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Abstract: Saccharification of lignocellulosic biomass is a fundamental step in the biorefinery of second
generation feedstock. The physicochemical and enzymatic processes for the depolymerization of
biomass into simple sugars has been achieved through numerous studies in several disciplines. The
present review discusses the development of technologies for enzymatic saccharification in industrial
processes. The kinetics of cellulolytic enzymes involved in polysaccharide hydrolysis has been
discussed as the starting point for the design of the most promising bioreactor configurations. The
main process configurations—proposed so far—for biomass saccharification have been analyzed.
Attention was paid to bioreactor configurations, operating modes and possible integrations of this
operation within the biorefinery. The focus is on minimizing the effects of product inhibition on
enzymes, maximizing yields and concentration of sugars in the hydrolysate, and reducing the impact
of enzyme cost on the whole process. The last part of the review is focused on an emerging process
based on the catalytic action of laccase applied to lignin depolymerization as an alternative to
the consolidated physicochemical pretreatments. The laccases-based oxidative process has been
discussed in terms of characteristics that can affect the development of a bioreactor unit where
laccases or a laccase-mediator system can be used for biomass delignification.
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1. Introduction
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Lignocellulosic biomass is currently the main exploited feedstock in several value
chains of the bio-based economy. Lignocellulose is a complex vegetable matrix consisting of
different macromolecules: cellulose, hemicellulose and lignin. The recovery of monomeric
sugars and their fermentation represents the central core of most of the biorefineries
based on lignocellulosic feedstock. Indeed, many commercial bio-based products are
produced by fermentation of these monomers: alcohols (ethanol, butanol, 1,4-butanediol
and 1,3-propanendiol), carboxylic acids (acetic acid, lactic acid and itaconic acid), and
esters (ethylacetate). Several others are in a late development stage and are close to
market maturity, such as succinic acid, adipic acid, xylitol and polyhydroxyalkanoate.
The hydrolysis of cellulose and hemicellulose can be effectively achieved via a chemical
route performed at high temperature (>200 ◦ C) and pressure (>20 bars) and under strong
acidic conditions (pH < 2). However, several by-products can be formed under such
severe conditions; their presence in the hydrolysate is strongly undesired because they
inhibit the subsequent fermentation process. For these reasons, the enzymatic hydrolysis
of cellulose and hemicellulose by cellulolytic enzymes has been developed up to the
industrial scale and is currently the benchmark technique, in sugar-based biorefinery, to
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granules characterized by irregular geometric features (wide particle size distribution,
broad porosity and irregular shape). Consequently, the industrial saccharification operation
occurs through heterogeneous liquid–solid reactions catalysed by: the substrates that are
the solid granules of delignified biomass, the products in the liquid phase that are the sugar
monomers produced by the hydrolysis, and the enzymes that are the soluble biocatalysts
also dissolved into the liquid phase. The reaction can occur if the cellulase adsorbs and
binds on the reaction sites of hydrolysis over the biomass surface. The main steps of the
enzymatic hydrolysis mechanisms are detailed in Section 2, together with some relevant
approaches to model kinetics for bioreactor design purposes. When a hydrolysis step is
performed, the enzyme moves along the cellulose chain, performing the hydrolysis of
β-glucosidic bonds. Some studies pointed out that the enzyme does not really desorb from
one reacted site and adsorb on the next one in space, but it better moves from one reaction
site to another, still keeping its adsorbed state [8,10]. Thus, the limited accessibility of
the biomass by the enzyme represents the main kinetic bottleneck of the operation. The
limitation can be due by both the mass transfer of the enzyme in the porous structure and
the adsorption on the reaction site of the biomass.
Bioreactors performing the enzymatic hydrolysis require a certain level of agitation
to promote the mass transfer and mixing of the phases. The time scale of the operation
is quite long (more than 48 h) and can be shortened by increasing the enzyme loading of
the reactor. However, as the enzyme is one of the most costly items, this would obviously
affect the economy of the operation [11]. Currently, cellulase cost ranges between 3 and
300 Euro/kg. For example, in the case of ethanol production from lignocellulose biomass,
this counts for 0.05–1 Euro/kg of the total production cost [11]. Thus, the operation asks
for a careful design of the bioreactor and an efficient use of enzymes as biocatalysts [8,12].
The main open issues revealed by the current state of the art are: (i) the balance between
high sugar yield (favored at diluted biomass working conditions—about 5%wt) and high
sugar concentrations in the liquid hydrolysate (favored in bioreactors working at high solid
loading >15%wt); (ii) the variability of biomass composition, typically affecting second
generation biorefinery, based on the valorization of lignocellulosic wastes that avoids a
comprehensive assessment of heterogeneous hydrolysis kinetics; and (iii) the continuous
use of the enzymes and difficult recycling hindered by the nature of the process involving
the adsorption of the biocatalyst on the solid substrate.
This review addresses fundamental aspects and possible strategies that play a role
at different scales in solving the above-mentioned crucial issues. The attention goes from
the microscale (kinetics) to the macroscale (bioreactor and process integration) through
the following sections, including literature analysis and discussion: (1) the kinetics of
heterogeneous hydrolysis of lignocellulosic biomass catalysed by cellulases and modelling
approaches as a basis for process and bioreactor design; (2) the principles of process design for saccharification and fermentation processes to maximize sugar and final product
yields; (3) bioreactor design strategies to accomplish batch and continuous enzymatic
hydrolysis of lignocellulosic biomasses; (4) the enzymatic depolymerisation of lignin catalysed by laccases as a potential process that may enable a fully enzymatic saccharification
of biomasses.
2. Kinetic Models of Enzymatic Cellulose Hydrolysis
Cellulose is a crystalline homopolymer made of glucose monomers. Hemicellulose
represents a variety of partial crystalline heteropolymers: xylan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan. Differently from cellulose, sugar monomers in
hemicellulose include not only glucose but also other C6 (mainly mannose, galactose and
rhamnose) and C5 monosaccharides (xylose and arabinose). When the β-glucosidic bonds
among the monomers of both cellulose and hemicellulose are hydrolysed, the lignocellulose biomass converted is a mixture of fermentable sugars. This process can occur when a
substrate deriving from a real lignocelullosic biomass is placed into contact with a mixture
of cellulases and hemicellulases.
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Kinetic models of enzymatic reactions are used in the rational design of bioreactors
according to the typical approach of chemical reactor engineering. In the case of enzymatic
hydrolysis of cellulose applied to the saccharification of lignocellulosic biomasses, the use
of kinetic models in bioreactor design is not a trivial issue. This is due to the heterogeneous
nature of the process and the variability of the biomass feedstock (as in a second generation
biorefinery), so this topic has been often addressed using simplified approaches that are
far from the deep knowledge of cellulase mechanism reported in some of the literature.
The current state of the art has been reported by Jeoh et al. [13] in a recent review paper.
They surveyed the most detailed mechanistic models of cellulose hydrolysis catalyzed by
cellulases. The main steps of the general mechanism are reported in Figure 2 and include:
(i) enzyme transport from the liquid bulk to the surface of biomass granules by convective
and diffusive mechanisms; (ii) enzyme adsorption on the biomass surface (throughout the
complex structure of polysaccharides and lignin); (iii) complexation of the polysaccharide
chain (substrate) and the active site of the enzyme molecule; (iv) hydrolysis of polysaccharides by the adsorbed enzymes, reaction, and release of products; (v) product transport
to the liquid bulk; (vi) homogeneous hydrolysis of soluble oligomers (e.g., cellobiose)
in the liquid phase catalysed by β-glucosidase; and (vii) enzyme desorption from the
biomass surface.

Figure 2. Illustration of the main steps of the cyclic mechanism of interaction between the hydrolytic enzyme molecule and
cellulose chain [13]. CBM—Cellulose Binding Module.

The rate limiting step is the complexation or decomplexation between the enzyme
(endoglucanase or exoglucanase) and the cellulose chain. Kinetic parameters assessed
for this step range between 10−4 and 5 × 10−3 s−1 . These values are almost one half
of the kinetic parameters assessed for enzyme adsorption and almost three orders of
magnitude lower than glycosidic bond hydrolysis parameters (1–7 s−1 ). Most of the
models assessing the initial rate were fitted against data from hydrolysis tests carried out
using microcrystalline cellulose (MCC) as a substrate. This method provided deep insight
into the enzyme mechanisms, but hinders the validation of the kinetic models against the
hydrolysis of cellulose as a component of a real biomass feedstock. Jeoh et al. [13] showed
how even detailed mechanistic models cannot be used for design purposes because of
the large variability of the biomass structures. As a matter of fact, most of the models
assessed through “initial rate” tests using MCC as substrate fail in predicting the long term
conversion of real biomass samples.
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This evidence has supported the development of approaches different from mechanistic
models to the aim of reactor design for lignocellulosic biomass hydrolysis. Bansal et al. [10]
reviewed different types of models including empirical models that, even if limited to a
specific lignocellulosic substrate, provide effective mathematical tools to predict performances
of batch or continuous reactors. Other attempts to adjust the long-term prevision of sugar
production dynamics and yields included the use of product inhibition [14,15] and biomass
recalcitrance [16] as additional terms of the kinetic model. In addition, diffusion limited
models, such as Chrastil’s model [17] (see equation in Table 1), can be safely applied if the
limit conversion (maximum sugar concentration) is provided by bench scale tests [18,19].
This type of model is aimed at describing the effect of substrate structure on the rate of
glucose production, so, in addition to the kinetic parameter k, the n parameter describes the
effect of soluble species diffusion into the porous structure of the biomass (n→1 negligible
diffusion limitation, 0 < n < 1 diffusion limited regime).
Sousa et al. [20] made another attempt, through a survey of the literature, to give
guidelines on the selection of kinetic models of enzymatic hydrolysis of cellulose whenever
they are applied to bioreactor design. They stated that it is not safe to extend the predictions
of models retrieved from experimental assessments of a certain biomass to a different
one. This comment suggests the application of an ad-hoc characterization of kinetics for
each potential biomass feedstock, whose composition variability depends not only on the
biomass origin but also on the delignification pretreatment. This approach seems time
consuming but its impact and efficacy can be improved if a common approach would be
applied in the assessment of hydrolysis kinetic against real delignified biomass feedstock.
As an example, the selection of proper mixing conditions is hardly considered among
the operational parameters that influence the validity of bench-scale hydrolysis tests, and
Gan et al. [21] observed how most of the studies ignore the effects of external mass transfer
on the overall sugar production rate. Pratto et al. [18] and Procentese et al. [19] proved
that the mixing rate should be selected first since the initial glucose production rate (over
60 min) is highly affected by the mixing speed. They assessed the threshold value of mixing
speed, above which a constant glucose production rate was observed. Then, the effect
of substrate and enzyme concentrations on the initial rate and long term dynamics was
characterized at a fixed mixing speed that was slightly larger than the threshold value.
These values were about 200 rpm for hydrothermally pretreated sugarcane straw [18] in
mixed Erlenmeyer flasks, and varied between 180 and 300 rpm for apple residues [19]
processed in a stirred bench scale glass vessel (250 mL), depending on the delignification
pretreatment applied.
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Table 1. Glucose production rate values described by semi-mechanistic models.

Ref.

Rate of Glucose
Production,
g/L min

Type of Tests

Type of Model and Equations
Semi-mechanistic
(M&M product inhibition:
Vmax 0.057–0.114 g/(L min),
Km 9.6–13.1 g/L,
Ki 0.58–0.84 g/L.
S
V = K (V1max
+ P/K )S
m

[18]

0.055–0.3
Initial rate (60 min) and
long term (48 h)
tests for kinetic
model assessment

[19]

[15]

i

Modified M&M product inhibition :
k 5–6 10−3 min−1 , Ke 7.9–12.5 g/L,
Ki 3.9–9.4 g/L.
E0
V = K (V1max
+ P/K ) E
m

i

Reactor/Volume

Biomass/Substrate

Stirred Erlenmeyer
flasks/250 mL

Sugarcane straw
(SCS)/raw and
hydrothermally
pretreated SCS
Cellic® CTec2

0

Chrastil’s: k 2.9–7.4 10−5 L/(g min),
n 0.41–0.63).
P = Pmax (1 − exp(−kE0 t))n

0.04–0.09

Semi-mechanistic (M&M product
inhibition: Vmax 0.067–0.3 g L−1 min−1 ,
Km 5.5–9 g L−1 , Ki 0.16–0.31 g/L,
Chrastil’s: k 2–1.1 10−3 Lg−1 min−1 ,
n 0.38–0.46).

Stirred cell reactor
(Applikon minibio)/
250 mL

Apple pomace

0.017–0.083
(Productivity)

Adsorption/desorption of cellulases
kinetics/hydrolysis is a network of four
parallel reactions: two substrates
(crystalline and amorphous cellulose)
and two products (cellobiose and
glucose). M&M product inhibition +
enzyme inactivation + enzyme
desorption (see original paper).

Glass columns/4–80 mL

Cellulose
(from cotton stalks)

Enzyme
adsorption/Continuous
hydrolysis tests
compared with
predictive model results

Enzymes

Cellulase from
Trichoderma
longibrachiatum
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Table 1. Cont.

Ref.

[21,22]

[16]

Rate of Glucose
Production,
g/L min

Not reported

0.007

Type of Tests

Type of Model and Equations

Reactor/Volume

Biomass/Substrate

Enzymes

Batch/fedbatch/continuous tests
compared with
predictive model results

Mechanistic model: Two substrates
(hydrolysable cellulose, inert cellulose),
enzyme loss through inert binding,
shear enzyme deactivation, competitive
product inhibition. Primary rate
constant of enzyme hydrolyzable
cellulose complex
formation/consumption:
0.2 s−1 /0.05 M−1 s−1 ; rate of product
formation: 9.05 s−1 (see Gan et al. [21]
for complete description of equations)

Strirred cell +
ultrafiltration
membrane/2.5 L

Purified and
pulverized cellulose
(38–106 10−6 m)

Cellulase from
Trichoderma reesei
(Sigma C8546)

Initial rate tests
(15–60 min) for kinetic
model assessment

Semi-mechanistic model: linear
dependence on cellulose concentration,
Langmuir type dependence of max rate
of hydrolysis on enzyme concentration,
glucose inhibition, enzyme deactivation
by temperature, substrate recalcitrance
(See Equation 10, 11, and 12 of the
original reference for rate equations of
conversion of cellulose into cellobiose,
cellobiose into glucose, and cellulose
into glucose, respectively)

Test tube (total working
volume 6 mL)
on vertical rotator

Cellulose (Avicel
Cellubrix, Celluclast,
and Whatman,
Novozymes 188
No. 1,001,090 filter Paper)
(Novozymes Corp., Denmark)
and wheat straw
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Some relevant examples of experimental studies including modelling of brief and longterm enzymatic hydrolysis of cellulose from different sources are reported in Table 1. Rate
equations for the most common models are reported together with values of parameters in
Table 1; more complex models [15,21,22] are described in terms of the main phenomena
that are taken into account in model development. In the latter case, the reader should
refer to the original articles for complete rate equations. The reported values of kinetic
parameters give an idea of the order of magnitude of the main steps of the considered
mechanisms, which, in most of the cases, includes the conversion of cellulose into cellobiose
and of cellobiose into glucose [15,16,21,22], as well as the direct conversion of cellulose into
glucose [15,16]. Studies by Gusakov et al. [14,15] and by Gan et al. [21,22] showed how
mechanistic models can be developed and applied with predictive purposes to describe the
performances of lab scale (4 × 10−3 to 2.5 L) batch and continuous reactors (tubular [15] and
stirred [21,22]). In both cases, the substrate was purified cellulose, and in the study reported
by Gan et al. [21,22] it was characterized in terms of micro-particle size distribution. The
latter feature was used to develop the model through the concept of surface distribution of
the hydrolyzable and inert portions of the substrate particles. This approach successfully
allowed the description of the lowering rate of sugar production occurring at increasing
degrees of cellulose conversion. Similarly, a successful description of this phenomenon
was achieved by Drissen et al. [16] by including a “substrate recalcitrance” term in a semimechanistic model (see Table 1), where the dependence on enzyme concentration was
described through a Langmuir-type term. The model parameters were assessed for both
Avicel® (as ideal cellulose substrate) and alkaline-pretreated wheat straw.
The reported scenario suggests that the intrinsic variability of reaction rate during
the conversion of polysaccharides into soluble sugars asks for characterization of kinetic
models whenever a certain type of pretreated biomass is selected as feedstock. To this end,
the common use of reliable procedures for the assessment of kinetic models describing the
enzymatic hydrolysis against a variety of substrates is highly desirable. Such procedures
should be consistent with small-scale tests, should take into account the effect of slurry mixing on the sugar production rate, should allow the characterization of biomass (structure,
size and polysaccharides fraction), and should minimize the impact of time spent on the
analysis of the hydrolysate composition dynamics. The reported literature (Table 1) shows
how the comparison between several models [18,19] and/or the development of models
that include a variety of phenomena (e.g., adsorption, substrate reactivity) [15,16,21] are
necessary to provide reliable tools to predict hydrolysis performance and enable reactor
design. In addition, it would be desirable to extend such approaches to groups of biomass
feedstock that are as large as possible in order to further demonstrate their effectiveness.
3. Process Design
Enzymatic hydrolysis can be implemented according to a simple scheme with batch
conversion units supplemented with the proper amount of the enzymes’ cocktail. The complex process of enzymatic hydrolysis occurs at a satisfactory rate of conversion whenever a
sample of lignocellulosic biomasses (e.g., agro-food wastes) is mixed at temperatures close
to 50 ◦ C with cellulase and hemicellulase cocktails (most of these are commercially available). The benchmark technology of the process to convert lignocellulosic biomass to added
value chemicals assembles the three steps (biomass pretreatment, saccharification and fermentative conversion of hydrolysed sugars) in a short sequence of three unit operations,
performed in three different pieces of equipment. Furthermore, this basic scheme often
does not include the production of cellulolytic enzymes that are supplied as biocatalysts
by a third party. Several bio-ethanol production plants (at Abengoa, DuPont, POET-DSM,
Tianguan Biofuel, Ineos, GranBio, and Mossi & Ghisolfi [23,24]) are currently running according to this straightforward process scheme. However, the cost of cellulases is one of the
main economic bottlenecks for the industrial scale implementation of lignocellulosic biorefinery [25]. Techno-economic analysis of the production cost of cellulase in the literature
gives a quite broad range for the unit cost of cellulase: 3–300 Euro/kg [11,12,26–32]. Many
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Eutectic Solvents (DES) can be used together with cellulase [38,39], since, differently from
other pretreatment techniques, DES pre-treatment does not require very harsh conditions
in terms of temperature [40,41]; therefore, it allows the performance of one-pot pretreat9 of 19
ment and enzymatic hydrolysis. Some disadvantages may be due to increased viscosity
of the slurry. However, the stability and activity of cellulase must be tested for any kind
of selected green solvent [38,42–45]. An alternative strategy of integration is based on simof these analyses rely on using glucose as carbon source for the fermentative production of
ultaneous saccharification and fermentation (SSF). This option can be pursued by supplycellulase. Realistic cellulase cost ranges between 3 and 8 Euro/kg [12,29]. Assuming an ening cellulase and the pretreated lignocellulose biomass directly to the fermentation unit
zyme loading per unit of cellulose ranging between 10 and 30 mg/g [9], cellulose contents
[24,46]. Disadvantages are related to the difference in optimal temperatures of the celluwithin the biomass of between 30 and 70%, and efficiency of hydrolysis ranging between
lose hydrolysis and sugar fermentation processes. Therefore, whenever SSF occurs, a com70% and 90%, the final impact of the cellulase per sugar produced is 0.09 ± 0.05 Euro/kg,
promise is required and, often, the kinetics of the cellulose hydrolysis is lowered.
which results in 0.18 Euro/kg of lignocellulose biomass. This figure is slightly lower than
The combination of cellulase production, cellulose hydrolysis and sugar fermentathe market price of sugar from sugar cane [12,29], which still makes the biorefinery based
tion into a one-pot process is called a “consolidated bioprocess” strategy [2,11,37,47–50].
on lignocellulose competitive with respect to the first generation biorefinery.
This strategy is made possible by a microorganism community that exhibits a cellulolytic
Klein-Marcuschamer et al. [29] indicated that the main costs of the production of
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The production of cellulase embedded in the same biorefinery plants has been pursued, especially when the scale economy allows advantages. The economic advantage
of implementing this process strategy in case of an ethanol plant has been demonstrated
and it allowed a decrease of at least 10% of the production cost [23,31,36]. The integration
of the pretreatment and hydrolysis operations was recently reported as an option to reduce unit operations and, thus, save costs. Novel solvents such as Ionic Liquid (IL) and
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Deep-Eutectic Solvents (DES) can be used together with cellulase [38,39], since, differently
from other pretreatment techniques, DES pre-treatment does not require very harsh conditions in terms of temperature [40,41]; therefore, it allows the performance of one-pot
pretreatment and enzymatic hydrolysis. Some disadvantages may be due to increased
viscosity of the slurry. However, the stability and activity of cellulase must be tested for any
kind of selected green solvent [38,42–45]. An alternative strategy of integration is based
on simultaneous saccharification and fermentation (SSF). This option can be pursued by
supplying cellulase and the pretreated lignocellulose biomass directly to the fermentation
unit [24,46]. Disadvantages are related to the difference in optimal temperatures of the
cellulose hydrolysis and sugar fermentation processes. Therefore, whenever SSF occurs, a
compromise is required and, often, the kinetics of the cellulose hydrolysis is lowered.
The combination of cellulase production, cellulose hydrolysis and sugar fermentation
into a one-pot process is called a “consolidated bioprocess” strategy [2,11,37,47–50]. This
strategy is made possible by a microorganism community that exhibits a cellulolytic activity
that is able to hydrolyse glycosylic bonds of the cellulose and to use the lignocellulosic
sugars for further fermentation into valuable products. Two strategies are pursued in the
literature in cases in which the original fermentative strain does not spontaneously exhibit
cellulolytic activity: heterologous expression via metabolic engineering or implementation
of a co(mmunity)-fermentation. However, it has to be stressed that, in both cases, a fraction
of the lignocellulosic feedstock is metabolically sacrificed in the production of cellulase [9].
Several issues have to be tackled to make the consolidated bioprocess effective: (i) the
biomass pretreatment must be suitable to allow the in situ production of cellulase; (ii) the
cellulase production, hydrolysis and fermentation can run stepwise or simultaneously,
varying the type and supply mode of the medium; (iii) hydrolysis rate inhibition due to
the cellobiose is hard to control; and (iv) high solid loading is necessary to provide high
sugar concentration at the fermentation step [11,37,48,51,52]. In particular, Lynd et al. [48]
estimated that adding up cellulase production to the SSF cost, the ethanol production
from lignocellulose biomass reached 0.06 Euro/kg, whereas the CBS can potentially reduce
the cost by 4.5 times, down to 0.014 Euro/kg. When considering the entire economics of
the process (including feedstock cost, pretreatment and downstream), the ethanol cost
decreases from 0.24 Euro/kg down to 0.19 Euro/kg. Although the difference of just six
cents per kg of gasoline equivalent can seem quite insignificant over the course of the
entire process, it is, nevertheless, particularly important for fuel production with its low
manufacturing margins and price-driven competitive markets.
In our opinion, the large efforts reported to characterize cellulase kinetics and the overall rate of sugar production from real lignocellulosic substrates can be effectively applied
to maximize yield and reduce costs of the sugar-based biorefinery if the saccharification of
biomass is included as a separate first step in the process scheme. For this reason, it is worth
analyzing the most relevant reactor configurations proposed so far for such enzymatic
processes, as discussed in the next section.
4. Bioreactor Design
The benchmark technology allows a solid–liquid reaction step performed batch wise
in stirred vessels at an optimised temperature, sacrificing the enzyme at each batch. Since
the main cost of the enzymatic hydrolysis lays in the cost of the cellulolytic enzyme
cocktail [9,28,29,31,53], the continuous operation has also been investigated together with
strategies for enzyme recycling. This aims, in theory, at significantly reducing the net
loading of fresh enzyme per unit of cellulose below 20 mg/g.
Recently, three main novel strategies have been proposed in the literature to reduce
the use of the enzymes, classified as follows (Figure 4): (1) membrane reactors; (2) cellulase
immobilization; and (3) novel configuration of continuous enzymatic hydrolysis process.
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Membrane reactors. The recycling of cellulase has become the main priority, together
with the above-mentioned process integration [54], to make the process economically
feasible. The retention of cellulase using membrane filtration has been the first attempt
proposed in the literature to operate the hydrolysis continuously, to decouple the residence
time of the substrate (the cellulose) from the residence time of the biocatalyst, and to
prevent enzyme inhibition by the products (cellobiose and glucose) [11,55–57]. Several
operational modes have been tested: batch, fed-batch, and continuous cellulose hydrolysis
with intermittent or continuous product removal [22,58–61]. Chen et al. [60] proposed
the use of electro-ultrafiltration to reduce the concentration polarization and increase the
membrane flux. Gomes et al. [62] have, instead, analysed the possibility of recycling the
cellulase by using membrane ultrafiltration after the fermentation.
The main problem when pursuing enzyme retention via the membrane is that the
reaction occurs in a solid–liquid system, which makes it very difficult to operate cross-flow
filtration over the membrane. To prevent membrane fouling, a pre-filtration step is placed
after fermentation, where residual solid components from the fermentation are separated
(residual cellulose, lignin, ashes and yeast cells).
In summary, two main advantages have been obtained with the use of membranebased recovery of the biocatalyst: (i) increased reaction rate due to the retention of the
cellulases and the relief from product inhibition; (ii) reduced biocatalyst cost due to the
re-use of the enzyme. Andric at al. [63] pointed out that these advantages did not sufficiently balance the disadvantages related to membrane use: (i) membrane fouling due
to the residual accumulation of a high molecular weight unconvertible fraction; (ii) low
sugar concentration in the outlet due to the necessity of operating at high dilution to
prevent membrane fouling and to rapidly discharge inhibiting products; and (iii) low
scalability of the membrane bioreactor to face the large throughput that is typical of large
biorefinery plants.
Cellulase immobilization. More sophisticated approaches to enzyme retention have
been investigated by immobilizing the enzyme on specific supports such as nanofibers,
nanoparticles and organic metal frames. Sillu et al. [64] proposed the immobilization of
cellulase on magnetic halloysite nanotubes. Driven by the potential ease of the recovery, the
use of magnetic CLEA (Cross Linked Enzyme Aggregates) of cellulase for the hydrolysis of
cellulose has been successfully reported at lab scale by several contributions [65–67]. It is
worth mentioning a further advantage made possible by the immobilization of cellulase as a
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method to improve its stability to the exposition of ionic-liquid pretreated biomass [68–70].
Abraham et al. [71] and Cherian et al. [72] have surveyed the supports and techniques
adopted for the immobilization of cellulose so far. Both research groups identified that the
main drawbacks of immobilization are: (1) the cost of the technique; (2) the reliability at
large scale; and (3) the long-term stability of the enzyme when immobilised. However,
above all these, cellulose immobilization may be not a winning strategy due to the intrinsic
nature of the heterogeneous process: in the case of real lignocellulosic biomass saccharification, the solid substrate can be converted by the enzymes upon their adsorption on
the substrate surface. The adsorption and complexation of an immobilised enzyme over a
solid substrate surface may be even more difficult than that of a free enzyme.
Novel configuration of continuous enzymatic hydrolysis process. Effective optimization
of the enzymatic hydrolysis step has been achieved by several operational strategies
using conventional stirred reactors with free enzymes. Counter-current saccharification
has been applied to overcome the problem of product inhibition that typically affects
the cellulase catalysis (see Section 2) [73] and the loss of efficiency during the process
due to the lowering of biomass reactivity as conversion increases [4,74]. The optimised
operation is characterized by an efficient use of the enzyme, allowing a reduction in the
enzyme loading of 8–20 times compared to the conventional mode [75,76]. Counter-current
saccharification has been successfully applied to a model substrate (α-cellulose), and it is
worth investigating its effect on real biomass samples.
The effect of solids loading has been also addressed through effective tuning of
this operational parameter. Typically, 5%wt solids loading promotes mixing and efficient
adsorption of the enzymes on the biomass surface, but rarely provides sugar concentrations
larger than 50 g/L. This low value of sugar concentration affects the performance of the
fermentation [3]. Concentration of sugar hydrolysate by evaporation is not an option due
to the high energy and equipment costs. Hence, some attempts have been reported in
the literature to perform the hydrolysis at larger solids loading (20–35%wt) [3]. Under
these conditions, the mixing is very hard, and a low rate of hydrolysis is reported due to
a penalised adsorption of the biocatalyst on the substrate surface. Therefore, a two-stage
strategy has been proposed by Xue et al. [77] and Gonzalez-Quiroga et al. [78]. The cellulase
enzymes are mixed with the pretreated biomass at 5%wt solids loading for few minutes at
low temperature, then the slurry is concentrated up to 20%wt solids by filtration and the
temperature is increased up to 50 ◦ C, and hydrolysis takes place. The percolated liquid is
recycled back to the enzyme adsorption unit. In this way, the enzymes adsorption takes
place in a few minutes, at low biomass loading, so that the biomass reaches high levels of
adsorbed enzymes. Slurry filtration allows the increasing of solids loading up to values
that promote high sugar concentrations in the liquid during the hydrolysis. In comparison
with a direct supplementation of the enzyme at 20% solids loading, sugar concentration
increased from 26 to 121 g/L with an almost constant cellulose conversion degree of 63%.
A further improvement of this scheme involves a split addition of the enzymes: cellulases
are added to the adsorption stage (at 5%wt solids loading) and the further enzymes (βglucosidase and hemicellulase) are supplemented step-wise to the hydrolysis stage (at
20%wt solids loading) [77]. The sequential adsorption/hydrolysis configuration has been
modelled by Gonzalez-Quiroga et al. [78], proving its effectiveness in both a series of CSTR
and a train of fed-batch reactors. Tubular reactors (PFR) or series of stirred reactors (CSTR)
have been found to be more effective because their use can limit the product inhibition
over the cellulase [28,53].
5. Enzymatic Pretreatment of Lignocellulosic Biomass: Laccase Catalyzed Delignification
The use of enzymes in biorefinery processes has been predominantly applied to
recover soluble sugars from the polysaccharide fraction of biomasses. As mentioned in
the previous section, access of hydrolytic enzymes to cellulose and hemicellulose chains is
possible if the biomass structure is modified through effective depolymerization of lignin.
The pretreatments developed so far achieved this objective by unspecific mechanical,

Catalysts 2021, 11, 680

13 of 19

physical or chemical deconstruction and lignin modification [79,80]. The structure of
lignin is composed of phenolic monomers (monolignols), and most of the pretreatments
acting on the whole biomass can lead to the undesired formation of byproducts from the
depolymerization of lignin and polysaccharides (e.g., hydroxymethyl furfural).
In nature, several microorganisms can access lignocellulosic sugars through their
ability to degrade lignin by specific enzyme cocktails, including laccases and peroxidases [8].
Deep knowledge on microbial ligninolytic activity inspired research efforts aimed at the use
of laccases as a biocatalyst for industrial delignification processes for biorefinery purposes.
The development of this process can allow a fully enzymatic saccharification of biomass
catalyzed by a cascade enzymatic process involving laccases and cellulase.
The development of lignin degradation as an industrial process begins with the pulp
and paper industry and, as a traditional process encased in a horizontal economy, did
not draw attention to the fate of lignin as a carbon-based byproduct. Current efforts in
developing biorefinery processes are aimed at maximizing yield of sugars from biomass
depolymerization and to recover, as much as possible, valuable compounds from the
not-fermentable fraction of the feedstock, including lignin. In addition, saving costs and
avoiding the use of solvents are among the primary requirements in a green and circular
economy framework. Roth and Spiess [8] reported a list of review studies on laccases
(benzenediol-oxygen-oxidoreductase, EC 1.10.3.2), knowledge of which dates back to the
19th century. Fungal laccases are among the types of oxidoreductase with the largest
redox potential and use only oxygen as an electron acceptor in the oxidation of phenols.
The formation of radicals from laccase catalyzed oxidation makes these enzymes active,
both in lignin biosynthesis and in lignin degradation, by plants and wood-degrading
basidiomycetes, respectively. In some cases, mediator molecules can take part in the laccase
catalyzed reaction, acting as an electron shuttle in the laccase mediator system (LMS). This
role opens numbers of opportunities for industrial application, and it could also be helpful
in the development of lignin degrading applications due to the more effective diffusion of
mediator molecules into the heterogeneous lignocellulosic structure being the final target
of the oxidation process [81,82]. Two strategies were proposed for the development of this
process: (i) the application of laccase catalysis as the only delignification process or as a
secondary pretreatment after a chemical or physical step; (ii) the combined use of laccases
and cellulases in a one-pot or in a stepwise enzyme cascade conversion of biomass. These
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Niglio et al. [83], during the pretreatment of apple pomace with laccase, observed: a slight
reduction in the lignin content and an increase in the sugar yield when biomass was pretreated with laccases. Lignin modifications influence the superficial properties of lignin
and its ability to adsorb proteins [84]. Unproductive adsorption of cellulases on lignin is
among the phenomena that most affect the overall activity of cellulases in the heterogene-
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slight reduction in the lignin content and an increase in the sugar yield when biomass
was pretreated with laccases. Lignin modifications influence the superficial properties of
lignin and its ability to adsorb proteins [84]. Unproductive adsorption of cellulases on
lignin is among the phenomena that most affect the overall activity of cellulases in the
heterogeneous process of biomass saccharification. Therefore, two considerations hold:
(i) laccase action on raw biomass is worth assessing to verify its indirect effect on the
successive polysaccharide hydrolysis catalysed by cellulose; (ii) one-pot laccase-cellulase
catalysis may not be effective because the extent of lignin modification that favors cellulase
productive adsorption can hardly be optimized.
As regards point (i), laccase catalysis provides a modified residual lignin that may
be removed from the solid substrate more easily than the original lignin by physicochemical treatments [85,86]. This strategy is consistent with sequential use of laccases
and physico-chemical processes but could not be combined with one-pot laccase-cellulase
biocatalytic process.
Point (ii) asks for careful analysis of technical solutions enabling one-pot processes
and, thus, promoting cost saving. It is well known that cellulase activity is dumped by
laccases [87]. Therefore, stepwise strategies have been tested to overcome this phenomenon.
An effective sequential use of laccases and the cocktail of cellulases in the saccharification
of brewery spent grains [88] was made possible by the thermal deactivation of laccases
after the delignification step. Similarly, Niglio et al. [83] applied this technique in the
saccharification of apple pomace in a bench-scale bubble column reactor. This approach
can be further enhanced if effective immobilization techniques could be applied for controlled supplementation and removal of laccases from the reactors [89]. According to this
strategy, both solvent and enzyme saving will beneficially affect the overall cost of the
operation. The extensive review by Roth and Spiess [8] lists guidelines for the design of
lignin depolymerization catalyzed by laccase. The most relevant guidelines for the topic
of bioreactor design concern the handling of mediators and of lignin oxidation products.
Bioreactor design can indeed offer technical solutions to manage multi-step/cascade reactions. The operation of reactors under continuous conditions may help to overcome
problems that arise due to the deactivation of laccases in the presence of mediators, and
the occurrence of repolymerization. In particular, the removal of produced radicals and
quinones during lignin depolymerization makes it possible to avoid repolymerization and
can be efficiently performed by continuous bioreactors. Steinmetz et al. [90] have recently
proved the effective use of a lab scale membrane reactor in the depolymerization of soluble lignin recovered from a thermomechanical pulping process with commercial laccases
(Novozym 51003) from Aspergillus sp. The in-situ filtration of the low molecular weight
fraction from the reaction media avoids repolymerization, which typically occurs in the
batch experiments without filtration. This finding highlights how the process and reactor
design are fundamental, even at the early stages of biocatalytic process development.
In most of the enzyme catalysis applications, enzyme immobilization can solve problems related to biocatalyst deactivation and it allows enzyme reuse with cost saving. In the
case of laccase catalyzed pretreatment of biomass, the work by Shanmugam et al. [89] proposed an effective strategy for laccase immobilization on Fe3 O4 @SiO2 nanoparticles coated
with chitosan. The authors showed effective performance of the immobilized enzyme on
real biomass samples of sweet sorghum stover by recovering and reusing the magnetic
biocatalysts for eight cycles.
6. Conclusions and Future Perspectives
The present review highlights most recent remarkable findings in the development of
processes and technologies for the enzymatic saccharification of lignocellulosic biomasses.
This fundamental step in the transformation of lignocellulose into sugars to be converted
into added-value chemicals and fuels is currently made possible by the combination of
physico-chemical pretreatments (delignification) and enzymatic hydrolysis of biomass
from dedicated cultures or waste and residues. The main bottlenecks are (1) the slow
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kinetic due to both the solid–liquid reaction mechanism and the low intrinsic kinetic of the
cellulase, (2) the high cost of the enzyme and (3) the need for a pretreatment. This makes
the material and equipment cost of the operation significant for the entire process. The
performance of the enzymatic saccharification operation can be improved with respect to
the current state of the art if (A) proper strategies for enzyme reuse, (B) maximization of
biomass conversion, and (C) process integration strategies are implemented. The rational
design of bioreactors should be based on the knowledge of the main phenomena affecting
the heterogeneous process involving cellulases, β-glucosidases and solid multicomponent substrates made by real biomasses. Among these phenomena, enzyme adsorption
on the biomass fiber’s surface, and product inhibition, should be carefully considered
in bioreactor design and operation. Promising configurations proposed so far include
countercurrent hydrolysis reactors—the split addition of the enzyme component of the
biocatalytic cocktails, with careful tuning of conditions for the maximization of adsorbed
enzyme loading, in the early stage of the process—and enzyme retention by membrane or
immobilization. While the first approach only involves a change of the operating condition
and flow pattern of the phases in the bioreactor, the second one requires the development
of a new robust technology at an industrial scale for the enzyme retention and recycling.
However, none of these technologies have been validated at a relevant industrial scale by a
reliable cost–benefit analysis.
Innovative solutions for process integration that, in the future, may provide an increase in the sustainability of saccharification processes can also be obtained through the
development of laccase catalyzed delignification of biomasses. This approach seems more
promising than either the enzyme retention, which is still technically limited, or the process
integration by SSF or CBS, which is limited by the intrinsic performance of the strain
when undertaking several steps in one operation. Coupling delignification with enzymatic
hydrolysis allows a fully enzymatic conversion of lignocellulose into sugars and solid
residues that is almost free of solvents. In this framework, basic knowledge on lignin
chemical modification and depolymerization catalyzed by laccases and laccases-mediator
systems is sufficiently large and sound to select those issues that should be addressed
when developing industrial processes and designing reactor units. To this end, particularly promising strategies are: to combine or to stepwise operate the enzymatic catalytic
steps of delignification and polysaccharides hydrolysis; the removal of lignin degradation
products from the reacting system to avoid repolymerization phenomena; the proper selection of laccase mediators (if necessary); and the possibility to reuse enzymes by means of
immobilization techniques.
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