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Abstract

The key factor in lignocellulosic biorefinery is to extract maximum sugars from biomass as feedstock for the process of
fermentation. The major barrier in extracting the sugars is the presence of lignin of biomass that primarily restricts the
accessibility of cellulose to enzymes. Therefore, it is important to locate the presence and morphology of lignin to assess the
reaction severity. In most of the severe pretreatment conditions, lignin is observed to condense and form spherical droplets
on the surface of treated biomass. Such formation of pseudo-lignin differs in the action of cellulose hydrolysis from that of
the initial or residual lignin content of biomass. In view of that, the present review is focused on the impact of various pre-
treatment techniques on the morphological changes in lignin and its subsequent redeposition or redistribution effect towards
enzymatic hydrolysis process. Initially, the effect of different pretreatment methods is assessed which primarily resulted into
the occurrence of lignin redeposition on the surface and interior of biomass. Thereafter, an in-depth insight is provided to
understand the underlying mechanism of such formations of pseudo-lignin under severe reaction conditions. Finally, the study
is concluded discussing the future recommendation to circumvent the interference of pseudo-lignin on enzymatic reactions.
Hence, the present review article will not only help the readers to gain the knowledge on the formations and problems of
pseudo-lignin obtained from biomass but also details the latest advancements that are involved to overcome the inhibitory
effect of pseudo-lignin during the enzymatic hydrolysis of biomass.

Highlights

The ultrastructural morphology of pseudo-lignin in the form of droplets are discussed.

The various pretreatment processes that are responsible for the formation of pseudo-lignin are described.

An insight on the reaction mechanisms is provided for the impact of pseudo-lignin towards enzymatic hydrolysis.
Advances processes to overcome the inhibitory effect are comprehensively summarized.

Associated challenges and future recommendations are demonstrated.
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also observed as a barrier towards an efficient conversion of
biomass to bioenergy. In order to make the conversion pro-
cesses easier, a number of different pretreatment strategies
are demonstrated for the removal of substantial portions of
lignin from the biomass [5]. In view of that, it was observed
that few of the techniques, employing acid and hot water
pretreatment significantly, disrupts the biomass network with
an insignificant removal of the lignin content [6-8]. So, an
in-depth understanding on the ultrastructural complexity of
the biomass is still unclear. To comprehend on the location
and nature of lignin that generally stuck with the pretreated
solids, a structural investigation was carried out to track the
lignin of biomass [9]. It was claimed in the study that the
heterogeneous nature of lignin is due to the variable com-
position. Primarily, the formation and deposition of lignin
in biomass typically vary based on the cell and tissue type.

Over the years, the aim of most of the research activities
are objected towards identifying the nature of lignin and
development of the pretreatment processes that are effec-
tive in the removal of lignin. Among other additional fac-
tors, the close interaction of xylan and cellulose of biomass
typically affects the process of enzymatic hydrolysis [10].
Further, alkaline treatments involving alkaline peroxide and
lime are also studied which are dedicated towards removal
of lignin, while acidic pretreatments demonstrate the abil-
ity for hemicellulose removal [11, 12]. In spite of that, it is
hypothesized that the pretreatments which do not participate
in the process of lignin removal might influence the distribu-
tion and structure of lignin present in biomass [13]. During
high-temperature-based wood pulping processes, the micro-
scopic detection of globular formations on the periphery of
pretreated biomass closely relates to the presence of lignin in
wood pulp. In an another work, the appearance of droplet on
the pretreated solids obtained from dilute acid pretreatment
of corn stover suggests the feasibility of lignin-derived prod-
ucts [14]. The similar formation of droplets is also observed
on the surface of lignin model compounds which were syn-
thesized with the aid of enzyme catalysis [15].

Generally, the pretreatment process leads to produce both
of the liquid and solid fractions of biomass that mostly con-
tain lignin fragments and different forms of carbohydrates
[16, 17]. The solid fraction is mostly enriched with cellulose,
while the liquid phase contains several sugar-based degrada-
tion compounds such as furan compounds and organic acids
like levulinic and formic acids. Now, such products undergo
a series of reactions like condensation and aromatization
for the formation of pseudo-lignin which acts as a barrier
towards the enzymatic hydrolysis of cellulose [18, 19]. Pri-
marily, pseudo-lignin appeared as droplets that are mainly
attached over the surface of biomass and significantly con-
tribute to the Klason lignin content of pretreated biomass.
In the recent times, researchers are more focused on apply-
ing models to study the synthesis of pseudo-lignin and its
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structural characterization. Sannigrahi et al. [20] prepared
pseudo-lignin from poplar holocellulose using sulfuric acid
at 160—180 °C temperature. As a result of characterization,
the polyphenolic pseudo-lignin is observed to contain differ-
ent aliphatic and aromatic functional groups. Ma et al. [21]
conducted X-ray photoelectron spectroscopy (XPS) of the
bamboo chips which was pretreated at high temperature of
170 °C with deionized water for different time intervals. The
existence of the cyclic structures and functional groups in
pseudo-lignin was cross-verified with the increase in C1 cat-
egory and a decrease in C2 category. He et al. [18] attempted
to investigate the reaction pathways for the generation of
pseudo-lignin using two different sugars as model com-
pounds, and as a result, a drastic difference in the quantities
of functional groups was noted in pseudo-lignin samples.
In addition, a kinetic model of pseudo-lignin was proposed
as a pathway of several reaction kinetics models involving
xylan and lignin. So, a number of different research articles
are available on the synthesis of pseudo-lignin and typically
depend on the assumptions involved in the basic reaction
pathways for the generation of pseudo-lignin.

A comprehensive detailing on the synthesis of pseudo-
lignin and the underlying mechanism on how it affects the
enzymatic hydrolysis of pretreated biomass is rarely avail-
able in the existing literatures [22]. Therefore, the present
review article is not only focused on the nature and forma-
tions of pseudo-lignin from biomass but also details the lat-
est advancements on its effect during enzymatic hydrolysis
of biomass. In view of that, the ultrastructural morphology
of pseudo-lignin in the form of droplets on the residual and
pretreated biomass is exhaustively studied. Thereafter, the
inhibitory effect of pseudo-lignin in enzymatic hydrolysis of
biomass is discussed with an insight on reaction mechanism
of the inhibition. Further, an advancement in the pretreat-
ment processes is critically analyzed to summarize the routes
like acid, hydrothermal, and steam explosion treatment that
specifically leads towards the formation of pseudo-lignin.
The future recommendation presents the probable strategies
to circumvent the interference of pseudo-lignin on enzymatic
reactions. Hence, the readers might get benefitted with the
details on the formation and characterization of pseudo-
lignin and its regulatory impact upon enzymatic hydrolysis
of lignocellulosic biomass.

Ultrastructural Morphology of Lignin
Droplets on Biomass

In most of the analytical studies, SEM images are primarily
observed for pretreated biomass samples which show dis-
crete droplets on the exterior of cell wall (Fig. 1). The drop-
lets are observed on biomass samples as a result of acid pre-
treatment using 0.8% of H,SO, performed in several types
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Fig. 1 SEM image of pretreated corn stover biomass showing numer-
ous round-shaped lignin droplets obtained after dilute acid pretreat-
ment using 0.8% of H,SO,. Reprinted with permission from Donohoe
et al. [9]

of reactors. Most importantly, the type of the pretreatment
and reactor involved showed maximum influence on the
overall features of the droplets. Moreover, Fig. 2 shows the
variation in the size of droplets for multiple classes of pre-
treated corn stover which are identified by the morphological
characteristics. The complicated network of lignin and the
plant biomass matrix attribute towards such variability in the
synthesis of lignin droplets. A variation in the size of drop-
lets starting from 5 nm to 12 mm in diameter are typically
observed in most of the cases. Few of the droplets are spheri-
cal with the surface touching the base, while some droplets
are combined together to form a lager droplet (Fig. 2A). In
another way, most of the droplets contain smooth exterior
while the others show a rough surface coating (Fig. 2B). The
surface of the droplets with rough exterior is hypothesized
as the lignin core materials which are surrounded by the
carbohydrate shell [9].

A number of several investigations are ongoing to synthe-
size the composition of such droplets. It was observed that
the most available surface droplets formed from pretreat-
ments are of 20—100-nm diameter and easily isolated from
the biomass by placing onto filter paper within a reaction
system. Such droplet classes are helpful to provide the infor-
mation on the structural composition and the reaction mech-
anism involved in the formation. Moreover, Fig. 2C shows
that the redeposited lignin droplets are well spread over the
cell wall surface. Primarily, there are three different layers
in the cell wall regions that are mostly responsible to accu-
mulate maximum number of droplets. From the SEM and
TEM analyses, it was revealed that the pits are more prone to
gather the droplets near to the cell wall portion of biomass.
Sometimes, a pit is surrounded by a cluster of droplets while
in other cases single droplets are sometimes enough to chunk

Fig. 2 Distinct morphologies of lignin droplets on the surface of the
pretreated corn stover biomass. A Small droplets combined with each
other for the formation of larger droplets. B Spherical droplets with
rough surface. C Lignin droplets with smooth surface. Reprinted with
permission from Donohoe et al. [9]

the pit channel. Like pits, cell corners also exhibited a simi-
lar gathering of droplets. Sometimes, it becomes difficult to
separate the cell corner from the margin of the cell as it is
nearly filled with droplets. At last, the final one of droplet
gathering is the delamination zone in which the lignin drop-
lets fill the space available to them and they do not readily
form spheres. In reality, the reagents and enzymes used for
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the movement of pretreatment solution became troublesome
as the droplets tend to gather in the same regions and thereby
create a problem for enzymes to access such zones. In most
of the cases, the actual lignin content of the biomass does
not necessarily migrate out of the wall and as a result rede-
posited over the cell wall surface. It was possible to track
the location of lignin using staining procedure of ultra-thin
sections of cell wall using KMnO,. The droplets appeared
on the surfaces are actually observed with a layered pat-
tern of droplet-like densities throughout the cell wall [9].
Therefore, it is more likely as homogenous distribution of
lignin coalesces and migration towards a more localized and
concentrated form of lignin. Under acidic conditions, the
formation of pseudo-lignin from the degradation of carbohy-
drates is primarily responsible to increase the Klason lignin
content of the pretreated biomass. It was observed that at the
most severe pretreatment conditions, the p-dioxane-soluble
Klason lignin or pseudo-lignin fraction is more than that of
the isolated obtained from the starting holocellulose content
of hybrid poplar biomass [20]. This was attributed that not
only large amounts of pseudo-lignin are generated during
the acid hydrolysis but also the additional Klason lignin is
formed solely from the carbohydrates of the biomass. Such
appearance of lignin in the form of spherical droplets was
confirmed through the SEM images of the pretreated bio-
mass at severe reaction conditions. Hu et al. [23] observed
the formation of pseudo-lignin from both of the fractions of
cellulose and holocellulose content during acid hydrolysis
of poplar biomass. It was studied that different functional
groups like carbonyl, carboxylic, aromatic, and aliphatic
structures were present in the pseudo-lignin obtained from
pretreated cellulose and holocellulose. Schmatz et al. [24]
applied different combinations of pretreatment techniques
prior to acid hydrolysis of sugarcane bagasse at 121 °C for
30 min. It was observed that extractive free biomass leads
to reduce the formation of pseudo-lignin content during acid
hydrolysis process.

Deposition of Lignin Droplets and Its
Underlying Mechanism in Inhibiting
Enzymatic Hydrolysis of Biomass

Unproductive Binding

Primarily, lignin is well recognized for its inhibition activity
once bind with cellulase and further restricts the action of
cellulase enzyme. It was observed that the addition of lignin
derivatives obtained from pretreated poplar to a hydrolysis
mixture negatively affect the conversion of Avicel cellulose
thorough irreversible binding [25]. However, the effect of
such conversion typically varied with the type of pretreat-
ment and methods adopted for isolation of lignin from
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pretreated biomass. Actually, lignin depolymerization and
repolymerization reactions are often occurred as a result of
different pretreatment methods. Primarily, carbocations are
formed as a primary intermediate product during the pro-
cess of acid hydrolysis. Subsequently, the soluble phenolics
are obtained from such carbocations and assumed to inhibit
the hydrolysis of liquid hydrolysate [26]. Such carbocations
are responsible to condensate with other aromatic rings
and repolymerization of insoluble lignin [27]. During such
repolymerization reactions, lignin are observed to loss few
of the hydrophilic functional groups and thereby enhanced
the hydrophobic interactions with cellulase enzymes [28].
During the process of pretreatment, the carbohydrates lead
to form a number of different lignin like substances which
are appeared as lignin-like materials and commonly termed
as pseudo-lignin that typically inhibit further enzyme effi-
ciency through unproductive binding with cellulase enzyme
(Fig. 3).

Kumar et al. [29] hydrolyzed Avicel cellulose along with
pseudo-lignin, derived from xylose, to study the unpro-
ductive binding with cellulase enzyme. As a result of such
enzymatic conversion, the xylose-derived pseudo-lignin
exhibited an insignificant effect on the initial cellulose con-
version. It is interesting to note that at prolonged hydrolysis
time, the addition of small amount of pseudo-lignin showed
a significant impact on cellulose conversion at any of the
cellulase loadings. There is the availability of numerous
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Fig.3 Flow chart showing the mechanism of reactions involved in
the process of non-productive binding of lignin onto enzymes
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research studies that are mostly based on the effect of
pseudo-lignin on enzymatic hydrolysis of biomass. How-
ever, this is important to consider the adsorption behavior
of both of the lignin and pseudo-lignin on the enzymes. In
a recent study on acid-pretreated bamboo residues, it was
observed that the pseudo-lignin exhibited similar adsorp-
tion capability to enzymes as lignin in the fast adsorption
process. However, the pseudo-lignin generated from glucose
took longer time in slow adsorption process than the pseudo-
lignin which was generated from xylose. In addition, lignin
showed faster desorption capability to enzymes than that
of the pseudo-lignin [30]. Shinde et al. [31] reported that
the intermediates formed from furfural and HMF ultimately
condensed to form pseudo-lignin. Figure 4 represents the
possible routes of the formation of pseudo-lignin obtained
from the intermediates of cellulose degradation products.
Most importantly, such non-specific bindings of lignin with
enzymes are occurred through a number of different inter-
actions such as hydrophobic, electrostatic, and hydrogen
bonding [32-34]. The presence of amino acids determines
the hydrophobicity of any biomass, and in addition, the
hydrophobicity is also dependent on the presence of lignin
[35]. It is also observed that such hydrophobicity of bio-
mass is eventually increased in the presence of high lignin
content, thus negatively affecting the process of biomass
hydrolysis. Zhang et al. [34] studied the interactions of two
glucanases, namely, TVEG and TrCel7A, with three different
types of lignin isolated from raw aspen wood biomass, and
as a result, both of the enzymes exhibited an adsorption phe-
nomenon with the lignins due to hydrophobic interactions.
However, such interactions were significantly reduced by
the presence of negatively charged lignosulphonate. Apart
from the hydrophobicity, another major driving force is the
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Fig.4 Possible routes for the generation of pseudo-lignin from the
pretreatment of biomass. Reprinted with permission from [37]

electrostatic interaction which is typically involved in non-
productive adsorption of lignin onto cellulase. The major
interactions take place among the functional groups pre-
sent on the biomass with various amino acids that exist on
the surface of the enzyme. It is important to state that zeta
potential is an important parameter which determines the
impact of electrostatic interactions with lignin and enzyme
in overall attraction or repulsion between substrate and
enzyme [36].

Surface Blockage

A number of different articles reported that the hydrolysis
of cellulose is manifested through layers of microfibrils of
the surface of biomass and continues in one direction using
one enzyme molecule [38]. Therefore, the inhibitory effects
of lignin droplets on enzymatic hydrolysis not only occurred
due to the prevention of the enzymes from proceeding along
the surface of the substrate but also thorough blocking the
accessibility of the enzymes into the inner layers of biomass.
Hence, the blockage on the surface of biomass is primarily
responsible for delaying the hydrolysis process by the lignin
droplets. However, the question is raised once the drop in
inhibition occurred with extended conversion of the sub-
strate molecule which attributes towards the probability of
relieving the physical barrier, imposed by such lignin drop-
lets. One of the possible reasons was explained through the
concept of traffic jam for enzyme linear movements on the
cellulose surface which ultimately slows down the action of
enzyme on cellulose [39]. Moreover, the other phenomenon
is enzymatic deinking which is usually referred in the pulp
and paper industry. As per this theory, the ink particles are
assumed to be peeled off along with small fibrils from the
surface of the biomass which facilitate the modification of
substrate surface chemistry like hydrophobicity [40]. The
analysis to detect the actual reason is one of the difficult
tasks to perform. However, the experimental studies con-
firmed the drop off phenomenon of lignin droplets with
the progress in biomass hydrolysis as the UV absorbance
of enzymatic hydrolyzate increased significantly with the
increase in hydrolysis time, attributing removal of more
lignin droplets from the cellulose surface into the bulk liq-
uid phase.

Major Pretreatment Processes
for the Deposition of Lignin Droplets

The process of pretreatments is frequently employed as an
important step in the conversion of lignocellulosic biomass
to bioethanol [41, 42]. Such pretreatments significantly
disrupt the lignocellulosic structure and remove hemicellu-
loses for making the cellulose accessible towards enzymes.
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During this process, a portion of the carbohydrates are trans-
formed into furfural and hydroxymethylfurfural. A number
of different pretreatment processes are studied as responsible
for the formation of lignin droplets or pseudo-lignin which
resulted into final disposition onto the surface of biomass.
Among others, acid and hydrothermal pretreatments are
observed to contain significant amount of pseudo-lignin as
a result of pretreatment severity. Table 1 shows different
types of pretreatment processes that are responsible for the
formation of pseudo-lignin on the treated biomass and their
subsequent effect in the process of enzymatic hydrolysis.
Among others, acid pretreatment, steam explosion pretreat-
ment, and autohydrolysis of biomass is majorly responsible
for the generation of such formations.

Acid Pretreatment

Dilute acid pretreatment was mostly employed due to its
immense ability to isolate pseudo-lignin from the carbohy-
drate fraction of hybrid poplar biomass. This experiment
was conducted in order to investigate the chemical structure

of pseudo-lignin of biomass and its interaction with cellu-
lase enzyme [23]. It was observed that due to acid-catalyzed
dehydration reaction, the cellulose and hemicellulose frac-
tion of hybrid poplar biomass underwent fragmentation,
rearrangement or polymerization reactions for the forma-
tion of an acid-insoluble material referred as pseudo-lignin,
made up of carbonyl, carboxylic, aromatic, and aliphatic
structures. Moreover, pseudo-lignin significantly inhibits the
enzymatic hydrolysis of cellulose. Therefore, dilute acid pre-
treatment with less severity was preferred in order to circum-
vent the formation of pseudo-lignin. In another experiment,
Kumar et al. [29] conducted dilute acid pretreatment using
Avicel and beech wood xylan at various reaction conditions.
It was observed that hemicellulose-derived pseudo-lignin
was formed even at moderate severities and significantly
retarded cellulose hydrolysis. Due to formation of negligible
amounts of pseudo-lignin at low severe dilute acid pretreat-
ment of a xylan-Avicel mixture, enzymatic conversion of
cellulose dropped significantly (> 25%) compared to that
of the cellulose solely pretreated under the same reaction
conditions. Xu et al. [50] conducted ethylenediamine-based

Table 1 Events of lignin redeposition on different types of biomasses and its impact on structural configuration and enzymatic hydrolysis pro-

CEess

Biomass Pretreatment

Remarks on lignin redeposition References

Sugarcane bagasse Hydrothermal and organosolv pretreatment

Poplar Batch and flow-through hydrothermal pretreatment

Bamboo Acid pretreatment

Birch Steam explosion

Spruce Autohydrolysis

Moso bamboo Acid and alkaline pretreatment

Elephant grass Organosolv and alkaline pretreatment

Sugarcane bagasse Acid pretreatment

The hydrothermal pretreatment leads to form an irregular  [43]
arrangement of the lignin, whereas organosolv pretreat-
ment is observed to redeposit a fraction of lignin on the

surface of cellulose fibers

On a nutshell, the early stage of hydrothermal pretreat- [44]
ment resulted in the formation of more lignin on the
surface of biomass, while the lignin content was reduced
with the time. However, pseudo-lignin formation was
not observed on the poplar surface during the flow-
through process

The residual lignin in pretreated biomass and pseudo- [30]
lignin generated from glucose consume longer time in
reducing the adsorption process with enzyme than the
pseudo-lignin obtained from xylose

The pretreatment process resulted in the formation of [45]
pseudo-lignin from the carbohydrate degradation prod-
ucts. However, the effect on enzymatic hydrolysis was
not explored in this study

The addition of resorcinol in autohydrolysis promotes [46]
repolymerization reactions and decreased the biomass
digestibility by enhancing the unproductive binding with
cellulase enzyme

The adsorption affinity and binding strength of cellulase [47]

on acid-pretreated bamboo lignin were reported to be

higher compared to that of the residual lignin present in

alkali-treated biomass
The lignin droplets on the surface of pretreated elephant [48]

grass limited their hydrolysis performances

With the increase in acid concentration from 0 to 1%
(w/w), the formation of pseudo-lignin was also increased
from1l.4to4.2¢g

[49]
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pretreatment of corn stover under acidic conditions, and
interestingly, a total of 27 g of lignin was obtained from
both of the solid-pretreated biomass and the liquid filtrate
obtained after the thermochemical pretreatment reactions.
An increase of around 5.0 g of lignin after the pretreatment
attributes the contribution from the generation of pseudo-
lignin during thermochemical acid-based pretreatment.
Huang et al. [51] used different concentrations of sulfuric
acid for pretreatment of poplar saw dust, and it was observed
that with the increase in acid concentration from 2 (w/w) to
4% (w/w), the formation of pseudo-lignin was also increased
due to self-condensation of lignin and generation of car-
bohydrate degradation products under acidic conditions.
Similarly, the alkali-pretreated pine biomass leads to form
significant fraction of pseudo-lignin once impregnated with
3% sulfuric acid under high temperature of 200 °C for 5
min [52]. In another similar kind of work, Lin et al. [53]
extracted different fractions of surface lignin from acid-pre-
treated bamboo residues, and with the removal of surface
lignin, the yield for enzymatic hydrolysis of pretreated bio-
mass decreased from 36.5 to 18.6%.

Steam Explosion Pretreatment

Troncoso-Ortega performed steam explosion pretreatment
of E. globulus which typically intensified the enzymatic
hydrolysis of the pretreated cellulose [54]. The microscopic
analysis revealed a correlation between the pretreatment
severity and the degree of changes of redistributed lignin.
As far as the lignin redistribution is concerned, the micro-
and nanodroplets of lignin are observed on the surface and
the interior of the E. globulus fiber. Moreover, with respect
to the chemical changes of redistributed lignin, it presented
a higher degree of condensation as severity increased. These
physical-chemical effects were correlated with a greater sol-
ubilization of xylans from biomass to the liquid phase, due
to the action of acetyl groups of the raw material. The solu-
bilization of the xylans could be the main phenomenon that
leads to the dissociation of the carbohydrate—lignin com-
plex, promoting the degradation of the fiber structure and
the redistribution of lignin. The migration and redistribu-
tion of lignin in the residual biomass significantly improved
enzymatic hydrolysis. In another work, Aurum et al. [45]
conducted steam explosion pretreatment of birch stem wood
at 170-200 °C temperature for 10 min of residence time for
the analysis of pseudo-lignin obtained from biomass. The
pyrolysis—gas chromatography—mass spectrometry analy-
sis of the treated biomass revealed that pseudo-lignin is a
humin-like substance. However, there are very few litera-
tures available on the effect of steam explosion pretreatment
for the formation of pseudo-lignin and its impact on subse-
quent enzymatic hydrolysis process.

Autohydrolysis

Primarily, autohydrolysis pretreatment assists to remove
the lignin content in biomass with the removal of hemicel-
luloses. However, it was observed that autohydrolysis pre-
treatment is not effective for softwood lignin removal [55].
Another problem with the autohydrolysis treatment is the
repolymerization reaction of lignin due to the release of ace-
tic acid from hemicellulosic fraction of biomass. Based on
the type of the biomass and reaction severity, such acidic
atmosphere leads to produce carbocation ions which are
responsible for the repolymerization reaction. Moreover, the
carbocations are also assumed to act as intermediates for
depolymerization reaction especially through the breaking
of p-aryl ether linkages (Fig. 5) [56, 57]. Further from the
figure, the formation of electrophilic carbocations is due to
the interactions between stable C—C bonds with the electron-
rich carbon atoms of the aromatic rings present in lignin.
The effect of autohydrolysis was studied on both the interior
and exterior surfaces of bamboo to look into the formation
of droplets with an increased amount of lignin. Moreover,
compared to that of the interior surface, the droplet spheres
were more vibrant on the exterior surfaces. At the final stage
of pretreatment, the precipitates are combined with the drop-
lets for the formation of lignin shelter on the exterior surface
of bamboo [58]. Moreover, Zhuang et al. [59] demonstrated
the possibility towards the formation of pseudo-lignin during
the cooling process followed by hot water pretreatment of
biomass. Furthermore, a progressive deposition of 19.6 mg
of cooling-induced pseudo-lignin per g of the treated wood
was detected on the surface during cooling process whereas
no such formation of pseudo-lignin on the treated biomass
was observed once collected isothermally.

Advancement in the Processes to Overcome
the Interference Effect of Lignin Deposition
During Enzymatic Hydrolysis of Biomass

Among others, acid pretreatment of lignocellulosic biomass
using dilute sulfuric acid is mostly explored as an effective
strategy for breaking down the intricate network of biomass
and to subsequently improve the process of enzymatic sac-
charification [60]. However, it was observed that lignin is
condensed and redeposited on the biomass surface as a result
of acid pretreatment, thereby acting as an obstacle towards
enzymatic access of cellulose. Schmatz et al. [24] conducted
a detail study on the formation of pseudo-lignin using dif-
ferent structural parts of sugarcane bagasse under several
process conditions, and it was observed that the extractive-
free biomass leads to produce less amount of pseudo-lignin
prior to the acid pretreatment compared to that of the raw
biomass. In addition, co-solvent-enhanced lignocellulosic
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fractionation process was recently employed as an emerg-
ing pretreatment process for the removal of significant frac-
tion of biomass lignin. The lignin is preferentially dispersed
using the tetrahydrofuran (THF), water, and dilute acid man-
ifesting towards its easy removal from carbohydrate matrix
and prevents further lignin redeposition [61]. As a result,
significant yield of glucose was obtained from the result-
ing pretreated solids due to their high digestibility. Though
the removal of hemicellulose and lignin plays a significant
role in obtaining higher conversion of carbohydrates from
CELF-pretreated solids, the actual impact of residual lignin
on the action of enzyme is yet to be explored. In view of
that, Patri et al. [62] developed co-solvent-enhanced ligno-
cellulosic fractionation (CELF) method in order to solubi-
lize lignin and to decrease the limitations associated with
acid pretreatment. It was observed that with an incubation
period of 5 weeks and enzyme doses of 2 mg protein/g, an
enzymatic hydrolysis of CELF-pretreated switchgrass at
7.5% (w/w) of solid loadings attributes towards glucan to
glucose yield of more than 90%. In another work, different
phenolic derivatives are added to investigate the mitigating
effect of lignin inhibition for better enzymatic hydrolysis.
Chu et al. [28] observed that among other tested conditions,
addition of 2-napthol in the reaction medium significantly
enhanced with 21.9% of improvement in the conversion of

@ Springer

enol ether. ¢ Acid hydrolysis of enol ether. d Lignin repolymeriza-
tion. Reproduced with permission from [46] from the Royal Society
of Chemistry

cellulose through minimizing the blocking effect of lignin on
washed and pretreated biomass. Hu et al. [63] observed that
the addition of dimethyl sulfoxide in the reaction mixture
of dilute acid pretreatment substantially reduced the gen-
eration of pseudo-lignin. The formation of hydroxymethyl
furfural was stabilized as a result of such addition of novel
mixture. Therefore, the overall formation of pseudo-lignin
was restricted or controlled. Thereafter, Lu et al. [48] per-
formed enzymatic hydrolysis of elephant grass, and in the
presence Trx-His-S as an additive, the alkali-pretreated bio-
mass resulted in an enhanced production of reducing sugars.
Therefore, the addition of Trx-His-S is believed to prevent
the lignin-binding sites and subsequently reduce the non-
productive adsorption of cellulase onto lignin, ultimately
leading towards the favorable condition for an enzymatic
hydrolysis of biomass. Another tactical strategy to reduce
the non-productive binding of lignin is to increase the sur-
face negative charge of cellulase so that a repulsion force
between lignin and cellulase enzyme ultimately resulted in
an enhanced saccharification of biomass [64]. Furthermore,
it was observed that cellulose-binding domains of cellulase
enzymes derived from few fungal species typically bind to
lignin along with cellulose [65]. In view of that, Rahikainen
et al. [66] expressed cellulase enzyme without cellulose-
binding domains and as a result, a significant reduction in
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non-productive binding of lignin to cellulase enzyme was
observed which proved that the absence of cellulose-bind-
ing domain in cellulase enzyme significantly improved the
saccharification efficiency of biomass. Likewise, moderate
genetic engineering with the lignin of plant origin can also
be done in order to reduce the guaiacyl monolignol con-
tent of softwood biomass which are responsible to directly
inhibit the enzymatic saccharification efficiency of biomass
[67]. As far as the structural modification of lignin is con-
cerned, the hydrophobicity of phenolic hydroxyl groups is
mainly responsible for the inhibition of cellulase due to the
non-production adsorption onto it. Therefore, a significant
reduction in the inhibitory effect of lignin was observed due
to hydroxypropylation reactions of free phenolic hydroxyl
groups [68]. This is an important fact that lignocellulosic
conversion into the production of fermentable sugars is a
costly affair, in which pretreatment and enzymatic hydrolysis
include more that 70% of total cost involvement in the entire
process of biofuel production. Now, the presence or absence
and formation of lignin nanoparticles typically influence
the overall cost shared by the process of pretreatment and
enzymatic hydrolysis. In most of the biomass processings,
the droplets of lignin are appeared as a result of high sever-
ity pretreatment conditions. Therefore, the selection of the
pretreatment process for a particular biomass is an impor-
tant criterion not only for reducing the formation of lignin
droplets but also to prevent nonproductive binding of lignin
with enzymes.

Challenges and Future Recommendations

As discussed, a number of various research articles are
available on different aspects of pseudo-lignin. However,
there are still scopes to explore for the better understand-
ing on the formation and impact of pseudo-lignin from
biomass. As far as the lignocellulosic biorefinery is con-
cerned, it is extremely important to understand the insight
on the reaction mechanisms involved in the generation of
pseudo-lignin as such biomaterials are observed as inhibi-
tory towards enzymatic hydrolysis process. An investiga-
tion to track the interaction between the spheres of pseudo-
lignin and cellulases demonstrated the detrimental impact
on enzymatic hydrolysis of cellulose. Moreover, this is
extremely important to comprehend of what components
of biomass is responsible for the formation of pseudo-
lignin which will assist to reach to a decision on selection
of the biomass and pretreatment techniques to overcome its
obstacles in the biorefinery processes. The droplet forms
of pseudo-lignin not only reduce the enzyme activity but
also contributes towards enzyme deactivation manifesting
the requirement of higher enzyme loadings for substantial
biofuel production from biomass. The major problem with

the aforementioned statement is high cost of the process
associated with higher enzyme loading. One significant
approach uses an acid-based mixture of THF-water co-
solvents for the solubilization of lignin and to overcome
the limitations associated with the pseudo-lignin generated
from acid pretreatment processes. Moreover, it was also
noticed that enzymatic hydrolysis of such pretreated bio-
mass is also able to bear a high enzyme activity with sub-
stantial production of glucose. In few of the investigations,
different attempts were made to utilize lignin droplets as
an activator to enzymatic hydrolysis of biomass in which
the presence of such spherical formation significantly
improved the saccharification efficiency of the biomass.

Conclusions

Among others, dilute acid pretreatment is primarily respon-
sible for acid-catalyzed dehydration and polycondensation
reactions of the carbohydrate fractions including cellulose
and hemicellulose for the generation of an acid-insoluble
pseudo-lignin, which mainly consisted of a number of vari-
ous functional groups like carbonyl, carboxylic, aromatic,
and aliphatic structures. It is interesting to note that pseudo-
lignin not only attributes towards the formation of Klason
lignin but also inhibits the enzymatic hydrolysis of carbohy-
drates present in biomass. Therefore, it is necessary to per-
form dilute acid pretreatment at lower severity conditions so
that the formation of pseudo-lignin can be minimized. Dur-
ing the process of biomass pretreatment, lignin transformed
into liquid state from solid and moves across the cell wall.
However, it forms round-shaped droplet on the surface of
pretreated biomass and moves slowly as the result of severe
pretreatment conditions. Now, the event of trafficking of the
lignin droplets is usually occurred under the influence of
severe pretreatment conditions which typically interferes
with the saccharification of carbohydrates present in the
biomass. In addition, the increase in the exposed surface
area of droplets negatively affects the process of biomass
saccharification. However, other important factors such as
pretreatment conditions, feedstock types, and selection of
the enzyme also affect as far as the real-time lignocellulosic
substrate is concerned.
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