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Abstract: The effect of particle size on enzymatic hydrolysis of cassava flour at subgelatinization
temperature was investigated. A multiscale physical metrology was developed to study the evolution
of different physical-biochemical parameters: rheology, granulometry, and biochemistry. In this
study, four fractions of cassava flour based on the particle sizes under 75 µm (CR075), 75–125 µm
(CR125), 125–250 µm (CR250), and 250–500 µm (CR500) were screened for enzymatic hydrolysis
effect. The results showed that all cassava flour suspensions exhibited a shear-thinning behav-
ior, and the viscosity increased drastically with the increase of particle size. During hydrolysis,
the viscosity reduced slightly and the non-Newtonian behavior became negligible beyond 4 h of
the process. The particles size for CR075 and CR125 increased steadily in diameter mean. The sam-
ples of CR250 and CR500 showed more fluctuation by first decreasing, followed by increasing in
particle sizes during the process. The highest hydrolysis yield was found for samples with particle
size under 125 µm (89.5–90.7%), suggesting that mechanical treatment of cassava can enhance the
bioconversion rate.

Keywords: cassava flour; granular starch hydrolysis; particle size; viscosity

1. Introduction

The conventional starch-based sugar production technology requires a high energy
consumption during liquefaction and saccharifications. This energy consumption can be
reduced by decreasing the starch hydrolysis below gelatinization temperature [1]. This low-
temperature technology is activated by several amylolysis enzymes that attack native starch
(granular form) and by-pass the liquefaction and cooking steps as in the conventional
process [2]. The enzymatic action occurs in several stages including solid surface diffusion,
enzyme adsorption and hydrolysis. The mechanism of this biocatalytic depolymerization
of raw starch has been well investigated for diluted conditions with starchy grains such as
corn, triticale, wheat, etc. [3–9]. To scale-up the low-temperature hydrolysis process in a
more economical and feasible way, two strategies have been developed: (i) to operate at
very high gravity hydrolysis/fermentation (VHG) and (ii) to apply a dynamic control of
process parameters [10].

VHG involves the preparation and/or fermentation of mash containing highly dis-
solved matter (>300·g·L−1) to yield a highly concentrated product [10]. This technology
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has been intensively applied in ethanol production from cereal grains but rarely on roots
and tubers [11,12]. The high VHG viscosity affects heat, mass and momentum transfers
which influences the hydrolysis yield of these heterogeneous biocatalytic reactions [13].
Many studies investigating suspension viscosity during cold hydrolysis and fermenta-
tion using ex-situ methods have shown that the main parameters affecting the hydrolysis
process are the rheological behavior of the hydrolysis suspension and the flour particle
size [12,14]. Those criteria are crucial for the selection of the suitable equipment, and for
applying the strategic decision making [15].

In Vietnam, the tubers, cassava for example, is an interesting and suitable raw material
for biorefinery industry due to: (i) available sources of plantation in various soil types
and climate conditions; (ii) low production cost; (iii) all weather feedstock supplies (fresh
and/or dry); (iv) high starch containing and (v) recycle wastes from ethanol process of
cassava as high-value added products. In 2019, according to the General Statistic Office
of Vietnam, the cassava production was about 10.1 million tons and Vietnam is now the
second largest exporter of cassava products (chips and starch), after Thailand. The cassava
compositions depend on different factors, such as variety, soils, climates, geographical zone
and harvesting season. Considering the cultivars in South-East Asia, cassava roots are an
essential source of starch (77–86% dry matter) but particularly low in protein (0.3–2.5% dry
matter) [12,13,16,17].

This study investigates the impact of cassava flour granulometry on the suspension
viscosity and hydrolysis yield at low-temperature by a multiscale approach combining
in-situ physical and ex-situ biochemical analyses. This multiscale approach has been
previously applied to investigate the deconstruction of lignocellulosic-based biomass for
biorefinery purposes [18–20] and feed additives in animal nutrition [21]. The first step was
to characterize the initial viscosity and rheological behavior of suspensions as a function
of concentration and granulometry. The yields and in-situ viscosity were then considered
during hydrolysis process. The particle size distribution was studied, especially under
enzymatic reaction in relation to glucose conversion yield and suspension viscosity.

2. Materials and Methods
2.1. Experimental Devices

A specific experimental set-up was previously developed, consisting of a bioreactor
(glass tank with a water jacket; diameter: 130 mm, height: 244 mm, volume: 2.0 L)
connected with in-situ sensors for temperature, pH, rotation speed, and torque. An agitator
was installed with a double impeller to minimize the difficulty in substrate mixing and to
ensure suspension homogeneity [19].

2.2. Substrate and Enzyme

Fresh cassava (Manihot esculenta Crantz) was purchased directly from farmers in Son
Duong district, Tuyen Quang province, Vietnam. The tuber was washed, chipped, and then
dried in a hot air oven at 50 ◦C during approximately 24 h until its moisture was less
than 12%. Their compositions (in % dry matter, moisture content: 11.2 ± 0.1% w/w) were:
starch 78.9 ± 3.2; protein 2.0 ± 0.1; fat 0.32 ± 0.0; crude fiber 5.4 ± 0.2 and ash 1.5 ± 0.0.
The cassava chips were grounded by hammer milling and the flours were then sifted in
vertical multiple sieving with screen sizes of 75, 125, 250, and 500 µm (No. 200, 120, 60,
and 30 mesh, respectively) to obtain four fractions. The obtained flour fractions were
designated as CR075, CR125, CR250, and CR500 for flour with the particle sizes of under
75 µm, 75–125 µm, 125–250 µm, and 250–500 µm, respectively. These samples were then
packed in zip-lock bags and stored in a dry place until use.

An enzyme cocktail (Stargen 002, ref. 3015155108, kindly provided by DuPont, Wilm-
ington, DE, USA, 560 GAU/mL, one Glucoamylase Unit, GAU was the amount of enzyme
that could liberate one gram of reducing sugars calculated as glucose per hour from sol-
uble starch substrate) containing Aspergillus kawachi α-amylase expressed in Trichoderma
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reesei and a glucoamylase from Trichoderma reesei was used at a dosage of 0.8 GAU/g dm
according to the manufacturer recommendations.

2.3. Total Starch, Reducing Sugar and Hydrolysis Yield

Total starch was deduced from reducing sugar content expressed in glucose after acid
hydrolysis (HCl 2%) for 2 h. The reducing sugar was determined by the Dinitrosalicylic
acid (DNS) method [22] with minor modifications as follows: 0.5 mL of hydrolysate after
centrifugation was mixed with 1.5 mL DNS reagent and boiled for exactly 5 min. After cool-
ing to room temperature, the absorbance of the mixture/reaction was recorded at 540 nm.
The obtained reducing sugar was expressed in glucose equivalent. Hydrolysis yield was
the ratio between the amount of released glucose and the potential amount of glucose.
The means and standard deviations were determined for hydrolysis yield from at least three
replicates. The significant difference of mean values was assessed with a one-way analysis
of variance (ANOVA) followed by Duncan’s test using SPSS software at a significance level
of p < 0.05.

2.4. Solvent Retention Capacity of Cassava Flour (SRC)

The enzymatic hydrolysis was carried out in acetate buffer (pH= 4.2), the retention
capacity of acetate buffer of cassava flour was determined using a previously described
method [23] with a minor modification. Five grams of each sample was weighed into
a centrifuge tube, 30 mL of acetate buffer (pH = 4.2) was added and then vigorously
mixed. The samples were allowed to stand for 30 min and centrifuged at 3000 rpm for
15 min. The supernatant was discarded and the obtained precipitate (wet gel) was weighed.
The SRC was then calculated using the following Equation (1) and expressed as the moisture
content of cassava flour before sieving (11.2% w/w):

WRC (%) =

{[(
wet gel weight

cassava f lour weight

)
− 1

]
·
(

100− 11.2
100−moisture o f cassava f raction

)
·100

}
(1)

2.5. Ex-Situ Rheometry

Viscosity measurements are usually measured on steady shear flows, which require
a long time to obtain, especially for a low shear rate that is essential for measuring yield
stress. However, these long-duration measurements are not compatible with the settling
velocity observed for the studied suspensions. There are alternative methods to estimate the
yield stress and one of them is based on oscillatory measurements [24]. In these methods,
the viscoplastic behavior along with the determination of the yield stress was examined
by carrying out a strain sweep at a fixed frequency of oscillation [24–26]. The storage
modulus curve was typical for viscoplastic fluid, i.e., the constants: G′ and G” in which,
G′ is greater than G” as long as the shear stress amplitude is lower than the yield stress,
and a rapid decrease of G′ beyond this value. The storage modulus G′ and the loss
modulus G” were measured using a Mars III rheometer (Thermo Scientific, Karlsruhe,
Germany). Dynamic measurements were recorded at 20 ◦C with serrated plates (60 mm,
roughness 400 µm, gap size: 1.5 mm) on samples during hydrolysis. An oscillatory shear
flow was firstly set up with an increase of shear stress amplitude from 0.1 to 20 Pa at a
fixed frequency (1 Hz) to determine the region of linear behavior. These measurements
give access to an estimation of the yield stress to evaluate the value of the shear stress
corresponding to a 20% reduction of G′ from the linear region [19].

2.6. In-Situ Rheometry

In this study, the in-situ viscosimetry was conducted throughout hydrolysis to follow
the suspension viscosity in real-time. This method was based on the measurement of
power consumption P (or power number Np = P

d5·ρ·N3 ; P = 2π·N·C) versus the Reynolds

number
(

Re = ρ·N·d2

µ

)
during mixing of suspension. The viscosity was calculated from the

power consumption curve of the mixing system established for Newtonian fluids which
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is then extended to non-Newtonian fluids using the classical Metzner–Otto concept [27].
A semi-empirical model including laminar and transition regions was then fitted to this
reference curve giving a one-to-one relationship between Np and Re [19]:

Np =

((
Kp
Re

)q
+ Nq

p0

)1/q

(2)

The Reynolds number, Re, is calculated from Equation (2) using the measured power
consumption P. Viscosity is then deduced from Re (Figure 1). The Metzner and Otto con-
cept [27], which was validated for the mixing system (see [19,20] for detailed presentation),
was used to evaluate an equivalent shear rate. It is written as:

.
γ = KS × N, where Ks is

the Metzner–Otto parameter. Thus, a given rotation frequency N is enabled to determine a
point (

.
γ, µ) of the rheogram, which can be obtained by varying N (Figure 1).
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Figure 1. In-situ rheometry calculation principle.

For the mixing system in this study, Np0 = 0.179 and q = 0.75, the Kp constant was
equal to 114.7, while the Metzner–Otto constant Ks was 38.5. From these constants and
equations, the in-situ viscosimetry of the suspension was determined before the addition
of enzymes and during the biocatalytic reaction.

2.7. Viscosity Measurement of Initial Suspensions

The rheological behavior of suspensions before hydrolysis and for different concentra-
tions was first explored. The first step consisted of suspending the substrate in 1000 mL of
acetate buffer (pH = 4.2). Each cycle of suspension is composed of (i) a homogenization
phase (100 rpm for 300 s) with substrate addition and (ii) torque measurement within
the capacity of the viscometer (Nmax= 800 rpm, Cmax≈ 30 mN·m) during a two-period
mixing phase: (1) increasing mixing rate with 120-sec intervals at 25, 40, 60, 80, 100, 150,
200 and 250 rpm, and (2) decreasing mixing rate in reverse. A portion of the rheogram of
the suspension was then obtained using the procedure described in Section 2.6. Concen-
tration was increased by successive additions of cassava flour and rheological behavior
explored for each concentration (50 g per addition, the total mass of suspension in the
bioreactor was maintained at 1300 ± 50 g by discharging a suspension volume before new
substrate was added).

2.8. Enzymatic Hydrolysis

Enzyme hydrolysis of cassava flour was carried out at 50 ◦C in acetate buffer (pH = 4.2)
at a concentration of 20% dm. To avoid microbial contamination, chloramphenicol was
added (0.1% v/v). Enzymatic cocktail, Stargen 002 (0.8 GAU/g dm) was added when the
suspension reached homogeneity (visual monitoring and stabilized torque, reached within
5 min). Hydrolysis was carried out in a 1300 mL reactor over 72 h (physical parameters
were followed until 20 h) with mixing rate at 100 rpm (corresponding to a shear rate
of 64 s−1).

In situ viscosimetry was determined during the first 20 h by repeating 30-min cycles
including: (i) mixing at 100 rpm for 25 min, (ii) shifting up to 125 rpm for 2 min, (iii) shifting
down to 75 rpm for 2 min and (iv) final constant increasing to 100 rpm for over 1 min.
Data acquisition was averaged every minute during the constant mixing phase at 100 rpm
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and every 10 s for other conditions. Samples of approximately 15 mL were taken at the
beginning and during the hydrolysis (3, 6, 20, 24, 48, and 72 h). The enzyme in samples
were intermediately inactivated by increasing pH with the addition of 0.1 mL NaOH 10 N.
Samples were analyzed in terms of rheological, granulometric and glucose production.

2.9. Particle Size Distribution

Particle size distribution (PSD) was measured ex situ using laser light diffraction anal-
ysis (Mastersizer 2000 Hydro, Malvern Instruments Ltd., Worcestershire, UK. SN: 34205-69,
ranging in size from 0.02 to 2000 µm). A flour suspension was added drop by drop to
the circulation loop (150 mL). The analysis was conducted at room temperature (approx-
imately 20 ◦C) with obscuration rates ranging between 10% and 40% (red λ = 632.8 nm
and blue λ = 470.0 nm lights). The results of spherical equivalent diameter (diameter of
the sphere with the same volume as the particle, dSE) were exhibited as an average of
the triplicate.

3. Results and Discussions
3.1. Cassava Flour Characteristics

The characteristics of cassava flours used in this study are shown in Table 1. Four sam-
ples of cassava flours at different particle sizes contained the same starch percentage range
(from 77.3 to 82.0% dm). The starch contents are similar to other studies using the South-
East Asian cassava [12,13,17]. The solvent retention capacity of cassava flour increased
regularly when particle size increased. The fraction CR500 retained water 2.5 times higher
than the CR075. The finer particles (such as CR075) were less porous and would be unable
to imbibe as much water as the coarser particles which occupied more space during aggre-
gation. The initial particle size distribution generally showed a bimodal distribution for
all cassava flour samples (Figure 2), as reported by previous studies for other cereals and
legumes in an aqueous medium [28,29]. Considering the initial distribution, for all four
samples, the fine population ranged from 5 to 40 µm (with a peak at 15–20 µm), which cor-
responds to cassava starch granules mechanically separated during milling and mixing.
The fine population (<40 µm) decreased sharply with the increase of particle size of cassava
flour. The fine population acted a major fraction for CR075 (82.8%), decreased for CR125
(35.4%) and became a minor fraction for CR250 (22.0%) and CR500 (9.8%). The peak of
coarse population depending on the cassava fractions, was reached at 120, 210 and 450 µm
for CR125, CR250 and CR500, respectively. These observations suggest that for the coarser
fraction of cassava flour, the starch need to be liberated from their network before being
hydrolyzed by amylases. The mean volume diameters, D[4,3] of CR075, CR125, CR250,
and CR500 samples were 33.2, 100.4, 201.1, and 456.2 µm, respectively. As expected, these
values are correlated with the realized sieving.

Table 1. Cassava flour characteristics.

Parameters CR075 CR125 CR250 CR500

Starch content (% dm) 82.0 ± 1.0 a 81.4 ± 0.7 a 78.4 ± 1.3 b 77.3 ± 0.8 b

SRC (%) 103.3 ± 0.5 a 166.7 ± 1.8 b 237.6 ± 1.2 c 259.6 ± 0.9 d

D[4,3] (µm) 33.2 ± 0.4 a 100.4 ± 1.2 b 201.1 ± 2.1 c 456.2 ± 8.9 d

(CR075, CR125, CR250 and CR500 are cassava flour with the particle sizes of under 75 µm, 75–125 µm, 125–250 µm
and 250–500 µm, respectively. Values with a different letter (a, b, c, d) are significantly different (p < 0.05) according
to Duncan’s test).
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Figure 2. Particle size distribution of initial cassava flours (CR075, CR125, CR250 and CR500 are cassava
flour with the particle sizes of under 75 µm, 75–125 µm, 125–250 µm and 250–500 µm, respectively).

3.2. Rheology of Initial Flour Suspensions

For initial cassava flour suspension, the overarching aim was to describe the rheologi-
cal behavior as a function of shear rate, concentration and granulometry, and to compare
in-situ and ex-situ viscosity. The rheological behavior of flour suspensions is complex and
influenced by multiple parameters such as particle concentration, shape, density and sur-
face properties [20]. In the current study, the in-situ viscosity was quantified as a function
of particle size and concentration. The suspension viscosity as a function of the mixing rate
at 50 ◦C was illustrated in Figure 3a–d.

For all suspensions, the viscosity decreased when the mixing rate increased, report-
ing a shear-thinning behavior. This behavior (Equations (3) and (4)) was previously
described for cereal flours (quinoa, Bengal gram (chickpeas), oat, etc.) [30–32].

The viscosity of the flour suspension measured in situ in the laminar regime was used
to establish the rheogram and to model the fluid behavior. This study used the power-law
or Ostwald–de Waele model to describe the time-independent viscometric flow [33]:

τ = K· .
γ

n (3)

Then
µ = K· .

γ
n−1 (4)

The power-law (n) and consistency (K) indexes for all cassava flour suspensions (at
the laminar regime) are presented in Table 2. As expected, the non-Newtonian behavior
became stronger as the substrate concentration increased (reduction of the power-law
index). For example, with CR125, the power-law index varied between 0.44 and 0.39 and
the consistency increased from 0.14 up to 4.29 Pa·sn when concentration increased from
19.2% to 29.4% dm (all the points for CR125 suspension under 19.2% dm were out of
laminar regime) (Figure 3e). The consistency coefficient represents the resistance to flow
regarding the number and interaction or aggregation of the solid matter in suspension.
The obtained values of n and K were in the same order of magnitude compared to other
studies. The power-law index of a 15% dm wheat flour suspension ranged from 0.38 to
0.41 [34]. A consistency of 2.71 Pa·sn was reported by Prakash et al. [35] using a more
concentrated wheat flour suspension (30% dm).
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Figure 3. Suspension viscosity versus mixing rate and concentrations at 50 ◦C: (a) CR075, (b) CR125, (c) CR250, (d) CR500
and (e) viscosity as a function of shear rate—example for CR125 (only for the laminar regime) (CR075, CR125, CR250, and
CR500 are cassava flour with the particle sizes of under 75 µm, 75–125 µm, 125–250 µm, and 250–500 µm, respectively).
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Table 2. Evolution of rheological behavior (n, K) of Cassava flour suspension as a function of
granulometry and concentration.

Concentration (% dm) Coefficient CR075 CR125 CR250 CR500

19.2
n (/) 0.70 0.44 0.48 0.37

K (Pa·sn) 0.04 0.14 0.83 4.05
r2 (/) 0.99 0.99 0.96 0.94

24.5
n (/) 0.66 0.41 0.36 0.23

K (Pa·sn) 0.09 0.78 2.08 7.40
r2 (/) 0.99 0.99 0.99 0.99

29.4
n (/) 0.61 0.39

n.r n.rK (Pa·sn) 0.11 4.3
r2 (/) 0.99 0.99

(n.r: not realized. CR075, CR125, CR250 and CR500 are cassava flour with the particle sizes of under 75 µm,
75–125 µm, 125–250 µm and 250–500 µm, respectively).

To analyze the impact of substrate concentration on viscosity, comparison is proposed
between the relative viscosities at a given mixing rate N = 100 rpm, i.e., at the given
shear rate

.
γ ≈ 64 s−1 (µrelative = µsuspension/µwater). The results are presented in Figure 4a

and they clearly show a nonlinear growth. This nonlinear dependence was expected
and can be explained by an increase in particle interactions and a decrease in free water
as well as hydrogen bonds among starch chains. As the solid concentration increases,
the average distance among particles in the suspension decreases, enhancing the contact
between particles, especially if there is an entanglement of amorphous zones of parti-
cles [36]. Two regions were observed which corresponded to two concentrations: (i) a
diluted/semidiluted concentration had a low relative viscosity with a linear evolution
versus substrate concentration and (ii) a concentrated regime exhibited higher relative
viscosity, a shear-thinning behavior and a substantial increase of viscosity as a function of
substrate concentration (Figure 4a). A critical substrate concentration may be inferred from
the transition between two regimes. Beyond these critical concentrations, the suspension
viscosity becomes the significant stress as a transferring phenomenon and can negatively
impact the enzymatic hydrolysis.

The impact of particle size of cassava flour on suspension viscosity is presented in
Figures 3a–d and 4a,b. These results demonstrated that the suspension viscosity increased
with an increase in particle sizes. For an identic mixing rate (100 rpm) and dry matter
content (19.2% dm) of cassava flour, viscosities were 4.3, 14.1, 38.9, and 115.6 mPa·s for
CR075, CR125, CR250, and CR500, respectively (Figure 4a,b). The impact of particle size was
more pronounced at higher substrate concentration; for example, the difference between
viscosities of the coarsest and finest suspensions was approximatively 4- and 66-fold at a
concentration of 7.4% and 24.5% dm, respectively. These observations have strengthened
similar findings from other studies. Bhattacharya et al. [32] reported a four-fold increase
in viscosity of Bengal gram flour suspension (30% dm, 100 s−1) from 22 to 83 mPa·s when
particle diameter increased from 97 to 214 µm. Ahmed et al. [37] demonstrated that the
complex viscosity η* decreased gradually as particle size reduced from 841 to 74 µm for
suspension of 10% pumpkin flour. They concluded that the sediment volume fraction of
particle dispersions (representing the particle occupancy after centrifugation and attributed
flour water holding capacity) decreased with the decrease of particle size, which directly
influenced the rheological behavior of the suspensions.

Ex-situ measurements were performed in oscillation mode through shear stress and
frequency sweeps. The frequency sweep experiment revealed that the elastic modulus
G′ and the viscous modulus G” are independent of the frequency. Shear stress sweeps
were also used to estimate the yield stress [25,26]. The results of viscous and elastic moduli
for CR250 and CR500 (19.2% dm; 20 ◦C) showed a viscoplastic shear-thinning behavior
(Figure 4c). The rheological behavior for small deformations was predominantly solid-like,
as indicated by the dominance of G′ over G”. This observation is in agreement with other
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authors [30,34,38]. The G′ value was almost four times higher than G” (at 1 Hz, 19.2%
dm) regardless of the cassava flour type. A ratio G′/G” of 4–6/1 was also reported for
wheat, rice, and pumpkin flour suspensions [34,37]. Both elastic and viscous moduli (G′

and G”) increased with the increase of particle sizes. For instance, at 19.2% dm and in linear
domain, the ratios of G′/G” were 5.4/1.5, 13.3/3.5, 29.2/7.2, and 152.6/37.5 for CR075,
CR125, CR250, and CR500, respectively. More volume occupied by coarser particles could
explain the increase of elastic and viscous moduli [37].
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Figure 4. (a) Impact of substrate concentration on relative viscosity at the mixing rate of 100 rpm; (b) impact of particle size
(D[4,3]: volume mean diameter, µm) on suspension viscosity at the mixing rate of 100 rpm; (c) viscous, G” (open symbols),
and elastic, G′ (filled symbols) modulus as a function of shear stress (19.2% dm; 1 Hz) (CR075, CR125, CR250, and CR500
are cassava flour with the particle sizes of under 75 µm, 75–125 µm, 125–250 µm, and 250–500 µm, respectively).

Yield stress could be regarded as the stress required to initiate flow. For CR075 and
CR125, no yield stress could be detected for substrate concentration less than 30% dm.
A non-zero value of yield stress appeared from 20% dm for CR250 and CR500, but with
low values: 0.3 and 3.2 Pa, respectively. The fluid showed behavior of a pourable liquid at
yield stress below 1 Pa so the yield stress of CR250 suspension was negligible. Therefore,
only CR500 suspensions (≥20% dm) exhibited viscoplastic behavior with significant yield
stress. Similar results were obtained by Bhattacharya et al. [32] for suspension of Bengal
gram flour. Minimal required concentrations were 42, 36, and 30% dm for the mean particle
size of 97, 138, and 214 µm, respectively, to obtain a significant yield stress. Yield stress
would be higher in the case of a thermal pretreated substrate (extruder or modified starch,
for example) [39].

The results of rheology of cassava suspensions indicated the influences of the flour
size and concentration on the rheological behavior. In brief, the increasing of particle size
can limit the working condition especially for the VHG process.
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3.3. Bioconversion Rate

As a result of enzymatic hydrolysis by Stargen 002, the starch was broken down to
mostly glucose. Hydrolysis yield was calculated based on the results of reducing sugars.
As expected, the yield increased with hydrolysis time for all experiments and the highest
hydrolysis yield was obtained for the finest particle size. Two samples with different
particle sizes were tested: the fine particles (CR075 and CR125) and the coarse particles
(CR250 and CR500). There was no significant difference in hydrolysis yield within each
group, but the higher yield (10–12%) was observed with the fine group compared to the
coarse group after 72 h (Table 3). This observation suggested a requirement for mechanical
pretreatment of cassava: the particle size should be smaller than 125 µm.

Table 3. Hydrolysis yield (%) of different cassava flours.

Hydrolysis Time (h) CR075 CR125 CR250 CR500

6 30.2 ± 0.4 a 28.5 ± 0.2 b 28.2 ± 0.7 b 26.0 ± 1.1 c

12 46.3 ± 0.3 a 38.5 ± 0.5 b 38.4 ± 1.4 b 37.5 ± 1.2 b

24 61.6 ± 1.0 a 58.4 ± 0.7 b 54.8 ± 0.5 c 52.9 ± 0.3 d

48 77.2 ± 0.9 a 76.6 ± 1.2 a 69.2 ± 0.7 b 66.9 ± 0.6 c

72 90.7 ± 0.6 a 89.5 ± 0.3 a 79.3 ± 0.7 b 78.0 ± 0.4 b

(CR075, CR125, CR250 and CR500 are cassava flour with the particle sizes of under 75 µm, 75–125 µm, 125–250 µm
and 250–500 µm, respectively. Values with a different letter (a, b, c, d) are significantly different (p < 0.05) according
to Duncan’s test).

Most of the previous studies on the impact of particle size of starch granules on
enzymatic hydrolysis yield concluded that the hydrolysis yield decreased with the in-
crease of particle size. Naguleswaran et al. [40] observed higher initial rates for the small
granules and longer time for large granules during the hydrolysis of barley and corn
starch. The authors concluded that the molecular structure and granule porosity influence
amylolysis. Mahasukhonthachat et al. [41] studied the enzymatic digestion of sorghum
starch and observed that the fine particles (119 µm) were hydrolyzed at a two-fold faster
rate than the coarse particles (564 µm) after 4 h. Considering the short-grain rice flour,
De la Hera et al. [42] reported that when the particle size was larger than 150 µm, the enzy-
matic hydrolysis yield reduced substantially by approximately 10%.

Enzymatic hydrolysis of native starch is a heterogeneous biocatalytic reaction: (i) ad-
sorption of enzymes randomly onto the surface of the granules, (ii) hydrolysis of the
starting points, (iii) radial progression hydrolysis from the surface to the center of the
granules, and (vi) trapping of enzymes inside the granules, so that they can only hydrolyze
the substrate within their limited range of diffusion, leading to centrifugal hydrolysis [43].
Diffusion of enzymes onto the starch surface and then inside the granules, are rate-limiting
steps in enzymatic hydrolysis [44]. Smaller granules, by their larger specific surface area,
facilitate the adsorption of enzymes [45] and therefore are hydrolyzed more rapidly than
larger granules. Our study corroborated this conclusion. The specific surface area of
cassava flour reduced as particle sizes decreased, i.e., 547, 309, 167 to 58 m2·kg−1 for CR075,
CR125, CR250, and CR500, respectively. The highest yield was approximately 90% after
72 h of hydrolysis and presented satisfactory results for the low-temperature enzymatic
hydrolysis of starch.

3.4. Rheological Behavior during Hydrolysis

Most of the rheological studies on starchy suspensions focused on their pasting
properties in food applications. Studies on rheological behavior during granular starch
hydrolysis, unfortunately, have not been reported. This study was the first to investigate
the rheological behavior of tuber flour suspensions during enzymatic hydrolysis.

The in-situ viscosimetry showed that initial substrate suspensions were non-Newtonian
shear-thinning fluids. During hydrolysis, as expected, slurries viscosities (at 100 rpm, i.e.,
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for a given shear rate) decreased; however, this reduction was negligible (Figure 5). Viscos-
ity values at 0 h/20 h were 5.6/4.0, 14.9/12.5 and 153.0/124.1 mPa·s for CR075, CR125 and
CR500, respectively. For most slurries, a reduction of 16–28% of initial viscosity was ob-
served after 20 h of hydrolysis. This reduction was perhaps caused by the decreasing of
solid concentration (solubilization) in combination with the evolution (increase/decrease)
of particle size.
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Figure 5. In-situ viscosimetry as a function of hydrolysis time (CR075, CR125, and CR500 are cassava
flour with the particle sizes of under 75 µm, 75–125 µm, and 250–500 µm, respectively).

In literature, only the reduction of mash viscosity during the pretreatment step of tuber
flour suspension was reported [11,12,14]. Most of the studies used the ex-situ method and
observed the reduction varying from 2 to 20 fold of mash viscosity, depending on substrate
types (potato, sweet potato and cassava) and enzyme activities (xylanase, β-glucanase,
cellulases, hemicellulases, pectinases) after 60–120 min of the enzymatic attack.

Regarding in more detail, three tendencies of viscosity evolutions were found (clearly
observed for CR500). The viscosity reduced rapidly during the first hour as a result of
the particle dissociation effect. After that, the viscosity increased until the 6th hour of
hydrolysis and then decreased sharply until the end because of the depolymerization by
the enzymes. This evolution of viscosity could be correlated directly with particle size
evolution during hydrolysis (see Section 3.5).

The evolution of the non-Newtonian behavior of cassava flour suspension during
hydrolysis was observed by in-situ rheometry. A sweep of mixing rate cycle (125, 100,
and 75 rpm, which corresponds to shear rates equal to 80, 64, and 48 s−1, respectively) was
reported every 30 min. Taking only the points at laminar and transitory regimes (Re ≤ 600)
into consideration, the power-law index was deduced from Equation (4). It is noticeable
that the flow behavior index increased as a function of hydrolysis time (Table 4). The initial
index was 0.37 and it rapidly increased to 0.56 during the first hour of hydrolysis before
reaching 0.71 after 4.25 h and then remained almost constant. The same tendency was also
observed for the consistency index. The significant loss of shear-thinning behavior during
the first hour of hydrolysis can be explained by reducing particle–particle interactions in
suspension due to enzymatic attack.
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Table 4. Evolution of power-law index during hydrolysis of CR500 suspension (20% dm, Stargen 002,
0.8 GAU/g dm, pH 4.2, 50 ◦C, 100 rpm).

Hydrolysis Time (h) 0 0.75 2.25 4.25 10.25 17.75

n (/) 0.37 0.56 0.66 0.71 0.72 0.72
K (Pa·sn) 4.05 0.85 0.59 0.47 0.44 0.45

r2 (/) 0.94 0.99 0.97 0.96 0.92 0.98

Although the suspension viscosity did not reduce remarkably during the 20-h hydrol-
ysis, the previous discussion highlighted the strong impact of enzyme activities on how the
rheological behavior varied during hydrolysis, and that the evolution could be followed by
an in-situ method.

3.5. Particle Size Evolution during Hydrolysis

Numerous studies have investigated the impact of particle size (both starch granule
and flour size) on hydrolysis yield [40–42,46,47]. However, the evolution of granule size
during the enzymatic attack was not considered. During hydrolysis, two tendencies of
particle size evolution were observed. The finest flours, CR075 and CR125 exhibited the
same evolution: the fine population (<40 µm) decreased while the coarse population
increased (Figure 6). The CR250 and CR500 presented a more complex evolution of particle
size: during the first hour of hydrolysis, the fine population (<40 µm) increased along with
a decrease of coarse population, then the evolution of particle size became similar with
those of CR075 and CR125. After 20 h of hydrolysis, the particle size distribution of CR250
and CR500 remained quasi-static with the initial distribution before hydrolysis.

Regarding the mean volume diameter, D[4,3] of CR075 and CR125 particles regularly
increased during the hydrolysis progress. After 20 h, the D[4,3] of CR075 was doubled
(from 33.2 to 67.7 µm) and an increase of 25% was also observed for D[4,3] of CR125 (from
100.4 to 125.0 µm). On the contrary to these cassava flours, the D[4,3] of CR500 dropped
drastically from 456.2 to 354.1 µm after only one hour of hydrolysis; however, beyond this
time, the D[4,3] increased before reaching nearly the initial value after 20 h of amylolysis
(448.0 µm at 20 h). The increase of fine population during the first hour of the amylolysis
of CR250 and CR500 can be explained by the synergistic effects of the enzymatic attack and
mechanical mixing, which liberate the starch granule from flour particles and divide coarse
particles into smaller ones. Along with the hydrolysis progress, the particle size increased
because of swelling and porosity of particles which raise particle volume occupation.
Enzymes degraded the granule surface and formed holes which increased the porosity of
particles [9,48], and the swelling of particles also increased. Shariffa et al. [7] demonstrated
an increase of about 25–50% of starch swelling after 24 h hydrolysis of tapioca and sweet
potato starches.

The evolution of particle size was interestingly correlated with the evolution of sus-
pension viscosity. For example, with CR500, the viscosity decreased sharply during the
first hour corresponding to the reduction of D[4,3]. After this time, the increased particle
size also caused an increase in viscosity. On the contrary to the solid matter solubilization
which reduced the suspension viscosity, the particle size increased during hydrolysis and
could limit the mixing and bioconversion of flour.
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Figure 6. Evolution of particle size distribution during hydrolysis of (a) CR075, (b) CR125, (c) CR250 and (d) CR500
suspensions (CR075, CR125, CR250 and CR500 are cassava flour with the particle sizes of under 75 µm, 75–125 µm,
125–250 µm and 250–500 µm, respectively).

4. Conclusions

This study investigated the rheo-granulo-biochemical changes during enzymatic
hydrolysis of ungelatinized cassava flour suspension. The enzymatic hydrolysis can be
conducted with low energy consumption at a controllable suspension viscosity below the
gelatinization temperature of cassava starch. The non-Newtonian behavior (shear-thinning
fluid) was observed for all suspensions and became quasi-Newtonian after few hours
under enzymatic attack. A non-negligible impact of particle size on suspension viscosity
and hydrolysis rate was demonstrated. The coarse particles caused a high viscosity and
lower bioconversion rate. The suspension viscosity was modeled as a function of substrate
concentration and volume mean diameter of the particle. The obtained hydrolysis rates
after 72 h of hydrolysis were relatively high (≈90%, flour smaller than 125 µm) in the
limited condition of energy consumption.
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Nomenclature

C Torque (mixing system) (N.m)
dm Dry matter content (%)
G′ Elastic modulus (Pa)
G” Viscous modulus (Pa)
K Consistency index (Pa·sn)
Kp Power constant (/)
Ks Metzner–Otto constant (/)
ms Quantity of substrate (g humid matter)
n Power-law index (/)
N Rotation speed (round per second)
Np Power number (/)
P Power consumption (W)
Re Reynolds number (/)
.
γ Shear rate (s−1)
ρ Density (kg·m−3)
µ Viscosity (Pa·s)
τ Shear stress (Pa)
τ0 Yield stress (Pa)
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