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Abstract: The enzymatic hydrolysis of cellulose from biomass feedstock in the sugar-based biorefinery
chain is penalized by enzyme cost and difficulty to approach the theoretical maximum cellulose
conversion degree. As a consequence, the process is currently investigated to identify the best
operating conditions with reference to each biomass feedstock. The present work reports an
investigation regarding the enzymatic hydrolysis of apple pomace (AP). AP is an agro-food waste
largely available in Europe that might be exploited as a sugar source for biorefinery purposes.
A biomass pre-treatment step was required before the enzymatic hydrolysis to make available
polysaccharides chains to the biocatalyst. The AP samples were pre-treated through alkaline (NaOH),
acid (HCl), and enzymatic (laccase) delignification processes to investigate the effect of lignin content
and polysaccharides composition on enzymatic hydrolysis. Enzymatic hydrolysis tests were carried
out using a commercial cocktail (Cellic®CTec2) of cellulolytic enzymes. The effect of mixing speed
and biomass concentration on the experimental overall glucose production rate was assessed. The
characterization of the glucose production rate by the assessment of pseudo-homogeneous kinetic
models was proposed. Data were analysed to assess kinetic parameters of pseudo-mechanistic
models able to describe the glucose production rate during AP enzymatic hydrolysis. In particular,
pseudo-homogeneous Michaelis and Menten, as well as Chrastil’s models were used. The effect of
lignin content on the enzymatic hydrolysis rate was evaluated. Chrastil’s model provided the best
description of the glucose production rate.

Keywords: enzymatic hydrolysis; waste biomass; kinetics; biomass pre-treatment

1. Introduction

The conversion of lignocellulosic biomass into bio-based chemicals according to the biorefinery
sugar-platform involves four main steps: (i) pre-treatment to remove/disaggregate the lignin structure;
(ii) enzymatic hydrolysis to convert polysaccharides into fermentable sugars; (iii) fermentation to
convert sugars into bio-based products; and (iv) recovery and concentration of the bio-based products [1].
The enzymatic conversion of cellulose into fermentable sugars is one of the bottlenecks of the whole
biorefinery chain. Indeed, the success of this step depends strongly on the operating conditions (e.g.,
temperature, pH, biomass/liquid ratio, enzyme loading), the effect of product inhibition on enzyme
catalysis [2], and the enzyme consumption (specific activity, stability, enzyme recycling strategies).
Altogether, these issues affect the overall production cost of the sugars. Zhang et al. [3] pointed out that
the incidence of the pre-treatment cost on the biofuel production is about 0.13–0.17 € per litre of ethanol,
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a quite large fraction for the competitive biofuel cost that should be less than 0.6 €/L. In addition, the
first pre-treatment aimed at delignification strongly affects the rate and the degree of conversion of
the enzymatic hydrolysis of polysaccharides. In particular, the nature of the pre-treatment (steam
explosion, chemical pre-treatment with acid or alkaline solvents, organosolv, biological, etc.) influence
the composition and the structure of the biomass substrate subjected to the enzymatic hydrolysis [4,5].

Some technical issues related to the enzymatic hydrolysis process are still open. Among these
issues, the selection of the reactor configuration and the optimization of sugar recovery can be tackled
based on quantitative information about enzymatic hydrolysis kinetics. With regard to the reactor
configuration, different valuable studies date back to the eighties [6,7]. Tan et al. [6] carried out the
enzymatic hydrolysis in a column reactor with continuous cellulase recycling to decrease the enzyme
consumption. Gusakov et al. [7] tested the cellulose conversion in a batch reactor and in a plug-flow
reactor to select the best configuration in terms of cellulose conversion. Nowadays, further studies
are focused on innovative strategies to combine two fundamental targets: the maximization of both
sugar concentration in the hydrolysate and polysaccharides conversion [8,9]. Typically, these two
targets are in contrast with one another: high biomass loading (15–20 wt%) favours high soluble sugar
concentration and low polysaccharides conversion, and low biomass loading (about 5 wt%) provides
low sugar concentration and high polysaccharides conversion. An effective strategy was proposed
by Xu et al. [8] to overcome this issue. They reported a two-step process that provided cellulose
conversion and a sugar concentration in the final hydrolysate that is higher than the conventional
single-step hydrolysis. The two-step process was based on the optimization of the enzyme adsorption
on the biomass during the first short stage of the process (about 1 h) and the successive optimization of
extensive hydrolysis during the second, long stage of the process (up to 48 h). A similar strategy was
modelled by González Quiroga et al. [9]. They proposed a two-step enzymatic hydrolysis at different
biomass loadings in different continuous reactors.

The further development of the proposed two-step strategies asks for the quantitative
characterization of the hydrolysis of cellulose in real biomass. Hydrolysis is a heterogeneous process that
includes [10,11] liquid–solid transfer of biocatalyst, enzymes adsorption on biomass surface, enzyme
complexation with the polysaccharide chains, and cellulose and hemicellulose enzymatic hydrolysis.
The last step may be affected by product inhibition, too. The rate of each of the listed phenomena
depends on biomass structure, biomass loading, type of biocatalyst, and reactor configuration. As
a consequence, the overall sugar production rate may be a complex combination of each step and
its characterization can provide a rational tool for process design. Many kinetic models have been
applied to the enzymatic hydrolysis of cellulose [9,10]. However, to the author’s knowledge, only
some studies refer to the kinetic characterization of the enzymatic hydrolysis of real biomasses after
delignification pre-treatment [12–14]. These studies provide kinetic parameters to be used to identify
the optimal enzymatic hydrolysis operating conditions and to help to quantify the effect of the biomass
composition (sugar and lignin content) resulting from different delignification conditions.

The present work proposes the kinetic characterization of the enzymatic hydrolysis of real biomass
according to rigorously controlled conditions. Residues from apple pomace (AP) processing were used
as substrate because it is one of the most available European agro-food wastes [15]. The work was aimed
at investigating the effect of mixing rate applied to the biomass slurry during the enzymatic hydrolysis;
quantifying through kinetic parameters the dependence of glucose production rate on the biomass
composition affected in its turn by the delignification process, selecting a proper pseudo-homogeneous
kinetic model for the description of the process. To these aims, AP samples were pre-treated with a
chemical (alkaline or acid) and biological (laccases) pre-treatment and hydrolysed using commercial
enzymes as biocatalysts, and then enzymatic hydrolysis tests were performed under a relevant range
of mixing speeds, enzyme concentrations, and biomass-to-liquid ratios. Pseudo-homogeneous models
were adopted for the kinetic characterization, and the kinetic parameters of the Michaelis and Menten
with product inhibition model and that of Chrastil’s model were assessed.
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2. Materials and Methods

2.1. Raw Material and Eenzymes

Apple pomace (AP) was selected as the waste biomass in the framework of the European project
“Waste2Fuel” (grant agreement N◦654623) and was kindly supplied by Muns Agroindustrial S.L.
(Lleida, Spain). The raw biomass samples were dried at 40 ◦C, sieved in the range 0.5–1 mm, and
stored in sealed plastic bags at room temperature until used.

The enzyme cocktail Cellic®CTec2 was selected according to the common procedure followed in
the framework of the European project “Waste2Fuel” (grant agreement N◦654623). Moreover, the use
of Cellic®CTec2 allowed to compare the data with those reported by Pratto et al. [13]. The commercial
cocktail Cellic®CTec2 was kindly donated by Novozymes Latin America (Araucária, PR, Brazil); it
has an undisclosed composition and is properly made by a mixture of cellulases, hemicellulases, and
β-glucosidases so that pentose and hexose sugars can be recovered as products of polysaccharides
hydrolysis. The cellulase activity was determined in terms of Filter Paper Units (FPU) according to
Adney and Baker [16].

2.2. Biomass Pretreatment

Any saccharification process of lignocellulose biomass needs removal of lignin to make the
polysaccharides chains accessible to the enzymes in the enzymatic hydrolysis step. Several chemical
and biological delignification pre-treatments have been proposed as alternative to the conventional
steam explosion process, to minimize energy duty and the formation of inhibitors compound affecting
the fermentation of hydrolytic sugars. In the present study, AP was pre-treated according to three
processes: hydrolysis in diluted alkaline solvent, hydrolysis in diluted acid solvent, and laccase
catalysed delignification. Details on pre-treatment procedures are reported in the next subsections.

2.2.1. Chemical Delignification

Chemical delignification was accomplished by using diluted alkaline or acid solvents. Dried AP
powder was soaked in 2% wt NaOH or HCl aqueous solution: 10 mL of solution were used per gram
of solid mass. The suspension was kept in an autoclave (VAPORMATIC 770) for 30 min at 121 ◦C
according to the procedure suggested by Procentese et al. (2017). The biomass was separated from the
liquid phase (black liquor) by 10 min centrifugation at 5000 rpm. The recovered biomass was washed
with distilled water until pH 7 was reached, then it was dried at 40 ◦C, weighted, and stored until used
for enzymatic hydrolysis.

2.2.2. Laccase Catalysed Delignification

Dried AP powder was treated with laccases (166 U mL−1), kindly provided by Biopox s.r.l., in a 50
mM sodium citrate buffer of pH 5. Tests were carried out by setting the dry biomass to solvent ratio at
1:10, in a shaker incubator at 150 rpm and 28 ◦C for 24 h. After pre-treatment, the biomass was filtered
and washed with water, dried at 38 ◦C until a constant weight was reached, and then weighted and
stored until used for enzymatic hydrolysis.

2.3. Enzymatic Hydrolysis of Polysaccharides

Enzymatic hydrolysis tests were carried out using the abovementioned commercial cocktail
Cellic®Ctec2. The optimal temperature and pH for Cellic®CTec2 are 50 ◦C and 4.8, respectively. The
activity of the sample cocktail, used for the present investigation, was about 142 FPU mL−1. Enzymatic
hydrolysis of pre-treated AP samples was carried out in a 250 mL overhead stirred batch reactor
(Applikon MiniBio Lab Reactor Bundles) at a controlled stirring speed and temperature (50 ◦C) with
a 100 mL reaction volume in a 0.05 M sodium citrate buffer of pH 4.8; all the tests were carried out
in triplicate. Two hydrolysis tests were performed for each biomass type: short-term tests (1 h) and
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long-term tests (72 h). The short-term tests were carried out to assess the effects of mixing rate and of
substrate concentration on the glucose production rate. The long-term tests were carried out to assess
the effect of product as inhibition of the glucose production rate.

2.4. Effect of Mixing Speed

Short-term hydrolysis tests of pre-treated AP samples were carried out to assess the initial glucose
production rate according to Pratto et al. [4], setting the mixing rate between 50 and 500 rpm. Substrate
and enzyme concentrations were set at 10% (msolid/vsolution) and 5 FPU gcellulose

−1, respectively [4].
Set the mixing speed, the glucose production rate was assessed as the amount of produced glucose
after 1 h. The amount of produced glucose was calculated as the difference between the initial glucan
concentration (mass of glucan in the biomass per unit volume of liquid) and the glucose concentration
in the liquid.

The optimal mixing speed was selected as the minimum value above which no further increase in
glucose production rate was observed. The optimal value of the mixing speed was set in tests focused
on the investigation of the effects of other operating conditions.

2.5. Effect of Substrate Concentration

The effect of substrate concentration was assessed through brief-term enzymatic hydrolysis tests
by changing the biomass loading in the range 1–12% w/v. The enzyme concentration was fixed at 290
FPU Lsolution

−1 and the stirring speed was fixed at the optimal value selected according to the tests
described in Section 2.6. The glucose production rate was measured, at each biomass concentration, as
the amount of produced glucose after 1 h.

2.6. Effect of Product Inhibition

Product inhibition is well documented in the literature on kinetics of cellulase enzymes [4,7,12,14].
The use of commercial cocktails secures the formation of monomeric sugars; thus, glucose is the main
product of polysaccharides hydrolysis. Long-term tests were carried out to evaluate the effect of
glucose inhibition on the overall enzymatic rate of glucose production. The tests were carried out at a
5%, 7.5%, and 10% w/v biomass loading for 72 h. The enzyme concentration was set at 828 FPU L−1.

2.7. Analytical Methods

The raw and pre-treated biomass samples were characterized in terms of glucan, xylan, arabinan,
and lignin content according to Sluiter et al. [17] by a two-step acid hydrolysis. About 0.3 g biomass
sample was suspended in 72% H2SO4 and kept under mixing at 30 ◦C for 60 min. Then, the acid
solvent was diluted to 4% H2SO4 by adding distilled water; the suspension was kept in an autoclave at
121 ◦C for 60 min. After sample cooling, the solid fraction was vacuum filtered and repeatedly washed
with distilled water. The liquid fraction was recovered, neutralized to pH 5–6 by CaCO3 addition, and
analysed for monomeric sugars concentrations through an HPLC (Agilent 1260 Infinity HPLC system
equipped with a refractive index detector and a Rezex RHM-Monosaccharide H+ Phenomenex column
(300 × 7.8 mm, 8 µm), City, state abbreviation if USA, Country) and for acid soluble lignin through UV
spectroscopy (City, state abbreviation if USA, Country) [17]. The solid fraction was dried at 105 ◦C until
a constant weight was achieved and then weighted for the assessment of the acid insoluble residue.

The glucose concentration, in samples withdrawn during hydrolysis tests, was assessed after
biomass separation (centrifugation at 5000 rpm for 10 min) and liquid filtration (0.25 µm cut-off).
The enzymatic kit “D-glucose HK” (Megazyme) was used to assess the glucose concentration in the
liquid samples.
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2.8. Data Analysis

The experimental data from the hydrolysis tests were worked out to assess the overall kinetics
of glucose production during the enzymatic hydrolysis of the pre-treated AP. The presence of
oligosaccharides as an intermediate product of hydrolysis (e.g., cellobiose) was neglected and glucose
was considered as the only soluble product because the commercial cellulase cocktail Cellic®CTec2
is characterized by a large content of β-glucosidase. The semi-mechanistic kinetic models reported
hereinafter have been adopted.

Michaelis and Menten model. The cellulose hydrolysis in AP can be described by the Michaelis
and Menten model (Equation (1)), assuming that (1) the substrate is a soluble reactant; (2) the system is
homogeneous; (3) the concentration of the enzyme is constant; (4) the formation of the enzyme-substrate
complex is rapid and reversible; (5) the breakdown of the enzyme-substrate complex into products
is the limiting step of the overall reaction; and (6) the formation of the products is irreversible. The
Michaelis and Menten model can be used to determine the initial reaction rate as well as how the
glucose production rate proceeds along time.

V(S) =
VMax S
KM + S

(1)

where VMax ( = k*E0) is the maximum rate of reaction at fixed enzyme concentration (E0), S the cellulose
concentration, and KM the Michaelis and Menten constant. The Michaelis and Menten model has
also been applied in the form reported in Equation (2) to take into account the competitive enzyme
inhibition by glucose.

V(S) =
VMax S

KM

(
1 + P

Ki

)
+ S

(2)

where P is the glucose concentration, and Ki the product inhibition constant. The Michaelis and
Menten model with inhibition by glucose was considered to describe the overall glucose production
rate, resulting from long term hydrolysis tests.

Chrastil’s model. This model was developed to describe kinetics taking into account the structural
characteristics of a heterogeneous system [18]. According to this model, the time course of glucose
concentration can be described by Equation (3):

P = P∞ [1− exp(−kE0t)]n (3)

where P and P∞ are the product concentration at time t and at the equilibrium (maximum conversion
degree), respectively, k is the rate constant proportional to the diffusion coefficient, E0 the initial enzyme
concentration, and n a diffusion resistance constant that depends on the structure of the substrate and
indicates the apparent reaction order. For negligible diffusion resistance, n tends to 1 and for limiting
diffusion resistances n < 1.

Rate of glucose production vs. substrate concentration from data of short- and long-term tests
were regressed according to the procedure described in the “Supplementary Materials” section.

3. Results and Discussion

3.1. Characterization of Raw and Pretreated Biomass

Raw and pre-treated AP samples were characterized in term of cellulose, hemicellulose, and
lignin content according to the polysaccharides quantification assay [17] as well as in terms of biomass
recovery after each delignification pre-treatment. Results of the biomass recovery and characterization
are reported in Table 1. The highest biomass recovery was found for AP samples pre-treated with
laccase (75%); the smallest biomass recovery was found after acid hydrolysis of AP (50%). The highest
glucan content was measured for biomass samples pre-treated with NaOH; the smallest glucan content
was measured for AP samples pre-treated with laccases. AP pre-treated with laccases retained the
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highest lignin fraction among the pre-treated AP samples (14.5% AIL). The degree of delignification
was equal to 12%, 70%, and 45% for biomass pre-treated with laccase, NaOH, and HCl, respectively.

Table 1. Characterization of raw and pre-treated apple pomace (AP) in terms of polysaccharides and
lignin content (Acid Insoluble Lignin—AIL, Acid Soluble Lignin—ASL).

Pre-Treatment Recovery (%)
Composition (%)

Glucans Xylans and
Arabinans AIL ASL

Raw 100 21.2 ± 0.01 14.75 ± 0.03 16.5 ± 0.55 2.1 ± 0.34

NaOH 60 28.0 ± 0.01 0.8 ± 0.05 5.0 ± 0.53 n.d

HCL 50 25.0 ± 0.01 0.2 ± 0.06 9.0 ± 0.43 n.d

Laccases 75 22.5 ± 0.01 12.04 ± 0.03 14.5 ± 0.54 n.d

The observed different performances in terms of pre-treated biomass composition are due to the
type of pre-treatment; in fact, two of the three adopted pre-treatments act with an unspecific hydrolysis
by an aqueous alkaline or acid solvent, and the biological pre-treatment acts through specific enzymes
on the lignin polymers. Laccases catalyses the oxidation of the phenolic hydroxyl groups in the
lignin substrate, and unspecific alkaline and acid hydrolysis involves lignin and other polysaccharide
fractions [19]. The different actions result firstly in evident properties of the liquid recovered after
the pre-treatment: light-coloured liquid after biological pre-treatment and dark-coloured liquid after
chemical pre-treatment [20,21]. This result is consistent with the decrease of xylan and arabinan
fractions due to the unspecific hydrolysis of hemicellulose in alkaline and acid solvents. Accordingly,
the specific enzymatic pre-treatment resulted in a high biomass recovery, low lignin removal, and
thus a small variation in polysaccharides fractions. It is worth noting that the biological pre-treatment
provides large biomass recovery and a small variation of xylans and arabinans, about 40% pentose
sugars loss against almost complete (97–99%) loss after acid and alkaline pre-treatments. This result
encourages further optimization of the laccase use in the delignification of agro-food wastes whenever
pentose sugars can be used as substrates for fermentation processes.

3.2. Effect of Mixing Rate on Kinetics

The rate of glucose production can be strongly affected by the mixing rate due to the heterogeneous
nature of the enzymatic hydrolysis of real lignocellulosic biomasses. For this reason, the effect of the
mixing rate applied in the stirred reactor has been investigated to assess the minimum mixing rate
value above which a constant glucose production rate was observed.

Figure 1 reports the initial hydrolysis reaction rates assessed after 1 h of hydrolysis. Operating
conditions were 10% w/v biomass loading, 5 FPU gcellulose

−1 cellulase activity, and a temperature of
50 ◦C. The stirring speed was set between 0 and 500 rpm to assess the optimal mixing speed. The
optimization was necessary to enhance the liquid–solid mass transfer rate and to investigate the effect
on glucose production rate of any other phenomena affected by mixing speed (e.g., biomass aggregates
break-up).

As expected, and according to the results reported by Prato et al. [4], the initial hydrolysis rate
increased with mixing rate in a range of low mixing rates for all the pre-treated AP samples. This result
confirms the strong dependence of apparent glucose production rate on the mixing rate applied to
the biomass slurry and thus suggests the necessity to select proper operating conditions (minimum
mixing rate) for the quantitative assessment of glucose production kinetics. Tests carried out with
NaOH pointed out that the hydrolysis rate for NaOH pre-treated biomass increased with the mixing
rate and approached a constant value at mixing rates larger than 180 rpm. The same behaviour was
observed in the cases of AP pre-treated with HCl and laccases. The critical value of the mixing rate
above which the glucose production rate approached a constant value was 200 and 300 rpm for acid
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and enzymatic pre-treated AP, respectively. Thus, the minimum values for mixing rates not affecting
the apparent glucose production rate during enzymatic hydrolysis of AP samples were 180, 200, and
300 rpm for AP samples pre-treated with alkaline, acid, and biological process, respectively. These
values were set for the hydrolysis tests aimed at the assessment of the effects of substrate concentration
and product inhibition on the kinetics. Results reported in the next section refer to tests carried out
setting the mixing rate at the minimum value to neglect mixing-related phenomena.Energies 2018, 11, x FOR PEER REVIEW    7 of 12 
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50 ◦C, pH 4.8, and a hydrolysis time of 1 h.

3.3. Effect of Substrate Concentration on Kinetics

The effect of substrate (glucans) concentration on the glucose production rate has been assessed
according to the procedure reported in the Section 2.5 through brief term (1 h) hydrolysis tests on AP
samples pre-treated with one of the three abovementioned delignification processes. Figure 2 reports
the glucose production rate as a function of substrate (glucans) concentration for all the AP samples.
The glucose production rate increased progressively with S and approached a maximum constant
value as S was larger than about 20 g L−1. The maximum constant values of the glucose production
rates were close to 0.09 gglucose Lsolution

−1 min−1 for AP samples pre-treated with 2% NaOH, 0.070
gglucose Lsolution

−1 min−1 for AP pre-treated with 2% HCl, and 0.04 gglucose Lsolution
−1 min−1 for AP

pre-treated with laccases.

Table 2. Kinetic parameters of the pseudo-homogeneous Michaelis and Menten model (Equation (1))
for AP hydrolysis catalysed by Cellic®CTec2.

Pre-Treatment Glucans (%)
Michaelis and Menten Model

KM (g L−1) VMax (g L−1 min−1)

NaOH 28.0 5.5 ± 0.6 0.108 ± 0.003
HCl 25.0 4.8 ± 0.6 0.084 ± 0.003

Laccase 22.5 9.0 ± 2.1 0.067 ± 0.006
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Figure 2. Initial glucose production rate V vs. substrate concentration S for AP pre-treated with 2%
NaOH, 2% HCl, and 166 U/mL laccase. Enzymatic hydrolysis conditions: Cellic®CTec2 activity 290
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−1, 50 ◦C, pH 4.8, and a hydrolysis time of 1 h. Optimized mixing rate was fixed for each
AP sample. Lines are the plot of Equation (1) with parameters reported in Table 2.

According to the procedure proposed by Pratto et al. [4] the substrate concentration has been
assumed to be constant during the short tests (1 h). This assumption has been verified after the
experimental tests; at small substrate concentrations (S < 10 g L−1) the substrate conversion after 1 h
enzymatic hydrolysis was higher than 20% of the potential glucose (see Table 1). This result suggests
further future assessments of the initial glucose production rate at low biomass loadings (<1 wt %)
through hydrolysis tests shorter than 1 h. Indeed, enzyme adsorption on the substrate and the change
in reactivity of the substrate itself [7,12] can influence the reaction rate whenever the large conversion
occurs over a short timescale. These phenomena can be monitored under the adopted procedure by
proper analysis other than the measurement of glucose concentration in the liquid and by preliminary
investigation above the aim of this work (e.g., characterization of enzyme adsorption on biomass
surface). Kinetic parameters resulting from regression of data in Figure 2 through Equation (1) are
reported in Table 2.

3.4. Effect of Product Inhibition on Kinetics

The effect of glucose inhibition on the kinetics of enzymatic hydrolysis of AP was assessed
through long-term tests (72 h) according to the procedure described in Section 2.6. Figure 3 reports
experimental data measured during enzymatic hydrolysis of AP pre-treated with NaOH, HCl, and
laccases at different biomass loading. The long-term hydrolysis tests were carried out at a 5, 7.5,
and 10% w/v biomass loading. According to the reported data, the maximum produced glucose
concentration (about 20 g L−1) in the liquid was reached after 48 h when a 10% w/v biomass loading
was used. Data regression according to Michaelis and Menten model and Chrastil’s model provided
the kinetic parameters—Vmax, KM, Ki, k, and n—reported in Table 3. The agreement between the
experimental data and the proposed models was satisfactory for all the pre-treated biomasses. With
regard to the Michaelis and Menten model with product inhibition results showed how the biomass
composition resulting from the delignification pre-treatment affected the maximum glucose production
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rate Vmax, KM, and Ki. The highest Vmax value was reported for the biomass pre-treated with 2% NaOH.
This result is in agreement with the low residual lignin content observed in the AP after alkaline
pre-treatment (see Table 1) and thus with the expected large fraction of cellulose available for the
enzyme productive adsorption [5,10] in this kind of pre-treated AP sample. The highest KM value was
measured after laccases pre-treatment, again as a likely effect of the large lignin content of AP after
biological delignification. The type of pre-treatment, and thus the biomass lignin content, did not
significantly affect the values of the inhibition parameter Ki. This result is reasonably related to the
presence of a mixture of cellulase and β-glucosidase in the enzyme cocktail; indeed, the latter enzymes
acts as a homogeneous biocatalyst and thus is not affected by the composition of the biomass. Regarding
Chrastil’s model, similar observation rise form the comparison of assessed kinetic parameters and the
composition of AP samples. The highest n value was reported for hydrolysis of biomass pre-treated
with laccases and 2% HCl. An evident trend of the effect of lignin content on n parameter cannot
be inferred from the data in Table 3. In any case, according to Chrastil’s model (see Section 2.7), the
diffusion related resistance caused by the structure of the lignocellulosic substrate seems to me more
pronounced for alkaline pre-treated AP samples. As expected, the value of k slightly increased as
the AIL of the pre-treated biomass decreased, in accord with results reported by Pratto et al. [13]
regarding another biomass typology. The comparison of statistic data suggested that Chrastil’s model
provided the best fitting and it can be considered for further investigation aimed at bioreactor design.
The present study confirms the dependence of the overall sugar production rate on the stirring rate
and suggests the adoption of quantitative description of the hydrolysis dynamics under relevant
operating conditions.Energies 2018, 11, x FOR PEER REVIEW    10 of 13 
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Figure 3. Time resolved concentration of glucose in the liquid phase during enzymatic hydrolysis of the
AP at different biomass loading after pre-treatment in 2% NaOH (A,D), 2% HCl (B,E), and 166 U mL−1

laccases (C,F). Operating conditions: enzyme concentration set at 828 FPU L−1; optimized mixing rate.
Lines mark regression of the experimental data with the Michaelis and Menten with product inhibition
model (A,B,C) and Chrastil’s model (D,E,F).
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Table 3. Kinetic parameters for Michaelis and Menten with product inhibition and Chrastil’s model
for enzymatic hydrolysis of AP pre-treated with alkaline (NaOH), acid (HCl), and enzymatic (laccase)
delignification processes.

Biomass
Pre-Treatment

Glucans
(%)

Lignin
(%)

M&M with Product Inhibition Chrastil’s Model

Vmax
(g L−1 min−1)

KM
(g L−1)

Ki
(g L−1)

k
(L g−1 min−1) n (-)

NaOH 28.0 5.0 0.30 5.5 0.16 ± 0.02 2·10−3
± 1.2·10−4 0.41 ± 0.02

HCl 25.5 9.0 0.24 4.8 0.20 ± 0.03 1.8·10−3
± 1.2·10−4 0.63 ± 0.03

Laccase 22.5 14.5 0.19 9.0 0.31 ± 0.03 1.1·10−3
± 8·10−5 0.58 ± 0.03

The assessed kinetic parameters were compared with the results reported in the literature (Table 4).
To the best of our knowledge, the data comparison was limited to few studies of the overall hydrolysis
rate of raw lignocellulosic biomass. Carvalho et al. [14] studied the enzymatic hydrolysis rate of
sugarcane bagasse after a sequence of steam explosion and alkaline pre-treatment. Pratto et al. [4]
investigated the enzymatic hydrolysis rate of sugarcane straw after a sequence of hydrothermal and
alkaline (4% NaOH) pre-treatment. Data reported in the literature were compared with those assessed
in the present paper related to alkaline pre-treatment of AP (Table 4). The n values reported for
steam-exploded sugarcane bagasse is larger than those reported for the other two biomasses; moreover,
the same n value has been assessed for two different substrates (sugarcane straw and AP) subjected to
the same delignification pre-treatment (alkaline hydrolysis). These values of the n parameters seem to
be in reasonable agreement with the structures of steam exploded and chemically pre-treated biomass.
Indeed, structural modification after steam explosion can positively affect the limitation by diffusion of
the heterogeneous enzymatic process [4,5]. The k values assessed in the present paper are remarkably
larger than those reported by Carvalho et al. [14] and by Pratto et al. [4], and this result is related with
the strong dependence of the maximum rate of hydrolysis on the biomass composition even if it is
not related to the lignin content (similar residual lignin in Table 4 for all biomass types). Thus, the
variation of k parameter can be due to the different biomass investigated and to the overall structural
and composition variation after delignification pre-treatment of AP [18].

Table 4. Kinetic parameters for Chrastil’s model reported in the literature for enzymatic hydrolysis of
real lignocellulosic biomass.

Biomass Pre-Treatments
Residual

Lignin (%)

Chrastil’s Model

Referencesk
(L g−1 min−1) n (-)

Sugarcane
Bagasse

121 ◦C 30 min in 4%
NaOH + Steam explosion 5.4 2·10−5 0.6 [12]

Sugarcane
Straw

195 ◦C 10min + 121 ◦C 30
min in 4% NaOH 5.7 Between 3.52·10−5

and 7.4 10−5 0.4 [13]

Apple Pomace 121 ◦C 30 min in 2% NaOH 5.0 2·10−3 0.4 Present work

4. Conclusions

A procedure for the assessment of the overall kinetics of glucose production from apple pomace
enzymatic hydrolysis catalysed by cellulase cocktails was applied using a commercial enzyme cocktail
(Cellic®CTec2). The effect of mixing rate on the observed overall glucose production rate was confirmed
for AP hydrolysis according to the results reported in the literature for other biomasses [4]. According
to the reported results, faster kinetics were observed during hydrolysis of biomass characterized by a
low lignin content. Since the residual lignin content was a result of the delignification pre-treatment
(minimized after the alkaline pre-treatment), the effect of pre-treatment on the enzymatic hydrolysis
rate (glucose production) was quantified by the assessed kinetic parameters. The analysis of the
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glucose production dynamics pointed out that both the adopted kinetic models provided a satisfactory
description of the process. Chrastil’s model was the most effective and can be suggested for the rational
design of enzymatic hydrolysis reactors supplemented with AP.

The present study is the starting point of a wider analysis aimed at the generation of quantitative
tools based on the overall rate of enzymatic hydrolysis of real biomass. These data enable the design
and the optimization of enzymatic hydrolysis reactors and their operating conditions depending on the
different possible biomass compositions (sugars and lignin content) resulting after the pre-treatment
step. Because the obtained results are in agreement with the results by Pratto et al. [13] and because of
the different biomasses used by Pratto et al. [13] and in the present study (see Table 4), the adopted
procedure can be successfully extended to several potential feedstock for lignocellulose saccharification
(mainly agro-food wastes for second generation bio-based fuels and chemicals production).
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