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Flowability is an essential property that must be evaluated to ensure 
smooth and consistent feeding of powder materials into hoppers. However, 
the flowability of cellulose powders is difficult to predict due to their 
complex particle morphology and surface characteristics. In this study, the 
key factors affecting the flowability of cellulose powders, including particle 
size, shape, size distribution, moisture content, and surface chemistry, 
were investigated using cellulose nanofiber, microcrystalline cellulose, 
and kenaf pulp. Both static and dynamic flowability were evaluated using 
angle of repose measurements and dynamic avalanche analysis. Among 
the morphological factors, the average particle size of cellulose powders 
was identified as the dominant parameter influencing their flowability. 
Flowability improved with increasing particle size and showed a sharp 
decline for fine particles smaller than 70 µm. With increasing moisture 
content, the flowability of fine particles smaller than 20 µm was improved, 
whereas that of relatively larger particles deteriorated. Hydrophobization 
enhanced flowability by reducing surface energy and friction. However, 
excessive hydrophobization induced particle aggregation and decreased 
flowability. These results identified the key parameters governing cellulose 
powder flow and clarify the characteristics advantageous for stable feeding 
and uniform product quality. 
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INTRODUCTION 
 

In many industries, most solid materials are used in powder form to facilitate 

transport, storage, and mixing. To use a powder material effectively, it is necessary to 

understand the flow characteristics of the powder. When powder flows into hoppers, issues, 

such as rathole or arching, may occur due to improper flow behavior, and these problems 

can hinder the production of uniform, high-quality products (Prescott and Barnum 2000). 

The flow behavior of powder is also a critical issue in a wide range of nano- and meso-

particle systems, where powder handling behavior strongly influences processing stability 

and final material performance (Sharifi et al. 2023). Flowability, which can be generally 

defined as the ability of a powder to flow, refers to the relative movement of particles with 

respect to surrounding particles or the container. Unlike liquids, predicting the flow 
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behavior of particulate solids is difficult because powder flowability is influenced by 

various forces, including gravity, friction, cohesion, and adhesion (Peleg 1977).   

There are various methods to evaluate flowability (Shat et al. 2023; Brubaker et al. 

2024). Measuring the angle of repose is a simple and commonly used method (Mehta and 

Barker 1994; Geldart et al. 2006). It refers to the angle formed between the ground and a 

pile of powder that has fallen from a certain height. This measurement is related to static 

flowability; however, it is difficult to determine the angle of repose for cohesive or fibrous 

powder (Horio et al. 2014). The shear cell test method involves shearing powder until it 

flows and measuring friction force (Jenike 1964). An avalanche behavior test is performed 

in a rotating drum (Hancock et al. 2004). The avalanche behavior of powder occurs when 

the balance between cohesion and gravity force is disrupted (Lavoie et al. 2002). 

Parameters, such as avalanche energy and break energy, can be obtained from avalanche 

behavior. These parameters are related to the flowability and cohesion of the powder 

(Trpělková et al. 2020). Because this method measures the flow of powder in motion, it 

can evaluate flowability under conditions similar to real-life situations. Zainuddin et al. 

(2012) developed a vibration shear tube method, which measures the static and dynamic 

friction of powders using a vibrating tube. 

After methods for measuring the flowability were developed, factors affecting 

flowability have been studied. Stavrou et al. (2020) evaluated the effect of particle size on 

flowability using spherical glass beads by the shear cell test method. They reported that the 

flowability increases as particle size increases. Horio et al. (2014) and Hassan and Lau 

(2009) investigated the effect of shape and found that spherical powders exhibit good 

flowability. The size distribution is one of the crucial factors affecting flowability (Liu et 

al. 2008; Kudo et al. 2020; Stavrou et al. 2020). Powders with small particle size 

distribution generally have good flowability. Liu et al. (2008) reported that ibuprofen 

powder flowability is greatly influenced by both the particle size and size distribution. The 

effect of moisture content on the flowability of various cellulose powders was studied in 

detail by Crouter and Briens (2014). Moisture can reduce or increase the flowability of 

powders. The moisture can increase cohesion by forming strong liquid bridges (Amidon 

and Houghton 1995; Crouter and Briens 2014) or reduce electrostatic forces between 

powders by dissipating charges and acting as a lubricant (Faqih et al. 2007). Kim et al. 

(2019) showed that hydrophobization of ceramic tile granule powders can improve the 

flowability of powders. Li et al. (2004) investigated the effect of powder properties for 

pharmaceutical materials on both flowability and compatibility, which are the two 

important properties in the tableting process. 

Cellulose is a natural polymer with high mechanical strength, chemical stability, 

biodegradability, and biocompatibility. Because of these properties, cellulose has been 

applied in biocomposites or pharmaceutical industries (Orts et al. 2005; Shokri and Adibkia 

2013). Cellulose needs to be prepared in powder form for compounding and 

industrialization. Varieties of cellulose derivates or nanofibrillated celluloses have been 

used to tune and improve the properties of composites (Turbak et al. 1983; Nevell and 

Zeronian 1985). Various powdering methods such as milling (Zhang et al. 2012) or spray 

drying (Peng et al. 2012) have been developed and used. Due to various influencing factors, 

the properties of cellulose powder are very complicated, making it difficult to 

quantitatively evaluate and characterize the flowability. In addition, the hygroscopic nature 

of cellulose (Zafeiropoulos 2011) may also affect its flowability. As the use of cellulose 

powder in biocomposites continues to increase, the evaluation of its flowability has become 

crucial for ensuring process efficiency product quality.  
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Despite its complicated characteristics, various approaches have been proposed to 

evaluate the flowability of cellulose powder. To date, static flowability evaluation methods, 

such as the angle of repose and indices derived from bulk and tapped densities, including 

Carr’s index and the Hausner index, have been most commonly employed (Tasnim et al. 

2023; Ohwoavworhua et al. 2020). In addition, some studies have assessed flowability 

using custom-built experimental apparatuses. However, because these approaches rely on 

individually fabricated equipment and specific measurement conditions, it is difficult to 

obtain standardized and generally comparable flowability values (Genina et al. 2009, 2010). 

Furthermore, such methods mainly focus on macroscopic behaviors, such as the falling rate 

of fibers, which makes it difficult to analyze flowability from multiple perspectives, 

including inter-fiber interactions. In addition, most studies investigating the factors 

influencing the flowability of cellulose powders have examined the effects of individual 

parameters, such as particle shape and size (Horio et al. 2014), moisture content (Sun 2016), 

and surface modification (Chattoraj et al. 2011). Nevertheless, studies that simultaneously 

compare and analyze these factors under identical experimental conditions are rarely 

reported (Monroe et al. 2025). Because the flowability of cellulose powders can vary 

significantly depending on both material characteristics and environmental conditions, a 

comprehensive evaluation under controlled conditions is required.  

In this paper, the flowability of cellulose powder produced by various methods was 

evaluated using both the angle of repose and avalanche behavior to evaluate static and 

dynamic flow characteristics. Because powder morphology is known to be one of the 

dominant factors related to flowability (Horio et al. 2014), the effects of particle size, 

aspect ratio, and size distribution were investigated for different types of cellulose, 

including nanofibrillated cellulose and microcrystalline cellulose. In addition, considering 

the hydrophilic nature of cellulose, the effect of moisture content was evaluated to account 

for humidity-induced changes in inter-fiber interactions and flow behavior. Furthermore, 

because cellulose powders are commonly used in combination with hydrophobic polymer 

matrices (Hubbe et al. 2008), the influence of hydrophobization was investigated. Through 

this approach, the flowability of various cellulose powders can be assessed by 

simultaneously considering multiple factors and evaluating both static and dynamic flow 

behaviors for applications such as reinforcing materials in composites, pharmaceutical 

excipients, and other related fields. 

 

 

EXPERIMENTAL 
 
Materials 

A 2 wt% 2,2,6,6-tetramethylpiperidine-1-oxyl radial (TEMPO)-oxidized cellulose 

nanofiber suspension, manufactured by Moorim P&P (Ulsan, Korea), was dried in the 

laboratory using a spray dryer (SD-basic spray dryer, Lab plant, Huddersfield, UK), and 

the resulting powder was designated as “S_TOCN”. The spray drying condition was as 

follows: an inlet temperature of 190 °C, an outlet temperature of 100 °C. and a suspension 

feed rate of 10 mL/min using a silicone nozzle with a diameter of 5 mm. In addition, 

TEMPO-oxidized cellulose nanofiber powder (TOCN) that had been dried at the Moorim 

P&P mill (Ulsan, Korea) was used for comparison. Microcrystalline cellulose, Avicel PH 

101 (MCC), was purchased from Sigma-Aldrich (USA). Milled kenaf fiber (Kenaf) 

prepared by mechanical milling of original kenaf fibers without cooking or bleaching was 
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also used. Alkyl ketene dimer (AKD) emulsion (Kemira, Helsinki, Finland) with a solids 

content of 20% was used for hydrophobization of cellulose.   

 

Classification of Powders by Particle Size  
To analyze the effects of morphological characteristics on the flowability of 

powders, samples with various sizes and shapes were classified using 100-, 140-, and 500-

mesh sieves. Through this classification, the powders were separated into several size 

grades. The volume mean diameter (D[4.3]) of the classified powders was measured using 

a particle size analyzer (Mastersizer 2000, Malvern Panalytical Ltd., Malvern, UK). In 

addition, scanning electron microscope (SEM, SUPRA 55VP, Carl Zeiss AG, Oberkochen, 

Germany) images were obtained at an accelerating voltage of 2 kV, and the aspect ratio 

was determined by image analysis using ImageJ software. The aspect ratio was calculated 

based on measurements of at least 100 particles for each sample. 

 

Mixing Powders    
To evaluate the influence of particle size distribution on flow properties, S_TOCN 

and MCC (Avicel PH) were mixed according to various mixing ratios (S_TOCN:MCC = 

0:100 to 100:0). The powders were homogeneously mixed prior to analysis. The particle 

size and size distribution were analyzed using a particle size analyzer. The width of the 

size distribution (span) was used as a representative parameter for the size distribution, as 

defined in Eq. 1,  

Span = 
[𝐷 (𝑣,0.9)− 𝐷(𝑣,0.1)]

𝐷 (𝑣,0.5)
                                         (1) 

 

where D(v, 0.1), D(v,0.5), and D(v,0.9) represent the particle diameters at which 10%, 

50%, and 90% of the cumulative particle volume are reached, respectively. 

 

Control of Moisture Content 
The effect of moisture content on the flowability of powders was investigated using 

S_TOCN, TOCN, and MCC (Avicel PH). The moisture content of the powders was 

adjusted by placing them in a humidity-controlled chamber with various relative humidity 

(RH) levels (10 to 75%RH) at 23 ºC for 8 h until the equilibrium moisture content (EMC) 

was reached.  

 
Hydrophobization of Cellulose Powder  

MCC (Avicel pH) was hydrophobized with AKD emulsion. A total of 500 g of 

AKD emulsion solutions with different concentrations ranging from 0.001 to 0.5 wt% 

(based on emulsion solids) were prepared using deionized water. Next, 20 g of MCC was 

added to each AKD emulsion solution and stirred at 200 rpm for 10 min with a magnetic 

stirrer. The treatment was carried out under neutral pH (approximately pH 7) and room 

temperature conditions. After the reaction, the powder was filtered by vacuum filtration 

and cured at 105 °C for 2 h.  

 
Measurement of the Amount of Adsorbed AKD 

The amount of adsorbed AKD was determined from the turbidity of the solution 

before and after the reaction. The turbidity was measured using a turbidimeter (2100AN, 

Hach, Loveland, USA). Turbidity at various concentrations of the AKD emulsion was 

measured to construct a calibration curve. Based on the calibration curve, the amount of 
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AKD adsorbed onto MCC was calculated according to the concentration of AKD emulsion. 

The equation of the calibration curve can be seen in Ep. 2,  

Turbidity (NTU) = 43188 x + 0.18 (R2=0.9946)                             (2) 

where x is the concentration of AKD emulsion (%). 

 
Removal of Unbound AKD  

Hydrolyzed unbound AKD can reduce the friction coefficient (Karademir et al. 

2004). Therefore, the presence of residual AKD may affect the flowability. To investigate 

the effect of unbound AKD, the hydrophobized cellulose powder (MCC) was immersed in 

toluene at a solvent-to-powder mass ratio of 100:1 for 3 h, followed by vacuum filtration. 

The resulting cellulose was then air-dried at 23 °C.  
 
Measurement of Flowability  
Angle of repose  

To evaluate the static flowability of the powder, the angle between the pile of 

powder formed after being discharged through a funnel and the horizontal plane was 

measured. The angle of repose is also an indicator of the cohesiveness of granular materials 

(Cain 2000). The funnel diameter was 10 mm, and the distance between the funnel nozzle 

and the horizontal plane was set to 55 mm.  

 

Avalanche behavior (rotating drum measurement)   

The dynamic flowability of the powder was investigated using a revolution powder 

analyzer (Revolution, Mercury Scientific Inc, Newtown, USA). This method measures the 

avalanche behavior of powders in a rotating drum. Through this analysis, the flowability 

of the powders was quantitatively assessed. For each measurement, a fixed volume of 

powder (25 mL) was weighed and then loaded into the drum, and the rotation speed of the 

drum was set to 0.3 rpm. The variation in the potential energy of the powder during rotation 

was recorded. All flowability measurements were conducted at 23 °C. In this study, the 

avalanche energy, avalanche energy standard deviation, and cohesion-T were used as 

indicators of flowability. Avalanche energy refers to the amount of energy released by an 

avalanche of powder and is directly related to flowability. Avalanche energy standard 

deviation (avalanche energy std) is a parameter that indicates how consistently the powder 

flows. Cohesion-T is related to the cohesiveness of the powder, as described in detail by 

Gao et al. (2021).  

 

 

RESULTS AND DISCUSSION 
 

Effect of Morphological Properties  
To evaluate the flowability of the powders depending on the morphological 

properties, the particle size and aspect ratio of the classified powder were measured. As 

shown in Fig. 1, the powders exhibited various shapes and sizes depending on the types of 

cellulose, and Table 1 summarizes their corresponding size and aspect ratio. The powder 

produced by spray drying the nanocellulose suspension (S_TOCN) had a spherical shape 

and passed through all sieves. The size and aspect ratio of S_TOCN were 11.6 μm and 1.34, 

respectively, making it the smallest among the samples. TOCN had a similar morphology 

to S_TOCN but a larger particle size (41.1 μm). TOCN powders were classified using 500-
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mesh and 140-mesh sieves, and their aspect ratios ranged from 1.3 to 1.4. MCC exhibited 

an average particle size of 81.6 μm and an aspect ratio between 2 and 3, with a standard 

deviation greater than that of TOCN. The particles had an irregular shape. Kenaf powder 

showed the largest size and aspect ratio, retaining its original fibrous, rod-like morphology. 

Even when passed through the same sieve, the particle size of Kenaf remained larger than 

that of other powders. Compared with microcrystalline cellulose (Nechyporchuk et al. 

2016), flexible cellulose nanofibers (S_TOCN and TOCN) were transformed into more 

spherical powders by spray drying.  

 

 
 

Fig. 1. SEM images of cellulose powders 

 
Table 1. Properties of Classified Powders 

Powder Properties 
Before 

classification 
< 500 mesh 140 to 500 mesh 100 to 140 mesh 

S_TOCN 
D[4.3] (μm) 11.6 11.6 - - 

Aspect ratio 1.34 ± 0.21 1.34 ± 0.21 - - 

TOCN 
D[4.3] (μm) 41.1 29.5 45.8 - 

Aspect ratio 1.36 ± 0.27 1.31 ± 0.19 1.39 ± 0.22 - 

MCC 
D[4.3] (μm) 81.6 27.5 73.3 87.8 

Aspect ratio 2.31 ± 0.83 2.01 ± 0.83 2.40 ± 1.14 2.41 ± 1.24 

Kenaf 
D[4.3] (μm) 187.8 65.2 173.5 189.9 

Aspect ratio 5.77 ± 2.21 3.66 ± 2.13 5.97 ± 2.77 5.40 ± 1.81 

 

The flowability of the classified cellulose powders was evaluated using both the 

angle of repose and a revolution powder analyzer. Figure 2 shows the flowability results 

of the classified powders, illustrating how particle size and aspect ratio influence flow 

behavior. The angle of repose of the cellulose powder ranged from 40° to 60° (Fig. 2a), 

indicating flowability levels from passable to very poor (Riley and Hausner 1970). As the 

particle size increased up to approximately 70 µm, the angle of repose decreased from 60° 

to 43°. It is clear that the angle of repose of TOCN, MCC, and Kenaf decreased with 

increasing particle size, suggesting that larger particles exhibit better flowability. When 

particle sizes were comparable (approximately within 70 µm), the angle of repose followed 

the order kenaf > MCC > TOCN, indicating that powders with higher aspect ratios 

exhibited relatively poorer flowability (higher angle of repose). However, when the particle 

size exceeded 70 µm, the angle of repose remained nearly constant. This means that the 

influence of aspect ratio became negligible, and flowability approached a constant value.  

Results obtained from the revolution powder analyzer (Figs. 2b, c, and d) supported 

these observations. During the test, severe sticking was observed in S_TOCN (Fig. 2e). 

Except for S_TOCN, the trends in avalanche energy, avalanche energy std, and cohesion-

T were consistent with the angle of repose results. Figures 2b, c, and d show that as the 

particle size increased up to 70 µm, all three parameters decreased remarkably and then 

leveled off. These findings indicate that increasing particle size improved flowability and 
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resulted in more powder uniform. The aspect ratio, however, had little effect on the 

dynamic rotational behavior.  

Overall, both static and dynamic flowability improved with increasing particle size. 

This improvement was attributed to the reduced contact area and van der Waals interactions 

between larger particles, combined with the greater gravitational force acting on the 

powder. Spherical particles with lower aspect ratios also exhibited enhanced flowability 

due to reduced interparticle friction. Nevertheless, the effects of particle shape and aspect 

ratio on flowability were less pronounced compared to particle size. Regardless of other 

morphological characteristics, cellulose powders with particle sizes above 70 μm exhibited 

consistent flow behavior.  

Recently, nanofibrillated cellulose has been explored as a reinforcing fiber for 

lightweight and high strength biocomposites. However, based on the results shown in Fig. 

2, uniform and rapid feeding of nanocellulose may be challenging due to its small particle 

size. Therefore, strategies to improve the flowability of nanocellulose powder, such as 

incorporating inorganic additives, should be considered.    
 

 
 

Fig. 2. Flowability of classified cellulose powders: a) Angle of repose, b) Avalanche energy, c) 
Avalanche energy standard deviation, d) Cohesion-T, e) S_TOCN observed in a rotating drum 
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Effect of Size Distribution  
Figure 3 presents the particle size distribution, span, and average particle size of 

mixed cellulose powders (S_TOCN/MCC) depending on the S_TOCN content. Both 

S_TOCN and MCC exhibited unimodal particle size distribution. In contrast, mixtures 

containing 20 to 50% S_TOCN showed bimodal distributions with high span values (> 4). 

The average particle size of the mixture decreased from 81.6 µm to 11.6 µm as the 

proportion of S_TOCN increased.  
 

 
 

Fig. 3. Particle size distribution and average particle size of mixed cellulose powders depending 
on the S_TOCN content: a) Particle size distribution; b) Span of particle size distribution; c) 
Average particle size 

 

The flowability of the mixed powders, evaluated using both static and dynamic 

methods, is presented in Fig. 4. Figure 4a shows the angle of repose as a function of span. 

For powders with unimodal particle size distribution, the angle of repose primarily 

depended on the dominant component (i.e., S_TOCN ratios of 0 to 10% or 80 to 100%). 

When the size distribution was broad or bimodal, the powders exhibited higher angles of 

repose (50 to 60°), indicating very poor flowability.  
 

 
 

Fig. 4. Flowability of mixed cellulose powders depending on (a through c) span and (d through f) 
average particle size; (a, d) Angle of repose, (b, e) Avalanche energy, (c, f) Cohesion-T 
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However, it was difficult to find a clear relationship between span and angle of 

repose. In contrast, the avalanche behavior of the powders (Figs. 4b and 4c) showed a 

noticeable relationship with span. Except for very fine powders (S_TOCN content > 50%), 

the flowability decreased with increasing span value. Figures 4 d, e, and f present the 

flowability results depending on the particle size.  

As shown in Fig. 4d, the angle of repose decreased with increasing particle size, 

indicating improved flowability. Moreover, particle size exhibited a stronger correlation 

with the angle of repose than did span. The avalanche behavior of the mixed powders as a 

function of their average particle size (Figs. 4e and 4f) further supported this trend, showing 

that dynamic flowability improved with increasing particle size. Consequently, the results 

in Fig. 4 indicate that although powders with broader size distribution generally showed 

poorer flowability, the degree of size distribution was not directly proportional to 

flowability. Particle size had a greater effect on both static and dynamic flow properties 

than size distribution.  
 

Effect of Moisture Content  
The equilibrium moisture content (EMC) of the cellulose powders is shown in Fig. 

6a. Although S_TOCN and TOCN had the same chemical composition, the EMC of 

S_TOCN was higher due to its smaller particle size and higher specific surface area. In 

contrast, the relatively larger MCC powder exhibited a lower EMC value than S_TOCN 

and TOCN, which can be attributed to its lower specific surface area and different surface 

chemical composition.  

Figure 6b presents the flowability of S_TOCN as a function of moisture content. 

At higher moisture contents, the avalanche energy, avalanche energy standard deviation, 

and cohesion-T decreased, indicating improved flowability. At low moisture content, 

sticking occurred due to the accumulation of static charges. As the moisture content 

increased, this tendency diminished; however, agglomeration between powder particles 

was observed.  

Because agglomerated powders behave like larger particles, the powders with 

higher moisture content exhibited better flowability. This suggests that water not only 

reduces the electrostatic interaction but also promotes interparticle agglomeration. Figures 

6c and 6d shows the avalanche behavior of TOCN and MCC powders depending on the 

moisture content. For these powders, avalanche energy, avalanche energy standard 

deviation, and cohesion-T all increased with increasing moisture content. Unlike S_TOCN, 

TOCN powders with relatively larger particle sizes and smaller surface areas experienced 

less electrostatic force at lower moisture content. As the moisture content increased, 

however, liquid bridges formed between particles, enhancing cohesion and thus worsening 

flowability.  

In summary, the effect of moisture content on the flowability of cellulose powder 

varied depending on particle size. For small particles (< 20 μm), increasing moisture 

content reduced electrostatic force and promoted agglomeration, causing the powders to 

flow more like larger particles (Fig. 6e). Conversely, for larger powders, such as TOCN 

and MCC, higher moisture content increased interparticle cohesion through water-

mediated liquid bridges, leading to reduced flowability. 
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Fig. 6. Flowability of cellulose powders as a function of moisture content: a) Equilibrium moisture 
content of cellulose powders; b) Flowability of S_TOCN; c) Flowability of TOCN; d) Flowability of 
MCC; e) Appearance of S_TOCN powders at different moisture contents 

 

Effect of AKD Hydrophobization   
To investigate the effect of powder surface chemistry on flowability, MCC was 

hydrophobized with an AKD emulsion. Table 2 presents the amount of adsorbed AKD, 

calculated from the calibration curve derived from turbidity measurements. As the 

concentration of AKD emulsion increased, the amount of AKD adsorbed onto MCC also 

increased, eventually reaching a plateau. Adsorption reached near saturation at an AKD 

emulsion concentration of approximately 0.04%, after which further adsorption proceeded 

slowly. Meanwhile, the contact angle as a function of adsorbed AKD per unit mass of MCC 

(Fig. 7) remained nearly constant (100 to 130°) when the adsorbed AKD per MCC 

exceeded 1.2 mg/g (corresponding to an AKD reaction concentration of 0.005%). This 

indicates that once the adsorbed AKD per MCC surpassed 1.2 mg/g, the surface energy of 

the hydrophobized cellulose powder remained similar regardless of further AKD 

adsorption.   
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Table 2. Amount of Adsorbed AKD onto MCC 

AKD Concentration (%) 
Residual AKD 

(mg) 
Adsorbed AKD 

(mg) 
Adsorbed AKD per MCC 

(mg/g) 

0.001 0.2 4.9 0.2 

0.005 0.2 24.9 1.2 

0.02 3.2 96.8 4.8 

0.03 46.0 104.0 5.2 

0.04 90.6 109.4 5.5 

0.05 135.8 114.2 5.7 

0.5 2360.5 139.5 7.0 

 

 
 
Fig. 7. Contact angle of hydrophobized MCC cellulose powder as a function of AKD 
concentration 

 

The flowability of hydrophobized MCC was evaluated using the angle of repose 

and a revolution powder analyzer. As shown in Figs. 8a, b, and c, the angle of repose, 

avalanche energy, and avalanche energy standard deviation decreased with increasing 

AKD concentration up to 0.04%. This result is consistent with previous findings that AKD 

reduces friction in paper manufacturing processes (Karademir et al. 2004). However, when 

the cellulose powder was treated with AKD emulsion concentrations above the saturation 

point, excessive AKD adsorption led to a deterioration in flowability. This behavior can be 

explained by changes in surface energy: while hydrophobization reduces the surface energy 

of cellulose powder and thereby enhances flowability, excessive AKD adsorption can 

disrupt the smooth flow of particles.  

It appears that strong interactions between cellulose particles arise from the affinity 

or friction between AKD layers. Although the contact angle remained nearly constant 

regardless of the amount of adsorbed AKD per unit mass of MCC (Fig.  7), the flowability 

varied with the degree of AKD adsorption. In summary, while reducing surface energy 

through hydrophobization can improve the flowability, excessive AKD treatment can have 

the opposite effect, hindering the flow of cellulose powder.  

 

0.00
0.01

0.02
0.03

0.04
0.05

0.50
0.51

0

20

40

60

80

100

120

140

C
o

n
ta

c
t 

a
n

g
le

 a
t 

6
0

 s
e

c
 (

º)

AKD concentration (%)



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Lee et al. (2026). “Cell. powder flowability,” BioResources 21(1), 1397-1412.                  1408 

 
 
Fig. 8. Flowability of hydrophobized MCC depending on AKD concentration: a) Angle of repose; 
b) Avalanche energy; c) Avalanche energy std 

 

To examine the effect of unbound AKD on the flowability of cellulose powder, 

hydrophobized cellulose powder was washed with toluene to remove unbound AKD, and 

the flowability before and after washing was compared. Figure 9a shows the avalanche 

energy, and Fig. 9b shows the avalanche energy standard deviation. Both parameters 

decreased after toluene washing. When the reaction AKD concentration exceeded 0.04%, 

the reduction in avalanche energy and its standard deviation was pronounced. When the 

amount of adsorbed AKD was low (AKD concentration < 0.04%), the difference in 

flowability before and after washing was not great. However, at higher adsorption levels 

(AKD concentration > 0.05%), the flowability improved substantially after washing. These 

results indicate that removing unbound AKD enhances the flowability of cellulose powder. 

This observation is consistent with the findings of Karademir et al. (2004), which reported 

that the unbound AKD exhibits a higher friction coefficient than bound AKD. Therefore, 

removing unbound AKD while retaining bound AKD on the cellulose surface efficiently 

improved the flowability of cellulose powder. 

 

 
 
Fig. 9. Comparison of the flowability of hydrophobized cellulose powder before and after toluene 
washing: a) Avalanche energy; b) Avalanche energy std 
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CONCLUSIONS 
 
1. The effects of morphological properties (particle size, size distribution, and shape), 

moisture content, and hydrophobization treatment on the flowability of TEMPO-

oxidized cellulose nanofibers (S_TOCN and TOCN), microcrystalline cellulose (MCC), 

and milled kenaf (Kenaf) powders were evaluated using the angle of repose and a 

revolution powder analyzer.  

2. Among the various morphological factors, the particle size was identified as the most 

important factor influencing the flowability of cellulose powders. As particle size 

increased, the angle of repose decreased from approximately 60° to 45°, while the 

avalanche energy decreased from 37 to 20 mJ/kg. When the size exceeded 

approximately 70 μm, flowability remained nearly constant. Spherical powder 

exhibited better flowability than rod-shaped powder. Although a more uniform particle 

size distribution tended to enhance flowability, the effect of size distribution was less 

pronounced compared to that of particle size.  

3. To examine the influence of the moisture content, cellulose powders were conditioned 

under various relative humidity levels. The effect of humidity on moisture uptake 

varied depending on the particle size of the cellulose powders.  As the moisture content 

of cellulose powder increased, S_TOCN powders with particle sizes below 20 μm 

exhibited improved flowability, whereas the flowability of relatively larger powders 

deteriorated.  

4. Finally, the effect of hydrophobization with AKD was evaluated. Hydrophobization, 

which reduced the surface energy of the powder, improved the flowability of MCC. 

However, excessive AKD adsorption (> 5.5 mg/gcellulose) hindered smooth flow of 

powders. The removal of unbound AKD through toluene washing further enhanced the 

flowability of cellulose powders.  
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List of Abbreviations 
 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxylradial 

S_TOCN 
TEMPO-oxidized cellulose nanofiber powder dried using a laboratory spray 

dryer 

TOCN TEMPO-oxidized cellulose nanofiber powder 

MCC Microcrystalline cellulose, Avicel PH 101 

Kenaf Milled kenaf fiber 

AKD Alkyl ketene dimer 

D[4.3] Volume mean diameter 

SEM Scanning electron microscope 

Span Width of the size distribution 

D(v, 0.1) Particle diameter at 10% cumulative volume 

D(v, 0.5) Particle diameter at 50% cumulative volume 

D(v, 0.9) Particle diameter at 90% cumulative volume 

EMC Equilibrium moisture content 

Avalanche energy Amount of energy released by an avalanche of powder 

Avalanche energy std Avalanche energy standard deviation 

Cohesion-T Cohesiveness of the powder 
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