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A B S T R A C T   

The powder properties of a carbon-based solid acid catalyst, an amorphous carbon material 
bearing SO3H, COOH and OH groups, were investigated for the hydrolysis of cellulose. The Carr 
flowability and floodability indices, the angle of internal friction (adherence), and the particle 
size distribution and shape for the powder catalyst were determined. The need to develop a 
special reactor with a stirring apparatus for the hydrolysis of cellulose was determined based on 
the Carr flowability index. Insight into the interaction or adherence between the catalyst and 
crystalline cellulose during the hydrolysis process was gained by measuring the internal friction 
angle. The optimum moisture content in the catalyst to achieve the maximum adherence was 
investigated.   

1. Introduction 

Sugars obtained from the hydrolysis of lignocellulosic material are promising compounds for the production of important chemicals 
such as cellulosic ethanol, hydrocarbons, and starting materials for polymers associated with reducing CO2 emissions and promoting 
sustainable green chemistry [1–5]. Substantial effort has been devoted to the development of appropriate hydrolysis schemes, 
including catalysis using mineral acids [6–8], enzyme-driven reactions [9,10], subcritical and supercritical water [11–14], 
carbon-based solid acid catalysts [3,15], magnetic mesoporous carbon-based solid acid catalysts [16], and cellulase-mimetic solid 
catalysts [17,18]. The hydrolysis of cellulose is usually catalyzed by sulfuric acid, the neutralization of which requires special pro
cessing that involves costly and inefficient catalyst separation from homogeneous reaction mixtures, and yields non-recyclable sulfate 
waste. In contrast, solid acid particles are readily separated from liquid products by decantation or filtration; such a solid catalyst can, 
without the need for neutralization, be repeatedly reused effectively, minimizing energy consumption and waste. The need for a 
“green” approach to chemical processing has stimulated the use of recyclable, strong solid acids instead of non-recyclable liquid acid 
catalysts such as H2SO4 [3,4,16,19–27]. 

We have demonstrated that an amorphous carbon material bearing SO3H, COOH and OH groups functions as an efficient solid 
catalyst for the hydrolysis of cellulose at 343− 373 K [15]. Just as mineral acid catalysts do, this carbon catalyst can hydrolyze not only 
pure crystalline cellulose, but also natural lignocellulosic reactants (such as eucalyptus or straw tips) into water-soluble β-1,4 glucan 
which is, in turn, hydrolyzed into glucose [15]. The high catalytic performance of the carbon-based solid acid catalyst is attributable to 
its capability to adsorb β-1,4 glucan and cellulose [15,28]. The surface of the catalyst readily adsorbs cellulose and water-soluble β-1,4 
glucan, the hydrolytic product of cellulose, through hydrogen bonds between OH groups in the catalyst and cellulose or glucan. 
Strongly acidic SO3H groups bonded to the catalyst function as effective active sites for decomposing strong hydrogen bonds and 
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hydrolyzing β-1,4 glycosidic bonds in cellulose or in β-1,4 glucan, resulting in efficient conversion of cellulose into glucose [15,28]. 
This is attributed to the incorporation of a large amount of water in the carbon bulk, which causes swelling of the catalyst. H2O vapor 
adsorption isotherm (293 K) analyses have revealed that before sulfonation, partially carbonized cellulose has only a moderate ability 
to adsorb H2O, whereas the sulfonated carbon material bearing SO3H, COOH, and OH is able to adsorb a large amount of water [28]. 
The effective surface area of the carbon-based solid acid catalyst in the hydrolysis reaction (580 m2 g− 1), which occurs in the presence 
of excess H2O, is considerably higher than the BET surface area measured after dehydration (2 m2 g− 1) [28]. This is attributable to the 
high density of hydrophilic functional groups bound to the flexible graphene clusters, and provides good access of reactants in solution 
to the SO3H groups in the carbon bulk, resulting in strong catalytic performance despite the relatively low specific surface area [28]. 

The optimal reaction conditions for the hydrolysis of crystalline cellulose using this carbon-based solid acid catalyst have been 
investigated through an artificial neural network (ANN) and response surface methodology (RSM) [29]. The results revealed that the 
catalytic hydrolysis of cellulose proceeds in the same way as cellulose saccharification by concentrated H2SO4, with the reaction being 
highly dependent on the amount of water [29]. The glucose yield in the heterogeneous catalytic reaction reaches a maximum when the 
weight of water is comparable to that of the solid catalyst. A less than optimal amount of water is conducive to decomposing the β-1,4 
glycosidic bonds and the strong hydrogen bonds in cellulose into water-soluble β-1,4 glucan. However, from the viewpoint of both 
kinetics and equilibrium, it is not conducive to the hydrolysis of water-soluble β-1,4 glucan into glucose [29]. 

A reactor equipped with a stirring apparatus for this catalytic reaction has been developed [29] and its basic properties have been 
investigated. The development of such a reactor for a solid-solid interface reaction with water (mostly adsorbed on the carbon-based 
solid acid catalyst) is a new challenge, although substantial effort has been devoted to the development of liquid-phase or 
solid-liquid-phase mixing reactors with a stirring apparatus [30–32]. In general, heterogeneous catalytic reactors place the emphasis 
on catalyst related factors, and heat and mass transfer. In the hydrolysis of cellulose with a carbon-based solid acid, reaction tem
peratures above 423 K should be avoided to prevent carbonization of the cellulose. In addition, a catalytic reaction with cellulose (a 
solid-solid interface reaction) must be achieved by stirring in a closed reactor while maintaining the optimum water content described 
above. The catalytic reaction is also inhibited by the presence of large amounts of water or gases, or apparatus corrosion. Under these 
constraints, slurry systems (stirred tanks, bubble columns), fixed-bed systems (trickle beds), jet loops, micron-channel reactors, and 
catalytic honeycomb monoliths, generally considered to be the most favorable, are not suitable reactors [33–35]. A specialized reactor 
is needed to overcome these constraints. 

Here, we present the properties of a carbon-based solid acid catalyst in the form of a bulk powder, and investigate he grounds for 
developing a reactor with a stirring apparatus. Bulk powder materials have specific properties including particle size distribution, 
particle shape, bulk density, moisture content, surface area, cohesiveness, and hygroscopicity, each of which exhibits characteristic 
behavior during production and application. Knowledge of these properties is therefore essential for the manufacturer, the planning 
engineer, and the user with regard to the consistency of the quality of the product or acquisition of the data required for planning and 
designing the most efficient system for manufacturing bulk powder material. Especially important in this context are the character
istics of flow (flowability), flood (floodability) and viscosity (adherence). 

Table 1 
Point scores for evaluation of flowability [36].  

Flowability and 
Performance 

Angle of Repose Compressibility Angle of Spatula Uniformity Coef.a Cohesionb 

Deg. Points % Points Deg. Points Units Points % Points 

Excellent, 90–100 pts. 25 25 5 25 25 25 1 25   
Aid not needed 

Will not arch 
26–29 24 6–9 23 26–30 24 2–4 23   
30 22.5 10 22.5 31 22.5 5 22.5   

Good, 80–90 pts. 31 22 11 22 32 22 6 22   
Aid not needed 

Will not arch 
32–34 21 12–14 21 33–37 21 7 21   
35 20 15 20 38 20 8 20   

Fair, 70–79 pts. 36 19.5 16 19.5 39 19.5 9 19   
Aid not needed (but 

vibrate if necessary) 
37–39 18 17–19 18 40–44 18 10–11 18   
40 17.5 20 17.5 45 17.5 12 17.5   

Passable, 60–69 pts. 41 17 21 17 46 17 13 17   
Borderline 

Material may hang up 
42–44 16 22–24 16 47–59 16 15–16 16   
45 15 25 15 60 15 17 15 <6 15 

Poor, 40–59 pts. 46 14.5 26 14.5 61 14.5 18 14.5 6–9 14.5 
Must agitate, vibrate 47–54 12 27–30 12 62–74 12 19–21 12 10–29 12 

55 10 31 10 75 10 22 10 30 10 
Very poor, 20–39 pts. 56 9.5 32 9.5 76 9.5 23 9.5 31 9.5 
Agitate 

more positively 
57–64 7 33–36 7 77–89 7 24–26 7 32–54 7 
65 5 37 5 90 5 27 5 55 5 

Very, very poor, 
0-19 pts. 

66 4.5 38 4.5 91 4.5 28 4.5 56 4.5 

Special agit., hopper 
or eng’g. 

67–89 2 39–45 2 92–99 2 29–35 2 57–79 2 
90 0 >45 0 >99 0 >36 0 >79 0  

a Used with granular and powdered granular materials. 
b Used with powders or where an effective cohesion can be measured. 
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2. Materials and methods 

2.1. Carbon-based solid acid catalyst, crystalline cellulose and carbon 

The carbon-based solid acid (an amorphous carbon material with SO3H, COOH and OH groups) prepared by sulfonation of partially 
carbonized crystalline cellulose, and its structural information, were described previously [15,28,29]. Characterization confirmed that 
the resulting black powder (BET surface area, 2 m2 g− 1; true density, 1.66 g mL− 1) was amorphous carbon comprising SO3H-, COOH- 
and phenolic OH-bearing nanographene sheets (ca. 1 nm) in a largely random distribution. The sample composition was 
CH0.622O0.540S0.048, and the amounts of SO3H, COOH and phenolic OH groups bonded to the graphene were 1.6, 0.8, and 5.0 mmol 
g− 1, respectively. 

Since the moisture content of the catalyst has a marked effect on its catalytic activity [29], measurement of its physical properties 
was carried out for several moisture contents (dry (ca. 5 %), 20 %, 40 %, 60 %, 80 % 100 % by dry base). Appropriate amounts of water 
for the hydrolysis of cellulose were 1.5–3 mL for 3 g of the catalyst, with a 50–100 % moisture content being the suitable range [29]. 
Dried pure crystalline cellulose (Avicel®; crystallinity, 80 %; degree of polymerization, 200–300; true density, 1.53 g mL− 1) and dried 
partially carbonized crystalline cellulose (carbon (precursor of the catalyst); true density, 1.28 g mL− 1) were also used, and all 
measurements of physical properties were carried out under constant room temperature and humidity (293 K and 40 %). 

2.2. Carr flowability and floodability indices 

The Carr flowability index (Table 1) is derived from the angle of repose, compressibility, angle of spatula and uniformity (or 
cohesion). The floodability index (Table 2) is derived from the flowability index, angle of fall, angle of difference and dispersibility 
(Multi Tester MT-1001, Seishin Enterprise Co., Ltd.) [36]. Three supplementary values (aerated bulk density, packed bulk density, and 
uniformity) are also measured to obtain these indices [36]. These characteristic powder values are converted into ‘point scores’ and 
then the flowability and floodability indices are obtained as total point scores. The point score indicates the level of engineering 
intervention required when handling the powder. 

2.3. Angle of internal friction by Jenike Johanson shearing test 

Angles of internal friction (dynamic, φ; static, δ) and adherence (C) were determined by a direct shearing test (Jenike Johanson 
Flow Tester, Seishin Enterprise Co., Ltd.), and the values were calculated using the Mohr stress circle (Fig. 1) [37]. The friction co
efficients for the carbon-based solid acid catalyst, carbon, and crystalline cellulose were assumed to be constant across all stress levels. 
The Coulomb equation was therefore established as the linear powder yield locus (PYL): 

τ= σ tan φ + C (1)  

where τ is the shear stress, σ is the normal stress, φ is the angle of internal dynamic friction, and C is the adherence, with the powders 
assumed to be ‘Coulomb powder’. The angle of internal static friction is defined as the angle of the critical state line (CSL), a straight 

Table 2 
Point scores for evaluation of floodability [36].  

Floodability and Performance Flowability Angle of Fall Angle of Difference Dispersibility 

Pts. (Table 1) Points Deg. Points Deg. Points % Points 

Very floodable, 80–100 pts. 60 + 25 10 25 30 + 25 50 + 25 
Positive rotary seal 

will be necessary 
59–56 24 11–19 24 29–29 24 49–44 24 
55 22.5 20 22.5 27 22.5 43 22.5 
54 22 21 22 26 22 42 22 
53–50 21 22–24 21 25 21 41–36 21 
49 20 25 20 24 20 35 20 

Floodable, 60–79 pts. 48 19.5 26 19.5 23 19.5 34 19.5 
Rotary seal will 

be necessary 
47–45 18 27–29 18 22–20 18 33–29 18 
44 17.5 30 17.5 19 17.5 28 17.5 
43 17 31 17 18 17 27 17 
42–40 16 32–39 16 17–16 16 26–21 16 
39 15 40 15 15 15 20 15 

Inclined to flood, 40–59 pts. 38 14.5 41 14.5 14 14.5 19 14.5 
Rotary seal is desirable 37–34 12 42–49 12 13–11 12 18–11 12 

33 10 50 10 10 10 10 10 
Could flood, 25–39 pts. 32 9.5 51 9.5 9 9.5 9 9.5 
Rotary seal probably needed 

depending on drop, veloc. 
31–29 8 52–56 8 8 8 8 8 
28 6.25 57 6.25 7 6.25 7 6.25 

Non-floodable, 0–24 pts. 27 6 58 6 6 6 6 6 
Rotary seal will 

not be needed 
26–23 3 59–64 3 5–1 3 5–1 3 
<23 0 >64 0 0 0 0 0  
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line from the origin. A higher angle of internal friction indicates higher friction between powder layers. Coefficients of dynamic and 
static friction are defined as the values of tan φ and tan δ. 

2.4. Particle size distribution and shape 

The particle size distributions for the carbon-based solid acid catalyst and the crystallized cellulose were measured (Laser Micron 
Sizer (LMS-2000e), Seishin Enterprise Co., Ltd.) using water as the carrier fluid. The circle-equivalent diameter and the degree of 
circularity were also determined by image processing (PITA-1, Seishin Enterprise Co., Ltd.) using isopropyl alcohol was used as the 
carrier fluid. The magnification was set to 10× , and N8PL was used as the photochromatic filter. The circle-equivalent diameter was 
defined as the diameter of a circle of the same area as the projected area of the particle. The degree of circularity (dc) was defined as 
follows: 

dc= 4πS
/

L2 (2)  

where S is the projected area of the particle, and L is the boundary length of the projected area of the particle. The closer the degree of 
circularity is to 1, the closer the shape is to a circle. 

3. Results and discussion 

3.1. Carr flowability and floodability indices 

The measured values of four different physical properties of each powder according to the Carr flowability index are shown in the 
odd columns in Table 3, and the points scored by each value of the flow property of the powder are shown in the even columns (see also 
Table 1). Based on the Carr index, flowability scores were allotted to seven categories as defined in Table 1. For example, the flow
ability of crystalline cellulose was evaluated at an angle of repose of 41.33◦, scoring 17.0 points; compressibility at 36.47 %, scoring 7.0 
points; angle of spatula at 75.67◦, scoring 9.5 points; and uniformity coefficient at 3.83, scoring 23.0 points (since it exhibited no 
cohesion, the uniformity coefficient was used). Thus, with a total score of 56.5 points for flowability, this powder was evaluated as 
‘poor’ (see Table 1) and requires remedial measures of agitation and vibration. The flowability of the water-bearing carbon-based solid 
acid catalyst (20–100 % moisture content) was ‘very, very poor’, in that its powder forms an arch in a hopper and, consequently, 
requires special agitation, hoppers or techniques for use in the hydrolysis of cellulose. 

That the flowability of crystalline cellulose and carbon, i.e., the feedstock and precursor of the catalyst, is totally different from that 
of the catalyst, is attributable to the surface structure of the catalyst comprising SO3H-, COOH- and phenolic OH-bearing nanographene 
sheets in a largely random distribution [15]. The catalyst can incorporate large amounts of water into the carbon bulk because of the 
high density of hydrophilic functional groups bound to the flexible nanographene sheets [15]. The amount of adsorbed H2O at 1.5 kPa, 
which is much lower than the saturated water vapor pressure (ca. 3 kPa), exceeds 0.01 mol g− 1 [15]. Assuming that the adsorption 
cross section of H2O is 0.125 nm2, the effective surface area of the catalyst is estimated to exceed 560 m2 g− 1 at this water vapor 
pressure [15]. Therefore, the adherence of the catalyst containing water is considered high; consequently, the flowability is ‘very, very 
poor’. 

Table 4 shows measured values for four different physical properties for the Carr floodability index. The floodability of a powder 
refers to its tendency to exhibit liquid-like flow due to the natural fluidization of particles by air [36]. Based on the Carr index, 
floodability scores were divided into five categories as shown in Table 2. For example, the floodability of crystalline cellulose was as 

Fig. 1. Mohr stress circle (see Table 5) [37]. PYL denotes powder yield locus. CSL denotes critical state line. φ is the angle of internal dynamic 
friction, δ is the angle of significant internal friction, C is the adherence, fc is the simple compression failure stress, and v1 is the maximum prin
cipal stress. 
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Table 3 
Flowability of crystalline cellulose, carbon, and carbon-based solid acid catalyst.  

Powder Angle of Repose Compressibility Angle of Spatula Uniformity Coef. Cohesion Flowability a 

Deg. Points % Points Deg. Points Units Points % Points Points Performance 

Crystalline 
cellulose 

Dry 41.33 17.0 36.47 7.0 75.67 9.5 3.83 23.0 – – 56.5 Poor 

Carbon Dry 39.67 17.5 36.30 7.0 72.33 12.0 – – 35.62 7.0 43.5 Poor 
Carbon-based solid acid Dry 45.33 15.0 40.04 2.0 65.17 12.0 – – 58.92 2.0 31.0 Very poor 

20 % 61.00 7.0 46.07 0.0 93.83 2.0 – – 99.80 0.0 9.0 Very, very poor 
40 % 54.67 10.0 46.57 0.0 94.50 2.0 – – 100.0 0.0 12.0 Very, very poor 
60 % 55.33 10.0 45.86 0.0 93.17 2.0 – – 100.0 0.0 12.0 Very, very poor 
80 % 51.67 12.0 41.75 2.0 91.67 2.0 – – 100.0 0.0 16.0 Very, very poor 
100 % 50.67 12.0 39.31 2.0 91.67 2.0 – – 100.0 0.0 16.0 Very, very poor  

a See the first column of Table 1. 
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follows: the flowability of 56.5 points scores 24.0 points; the angle of fall of 22.67◦, scores 21.0 points; the angle of difference of 18.67◦

scores 17.5 points; and the dispersibility of 25.50 % scores 16.0 points. Thus, the total score of 78.5 indicates good floodability 
(‘floodable’) (see Table 2) and the need for a rotary seal in the apparatus for this powder. 

Accordingly, the carbon and the dried catalyst were also evaluated as ‘floodable’, whereas the catalyst containing water, especially 
with a 40–100 % moisture content (suitable moisture content for the hydrolysis of cellulose), was evaluated as ‘non-floodable’ and 
would require a rotary seal in the apparatus. The decrease in the floodability of the carbon-based solid acid catalyst with increasing 
moisture content was attributed to its water adsorption capability. The sulfonated carbon material bearing SO3H, COOH, and OH is 
able to adsorb a large amount of water, resulting in interactions between particles, attributable to the high density of hydrophilic 
functional groups bound to the flexible graphene clusters [28]. This resulted in a very, very poor flowability index and an evaluation as 
non-floodable from the floodability index at 40–100 % moisture content. 

3.2. Angle of internal friction 

Table 5 shows the results of measurements of the angle of internal friction using the Mohr stress circle. The coefficient of dynamic 
friction (tan φ) decreased from 0.7 to 0.5 with increasing moisture content (25–35◦ angle of internal dynamic friction in Table 5) from 
40 to 100 %, the appropriate moisture content for the hydrolysis of cellulose (Fig. 2). The coefficient of static friction (tan δ) decreased 
from 1.0 to 1.5 (45–55◦ angle of internal static friction in Table 5) from 40 to 100 % moisture content. At 20 % moisture content, the 
value of both friction coefficients was almost the same (1.0) (Fig. 2) indicating low adherence. 

The adherence, C, for a moisture content of 20 % was 0.8 kPa, reached a maximum (3.4 kPa) at 40 %, and then decreased (2.8 kPa) 
at 100 % (Table 5). The adherence (30–35 g cm− 2) under conditions suitable for the hydrolysis of cellulose and crystalline cellulose 
(29.5 g cm− 2) at 2.9 kPa provided valuable guidance for the design of the special reactor. The optimum moisture content (50–100 %) 
for the hydrolysis of cellulose using the catalyst described elsewhere [29] corresponded to that providing the maximum adherence, 
demonstrating that the catalyst and crystalline cellulose were interacting at ca. 3 kPa of adherence during the hydrolysis. The high 
catalytic performance in the reaction is attributable to the capability of the catalyst to adsorb β-1,4 glucan as well as cellulose [15], as 
confirmed in this study. 

Despite the insignificant difference in powder properties between the catalyst in the dry state and the precursor carbon, the catalyst 
remains very difficult to handle in the presence of water, due to its adherence. The results of the flowability and floodability analyses 
are also significant for the design of production equipment. The relatively large adherence of the precursor carbon is attributed to 
electrostatic charges between the particles. A special reactor with a stirring apparatus providing twice the efficiency of a conventional 
apparatus has been developed with thin, light and tough blades suitable for the hydrolysis of cellulose by the catalyst, which is a solid- 
solid interface reaction. 

Table 4 
Floodability of crystalline cellulose, carbon, and carbon-based solid acid catalyst.  

Powder Flowability Angle of Fall Angle of Difference Dispersibility Floodability a 

Pts. 
(Table 3) 

Points Deg. Points Deg. Points % Points Points Performance 

Crystalline 
cellulose 

Dry 56.5 24.0 22.67 21.0 18.67 17.5 25.50 16.0 78.5 Floodable 

Carbon Dry 43.5 17.5 18.00 24.0 21.67 18.0 26.70 17.0 76.5 Floodable 
Carbon-based 

solid acid 
Dry 31.0 8.0 22.00 21.0 23.33 19.5 47.60 24.0 72.5 Floodable 
20 % 9.0 0.0 37.33 16.0 23.67 20.0 13.60 12.0 48.0 Inclined to flood 
40 % 12.0 0.0 48.67 12.0 6.00 6.0 3.40 3.0 21.0 Non-floodable 
60 % 12.0 0.0 49.00 12.0 6.33 6.0 3.80 3.0 21.0 Non-floodable 
80 % 16.0 0.0 49.67 10.0 2.00 3.0 16.00 3.0 16.0 Non-floodable 
100 % 16.0 0.0 49.33 12.0 1.33 3.0 3.00 3.0 18.0 Non-floodable  

a See the first column of Table 2. 

Table 5 
Angle of internal friction for crystalline cellulose, carbon, and carbon-based solid acid catalyst.  

Powder Consolidation 
pressure 
/kPa 

Simple compression 
failure stress, 
fc/kPa a 

Maximum 
principal stress, 
v1/kPa a 

Angle of internal 
dynamic friction, 
φ/◦ a 

Angle of internal 
static friction, 
δ/◦ a 

Adherence, 
C/kPa a 

Crystalline cellulose 22.3 13.7 60.0 44.2 49.3 2.9 
Carbon 4.8 9.9 15.4 45.8 62.8 2.0 
Carbon-based 

solid acid 
20 % 10.4 3.9 28.4 44.6 47.5 0.8 
40 % 10.4 12.5 18.8 33.3 55.3 3.4 
60 % 10.4 12.2 19.3 34.1 54.3 3.2 
80 % 10.4 10.4 17.6 30.5 49.9 3.0 
100 
% 

10.4 9.0 15.9 25.7 45.1 2.8  

a See Fig. 1. 
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3.3. Particle size distribution and shape 

The particle size distribution for the catalyst was 2–200 μm and that of crystalline cellulose was 0.5–300 μm (Fig. 3). The average 
particle size (determined as the size at 50 % cumulative frequency (d(50)) for the catalyst was 47.97 μm and that for crystalline 
cellulose was 69.56 μm. The particle size of crystalline cellulose (as feedstock) decreased by ca. 30 % and its distribution was narrowed 
through carbonization and sulfonation. 

Image processing yielded an average circle-equivalent diameter of 4.32 μm for the catalyst, while that for crystalline cellulose was 
17.84 μm (Fig. 4). The average degree of circularity for the catalyst was 0.899, while that for crystalline cellulose was 0.687 (Fig. 5). 
Image processing showed that the strip shape for crystalline cellulose became circular following carbonization and sulfonation. These 
results are expected to be valuable in simulation studies for resolving the agitation problem for the hydrolysis of cellulose in a solid- 
solid interface reaction. 

4. Conclusions 

The powder properties of a carbon-based solid acid catalyst (an amorphous carbon material bearing SO3H, COOH and OH groups) 
and those of crystalline cellulose (the substrate for the hydrolysis of cellulose and the feedstock for the catalyst) were investigated 
based on the Carr flowability and floodability indices, the angle of internal friction (adherence), and the particle distribution and shape 
for different moisture contents. The flowability of the catalyst containing water was ‘very, very poor’ necessitating a special reactor for 
the hydrolysis of cellulose. On the other hand, the floodability of the catalyst containing water was ‘non-floodable’, requiring no 
provisions. The catalyst and the crystalline cellulose interacted at ca. 3 kPa of adherence during the hydrolysis process, as demon
strated by the internal friction angle determined by the Mohr stress circle. The moisture content that gave a maximum adherence 
corresponded to the optimum value (50–100 %) for the hydrolysis of cellulose. Useful information was acquired for the development of 
a reactor with a stirring apparatus and for simulating agitation during the hydrolysis of cellulose. The evaluation methods in this study 
are also applicable to many novel functional materials, for example, heteroatom-doped carbon-based solid acids [38,39]. 
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