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Abstract

Conventional kinetic models of cellulose hydrolysis in supercritical water do not
accurately represent the operation with concentrated suspensions since they neglect the
mass transfer effects. This work proposes a kinetic model which is able to reproduce
cellulose hydrolysis at high concentrations providing the optimum reaction conditions
to obtain nanocellulose particles and oligomers of controlled size. The basic idea of the
model, which is applicable to other lignocellulosic materials, is that the hydrolysis of
the cellulose particles generates an oligosaccharides layer which creates a mass transfer
resistance. Therefore, it considers both the diffusion of the water molecules from the
bulk phase to the surfaces of the cellulose particles and the superficial hydrolysis
Kinetics. Experimental points were obtained working with two different cellulose types
(Dp = 75um and Dp = 50um) at 390°C and 25MPa, residence times between 50ms and

250ms and initial cellulose suspension concentration from 3% to 7% w/w (1% to 2.3%
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w/w at the inlet of the reactor). The average deviation between the experimental points
and the theoretical values is lower than 10% proving the applicability of the kinetic
model. The experimental and theoretical results demonstrated that increasing the total
number of cellulose particles, either increasing the initial concentration or decreasing

the average particle diameter, reduces the hydrolysis rate.

Declarations of interest: None

Keywords
Mass transfer, Shrinking Core Model, particle surface, oligosaccharides layer, covering

conversion.

1. Introduction

Replacing chemical and petrochemical industries by green technologies requires first
redefining the conventional synthesis routes of the chemical compounds demanded by
the society [1-6]. Adapting the production techniques to bio-based feedstocks implies
moving from traditional organic synthesis to hydrolysis [7].

Unlike in traditional organic chemistry in which the chemical compounds are
synthesized starting from simple molecules and aggregating functional groups, the
obtaining of chemicals from biomass is commonly based, as a first step, on its
hydrolysis to fundamental compounds [8]. Although biomass already contains all those
functional groups, controlling the extension of the hydrolysis reaction, this is the degree
of division of the biomass constituents, is still a challenge whose resolution is based on

a deep understanding of the hydrolysis mechanisms and on the control of the reaction



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

conditions. An accurate control of the reaction time will allow selecting either the final
hydrolysis compounds or the degree of polymerization of the biopolymers obtained
from biomass hydrolysis. The combination of hydrolysis bioproducts and biopolymers
in different proportions will create new biomaterials whose properties will fit the
requirements demanded by the technological applications of today’s society.

Although the acid and the enzymatic hydrolysis have been always considered the
reference techniques in biomass hydrolysis [9,10], some disadvantages have penalized
their fully implantation. Apart from the low selectivity, the long reaction times and the
consequent increase of the equipment capacities, joined to the generation of residual
effluents, demand a robust alternative.[8] In this context, biomass hydrolysis by hot
pressurized water provides an opportunity to improve the current biomass hydrolysis
standards. While the process selectivity is drastically increased reaching values over
90%, the reduction of the reaction time from minutes to milliseconds intensifies the
process. Consequently, compared to traditional acid and enzymatic hydrolysis, the
reduction of the equipment volumes from cubic meters to cubic centimeters allows
delocalizing the process and exploit local biomass. Finally, the generation of residual
effluents is greatly limited since only water is used as a reagent. [7,11]

The physical properties of supercritical water, water above its critical point (374°C,
22MPa), can be finely tuned controlling the reaction conditions [11,12]. While its low
dielectric constant, similar to the one of non-polar organic solvents, enhances the
solubility of organic compounds, its low viscosity and high diffusivity improve the
penetration of the water molecules into the lignocellulosic matrix. Finally, the
possibility of easily modifying the dissociation of the water molecules varying the
reaction conditions allows promoting either the ionic or the radical reactions and

controlling the reaction pathways. [13]
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Although the final step in the development of the bio-based industry shall be the direct
processing of lignocellulosic biomass [14], its complexity joined to the drastic reaction
conditions requires first understanding the mechanisms which govern the hydrolysis of
its main constituents. Compared with lignin, an unstructured network of phenolic
compounds, and with hemicellulose, a polysaccharide created by the combination of
different monomeric units, cellulose is the simplest constituent of biomass [8]. Cellulose
is a linear polysaccharide consisting on several glucose units linked by B-1,4 glycosidic
bonds. Its degree of polymerization, which varies from several hundred to many
thousands glucose units, depends on the raw material [12,15]. The aggregation of these
saccharides chains, connected by hydrogen bonds created between the OH groups, form
a three dimensional structure of fibrils characterized by its toughness and water
insolubility [16-21]. Understanding cellulose hydrolysis mechanisms will provide a
clear insight of biomass transformation fundamentals.

Traditionally, the main challenge linked to cellulose hydrolysis by supercritical water
has been the operation with concentrated suspensions. Commonly, when working with
cellulose suspensions, clogging problems both in the pumps and in the lines are faced.
Overcoming the technical limitations which avoid a robust operation of the hydrolysis
plants with concentrated suspensions will upgrade the technology resulting in a
reduction of the capital and of the operating costs. Operating supercritical water
hydrolysis plants with concentrated suspensions does not only reduces the size of the
pieces of equipment involved in the process but decreases the energetic demand of the
downstream process [22]. In this context, the majority of cellulose hydrolysis works
have been based on low concentrated suspensions [12,23]. Although authors were aware
of the fact that the substitution of traditional acid and enzymatic hydrolysis by

supercritical water hydrolysis is greatly dependent on increasing the concentration of
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the initial suspension, in the first hydrolysis works, understanding both the cellulose
hydrolysis mechanism and the reaction pathways and obtaining the optimum reaction
conditions was a priority. Consequently, because of the operating conditions, these
works proposed simple kinetic models which consider that the cellulose particles are
instantaneously dissolved and that hydrolysis is performed in a homogeneous phase
[24-26]. The main outcome of these works is the definition of the cellulose hydrolysis
pathways explaining how cellulose and its subsequent hydrolysis products are
transformed when they are subjected to hydrolysis. Once dissolved, cellulose is
hydrolyzed to long oligosaccharides chains which are then hydrolyzed to glucose.
Finally, if hydrolysis proceeds, degradation products such as acids are obtained from
glucose hydrolysis [27,28].

Once that the cellulose hydrolysis pathways have been explained and that the optimum
reaction conditions have been adjusted, experimental works which analysed the effect of
an increase of the cellulose suspension concentration have been performed [15]. These
works proved that when the cellulose concentration is increased, even when the water
mass concentration remained over 90%, a solid fraction remains unreacted. This fact
demonstrates that the cellulose particles are not always fully dissolved in supercritical
water. This evidence disagrees with the bases of the conventional hydrolysis models and
explains the divergences between the experimental and the theoretical results found in
these works. Therefore, when working with concentrated suspensions, neither
dissolution can be considered as instantaneous nor hydrolysis understood as a process
performed in a homogeneous phase. These two considerations neglect the cellulose step
dissolution and the mass transfer effects. Although the conventional models are not able
to predict cellulose hydrolysis at high concentrations, they must be the base to

understand how the initial concentration influences cellulose hydrolysis.
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In this work a kinetic model which accurately predicts cellulose hydrolysis at high
concentrations is presented. The model, which considers the mass transfer effects, is
based on the idea that the hydrolysis of the cellulose particles generates
oligosaccharides which are instantaneously dissolved in the liquid phase and, because of
their low diffusion coefficient, they remain as a layer which surrounds the cellulose
particles creating a mass transfer limitation. Moreover, it considers that an increase in
the cellulose concentration reduces the accessibility of the water molecules to the
surface of the cellulose particles because of the higher probability of interaction
between the oligosaccharides layers of the different particles (more particles are fed to
the reactor) and because of the higher concentration of hydrolysis products in the
aqueous phase. These compounds directly interact with the water molecules penalizing
their diffusion to the surface of the cellulose particles.

Finally, although in the case of compounds such as hemicelluloses and lignin it can be
also considered that their hydrolysis products can create a mass transfer resistance,
because of their higher complexity, the model would need to be adapted and partially

reformulated to represent the hydrolysis of natural biomasses.

2. Materials and Methods
2.1 Materials
Deionized water and two different types of high purity microcrystalline cellulose were
selected to perform the validation experiments. While the first type of cellulose, with an
average particle diameter of 50 um was purchased from Sigma-Aldrich (Avicel® PH-
101), the second one, with an average particle diameter of 75um, was purchased from
VWR (A17730). The standards used in the high-performance liquid chromatography

(HPLC) analysis were: cellobiose (C98%), glucose (C99%), fructose (C99%), erythrose
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(C75%), glyceraldehyde (C95%), glycolaldehyde dimer (C99%) and 5-
hydroxymethylfurfural (C99%) purchased from Sigma. Sulfuric acid (C96%) and
calcium carbonate (C99%) supplied by Sigma were used as reagents in the
determination of structural carbohydrates. Milli-Q water was also used in this

procedure.

2.2 Analysis
The solid fraction at the outlet of the reactor, which represents the unconverted
cellulose, was determined by gravimetric analysis. This fraction was immediately
separated by centrifugation from the product samples, dried at 60°C during 24 hours and
finally weighted. Then, cellulose conversion in the reactor was determined by Equation

1:

Wo-W

Equation1: X = W

Where X represents cellulose conversion, Wo the cellulose mass concentration at the
inlet of the reactor (g cellulose / g total) and W the cellulose mass concentration at the

outlet of the reactor (g cellulose / g total).

The composition of the liquid product was determined by HPLC analysis. The column
used for the separation of the compounds was Shodex SH-1011 at 50°C, using sulfuric
acid (0.01 N) as mobile phase with a flow rate of 0.8 ml/min. The Waters IR Detector
2414 was used to identify the sugars and their derivatives, and a Waters UV-Vis

detector was used to determine the 5-hydroxymethylfurfural (5-HMF) concentration at a
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wavelength of 254 nm. The concentration of soluble oligosaccharides in the liquid
samples was determined by acid hydrolysis to glucose and HPLC determination
following a laboratory analytical procedure from NREL (Sluiter et al [29]) as follows.
To 10 ml of filtered liquid aliquots, 4 ml of 96 % H>SO, was added. The sample was
maintained in an oven at 30°C for 60 min. Then 86 ml of Milli-Q water was added, and
the sample was incubated at 121°C for 60 min. Calcium carbonate was added to 20 ml
of this sample to neutralize the pH, and finally the supernatant liquid was filtered and
analysed by HPLC. Two replicates of each experiment were analysed in order to obtain
reliable results.

The mass fraction of oligosaccharides in the liquid phase was determined by Equation
2, where Col,c and Ccel,c represent the concentration of oligosaccharides and the
concentration of cellulose in the liquid phase on a carbon basis. The monomer was not
considered as an oligosaccharide and therefore its mass fraction was subtracted. The
carbon factors used to convert the concentrations of oligosaccharides and of cellulose
into a carbon basis are 0.4 and 0.444 respectively. While Col,c is determined by HPLC

following the Sluiter et al [29] method, Ccel,c is determined by Equation 3:

. C
Equation 2: x, = —2¢

Ccel,C

Equation 3: Ceec = Ceelo * X

Where Ccel,o represents the cellulose concentration at the inlet of the reactor and X the

cellulose conversion calculated by Equation 1.
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Finally, the crystallinity of the samples was determined by XRD (X-Ray Diffraction)
using a Bruker Discover D8 diffractometer in the Laboratorio de Técnicas
Instrumentales of the University of Valladolid. The X-ray source is a copper tube, Cu
Ko radiation (A = 1.5418 A), of 2.2 kW power which works at 40kV and 30 mA and
which uses an energy dispersive type detector Lynxeye (Bruker) model. The measuring
range, 20, variated from 10° to 45° with a step size of 0.02° and a time per step
parameter of 1s. While the total number of steps was equal to 1713, the total measuring

time was approximately equal to 31 minutes.

2.3 Experimental Setup
All the experiments were carried out in the FASTSUGARS continuous pilot plant
designed and built by our research group [12]. A pressure of 25MPa and a temperature
of 390°C were selected as reaction conditions and fixed at the inlet of the reactor. Since
the objective of the experiments is the validation of the cellulose consumption model,
the residence time was varied from 50ms to 350ms in order to obtain the evolution of
the cellulose consumption with the reaction time. Finally, the influence of the initial
cellulose concentration was tested processing different cellulose suspension (3%, 5%
and 7% w/w, 1%, 1.7% and 2.3% w/w at the inlet of the reactor). The process flow

diagram of the pilot plant is shown in Figure 1:
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T-01: Biomass Tank
T-02: Water Tank
T-03: Product Tank
P-01: Biomass Pump
P-02: Water Pumo

HT-01: Electric Heater
/P HE-01: Trim Cooler
g LN

HT-01 HE-01 ‘

Figure 1: Experimental setup: FASTSUGARS pilot plant

In the FASTSUGARS pilot plant, two positive displacement pumps (P-01 & P-02)
continuously pump from their storage tanks (T-01 & T-02 respectively) the biomass
suspension and water up to the reaction pressure (25MPa). The process flows can be
controlled modifying the pumped volume of the positive displacement pumps up to 3
kg/h in the case of the biomass suspension pump and up to 5 kg/h in the case of the
water pump. The water stream is heated over its critical point using an electric heater
(HT-01) with a design power of 10kW. After mixing both streams in a tee, the
temperature is measured and controlled selecting as set point the reaction temperature
(390°C). The controller acts over the power released by the electric heater modifying the
water stream temperature. Then the mixture enters in the reactor, which is basically a
tube. The reaction time, calculated as the reactor volume divided by the volumetric flow
of the inlet stream, is controlled varying either the initial flows or the reactor volume. In
these experiments, reactors of an external diameter of 1/8” and different lengths were
used. After the reactor, an expansion valve instantaneously stops the hydrolysis

reactions decreasing the pressure from the reaction pressure (25MPa) to the atmospheric
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pressure which, as a consequence of the Joule-Thompson effect, reduces the
temperature instantly to 100°C. Finally, the product stream is cooled down to 25°C in
the trim cooler exchanger (HE-01) and stored in the product tank (T-03). A three ways

valve located just before the product tank allows taking product samples when desired.

3. Kinetic model

A recent work on cellulose hydrolysis [15] has demonstrated that when the cellulose
concentration is increased over 1.5% wi/w at the inlet of the reactor at 400°C and
25MPa, a solid residue is obtained after hydrolysis. The model presented in this
manuscript is based on two ideas which are in accordance with these results. It
considers that the dissolution of a solid particle of cellulose is not an instantaneous
process and that cellulose hydrolysis is a heterogeneous process governed by the
cellulose dissolution velocity which is lower than the cellulose hydrolysis velocity.
Thus, when hydrolysis starts, there is still a fraction of undissolved cellulose in solid
state. Therefore, it is concluded that a mass transfer limitation, which becomes more
relevant as the initial cellulose concentration is increased, governs cellulose dissolution.
Traditional cellulose hydrolysis models [12,23] have been based on the Shrinking Core
Model [30]. Specifically, in the approach which considers that once that the liquid
molecules reach the solid particles, the reaction is produced on their surface decreasing
the solid mass. However, since the dissolution is considered as an instantaneous stage,
the mass transfer resistance has been neglected and only the hydrolysis stage has been
considered. Therefore, these models consider the hydrolysis as a homogeneous process
carried out in the aqueous phase. The model presented in this paper is also based on this

approach of the Shrinking Core Model, but considering both the mass transfer and the
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reaction stages. Cellulose particles are modelled as spheres whose diameter decreases as
reaction proceeds. Although the traditional cellulose hydrolysis models [12,23] have
modelled the cellulose fibers as cylinders instead of as spheres, in this model spheres
have been considered. As demonstrated by Sasaki [23], as the cellulose hydrolysis
proceeds, these long fibers are subjected to cleavage generating short cylinders. As the
length of a cylinder is reduced, its external surface, parameter which quantifies the
exposure of a cellulose particle to the water molecules, approaches to the external
surface of a sphere. Moreover, in a short cylinder it is not possible to define whether the
reduction in the size is produced in the radial or in the axial direction while in a sphere it
is always produced in the radial direction. Therefore, taken into account these two
considerations, the cellulose particles are modelled as spheres (although physically they
are similar to short cylinders) reducing the complexity of the model.

In this model, cellulose hydrolysis is produced on the surface of the particles instead of
in the aqueous phase. Then, the hydrolyzed compounds are instantaneously dissolved in
the aqueous phase where their hydrolysis proceeds. Since the particle surface, which
increases as the initial particle diameter increases, is directly related to the hydrolysis
rate, using cellulose varieties with a high initial average particle diameter will increase
the hydrolysis rate.

If it is considered that once that the water molecules reach the surface of the solid particles
the hydrolysis is instantaneously performed, the mass transfer limitation must affect to
the diffusion of the water molecules from the bulk phase to the surface of the solid
particles. Focusing on the hydrolysis pathway, the first product obtained in cellulose
hydrolysis are long oligosaccharides chains [12,31]. In this new model, these
oligosaccharides chains are considered to be the responsible of the mass transfer

limitation. Because of their high degree of polymerization and consequently, their great
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length, the diffusion of the oligosaccharides chains to the bulk phase must be greatly
limited. These chains are visualized surrounding the cellulose particles and therefore,
creating a limitation to the arrival of more water molecules to the surface of the solid
particles. Once that the oligosaccharides are hydrolyzed to short monosaccharides which
can easily diffuse to the bulk phase, the limitation disappears and the water molecules are
able to diffuse again to the solid cellulose particles. However, the cellulose hydrolysis
produces new oligosaccharides chains which create again a mass transfer limitation. If
the hydrolysis velocity of the solid particles is higher than the oligosaccharides hydrolysis
velocity, the solid cellulose will be at some points of the process almost completely
covered by oligosaccharides and the hydrolysis of the solid particles will be greatly
limited. Although some authors [23] have proven that the viscosity average degree of
polymerization of the solid residue after hydrolysis varies between 230 and 50, which can
be considered as reference values to define a high polymerization degree, the model is
based on the assumption of a low diffusion coefficient of the oligosaccharides chains
instead of on the analysis of their effect depending on this parameter. The average degree
of polymerization is constantly varying as the hydrolysis proceeds because of the
generation of new oligosaccharides of a high polymerization degree and the hydrolysis
of the ones which have been already dissolved in the liquid phase.

Finally, in this model it has been considered that all the cellulose particles have the
same size and that the hydrolysis of one particle is representative of the hydrolysis of all
the particles. Moreover, it is assumed that in cases in which the cellulose particle size
distribution is not unimodal, the hydrolysis consumption can be modelled by means of
the mean particle diameter. Therefore, all the equations presented hereafter are based on

the hydrolysis of a single particle. Then, the total rate of cellulose consumption can be
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310 particles. A descriptive representation of the model is shown in Figure 2:
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315  Figure 2: Representation of the cellulose hydrolysis model presented in this paper.

316  Once that the theoretical basis of the model have been explained, the main equations
317  required to calculate the cellulose hydrolysis rate are presented hereafter. An extended
318 and more detailed mathematical description of the equations can be found in the

319  Supplementary Material of this work.

320

321  Reaction

322 The cellulose hydrolysis reactions are carried out on the surface of the solid cellulose
323  particles once that the water molecules have diffused from the bulk phase:

324
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Equation 4: _%: kr-4-m-r?-Cai

Where —dNa/dt represents the consumption of water on a mole basis, kr the kinetic
constant, r the particle radius and Cai is the water molar concentration in the interphase

between the solid particle and the aqueous phase.

Mass transfer
The water molecules are transferred from the bulk phase to the surface of the cellulose

particles:

Equation 5: —% =kg-4-m-r?-(Cag— Cai)

As in the reaction term, —dNa/dt represents the consumption of water on a mole basis,
kg is the mass transfer coefficient, r the particle radius, Cai is the water molar
concentration in the interphase between the solid particle and the aqueous phase, and

finally Cag is the water concentration in the bulk phase.

The continuity of the process requires that all the water molecules transferred from the
bulk phase to the particle surface are consumed in the hydrolysis reactions. Then,

equating Equation 4 and Equation 5:

Equation 6: Cai = Cag

g
kr+kg
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Equation 6 allows obtaining the value of the water interphase concentration. Replacing

Cai in Equation 4:

. . dNa __ 2 krkg
Equation 7: ” =4-m-r kg 28

Equation 7 allows calculating the water consumption independently of the water
interphase concentration. Multiplying both terms of Equation 7 by the molecular weight

of water, Equation 7 can be expressed on a mass basis as:

. . dMa _ 2 krkg
Equation 8: " =4-m-r ——

Equation 8 quantifies the consumption of water in the cellulose hydrolysis process. The

relationship between the cellulose consumption and the water consumption is defined

by:

iong: dMa_ 1 dMc
Equation 9: e

Combining this relationship with Equation 8, it is possible to calculate the cellulose

consumption rate on a mass basis:

i . _WMc g 4. .2, KoKE
Equation 10: " =9-4-m-r ke
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The evolution of the particle radius during hydrolysis is easily obtained relating the

particle mass with its corresponding volume:

: (3 Me\/3
Equation 11; r= (— : _)

4Tt pcC
Where pc is the particle density and Vc the particle volume.

The calculation of the cellulose hydrolysis rate by Equation 10 requires first calculating
the values of the kinetic constant kr and of the mass transfer coefficient kg. Regarding
the Kinetic constant, kr, which is modelled as a pseudo-Arrhenius equation (Equation
12), two different correlations which depend on the reaction temperature have been
proposed. These correlations are obtained using the kinetic constant of the model as a
degree of freedom and adjusting its value to minimize the differences between the
results predicted by the model and the results predicted by a conventional model [12].
Because of the low working concentrations (lower than 1% w/w at T=400°C &
P=25MPa) which were considered in the development of the conventional hydrolysis

models, in this case it is possible to neglect the mass transfer effects.

Ea
Equation 12; kr = A - 220 . exp~RT

Pa
Where kr is the kinetic constant, A is the preexponential factor, Ea is the activation
energy, R is the universal gas constant, T the absolute temperature, pa,exp the density of
water at the reaction conditions used to calculate the value of the preexponential factor

and pa the density of water at the desired reaction conditions.
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The values thus obtained for the natural logarithm of the preexponential factor and of

the activation energy are shown in Table 1:

T (2C) LnA Ea (kJ/mol)
400 70,33 430,3
355 17,87 154,4

Table 1: Calculation of the kinetic constant kr. Pseudo-Arrhenius equation parameters:

natural logarithm of the preexponential factor LnA and activation energy Ea.

Therefore, in the supercritical zone (temperatures above 375°C), the kinetic constant is

defined by:

Equation 13: kr = Exp(70.33) 628-43 - Exp (—;3?3)
a,T .

On the other hand, in the subcritical zone (temperatures below 375°C), the kinetic

constant is calculated by:

Equation 14: kr = Exp(17.87) - 126-54 -Exp (—;5::.4)
a,T .

Regarding the calculation of the mass transfer coefficient, kg, the Chilton-Colburn

[32,33] analogy shown in Equation 15 has been considered:

Equation 15: Ef = Sth - Pr?/3 = Stm - Sc?/3
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414  Therefore, relating the momentum transfer with the mass transfer:
415

416  Equation 16: f_ke, (
2 u

M )2/3
paDAB

417

418  Where pa, |, Dag are the density, the viscosity and the water diffusion coefficient
419  calculated at the reaction conditions, u is the fluid velocity, f is the Darcy-Weisbach
420  friction factor [34] and kg the mass transfer coefficient. The friction factor is directly
421  calculated solving the Swamee and Jain equation [35]:

422

423  Equation 17: f= 025

- [n(ers)]

424

425  Where ¢ is the pipe roughness and D the pipe diameter.

426  Regarding the diffusion coefficient, Das, the value of this parameter is approached to
427  the self-diffusion coefficient of water.

428  Once that the physical properties of water, the velocity and the friction factor are

429 calculated, the value of the mass transfer coefficient is obtained solving Equation 16.

430

431  Finally, although the values of both the kinetic constant and of the mass transfer

432  coefficient can be directly calculated and replaced in Equation 10, it is first necessary to
433 include the limitation created by the oligosaccharides layer which surrounds each

434  cellulose particle penalizing the water diffusion from the bulk phase to the surfaces of
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the particles. Consequently a new concept called the “covering mass” has been included

and it is presented hereafter:

The “covering mass” is the mass of oligosaccharides which almost completely cover the
cellulose particles creating a mass transfer resistance which limits their hydrolysis. This
parameter depends on the cellulose concentration, the external surface of the particles
and the cellulose density.

Because of the complexity of experimentally estimating the value of this parameter, in
the first set of experiments shown in Section 4, this parameter is used as a degree of
freedom. Therefore, its value is adjusted in order to minimize the deviations between
the experimental data and the data predicted by the model. Since the mass of a single
cellulose particle can be even lower than 101 kg, in order to facilitate operating with
the model, the concept of “covering conversion” has been defined. The covering
conversion is simply the relationship between the oligosaccharides covering mass and
the initial mass of a cellulose particle:

MoligCOV

Equation 18: X oy =

Mce] 0

Theoretical relationships between the covering conversions of different scenarios based
on the particle concentration and their external surface have been proposed. These
relationships allow calculating the value of the covering conversion of a real scenario
from a reference value of another scenario. The following relationships have been found

to accurately predict the value of the covering conversion within different scenarios:

o Same concentration, different cellulose:
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Equation 19: Xg2 = 22.X_,,1
Dpy

Where Dp: and Dp> are respectively the diameter of the particles of the

first and of the second scenarios.

Same cellulose, different concentration:

Equation 20: X, 2 = —2ha

Dpfic, | 1
Dpfic, = ¢V

Where Dpfic represents the fictitious diameter obtained if it is considered
that the cellulose particles are grouped together in a single spherical
particle (the total mass of the spherical particle is the sum of all

individual particles masses).

The oligosaccharides consumption rate, which is required to calculate the mass of

oligosaccharides in the liquid phase, is defined by Equation 21:

dMol dMc

Equation 21: =F frale kol - Mol

dt

The variation of the oligosaccharides mass is equal to the generation of
oligosaccharides, defined as the fraction of cellulose hydrolyzed to oligosaccharides (F)

multiplied by the cellulose consumption rate, minus the consumption of
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oligosaccharides defined as a kinetic constant multiplied by the oligosaccharides mass.
Both the values of F and kol have been already experimentally determined in a previous
work of our research group [12]. In this case the kinetic constant, kol, follows a
conventional Arrhenius equation. The values of F and of the kinetic parameters of kol

are detailed in Table 2:

T (2C) F LnA Ea (kJ/mol)

>350 0.8 25.4 135.2

Table 2: Oligosaccharides production Factor F and Arrhenius equation
parameters: natural logarithm of the preexponential factor LnA and activation

energy Ea. [12]

With these two considerations, Equation 16 is redefined again:

u

——7 - (1 —frac)

(5%5)

Equation 22: kg ="

Where (1 — frac) models the mass transfer limitation created by the oligosaccharides
layer and the hydrolysis products. "frac™ is the relationship between the value of the
oligosaccharides mass (calculated solving Equation 21) and the covering mass. Thus,

when the covering mass is reached, frac is equal to 1 and kg is equal to 0.
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Equation 22 allows calculating the mass transfer coefficient that, in combination with
the value of the kinetic constant kr calculated by Equation 13 and Equation 14, provide

the cellulose consumption rate.

4. Results and Discussion

The validation of the model has been performed comparing three sets of experimental
data with the results predicted by the kinetic model. The concept of absolute average
deviation, defined by Equation 23, has been used to quantify the errors between the

experimental and the theoretical values:

Equation 23:

Theoretical Value—Experimental Value

absolute average deviation = % : Zin:o( ) -100

Theoretical Value

Where N represents the number of experimental points.

4.1 Covering conversion. Adjustment of a reference value.

The application of the kinetic model presented in this manuscript requires as a first step
to calculate in each scenario the value of the covering conversion, parameter which
depends on the cellulose type and on the initial cellulose concentration. The covering
conversion of any working scenario can be easily calculated applying Equation 19 and
Equation 20 once that the covering conversion associated with any other scenario
(cellulose type and initial concentration) is known. Since the kinetic model has not been
previously applied, there is no value of the covering conversion available to be

considered as a reference. Therefore, the first set of experimental data has been used to
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manually adjust the value of this parameter to the one which minimizes the
discrepancies between the experimental points and the values predicted by the kinetic
model. This covering conversion will later be used as a reference to calculate the values
of the covering conversions of the following scenarios. If the theoretical results
predicted by the model in the following cases are in agreement with the experimental
data, both the kinetic model and the covering conversion adjusted in this section will be

validated.

In this base case, VWR cellulose was used (Dp = 75um). The initial cellulose
suspension concentration was fixed at 5% w/w, 1.7% w/w at the inlet of the reactor,
because of the dilution produced when the suspension stream is mixed with the
supercritical water stream. In all the experiments performed with this working
concentration solid residue was obtained. Therefore, the cellulose dissolution cannot be
consider as instantaneous and the model presented in this work was applied. Figure 3
compares the evolution of the cellulose conversion predicted by the model once that the

covering conversion has been manually adjusted with the experimental data:
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Figure 3: Adjustment of the covering conversion. Initial cellulose suspension
concentration 5% wi/w, 1.7% w/w at the inlet of the reactor. Particle diameter, Dp =
75um. (@) Experimental results. (=) Theoretical results fitted by the kinetic model

presented in this article.

The deviations between the experimental data and the theoretical values have been

quantified and are presented in Table 3:

Experimental Value Calculated Value Abs Avg Dev (%)

0.63 0.61 3.6
0.65 0.65 0.0
0.70 0.79 13.4
0.93 0.87 6.6

Avg Deviation (%) 5.9

Table 3: Absolute average deviations between the experimental conversion data and the
theoretical values fitted by the kinetic model. Adjustment of a reference value of the

covering conversion.

As it can be seen from Figure 3 and Table 3, the discrepancies between the experimental
and the theoretical values have been minimized adjusting the covering conversion to
0.44. The absolute average deviation between the experimental and the theoretical
points is lower than 6%. Thus, this working scenario which is summarized as cellulose
concentration equal to 1.7% w/w at the inlet of the reactor, particle diameter, Dp =

75um and covering conversion Xcov = 0.440, will be used as reference.
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As it can be seen from Figure 3, the model predicts two different hydrolysis zones. This
is the main difference with the conventional cellulose hydrolysis models [12,15,23] in
which the cellulose hydrolysis is represented by means of a continuous equation. In the
first zone, which are basically the first twenty five milliseconds of reaction, the water
molecules are able to easily react with the cellulose particles on their surface because of
the low concentration of oligosaccharides in the aqueous phase and consequently, the
low mass transfer resistance. In this initial phase, the conversion of the cellulose particle
rises drastically up to a 60%. Therefore, according to this model, during this initial
period of direct reaction between the water molecules and the cellulose surface there is a
minimum cellulose conversion value which is limited by the minimum reaction time

which can be technically achieved.

After these first milliseconds, the cellulose hydrolysis rate is reduced because of the
increase of the oligosaccharides concentration in the liquid phase. According to the
model, controlling the reaction time in this second zone will allow obtaining
oligosaccharides chains of different length. While operating close to the first reaction
zone (short reaction times) will provide long oligosaccharides chains, the operation with
longer reaction times will provide short oligosaccharides chains. As the
oligosaccharides are progressively hydrolyzed and new pathways to the cellulose
surface are opened, the cellulose hydrolysis proceeds. Since the hydrolysis of the
cellulose particle generates again more oligosaccharides chains, the hydrolysis of the
particle is slowed down again until the new oligosaccharides chains are hydrolyzed to
sugars and acids which can easily diffuse to the bulk phase. These two processes (first
the hydrolysis of the cellulose particle and the covering of the particle, and then the
hydrolysis of the oligosaccharides chains) reach an equilibrium resulting in a constant

hydrolysis rate which lasts until the total consumption of the cellulose particle which in
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this case is produced after 300ms of hydrolysis. Finally, once that the solid particle has
been consumed, the hydrolysis of the oligosaccharides chains and sugar molecules
proceeds homogeneously in the aqueous phase and it is accurately modelled by the

conventional hydrolysis models [12,15,23].

The validation of the conclusions extracted from the application of the kinetic model to
the first set of experimental data has been performed experimentally determining the
selectivity of the sugars in the liquid phase and the crystallinity of the solid residues
obtained after the hydrolysis. On the one hand, the selectivity of sugars in the liquid
phase, which has been obtained by HPLC and it is presented in Figure 4, is used to
verify the basic idea of the model which states that the oligosaccharides chains are the
responsible of the mass transfer limitations in cellulose hydrolysis. On the other hand,
the crystallinity of the solid cellulosic residue, obtained by XRD and shown in Figure 5,
has been determined to confirm whether the solid residue obtained after hydrolysis is

crystalline or amorphous cellulose.
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Figure 4: Selectivity of sugars in the liquid phase at different reaction times. Initial
cellulose concentration 5% wi/w, 1.7% w/w at the inlet of the reactor. VWR cellulose:

particle diameter, Dp = 75um.

As it can be seen from Figure 4, the selectivity of both the total saccharides and of the
oligosaccharides increases up to a maximum of 84% in the case of the saccharides and
up to 46% in the case of the oligosaccharides after 80 ms of hydrolysis. After this
maximum, both selectivities decrease. This behaviour, which is very similar to the one
reported by Cantero [36] in a previous work, explains the existence of two different
hydrolysis zones. First, when no oligosaccharides have been generated and the effect of
the mass transfer resistance is reduced, the cellulose hydrolysis rate is very high. Then,
when both the concentration of oligosaccharides and the mass transfer resistance

increase, a reduction in the cellulose hydrolysis rate is observed.

100
90
80 °
70
60

50
40
30
20
10

Crystallinity (%)

0 50 100 150 200 250 300
Reaction time (ms)

Figure 5: Analysis of the crystallinity of the cellulosic solid residue after hydrolysis.
Initial cellulose concentration 5% w/w, 1.7% w/w at the inlet of the reactor. VWR

cellulose: particle diameter, Dp = 75 pm.
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Finally, regarding the crystallinity of the solid cellulosic residue and according to the
results presented in Figure 5, the crystallinity of the solid cellulosic residue decreases as
the reaction time increases. The experimental results show that after 230 ms of reaction,
which means the almost complete hydrolysis of the cellulose particles, the crystallinity
of the solid residue remains at 57%. Considering that the crystallinity of the initial
cellulose is equal to 83%, a 31% of the initial crystalline zones have been converted into
amorphous zones. Therefore, it is concluded that the obtaining of small cellulose
particles has associated a reduction in their crystallinity. Although these results show a
surprising tendency in the evolution of the crystallinity (as the hydrolysis proceeds, first
the amorphous zones, easily accessible and more reactive, should be consumed
increasing the crystallinity of the solid residue), some authors as Sasaki [23] and
Deguchi [37] have already reported this behaviour. Moreover, Deguchi proved that
around 320°C, the crystalline cellulose I is converted into amorphous cellulose and then,
after the hydrolysis, it recrystallizes into crystalline cellulose Il. These amorphous
transition and later recrystallization phenomena are considered as the base to explain

this behaviour.

4.2 Model validation. Same cellulose different concentration.

In this section, the hydrolysis model presented in this manuscript is validated comparing
a second set of experimental data with the theoretical values predicted by the kinetic
model. Moreover, the influence of the initial cellulose concentration is analysed
increasing this parameter up to 7% w/w, 2.3% w/w at the inlet of the reactor. The value
of the covering conversion has been calculated considering as reference the value

adjusted in Section 4.1. After calculating the fictitious diameters (considering that the
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particles are grouped in a single spherical particle whose mass is equal to the sum of the
masses of the single particles) and applying Equation 20, the calculated value of the
covering conversion is equal to Xcoy = 0.376. In this set of experiments, the same
cellulose type as in Section 4.1 has been hydrolyzed (VWR cellulose, Dp = 75um).
Figure 6 shows the comparison between the evolution of the cellulose conversion

predicted by the kinetic model and the experimental data:
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Figure 6: Model validation. Comparison between experimental data and theoretical
values. Same cellulose, different concentration. Covering conversion equal to 0.376.
Initial cellulose suspension concentration 7% wi/w, 2.3% w/w at the inlet of the reactor.
Particle diameter, Dp = 75um. (e) Experimental results. (=) Theoretical results

predicted by the kinetic model presented in this article.

The deviations between the experimental data and the theoretical values have been

quantified and are presented in Table 4:
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Experimental Value Calculated Value  Abs Avg Dev (%)

0.48 0.53 8.9
0.60 0.56 6.2
0.68 0.71 5.1
0.72 0.79 9.6

Avg Deviation (%) 7.4

Table 4: Absolute average deviations between the experimental data and the theoretical
values predicted by the kinetic model. Validation example, same cellulose, different

concentration.

Since the average deviation is lower than 8%, it is proved that the theoretical results are
in agreements with the experimental values. Therefore, the kinetic model, the value of
the covering conversion adjusted in Section 4.1 and the relationship proposed in
Equation 20 are validated. Comparing these results with the ones obtained in the base
case presented in Section 4.1, the kinetic model predicts the same two hydrolysis zones
but in this case, the value of the covering conversion is lower (0.376 vs 0.440) because
of the influence of the initial cellulose concentration. Although one of the premises of
this model is that the hydrolysis of a single particle is representative of the hydrolysis of
the rest of the particles, this does not contradict the fact that the hydrolysis of each
particle is influenced by the hydrolysis of the rest of the particles. Since the increase in
the number of particles produces an increase in the total number of oligosaccharides
chains and hydrolysis products in the aqueous phase, the diffusion of water molecules to
the surface of the cellulose particles is more penalized because of the presence of these

molecules and the interaction between the oligosaccharides chains of the different
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particles. Thereby, the oligosaccharides generated in the hydrolysis of one particle also
interact with the surrounding particles. This phenomenon explains the reduction in the
value of the covering conversion. Finally, since the initial cellulose concentration has

been increased, the total cellulose hydrolysis time is higher than in the base case.

4.3 Model validation. Different cellulose type.

While in Section 4.2 the influence of the initial cellulose concentration has been
analysed, in this section the influence of the cellulose type is studied. In this case,
Avicel cellulose type, Dp = 50um, has been selected to perform the experiments. Three
different experiments at suspensions concentrations of 3% w/w, 5% w/w and 7% w/w,
1%, 1.7% and 2.3% w/w at the inlet of the reactor have been carried out. Therefore, the
respective covering conversions are calculated applying Equation 19 and Equation 20.
After calculating the relationships between the particle diameters and the fictitious
diameters, the values of the covering conversions obtained are equal to 0.327 in the case
of 3% w/w suspension, 0.293 in the case of 5% w/w suspension and 0.250 in the case of
7% wi/w suspension. Figure 7 shows the comparison between the evolution of the

cellulose conversions predicted by the kinetic model and the experimental data:
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Figure 7: Model validation. Comparison between experimental data and theoretical
values. Different cellulose type. Particle diameter, Dp = 50um. (e, m, A) Experimental
data. Initial cellulose suspension concentration equal to 3% w/w (1% w/w at the inlet of
the reactor), 5% w/w (1.7% w/w at the inlet of the reactor) and 7% w/w (2.3% w/w at
the inlet of the reactor) respectively. (==, ==, =) Theoretical results predicted by the
kinetic model. Initial cellulose suspension concentration equal to 3% w/w (1% w/w at
the inlet of the reactor), 5% w/w (1.7% wi/w at the inlet of the reactor) and 7% w/w
(2.3% wi/w at the inlet of the reactor) respectively. Covering conversions equal to 0.327,

0.293 and 0.250 respectively.

The deviations between the experimental data and the theoretical values are presented in

Table 5:

Concentration (%) Experimental Value Calculated Value Abs Avg Dev (%)

3 0.59 0.61 3.0
5 0.47 0.52 11.0
7 0.43 0.49 13.4

Avg Deviation (%) 9.1
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Table 5: Absolute average deviations between the experimental data and the theoretical

values predicted by the kinetic model. Validation example, different cellulose.

Since the absolute average deviation is lower than 10% the good agreement between the
experimental results and the theoretical values validates the model, the covering
conversion adjusted in Section 4.1 and the relationships proposed in Equation 19 and
Equation 20. Since the particle diameter of the Avicel cellulose type is lower than that
of the VWR type (50pum vs 75um), a higher number of cellulose particles is expected.
Consequently, as in the case presented in Section 4.2, the influence of the hydrolysis of
one particle on the surrounding particles will be higher than in the base case reducing
the value of the covering conversion. In this scenario, although the cellulose
conversions after the first hydrolysis phase are lower than in the base case presented in
Section 4.1 (45%, 35% and 30% with inlet suspension concentrations equal to 3% wi/w,
5% wiw and 7% wi/w respectively versus 60% in the base case), since the covering
conversions are lower (0.327, 0.293 and 0.250 with inlet suspension concentrations
equal to 3% w/w, 5% w/w and 7% wi/w respectively versus 0.440), the second
hydrolysis phase is longer in all cases. Because of the reduced value of the covering
conversions, the particles are easily covered by the oligosaccharides layer, decreasing

the cellulose consumption rate and increasing the total hydrolysis time.

Comparing the three cases presented in this section, as in Section 4.1 and Section 4.2 in
which VWR cellulose has been used, increasing the initial cellulose concentration
reduces the value of the covering conversion. Furthermore, in Figure 7 it is possible to
appreciate the influence of the temperature in the hydrolysis model. While the
temperature in the first experiment (suspension of 3% w/w) was equal to 396.3°C, in the

second and third experiments (suspensions of 5% w/w and 7% w/w) it remained at
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384.8°C and at 390.8°C respectively. Increasing the temperature increases the kinetic

constants kr and kol increasing the cellulose consumption rate. This reason explains the
reduced separation between the curves of 5% w/w and 7% w/w (1.7% and 2.3% w/w at
the inlet of the reactor) and the larger separation between the curves of 3% w/w and 5%

wiw (1% and 1.7% w/w at the inlet of the reactor).

Finally, two additional experimental points available in literature [23] have been
considered to validate the model with a different cellulose variety and a different
reaction temperature (375°C versus 390°C). In this last case, the experimental points
were obtained working with Merck cellulose, Dp = 50um, and selecting a cellulose
concentration at the inlet of the reactor equal to 2% w/w. Figure 8 shows the
comparison between the evolution of the cellulose conversions predicted by the kinetic

model and the experimental data:
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Figure 8: Model validation. Comparison between experimental data and theoretical
values. Different cellulose type. Reaction temperature equal to 375°C. Particle diameter,
Dp = 50um. Cellulose concentration at the inlet of the reactor equal to 2% w/w. (e)
Experimental data [23]. (=) Theoretical results predicted by the kinetic model.

Covering conversion equal to 0.264.
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The deviations between the experimental data and the theoretical values are presented in

Table 6:

Experimental Value Calculated Value Abs Avg Dev (%)

0.62 0.65 5.2

0.98 0.98 0.2

Avg Deviation (%) 2.7

Table 6: Absolute average deviations between the experimental data and the theoretical
values predicted by the kinetic model. Validation example, different cellulose, reaction

temperature equal to 375°C.

As it can be seen from Figure 8 and Table 6, the good agreement between the
experimental and the theoretical values validates the model when a different cellulose
type and a different reaction temperature are considered. As the reaction temperature
decreases, the values of the cellulose hydrolysis and oligosaccharides hydrolysis kinetic
constants are reduced. Therefore, the cellulose hydrolysis rate decreases and the
reaction time increases. As in the previous scenario and compared to the base case
presented in Section 4.1, since the particle diameter is reduced from 75um to 50pum and
the cellulose concentration at the inlet of the reactor is increased from 1.7% w/w to 2%
wi/w, a higher number of particles is expected. Consequently, the covering conversion is
reduced from 0.440 to 0.264 as well as the cellulose conversion after the first hydrolysis

zone which decreases from 60% in the base case to 35% in the present case.

Finally, the arithmetic average of all the absolute average deviations shown in the three
subsections of Section 4 has been calculated. Since this value is lower than 10% it is

proved that the kinetic model presented in this manuscript is able to accurately
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reproduce the cellulose hydrolysis process even when it is performed at a high initial
cellulose concentration and consequently, that it can be used to predict the optimum
reaction conditions required to obtain nanocellulose particles and oligomers of

controlled size.

5. Conclusions

The conventional models of cellulose hydrolysis in supercritical water are limited to the
processing of low concentrated suspensions since they neglect the dissolution of the
cellulose particles and the mass transfer effects. In this work, a kinetic model which
accurately represents cellulose hydrolysis at high concentrations providing the optimum
reaction conditions to obtain nanocellulose particles and oligomers of controlled size
was presented. The model considers that the hydrolysis of the cellulose particles
generates oligosaccharides layers which create a mass transfer resistance.

The experimental and the theoretical results demonstrated that increasing the total
number of cellulose particles, either increasing the initial concentration or using a
cellulose variety with a smaller particle diameter, reduces the hydrolysis rate.

The kinetic model predicts two clearly differentiated hydrolysis zones. The first zone,
characterized by a fast cellulose hydrolysis rate and directly related with the low
oligosaccharide concentration, predicts that there is a minimum conversion value which
is limited by the minimum reaction time which can be technically achieved. On the
other hand, in the second hydrolysis region, the kinetic model predicts a lower cellulose

hydrolysis rate because of the higher oligosaccharides concentration.
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Nomenclature

Abbreviation Name Units
Dp Particle Diameter m
op Particle Density kg/m?3
G Gibbs Free Energy J
H Enthalpy J
T Temperature K
S Entropy J/K
X Conversion dimensionless

Wo Initial Cellulose Mass kg
w Cellulose Mass kg
xol Oligosaccharides Mass Fraction dimensionless
Col,c Oligosaccharides Concentration, Carbon Basis ppm
Ccel,c Cellulose Concentration, Carbon Basis ppm
Ccel,0 Initial Cellulose concentration ppm
Na Water Moles mol
t Time s
-dNa/dt Water Consumption, Molar mol/s
kr Kinetic Constant m/s
r Particle Radius m
Cai Water Concentration, Interphase, Molar mol/m?3
kg Mass Transfer Coefficient m/s




Mg
dMg/dt
pa
pa,exp
pC

Vc

Sth
Pr
Stm
Sc
Nu
Re

Sh

Water Concentration, Bulk Phase, Molar
Water Mass
Water Consumption Rate, Mass
Cellulose Mass
Cellulose Consumption Rate, Mass
Glucose, Mass
Glucose Production Rate, Mass
Water Density
Water Density in the calculation of A
Cellulose Density
Cellulose Volume
Kinetic Constant, Conventional Model
Preexponential Factor
Activation Energy
Universal Gas Constant
Darcy-Weisbach Friction Factor
Stanton Heat Number, Nu/Re-Pr
Prandtl Number
Stanton Mass Number, Sh/Re-Sc
Schmidh Number
Nusselt Number
Reynolds Number
Sherwood Number
Velocity
Water Density

Water Viscosity

mol/m3

kg/s
kg
kg/s
kg
kg/s
kg/m3
kg/m3
kg/m3
m3
1/s
dimensionless
kJ/mol
J/mol-K
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
m/s
kg/m?3

kg/m-s




803

804

805

Dag

D
Xcov
Moligcov
Mcelo
Np
Dpfic
Mol

-dMol/dt

kol

frac

Water Diffusion Coefficient

Pipe Roughness

Pipe Diameter
Covering conversion
Oligosaccharides Covering Mass

Initial Cellulose Particle Mass

Particles Number
Fictitious Particle Diameter

Oligosaccharides Mass
Oligosaccharides Consumption Rate, Mass
Cellulose Fraction Hydrolyzed to Oligosaccharides
Oligosaccharides Consumption Kinetic Constant
Oligosaccharides Mass / Covering Mass

Number of Experimental Points

m?/s

m
dimensionless
kg
kg
dimensionless
m
kg
kg/s
dimensionless
1/s
dimensionless

dimensionless
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