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Abstract 

Volume Specific Surface-Area (VSSA) has been identified as a relevant and alternative method to 

electron microscopy (EM) to determine whether a material is or not a nanomaterial. VSSA is an 

integral measurement method that provides an indirect representation of particle size. When this 

conversion into particle diameter is carried out, constituent particles are supposed to be 

monodisperse, which can be considered far from reality, materials being composed of polydisperse 

constituent particles. The way particle polydispersion affects the VSSA of a material, and thus the 

equivalent particle diameter deduced, is investigated in this paper. In particular, the specific case of 

normally-distributed, spherical constituent particles, is considered. A theoretical study has led to the 

introduction of a correction polydispersion-based factor. From experimental VSSA data obtained for 

eight powders covering a range of constituent particle median diameters from 9 to 130 nm, the 

VSSA-based constituent particle median diameters were compared to the median constituent 

particle size obtained from electron microscopy analysis, considered as the reference method. 

Integrating constituent particle polydispersion through the use of the correction factor improves the 

accuracy of particle size stemming from the VSSA approach, the relative discrepancies being within ± 

20% from the reference diameter. 

 

Introduction 

Electron microscopy (EM) remains the gold-standard method providing unequivocal 

information regarding the size distribution of constituent particles, as required in the 

nanomaterial definition recommendation proposed by the European Commission [1], where 

the fraction of particles with diameter lower than 100 nm must be determined. However, this 
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analytical technique, which is expensive and time-consuming, requires a high level of 

expertise, and lacks of standardized approaches for both sample preparation and particle 

imaging and analysis, even if some advances can be pointed out on this topic [2]. The issue of 

analysing sufficient images in order to have a statistically significant analysis [3] is also to be 

considered, as well as a potential operator effect. Indeed, a coefficient of variation of 6% on 

the mean particle size was obtained when constituent particle size were measured by three 

operators from the same TEM pictures of Al2O3 [4]. These particles were ideally spherical. In 

another inter-comparison exercise [5], where each partner was asked to produce its own TEM 

pictures by means of its own microscope following a common protocol, relative discrepancies 

of 9% were observed for ERM FD304 SiO2 sample, which is known for being constituted of 

spherical constituent particles, and even 15% for a more complex TiO2 (E171 additive) 

sample. The same value of 15% was also reported by Dazon et al. [6] for spherical particles 

ranging from 15 to 125 nm. 

First introduced by Kreyling et al. [7], Volume Specific Surface-Area (����) has been 

identified in the last 10 years as a relevant and alternative method to electron microscopy to 

determine whether a material is or not a nanomaterial by different authors [8-14], in addition 

to being mentioned in the definition stemming from the European Commission [1]. It has 

recently been integrated as tier 1 screening in the NanoDefine as well as the JRC decision 

trees [15]. ���� corresponds to the surface-to-volume ratio of a powder material. It is 

experimentally calculated from the product of the external mass specific surface-area of a 

powder (���), determined through gas adsorption measurements and application of the 

well-known BET [16] model, and its skeletal density (�), measured by Helium pycnometry. It is 

important to notice that the BET model is no longer valid when the particles are porous. 

Indeed, for such materials, ��� will correspond to the contribution of both the surface 

related to the outer dimensions of the constituent particles and the surface due to the 

presence of pores. In the latter case, specific data processing by using the t-plot model [17] is 

needed to distinguish between these two contributions to the overall surface area. 

According to Dazon et al. [8], measuring these two parameters, i.e. ��� and skeletal density, 

is readily accessible, since the measurement techniques involved are well disseminated in 

both research laboratories and industries, and can be applied to any type of powders, while 

electron microscopy is probably less accessible and more subject to operator effects. 

Furthermore, as stated in Babick et al. [11], the advantage of an alternative method based on ��� measurement is that no dispersion protocol is required, which reduces other possible 

artefacts. 



It has been already demonstrated that gas adsorption analysis is relevant and repeatable. 

Motzkus et al. [18] reported relative repeatability standard deviations below 4%, along with 

relative reproducibility standard deviations lower than 6%, for SiO2 and TiO2 nanomaterial 

powders in the range 50-200 m2/g investigated in the framework of the Nanogenotox project, 

except for NM200 (12%). Hackley & Stefaniak [19] compiled the results from 19 laboratories 

obtained by gas adsorption measurements on a sample of TiO2 nanomaterial powder; they 

concluded that the measurement bias was generally within ±5 % of the certified surface area 

value assigned to SRM 1898 (55.55 ± 0.70 m2/g). In another study, 9 powders with ��� 

ranging from 1 to 2.5 m2/g were also part of an inter-laboratory exercise organized by the 

National Physical Laboratory involving three partners [20], highlighting ��� mean relative 

discrepancies of 6%, with a maximum of 12%. Furthermore, due to its quadrupole moment, 

the orientation of a nitrogen molecule is slightly dependent on the surface chemistry of the 

adsorbent, which may lead to an uncertainty of about 20% for some surfaces [21, 22]. It is 

therefore possible to consider that ��� obtained by gas adsorption analysis is accurate within 

± 15-20%. ���� is an indirect representation of particle size. Indeed, spherical constituent particles of 

100 nm with unit density have a ���� of 60 m2/cm3. In line with the seminal proposal made 

by Kreyling et al. [7] and as stated in the definition proposed by the European Commission 

[1], a non-porous material with a ���� greater than 60 m2/cm3 is a nanomaterial. It has been 

previously established that this threshold is shape-dependent [9], leading to: 

��������		(m�/cm�) = 20� 

where � = 3 for spheres, � = 2 for fibers and � = 1 for platelets. 

In practice, the VSSA-based equivalent diameter, noted �����, is commonly determined from 

measured ���� according to: 

����� (nm) = 2000�
���� � m�cm�� = 2000�

��� �m�g � � � gcm� (1)
 

and compared to the 100 nm threshold. It is important to notice that particle size counts 

among the parameters which play a key role in the potential health effects of nanoparticles 

[23], since it defines their deposition probability in the human respiratory tract [24, 25], as 

well as their behaviour in air [26]. Therefore, deducing the constituent particle size based on 

an experimental ���� value can be useful and relevant for instance, in a risk assessment or 

regulatory context [27], as well as for toxicological studies [28], where the nanomaterial 

nature of handled powders should be indicated. 



Some authors have previously studied the accuracy with which particle diameter can be 

derived from ���� measurements. For instance, Babick et al. [11] reported that ����� 

deviated from a reference SEM-based particle diameter within a factor 1.5 for 4 out of 9 non-

porous materials investigated and a factor 2.5 in the worst case. In the study conducted by 

Dazon et al. [29], relative discrepancies between -3 % and +30 % were reported between 

SEM-based and VSSA-based particle diameters for the seven non-porous materials 

investigated. In another study [30], a relative discrepancy of 12% is reported between TEM-

based and VSSA-based constituent particle size on a sample of alumina consisting of spherical 

25-nm particles. 

The discrepancies reported by the different authors highlight the need for investigating the 

sources of uncertainty that can affect the VSSA-based equivalent �����. Among them, 

particle shape (�) is probably the key element, since it influences directly the threshold above 

which a material is classified as a nanomaterial. To our best knowledge, the only way allowing 

particle shape to be quantified is based on a rigorous examination of EM pictures. 

Determining precisely whether constituent particles have a spherical, fiber-like or platelet-like 

morphology remains nonetheless quite difficult in some cases. Another concern can be raised 

for samples containing particles presenting different morphologies, which could be the case 

of mixes, for instance rutile (fiber-like particles) and anatase (near-spherical particles) TiO2 

particles. In such cases, an average shape factor might be appropriate to apply equation 1. 

The second parameter involved in equation 1 is the skeletal density of the material. The latter 

can be found in the open literature for pure materials or calculated from published data when 

the chemical composition and the crystalline phase of the sample is known. Experimental 

measurement of the skeletal density of powders by pycnometry can be considered accurate. 

For example, relative discrepancies lower than 1% were reported [31, 32], in line with 

previous work conducted by Rude et al. [33] on fibres. 

The last factor of influence is related to the fact that, when equation 1 is applied, constituent 

particles are supposed to be monodisperse. This strong hypothesis can be considered far 

from reality, since materials are typically composed of polydisperse constituent particles [2, 

27]; the latter being potentially either agglomerated or even aggregated within the material. 

It is worth mentioning that constituent particle polydispersion influences agglomerate light 

scattering [34, 35], thermal properties [36-38], behaviour in air [39] including filtration [40, 

41], to cite a few. 

From a practical point of view, when the ��� of a powder sample is measured by gas 

adsorption, it is intrinsically accounted that constitutive constituent particles of this sample 

are polydisperse, since this technique belongs to the so-called “integral measurement 



techniques”. Indeed, ��� is defined by the total surface area (�) present in a powder sample 

divided by the mass (!) of this sample: 

��� = �! = ∑ �(�)#∑ !(�)#  

while the result of such analysis does not allow the size distribution of the constituent 

particles to be determined. This is also the case for Helium pycnometry used to determine 

powder skeletal density. By extension, the same can be stated for the ����, since: 

���� = �� = �. ��� = � ∑ �(�)#∑ !(�)#  

Therefore, it is important to investigate the way particle polydispersion affects the ���� of a 

material, and in fine the equivalent particle diameter that is commonly deduced from this 

parameter. This was indicated by Kreyling et al. [7], who state that “one possible way would 

be to extend the definition such that it uses a second parameter; for instance the standard 

deviation of a normal distribution, or geometric standard deviation of a lognormal 

distribution”.  

For a non-porous spherical particle, particle mass increases faster than its surface-area, and ���� is therefore inversely proportional to particle diameter: 

����~ 1� 

It is thus manifest that the ���� of a polydisperse material, typically distributed according to 

normal or lognormal distribution laws, will be lower than the one of a monodisperse material 

with the same median diameter (Figure 1). In other words, measuring ���� lower than the 

cutoff value does not necessarily indicate that particles are greater than 100 nm. By 

extension, the VSSA-based equivalent diameter might be falsely overestimated. 

To meet these needs, this paper aims at providing elements that can be used to take into 

account constituent particle polydispersion in order to correct the VSSA-based equivalent 

diameter. The particular case of normally-distributed, spherical constituent particles, will be 

considered. Even though this model of distribution law may not be universal, this paper 

proposes an approach that could be further adapted to any type of distribution.  

In a first step, a theoretical development is proposed to formalize the effect of particle 

polydispersion of VSSA-based equivalent diameter. The findings stemming from this first part 

will then be applied to a set of eight materials, with constituent particle median diameters 

ranging from 9 to 130 nm. The results will be compared to the median constituent particle 

size obtained from transmission electron microscopy (TEM) analysis, considered as the 

reference method. In the absence of data related to the number size distribution of 



constituent particles, an alternative approach based on a hypothesis of constituent particle 

polydispersion will also be investigated. 

 

Theoretical background 

The effect of constituent particle polydispersion on VSSA-based equivalent diameter 

The fact that the ���� of a polydisperse material is lower than the one of a monodisperse 

material with the same median diameter is illustrated in Figure 1. 

 

 

Figure 1. Evolution of the Volume Specific Surface Area (����) of a powder with the standard 

deviation & of the number size distribution of spherical constituent particles assumed to be normally 

distributed around a median value of �' = 100 nm (left axis) and the corresponding equivalent 

diameter ����� as calculated from equation 1 (right axis). 

 

In Figure 1, the ���� of a powder is represented against the standard deviation & of the 

number size distribution of its constituent particles (assumed to be spherical and normally 

distributed) for the case of a median value diameter �' = 100 nm, associated with the 

corresponding equivalent diameter ����� (equation 1). 

It is clear from Figure 1 that a powder composed of constituent particles with a median 

diameter of 100 nm and a standard deviation of 30 nm presents a ���� of roughly 50 

m2/cm3, which is 17% lower than the one of a material constituted of monodisperse 100 nm 

particles (60 m²/cm3). In terms of particle equivalent diameter, this ���� of 50 m2/cm3 

returns a value of 117 nm equivalent diameter. If this value is the only one available when 

identifying nanomaterials is sought, e.g. no electron microscopy is envisaged to confirm or 
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infirm it, it will lead to a false-negative non-nanomaterial. Indeed, in this example, the 

proportion of particles smaller than 100 nm is 50%, which makes the material fall into the 

category of nanomaterials according to the European Commission definition. 

 

Modelling the impact of constituent particle polydispersion on VSSA-based equivalent diameter 

Let us consider a powder material constituted by agglomerated spherical, non-porous 

particles (referred to as constituent particles in the remainder of this paper), of diameter �, 

whose number size distribution follows a mathematical law noted ((�). The ���� of this 

powder material is given by the general equation (equation 2) that corresponds to the ratio of 

the sum of each particle surface-area to the sum of each particle volume: 

���� = �� = ) ((�)*��d�#,-.#,/0) ((�) *6 ��d�#,-.#,/0
(2) 

as stated in the JRC report [42]. 

For the case of monodisperse constituent particles, with diameter �, the size distribution is 

assimilated to a Dirac function ((�) = 2(�) such that ) 2(�)d� = 1#,-.#,/0 , and therefore: 

3 ((�)*��d�#,-.
#,/0

= *�� (3) 

3 ((�) *6 ��d�#,-.
#,/0

= *6 �� (4) 

The latter equations 3 and 4 yield the well-known relationship between the Volume Specific 

Surface-Area of a material and the VSSA-based equivalent diameter of its spherical 

constituent particles: 

����'�5� = 6�����,'�5� (5) 

Let us now consider polydisperse constituent particles, and assume that their number size 

distribution follows a normal distribution: 

((�) = (���&√2* exp <− 12 �� − �'& ��> (6) 

where �' represents the median particle diameter and & the standard deviation. Equation 2 

can be written: 

����?�@A = ) exp <− 12 �� − �'& ��> *��d�#,-.#,/0
) exp <− 12 �� − �'& ��> *6 ��d�#,-.#,/0

(7) 

After integration, we obtain (see Appendix): 



����?�@A = 6�'
1 + � &�'��

1 + 3 � &�'�� (8) 

Introducing ����'�5� from equation 5 and defining the polydispersion-based factor E by: 

E = 1 + � &�'��

1 + 3 � &�'�� (9) 

yields: ����?�@A = ����'�5�E (10) 

It is worth mentioning that for monodisperse particles, & = 0 and consequently E = 1. Figure 

2 presents the evolution of the polydispersion-based factor E with the ratio & �'⁄   for 

spherical, normally distributed constituent particles. 

 

 

Figure 2. Evolution of the polydispersion-based factor E with the ratio & �'⁄  for spherical, normally 

distributed constituent particles. 

 

It can be observed from Figure 2 that in the range of & �'⁄  between 0 and 1, E varies 

between 1 (monodisperse particles) and roughly 0.5. Again, since E ≤ 1, and according to 

equation 10, the ����?�@A of a powder consisting of polydisperse constituent particles is 

lower than the one of monodisperse particles with identical median diameter. 

Therefore, in terms of VSSA-based equivalent diameter (noted �����,?�@A), equation 10 can 

be written as: 
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�����,?�@A = 6E����?�@A (11) 

Integrating equation 5 leads to: �����,?�@A = �����,'�5�E (12) 

Hence, based on equation 12, if the determination (or an hypothesis on) the ratio & �'⁄  of 

the constituent particles composing a powder is available, the factor E could be used as a 

correction factor to deduce the VSSA-based equivalent diameter �����,?�@A.  

As stated earlier, equation 12 has been established for spherical normally-distributed 

constituent particles. The same theoretical approach could be followed to investigate 

different particle shapes (fiber-like or platelet-like particles), as well as other distribution 

laws. Indeed, some works report that lognormal distributions are more appropriate to 

describe the size distribution of particles [43-47]. Assuming other mathematical models will 

impact the expression of the distribution function ((�), and therefore Equation 6. If it cannot 

be stated that the normal distribution is the most appropriate law, it allows the full 

mathematical resolution of Equation 7. This specific case shall be considered as an example 

that could be further examined through the use of other models. 

 

Materials and methods 

Eight powders were considered in this study: three titanium dioxides TiO2, four silicon 

dioxides SiO2 and an iron oxide Fe2O3. Experimental data were carried out by two research 

laboratories, named “A” and “B”. It is important to notice that the analytical instruments 

involved by each laboratory were slightly different, as described below. To state on the 

possible bias between the ���� data stemming from both laboratories involved, the ��� of 

TiO2 3 as well as two SiO2 samples (SiO2 1 and SiO2 3) characterized by lab A was also 

determined by lab B, yielding relative discrepancies of 10%, 4% and 0.5%, respectively. 

Samples TiO2 3 and SiO2 1 correspond to the lowest and largest ���, while SiO2 3 sample has 

an intermediate ��� (see “Results and Discussion”). These intercomparison data are thus in 

line with the range of inter-laboratory biases of ± 15-20% stated in the Introduction. 

Moreover, a similar intercomparison was carried out on the same samples regarding powder 

density, leading relative discrepancies of 4.6%, -5.7% and 3.0%, respectively. 

In spite of different analytical instruments involved, the data can be considered as relevant 

for further use to determine the VSSA-based equivalent diameter. Therefore, in the 

remainder of this paper, only one set of data per powder sample will be considered. 

 

Reference particle diameter by electron microscopy 



As stated earlier and considering electron microscopy as the reference method, images were 

used to establish the size distribution of the constituent particles in the powder when the 

number of identifiable and isolated particles in the acquired images is sufficient [4, 47, 48]. 

A short theoretical study was conducted to investigate the effect of the number of 

constituent particles measured on the average size, and finally optimize this number of 

particles to be measured leading to a satisfying median value. Therefore, we simulated 

particle sizes distributed according to a normal law. From this simulated dataset, ( values 

were randomly extracted and used to determine the corresponding size distribution. Two 

extreme conditions were used in the simulations: a realistic case (& �'⁄ = 0.4 – top on Figure 

3) and a “best” case (& �'⁄ = 0.005 – bottom on Figure 3). We performed calculations for ( 

= 10 to 500 measurements. 

 

 

Figure 3. Theoretical study of the effect of the number of particles measured from TEM pictures on 

the median diameter �' and the polydispersion & �'⁄ . The grey areas correspond to the 95%-

confidence interval. 
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According to Figure 3, determining the average particle size on 50 measurements is 

acceptable, the bias between theoretical median value and the one from the 50 randomly-

generated particles being found below 2%. Determining the average size on 100 

measurements does not significantly modify the average size obtained (bias shifts from 1.3% 

to -0.8% for the realistic case, it even does not change at all (0%) for the best case). For these 

reasons, determining the constituent particle size distribution on a set of ( ≥ 50 

measurements can be considered accurate and reliably used. This cutoff corresponds to the 

smaller number of particles to be counted as advised by De Temmerman et al. [47]. 

TEM samples were prepared following the specific “grid-on-drop” method [49-51] using TEM 

copper 400 mesh carbon film grids (Agar Scientific, Essex, England). One grid per powder 

sample was analysed with a TEM CM 200 (Philips) at 200 kV for samples treated by lab A and 

with a STEM 2100-F (Jeol) at 200 kV for samples investigated by lab B. 

For each powder, between 15 and 20 images were collected at 200 kV with magnifications 

between ×195 and ×100000. These images were further treated using ImageJ software (U. S. 

National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, version 

1.52). In practice, the projected surface-area � of a constituent particle is measured and 

converted into diameter � assuming particle sphericity (as stated in Equation 1): 

�JKL = M4�* (13) 

In the present study, number size distributions were based on a number of particles counted 

ranging from 83 to 373, which is in line with the “critical” amount of 50 as mentioned above. 

The data provided by TEM-based analysis were then fitted by a normal function, which yields 

the median particle diameter �' and the associated standard deviation &. The fit was 

performed using Origin Pro software (OriginPro, Version 2019b, OriginLab Corporation, 

Northampton, MA, USA). For both parameters, the 95%-confidence interval was also 

determined. As stated earlier, a different model from the normal function could also be 

implemented, the choice of the model shall be made depending on experimental data. 

 

VSSA-based particle diameter 

As already mentioned, the ���� of a powder corresponds to the product of the external 

mass specific surface-area of a powder (���) and its skeletal density (�). In practice, 

determining these two characteristics involves gas adsorption and Helium pycnometry. As an 

“integral measurement technique” evoked earlier, both the ��� and skeletal density 



measured for a powder sample intrinsically accounts for the polydispersion of its constituent 

particles. Therefore: ����'NOP�QN# = ����?�@A = �'NOP�QN# . ���'NOP�QN# 

 

External mass specific surface-area 

Nitrogen adsorption was performed with an ASAP 2020 (Micromeritics) for lab A samples, and 

a Belsorp-Max (Bel Japan) for lab B samples. All the powders were outgassed a minimum of 

12 h under vacuum at 200°C before proceeding to N2 adsorption experiments. Outgassing is 

necessary to remove from the powder particle surfaces eventually adsorbed water and 

pollutants molecules which can entail an underestimation of the surface areas measured [22, 

52]. 

All N2 adsorption measurements were performed at 77 K and triplicated (three samples 

analysed for each powder). The external mass specific surface areas were determined using 

the BET model [16], applied in a range of relative pressures from ~ 0.05 to ~ 0.25. 

 

Particle skeletal density 

The skeletal densities of the powders were determined by Helium pycnometry (Accupyc 

1340, Micromeritics for lab A samples; Belsorp Max, Bel Japan for lab B samples). All the 

powders were dried overnight in an oven at 150°C before performing the measurements.  

Experimental skeletal density measurements were validated by comparison of the results 

obtained with the theoretical material densities, as stated in Dazon et al. [29]. 

 

Equivalent particle diameter 

The determination of the VSSA-based equivalent particle diameter was first carried out 

putting aside the polydispersion of constituent particles, according to: 

�����,'�5� = 6�'NOP�QN# . ���'NOP�QN# (14) 

As already mentioned, integrating the polydispersion of constituent particles leads to 

introducing the polydispersion-based factor E: 

�����,?�@A = 6E�'NOP�QN# . ���'NOP�QN# (15) 

In the latter equation, the VSSA-based equivalent diameter �����,?�@A  is E-dependent. In 

most cases, the number size distribution of constituent particles used to determine E, is 

unknown because of the absence of electron microscopy analysis. To overcome this issue, an 

alternative approach considering a polydispersion of & �'⁄ = 0.25 can be investigated (see 



Table 2), which yields E = 0.9 (equation 9). The corresponding VSSA-based equivalent 

diameter will be noted �����,?�@A∗  in the remainder of this paper. 

 

Results and discussion 

Powder textural properties 

The eight powders selected cover a wide range of ���� from 37 to 540 m2/cm3 (Table 1). It 

was verified that gas adsorption isotherms were of either type II or type IV according to 

IUPAC classification [21], which allowed the BET model to be applied when determining the ��� of the powders [13, 29, 53, 54], and demonstrated the non-porous nature of the 

particles. 

 

Table 1. Characteristics of the eight powders investigated. 

Substance Lab ��� (m2/g) � (g/cm3) ���� (m2/cm3) 

TiO2 1 B 141 3.82 538 

TiO2 2 B 11.3 3.96 45 

TiO2 3 A 9.5 3.89 37 

SiO2 1 A 245 2.30 566 

SiO2 2 B 178 1.91 340 

SiO2 3 A 152 2.33 354 

SiO2 4 A 21.3 2.26 48 

Fe2O3 B 41 4.74 194 

 

TEM-based constituent particle diameter 

A typical TEM picture of each of the powders is provided in Figure 4, highlighting nearly-

spherical constituent particles. In Figure 4, as well as in the remainder of this paper, the 

samples are ranked from the smallest to the largest primary particles. 

 

 

TiO2 1 

 

SiO2 1 



 

SiO2 2 

 

SiO2 3 

 

Fe2O3 

 

SiO2 4 

 

TiO2 2 

 

TiO2 3 

Figure 4. TEM pictures of each of the powders under study. 

 

It can be observed from Figure 4 that SiO2 1, 2 and 3 seem to be constituted of aggregated 

constituent particles, contrary to other materials for which constituent particles appear 

agglomerated. For TiO2 1, the shape of the constituent particles is more difficult to define. 

The number size distributions of constituent particles determined from TEM analysis are 

presented in Figure 5, along with the normal fits. The median diameter of the constituent 

particles was found to cover the particle size between 9 and 130 nm and is therefore 

supposed to cover a wide range of materials.  
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Figure 5. Number size distributions of constituent particles as determined by TEM image analysis 

according to equation 13. The solid lines correspond to fitted normal distributions, the dashed lines 

represent the associated 95% confidence interval. 

 

VSSA-based constituent particle diameters 

Data presented in Table 1 were used to determine the “raw” VSSA-based particle diameter �����,'�5�  according to equation 14. In parallel, number size distributions established from 

TEM picture analysis (Figure 5) were used as input parameters in the calculation of factor E. 

Indeed, along with these number size distributions, Table 2 summarizes the ratio & �'⁄  as 

well as the correlation coefficient associated with the normal fit. The latter E values were 

used in the determination of �����,?�@A  as stated in equation 15. 

 

Table 2. Characteristics of the constituent particle number size distributions presented in 

Figure 4 for the eight powders investigated. 

Substance 
S#, (-) E (-) Normal fit correlation coefficient T� (-) 

TiO2 1 0.19 0.93 0.96 

SiO2 1 0.19 0.93 0.90 

SiO2 2 0.32 0.84 0.79 

SiO2 3 0.17 0.94 0.82 

Fe2O3 0.30 0.86 0.93 

SiO2 4 0.33 0.84 0.83 

TiO2 2 0.29 0.86 0.79 

TiO2 3 0.30 0.86 0.65 
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It can be stated from Table 2 that the ratios & �'⁄  observed for the eight powders under 

study range from 0.17 to 0.32. This leads to experimental values of E between 0.94 and 0.84. 

The correlation coefficients reported in Table 2 are larger than 0.8 in most cases, which 

suggests that the selection of a normal distribution of the size of constituent particles is 

relevant for the powder samples considered here. It is noteworthy that other models could 

be used, insofar as they allow experimental data to be correctly fitted. 

In spite of the limited amount of cases investigated, and as suggested earlier, the use of a 

polydispersion of & �'⁄ = 0.25 is relevant regarding our experimental data. Indeed, Table 2 

presents an average & �'⁄  of 0.26. This assumed value of & �'⁄ = 0.25, leading to E = 0.9, 

was used to determine �����,?�@A∗  (equation 15). 

 

Comparison of the VSSA-based diameters to the TEM-based reference diameters 

Figure 6 presents a comparison between the VSSA-based equivalent diameters for the different 

approaches: without accounting for constituent particle polydispersion (�����,'�5�), with 

polydispersion accounted, with either the experimental value (�����,?�@A) or the assumed value of 

& �'⁄ = 0.25 (�����,?�@A∗ ) for the eight powders investigated. 

 

 

Figure 6. Comparison of particle diameters stemming from TEM image analysis (grey), VSSA approach 

without accounting for constituent particle polydispersion (white with black stripes) and VSSA 

approach with polydispersion accounted, with either the experimental value (white) or the assumed 

value of 0.25 (black) for the eight powders investigated. Values indicated on top of each bar 

correspond to the relative discrepancy between TEM-based and VSSA-based particle diameter. 
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From a general point of view, it can be observed in Figure 6 that accounting for constituent 

particles polydispersion results in a better agreement between the VSSA-based and the 

reference TEM-based diameters (�'). This is valid for the whole range of median constituent 

particle diameter considered, which spans from 9 to 130 nm. 

In the following, it was chosen to reason in terms of relative discrepancy, which is given by: 

∆(%) = 100 ����� − �'�'  

In Figure 6, the relative discrepancies are displayed on the top of each bar, with reference to 

the TEM-based median constituent particle size. In most cases, considering constituent 

particle polydispersion improves the resulting VSSA-based diameter, except for SiO2 1 and 3. 

This might be due to the aggregated state of constituent particles, which makes it more 

difficult to determine their edges from TEM pictures, and therefore induces an uncertainty in 

the reference particle diameter. 

More particularly, the relative discrepancies observed for �����,'�5�  range from -2% to 26%, 

while the ones related to �����,?�@A are comprised between -9% and 18%. In addition, these 

discrepancies between �����,?�@A  and the reference were found independent from the 

correlation coefficient given in Table 2. 

It is important to note that in the absence of the true value of & �'⁄ , assuming a value of 

0.25 as suggested, leads to corresponding particle diameters �����,?�@A∗  that are close to the 

reference TEM-based values. Indeed, the relative discrepancies range from -12% to 13%. 

All these observations are summarized in Figure 7 as boxplots. 
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Figure 7. Boxplot (n = 8) representation of the relative discrepancies between TEM-based and VSSA-

based equivalent diameter, for both monodisperse and the two polydisperse approaches. 

 

It is clear from Figure 7 that accounting for constituent particle polydispersion improves the 

accurate determination of the median particle size. The approach considering constituent 

particles to be monodisperse leads to a majority (seven cases over the eight under study, that 

is to say 87%) of positive relative discrepancies, which means that this approach tends to 

overestimate particle size. This is perfectly in line with the fact that the ����?�@A of a powder 

consisting of polydisperse constituent particles is lower than the one of monodisperse 

particles with identical median diameter (see equations 10 and 14). In addition, in three cases 

among the eight considered, �����,'�5�  is found to be greater than the reference TEM-based 

�' by more than 20%. On the contrary, both polydisperse approaches provide results that 

are within ± 20% from the reference diameter (grey area in Figure 7). 

More precisely, the Inter-Quartile Ranges (IQR) of the relative discrepancies found for the 

three approaches investigated are [6% - 23%] for monodisperse particles, [-6% - 5%] for 

polydisperse particles with the “true” standard deviation considered, and [-5% – 11%] when 

polydispersion is supposed to be & �'⁄ = 0.25. It is important to note that the narrowest IQR 

(50% confidence interval) is found for the polydisperse approach with experimental 

polydispersion considered. As represented by the squares in Figure 7, the mean relative 

discrepancies are 14%, 0% and 2%, for these three approaches, respectively. Interestingly, the 

alternative approach based on the assumption & �'⁄ = 0.25 also leads to satisfactory results. 

Although limited in number (n = 8 materials considered) and restricted to spherical and 

normally-distributed constituent particles, the results presented here tend to suggest that it 

is useful to consider constituent particle polydispersion to improve the accuracy of particle 

size stemming from the ���� approach. In practice, this approach is promising and shall limit 

false-negative identification of nanomaterials without resorting to electron microscopy. 

 

Conclusion and outlook 

Volume Specific Surface-Area (����) has been identified as a relevant and alternative 

method to electron microscopy to determine whether a material is or not a nanomaterial. 

Measuring the ���� of a material powder is readily accessible, since it relies on well 

disseminated measurement techniques in both research laboratories and industries. Contrary 

to electron microscopy, which is cost and time-consuming, measuring the ���� of a powder 

sample does not involve dispersion protocol, which reduces other possible artefacts. The 



correct interpretation of gas adsorption data, and therefore the determination of the external 

surface area of the sample, is a key element of this alternative approach. In particular, care 

should be taken in the case of porous materials. 

In practice, ���� can be used to determine particle diameter, named VSSA-based equivalent 

diameter, which can be further compared to the 100 nm threshold. However, this equivalent 

diameter depends on constituent particle polydispersion, since ���� involves integral 

measurement techniques. This issue has not been yet fully considered by authors who 

investigated the accuracy with which particle diameter can be derived from ���� 

measurements. 

In this paper, the issue related to the effect of particle polydispersion on the ���� of a 

powder material was investigated. The specific case of normally-distributed, spherical non-

porous constituent particles, has been considered, both theoretically and experimentally. 

Though this ideal case may not be universal, it could be further adapted to other situations, 

i.e. various particle shapes and size distribution laws. 

First, the theoretical study has led to the introduction of a correction factor, noted E, defined 

as a polydispersion-based coefficient. This coefficient depends on both the shape of the 

constituent particles and the mathematical function describing their size distribution.  

Second, experimental data obtained for eight powders have been considered to determine 

the constituent particle median diameter stemming from ���� measurements, associated 

with TEM observations that allowed experimental factor E to be calculated and integrated. In 

the absence of the experimental number size distribution of constituent particles, an 

alternative approach based on a hypothesis of constituent particle polydispersion was also 

studied. The latter constitutes a proposal that shall be further documented by implementing 

new data obtained for various samples. 

The results provided by the three different approaches (VSSA-based diameters considering 

monodisperse particles, polydisperse particles with known or assumed polydispersion) were 

compared to the median constituent particle size obtained from electron microscopy 

analysis, considered as the reference method. The results demonstrate that considering 

constituent particle polydispersion improves the accuracy of particle size stemming from the ���� approach. For the eight materials investigated covering a range of constituent particle 

median diameters from 9 to 130 nm, the relative discrepancies were found within ± 20% from 

the reference diameter for both approaches accounting for polydispersion, the latter being 

either assumed or determined from TEM pictures. On the contrary, the relative discrepancies 

between VSSA-based and reference TEM constituent particle diameter was found beyond 

20% in 3 cases out of 8 when particles are supposed to be monodisperse. 



Further studies involving a larger number of materials are still necessary to make our findings 

more robust. The case of non-spherical particles shall also be investigated, e.g. the case of 

fiber-like or platelet-like particles. Indeed, particle shape directly affects the expression of the 

correction factor E. In addition, the case of lognormally-distributed constituent particles, as 

well as bi- or multi-modal number size distributions, should be considered in future work. 
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Appendix: mathematical demonstration of equation 8 

Starting from the definition of ����?�@A  (equation 7), it can be written that: 

����?�@A = ) exp <− 12 �� − �'& ��> *��d�#,-.#,/0
) exp <− 12 �� − �'& ��> *6 ��d�#,-.#,/0

= 6 WXW� (�1) 

Let us calculate each integral separately: 

WX = 3 exp <− 12 �� − �'& ��> *��d�#,-.

#,/0
(�2) 

W� = 3 exp <− 12 �� − �'& ��> *��d�#,-.

#,/0
(�3) 

As the integration is performed over the whole range of diameters supposed to be normally 

distributed (�'Y5 = �' − Z. & and �'O[ = �' + Z. &), the following transformation of 

integration variable is operated: 

\ = � − �'& (�4) 

leading to these changes for the variable and the limits: d� = &. d\ (�5) \'Y5 = −Z (�6) \'O[ = +Z (�7) 

Let us consider the case of WX: 

WX = 3 &. exp ]− \�2 ^ (&\ + �')�d\_
`_

(�8) 



WX = & 3 exp ]− \�2 ^ (&�\� + 2&\�' + �'� )d\_
`_

(�9) 

WX = & a 3 exp ]− \�2 ^ &�\�d\_
`_

+ 3 exp ]− \�2 ^ 2&\�'d\_
`_

+ 3 exp ]− \�2 ^ �'� d\_
`_

b (�10) 

Due to the parity properties of the functions in this expanded expression of WX, equation A10 

can be simplified as: 

WX = & a2&� 3 exp ]− \�2 ^ (\�)d\ + 2�'� 3 exp ]− \�2 ^ d\_
c

_
c

b (�11) 

Considering the remaining terms in WX: WX = &dWXX + WX�e (�12) 

Because: 

3 exp ]− \�2 ^ d\ = f*2 erf � Z√2�_
c

(�13) 

the following calculations can be performed: 

WX� = 2�'� 3 exp �− 12 \�� d\_
c

= 2�'� f*2  erf � Z√2� (�14) 

As for WXX, a suitable integration by parts with equations A15 and A16 leads to relation A17: 

ij = \. exp ]− \�2 ^ (�15) 

k = \ (�16) 

3 exp ]− \�2 ^ \�d\_
c

= <−\. exp ]− \�2 ^>c
_ + f*2 erf � Z√2�

= −Z. exp ]− Z�2 ^ + f*2 erf � Z√2�
(�17) 

As the integration is processed over the whole range of diameters (Z = 5), it can be 

reasonably assumed that: 

Z. exp ]− Z�2 ^ l 0 (A18) 

and that: 

erf � Z√2� = 1 (�19) 

Finally, this yields: 

WXX = 2&� f*2 (�20) 



And therefore: 

WX = &√2*(&� + �'� ) (�21) 

The second integraI W�can be evaluated in a similar manner: 

W� = & 3 exp ]− \�2 ^ (&�\� + 3&�\��' + 3&\�'� + �'� )d\_
`_

 (�22) 

W� = & a6&��' 3 exp ]− \�2 ^ (\�)d\_
c

+2�'� 3 exp ]− \�2 ^ d\_
c

b (�23) 

Using equations A13, A18 and A19 yields: 

W� = & <6&��'f*2 + 2�'� f*2> = &√2*(�'� + 3&��') (�24) 

Thus, gathering the results obtained for WX and W� leads to: 

����?�@A = 6 WXW�
= 6 &√2*(&� + �'� )&√2*(�'� + 3&��')
= 6 �'� �&��'� + 1�

�'� �1 + 3 &��'� �
 

which corresponds to equation 8 in the manuscript: 

����?�@A = 6�'
1 + � &�'��

1 + 3 � &�'��  
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