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a b s t r a c t

The relationship between in-situ viscosimetry, in- and ex-situ morphogranulometry, and biochemistry has
been investigated during enzymatic hydrolysis of pretreated sugarcane bagasse (SCB, 3% w/v) and filter
paper (FP, 1.5% w/v) at various enzyme dosages (0.3–25 FPU/g cellulose). Semi-dilute conditions (1.5–2
times higher than critical concentrations) were considered in order to generate non-Newtonian rheolog-
ical behaviors and to avoid neglecting particle–particle interactions in opposition to dilute conditions.
Observed phenomena as well as hydrolysis mechanisms including solvation, separation, fragmenta-
tion, and solubilization appeared to depend strongly on initial substrate properties. For both FP and
SCB, suspension viscosities were correlated with particle size distributions and volume fractions dur-
ing hydrolysis, but they exhibited strongly different trends. With SCB, a viscosity overtaking was clearly
observed at enzyme loading ≤10 FPU/g cellulose. This phenomenon is explained by the separation of
nzyme
ydrolysis

agglomerates into individual fragments, leading to an increase in the total number of particles and a
morphological shift of particles from sphere-like into fiber-like. With FP, the viscosity collapsed at the
initial stage in relation to the volume reduction of coarse particles and the number increase of fine

osity
particles. Suspension visc

independent from the glucose

Abbreviations: CLD, chord length distribution; DLS, diffraction light scattering;
SE , diameter of circle equivalent (�m); FBRM, focused beam reflectance measure-
ent; FP, filter paper; FPU, filter paper unit; lc , chord length (�m); LOD, limit of

etection; LOQ, limit of quantification; MO, Metzner-Otto concept; Nc, number of
hord counted (/); Np, power number (/); PP, paper pulp; PSD, particle size distri-
ution; Re, Reynolds number (/); SCB, sugarcane bagasse.
∗ Corresponding author at: Laboratoire d’Ingénierie des Systèmes Biologiques et
es Procédés (LISBP), CNRS UMR5504–INRA UMR792-INSA, 135 avenue de Rangueil,
-31077 Toulouse cedex 4, France.

E-mail addresses: tuan.le@insa-toulouse.fr (T. Le),
ominique.anne-archard@imft.fr (D. Anne-Archard),
eronique.coma@u-bordeaux.fr (V. Coma), xavier.cameleyre@insa-toulouse.fr 
X. Cameleyre), eric.lombard@insa-toulouse.fr (E. Lombard),
nh.tokim@hust.edu.vn (K.A. To), anh.phamtuan2@hust.edu.vn (T.A. Pham), 
uong.nguyentien1@hust.edu.vn (T.C. Nguyen), luc.fillaudeau@insa-toulouse.fr 
L. Fillaudeau).

ttp://dx.doi.org/10.1016/j.bej.2017.07.006
was strongly dependent on the fraction of coarse population and nearly
conversion yield.

1. Introduction

Lignocellulosic feedstock is certainly the most abundant and the
cheapest resource in the world [1]. It can consist of several agri-
culture and industry by-products such as sugarcane bagasse, rice
straw, corn stove, and wood chips. Sugarcane bagasse is the lig-
nocellulosic residue accumulated during the production of sugar.
Chemically, bagasse contains about 50% cellulose, 30% pentosans,
and 2.4% ash [2]. Because of the low ash content in chemical
composition compared to other lignocellulosic biomasses such as

rice straw (17.5% ash content) and wheat straw (11% ash con-
tent), sugarcane bagasse is a very promising feedstock for use in
bioprocesses. According to Kim and Dale [3], the world global pro-
duction of sugarcane is 328.109 kg, which corresponds to around
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80.109 kg of dry sugarcane bagasse. This resource is an abundant
ource of raw material for biotransformation. Thus, the conversion
f sugarcane bagasse to fuel ethanol has long been under consider-
tion [4–6]. However, the processes proposed in these publications
emain in laboratory scale and need to be optimized for industrial
pplication.

In the bioconversion of lignocellulosic biomass, enzymatic
ydrolysis is crucial because it transforms cellulose/hemicellulose
bers into fermentable substrate. In order to achieve a viable econ-
my, the biotransformation of lignocellulose into monomer sugar
as to be performed at high concentrations of raw material [7].
orking at high dry matter concentration, the challenges to solve

re not only in the field of biochemistry but also extend to phys-
cal aspects. An increase in suspension viscosity leads to a rise in
he energy needed for mixing. It also causes poor mixing capacity
nd limits mass transfer. Consequently, low enzyme distribution
nd localized hydrolysis can possibly occur. In order to overcome
hese difficulties, an investigation by physical approach is necessary
o understand the mechanism of hydrolysis, as well as to identify
ey factors limiting conversion yield. To get in-depth knowledge,
he biochemical and physical phenomena should be investigated
imultaneously because of their strong coupling.

The physical research on lignocellulosic slurries started
ore than a decade ago [8–12]. It includes several analyses,

uch as suspension viscosity, yield stress, particle morphology
haracterization, crystallinity, porosity, surface properties, and
olymerization degree. Properties of mass and heat transfer,
heological behavior of suspensions, particle morphology and
ber degradation mechanisms appeared as determinant factors
f the effectiveness of the process. Lignocellulosic suspensions
xhibit non-Newtonian behavior (shear-thinning, viscoplasticity).
uspension viscosity and yield stress strongly depend on sub-
trate concentration and particle size and shape distributions. It
s reported that reducing particle size may improve enzymatic
ydrolysis efficiency and reduces the viscosity of biomass slur-
ies [13,14]. The literature reports on the physical properties (yield
tress, viscosity, particle size distribution (PSD)) of fiber suspen-
ions at the initial stage [15–17] and during enzymatic hydrolysis
16,18–20]. A decreasing trend in overall conversion yield with
ncreasing solids loading has been reported for several lignocellu-
osic substrates [21–23]. At high solid concentration, the physical
imitations become a sticking point and need to be scrutinized.

A decreasing trend in overall conversion yield with increas-
ng solids loading has been reported for several lignocellulosic
ubstrates [21–23]. At high solid concentration, the physical lim-
tations become a sticking point and need to be scrutinized. The
heological understanding of lignocellulosic suspensions is funda-
ental to the optimization of process efficiency [10,24]. Through

he bibliography analysis, there is only 3 publications that investi-
ates in parallel the biochemical, morphological and in-situ [16]
nd ex-situ [25,26] rheological approaches. Aiming to complete
his knowledge, and for further research on high dry matter
onditions, our strategy was to investigate enzymatic hydroly-
is at semi-dilute conditions to understand the fragmentation
nd solubilization mechanisms. The relationship between in-situ
iscosimetry and biochemistry was specifically scrutinized dur-
ng hydrolysis of two substrates – pretreated sugarcane bagasse
SCB 3% w/v) and milled filter paper (FP 1.5% w/v) – by a com-

ercial cocktail (Ctec2–Novozyme). These concentrations were
.5–2 times higher than critical concentrations (previously iden-
ified [16]), which led to non-Newtonian suspension behaviors.
onsequently limited particle–particle interactions occurred con-

rary to dilute conditions, but without the highest complexity
f high dry matter contents. This controlled complexity enabled
urther exploration of the physical limitations during hydrolysis
of cellulosic substrates. Various enzyme-to-substrate (E/S) ratios
(0.3–25 FPU/g cellulose) were studied with a multi-instrumented
experimental set-up. Semi-dilute conditions and low activities
(0.3–3 FPU/g cellulose) highlighted specific phenomena such as vis-
cosity overtaking and magnitude of particle fragmentation versus
solubilization. These operating conditions provided slow hydrol-
ysis kinetics that facilitated observation and characterization of
the phenomena at macroscopic (viscosimetry), microscopic (gran-
ulometry) and biochemical (sugar concentration) levels. Moreover,
these conditions allow negating end-product inhibition, minimiz-
ing the transfer limitations, homogenizing enzyme and suspension
distributions.

First, biochemical and physicochemical properties of initial sus-
pensions are compared. Second, hydrolysis rates and viscosity are
discussed as a function of the E/S ratio. Then, the final step focuses
on PSD and chord length distribution (CLD) analysis, with explo-
ration of the particle size evolution under enzymatic reaction in
relation to glucose conversion yield and suspension viscosity.

2. Materials and methods

2.1. Substrates and enzymes

Pretreated sugarcane bagasse (SCB) obtained from the Center of
Research and Development in Biotechnology, SBFT-HUST, Hanoi,
Vietnam (CRDB), was used as real lignocellulose substrate. Raw
bagasse was collected from the Lam Son Sugar factory (Thanh Hoa,
Vietnam), then pretreated using the organosolv process (thermo-
chemical pretreatment using formic acid). It was deformylated by
diluted NaOH and washed until neutral pH. Pretreated SCB was
extruded to homogenize the particle size (EuroLab 16 Extruder,
400 mm failure, extrusion line: 25 L/D 18/25 conveying, 7/25 shear
stress). Extruded SCB was stored at 4 ◦C until use (dry matter
content ∼25%). Its chemical composition consisted of 4.5% hemi-
cellulose, 79.9% cellulose, 1.4% lignin. The analysis was performed
using FibertecTM following the Van-Soest method [27].

Dried and milled (Bosch MKM6003 mill) filter paper (What-
man International Ltd., Maidstone, England, Cat No. 1001 090) was
selected as reference for cellulosic substrate. The composition of
filter paper (FP) was 99.68% cellulose. It did not contain hemicellu-
lose.

Surface tension analysis showed interfacial interaction free
energy (�GSES) of 34.2 mJ/m2 and 6.44 mJ/m2, and hydration free
energy (�GSE) of −146.3 mJ/m2 and −130.1 mJ/m2 respectively for
FP and SCB. Analysis was carried out using a Drop Shape Analyzer
DSA-100 (KRUSS) following tangent and Young-Laplace methods.
These results proved the similar hydrophilic properties of both sub-
strates.

With increasing concentration, both FP and SCB suspensions
behaved in an increasingly non-Newtonian way. A critical con-
centration specific to each substrate can be observed [28]; this
concentration is defined as the passage from dilute behavior (sub-
strate concentration has minor effect on suspension viscosity) to
semi-dilute and concentrated behavior (substrate concentration
greatly influences suspension viscosity and non-Newtonian behav-
ior). Rheological behavior of suspensions was investigated at 40◦ C,
with substrate concentration varying up to 15 g/L for FP and 53 g/L
for SCB. The mixing rate was in the range of 20–250 min−1. The
critical concentration was identified as 7 g/L for FP and 23.9 g/L for
SCB.
The enzymatic cocktail used was Cellic Ctec2 from Novozymes
(Serial 0139 batch VCN10002), which is a commercial lignocellu-
lase cocktail. Protein concentration was 64.8 ± 4.7 mg/mL following
Bradford assay and Bovine Serum Albumin (BSA) as standard. Enzy-
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atic activity and thermo-stability were characterized in specific
onditions (T = 40◦ C, pH = 4.8) following the IUPAC method [29].

One unit of filter paper (FPU), endoglucanase (CMCU) and
xoglucanase (AVCU) activities [30] equal to the amount of enzyme
o release 1 �mol/min of glucose as reducing sugar from respec-
ively 50 mg filter paper, 2% CMC (carboxyl methyl cellulose, degree
f substitution 7 M) and 2% Avicel suspension (micro-crystalline
ellulose 90 �m). One unit of cellobiase activity (CBU) is equivalent
o the amount of enzyme to release 2 �mol/min of glucose from
5 mM cellobiose.

Activities per mL of cocktail are equal to 103 FPU, 104 AVCU,
31 CMCU and 3796 CBU. Enzyme was stored at 4 ◦C until used.
nzyme dosage in hydrolysis experiments was based on FPU per
ram of cellulose on dry weight basis.

.2. Experimental setup

The experimental setup includes a double jacket glass bioreactor
d = 130 mm, H = 244 mm, V = 2.0 L) equipped with a home-
esigned impeller system associated with several in-situ sensors
temperature, pH, rotation speed, torque, FBRM). The impeller is
n assemblage of two classical ones, mounted on the same shaft.
he first one is a three inclined blades (diameter: 73.5 mm, angle:
5◦, h = 38 mm) located at 75 mm height from the bottom to ensure
ixing in the central region of reactor as well as suspension homo-

eneity. The second is a close bottom mixer including 2 large blades
diameter: 120 mm, h = 22 mm) to avoid substrate decantation. A
aake VT550 viscometer (Thermo Fisher Scientific ref: 002-7026)
as used to ensure mixing at specific rotation speed as well as

n-situ torque measurements. The temperature was controlled by
ater circulation (combined cryostat Haake DC30-K20, Thermo

isher Scientific) through the water jacket of the bioreactor. The
iscometer and the cryostat were controlled by original software
rom Haake (RheoWin Job Manager) that also ensured real-time
ata recording (temperature, torque, mixing rate). The pH of the
uspension was controlled and auto-adjusted by a Biostat-B (Sar-
orius Stedim Biotech) via home-designed software created in the
abVIEW environment. Finally, a focused beam reflectance sen-
or (FBRM-G400-Mettler Toledo) was located inside the reactor
n order to measure the distribution of particle chords. A global
escription of the whole system is illustrated in Fig. 1.

.3. Chemical and physical analysis

.3.1. Mono- and disaccharide concentrations
Mono- and disaccharides were analyzed using high-

erformance liquid chromatography (HPLC, Agilent Technologies,
200 series). Measurements were performed on an Aminex HPX-
7P column #1250098 with micro-guard Carbo-P refill cartridges
1250119 (both from Bio-Rad). Separation was carried at flow rate
.5 mL/min, column temperature 60 ◦C using HPLC-grade water
LiChrosolv, Merck) as mobile phase and refractive index detector.
ll samples were centrifuged at 10,000 min−1 for 10 min, then
ltered through 0.22 �m filters before injection into the column.
alibration curves were established with standard solutions of
ellobiose, glucose, xylose, arabinose, galactose, and mannose
concentration ranging between 0 to 1 g/L). The lower and upper
OD are equal to 0.01 and 1 g/L respectively and the LOQ is equal
o 0.036 g/L.

.3.2. Dry matter content and volume fraction
The water content of substrates and hydrolyzed suspensions
as determined by drying at high temperature and ambient pres-
ure. A known mass of sample (m1 equivalent to 1–3 mL) was
ltered through filter paper (Whatman paper N◦1, known mass,
0), then placed in the oven at 105 ◦C, for 12 h and weighed up to
constant mass (m2). Water content (W) and dry matter (DM) were
then calculated from these measurements with an accuracy of ±2%.
The volume fraction (�V) is defined as the volume of particles (Vp)
divided by the volume of whole suspension (Vsus = Vp + Vwater) prior
to mixing. In the present work, this volume fraction is calculated
from mass balance by considering the initial concentration, the
hydrolysis yield and particle density. �DM and xDM are respectively
particle density (g/L) and water-insoluble fraction (g).

�v = Vp

Vsus
= xDM/�DM

Vsus
(1)

2.3.3. In-situ viscosimetry
In-situ viscosimetry was conducted throughout hydrolysis,

based on the real-time monitoring of torque and mixing rate and
using the Metzner-Otto concept when fluids are non Newtonian
ones [31].

In laminar flows and for Newtonian fluids, the product of the
Reynolds number (Re) by the Power number (Np) is constant and
usually written as:

Np = Kp · 1
Re

(2)

The power consumption curve, Np = f (Re) was characterized
using Newtonian reference fluids—distilled water, glycerol, and
Marcol 52 oil (Exxon Mobil). Eq. (2) for laminar regime can be
extended to turbulent ones (until a critical Re value) and described
by a unique equation: Eq. (3).

Np =
[(

Kp

Re

)˛

+ Np˛
0

]1/˛

(3)

Kp and � are two constants that only depend on the mixing system
geometry. Np0 is the power number for turbulent flows. Experi-
mental results on our system gave Np0 = 0.017, � = 0.75, Kp = 115.2
and shown that a laminar regime prevailed up to Re = 41.

When fluids are non-Newtonian, Eq. (3) is still valid as long as
a generalized Reynolds number is used. This last one is calculated
using the Metzner-Otto (MO) concept which allows the determi-
nation of an equivalent viscosity from the rotation frequency. The
MO concept introduces a constant Ks which only depends on geo-
metrical characteristics of the mixing system. Ks was determined
experimentally using 0.04%–0.1% shear-thinning xanthan solutions
prepared in a saturated solution of glucose and saccharose as ref-
erence fluids. The Ks value of our system is equal to 32. The concept
can be extended up to transition flow [32]. In this study, the applica-
tion of a power consumption curve to calculate suspension viscosity
and establish an in-situ rheogram was extended to transitional flow,
which is equivalent to Re < 1000. In turbulent flow, the power con-
sumption curve is limited to viscosity determination, but limited up
to Re = 30000 (beyond this value, Np is almost constant). Detailed
methodology was previously described [16].

2.3.4. Ex-situ diffraction light scattering (DLS)
The volume-weighted particle size distribution (PSD) was deter-

mined by diffraction light scattering (DLS, Mastersizer 2000,
Malvern Inst., range from 0.02 to 2000 �m, red � = 632.8 nm and
blue � = 470.0 nm light) using Mie scattering theory. A known vol-
ume of suspension (0.5–3 mL) was added to a water circulation loop
(20 ◦C ± 2) in order to obtain laser obscuration between 5% and 40%.
The whole suspension was mixed by a Heidolph magnetic stirrer at
200 min−1 while the circulation loop was maintained by a Master-
flex L/S model 7553-79 at pump speed 240 min−1. For each sample,

measurements were performed in triplicate for 3 dilution rates and
the average result was taken.

Laser diffraction analysis converts the detected scattered light
into a PSD. This method involves measurement based on volume
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Fig. 1. Process and instrumenta

nd identifies a diameter of equivalent sphere, dSE. This interpreta-
ion of DLS measurements is based on strong assumptions, namely
pherical particle shape and a known refractive index. For our sub-
trates (fibrous shape and multimodal distribution), it suffers from
significant deviation compared to the ideal case. Nevertheless, the
quivalent sphere diameter was used and will be discussed under
hese restrictions. Volume-weighted particle size distribution (Ev)
as calculated by the Mastersizer software and then weighted by

olume fraction (�v) in order to integrate the impact of solubiliza-
ion on suspended population and to allow comparison between
istributions at different hydrolysis times.

.3.5. In-situ focus beam reflectance measurement (FBRM)
Focus beam reflectance measurements enable in-situ quantifica-

ion and characterization of chord length distribution (CLD). In-situ
LD of particles was analyzed using an FBRM

®
G400 probe (Met-

ler Toledo, range: 0.1–1000 �m, laser light source � = 795 nm, laser
ource rotation: 2 m/s). This probe was placed in the reactor and
llowed for real-time tracking of chord length and particle count
uring enzymatic hydrolysis. However, operating conditions (mix-

ng rate, suspension viscosity) that affect flow pattern may also
nfluence the count number. Thus for Nc, discussion and com-
arison will be restricted to almost constant viscosity phases.
housands of individual chord lengths are typically measured each
econd to produce the number-weighted CLD, which is the fun-
amental measurement provided by FBRM

®
. The conversion from

umber-weighted CLD into volume-weighted PSD is possible under
evere assumptions [33], but they are inappropriate for FP and SCB

ubstrates because they contain particles of various shapes and dis-
ersed sizes. Consequently, the number-weighted CLD, En (lc), and
he average number of chords counted per second, Nc, will be used
s indicators of population evolution. In order to facilitate compari-
iagram of experimental setup.

son between experiments, normalized parameters were defined as
the ratio between instantaneous value and initial value at t = 0 h

Normalized mean chord length:

l∗c (t) = lc (t)
lc (t = 0h)

(4)

Normalized total chord count:

N∗
c (t) = Nc (t)

Nc (t = 0h)
(5)

Furthermore, as native measurements are number-based, the
underrepresented classes in widespread population may become
non-significant. This will be the case for the largest particles with
FP and SCB substrates.

2.4. Operating conditions and protocols

Experiments were performed at 1.5% w/v for FP, and at 3% w/v
for SCB. These concentrations are 1.5–2 times higher than critical
concentration, in order to work with non-Newtonian behaviors.
These conditions generate particle–particle interactions, which
give rise to the complexity emanating from high dry matter con-
tents.

The enzymatic reactions were carried out over 24 h at
100 min−1, 40 ◦C, pH 4.8 ± 0.2 with a total volume 1.3 L. Enzyme-to-
substrate ratios (E/S) were adjusted from 0.3 to 25 FPU/g cellulose.
An antibiotic (1.3 mL of chloramphenicol 50 g L−1) was added to
prevent microbial contamination. Experiments were divided into
two steps: i) homogenization of the suspension, and ii) enzymatic

hydrolysis. In the first step, the material was mixed with water
at 100 min−1 for a given duration (2–3 h) in order to achieve a
homogeneous suspension and constant torque. In the second step,
enzymes were added (at time t = 0) and in-situ measurements
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ig. 2. Microscopic observation of FP suspension, 1.5% w/v (A), and SCB suspension
eld mode (Morphologi G3S, Malvern Inst.).

torque, pH, T, CLD) made. In the results presentation, knowing the
on-Newtonian behavior of suspensions, one specific value of vis-
osity was chosen to track the time evolution of hydrolysis, namely
he viscosity at 100 min−1. Moreover, the non-Newtonian behavior
as investigated every 30 min by repeating the cycle: (i) mixing at

00 min−1 for 28 min, (ii) shifting at 125 min−1 for 1 min, and (iii)
inear slowdown to 100 min−1 in 1 min. Data acquisition period was
djusted to 1 min at 100 min−1 and decreased to 10 s in other con-
itions. Mean data were recorded in each period. During the step
t 125 min−1 (1 min), mean values were calculated for stabilized
orque. Samples (20 mL) were taken at 0 h, 1 h, 2 h, 3 h, 6 h, 12 h,
8 h and 24 h for biochemical and granulometric analysis.

. Results and discussion

.1. Comparison of initial suspensions

To evaluate the reproducibility of experimental conditions and
he differences between FP and SCB, morphogranulometry and
iscosity were specifically scrutinized. The morphogranulometric
roperties were investigated via different analyses: (i) microscopic
bservation provided qualitative information about particle shape
nd size, (ii) DLS measurements were well adapted to coarse
article fraction (volume distribution), and (iii) focused beam
eflectance measurements highlighted the fine particle population
number distribution).

Microscopic observations of FP and SCB suspensions (Fig. 2A,
) show complex mixtures of coarse and fine particles with differ-
nt morphologies and ratios. For FP suspensions, Fig. 2-A indicates a
ajority of long cellulosic fibers that are crossed or separated, with
large fiber length-to-diameter ratio. For SCB suspensions, the par-

icle size appears generally smaller than for FP. The proportion of
ne particles seems to be higher for SCB suspensions.

Volume-weighted distributions of equivalent sphere diameter
re reported in Fig. 3-A for FP and SCB suspensions. FP suspen-
ions show a multimodal population of coarse particles (46% with
SE > 200 �m) and fine particles (54% with dSE < 200 �m), whereas
ne particles with dSE < 200 �m represent 94% of the popula-
ion for SCB. The volume-weighted diameters, d(v,0.1), d(v,0.5),
(v,0.9), corresponding to 10%, 50%, and 90% of the popula-
ion, are 9.8 ± 0.3, 43.5 ± 1.8, 161.3 ± 3 �m for SCB and 20.9 ± 0.8,
69.4 ± 18.8, 1153.7 ± 71.9 �m for FP. Volume-weighted mean

iameter D(4,3) of FP (412.4 ± 34.4 �m) is approximately 6 folds
igher than for SCB (71.4 ± 1.3 �m).

Number-weighted CLD are illustrated in Fig. 3-B. The difference
f size range between FP and SCB is noticeable with an expected
/v (B), both captures represent an area of 0.5 cm × 0.5 cm, 10× magnification, dark

shift to smaller dimensions. Both populations range between 1 to
200 �m. Mean chord lengths of 25.1 ± 0.47 �m and 16.4 ± 0.43 �m
were reported for FP and SCB respectively. A slight shoulder is
observed for FP.

In volume-weighted distributions, few coarse fibers may
account for a large volume fraction, whereas they will be negligible
when considering a number-weighted distribution. This is exac-
erbated with multimodal distributions with high size differences
between fine and coarse subpopulations.

Considering the initial suspension viscosity measured at
100 min−1, large differences were observed between FP and SCB
that cannot be explained by surface tension and hydropho-
bic/hydrophilic properties. Particle size dispersion needs to be
carefully considered, as it strongly affects suspension rheology.
Strongly different behaviors may be exhibited between mixtures
of hard sphere populations (ideal case with monodisperse parti-
cles) [28,34] and complex shape populations (real case with broad
size distribution — spreading — and complex mechanical proper-
ties) [11,13,16]. For mixtures of hard spheres (D = 33–236 �m for
glass beads and D = 84–141 nm for latex beads) with narrow distri-
bution at a given volume fraction, monomodal suspensions have a
higher viscosity than bimodal suspensions. This relationship was
demonstrated on both Brownian and non-Brownian hard spheres
for various diameter ratios from 2.7 to 22.1. The minimal viscosity
is attributed to the presence of small particles between the larger
ones in bimodal suspensions. In that way, at a given concentration,
if the fiber length grows, the interaction probability between par-
ticles increases, especially due to entanglement, and this generates
an increase in viscosity [33]. Suspension viscosity is controlled by
particle concentration, but also by parameters such as morphologi-
cal aspects (aspect ratio, shape, size, etc.), agglomerates and particle
entanglement, surface properties, swelling propensity, and defor-
mation capability [33,35–38] These numerous parameters lead to
an ambiguous and hardly quantifiable definition of particle vol-
ume fraction. In this context, results reported by Dasari and Berson
[13] indicated correlation between particle size and suspension
viscosity with sawdust without considering this complexity. The
same observations were stated by Viamajala et al. [11] with pre-
treated corn stover slurries, and Nguyen et al. [16] for concentrated
cellulose fiber suspensions. Viscosities and PSD of FP and SCB sus-
pensions were in agreement with this last assumption considering
the relation between suspension viscosity and PSD.
Investigation of suspension viscosity as a function of mixing rate
confirms non-Newtonian shear-thinning behavior. The mean vis-
cosities of FP suspension decreased from 0.249 Pa s at 100 min−1 to



Fig. 3. Volume distributions of sphere equivalent diameter by DLS measurements (A) and number distribution of chord length by FBRM (B) for FP and SCB (dotted lines:
average deviation issued from at least 6 experiments).
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ig. 4. Initial count number (Nc), mean chord length (lc), and suspension viscosity
�) for FP at 1.5% w/v and SCB at 3% w/v. Error bar represents the average of the
bsolute deviations from their mean.

.183 Pa s at 125 min−1. This behavior is largely reported in litera-
ure [33,39].

Fig. 4 reports initial values of size and viscosity for the different
xperiences with FP and SCB suspensions. It illustrates the repro-
ucibility of these measurements. For FP, the deviations are equal
o 5.4% and 3.5% for count numbers and mean chord length respec-
ively. These same numbers for SCB are 1.9% and 2.6%, indicating
ood reproducibility between experiments. The same accuracy is
bserved for the viscosity of initial suspensions, with deviation of
.8% and 6.2% for FP and SCB respectively.

.2. Hydrolysis rates

Experiments were conducted for enzyme-to-substrate ratios
anging from 0.3 to 25 FPU/g cellulose. The bioconversion yields
rom cellulose into glucose after 24 h hydrolysis varied to a large
xtent as illustrated in Fig. 5. Our research strategy was not to reach
he highest yields but to observe physical phenomena under limited
nd controlled hydrolysis conditions. Thus, the characterization
f rheological and morphogranulometric properties during enzy-
atic reaction at different levels of substrate solubilization was

onsidered. At 0.3 FPU/g cellulose, the bioconversion rates were
egligible and equal to 3.5% and 3.1% for FP and SCB respectively. As
he conversion rate stayed very low, the variation of substrate con-
entration during hydrolysis at 0.3 FPU/g cellulose can be neglected.
p to 3 FPU/g cellulose, the hydrolysis yields were almost simi-

ar between the two substrates. However, at the highest dosage

25 FPU/g cellulose), it is reported that FP was less accessible to
nzymes than SCB, and the glucose yields after 24 h reached respec-
ively 50.1% and 82.1% for their suspensions. These results are in
ood agreement with the morphogranulometric properties of the
Fig. 5. Glucose conversion yield of all experiments.

initial suspension (§3.1), as SCB suspensions contain a majority of
short fragments enhancing specific surface.

3.3. In-situ viscosimetry

The time-viscosity curves of FP and SCB suspensions during
hydrolysis for various Ctec2 ratios are reported in Fig. 6A and B.
These curves demonstrate the ability to finely quantify in-situ vis-
cosity during bio-catalysis, even for low values (SCB). The reference
curves (no activity) demonstrate the absence of significant change
in viscosity over 24 h. With enzyme activities, the curves fulfill a
dose-effect response, but in a non-linear mode. However, the evo-
lution and the curve shapes strongly differ between FP and SCB.
These trends and differences are exacerbated with the lowest E/S
ratios.

With FP suspensions, a monotone decrease of viscosity is
observed, and this decrease is all the more rapid because enzyme
loading is high. At 25 FPU/g cellulose, the FP suspension was lique-
fied in a short time: after 1 h hydrolysis, viscosity was only 5.8% of its
initial value. At 3 FPU/g cellulose, it took 3 h to observe a 90% reduc-
tion in viscosity. In both cases, when hydrolysis was carried out, the
suspension viscosity quickly reached the supernatant (water) vis-
cosity. Turbulent flow regime was then rapidly established, and the
estimation of in-situ viscosity was poorly reliable. The same limita-
tion during ex-situ rheometry was encountered by Rosgaard et al.
[40] with steam-pretreated barley straw, due to a shift in turbu-

lent flow at high shear rates. At 0.3 FPU/g cellulose, the viscosity
decline was slower and longer, even after 12 h of hydrolysis. A final
viscosity of 0.09 Pa s was observed, equivalent to a decrease of 64%
compared to the initial value.
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ig. 6. In-situ viscosity during the first 5 h of hydrolysis of FP suspensions 1.5% w/v
ellulose).

During enzymatic hydrolysis at 3 FPU/g cellulose, the FP suspen-
ion preserved its shear-thinning properties. The ratio of viscosity
etween 100 min−1 and 125 min−1 fluctuated around 1.35–1.41
rom the beginning up to 10 h. The shear-thinning behavior of the
eaction medium was then roughly constant during this period and
id not seem to be drastically modified. Beyond this point, viscosity
alculation was forbidden due to the appearance of the turbulent
egime. For SCB, similar analysis was not performed because of the
ow magnitude of viscosity at 100 and 125 min−1, which did not
nsure accurate calculation.

It is noticeable that the liquefaction (viscosity reduction) is
ot directly related to the hydrolysis (glucose) yield. At 25 FPU/g
ellulose, the glucose yield was only 14.8% after 1 h hydrolysis,
hile viscosity was reduced by 94.2%. From 1 h until 24 h, no

volution in suspension viscosity was observed, whereas glucose
ields increased gradually up to 53.0%. At 3 FPU/g cellulose, a sim-
lar assessment was established with 6.8% glucose yield after 3 h,

hich corresponded to a 90% reduction in viscosity. Beyond 3 h,
he glucose yield increased up to 24.8%. Liquefaction kinetics were
igher than solubilization ones, whatever the operating conditions.
he hydrolysis of cellulosic fiber consists of three actions associ-
ted with enzyme activities present in the cocktail. The random
reakage of high-DP molecules into smaller ones by endoglucanase
acilitates exoglucanase activity (attacking fibers from their ends
nd liberating cellobiose). Then �-glucosidase finally works on the
onversion of cellobiose into glucose and has a minor effect on sus-
ension viscosity but greatly increases hydrolysis yield. Obtained
esults prove that for semi-dilute conditions, liquefaction is a pre-
iminary step for glucose production. At higher solid loading, when
hysical limitation becomes predominant, the role of liquefaction
ight be exacerbated.
With the SCB suspension (Fig. 6A), the time evolution of viscosity

trongly differs and exhibits an initial overtaking before decrease.
ith the reference experiment (no enzyme added), a slight and lin-

ar increase in suspension viscosity by less than 15% after 24 h was
bserved. At enzyme loading ranged between 0.3 and 10 FPU/g cel-
ulose, a significant increase in suspension viscosity at almost the
ame magnitude was witnessed during the first stage of hydrolysis.
his was then followed by a stable or decreasing trend depending
n the E/S ratio. Compared to the reference experiment (no activ-
ty), the viscosity overtaking then results from enzyme activities on
CB. At 0.3, 3, and 10 FPU/g cellulose, the glucose conversion yield
t excess points was insignificant and equal to 1.2%, 2.9%, and 1.9%,
espectively. Therefore, the substrate concentration cannot explain
he evolution of suspension viscosity. A swelling effect of paper
ulp, which is gradually hydrated, was suspected to explain this

iscosity overtaking, but no conclusion can be stated on the basis
f the results that have been presented. Basically, the enzymatic
ydrolysis of lignocellulosic materials causes viscosity decrease via
wo mechanisms, including the fragmentation of coarse particles
d SCB suspensions 3%w/v (B) using Ctec2 cocktail at different dosages (0–25 FPU/g

and the solubilization of fine particles. The viscosity excess under
enzymatic action appears to be incomprehensible following a bio-
chemical approach. Its interpretation requires further investigation
of physical parameters, such as particle size and/or shape, in order
to propose coherent mechanisms.

3.4. Granulometric analysis

As expected, a shift to smaller dimensions was observed during
hydrolysis. Considering the influence of different physical fac-
tors on suspension rheological behavior, the volume-weighted
PSD as well as the particle volume fraction (�v) were specifi-
cally scrutinized and discussed. Meantime, the chord number Nc

and the number-weighted CLD of particles, En (lc), will provide
specific information about the evolution and contribution of the
finest population. DLS (§2.3.4) and FBRM (§2.3.5) have specificities
and limitations in relation to the volume- and number-weighted
distributions that constitute the raw measurements. Their com-
plementarity will be used to investigate changes in coarse and fine
populations.

3.4.1. Particle size distribution during enzymatic hydrolysis
In order to allow comparison of particle size, PSD was weighted

by the particle volumetric fraction (�v), taking into account the
reduction of suspended matter by solubilization during the process.
For FP suspensions, Fig. 7 reports two E/S ratios at 3 and 25 FPU/g
cellulose in order to examine slow and rapid viscosity evolutions.
For SCB suspensions, Fig. 8 reports 0.3 and 3 FPU/g cellulose, con-
sidering a focus on viscosity overtaking.

For FP, as previously reported in Fig. 3A, the initial PSD exhibits
a large, bimodal spreading distribution of 54% fine (dSE < 200 �m)
and 46% coarse (dSE > 200 �m) populations. Results from DLS anal-
ysis (Fig. 7A and B) highlight the fragmentation mechanism on the
coarse population at all tested dosages. This suggests a transition
into fine population at a magnitude depending on the amount of
enzyme loaded. However, the increase in volume-weighted dis-
tribution of the fine population was not as strong as expected.
It may be due to the fact that DLS measurements based on
volume-weighted distribution are probably less sensitive to fine
particles. On the other hand, concomitantly with the increase of
the fine population by fragmentation of the coarse population, the
solubilization mechanism possibly affects and balances the fine
population. The evolution of the fine population will be scrutinized
deeply following number-weighted distributions using FBRM (see
§3.4.2).

At 25 FPU/g cellulose (Fig. 7B) and after 1 h, Ev (dSE) × �v

indicates a transition from coarse to fine population. The total
volume-weighted of coarse population, �v−coarse decreases by
46.3% from t = 0 h to t = 1 h. Simultaneously, the volume fraction of
the fine population �v−fine increases by 9.4%. These size and vol-



Fig. 7. Particle size distribution weighted by particle volume fraction during hydrolysis of FP suspensions for two enzyme loadings (A: 3 FPU/g cellulose, B: 25 FPU/g cellulose).
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ig. 8. Particle size distribution weighted by particle volume fraction during hyd
ellulose).

me evolutions correspond to a viscosity collapse of 94.2% (Fig. 6).
eyond 1 h, in parallel with the decrease in coarse population, a sig-
ificant reduction of fine particle fraction by 45.3% was observed
hen comparing 1 h and 24 h. However, nearly no change in sus-
ension viscosity is reported during this period. The reduction of
otal particle volume fraction is correlated to substrate solubiliza-
ion, as indicated by the increase of glucose yield from 14.8% (t = 1 h)
o 53.0% (t = 24 h).

At 3 FPU/g cellulose, similar trends were observed with slower
inetics. Between 0 h and 3 h, 38.2% viscosity reduction was
bserved, which corresponds to a 26.5% decrease in coarse popula-
ion (from 0.0053 to 0.0043 for �v−coarse), whereas a 12.5% increase
n fine population (from 0.0071 to 0.0079 for �v−fine). At 3 h, the
onversion yield of cellulose into glucose remains inferior to 6%,
eaning that no significant change in total particle fraction (from

.0124 to 0.0116 for �V) was observed. Beyond 3 h, the reduction
f coarse and fine populations was demonstrated in association
ith viscosity reduction up to 75.9% at 24 h. Meanwhile, the glu-

ose conversion yield increased from 5% (t = 3 h) to 28.3% (t = 24 h).
t 0.3 FPU/g cellulose (data not shown), similar phenomena were
bserved, with the coarse population decreasing in volume fraction,
hereas negligible changes were reported for the fine population.

Szijarto et al. [41] reported the dominant role of purified
ndoglucanase in the liquefaction of pretreated wheat straw slur-
ies. This activity randomly breaks the high DP chains into shorter
ragments and causes a quick decrease in suspension viscosity. In
ur conditions, and assuming that the initial hydrolysis step is con-
rolled by endoglucanase activity on the coarse population, the
volution of viscosity and PSD weighted by particle volume frac-
ion (�V) appears consistent with this assumption in increasing the
umber of ending chains. However, granulometric and biochemi-

al mechanisms result from a complex balance between coarse and
ne populations taking into account microscopic properties up to
iochemical structure. Afterwards, the action of exoglucanase and
-glucosidase become more and more significant, leading to an
s of SCB suspensions for two enzyme loadings (A: 0.3 FPU/g cellulose, B: 3 FPU/g

increase in glucose conversion yield and a decrease in the fraction
of fine particles.

By hydrolyzing substrate at low E/S loadings (0.3 and 3 FPU/g
cellulose), the fraction of coarse particles (dSE > 200 �m) was
proven to act as the key contributor to viscosity change for FP sus-
pensions. Meanwhile, the fine particle population (dSE < 200 �m)
was demonstrated as weakly impacting the suspension viscos-
ity. During enzymatic hydrolysis at dilute conditions, the viscosity
decreased significantly, mainly due to reductions of particle size,
although morphological aspects could also have an effect. At higher
solid loading conditions, the role of biomass concentration may
become more pronounced. Working on pretreated spruce chips,
Wiman et al. [42] also stated the changes in suspension viscosity
during enzymatic hydrolysis are due to both factors: fiber proper-
ties and water insoluble solid content.

For SCB, the initial population exhibited monomodal distribu-
tion of finer size with small spreading compared to FP (Fig. 3A).
Considering the curves of Fig. 8, the evolution of Ev (dSE) × �v dur-
ing enzymatic hydrolysis is less pronounced than for FP, but a slight
change in particle size was observed despite a reduction of �v. At
3 FPU/g cellulose, a slight increase in size is observed at 1 h and 3 h,
although the distribution function was weighted by the volume
fraction. This change just follows the viscosity overtaking which
was observed at t = 30 min (Fig. 8B). From this point, the evolution
of Ev (dSE) × �v indicated a reduction in particle volume fraction
associated with a shift to lower size. At 0.3 FPU/g cellulose, a slight
increase of particle size was observed up to 3 h which then stabi-
lized until t = 12 h (Fig. 8A). This distribution was nearly identical
with that of 3 FPU/g cellulose at 1 h. Beyond 3 h, roughly corre-
sponding to the peak in suspension viscosity, the population mainly
consisted of coarse particles. The viscosity overtaking was assumed

to be related to Ev (dSE) × �v evolution. For aggregates correspond-
ing to the biggest particles (Fig. 2B), the release of fibers from
aggregates may contribute to a slight shift in PSD, with a mod-
erate increase in particle number (discussed with CLD) and then



Fig. 9. Evolution in N∗
c during enzymatic hydrolysis of FP 1.5% w/v (A) and SCB 3% w/v (B) for E/S loading ranging from 0.3 up to 25 FPU/g cellulose (•: points beyond which

viscosity variations are negligible).
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Fig. 10. Evolution in l∗c during enzymatic hydrolysis of FP 1.5% w/v (A)

n intensification of particle–particle interaction. It is noticeable
hat the volume fraction as calculated from the initial concentra-
ion and hydrolysis yield (cf. §2.3.2) is different from the effective
olume fraction of particles that determines the rheological behav-
or, especially considering the observed aggregates and fibers with
CB. The volume fractions based on dry matter content and effec-
ive object volume are not linked in a simple way, and may exhibit
pposite trends. (For instance, the effective object volume can vary
hen interparticle interactions or particle-solvent interactions are
odified by additives).
Many apparent contradictory results can be found in the lit-

rature concerning the evolution of viscosity with particle size
for a given concentration or volume fraction). This illustrates the
act that parameters such as particle morphology and/or parti-
le interactions greatly influence rheological behavior [33,35–38].
oreover, the reason for Ev (dSE) × �v evolution needs to be exam-

ned and assumptions may be postulated. It is evident that cellulase
nzymes are able to break down cellulosic fibers and solubilize
hem in order to produce glucose. Basically, this reaction leads
o a decrease in particle size. With respect to the granulome-
ry and morphology of pretreated SCB, a considerable number of
gglomerates are present. Once enzymes are added to the sub-
trate suspension, both agglomerates and individual particles are
ttacked at the same time. Biocatalyst actions on agglomerates
robably open the structure and extract/separate the fibers from
he agglomerates. In this case, an increase in particle size distribu-
ion is realistic. In addition, it would lead to a moderate increase
n particle number, as well as particle surfaces, in other words,

he average distance between particles would be reduced and
nteractions increased. Consequently, particle-to-particle interac-
ions are enhanced and the suspension viscosity increases. In
ontrast, the attack of enzymes on individual particles results in
B 3% w/v (B) for E/S loading ranging from 0.3 up to 25 FPU/g cellulose.

a decrease in viscosity due to the solubilization mechanism. In the
first stage of hydrolysis, the effect on agglomerates is stronger than
the solubilization of small individual particles, causing a growth
in suspension viscosity. As concerns the amount of E/S loading,
once the de-structuration of agglomerates reaches a threshold
where all agglomerates are separated, the suspension viscosity
will gradually decrease. An additional phenomenon to explain this
overshot in viscosity is linked to particle shape. Giesekus [34]
studied the dependence of glass fiber suspension viscosity versus
length/diameter (L/D) ratios. This research revealed that the rel-
ative viscosity rose as the L/D proportion increased, or in other
words, a suspension of longer fibers will possess higher viscos-
ity than a suspension of shorter ones. For SCB suspensions, the
dispersion of agglomerates into individual fibers can be consid-
ered an evolution of particle morphology, from low to high L/D
proportion.

3.4.2. In-situ chord length distribution
Focusing on the evolution of fine particles, in-situ CLD measure-

ments were performed, and normalized quantities were defined as
the ratio to their initial values. The evolutions of normalized total
chord count, N∗

c and l∗c are reported in Figs. 9 and 10 respectively,
for FP (Fig. A) and SCB (Fig. B).

For FP, both N∗
c (Fig. 9A) and l∗c (Fig. 10A) indicate growing

trends, whereas they remain almost constant in the reference case
(no activity, deviation < 5%). Small peaks may be explained by the
mixing rate changes, from 100 to 125 min−1 every 30 min. Consid-
ering Nc analysis, the interpretations will be limited to regions of

stable viscosity, i.e., times beyond the markers in Fig. 9A, which
correspond to a maximum 25% deviation based on final viscos-
ity. Accounting for DLS volume-weighted distribution (Fig. 3A), the
initial FP suspension contained 46% coarse particles and 54% fine



Fig. 11. Evolution of number-weighted chord length distribution multiplied by Nc (FP suspension, 1.5% w/v) during hydrolysis with Ctec2 ratios 3 FPU/g cellulose (A) and
25 FPU/g cellulose (B).
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5 FPU/g cellulose (B).

nes. A few large fibers possibly account for a considerable vol-
me fraction equivalent to a huge number of fine particles. For
umber-weighted distribution obtained by FBRM analysis, the frac-
ion of large particles is almost invisible, whereas the finest are well
escribed. During enzymatic attack, different phenomena leading
o opposite evolutions of N∗

c and l∗c are encountered and associated
ith different mechanisms. The fragmentation of large particles

enerates a significant growth in number of medium-sized par-
icles while the solubilization of the finest particles leads to a
ecrease of l∗c .

For SCB, most of the time N∗
c (Fig. 9B) and l∗c (Fig. 10B) exhibit

pposite trends when compared to FP. Note that viscosity varia-
ions are almost negligible, allowing N∗

c interpretation throughout
he whole hydrolysis. Biochemical analysis (Fig. 5) confirms the
xistence of a solubilization mechanism at enzyme loading from
FPU/g cellulose. It is suggested that there is a balance between

our mechanisms: agglomerate separation, fiber fragmentation,
olvation and solubilization. At 0.3 FPU/g cellulose, with only 3.1%
lucose yield at 24 h, the effect of solubilization is almost negligi-
le and the fragmentation is not enough to reduce particle size. A
welling effect of substrate by solvation may be responsible for the
light increase in l∗c . At higher enzyme loading, the separation of
gglomerates and the fragmentation of coarse fibers may explain
he rise in chord number as well as the fall in mean chord length
n the first stage. Then, depending on enzyme dosage, a solubiliza-
ion mechanism becomes significant and predominant (illustrated
y an increase in glucose yield), and both N∗

c and l∗c exhibit decreas-
ng trends. The coexistence of four mechanisms—separation of
gglomerates, fragmentation of coarse fibers, solvation and solu-

ilization of fine ones—is well established and consistent with the
nzyme/substrate ratio.

For a better understanding of the enzymatic attack on the finest
opulation, CLD weighted by Nc are reported in Fig. 11A and B for FP
suspension, 3% w/v) during hydrolysis with Ctec2 ratios 3 FPU/g cellulose (A) and

(1.5% w/v), and in Fig. 12A and B for SCB (3% w/v) at 3 and 25 FPU/g
cellulose.

The interpretation for FP was restricted to the region of stable
viscosity (t ≥ 1 h for 25 FPU/g cellulose, t ≥ 4 h for 3 FPU/g cellu-
lose and t ≥ 9 h for 0.3 FPU/g cellulose). As reported in Fig. 11A
and B, a significant evolution in particle number was observed
for 25 FPU/g cellulose, while almost no change was witnessed for
3 FPU/g cellulose. With number-weighted distribution, the FBRM
analysis provides information about the population of fine parti-
cles. The trend at low enzyme loading might assume that there was
an equilibrium between fragmentation of coarse and solubilization
of fine particles, leading to a balance in total fine particles. Thus, by
increasing the enzyme loading ratio to 25 FPU/g cellulose, this bal-
ance was broken and the evolution was clearly observed, with an
increase of 25% in chord number for the fraction of 10 <lc < 100 �m
between 1 h and 3 h. The increasing trend continued until 12 h,
and finally reached 140% compared to t = 1 h. During this time, the
fragmentation mechanism seemed to be stronger than solubiliza-
tion one. Beyond 12 h, the trend was reversed and a fair reduction
in number-weighted distribution was observed for the fraction of
10 < lc < 100 �m.

For SCB, the fraction of 10 <lc < 100 �m was scrutinized in order
to be compared to FP. The phenomenon strongly differs, with
almost no evolution at 3 FPU/g cellulose. At the highest loading
(25 FPU/g cellulose), distribution curves exhibit a sharp evolution.
From 0 h to 3 h, no significant variation was quantified. Neverthe-
less, a decrease of 30.4% and 64.2% were witnessed after 12 h and
24 h respectively. Below 8 �m (the size of the finest particle), a
constant shoulder is identified.
With both substrates, evolution in chord population is linked to
the balance and relative magnitude of two mechanisms: (i) the frag-
mentation of coarse particles into smaller insoluble particles that
cause a rise in total number of chords, and (ii) the solubilization of
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ne particles, which leads to a drop in total chord population. The
ifferent phenomena observed between FP and SCB are consistent
ith their initial morphogranulometric properties. Biochemical

esults (Fig. 5) confirmed the presence of a solubilization mech-
nism and sustained the fragmentation mechanism illustrated by
SD and CLD. At 25 FPU/g cellulose, the fragmentation mechanism
layed a predominant role in FP suspensions that contain consider-
ble amounts of coarse fibers (46% by volume for dSE > 200 �m). For
CB suspensions with a lower size spread (96% of the fine particles
re inferior to 200 �m), the two mechanisms, fragmentation and
olubilization, appear to be balanced at 3 FPU/g cellulose. When
nzyme loading is increased up to 25 FPU/g cellulose, this equi-
ibrium is maintained during the first 3 h, and then solubilization
ecomes the dominant mechanism. This assumption is supported
y biochemical results, with glucose yield reaching 53% and 82% for
P and SCB respectively at 25 FPU/g cellulose and 24 h. For FP and
CB, the obtained results suggest that smaller particles are more
ccessible to enzymatic hydrolysis than larger ones.

. Conclusions

The relationships between in-situ viscosimetry, in- and ex-situ
orphogranulometry (PSD, CLD) and biochemistry were inves-

igated during enzymatic hydrolysis of lignocellulose substrates
nder semi-dilute conditions (1.5–2 times higher than critical con-
entrations) using a dedicated, multi-instrumented set-up. These
oncentrations generate non-Newtonian behaviors and avoid
eglecting particle–particle interactions, contrary to dilute condi-
ions. In light of their industrial potentials, two specific substrates
pretreated SCB 3% w/v) and milled FP 1.5% w/v) were scrutinized
uring hydrolysis by a commercial cocktail (Ctec2, Novozyme) with
atios ranging between 0.3 and 25 FPU/g cellulose. The appropriate
nd specific mechanisms (e.g., viscosity overtaking) corresponding
o different phenomena were revealed and explained via biochem-
cal analysis, ex-situ PSD, and in-situ CLD analysis.

Firstly, the obtained results highlight the strong influence of
SD and dispersion as well as morphology on suspension viscos-
ty. In semi-dilute conditions, suspension viscosity was found to be
losely linked to size distribution spreading, and to depend mainly
n the fraction of coarse particles. The population of fine particles
ad almost no effect on viscosity.

Secondly, during enzymatic hydrolysis, four mechanisms were
dentified: solvation, particle fragmentation, particle solubilization,
nd agglomerate separation (especially for SCB). Change in suspen-
ion viscosity was related to three of them, excluding solubilization,
hich mainly occurred with the finest population fraction. The

ncrease in suspension viscosity by solvation may be attributed
o the swelling effect of lignocellulose fibers, which increases the
ffective volume fraction. In contrast, the fragmentation mech-
nism resulted in a collapse of viscosity. The mechanism was
xplained by the shift in volume fraction of the coarse population,
hich was known as the determinant factor of viscosity, into fine
opulation. The solubilization mechanism showed almost negligi-
le effect, as the suspension can be totally liquefied at very low
ioconversion yield.

Interestingly for suspension that contains agglomerates at low
nzyme loading ratios, the separation of agglomerates by both
echanical mixing and enzymatic actions caused a significant

iscosity overtaking, which is an unfavorable phenomenon for
ioprocess intensification. The mechanism was explained by two
ssumptions: (i) the separation of agglomerates into individual par-

icles strengthens the interactions between them by increasing
he total number of particles in suspension and (ii) the separa-
ion induces an evolution of population shape from sphere-like
agglomerate) into fiber-like (individual fragments) that affects the

[

suspension viscosity. At high enzyme loading, the viscosity overtak-
ing was almost non-observable.

From an academic standpoint, the kinetics associated with
viscosity, morphology and biochemistry need to be modeled. Bot-
tleneck and balance between these phenomena will be scrutinized
by local metrology (e.g., tomography to measure void fraction, spe-
cific surface, and enzyme accessibility).

From an industrial standpoint, enzymatic hydrolysis at high dry
matter content stands as a major challenge. Thus the activity pro-
file of the cocktail and the physical properties of the substrates are
worth considering beyond the merely biochemical yield. In order to
minimize transfer limitations (mass, heat, momentum) and ensure
adequate mixing and energetic efficiency, for FP and SCB, a high
proportion of endoglucanase activity is required to quickly liquefy
the substrate via a fragmentation mechanism. Monodisperse ligno-
cellulose material has the additional advantage of low suspension
viscosity for the bioconversion process.
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