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Highlights 

 QCM allows measuring water vapor transfer in a micrometric cellulose particle. 

 Water vapor kinetics was successfully achieved on 1 µg of cellulose.  

 Water vapor diffusivity and sorption were estimated from analytical solutions. 

 Diffusivity ranges from 2.2x10-14 to 3.3x10-13 m².s-1 for RH from 0 to 90%. 

 Cylinder or spherical geometry can be equally used for aspect ratio lower than 2. 

 

 

Abstract 

This study aims at assessing the use of a quartz crystal microbalance (QCM) coupled with an 

adsorption system to measure water vapor transfer properties in micrometric size cellulose particles. 

This apparatus allows measuring successfully water vapor sorption kinetics at successive relative 

humidity (RH) steps on a dispersion of individual micrometric size cellulose particles (1µg) with a 

total acquisition duration of the order of one hour. Apparent diffusivity and water uptake at 

equilibrium were estimated at each step of RH by considering two different particle geometries in 

mass transfer modeling, i.e. sphere or finite cylinder, based on the results obtained from image 

analysis. Water vapor diffusivity values varied from 2.4x10-14 m².s-1 to 4.2x10-12 m².s-1 over the tested 

RH range (0 to 80%) whatever the model used. A finite cylinder or spherical geometry could be used 

equally for diffusivity identification for a particle size aspect ratio lower than 2. 

 

Keywords: Vegetal particle; Quartz Crystal Microbalance; Morphological analysis; Sorption; 

Diffusion coefficient; Water vapor                                                                                                         
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1. Introduction          

The use of biocomposites based on a fully biosourced and biodegradable polymer matrix combined 

with micrometric size cellulose or lignocellulose-based fillers is gaining more and more attention in 

the field of food packaging. They constitute an answer to both environmental and socio-economical 

concerns by reducing our dependence to oil resources, decreasing environmental pollution while 

displaying specific new functionalities allowing to better preserve food products (Marie-Alix Berthet, 

Angellier-Coussy, Guillard, & Gontard, 2016). Considering this field of application, the key material 

properties that should be tailored and controlled are mass transfer properties. Mass transfers are 

characterized by two main phenomena, sorption and diffusion, characterized by the sorption 

coefficient, which is a thermodynamic parameter, and the diffusion coefficient or diffusivity, which is 

a kinetic parameter.  In front of the diversity of the implied materials and keeping in mind the 

objective of designing in a reasoned way packaging material, the mathematical modeling of the link 

between structure and mass transfer properties in biocomposites is essential. However, there is still 

currently a gap of knowledge regarding the formalization of these relationships due to the difficulty to 

characterize mass transfer properties in two of the three compartments of composite structures, i.e. the 

filler/matrix interphase and the fillers themselves. Indeed, mass transfer properties are well-known in 

neat polymer matrices and can be easily measured in the whole biocomposite material (M.-A. Berthet, 

Gontard, & Angellier-Coussy, 2015; de Carvalho et al., 2016; Gouanvé, Marais, Bessadok, Langevin, 

& Métayer, 2007). Efforts have been made to characterize mass transfer properties in cellulose or 

lignocellulose-based materials and mainly focused on water vapor transfers. Many studies have been 

devoted to the study of water vapor sorption kinetics, for all kinds of cellulose or lignocellulose-based 

materials and even on micrometric size particles, as reported by Paes et al. for ball milled cellulose 

(Paes et al., 2010). However, measurements were all carried out on sample weights higher than 1 mg 

and/or stacks of particles, which may not be representative of phenomenon occurring at the level of an 

individual particle. Different gravimetrical methodologies can be found in literature to measure water 

vapor sorption kinetics, i.e. isopiestic methods such as the use of salt saturated solutions (Mihranyan, 

Llagostera, Karmhag, Strømme, & Ek, 2004), Dynamic Vapor Sorption (DVS) using a Cahn 

microbalance (Paes et al., 2010) or Intelligent Gravimetric Analyzer (IGA) (Gouanvé et al., 2006).  

In the case of simple geometries, i.e. finite or infinite cylinders, spheres or infinite plates, analytical 

solutions of Fick’s law allowed the estimation of the apparent diffusivity from sorption kinetics 

(Guillard, Broyart, Bonazzi, Guilbert, & Gontard, 2003; Marais et al., 2000). This requires an accurate 

evaluation of the particle morphology or to make an assumption in order to select the appropriate 

analytical solution. Most published studies on diffusivity estimation are focusing either on long fibre 

bundles with a length higher than 1 cm, such as flax, hemp, jute, sisal (Célino, Fréour, Jacquemin, & 

Casari, 2013) or agave fibres (Bessadok et al., 2009), sheets of associated fibres such as papers or 

films (Li, Henriksson, Klason, & Ödberg, 1992; Minelli et al., 2010), or pieces of raw biomasses such 
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as wheat straw (Wolf, Guillard, Angellier-Coussy, Silva, & Gontard, 2016), raffia (Tiaya Mbou, 

Njeugna, Kemajou, Sikame, & Ndapeu, 2017) or wood (Khazaei, 2008; Simpson, 1993), but never on 

individual micrometric size particles. Furthermore, it is worth noting that for a given material, a large 

range of water vapor diffusivity values have been reported. As an example, water vapor diffusivity of 

a paper sheet could vary from 3.10-12 to 4.10-7 m².s-1 (Bedane, Huang, Xiao, & Ei, 2012; Hashemi, 

Comes, Crotogino, & Douglas, 1997; Nilsson, Wilhelmsson, & Stenstrom, 1993), depending on the 

paper composition, chosen methodology and modeling approach. As another example, water vapor 

diffusivity of lignocellulosic fibres (agave fibres with length of the order of centimeter) could vary 

from 8.10-10 to 2.10-8 m².s-1 according to modeling approach and relative humidity (Bessadok et al., 

2009). This highlights the complexity of accurately assessing mass transfer properties in cellulose or 

lignocellulose-based particles and the lack of reference method. Furthermore, for all these studies, 

identified diffusivities were only estimated for either macroscopic samples or beds of particles that 

never represent the diffusion within one micrometric size particle.  

Quartz crystal microbalance (QCM) is an extremely sensitive technique able to detect a mass of 7.10-7 

µg in the best case (Stockbridge, Warner, & Behrndt, 1963), mostly depending on the frequency 

stability. This minimal detection load has to be compared with that of the most sensitive classical 

balances, i.e. 0.1 µg (Mecea, 2006). This technique is well known to follow the thickness of a 

deposited layer during its growth in a vacuum deposition technique, knowing the mass density of the 

deposited material. During the last years, the QCM has been extensively used as a sensor devoted to 

the study of the detection of numerous biomolecules (Villares, Moreau, Dammak, Capron, & Cathala, 

2015), to analyze selective membranes and sensors to a specific gas (Caron et al., 2014; Jia, Yu, 

Zhang, Dong, & Li, 2016; Michalzik, Wilke, & Büttgenbach, 2005; Passamano & Pighini, 2006) and 

to evaluate interfacial polymer behavior (Ahola, Myllytie, Österberg, Teerinen, & Laine, 2008; Marx, 

2003; Tammelin et al., 2015). QCM with dissipation monitoring (QCM-D) could be useful to 

investigate viscoelastic properties of the adsorbed layer and take into consideration energy dissipation 

effects (Hakalahti, Faustini, Boissière, Kontturi, & Tammelin, 2017; Kontturi, Kontturi, & Laine, 

2013; Niinivaara, Faustini, Tammelin, & Kontturi, 2015, 2016). Up to now, QCM has mainly been 

used for thin films, generally deposited by spin coating (Kushner & Hickner, 2017; Rouessac, van der 

Lee, Bosc, Durand, & Ayral, 2008; Thomas, Rudich, Trakhtenberg, & Ussyshkin, 1999). A study has 

been carried out on the use of QCM-D to determine the equilibrium water content inside cellulose 

nanofibers prepared by electrospinning by regenerating cellulose to obtain  a thin cellulose film (to 

keep fibers of QCM sensor) (Roemhild et al., 2016). However, no work has been yet proposed to 

measure mass variations of dispersed micrometric size powders or fibres.   

In this context, the aim of this work is to explore the potential of using the QCM coupled with a water 

vapor adsorption/desorption system as a reliable methodology to evaluate water vapor transfer 

(apparent diffusivity and sorption) in individual micrometric size cellulose particles from water vapor 

kinetics recorded at different relative humidities, which i0s never possible with classical methods. For 
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this purpose, pure cellulose was selected. After having discussed the suitability of the QCM system, 

the paper focuses on evaluating the impact of the hypothesis for sample geometry on the estimation of 

water vapor diffusivity by a comparison of two analytical solutions. This choice was critically done 

based on the characterization of particle morphology (size and shape- through both laser diffraction 

granulometry and image analysis).  

2. Materials and methods 

2.1. Materials 

Arbocel® BE 600-10 Tg cellulose was provided by J. Rettenmaier & Söhne (JRS). According to the 

manufacturer, it was highly pure cellulose (cellulose content of 99.5 wt%) with an average fibre length 

of 18 µm, an average fibre thickness of 15 µm and a bulk density around 0.23 – 0.30 g.cm-3, obtained 

after successive grinding and sorting steps from pine cellulose pulp. The true density of cellulose, 

measured by pycnometry, was 1.56 g.cm-3 ± 0.08. Crystallinity of cellulose was determined using a 

Philips PW3830 generator, results shown that cellulose is quasi amorphous (crystallinity less than 

5%). Absolute ethanol (purity of 99.9 %) was purchased from Meridis (France). Gold sensor crystals 

with nominal frequency equal to 6 MHz were supplied by Neyco (France). 

2.2. Methods 

2.2.1. Water vapor sorption kinetics using a quartz crystal microbalance coupled with 

adsorption 

Quartz preparation. First, the peripheral unusable surface of a golden AT-cut quartz resonator was 

masked by putting a tape. Then, 15 µL of a suspension of cellulose in absolute ethanol at a 

concentration of 0.07 g.L-1 was deposited on the usable surface (S = 0.5 cm2) of the quartz resonator in 

order to obtain a total weight of cellulose ranging from 1 to 1.5 µg. Ethanol was then evaporated under 

vacuum. The goal of this preparation was to achieve the best repeatability of data. The weight of one 

cellulose particle being around 5.7 x 10-4 µg (value deduced from the true density of particles and the 

average size given by the supplier), it was calculated from the total deposited weight that around 2000 

particles were deposited on each quartz.  

Water vapor sorption kinetics. Water vapor sorption kinetics were carried out using a QCM 

apparatus (Maxtek TM-400). Frequency variation ∆𝑓 was measured by this apparatus.  ∆𝑓 is the 

difference between the frequency of the quartz at time t and the frequency of the quartz at time t0, in 

MHz. This frequency variation was linked to mass variation due to water vapor sorption or desorption. 

∆𝑓 is proportional to the mass variation of quartz ∆𝑚 according to Sauerbrey equation Eq. (1) 

(Rouessac et al., 2008) : 

 ∆𝑓 = −
𝑓𝑞

2. ∆𝑚

𝐶. 𝜌𝑞. 𝑆
         (1) 
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where fq is the nominal frequency (6 MHz) of the quartz, value depending on its size, ρq = 2.65 g.cm-3 

the quartz density, S the usable area (0.5 cm²) of quartz where cellulose particles were deposited and C 

an apparatus constant (1.67x105 cm.s-1).  

Initial sample weight was determined by measuring the frequencies difference between the pristine dry 

quartz and the quartz loaded by the cellulose. In this paper, knowing that mass of quartz and cellulose 

were constant,  ∆𝑚  corresponded to the water mass uptake msorbed (µg) of cellulose particles. 

Cellulose particles were adsorbed on a golden AT-cut quartz resonator (6 MHz) placed in a closed 

chamber in which the pressure of water vapor can be set in a range from vacuum (<100 Pa) up to 80% 

of water steam at 25°C (P0 = 31.7 mbar). Eq. (1) becomes: 

 𝑚𝑠𝑜𝑟𝑏𝑒𝑑(𝑅𝐻%) = −
∆𝑓

𝑓𝑞
2

𝐶. 𝜌𝑞 . 𝑆         (2) 

Data acquisition consisted in collecting the frequency variation due to the sorption of water on 

cellulose particles adsorbed on the gold surface of the quartz as a function of water vapor pressure and 

time. Cellulose particles were dried and desorbed at 25°C during 30 min before sorption kinetics by 

using a vacuum pumping system composed of a primary dry pump and a turbomolecular pump. Eight 

successive steps of constant relative humidity were then applied up to 80 %RH (step duration of 10 

min). Raw data were converted into mass uptakes as a function of relative humidity by using equation 

2. Measurements were done in 6 replicates, corresponding to 6 samples of cellulose deposited on 6 

different quartz substrates. Moisture sorption isotherms were determined from the equilibrium 

moisture contents at each relative humidity step. 

 

2.2.2. Particle size and morphology 

Laser granulometry. The particle size distribution was obtained using a laser diffraction 

granulometry analyzer (Mastersizer 2000, Malvern Instruments Ltd, U.K.). Approximately 10 mg of 

cellulose particles were suspended in 50 mL of ethanol 95%. This suspension was added into the 

experimental cell containing ethanol until reaching an obscuration value between 5% and 10%. 

Agitation in the cell was set at 3000 rpm and ultra-sounds were used to limit particles agglomeration. 

Analysis was performed by using refractive indexes of 1.47 and 1.36 for cellulose and ethanol, 

respectively. Apparent diameter and volume of particle were characterized from the volume diameter 

distribution. Measurements were done in triplicate.   

Scanning electron microscopy (SEM). Scanning electron microscopy (SEM) observations were 

performed with a high-resolution field emission gun (SEM S-4800, Hitachi, Japan) with an 

acceleration voltage of 2 kV. Prior to SEM analysis, the quartz substrate covered with cellulose 

particles was coated with a thin layer of platinum in order to avoid sample charging anomalies. This 

microscopy allows to obtain qualitative information on state of dispersion of cellulose on quartz on the 

shape of particle.  
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Optical microscopy. Imaging was performed by using a macroscope Multizoom AZ100 (Nikon, 

Japan) equipped with a RGB DS-Ri1 camera (Nikon, Japon) in light transmission mode. In order to 

reduce agglomeration of particles, the use of a diluted suspension of cellulose particles in ethanol 

(concentration of 0.35 g.L-1) was preferred to a direct spray of particles. 40 µL of the cellulose 

suspension were deposited on each microscope glass slide and then placed in a vacuum chamber to 

evaporate ethanol. The magnification was set to x32 combining the lens AZ-Plan x4 and setting the 

optical zoom to x8. For each sample, mosaic images were assembled by reconstructing 10x4 images 

using the imaging software NIS-Elements (Nikon, Japon) operating with the Multizoom AZ100 

system. 

Image analysis. Quantitative morphological parameters were assessed by image analysis. Images 

obtained from optical microscopy were imported to ImageJ for image processing in order to get the 

area (number of pixels that represents one cellulose particle multiplied by the resolution), the 

perimeter (length of the line that delimits the contour of a particle), the major axis (length of the inertia 

ellipse) and the minor axis (width of the inertia ellipse) of each particle. Image analysis was performed 

on an increasing number of particles, until the mean of the considered indicator stabilized, i.e. with a 

variation lower than 5%. In our case, the mean was obtained with 120 particles and image analysis 

was done on 830 particles. Frequency distribution in number and volume of apparent diameter were 

represented for comparison with light diffraction analysis. 

 Particle circularity was calculated by Eq. (3): 

 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
4𝜋. 𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟²
         (3) 

This shape indicator ranges from 0 to 1 (1 for a disc) and allows to know if considered particles are of 

spherical shape (Lehmann & Legland, 2012).  

2.2.3. Modeling 

Two models were considered to describe water vapor diffusion in a cellulose particle: diffusion in a 

sphere and in a finite cylinder. Diffusion was assumed to be isotropic and independent of time and 

position in the material. Analytical solutions provided by Crank (Crank, 1975) were used to perform 

estimation of diffusivity and equilibrium mass.  

Case of a homogeneous sphere (radial diffusion) 

Under an assumption of homogenous cellulose sphere, water vapor diffusion reduces to a pure radial 

form. The diffusion equation in a sphere of radius R (m) for a compound of concentration 𝐶(𝑡, 𝑟), at 

time 𝑡 (s) and radial position 𝑟 (m), was then described by Eq. (4). 

 𝜕𝐶

𝜕𝑡
(𝑡, 𝑟) = 𝐷 (

𝜕2𝐶

𝜕𝑟2
+

2

𝑟
 
𝜕𝐶

𝜕𝑟
)         (4) 

where D is the constant diffusivity (m².s-1).  
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In this case, we assumed that initial concentration C0 is uniform and that sample surface is kept at a 

constant concentration C∞ during the experiment:  

 
𝐶(𝑡 = 0, 𝑟) = 𝐶0 ∀ 𝑟 ∈ [0, 𝑅] 

𝐶(𝑡, 𝑟 = 𝑅) = 𝐶∞ ∀ 𝑡 ≥ 0 
        (5) 

For these initial and boundary conditions, the analytical solution is given in Eq. (6), and applies to 

sphere particles: 

 𝑀𝑡

𝑀∞
= 1 −

6

𝜋2
∑

1

𝑛2
𝑒𝑥𝑝 (

−𝐷𝑛²𝜋²𝑡

𝑅²
)

∞

𝑛=1

         (6) 

where Mt is the mass uptake (µg) at time t and M∞ is the corresponding value for infinite time.  

Case of a homogeneous finite cylinder (axial and radial diffusion) 

Considering a homogeneous finite cylinder, diffusion reduces to radial and axial parts. The finite 

cylinder of radius R (m) and length L (m) is defined by (𝑟, 𝑧)  ∈ [0, 𝑅] × [
−𝐿

2
,

𝐿

2
].The diffusion 

equation in this finite cylinder, for a compound of concentration 𝐶(𝑡, 𝑟, 𝑧), at time 𝑡 (s) and spatial 

position (𝑟, 𝑧), is given in Eq. (7) 

 
𝜕𝐶

𝜕𝑡
(𝑡, 𝑟, 𝑧) = 𝐷 (

1

𝑟
 
𝜕𝐶

𝜕𝑡
+

𝜕2𝐶

𝜕𝑟2
+

𝜕2𝐶

𝜕𝑧2
) 

 

        (7) 

where D is the constant diffusivity (m².s-1).   

As for the spherical geometry, assumptions of uniform initial concentration C0 and constant 

concentration C∞ at the cylinder surface were made, leading to the following initial and boundary 

conditions for Eq. (8): 

 

The finite cylinder of radius R and length L is the intersection of an infinite cylinder of the same 

radius R and an orthogonal infinite plane sheet of thickness equal to the length L. Consequently, the 

analytical solution for this finite cylinder can be written as product of solutions for the radial part, of 

diffusion, i.e. in the infinite cylinder, and the axial part of the diffusion, i.e. in the infinite plane sheet, 

as described in Eq. (9) (Afkin & Weber, 2001; J. Matthews & Walker, 1970): 

 
𝑀𝑡

𝑀∞
|

𝐹𝑖𝑛.  𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (𝑅,𝐿)

=  1 − (1 −
𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓.  𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (𝑅)

) × (1 −  
𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓.  𝑝𝑙𝑎𝑛𝑒 (𝐿)

)         (9) 

 

 

                        𝐶(𝑡 = 0, 𝑟, 𝑧) = 𝐶0 ∀ (𝑟, 𝑧)  ∈ [0, 𝑅] × [
−𝐿

2
,
𝐿

2
] 

                        𝐶(𝑡, 𝑟 = 𝑅, 𝑧) = 𝐶∞ ∀ 𝑡 ≥ 0 𝑎𝑛𝑑 𝑧 ∈ [
−𝐿

2
,
𝐿

2
] 

                        𝐶(𝑡, 𝑟, 𝑧 = ± 𝐿/2) = 𝐶∞ ∀ 𝑡 ≥ 0 𝑎𝑛𝑑 𝑟 ∈ [0, 𝑅] 

        (8) 
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𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓.𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (𝑅)
is the analytical solution for diffusion in an infinite cylinder of radius R, with the 

following conditions: 

 
                                              𝐶(𝑡 = 0, 𝑟) = 𝐶0∀ 𝑟 ∈ [0, 𝑅]  

                                              𝐶(𝑡, 𝑟 = 𝑅) = 𝐶∞ ∀ 𝑡 ≥ 0 
      (10) 

 

It was given by Crank as Eq. (11),  

 𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓.  𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (𝑅)

= 1 − 4 ∑
𝑒𝑥𝑝 (−𝐷𝑞𝑛

2𝑡) 

𝑅2 𝑞𝑛
2

∞

𝑛=1

 

             

(11) 

where 𝑞𝑛are the positive roots of the Eq. (12) where J0 is the Bessel function of the first kind of order 

0. 

 𝐽0(𝑅 𝑞𝑛) = 0        (12) 

 

Similarly,  
𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓.𝑝𝑙𝑎𝑛𝑒 (𝐿)
is the analytical solution for an infinite plane sheet of thickness L (m), 

described by 𝑧 ∈ [
−𝐿

2
,

𝐿

2
], and was also described by Crank as Eq. (14), for the following conditions: 

 
𝐶(𝑡 = 0, 𝑧) = 𝐶0 ∀ 𝑧 ∈  [

−𝐿

2
,
𝐿

2
]  

    𝐶(𝑡, 𝑧 = ± 𝐿/2) = 𝐶∞ ∀ 𝑡 ≥ 0   

      (13) 

 

 𝑀𝑡

𝑀∞
|

𝐼𝑛𝑓  𝑝𝑙𝑎𝑛𝑒 (𝐿)

= 1 − 8 ∑
1

(2𝑛 + 1)²𝜋²
𝑒𝑥𝑝 (

−𝐷(2𝑛 + 1)²𝜋²𝑡

𝐿²
) 

∞

𝑛=0

       (14) 

   

Numerical simulations and parameter estimation 

Parameter estimation resumes to a nonlinear least squares problem. Error between experimental and 

predicted kinetics was described by the root mean squared error, RMSE, given in Eq. (15).  

 
𝑅𝑀𝑆𝐸 =  √

∑ (𝑚𝑠𝑖𝑚(𝑡𝑖) − 𝑚𝑒𝑥𝑝(𝑡𝑖) )2𝑁
𝑖=1

𝑁
 

      (15) 

where 𝑚𝑠𝑖𝑚(𝑡𝑖) is the mass predicted at time 𝑡𝑖, 𝑚𝑒𝑥𝑝(𝑡𝑖) is the experimental data of mass uptake at 

time 𝑡𝑖 and N is sample size. Finally, numerical simulations were performed by using Matlab® 

software and using its lsqnonlin function for estimation of apparent diffusivity and equilibrium mass. 

3. Results and discussion 

3.1.Water vapor sorption kinetics 
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Preliminary to water vapor sorption kinetics, SEM observations of the quartz substrates, on which 1 to 

1.5 g of cellulose particles were adsorbed, were carried out to evaluate the dispersion state of the 

particles. It was shown that cellulose particles were well dispersed on the surface of the quartz, 

without any visible agglomeration phenomena (Fig. 1). This observation confirmed that recorded 

water vapor sorption kinetics occurred at the scale of individual particles and not at the scale of 

agglomerates of particles.  

 

 

Fig. 1 SEM images of cellulose particles adsorbed on a quartz substrate at magnitudes of (A) x30 and 

(B) x500. 

Fig. 2A presents the evolution of water vapor uptake as a function of time for 8 successive steps of 

relative humidity (RH). Results showed classical sorption curves displaying no significant artefacts, 

thus suggesting that estimation of diffusion and sorption parameters will be possible. It was checked 

that no particle fell down of the quartz support during the experiment, even at high relative humidity. 

To control that, after each sorption kinetics step, water vapor pressure was decreased down to 0 Pa 

(pumped down to the limit vacuum) during 30 minutes to desorb water (the frequency equilibrium was 

reached again after a maximum duration of 15 min). It was shown that the quartz frequency after this 

60 µm 

B 

1 mm 

A 
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desorption step was the same as the initial one, which allows concluding that the weight of dried 

cellulose remained constant. As compared to other methods, the QCM methodology is very fast, e.g. 8 

steps of RH achieved after 80 min, and used little quantities of sample (between 1 and 1.5 µg on each 

substrate).  

The only drawback of this QCM setup is the difficulty to control the targeted RH value at each step. 

However, what is important is that when the introduction gate is closed, the water vapor pressure is 

very stable. Finally, it was assumed in the present study that energy dissipation phenomena in 

cellulose particles did not occur over the range of studied relative humidity (0-80 %RH) (Hakalahti et 

al., 2017; Tammelin et al., 2015). As an example, no significant dissipation was registered for RH 

lower or equal to 75%RH in the work of Hakalahti et al. on cellulose nanofibrils films (Hakalahti et 

al., 2017). However, we cannot ensure that micrometric size particles, which are not covering the 

whole surface of the substrate, are behaving the same manner as a continuous and homogeneous film. 

Further experiments should be carried out using the QCM-D technique to valid the fact that dissipation 

would not increase significantly at high RH in micrometric size cellulose particles and thus become an 

issue in the proposed methodology.   

It was checked that mass equilibrium was reached after less than 4 min, which allows considering as 

pertinent a duration of every step of 10 min. It was also verified that the RH equilibrium was reached 

faster than the mass equilibrium, which makes possible to assume constant RH over the all duration of 

the step in the modeling approach (Figure 2B). Water vapor apparent diffusivity, D, and sorption at 

equilibrium, 𝑀∞, were estimated at each RH step using analytical solutions of diffusion equation 

presented in section 2.2.2 (Eq. (6) and (9)). The inputs for the estimation of these parameters were the 

kinetics of water vapor uptake as a function of time, the geometry and the dimensions of the particles. 

Fig. 2B displays an example of comparison between experimental and simulated data for a RH step 

from 56% to 62% by considering the cylinder model. Following estimated parameters were obtained:  

D = 7.6x10-13 m².s-1 and 𝑀∞= 0.0732 µg.µg-1 d.b. (dry basis) (experimental 𝑀∞ = 0.0730 µg.µg-1 d.b). 

It could be noted that the model used correctly fit experimental data with an RMSE equal to 0.005 

µg.µg-1 and determination coefficient R² =0.91.  
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Fig. 2 (A) Example of water vapor sorption kinetics of cellulose: black curve shows water uptake (µg) 

and grey curve corresponds to relative humidity (%). (B) Example of simulation on one step of 

relative humidity (from 56% to 62%). 

3.2. Morphological analysis: sphere vs. cylinder shaped particles 

 

The choice of the analytical solution that will be used to estimate diffusivity and water uptake at 𝑀∞ 

from water vapor sorption kinetics is based on the geometry of particles. It is very critical since it can 

significantly impact the estimated values. Consequently, an accurate determination of morphological 

parameters of studied particles was necessary, at least to determine their shape. For that purpose, SEM 

observations were done in a first approach to qualitatively assess the shape of particles. It was shown 

that the cellulose sample was characterized by a polydispersity of both sizes and shapes, with either 

sphere-like, ribbon-like or cylinder-like shapes and sizes ranging from 2 m up to 60 m (Fig. 3).  

A first approximation could be to consider that particles are spherical. Hence, using laser granulometry 

to better assess the size distribution of the cellulose sample was considered as correct.   

A 

B 
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Fig. 3 SEM image of cellulose particles. 

Monomodal number- and volume-based particle size distributions were obtained by laser 

granulometry. The number-based distribution gives more importance to small particles while the 

volume-based distribution places greater prominence to big particles. In our case, since cellulose 

particles are dedicated to be used as fillers in composite materials, with a special focus on mass 

transfer properties, we considered that is was more pertinent to consider volume-based descriptors for 

the rest of the study. Indeed, models proposed to formalize structure/mass transfer properties in 

composite materials are all using the volume filler content as input parameter (Wolf et al., 2016). 

Furthermore, the consideration of number-based descriptors, e.g. mean, median or mode, would 

underestimate the volume (and therefore the mass) of the particles, which would induce errors on the 

estimated diffusivity. The median equivalent diameter in volume was 20.1 ± 0.1 µm with a span value 

(representing the spreading of the distribution) of 2.0 ± 0.1 µm. 

Quantitative morphological parameters of cellulose particles were obtained from image analysis and 

are summarized in Table 1. Two dimensions were considered, i.e. a long length (major axis) and a 

small length (minor axis). Median values in volume of dimensions were 30.7 µm and 18.2 µm, 

respectively. The average circularity of cellulose particles was 0.8 ± 0.2, allowing to conclude that the 

assumption of spherical particles did not perfectly represent the reality. The elongation value, 

corresponding to the ratio between the maximal dimension (major axis) and the minimal dimension 

(minor axis), was 1.5 ± 0.2 showing that particles were slightly elongated. However, as shown on Fig. 

4, it is worth noting that 34% in number of particles had a circularity very close to 1 and even so can 

be considered as spherical.  On this figure, a part of particles had a circularity higher than 1, it can be 

explained by discretization errors done by Image J software (Lehmann & Legland, 2012). It could be 

deduced from these results that particles should be better assimilated to finite cylinders instead of 

30 µm 
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spheres. It was thus assumed that the major axis corresponded to the length of the cylinder, L, and the 

minor axis to the diameter of the cylinder, d=2R.  

 

Table 1. Particle morphological parameters obtained by granulometry and image analysis. Numbers in 

brackets refer to span values (the span value represents the difference between the 90th and 10th 

percentiles divided by the median value).  

 
Laser 

granulometry 
Image analysis 

 

Median 

diameter  

(span) in µm 

Median major 

axis (span) in 

µm 

Median minor 

axis (span) in  

µm 

Median 

circularity 

Number-based 

distributions 
7.4 ± 0.2 (1.5) 19 ± 1 (2.1) 11 ± 1 (1.5) 0.8 

Area-based 

distributions 13.2 ± 0.1 (1.8) 25 ± 2 (1.5) 15 ± 1 (1.1) - 

Volume-based 

distributions 
20.1 ± 0.1 (2.0) 31 ± 2 (1.4) 18 ± 1 (0.9) - 

 

 

 

Fig. 4 Number based circularity distribution of cellulose particles 

 

3.3. Water vapor sorption isotherm 

Fig. 5 displays sorption isotherm curves for micrometric size cellulose particles. Isotherms displayed a 

sigmoid shape, as already reported (Nelson, 1983; Paes et al., 2010). A good repeatability was 

obtained by considering an initial weight of absorbed cellulose ranging from 1 to 1.5 g and by taking 

care of depositing cellulose only on the usable surface of the quartz substrate. Water vapor uptake 

varied from 0.142 to 0.148 µg.µg-1 d.b. at 78 % of RH (Fig. 5). In this case, some values were higher 
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than some already published data, e.g. a water uptake of 0.1 g.g-1 d.b. for microcrystalline cellulose 

particle (size superior of 63 µm) at 75 % of RH (Kachrimanis, Noisternig, Griesser, & Malamataris, 

2006), or around 0.18 g.g-1 d.b at 75% of RH  for balled milled cellulose (Paes et al., 2010).  Such 

discrepancy could be explained by the fact that cellulose particles considered in the present study were 

quasi amorphous, with a crystallinity value lower than 5 %. Indeed, as already demonstrated, the more 

the cellulose is amorphous, the more the water sorption will be favored since sorption occurs mainly in 

amorphous regions of a semi-crystalline material (Mihranyan et al., 2004).  

 

Fig. 5 Water vapor sorption isotherms of cellulose particles. 

 

3.4. Water vapor diffusivity identification 

Based on image analysis results, water vapor diffusivity in micrometric size cellulose particles was 

estimated by considering either a spherical or a cylindrical geometry. In the case of a sphere, a radius 

value R of 10.1 µm was considered (half median diameter), provided by laser granulometry analysis. 

In the case of the cylindrical geometry, a radius R of 9.1 µm (half median minor axis) and a length L 

of 30.7 µm (median major axis) were taken (Table 1).  

Results of water vapor apparent diffusivity estimated by sphere and cylinder models in cellulose were 

presented on Fig. 6. Same values of water vapor diffusivity were estimated by taking into 

consideration either the spherical Eq. (6), or the cylindrical Eq. (9), geometry. A cloud of points for 6 

samples was obtained, with diffusivity ranging from 2.4x10-14 m².s-1 to 4.2x10-12 m².s-1 and an average 

value equal to 8.4x10-13 ± 8.6x10-13  m².s-1 (for the cylinder geometry). This dispersion could be 

explained by variations in the length of RH steps depending on each step and each sample. Since water 

vapor diffusivity has never been estimated for micrometric size particles, our results can only be 

compared to values obtained for cellulose-based films. Our values were in a range of diffusivity 

estimated for microcrystalline cellulose films, i.e. from 3x10-14 m².s-1 to 2x10-13 m².s-1  (Bedane, Eić, 

Farmahini-Farahani, & Xiao, 2015). Observed differences could be explained by the nature of sample, 
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i.e. either powder or films. At the macroscopic scale of films, undesirable phenomena could occur 

without being taken into account in models. It includes porosity effect (water vapor diffusivity in pores 

omitted), swelling of materials with increasing water content (modification of structure), or 

aggregation/agglomeration of nanofibrils. The use of the QCM system allows reducing these possible 

negative effects for the estimation of diffusivity by working on the scale of individual micrometric 

size particles.  

 

Fig. 6 Estimated water vapor diffusivities of cellulose particles for different relative humidity. Cylinder 

diffusivity average = 8.4x10-13 ± 8.6x10-13 m².s-1 and sphere diffusivity average = 8.0x10-13 ± 8.2x10-13 

m².s-1 

 

3.5. Cylinder vs. sphere modeling approach 

Section 3.4 showed that both cylinder and sphere geometries led to the same values of estimated 

diffusivities. The question of the validity of this conclusion for longer particles must be discussed. For 

that purpose, a confrontation between sphere and cylinder models was done. Simulated data of water 

uptake were generated by cylinder model for different values of elongation e=L/(2R) by considering 

constant values of radius (R) and diffusivity (D0). For each elongation, these data were then used as 

inputs in the sphere model to estimate diffusivity (D*), setting the radius of the sphere in such a way to 

preserve the particle volume. Relative error err=(D0-D*).D0
-1 was represented as a function of the 

cylinder elongation. Results showed the same trend whatever the value set for the radius of cylinder 

(Fig. 7). Consequently, it was deduced that this parameter (radius) had no impact for comparison 

between these two models and same trend was observed with D0 parameter (by testing 3 different 

diffusivities: 10-12, 10-14 and 10-16 m².s-1). For an elongation equal to 1.5 (case of this study), the 

relative error was around 5.5%, confirming that the two models could be used indifferently. 

Considering that 15% is an acceptable value of relative error, a critical elongation value of 2 could be 
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estimated. This means that for elongation values lower than 2, cylindrical particles can be assimilated 

as spherical particles while for elongation higher than 2, cylinder geometry must be considered.  

 

Fig. 7 Relative error between cylinder model and sphere model for different values of elongation.  

corresponds to the error for the cylinder and sphere dimensions used in the current work. 

 

4. Conclusion 

The study demonstrated the capacity of the quartz crystal microbalance coupled with an adsorption 

system to evaluate water vapor transfers in micrometric size cellulose particles. The huge advantage of 

this technique is the possibility of working on very little quantities of sample, i.e. 1 µg, thus permitting 

to estimate parameters at the scale of individual particles. This allows avoiding edge effects such as 

agglomeration, swelling or percolation. The QCM is also a very fast method as compared to others, 

with a total acquisition duration of the order of one hour. It was shown that the QCM methodology is 

adapted to obtain moisture isotherm for a sample weight ranging from 1 to 1.5 g and by taking care 

of depositing cellulose only on the usable surface of the quartz substrate. It is worth noting that the 

proposed methodology should be corroborated by monitoring energy dissipation using the QCM-D 

technique and checking that dissipation would not significantly increase with increasing RH.  From 

water vapor sorption isotherm and using modeling tools (analytical solution of sphere or finite 

cylinder), water vapor diffusivity of amorphous cellulose particles was estimated at different relative 

humidity. Estimated diffusivity was not significantly impacted by the relative humidity, with an 

average value of 8x10-13 m².s-1.  It was shown that a finite cylinder or spherical geometry could be 

used equally for diffusivity identification for a particle size aspect ratio lower than 2. For size aspect 

ratio higher than 2, a cylinder geometry should be considered. 
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