined by two-step
H,SO, processes according to the National Renewable Energy
Laboratory method.>* The component analysis was performed
using eqn (2)—(4), respectively.

Weight of pretreated substrate (g)

li 7Y — 1009
Solid recovery (%) Raw substrate weight (g) x100%
(2)
(Hemi)Cellulose retention (%) =
Weight of (hemi)cellulose in pretreated substrate (g)
- - p x 100%
Weight of (hemi)cellulose in raw substrate (g)
®3)

Weight of lignin in pretreated substrate (g)
Weight of lignin in raw substrate (g)
X 100%

Delignification (%) = 1—

(4)

Cellulose accessibility was assessed by the direct red dye
(DR28) staining protocol."’ In detail, the experiment was
performed in 50 mL flasks with 1% (w/v) of the pretreated
substrates. The concentrations of the dye were varied at
0.05-4.0 g L™" and incubated at 50 °C for 24 h at 180 rpm.
After this, the mixtures were centrifuged for 5 min at 8000
rpm, and the dye concentration in the supernatant was
measured at 498 nm using a UV-Vis spectrometer. The quan-
tity of adsorbed dye was determined by calculating the differ-
ences between the initial dye concentration and that in the
supernatant. The maximum amount of dye adsorbed onto
the pretreated substrates was estimated using the Langmuir
adsorption isotherm.

The porosity of the pretreated substrates was measured
using a Micromeritics analyzer (Autosorb IQ3, Quantachrome).?®
The contents of different organic elements (C, H, N, and S)
were detected using an elemental analyzer (Elementar
Unicube, Germany), and the O content was calculated by sub-
tracting the content of the other elements from 100%.
Additionally, X-ray diffraction (XRD) analysis was used to
analyze the cellulose crystallinity index (CrI) of the pretreated
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substrates, as reported elsewhere.” The Crl was calculated
based on eqn (5).

Topop — 1,

CrI(%) = 2221« 100% (5)
IOOZ

where, I, is the crystallinity peak intensity at 22.5° and I, is

the peak intensity of the amorphous component at 18.7°.

2.5. Lignin isolation and characterization

The dissolved lignin (DL) in the pretreatment liquid was
extracted using an acid-precipitation method. The pretreat-
ment liquid was first mixed with a 10-fold acidic water solution
(with the pH of the HCI solution adjusted to 2.0), and the
mixture was centrifuged (8000 rpm for 10 min) to obtain
lignin precipitates. The resulted lignin was water-washed, fol-
lowed by freeze-drying. The lignin samples are labelled as GO-
DL, GO + Triton-X 100-DL, GO + AEO 9-DL, and GO + Tween
80-DL.

Residual lignin (ie., cellulolytic enzyme lignin) was
obtained from the pretreated substrates by double enzymatic
hydrolysis and 1,4-dioxane extraction methods."” Initially, 10%
(w/v) pretreated substrates with an excess enzyme loading
(CTec2: 60 FPU g, endo-xylanase: 2.4 mg g~ ' of substrate)
were hydrolyzed in a 72 h reaction. Thereafter, the slurry was
centrifuged, and the solid residues were hydrolyzed again with
a fresh enzyme. The resulting residues were collected and
rinsed with deionized water to eliminate any remaining sugars
and enzyme proteins. Finally, the residues were freeze-dried
and extracted with dioxane-water (96% v/v) at a solid-to-liquid
ratio of 1:20. The extraction process was conducted twice for
24 h in a dark environment. The mixtures were centrifuged
and the supernatant was concentrated using a rotary evapor-
ator. The concentrated liquid was mixed with a 10-fold acidic
water solution, followed by centrifugation, washing and freeze-
drying. The lignin samples are designated as GO, GO + Triton-
X 100, GO + AEO 9, and GO + Tween 80.

2D-HSQC NMR spectroscopy was carried out using a Bruker
AVIII 400 MHz (Bruker, Germany) spectrometer to analyze the
lignin structure.*® Specifically, 60-80 mg of lignin was dis-
solved in DMSO-d, (0.5 mL). The F2 (*H) and F1 (**C) spectral
widths were 5000 and 20 000 Hz, respectively. The data points
for the 'H dimension were 1024 with 1.5 s of recycling delay
and 64 scans, whereas the data points for the *C dimension
were 256. The obtained 2D spectra and integrals were pro-
cessed based on the previous reports.”” The contents of
hydroxyl and carboxylic groups were detected by *'P NMR
measurements.>® Fourier transform infrared (FTIR) spec-
troscopy was employed to analyze the changes in the func-
tional groups using a Nicolet Nexus 670 instrument (Thermo
Fisher, USA) within the wavenumber range of 800-4000 cm™".
The thermogravimetric analysis of different isolated lignin
samples was performed using a TG209 instrument (Netzsch,
Germany), and approximately 3 mg of each sample was heated
from 30 °C to 850 °C at a heating rate of 10 °C min™" under a
nitrogen atmosphere.>® The weight-average molecular weight
(M,,) and number-average molecular weight (M,,) of lignin were
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determined using gel permeation chromatography (GPC).
Additionally, lignin’s hydrophobicity was estimated by a water
contact angle measurement using an automatic video contact
angle detector (JY-82, Chengde Dingsheng, China). A Zetasizer
Nano ZS90 (Malvern, UK) was used evaluate the zeta potential
of lignin.*°

2.6. Simulation calculations

A lignin model, named veratrylglycerol-b-guaiacyl ether (VG),
was employed to investigate its interaction with glycerol and
surfactants. Quantum chemical calculations were conducted
using the DFT method within the Gaussian 09 software
package.”®*! Geometry optimization and energy calculations
of all the molecules were performed at the B3LYP and M06-2X
levels of theory and the 6-311++G (d,p) basis set with the
DFT-D3 dispersion correction.*> The weak interactions were
computed using the Multiwfn 3.6 program, and these inter-
actions were visualized using the reduced density gradient
(RDG), the distribution of electrostatic potential (ESP), and
extreme points at the van der Waals surface.**** The inter-
action energy was calculated using eqn (6).

Eint = Etotal - El - E2 - E3 (6)

where, Eioa, E1, Es, E;, and Ej,, are the energy of the total
structure, VG, glycerol, surfactants, and the mixture structure,
respectively.

3. Results and discussion

3.1. Effects of surfactants on glycerol organosolv
pretreatment performance

3.1.1. Substrate hydrolyzability. The substrate hydrolyzabil-
ity from the GO pretreatment with/without surfactants is
shown in Fig. 1. The glucose yield of the GO-pretreated sub-
strate was 59.3% after 72 h hydrolysis, whereas the xylose yield
was 60.4%. As compared with the GO pretreatment, the intro-
duction of Triton-X 100, AEO 9, and Tween 80 could achieve
higher glucose (73.6%-80.2%) and xylose (77.2%-83.5%)
yields with increments of 15.7%-35.2% and 27.8%-38.3%,
respectively. This underscored that coupling surfactants to the
organosolv pretreatment process facilitated the enzymatic
hydrolysis of LCB. Meanwhile, surfactants possessed a syner-
gistic effect on the enzymatic depolymerization of holocellu-
loses (i.e., cellulose and hemicellulose) into monosaccharides.
Similarly, Cui et al. reported that the addition of the anionic
surfactant sodium dodecyl sulfate (SDS) in ethylenediamine
pretreatment enhanced the conversion of pretreated corn
stover to glucose by 23.7% after enzymatic hydrolysis, com-
pared to the pretreatment without a surfactant.®* Also, adding
Tween 60 in the alkaline pretreatment of Miscanthus sinensis
improved the enzymatic hydrolysis of pretreated substrates by
approximately 40%. In our recent work, we found that incor-
porating non-ionic surfactants (PEG 6000 and Tween 80) in gly-
cerol pretreatment was more powerful in facilitating substrate
hydrolyzability than anionic surfactants (SDS).'® However, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Substrate hydrolyzability from surfactant-assisted glycerol organosolv pretreatment. (a) Glucose yield and (b) xylose yield.

underlying mechanism of how non-ionic surfactants benefit
substrate hydrolyzability during pretreatment still needs to be
unveiled. Overall, all tested non-ionic surfactants in pretreat-
ment have proved to be potentially effective exogenous addi-
tives in terms of facilitating substrate hydrolyzability. Such sur-
factant-assisted GO pretreatment strategies are promising for
advancing enzyme-mediated lignocellulosic biorefineries.

3.1.2. Selective fractionation of lignocellulosic biomass.
Table 1 summarizes the solid recovery and component frac-
tionation during the surfactant-assisted GO pretreatment. All
the samples after the pretreatment resulted in >70% delignifi-
cation owing to the effective swelling of lignin components
and fracture of internal bonding bonds in an alkaline environ-
ment. Meanwhile, the retention of cellulose and hemicellulose
reached up to >90% and >80%, respectively. The ash contents
of all pretreated substrates showed a slight decrease to around
2.3%-2.8%, compared to the raw substrate at 4.3%. The pre-
treatment process can effectively dissolve and remove a
portion of the inorganic salts and silicates that constitute the
ash content in sugarcane bagasse. However, notably, there was
no significant variation in lignocellulosic fractionation
between the surfactant-assisted GO and GO-pretreated sub-
strates. This similar phenomenon has also been found in
recent studies during the aqueous-phase pretreatment. Fan
et al. found that the non-ionic surfactant PEG 6000 had slight
effects on solid recovery and component fractionation as com-
pared with the control group only using a dilute acid.'® Qi
et al. concluded that the introduction of Tween 20 in the
H,SO, pretreatment of corn stover hardly affects the compo-
sition distribution of the pretreated substrates.>*

Even so, some researchers obtained opposite results that
the assistance of PEG and Tween series in the pretreatment
was effective for promoting the removal of lignin and hemi-
cellulose components.’”*® To name a few, 20% (w/w, based on
the raw substrates) of PEG 8000 and Tween 80 in the ethylene-
diamine pretreatment of corn stover maximally increased the
delignification by 32% as compared to the control group

This journal is © The Royal Society of Chemistry 2024

without adding surfactants.?” Such differences may be attribu-
ted to the used surfactant dosages. In this study, only 4%
(w/w) of surfactants was employed, which was far less than the
above reported values. The authors previously found that once
the usage of the surfactant exceeded the 8% (w/w) threshold, it
indeed promoted lignin removal from LCB.?® It was speculated
that excessive surfactants had a significant effect on surface
tension and solvent transfer due to the changes of hydrophili-
city/hydrophobicity in the pretreatment system, thus enhan-
cing the component solubility. Notably, there is no denying
that all non-ionic surfactants used in pretreatment indeed
enhanced the enzymatic hydrolysis, though without changing
the component distribution. In other words, the surfactant in
pretreatment facilitated substrate hydrolyzability was not rely
solely on the physically aided component removal/dissolution,
but the chemically modified substrates may play a dominant
role. Such alteration may alleviate the non-productive adsorp-
tion between lignin and cellulases, facilitating subsequent
hydrolysis.

Considering the various structures of surfactants, the
coupled effects of different surfactants may also lead to diverse
changes in the pretreated substrate’s structure, which could
positively or negatively affect the enzymatic hydrolysis perform-
ance. Moreover, it is crucial to verify the relationship between
the altered substrate properties and the enhanced enzymatic
hydrolysis of the substrates. Accordingly, the full characteriz-
ation of the pretreated substrates was performed in the sub-
sequent section to reveal the promotion mechanism of surfac-
tant-assisted GO pretreatment on substrate hydrolyzability.

3.2. Changes in the physicochemical properties of the
pretreated substrates

To elucidate the reason why surfactants in the GO pretreat-
ment can facilitate the hydrolysis performance of the
pretreated substrates, various potential factors, such as
cellulose crystallinity, accessibility, biomass porosity, and
specific surface area, were analyzed, as shown in Table 2.

Green Chem., 2024, 26,10123-10138 | 10127
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Table 1 Lignocellulose fractionation during surfactant-assisted glycerol organosolv pretreatment

Chemical composition (%)

Pretreated substrates SR (%) C (%) H (%) L (%) Ash (%) CR (%) HR (%) DL (%)

GO 69.1+1.2 57.5+0.7 29.7 £0.2 9.1+0.4 2.6 +0.2 93.1+1.1 81.8+ 0.6 73.6 £1.2
Triton-X 100-assisted GO 68.8 +1.1 58.0 + 0.7 29.5+£0.3 8.6 £ 0.7 2.8+0.3 93.6 +1.1 82.5+0.8 75.1+£1.9
AEO 9-assisted GO 69.9 + 0.8 57.4+0.8 30.0 £0.5 9.6 £ 0.3 2.3+0.2 93.5+0.8 82.4+1.5 72.0 £ 0.9
Tween 80-assisted GO 70.2+1.3 56.6 + 0.5 29.9+0.3 9.4 +0.4 2.5+0.1 92.7 £ 0.7 83.2+0.7 72.5+1.0

SR, solid recovery; C, cellulose; H, hemicellulose; L, lignin; CR, cellulose retention; HR, hemicellulose retention; and DL, delignification.

Table 2 Physicochemical properties of different pretreated substrates

Specific
Pretreated Crl  surface area Pore volume [I,,/DR28
substrates (%) (m*g™) (em®*mg™)  (mgg™)
GO 52.3 3.1+04 6.2 +£0.9 560.5 + 40.3
Triton-X 100-assisted GO 52.8 3.5+ 0.7 5.5+1.0 520.3 £ 50.5
AEO 9-assisted GO 52.6 2.7+0.6 5.6 £0.8 580.3 + 35.5
Tween 80-assisted GO 51.5 2.9+0.5 6.3 +0.6 601.6 + 30.8

The crystallinity index of the GO-pretreated substrates was
calculated to be 52.3%, while that of the surfactant-assisted
GO pretreated substrates remained virtually unchanged
(51.5-52.8%). This was in line with lignocellulosic com-
ponent analysis results. Chen et al. also reported that
adding Tween 80 in the FeCl;-catalyzed pretreatment of
eucalyptus waste fibers did not cause a dramatic change in
the Crl value of the pretreated substrates.’® As expected, the
correlation between the Crl value and glucose yield was
indistinct (r = —0.32, p > 0.05, see Fig. S1}), implying that
the cellulose crystallinity may not play a significant role in
facilitating the hydrolysis performance of the surfactant-
assisted GO-pretreated substrates.

Moreover, the specific surface area and pore volume of all
samples were estimated to be around 3.0 m* g~ and 6.0 cm®
mg~", respectively, with no significant differences in their
porosity properties. This observation was corroborated by the
extremely low correlation coefficients between the specific
surface area/pore volume and the glucose yield (r = —0.19 or
—0.24, p > 0.05, see Fig. S11). The changes of cellulose accessi-
bility (based on dye adsorption analysis) exhibited certain
differences, while its correlation with the glucose yield was
still inapparent (r = 0.36, p > 0.05, see Fig. S1). Thus, the con-

Table 3 Elemental analysis of different pretreated substrates

tribution of these factors to improving the substrate hydrolyz-
ability was also very low, regardless of surfactant addition
during the GO pretreatment.

Regarding the organic elements in all pretreated sub-
strates (Table 3), the main elements were C, O and H,
accounting for around 44%, 49% and 6%, respectively.
Predictably, the elemental compositions of the surfactant-
assisted GO substrates were very close to those of the GO
substrates, with only minor differences of around 0.5%. This
indicated that the non-ionic surfactants such as Triton
X-100, AEO-9, and Tween 80 had a limited impact on the
component and element distribution of the GO substrates
(Table 1). The alterations in the chemical compositions
of different surfactants were also not reflected in the
elemental analysis results. Thus, exploring other chemical
characterization processes is necessary to better understand
the effects of the surfactant-assisted pretreatment on the GO
substrates.

The discussion thus far suggests that introducing various
surfactants in the GO pretreatment did not significantly alter
the properties of the pretreated substrates. However, beyond
the substrate properties, lignin has been identified as a predo-
minant factor influencing biomass hydrolysis.” Lignin typically
impedes hydrolysis through two mechanisms: (1) physical
obstruction that restricts enzyme accessibility and (2) non-pro-
ductive adsorption binding with enzymes by chemical inter-
actions.”! As the pretreatment severity remained comparable
with/without surfactant addition and the lignin contents of
the pretreated substrates were nearly identical, the physical
barriers imposed by lignin on enzymatic hydrolysis may be
negligible in this study. In this case, the authors hypothesized
that the high substrate hydrolyzability stemmed from the sur-
factant-induced modifications to the lignin structure during
the GO pretreatment.

Pretreated substrates C (%) H (%) 0% (%) N (%) S (%)

GO 44.19 + 0.10 6.21 + 0.05 49.25 + 0.16 0.12 + 0.01 0.24 + 0.01
Triton-X 100-assisted GO 44.74 + 0.02 6.25 £ 0.01 48.74 + 0.02 0.13 + 0.01 0.14 + 0.01
AEO 9-assisted GO 43.82 + 0.05 6.58 + 0.07 49.38 + 0.09 0.09 +0.01 0.13 + 0.03
Tween 80-assisted GO 44.33 + 0.01 6.30 £ 0.01 49.10 + 0.13 0.11 £ 0.01 0.17 + 0.02

%0 content was calculated by subtracting the content of the other elements from 100%.
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3.3. Structural modification of residual lignin in the
pretreated substrates

2D-HSQC NMR was employed to characterize the monolignol
units and inter-unit linkages of lignin. As depicted in Fig. 2,
the NMR spectra were divided into the aliphatic region (6C/6H
50-90/2.5-6.0 ppm) and the aromatic region (6C/6H 100-135/
6.0-8.0). In the aliphatic region, the prominent signals corre-
sponded to the methoxy (OCHj;) groups, aryl ether linkages (A,
$-O-4), and phenylcoumaran (C, f-5), while in the aromatic
region, signals associated with S, G, H, and pcoumaric acid
(PCA) units were observed for the lignin samples. The results
suggested that the addition of surfactants during the GO pre-
treatment had negligible impact on the distribution of lignin
subunits.'”” Furthermore, the signal intensity at 6C/6H 71.8/
4.87 is connected to the a-position (Aa) of B-O-4 linkages. A
previous study reported that the $-O-4 linkage content in CEL
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(i.e., lignin extracted from raw sugarcane bagasse) was esti-
mated to be 59.3/100 Ar.'* In contrast, the content of p-O-4 lin-
kages (20/100 Ar) in all detected lignin samples was signifi-
cantly lower, indicating the cleavage of ether linkages within
the lignin structure during the pretreatment.

Interestingly, additional new signals were detected in all
lignin spectra, marked in green (§C/6H 70.4-73.5/
3.33-3.58 ppm and 62.5/3.40 ppm). This phenomenon primar-
ily arose from the grafting of glycerol moieties onto the
a-position of p-O-4 linkages in lignin through etherification/
esterification reactions.”” Such protective modification of the
lignin structure by glycerol aided in preventing further repoly-
merization. Surfactant moieties have been reported to exhibit
intensified signals at §C/6H 68.0-75.0/2.5-4.3,° suggesting
that the surfactants were also grafted onto lignin, as observed
in the GO + surfactant lignin spectra (Fig. 2). However, no dis-
tinct difference in the p-O-4 linkage contents was observed
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Fig. 2 2D HSQC spectra of the residual lignin isolated from different pretreated substrates. (a) GO lignin; (b) GO + Triton-X 100 lignin; (c) GO + AEO

9 lignin; and (d) GO + Tween 80 lignin.
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between the GO lignin and GO + surfactant lignin. Surfactant-
assisted GO pretreatment had little effect on the distribution
of inter-unit linkages.

Polyethylene glycol (PEG) is commonly used to promote the
pretreatment efficiency of LCB. Cai et al. demonstrated that
PEG 8000 could be grafted onto the a-position of p-O-4 in
lignin during the ethylenediamine pretreatment of corn stover,
thus alleviating lignin recondensation and preserving a higher
content of p-O-4 linkages as compared with the lignin isolated
without surfactants.’” In another study, new intense signals
attributed to the a-PEG-B-O-4 units were detected at 6C/6H
60.80/3.74 ppm for PEG 600-modified lignin from steam-
exploded hardwood.*® Although these studies have stated that
PEG series preserved the p-O-4 linkages, the present investi-
gation indicated that adding Triton-X 100, AEO 9, and Tween
80 in the GO pretreatment had minimal influence on the
content of lignin p-O-4 linkages. PEG possesses two terminal
-OH tails that have been reported to act as carbonium ion sca-
vengers by reacting at the a-position of the lignin side chain,
forming a-PEG-B-O-4. Besides, PEG-based surfactants contain
distinct hydrophilic heads and hydrophobic tails, as well as
large spatial site resistance. The linear structure and high
hydrophilicity may facilitate its interaction with the a-position
of p-O-4 in lignin through hydrogen bonding or van der Waals
force. Such effects may be insignificant in other non-ionic sur-
factants (such as Triton-X 100, AEO 9, and Tween 80 in this
study). The inherent surfactant properties and the pretreat-
ment methods may also contribute to these differences.

A quantitative analysis of the aliphatic -OH, phenolic -OH,
and carboxyl groups based on *'P NMR is shown in Fig. 3a
and Fig. $2.1 The *'P NMR data unequivocally demonstrated
the successful grafting of surfactants onto lignin by revealing
changes in both the aliphatic and phenolic -OH groups after
structural modification. The GO lignin exhibited the highest
content of aliphatic -OH groups as compared with CEL (6.69
vs. 4.23 mmol g~* (ref. 12)). This confirmed that the glycerol
grafting induced -OH tails on the benzylic carbocation struc-
ture at the a-site of lignin, coinciding with the 2D-HSQC ana-
lysis. However, a notable decrease in the aliphatic -OH content
was observed in all GO + surfactant lignin samples.
Specifically, the aliphatic -OH content of the GO + Triton-X,
GO + AEO 9, and GO + Tween 80 samples was 5.19, 5.62, and
5.31 mmol g, respectively, corresponding to 16.0%-22.4%
reduction as compared with the GO lignin. The OH groups of
the surfactants presumably reacted with the aliphatic -OH
and/or phenolic ~-OH groups within the lignin structure via
etherification, as depicted in Fig. 3b. Despite the decrease in
the aliphatic -OH content present in the GO + surfactant
lignin, it remained higher than those obtained from the con-
ventional pretreatments, such as dilute acid/alkaline, ionic
liquid, and organosolv pretreatments using monomeric alco-
hols (i.e., methanol and ethanol). In the latter cases, the ali-
phatic -OH content was typically decreased due to the de-
hydration and oxidation reactions.***>

The GO + surfactant lignin (1.85-2.24 mmol g~ ") possessed
lower total phenolic -OH content as compared with the GO
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lignin (2.6 mmol g~'). Among these, the GO + Tween 80 lignin
with the lowest phenolic -OH content exhibited more signifi-
cant structural modification caused by etherification grafting.
The phenolic -OH groups are primarily responsible for the
non-productive adsorption of cellulases, which interact with
lignin through hydrogen bonding interactions.” Thus, the
reduction in the phenolic ~OH groups of lignin during the sur-
factant-assisted GO pretreatment may play an important role
in facilitating substrate hydrolyzability. It is worth noting that
although other naphthols and their derivatives can inhibit
lignin recondensation and reduce the inhibition of subsequent
enzymatic hydrolysis, this effect often increases the phenolic
hydroxyl content of lignin, which, to a certain extent, enhances
the hydrogen bonding interactions with cellulases. In contrast,
this study found that the hydroxyl groups of surfactants
undergo etherification reactions with the hydroxyl groups of
lignin, precisely reducing the content of aliphatic and phenolic
—-OH groups in lignin that can interact with cellulases. This
finding opens up new avenues for the in situ modification of
the lignin structure to achieve efficient enzymatic hydrolysis of
lignocellulosic biomass. Also, the GO lignin contained
0.45 mmol g~ of the carboxylic group, which was 4.4%-26.7%
higher than that of the GO + surfactant lignin
(0.33-0.43 mmol g~1). Incorporating surfactants in the GO pre-
treatment mitigated the oxidation of phenolic ~-OH and/or ali-
phatic -OH groups into carboxyl groups.*®

The FTIR analysis further confirmed the successful grafting
of the surfactants onto the lignin structure (Fig. S3t). The
characteristic hydroxyl (-OH) peak in the GO + surfactant
lignin had a broader profile at around 3345 cm™* compared to
the GO lignin, indicating the formation of extensive intra-
molecular H-bonding between the surfactant and lignin mole-
cules.'® Moreover, the absorption peak at 2873 em™", attribu-
ted to the methylene and methyl groups, was more pro-
nounced in the surfactant-modified lignin than in the GO
lignin.*® The emergence of new characteristic peaks of the sur-
factants, such as the C-H shear vibration at 1352 cm™" and C-
OH vibrations at 949 cm ™", also provided strong evidence for
surfactant modification.”” Notably, these surfactant-derived
signals persisted even after thorough extraction and washing
of the GO + surfactant lignin, further substantiating the
covalent nature of grafting. Interestingly, the small peak at
1150 cm ™" derived from the GO lignin was not discernible in
the GO + surfactant lignin. This can be attributed to the strong
C-O-C shear vibration peak of the grafted PEG chains, which
overshadowed the C-H shear vibration peak of lignin at
1150 cm™.*® Collectively, these findings demonstrate the
occurrence of a chemical etherification reaction between the
hydroxyl groups of lignin and the terminal hydroxyl groups of
the surfactants, resulting in the formation of a novel covalent
bond.

GPC analysis revealed the alteration of residual lignin mole-
cular weight after surfactant grafting, as depicted in Fig. 3c.
The M,, and M,, of the GO lignin were 1845 and 947 g mol™",
respectively, whereas the GO + surfactant lignin exhibited a
higher molecular weight, with M,, ranging from 2058 to 2329 g
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Fig. 3 (a) Quantification of functional groups (mmol g~%) in the residual lignin based on 3P NMR; (b) proposed routes of surfactant modification on
the lignin structure via etherification; (c) molecular weight distribution; (d) TG and (e) DTG curves of different lignin samples; and (f) contact angle

measurement and zeta potential analysis.
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mol™" and M, varying from 942 to 1085 of g mol™'. This
suggested that the grafting of long-chain surfactants would
increase the molecular weight of residual lignin. Additionally,
it was observed that the polydispersity index (PDI) of the GO
lignin (1.95) was lower than that of the GO + surfactant lignin
(2.02-2.27). The presence of surfactants resulted in a broader
molecular weight distribution of lignin.

Besides, the thermal stability of lignin is closely related to
its structure. Fig. 3d and e present the thermogravimetric (TG)
and derivative thermogravimetric (DTG) curves of various
lignin samples. Expectedly, surfactant modification signifi-
cantly influenced their pyrolysis characteristics, with GO + sur-
factant lignin exhibiting enhanced thermal stability. In con-
junction with *'P NMR, FTIR and GPC measurements, it can
be deduced that the surfactants facilitated the etherification of
lignin during the GO pretreatment process. The pyrolysis of
GO lignin proceeded slowly over a broad temperature range,
while the pyrolysis of GO + surfactant lignin occurred more
rapidly. At temperatures above 300 °C, the C-C and C-O bonds
in the molecular chains were easily cleaved into small mole-
cules.”® The surfactant moiety formed chain-initiating groups
under thermal activation, laying the foundation for sub-
sequent chain-breaking reactions. When further increasing the
temperature, the extensive bond cleavage occurred within the
molecular chains. For the TGA-derived maximum weight loss
temperature (Tgmayx) in Fig. 3e, the GO lignin had the lowest
Tamax (®329.3 °C), whereas that of GO + surfactant lignin
increased from 375.6 °C to 379.8 °C. The high thermal stability
of surfactant-modified lignin enhances its potential for value-
added applications, such as bio-based polymers and carbon
materials.>

Except structural modification reflected by chemical bonds
and functional groups, such effects can affect the hydrophobi-
city and surface charge of lignin. They are also essential
factors in alleviating non-productive adsorption between
lignin and cellulases.”® As shown in Fig. 3f and Fig. S4,T the
contact angle of the GO lignin was 67.89°, while those of the
GO + surfactant lignin samples ranged from 64.22° to 67.78°.
There was only around a 5% difference in contact angles, indi-
cating that the surfactants did not obviously change the hydro-
philicity of lignin. Generally, the phenolic -OH group exhibits
hydrophobic behavior, and the aliphatic -OH group demon-
strates hydrophilicity. Based on this, the considerably reduced
phenolic -OH contents in the GO + surfactant lignin samples
should correspond to a relatively higher hydrophilicity.
However, the Triton-X 100, AEO 9, and Tween 80 surfactants
contain some hydrophobic benzene rings and methylene
structures. With the reduction of aliphatic -OH, the increase
in hydrophilicity was largely offset. Overall, the residual lignin
derived from the pretreated substrates had similar contact
angles, and the hydrophobic interaction was not the main
factor affecting the non-productive adsorption of lignin and
cellulases.

Zeta potential is another crucial factor governing the
electrostatic interaction (i.e., repulsion or attraction) between
lignin and cellulases during the non-productive adsorption.>°
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The GO lignin had the highest zeta potential of —18.6 mV. In
contrast, the zeta potential of GO + surfactant lignin was
measured in the range of —11.8 to —16.0 mV (Fig. 3f) with an
absolute value reduction of 14.0%-36.6%. This result indi-
cated that surfactant modification could shift the surface
charge of lignin, which was tightly related to the carboxyl
group content. A higher carboxyl group content in lignin can
endow lignin with more negative charges.”® Commonly, the
electrostatic interaction between lignin and cellulases highly
depends on the pH of the hydrolysis environment. Both lignin
and cellulases possess a negative charge under a representative
condition with pH 4.8.°% Previously studies have pointed out
that when lignin carried a more negative charge, the resulting
strong electrostatic repulsion between lignin and cellulases
could improve enzymatic hydrolysis.>® However, notably, all
the GO + surfactant lignin displayed a reduced negative
charge, which made it difficult to produce an elevated electro-
static repulsion among lignin and cellulases. Huang et al. also
provided insights that lignin after adsorption with Tween 80
decreased the zeta potential (—28.2 mV) as compared to the
control group without adsorption (—34.4 mv).*> They specu-
lated that the electrostatic interaction between lignin after
Tween 80 adsorption and cellulases did not dominate the non-
productive adsorption.

In summary, the non-productive adsorption between lignin
and cellulases is closely related to the hydrolysis performance
of the pretreated substrates, and it is mainly influenced by
three interactions, including hydrogen bonding, hydrophobic
interaction, and electrostatic interaction. In this study, the sur-
factant-induced lignin modification through etherification
remarkably decreased the phenolic ~OH group of lignin, while
barely changing its hydrophilicity and zeta potential. The
reduction of hydrogen bonding between the phenolic -OH
group and cellulases seems to be the prevailing factor govern-
ing the eventual result of non-productive adsorption, thereby
enhancing the substrate hydrolyzability.

3.4. Structural modification of dissolved lignin in the
pretreatment liquor

To better elucidate the structural modification in the presence
of surfactants during GO pretreatment, the dissolved lignin
was also characterized, as shown in Table 4. Both GO-DL and
GO + surfactant-DL displayed relatively higher aliphatic -OH
contents (5.70-6.88 mmol g~') as compared with the residual
lignin (Fig. 3a). The dissolved lignin was more likely to react
with glycerol than the residual lignin. Moreover, the aliphatic
-OH content of GO-DL was 6.88 mmol g, whereas that of GO
+ surfactant-DL decreased to 5.70-6.69 mmol g '. Similarly,
the total phenolic -OH content of GO + surfactant-DL
(2.00-2.29 mmol g~') was also lower than that of GO-DL
(2.65 mmol g~'). These observations collectively supported the
hypothesis that the surfactants chemically grafted onto lignin
through etherification, leading to a reduction in both aliphatic
and phenolic -OH groups. Interestingly, such a modification
effect was also demonstrated in the appearance color of dis-
solved lignin. As shown in Fig. S5, the surfactant-modified
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Table 4 Quantification of functional groups (mmol g™3) in the dissolved lignin based on 3!P NMR
G-OH

Lignin sample Aliphatic -OH S-OH NC* c? H-OH Total phenolic -OH Carboxylic group
GO-DL 6.88 0.91 0.68 0.15 0.91 2.65 0.63

GO + Triton-X 100-DL 5.70 0.85 0.60 0.08 0.76 2.29 0.50

GO + AEO 9-DL 6.69 0.80 0.64 0.10 0.65 2.19 0.37

GO + Tween 80-DL 5.79 0.74 0.53 0.08 0.65 2.00 0.55

% Non-condensed unit. ® Condensed unit.

GO lignin presented a light brown color, while the GO lignin
showed black color. The color change of lignin caused by sur-
factant modification is of great significance to broaden its
application in specific fields, such as UV-blocking lignin nano-
particles for sunscreen products.

Table 5 summarizes the molecular weight distribution of
the dissolved lignin. Compare with the residual lignin (M,,:
1845-2329 ¢ mol™" and M,: 942-1085 g mol™"), the dissolved
lignin had a relatively low molecular weight (M,: 1331-1794 g
mol™" and M,: 712-944 g mol™"), suggesting its preferential
depolymerization into smaller fragments during the pretreat-
ment process. However, GO + surfactant-DL exhibited a higher
molecular weight and PDI than GO-DL. This result aligned
with the expectation that the grafting of surfactants onto the
lignin structure would increase the molecular weight. For the
physical properties of dissolved lignin (i.e., hydrophobicity and
zeta potential), no statistically significant difference in the
contact angle was observed between GO + surfactant-DL and
GO-DL. Although the decrease in phenolic -OH content corre-
sponded to the increased hydrophilicity, the hydrophobic moi-
eties within the surfactant itself could potentially counteract
this effect, as previously discussed. The reduced carboxylic
group content also resulted in a decreased zeta potential in
GO + surfactant-DL.

Overall, structural modification occurs in both dissolved
lignin from the pretreatment liquor and residual lignin from
the pretreated substrates. With the depolymerization of the
lignin supramolecular structure and its dissolution into the
solvent phase during the pretreatment, the modification be-
havior of dissolved lignin is more significant. Moreover,
lignin modification is a dual in situ grafting reaction by gly-
cerol and different surfactants, involving the multisite etheri-
fication of -OH groups in the aromatic skeleton and side
chain of lignin. Considering the different structural vari-
ations from the widely used PEG and the selected surfactants
in this study (Triton-X 100, AEO 9, and Tween 80), modifi-

cation for promoting the C, reactive-site end-capping of
lignin and suppressing its condensation depends on the
physicochemical properties of the surfactants.’” However, the
extensive etherification of phenolic -OH groups by these sur-
factants is still a common occurrence, which can substan-
tially mitigate the adverse hydrogen bonding interactions
between lignin and cellulases during enzymatic hydrolysis.
This presents a pioneering concept for forging an efficient
lignocellulose-based sugar platform based on surfactant-
assisted organosolv pretreatment.

3.5. Molecular interactions of surfactants with lignin by DFT
simulation

To better assess the interactions generated by surfactants with
lignin, this study used DFT calculations to investigate the weak
interactions between glycerol-lignin and surfactant systems.
During the DFT simulation, VG was selected as a lignin model
compound. The energy-optimized molecular structures of gly-
cerol, VG, and the targeted surfactants have been molded
using the Gasteiger method and are shown in Fig. 4a. The
atomic energy densities on the molecular surfaces of different
combined chemical structures annotating their respective
positive, neutral, and negative electrostatic potential points,
have been marked in red, white, and blue, respectively
(Fig. 4b). When the structure is subjected to any atomic force
fields, the positional electrostatic energy is found to be regu-
lated by the position of O atoms and the number of H-bonds
formed with each O atom. Based on the frequency of O-H
interaction, a prominent negative electrostatic potential
surface was observed for the glycerol-VG-surfactant system
compared with the glycerol-VG system. Significantly, the intro-
duced Tween 80 endowed the system with more negative
electrostatic potential, which may be attributed to the large
number of O atoms in Tween 80 that easily form hydrogen
bonds with lignin and glycerol, thus facilitating the lignin
modification.

Table 5 Molecular weight distribution, contact angle, and zeta potential of the dissolved lignin

Lignin sample M,, (g mol™) M, (g mol™) PDI (M,,/M,,) Contact angle (°) Zeta potential (mV)
GO-DL 1331 712 1.87 65.12 + 0.66 —14.33 £ 0.57
GO + Triton-X 100-DL 1604 823 1.95 67.62 + 0.87 -12.67 + 0.60
GO + AEO 9-DL 1794 944 1.90 66.31 + 0.51 —-12.03 £ 0.25
GO + Tween 80-DL 1691 855 1.98 64.81 + 0.02 -10.83 + 0.41
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Fig. 4 (a) Molecular structures of glycerol, Triton-X 100, AEO 9, Tween 80 and VG (lignin model); (b) geometries and electrostatic potential surfaces
of different compounds; (c) reduced density gradient analysis of glycerol-VG and glycerol-VG surfactant; and (d) portion of hydrogen bonding

interaction.

To further investigate the effects arising between the surfac-
tants and the glycerol-lignin systems, RDG analysis was used
to examine the weak interactions. As shown in Fig. 4c, the blue
(42 < 0, negative values), green (4, = 0), and red regions (4, > 0,
positive values) present the H-bonding interactions, van der
Waals interactions, and strong repulsion effects, respectively.**
It clearly shows four low gradient peaks in the blue region
(negative values) for both the glycerol-VG system and the gly-
cerol-VG-surfactant system, indicating strong hydrogen bonds
present in the above systems. Compared with glycerol-VG, the
interaction spikes of surfactants with glycerol-VG are more
intensive, indicating a higher strength of H-bonding inter-
actions between the surfactants and glycerol-VG system.
Moreover, the intermolecular interaction energies of different
systems were also calculated. The interaction energy of the gly-
cerol-VG system was —32.5 kcal mol ™', whereas the presence
of different surfactants led to a substantial decrease ranging

10134 | Green Chem., 2024, 26,10123-10138

from —38.1 to 48.4 kcal mol™, suggesting that surfactants
could effectively promote the reaction with glycerol-lignin
complexes. Commonly, glycerol, with its higher number of
—-OH groups, has more H-bonding interactions with lignin and
modifies lignin.® Incorporating surfactants into the system
further synergistically intensifies the weak interaction with
lignin due to the presence of extra -OH groups in surfactants,
as depicted in the 2D-HSQC and *'P NMR results. As Tween-
80 has a long straight ‘alkyl chain’, it becomes more exposed
to the energy force fields in a solvent system than other
surfactants.

The hydrogen bond number is a dependable indicator that
represents the interaction of glycerol-VG with different surfac-
tants. More specifically, the formation of H-bonds can be cate-
gorized into four positions: 01, 02, 03, and 04.>> Among
these, O1 and O2 refer to oxygen atoms participating in the
f-O-4 linkages and the two benzene rings connected by ether
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bonds in VG, respectively.>* O3 denotes the phenolic ~OH
group, while O4 includes the aliphatic -OH groups (i.e., O4aH,
a-OH, O4bH, and y-OH) of VG.>® Apparently, considering the
maximal number of H-bonds concerning the interaction
strengths of both the internal and auxiliary O atoms, the gly-
cerol-VG-Tween 80 system was vigorous than all others, pos-
sessing 18%, 26%, 11%, 23%, and 22% of O1, 02, 03, O4a,
and O4b, respectively. This analysis represents a more evenly
distributed H-bond formation with the O atoms compared to

View Article Online
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that with glycerol-VG. Overall, adding surfactants to the gly-
cerol-lignin systems could effectively promote the electrophilic
reaction and enhance the weak interaction with lignin.

3.6. Quantitative analysis between surfactant modification
and substrate hydrolyzability

The above characterization validated that the lignin structure
was modified during surfactant-assisted GO pretreatment. To
further evaluate the “structure—function” relationship between
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Fig. 5

and (c) quantitative correlation analysis of the factors affecting enzymatic hydrolysis after surfactant-assisted pretreatment.
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surfactant modification and substrate hydrolyzability, a quan-
titative analysis was conducted based on various hydrolysis-
related parameters, including the pore structure, surface pro-
perties, cellulose accessibility, and functional groups.

Fig. 5a shows the free enzyme content in the supernatant
after 72 h enzymatic hydrolysis. For the GO-pretreated sub-
strates, the free enzyme content was 27.8%, which was much
lower than those of the surfactant-assisted GO-pretreated sub-
strates (38.9%-46.9%). Generally, the higher free enzyme
suggests that the cellulases can quickly act on the substrates
by adsorption/desorption.’ Since adding surfactants did not
significantly change the component distribution and the
physical pore size of the pretreated substrates (see section 3.1),
the physical barrier of cellulase accessibility to substrates
could be neglected. However, notably, the chemical structure
of residual lignin, which tends to dominate the non-productive
adsorption of cellulases, was obviously changed via etherifica-
tion grafting of the surfactants. Therefore, such structural
modification led to a greater free enzyme concentration in the
supernatant.

To identify the inhibition degree of enzymatic hydrolysis by
the non-productive adsorption of the residual lignin, the pre-
treated substrates were incubated with BSA (without cellulase
addition). The differences in 72 h glucose yields before and
after incubation with/without BSA were considered as the con-
tribution of non-productive adsorption. Apparently, the contri-
bution of the GO-pretreated substrates to the non-productive
adsorption was calculated as 37.3%, whereas that of the surfac-
tant-assisted GO-pretreated substrates showed a sharp
reduction in the range of 4.9%-8.3% (Fig. 5b). The low non-
productive adsorption effect was also due to the surfactant-
induced lignin modification, which decreased the hydrogen
bonding interaction between the phenolic -OH groups of
lignin and cellulases. Altogether, the results involving the free
enzyme content, non-productive adsorption, and glucose yield
(as indicators to analyze substrate hydrolyzability) were used to
develop the quantitative correlation analysis.

As shown in Fig. 5c, the glucose yield exhibited a strong
positive correlation with the free enzyme content (0.98), while
it had an opposite negative correlation with the non-productive
adsorption (—0.99). Typically, lignin can bind into cellulases
through non-productive adsorption, thereby reducing the free
enzyme availability.” For the substrate properties, the corre-
lation coefficients of the specific surface area, pore volume,
cellulose accessibility, and crystalline nature with glucose yield
(-0.24-0.33), free enzyme content (—0.07-0.46), and non-pro-
ductive adsorption (—0.18-0.39) were extremely low. Thus, the
contributions of these parameters to improving substrate
hydrolyzability were limited during the surfactant-assisted GO
pretreatment. Differently, there was a high negative correlation
between the lignin structure and substrate hydrolyzability. The
correlation coefficients of the aliphatic -OH group content
with glucose yield and free enzyme content were —0.92 and
—0.87, respectively, and those of the total phenolic -OH
content reached up to —0.93 and -0.98, respectively. The
strong correlation between the phenolic/aliphatic -OH content

10136 | Green Chem., 2024, 26, 10123-10138
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and non-productive adsorption (0.87/0.96) also underscored
the importance of surfactant modification in promoting sub-
strate hydrolyzability by decreasing the total phenolic/aliphatic
-OH content. On the other hand, the PDI of lignin showed a
good correlation with the glucose yield (0.85) and free enzyme
content (0.92), and this was due to the changes in the mole-
cular weight distribution of lignin through surfactant grafting.
Considering that both electrostatic repulsion and hydrophobic
interaction between lignin and cellulases were weakened by
surfactant-induced lignin modification, the zeta potential of
lignin had a moderate negative relevance to non-productive
adsorption (—0.77), while that of the contact angle was only
0.60.

Combined with characterization and quantitative corre-
lation analysis, the secrets of harnessing a surfactant-assisted
organosolv pretreatment strategy for efficient enzymatic hydro-
lysis are attributed to the dual solvent/surfactant modification
of the residual lignin structure in the pretreated substrates,
rather than the component fractionation of LCB. Compared
with the conventional organosolv pretreatment, the introduc-
tion of surfactants plays an important role in reducing
H-bonding interaction between lignin and cellulases through
decreasing the phenolic -OH content of lignin. This positive
effect in promoting enzymatic hydrolysis is superior to mitigat-
ing hydrophobic and electrostatic interactions through altering
lignin surface properties. The structural and physical pro-
perties of surfactants may be closely related to the structural
modification of lignin. Thus, customizing surfactants with
structure-oriented modifications to facilitate substrate hydro-
lyzability is a potential research focus.

4. Conclusions

This study investigated the incorporation of different non-
ionic surfactants (i.e., Triton-X 100, AEO 9, and Tween 80) in
the organosolv pretreatment for in situ lignin modification to
suppress the adverse effects of residual lignin on enzymatic
hydrolysis. Adding these non-ionic surfactants significantly
enhanced the substrate hydrolyzability, though without chan-
ging the main component distribution. Notably, they could
chemically react with the hydroxyl groups of lignin through
etherification. Based on the molecular dynamic simulations,
the surfactant-lignin mixture had strong H-bonding inter-
action and van der Waals force. Furthermore, such grafting
reaction altered the surface properties and functional groups
of lignin, endowing the etherified lignin with fewer hydroxyl
groups and reduced negative charge. The relationships
between the structure and function indicated that the etheri-
fied lignin exhibited lower non-productive adsorption onto
enzymes; the reduced hydroxyl groups (especially phenolic
—-OH) played a predominant role in mitigating the H-bonding
interaction between lignin and cellulases, affording satisfac-
tory fermentable sugar production. Overall, the advanced sur-
factant-assisted pretreatment holds great promise as an
efficient process for enzyme-mediated lignocellulosic biorefi-
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neries. Surfactant types are closely related to the pretreatment
effects and lignin modification. The mechanism by which
etherification grafting modifies the lignin structure to enhance
substrate hydrolyzability still requires further investigation in
future studies to assess its applicability across different
surfactants.
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