The EU FP7 NanoDefine Project
Development of an integrated approach based on validated and
standardized methods to support the implementation of the EC
recommendation for a definition of nanomaterial

Standardised dispersion protocols for
high priority materials groups
NanoDefine Technical Report D2.3
Douglas Gilliland

The NanoDefine Consortium 2016
The research leading to these results has received funding from the European Community's Seventh
Framework Programme (FP7/2007-2013) under Grant Agreement n° 604347

© 2016 The NanoDefine Consortium

1

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

NanoDefine in a nutshell:
The EU FP7 NanoDefine project was launched in November 2013 and will run until October 2017.
The project is dedicated to support the implementation of the EU Recommendation on the Definition
of Nanomaterial by the provision of the required analytical tools and respective guidance. Main goal is
to develop a novel tiered approach consisting of (i) rapid and cost-efficient screening methods and (ii)
confirmatory measurement methods. The "NanoDefiner" eTool will guide potential end-users, such as
concerned industries and regulatory bodies as well as enforcement and contract laboratories, to
reliably classify if a material is nano, or not. To achieve this objective, a comprehensive interlaboratory evaluation of the performance of current characterisation techniques, instruments and
software is performed. Instruments, software and methods are further developed. Their capacity to
reliably measure the size of particulates in the size range 1-100 nm and above (according to the EU
definition) is validated. Technical reports on project results are published to reach out to relevant
stakeholders, such as policy makers, regulators, industries and the wider scientific community, to
present and discuss our goals and results, to ensure a continuous exchange of views, needs and
experiences obtained from different fields of expertise and application, and to finally integrate the
resulting feedback into our ongoing work on the size-related classification of nanomaterials.
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Abbreviations and acronyms

Agglomerate

Collection of weakly bound particles or aggregates or mixtures of the two where the
resulting external surface area is similar to the sum of the surface areas of the
individual components.

Aggregates

Particle comprising strongly bonded or fused particles

AC

Analytical Ultra Centrifuge

BSA

Bovine Serum Albumin

CLS

Centrifugal Liquid Sedimentation

CM

Characterisation Method

CRM

Certified Reference Material

CTAB

CetylTrimethyl Ammonium Bromide

DLS

Dynamic Light Scattering

EM

Electron Microscopy

FFF

Field Flow Fractionation

LS

Laser Scattering

MeOH

Methanol

NM

Nanomaterial

NOM

Natural Organic Matter

NTA

Nanoparticle Tracking Analysis

PBS

Phosphate Buffered Saline

PdI

Polydispersivity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulphate

SEM

Scanning Electron Microscopy

SEM-EDAX

Scanning Electron Microscopy with Energy Dispersive Analysis of X-Rays

SBDS

Sodium Benzyl Dodecyl Sulphate

SHMP

Sodium HexaMetaPhosphate

TEM

Transmission Electron Microscopy

TSEM

Scanning Electron Microscopy in Transmission Mode

TSPP

Tetra-sodium pyrophosphate

USB

Ultrasonic bath

USP

Ultrasonic Probe

VdW

Van-der-Waals

VS

Vial sonicator

WP

Work Package

© 2016 The NanoDefine Consortium
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Summary

Within the overall NanoDefine project an important issue which is being addressed is the identification
of strategies to reproducibly disperse the NM in such a way that the resulting dispersions of
nanoparticles from substances and products are stable and contain only or mainly primary constituent
particles. The issue of dispersion is particularly important in evaluating nanoparticle size as many
materials are primarily available as dried powders which need to be converted into stable liquid
dispersions before they can be used with many of the common particle size measuring methods such
as those based on light scattering, fractionation, sedimentation or direct imaging. Consequently, the
dispersion procedure is a pivotal step in the process of making measurements of the particle size
distribution and must be efficient, reproducible and give a final product having a particle size
distribution which is as close as possible to the true distribution of primary particles.
In this document the dispersion protocols developed for the re-suspension of the priority materials
identified for study in the project will be presented in their finalised form together with an evaluation of
their effectiveness as assessed by qualitative and quantitative TEM analysis. The methods developed
have been specifically tailored to the 11 priority materials selected for study in this project and, to
allow the maximum transferability across the measurement techniques, emphasis has been placed on
producing aqueous based dispersions. In developing these protocols it has been found that
agglomerated materials cannot be adequately dispersed by the use of low energy mixing
(stirring/shaking) or by the use of ultrasonic bath (USB). Instead it has been necessary to apply the
high intensity methods of probe sonication (USP) or vial-sonication (VS). To ensure maximum
harmonization across the project any methods initially developed using the vial-sonicator have also
been adapted for probe sonicator. Thus all priority materials will have a dispersion protocol described
for a probe sonication while selected materials will, in addition, also be provided with data for use with
a vial sonicator.
The use of sonication, although effective, introduces a significant variable in the process as a wide
variety of different sonication instruments with different nominal powers and probe sizes may
potentially be used. To improve the inter-laboratory transferability of the dispersion protocols, a
calorimetric method of measuring the relative power of the sonication probes has been used in the
method development to allow an instrument independent value of absorbed ultrasonic power to be
reported as part of each protocol. This procedure allows each laboratory to independently determine
the performance characteristics of their own sonicator and adjust its power settings to match the
values recommended in the dispersion protocols. In this way, provided sample concentrations and
volumes are approximately respected, it should be possible that each laboratory be able to produce
dispersions with similar minimum particle size distributions.

© 2016 The NanoDefine Consortium
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3

Introduction

This deliverable document was prepared in the context of a project sub-task whose aim is to
formulate, test and optimize methods to disperse the project priority NM in such a way that the
resulting dispersions of priority substances are stable and contain the highest possible proportion of
primary constituent particles. To achieve this, the following points have been addressed.


Review and summarise literature on dispersion protocols appropriate to the priority materials



Formulate possible dispersion protocols for NanoDefine priority substances



Test promising dispersion protocols for each substance and determine the most effective



Optimise preparation conditions based around the most promising protocols



Evaluate the effectiveness of the protocol using TEM



Propose methods to harmonize procedures across laboratories with different (sonication)
equipment



Document the protocols in a standardised format for use by NanoDefine project partners

In this project a total of 11 priority substances have been identified for study in the NanoDefine project
and this document will detail experimental protocols for dispersion of these substances together with
an evaluation of the effectiveness of the dispersions based on detailed qualitative/quantitative TEM
analysis.
For the purposes of this study the nature of the analytical instruments being used and the laboratory
instrumentation available for dispersion has been carefully taken into consideration in the
development of the protocols. In particular several methods, such as AF4 and CLS, made it desirable,
although not essential, that the dispersant be water based while the high binding strength of the
particles in the agglomerates and the common availability of ultrasonic disruptors has favoured the
choice of using probe sonicators as the main method of breaking up particulate assemblies. This
choice does, however, introduce the complication of the variability in sonication efficiency due to the
wide variety of different instruments being used by the project partners. The need to reduce this
variability has meant that in addition to developing the protocols around the normal three steps of
dispersion- wetting, disaggregation and stabilization- consideration had to be given to developing an
additional standardized step applicable to all protocols in which the applied ultrasonic energy be
measured and appropriately adjusted to match values specified in the protocols.
With regard to the stability of dispersion and the need for chemical stabilizers it was concluded that for
most instrumental methods a temporal stability of 30 minutes was sufficient and as such placed less
stringent requirements on the performance and therefore the choice of surfactants. Thus, while it is it
is possible that the most effective stabilization could be realised by using highly optimised proprietary
surfactants or surfactant mixtures the limited temporal stability required means that in most cases
relatively simple surfactants could be used. Furthermore, since the protocols will need to be
© 2016 The NanoDefine Consortium
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transferred to numerous laboratories it is desirable that they be as simple, safe and widely applicable
as possible thus also favouring the choice of relatively simple and commonly available molecular
surfactants rather than more complex or less commonly available proprietary commercial surfactants,
polymers or surfactant mixtures.

© 2016 The NanoDefine Consortium
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4

A consideration of literature relevant to the development of harmonized
dispersion SOPs for NanoDefine priority substances.

An examination of the scientific literature including reports of projects funded by national and
international bodies’ shows that there has been an extensive but generally uncoordinated effort to
produce generic dispersion protocols for nanomaterials. In the vast majority of cases this has been
done with the scope of producing particle dispersions for use by the nanotoxicology scientific
community and as such the method development was conditioned by the need to avoid using any
chemical reagents which could influence, either negatively or positively, the behaviour of the biological
system being examined. In the study being reported here a selection of the generic methods
developed for use in nanosafety testing were considered but it was found that for the majority of
materials selected for NanoDefine the efficiency, reproducibility or complexity of the reported methods
were not optimal for the requirements of NanoDefine and as such they will not be reviewed here. For
an overview of the methods developed more specifically for use in biologic testing applications
reference may be made to a recent publications by Hartmann et al[5] which covers in detail much the
this area. Instead, a consideration of the more limited issues of standardising sonication conditions
and the choice of possible stabilizers for the specific materials in the NanoDefine project will be given
here as this is more specifically relates to the optimised SOPs which are described later in this
deliverable.

4.1

List of priority materials

The materials which have been chosen as priority substances in the NanoDefine project (Table 1)
provide examples of the major classes of nanomaterials- metals, metal oxides, metal salts, polymers,
carbonacious materials (MWCNT) and ceramics. Such a wide range of materials provided a challenge
for the development of dispersion protocols as, firstly, each material potentially may requires different
type of stabilizer and secondly, the binding strength between materials may be widely different making
careful optimization of sonication time and power critical to maximize disaggregation without inducing
undesirable fusion of particulates.

4.2

Key points

A consideration of the current state-of-the-art literature relating to the dispersion of nanomaterials
show that a number of key points have to be considered including the means for in-putting energy, the
choice stabilizing agents to reduce re-agglomeration of the dispersions and possibly most importantly
the steps necessary to improve inter-laboratory reproducibility by providing a means to reduce
variability due to the availability of different types of sonication equipment.

© 2016 The NanoDefine Consortium
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Table 1 Priority materials
Materials
Composition

Description

IRMM-380

IRMM-380 – Organic pigment yellow

Organic

83 (transparent grade)

hydrophobic character. Sub-100nm

diarylide

dye

with

particulates.
IRMM-381

IRMM-381 – BaSO4 (fine grade)

Inorganic hydrophilic metal salt with
low aqueous solubility

IRMM-382

IRMM-382 – MWCNT

Highly tangled fibrous carbonaceous
materials

which

are

strongly

hydrophobic in nature.
IRMM-383

IRMM-383 – Nano steel

Highly

anisotropic

(platelets)

particulates with negatively charged
surface at neutral pH
IRMM-384

IRMM-384 – CaCO3 (fine grade)

Inorganic hydrophilic metal salt with
low but non-negligible water solubility.

IRMM-385

IRMM-385 – Kaolin

Highly anisotropic

ceramic/mineral

(platelets) particulates with negatively
charged

metal-oxide

surface

at

neutral pH
IRMM-386

IRMM-386 – Organic pigment yellow

Organic

diarylide

dye

with

83 (opaque grade)

hydrophobic character. Mainly nonnano (>100nm) particulates.

IRMM-387

IRMM-387 – BaSO4 (ultrafine grade)

Inorganic

salt/mineral

with

low

with

thin

aqueous solubility
IRMM-388

IRMM-388-Coated TiO2

Inorganic

metal

oxide

hydrophilic coating
IRMM-389

IRMM-389

–

Basic

methacrylate

copolymer particles (BMC)

Hydrophilic

organic

particles,

insoluble in water and highly soluble
in most organic liquids

BAM-11

BAM-11 – Zeolite powder

Nanoporous

ceramic/mineral

particulates

of irregular shape with

negatively

charged

metal-oxide

surface at neutral pH

4.2.1 Dispersant choice
It was noted is that little in the scientific literature is directly oriented towards the rather specialized
dispersion requirements of the NanoDefine project which is to provide, for preference, an aqueous
-1

dispersion with a relatively low mass concentration, typically less than 1 mgml , containing the
© 2016 The NanoDefine Consortium
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maximum number of unbound single particles with a minimum of agglomerates/aggregates. These
particular requirements, other than when desirable for toxicology studies, are not generally considered
of much relevance in the scientific literature where the emphasis is more often to produce colloidal
solutions with high mass concentrations or special rheological properties. These rather more extreme
requirements have meant that although indications of possible suitable dispersants can be found in
the scientific literature it was difficult to assess in advance which of these would be the most effective
choices to achieve the type of dispersions required by the NanoDefine project.
In choosing the possible dispersants the first factor to consider was that it would likely be efficient but
on parity of efficiency other factors such as availability, simplicity, water compatibility and low toxicity
were additional factors of relevance. By adopting a strategy of evaluating the simplest working
dispersants before considering more complex proprietary materials a single well known dispersant,
the material SHMP, was found to be an effective choice in the case of 4 of the priority materialsCaCO3, BaSO4(Fine), BaSO4 (Ultrafine) and TiO2. This chemical product is well known for its effective
anti-flocculation properties and is likely to a be dispersant for many metal oxide, salts or mineral type
nanomaterials which tend to have surface which tend to coordinate specifically with the poly
phosphate anions.
In the case of MWCNT for use in cell-toxicology and eco-toxicology studies stabilizers such a proteins
(albumin mainly) or natural organic matter (NOM) such as Humic or Fulvic acid respectively are often
quoted. These polymeric materials, which have variable charge and hydrophobicity, have the
advantage of being able to produce some degree of steric or electrostatic stabilization in a wide
variety of different types of particulate materials including the often problematic MWCNT materials. Of
these two natural polymers, serum albumin as a dispersant is probably one of the most widely cited in
literature and although effective for transferring the normally hydrophobic materials into a water
dispersion in this study, it was not found to produce sufficient stability against re-aggregation. Since
the NanoDefine project is not subject many of the constraints on the choice of dispersant imposed on
the toxicology community a number of alternative surfactants could be considered. In this regard it
was firstly considered whether the MWCNT could be dispersed directly in a non-polar solvent such as
toluene but with only limited success. In the case of the MWCNT the choice of possible chemical
dispersants is more complex to determine from the literature particularly as the final applications were
rarely to disperse in water but as rather to provide a route to make them compatible as fillers in a
variety of plastic and other solid matrixes. From a number of literature sources a short-list of possible
dispersants was prepared (Triton X-100, Tween 20, Tween 80, sodium dodecyl sulphate (SDS),
sodium benzyl dodecyl sulphate(SBDS) and tannic acid) and from experimental trials the results
showed that Triton-X100 and tannic acid to both be effective, In practice it was found that of the three
materials, albumin was more complicated to use and the qualitatively appeared to be the least
effective of the three in preventing re-agglomeration and sedimentation of the fibres.

© 2016 The NanoDefine Consortium
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In the case of the organic pigment (IRMM380, IRMM-386) the rather specialise nature of the product
meant that that the scientific literature had little useful information to suggest suitable dispersants
beyond the commonly use generically useable products such as SDS, Tween 20, Triton X100. In this
study a number of the previously mentioned common anionic surfactants were tested but, in practice,
the most effective was commercial surfactant NEKAL BX whose choice was based on

prior

knowledge from the materials manufacturer.
In the case of the BAM-11 material (zeolite powder), preliminary tests shown that this material
adopted a negative surface charge in ultrapure water and so some degree of electro-static
stabilization was to be expected even in the absence of other additives. After completing these
preliminary trials, a number of attempts were made to improve the dispersion obtained by use of prewetting by ethanol and/or the addition of stabilizing agents including a cationic surfactant (CTAB) to
counteract the negatively charged alumina-silicate surface and protein stabilizer (BSA, modified
NanoGenoTox protocol [10]), but no clear improvements were observed. Therefore dispersion in
ultrapure water upon ultrasonic probe sonication was preferred as a final dispersion method.
In the case of basic methacrylate co-polymer preliminary studies showed the character of low wetting
and high solubility in ethanol and other organic liquids. The organic material consists of predominant
hydrophobic particles with a slightly positive charged surface. These particles have the advantage of
being able to be suspended and stabilised by the use of electro-steric stabilisation. Examples of such
stabilising agents are cationic surfactants like cetyltrimethylammonium bromide (CTAB) but these
agents are undesirable as they are known as being harmful to the environment. From a number of
literature sources a lot of combinations of commonly used dispersants and supporting agents were
tested in order to provide an aqueous dispersion. In contrast to the organic pigment (IRMM-380 and
IRMM-386) the co-polymer is soluble in ethanol and thus could not be used as a wetting agent for
water dispersion. Inspired by an SOP from the manufacturer of the basic methacrylate co-polymer the
most effective way to disperse particles in water is to change the charge of the particle surface. The
combination of a non-toxic carboxylic acid and a commonly used surfactant (e.g. stearic acid and
SDS) was tried and found to be very effective to prevent des-agglomeration.
For the remaining materials, IRMM-383-nanosteel and IRMM-385 Kaolin nano-clay, their platelet form
and extreme anisotropy effectively meant that no liquid dispersion based analysis method (e.g. DLS,
CLS, AF4) would realistically be applicable to their analysis. Instead, their analysis was likely to be
limited to electron microscopy methods only and as such there was little advantage to achieving
elevated colloidal stabilization in solution. In such circumstances it was considered sufficient to
optimize the sonication conditions for dispersion in water without any additives so minimizing any
contaminates which could complicate or degrade electron imaging. Measurement of the zeta-potential
of these materials had shown them to have natural high negative surface charge at neutral or
moderately basic pH and so some degree of electro-static stabilization is to be expected even in the
absence of other additives.
© 2016 The NanoDefine Consortium
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4.2.2 Sonication type
The scientific literature regarding dispersion shows a common theme which that in the vast majority of
cases effective dispersion of dry nano-powders into a liquid requires high energy sonication and that
those low energy methods such as bath sonication are not effective. Thus, all development of
protocols has concentrated on the use of probe sonication as the primary method with additional data
being provided for the use of vial-sonicator where the developing laboratory had this instrumentation
available. For general use in the dispersion of nanopowders it strongly recommended to use a probe
sonicator with nominal maximum input power level of 100-200W although for the relatively small
volumes (1-10ml) considered in the protocols a lower value of 50W may be acceptable subject to
verification.
Sonication may be done in constant or alternatively in pulsed mode. The principle advantage of
constant mode sonication is that it is possible with most models of probe sonicator while a more
limited number of instruments may have the option of also using a pulsed mode. Where pulsed mode
is available there may be a number of advantages [15]. Firstly, the use of pulsed mode allows the use
of higher acoustic intensity but with reduced temperature increase as heat may dissipate during the
off-cycles. This is of particular relevance in vial sonication where active cooling of the sample (by e.g.
immersion in an ice bath) is not normally possible and relies on dissipation through the metal of the
probe. This issue may be important where temperature sensitive samples must be treated. Secondly,
the off-cycle in pulse-mode allows the dissolution of bubbles which can create acoustic shielding thus
may overall improve efficiency of the process.

4.2.3 Sonication power and energy requirements
In the study of TiO2 dispersion by Taurozzi [6] it was found that the minimum particles size obtainable
in a 50ml volume was achieved with an absorbed power of 50W and that increasing the power further
did not significantly improve the level of dispersion. If this particular example can be considered as
being typical of inorganic nanoparticles then it would seem reasonable that a specific power of around
-1

1-2 Wml would be reasonable value of energy density for inorganic nano-powders.
It appears likely that once a certain minimum intensity of sonication (amplitude) is achieved then
further increases in the actual instantaneous power settings have a limited influence on the final
minimum particle size which can be achieved but influences more the time required to achieve the
minimum particle size. In the work of Guillemin on the de-agglomeration of ZnO nanopowders there is
a theoretical and experimental examination of the effect of sonication power which shows that the
breakage frequency during sonication increases with the square root of the thermal power confirming
the limited advantages of adding additional power. In other studies it has been noted that the use of
higher power levels may actually be detrimental to efficient re-dispersion as the excess energy may
result in fusion of dis-agglomerated particles with the irreversible formation of aggregates [16].
© 2016 The NanoDefine Consortium
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Another factor which may influence the sonication efficiency is the temperature. In many of the studies
for nanotoxicology cooling in an ice-bath is recommended but in practice the use of such low
temperatures may be important mainly to avoid thermal degradation the protein molecule (albumin)
which is added as a surfactant. In the work of Raman et al [8] studies of the sonication of Al2O3 show
that the transfer of energy from the probe sonicator to the liquid was greatest at low temperature with
a decrease of 10-15% occurring when the temperature was increased from 10C to 50°C. In contrast
to this the actual efficiency of particle breakage showed a maximum around 25°C with only a
moderate decrease of 10-15% occurring as the temperature increased to 50°C. More significantly it
was found that reducing the liquid temperature from 25°C to 10°C produced a decrease of around
80% in the efficiency of particle breakage compared to the maximum value achieved. From this it
would seem that the use of cooling during sonication should be done with caution as excessive
reduction in temperature may be detrimental to the overall efficiency of the process.
From these considerations it is evident that the determination of the sonication conditions must firstly
verify that the minimum intensity value is achieved and thereafter verify from that value what is an
appropriate power level to reach the minimum size in a experimentally reasonable time without
significant formation of fresh agglomerates due re-fusion of particles by the ultrasonic energy. For the
work in this project it has been considered realistic that the sonication time should not exceed 1 hour
and ideally should be less than 30minutes.

4.2.4 Towards Harmonization of sonication
The final and possibly most important point is that there is a clear need to develop methods for
standardising the sonication in a manner which can reduce the variability which is introduced by the
wide variety of different types of sonicators which are reported together with the experimental
conditions of sample concentration and volume. Some reports consider the use of electrical power
input as a means to define the sonication power but in general such a system is likely to be
unsuccessful due the potential for variations in firstly the efficiency of converting electrical energy into
ultrasonic energy applied to the probe but more importantly the variation in transferring that energy
from the probe into the sample solution.
This problem has led to the proposal by a number of groups that the sonication process be in some
way harmonized by measuring the energy effectively transferred to the sample. As a first step to such
harmonization the possibility of using calorimetric methods to evaluate the relative power of different
sonicators has proved to be a simple and attractive strategy. These methods which are based on the
assumption that the acoustic energy absorbed by a liquid sample of known mass is converted into
thermal energy and by monitoring the temporal increase in temperature during sonication it is possible
to obtained a relative measure of the power output of a sonicator. Although it is possible that the
efficiency of energy transfer will be influenced by many factors such a liquid viscosity, volume, shape,
container materials by standardising on a relatively large volume in a similarly shaped vessel such
© 2016 The NanoDefine Consortium

16

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

variables may be sufficiently minimised as to make the method

suitable for inter-comparison of

different models of sonicator.
These methods, often based on variations of the basic methods described by Taurozzi et al. [17]
show a promising route to determine the power output of different sonicators and more importantly
provide a means to define sonication conditions in a way which is based on measurable independent
physical parameters rather than a specific setting on an instrument.
The situation of the vial sonicator system is in some ways simpler as, at this time, the authors are
aware of only one manufacture and so there is no need to harmonize between such instruments
although the problem which remains is how to compare vial sonicator performance with that of probe
sonicators. While it was not possible to make a direct comparison through a standard method (Annex
12) it was possible to measure the rate of temperature increase when operating with a single full (2ml)
vial so that an approximate measure of power output could also be determined. The remaining
sonication system, cup-horn, has not been considered further at this time as this instrumentation is
not currently available amongst the method developers in the project.
In this study the SOPs which will be described later have been deliberately developed with the similar
sample volumes (approximately 6-10ml for probe sonication and 2ml for vial sonication) so that the
number of possible variables and can be reduced. Furthermore, by considering not just the absolute
power output but the volume specific power output it has been possible to provide sonication
conditions for both methods which are approximately comparable.

4.2.5 Probe sonicator issues
While there is no doubt that high intensity sonication is a necessary factor in producing dispersions of
nanomaterials starting from dry powders there is another potential issue which should be considered
in deciding exactly the method which is best to be adopted. As discussed previously high intensity
sonication can be achieved by 3 main methods which are (a) Standard probe sonication, (b) vial
sonication and (c) cup-horn sonication. Of these three methods the first is by far the most common
due to the greater flexibility of use (variable probes size and processing volume), ease of liquid
cooling and general availability. The major dis-advantage of this method is that the sonicator probe is
placed in direct contact with the sample creating a risk that the sample be contaminated should there
be either ionic or mechanical release of material from the probe during operation. The onset of such
effect cannot be predicted and in many cases may be difficult to detect other than by regular
verification of probe integrity. It was noted that this problem can be serious as can be seen in the
examples shown below which were observed after 30minutes of sonication of the IRMM-380 (6mm
diameter probe) and IRMM-386 (3mm diameter probe) samples.
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PY380

PY386

Figure 1 Photograph of pigment yellow samples after probe sonication showing sediment of
residue

Figure 2 SEM Image of residue produced by probe sonicator
In this particular case the probe heads had been operated over 4-6 weeks and used only for the
sonication of NanoDefine materials IRMM-380/386 – Organic pigment yellow 83, IRMM-384 – CaCO3
(fine grade), IRMM-388-Coated TiO2. The deterioration was noted on two different probes with
different diameters (3mm and 6mm). In this particular case one of the probes was operated in pure
water for a further 50 minutes period and the residue collected for analysis by SEM. An example of
the residues can be seen in the SEM image shown in Figure 2. In additional studies of these samples
elemental analysis of these fragments by SEM-EDAX confirmed them to be composed of mainly
titanium as would be expected of debris from the type of probe used in this work.
© 2016 The NanoDefine Consortium
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In this example it should be noted that the use of the probes with the hard and abrasive TiO2 materials
may have contributed to a more rapid than normal degradation of the tip surface and this may not be
observed with other softer priority materials.

4.2.6 Recommendations for choice of sonication
Given the experience of probe degradation it is advisable that, when appropriate equipment is
available and sample volumes and temperature sensitivity permit, non-contact methods of sonication
should be adopted to avoid any risk of this problem. In cases where direct contact probe sonication is
to be used then it may be preferable to use a probe sonicator which has an exchangeable tip so that
this may be easily inspected and if necessary replaced whenever necessary. In this way regular
substitution may be undertaken with a lower cost than in the case of substituting mono-block probes.
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5

Evaluation of Dispersion Efficiency

The aim of the NanoDefine work package 2 entitled "Sample preparation, dispersion & sampling" was
to identify representative sampling strategies and to disperse the NM in such a way that the resulting
dispersions of nanoparticles from substances and products are stable and contain only or mainly
primary constituent particles. In the development of the dispersion protocols the optimisation of the
procedures has been done by identifying likely combinations of sonication and stabilizers and develop
these into working protocol by systematic variation and optimisation of parameters based on the
resultant mean particles size using dynamic light scattering (DLS) or centrifugal liquid sedimentation
(CLS).

This approach is suitable for the development of protocols but being ensemble sizing

techniques,

and

therefore

unable

to

distinguish

between

single

particles

and

agglomerates/aggregates, they are poorly suited to evaluating the true extent to which the dry powder
has been dispersed into individual single particles.
To evaluate in a more definitive and unambiguous manner the final state of the dispersed material it
has been necessary to undertake a detailed evaluation of TEM samples prepared from dispersions of
each material produced using its respective optimised protocol.

5.1

Preparation of TEM samples

Since it was not possible to undertake all the steps (concentration and grid pre-treatment) to optimise
the TEM sample preparation for each material a standard matrix of sample and grid combinations was
prepared using different dilutions and on differently treated grids. In this way there was a reasonable
probability of obtaining TEM sample with suitable quantities of materials for qualitative and if possible
also quantitative evaluation.

5.1.1 TEM specimen matrix
For each priority material the appropriate standardised protocol (Annex 1-11) was used to prepare 2
-1

-1

completely independent dispersions at 2 different concentrations (e.g. 2.56 mgml and 0.256 mgml ).
Each of these 4 dispersions was used to prepare two duplicate TEM samples on (a) standard grids as
supplied and (b) TEM grids pre-treated with Alcian Blue. The pre-treated of the TEM grids using
Alcian Blue (AB) served to produce a surface with a net positive charge to increase the adhesion of
negative particles. Since nanomaterials in neutral or moderately basic aqueous media are rarely
positively charged but rather are negatively charged or near neutral these two types of grid were
expected to be give a higher particle density and be suitable for the majority of particle types.
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Figure 3 TEM sample matrix prepared for priority substance IRMM-380 (PY380)
Each TEM sample was prepared by bringing 15 µl of dispersion onto carbon coated copper EM grids,
using the drop-on-grid method described in by Mast and Demeestere [1]. The grids were washed 2
times in distilled water.
In some cases examination of the sample by TEM showed that the particle concentrations were still
not suitable and it was necessary to prepare additional samples with lower concentrations to make
acceptable particles densities for TEM.

5.1.2 TEM imaging conditions
The TEM specimens were examined using a Tecnai Spirit microscope (FEI, Eindhoven, The
Netherlands) operating at 120 kV, at a spot size judged to be suitable by CODA-CERVA. The TEM
specimens were imaged using a parallel beam. Images were taken approximately 500 nm below
minimal contrast conditions. Digital micrographs are made using the bottom-mounted 4x4 K Eagle
CCD-camera and were converted to tif-format using the TIA software.

5.2

Data storage and traceability

TEM micrographs were stored in a dedicated database integrated in iTEM, together with the
specimen references and with the imaging conditions. The imaging conditions were added directly to
the micrograph by a module, developed at CODA-CERVA, referred to as Tia-Tag. The corresponding
report file (.doc-file) was also added in this database.
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5.3

Evaluation of dispersion protocol efficiency by TEM

The efficiency of the applied dispersion protocols was investigated by TEM.
In a qualitative, descriptive TEM analysis, the key properties of the physical form of the dispersed
materials are described based on TEM micrographs. To our knowledge no formal guidelines for the
unambiguous and detailed description of a nanomaterial are available. Procedures can be based on
methods described by Krumbein and Sloss[18], ISO 9276-6[19] or NIST 960-1[20]. Together with an
estimate of the size (distribution) of the primary and aggregated/agglomerated particles, a qualitative
description includes at least: (i) representative and calibrated micrographs; (ii) the agglomeration- and
aggregation status; (iii) the general morphology; (iv) the surface topology; (v) the structure (crystalline,
amorphous, …); (vi) and the presence of contaminants and aberrant particles. In addition, a
qualitative TEM analysis is important to assess the relevance of a quantitative TEM analysis: it allows
judging if the amount of particles on the grid is high enough and if the distribution of particles is
homogeneous.
A quantitative analysis includes semi-automatic detection of particles and measurement of particle
properties, such as the size distribution of the primary particles and aggregates/agglomerates, and is
performed using methods described by Verleysen et al [2,3] and De Temmerman et al[4].
The size distribution (Feret min) of the single particles and aggregated/agglomerated particles is
measured semi-automatically, based on the mass thickness contrast of the particles. This approach
can be briefly summarized as follows:
•

To suppress background noise, a mean filter is applied before analysis. The use of other

filters was not necessary for the examined material.
•

A threshold for the detection of the particles based on mass thickness contrast in the image is

chosen manually.
•

Particles are only detected in a pre-defined Region of Interest (ROI), which allows excluding

border particles.
•

For every micrograph, the ‘Fill holes’ option is switched on.

For materials with isotropic, equi-axial primary particles, it was possible to measure the size
distribution (diameter (ds)) of the primary particles semi-automatically, using the method described by
De Temmerman et al.[4](Figure 7). This approach can be briefly summarized as follows:
•

Each aggregate and single primary particle is boxed out as a ROI

•

The watershed algorithm is used to determine the number of primary particles in each
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aggregate.
•

A Euclidean distance map is generated and used to determine the distance from the centre of

each primary particle to the nearest background pixel.
Data analysis and descriptive statistical analysis of the Feret min and ds of the particles is obtained
using a home-made script in the python programming language. The raw data is represented as a
histogram (‘Number based distribution’) and as a scatter plot. The median of the distribution is
determined. If a normal or a log-normal distribution is obtained, a log-normal curve is fitted iteratively
to the scatter plot, and gives estimates for the mode, height, width and asymmetry of the distribution.
The errors on these parameters are determined as described by Wojdyr et al. [12].

Figure 4 Principle of the method used to determine the primary particle size, ds

5.4

Results of the qualitative TEM evaluation

The qualitative results obtained using the TEM analysis of each dispersion type are reported in
section 6 while the main conclusions of the analysis for each priority substance are summarised in
Table 4 of chapter 6.
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6

Descriptive summary and evaluation of optimised dispersion protocols

In this section each of the protocols developed will be described in a general manner together with
information on alternatives, if available, which have evaluated. The general stability of the dispersions
will be commented upon and where available information on the long-term stability or re-dispersability
by bath sonication will be provided. For full information on each dispersion protocol including the
detailed technical description of how to perform the dispersion reference should be made to the
technical annexes 1-12 at the end of this document.

6.1

IRMM-380 – Organic pigment yellow 83 (transparent grade)

The procedure developed for the IRMM-380 – Organic pigment yellow 83 (nano-grade) produces an
aqueous dispersion of the product by the use of probe or vial sonication and requires the use of a
chemical detergent. Dispersion of this material as not effective in pure water without detergent with
100nm being the minimum mean size achievable. To improve the results a number of different
detergents were evaluated but the most effective was found to be the chemical detergent/wetting
agent known commercially as NEKAL BX. This product is more correctly known as Butyl naphthalene
sulphonate (CAS No. 52628-07-6).

6.1.1 Qualitative description of particle properties
Figure 5 Representative micrographs of specimen IRMM 380
illustrates that IRMM-380 consists mainly of single primary particles, aggregates and agglomerates
and no smaller sub-fraction is present in the sample. The following primary particle sizes were
measured manually on the TEM images: the width ranges from 20nm to 30nm, and the length ranges
from 50nm to 120nm. As illustrated by the micrographs shown in Figure 1, the primary particles are
homogeneous in shape. The morphology of the primary particles of the NM is rod-like, rectangular.
Some of the apparent differences in primary particle shape might be the result of projection of similar
particles with different orientations. The surface of the primary particles is generally smooth.
For the agglomerates, the size ranges from 30nm to several µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a circular or a more complex 2D structure. It is
uncertain whether diffraction contract is present or if intensity fluctuations are solely due to massthickness contrast.
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Figure 5 Representative micrographs of specimen IRMM 380

6.1.2 Evaluation of dispersion efficiency of IRMM-380
From the TEM analysis it was concluded that the Methanol/Nekal-based protocol allow dispersing the
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material up to the level of single primary particle and some small aggregates/agglomerates (consisting
of 2-10 primary particles). Stability of IRMM-381 dispersion

6.1.3 Stability of IRMM-380 dispersion
The particle size distribution of dispersed IRMM-386, as determined by CLS, was found to show no
significant change in particles size distribution over a minimum period of 30minutes.

6.1.4 Re-dispersability of aged IRMM-380 dispersion
An evaluation of the IRMM-380 pigment dispersions after storage for extended period (6 days) have
shown that while some limited agglomeration/sedimentation may occur this may be reversed by firstly
vortexing the solution and then placing it in a standard bath sonicator for 15 minutes. These low
energy treatments are sufficient to return the particles to the pristine state without the risk of
fusion/aggregation which may be the result of additional high energy sonication.
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6.2

IRMM-381 – BaSO4 (fine grade)

The procedure developed for the IRMM-381 – BaSO4 (fine grade) produces an aqueous dispersion of
the product by the use of probe sonication with addition of the stabilizing agent sodium
hexametaphosphate (SHMP). In preliminary trials dispersion in pure water was tried and found to be
poorly effective. The procedure developed for the ultrafine grade version of this material (IRMM-387,
see section 6.8) was then tested and evaluated by DLS and zeta potential measurements. SHMP (2
mg.mL-1) was found to effective for dispersing the IRMM-381 – BaSO4 (fine grade) material after
probe sonication. The ultrasonic dispersion times tested were: 2.5min, 5min, 10min, 15min, 20 min
25min and 30 min with USP. The optimized treatment was found to be 20min.
It should be noted that this procedure was developed to produce the lowest mean particle size
distribution for dispersion in 2mg.mL-1 of SHMP. The influence of SHMP concentration on the
dispersion of the product was also evaluated by DLS (SHMP concentrations of 0.02, 0.2, and
2mg.mL-1). It was found that if required, the concentration of sodium hexametaphosphate can be
lowered down to 0.2mg.mL-1.The particle size distributions obtained upon dispersion in 2 and
0.2mg.mL-1 SHMP were comparable.

6.2.1 Qualitative description of particle properties
Figure 6 illustrates that specimen IRMM-381 consists mainly of single primary particles, aggregates
and agglomerates. no subfraction of smaller particles is present in the sample. The primary particle
size is measured manually on the TEM images and ranges from 70nm to 1µm. As illustrated by the
micrographs shown in Figure 6, the primary particles are homogeneous in shape. The morphology of
the primary particles of the NM can be irregular polygonal, hexagonal or circular. Some of the
apparent differences in primary particle shape might be the result of projection of similar particles with
different orientations. The surface of the primary particles is generally rough. The particles seem to
have a coating.
For the agglomerates, the size ranges from 300nm to 5µm, measured manually on the TEM images.
In most cases, the agglomerates tend to have a fractal-like or a more complex 2D structure.
Diffraction contrast, which indicates that the material is crystalline, can be observed in the primary
particles.
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Figure 6 Representative micrographs of IRMM-381
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6.2.2 Evaluation of dispersion efficiency of IRMM-381
It can be concluded that the protocol for IRMM-381 – BaSO4 (fine grade) allows dispersing the
material up to the level of single primary particle and some small aggregates/agglomerates (consisting
of 2-10 primary particles).

6.2.3 Stability of IRMM-381 dispersion
The particle size distribution of dispersed IRMM-381, as determined by DLS, was found to be stable
over a period of 60minutes. Sedimentation may be observed if the dispersion stands during some
minutes after preparation, and therefore before re-dispersion of the suspension by vortexing is
recommended prior to any measurement.

6.2.4 Re-dispersability of aged IRMM-381 dispersion
As mentioned in the previous section, sedimentation may occur after a few minutes and re-dispersion
is possible by vortexing. The re-dispersability of this material has not been investigated beyond the
period of stability (60minutes).
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6.3

IRMM-382 – MWCNT

The IRMM-382 – MWCNT material is strongly hydrophobic and composed of tangled bundles which
cannot easily be separated and it was necessary to undertake a more detailed optimisation of the
dispersion protocols as the correct choice of surfactant was critical. As discussed previously one of
the methods most cited for dispersing such materials in aqueous media comes from the work of the
NanoGenoTox project which developed a protocol [10] which uses BSA as a surfactant/stabilizer. In
this work the use of BSA was explored and found to be useable but the solutions tended to reagglomerate and consequently four other alternatives were examined. The first two surfactants, SDS
and SBDS, were effective in wetting but the materials tended to re-agglomerate and sediment and
were not investigated further in detail. The third, Triton-X100 was probably the most effective in
stabilising higher concentrations of the MWCNT in aqueous solution but requires a relatively high level
of surfactant in solution and may produce foaming during sonication. The final material, tannic acid,
was able to stabilise only lower concentrations of the MWCNT but the relative concentration of
additive needed was lower and the solutions did not produce problems of foaming. In the subsequent
TEM analysis of the sample made by these two methods no obvious difference in dispersion quality
was observed and so both methods will be detailed in the later dispersion protocol.

6.3.1 Qualitative description of particle properties
A similar result is obtained for the MWCNTs independently of whether they are dispersed using Tannic
Acid (
Figure 7) or Triton-X100.
Figure 8: Specimen IRMM-382 consists mainly of single primary particles and agglomerates and no
subfraction of small particles/contaminants is present in the sample. The primary particle size is
measured manually on the TEM images: the width ranges from 8nm to 25nm, the length varies from
90nm to 4µm. The primary particles are homogeneous in shape. The morphology of the primary
particles of the NM is rod-like. The contrast differences in the primary particle are due to the tubular
structure of the CNTs. The surface of the primary particles is generally smooth.
For the agglomerates, the size ranges from 300nm to several µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a complex 2D structure. No diffraction contrast
is observed in the primary particles, indicating that the material is amorphous.
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Figure 7 TEM micrographs of IRMM-382 sample stabilized by tannic acid

6.3.2 Evaluation of dispersion efficiency of IRMM-382 by TEM
It can be concluded that both dispersion protocols results in a combination of single primary particles,
and smaller and larger agglomerates.
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Figure 8 Representative micrographs of IRMM-382 sample stabilized by Triton-X100

6.3.1 Stability of IRMM-382 dispersion
The dispersion state of IRMM-382 material is technically difficult to evaluate in a quantitative manner
by tier 1 and tier 2 method including TEM and this made it necessary to consider alternative solution
to this problem. In the work of Rastogi (Ref.9) it was reported that UV-Visible absorption spectroscopy
was a suitable method for evaluating the dispersion quality of MWCNT and a similar approach was
adopted to check the temporal stability of the IRMM-382 dispersed by these procedures. To do this
the UV-Visible spectra were periodically acquired from dispersed samples and the absorption values
at 500nm determined. Measurement of the UV-Visible absorption of the dispersed solutions of
MWCNT (both Triton X100 and tannic acid stabilized) shows a near constant level of absorption
(500nm) over a period of 21 days which confirms that there is little or no tendency to agglomeration
and sedimentation.
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Figure 9 Temporal variation of UV-Vis absorption at 500nm -IRMM-382 samples dispersed with
Triton X-100 and Tannic acid (TA)

6.3.2 Re-dispersability of aged IRMM-382 dispersion
From the measurements noted in the previous section the IRMM-382 materials dispersed in TritonX100 and Tannic Acid appear highly stable for at least 21 days and consequently there has not been
a need to evaluate the re-dispersability.
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6.4

IRMM-383 – Nano steel

The selected laboratory scale method to disperse IRMM-383 produces a water based dispersion
starting from this material in a dry powder form. The protocol includes dispersing the nanomaterial in
distilled water at a concentration of 2.56mg/ml, followed by 10 minutes of probe sonication. The
presented protocol disperses the material in a highly dispersed state. The physico-chemical properties
of this material do not allow obtaining a stable dispersion. The protocol remains useful for methods
like AFM and EM where specimens can be prepared by transferring a fraction of the sample to a solid
carrier by sedimentation.

6.4.1 Qualitative description of particle properties

Figure 10 illustrates that specimen IRMM-383 consists mainly of single primary particles and small
agglomerates. A sub-fraction of smaller particles is present in the sample (size 10-50 nm). It remains
uncertain whether these small particles are nanosteel or a contaminant. The following primary particle
sizes are measured manually on the TEM images: the size ranges from 60nm to 1.5µm. However,
TEM is not able to measure the smallest dimension (platelet thickness) of the particles due to
preferential orientation of particles on the grid. The primary particles are homogeneous in shape. The
morphology of the primary particles of the NM is irregular polygonal. Some of the apparent differences
in primary particle shape might be the result of projection of similar particles with different orientations.
The surface of the primary particles is generally rough.
For the agglomerates, the size ranges from 100nm to 2.5µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a complex 2D structure. Diffraction contrast,
which indicates that the material is crystalline, can be observed in the primary particles.
.
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Figure 10 Representative micrographs of IRMM-383 specimen IRMM-383
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6.4.2 Evaluation of effectiveness of IRMM-383 dispersion by TEM
TEM evaluation of the dispersion quality shows the smallest dispersible particles (referred to a single
primary particles) and some small agglomerates thereof (consisting of 2-10 particles). However, due
to the layered structure of the material, it remains debatable if some of the apparent intensity
fluctuations in the particles are caused by different grains making up one platelet, or by even smaller
primary particles attached to the dispersed platelets.

6.4.3 Stability of IRMM-383 dispersion
The physico-chemical properties of this material do not allow a stable aqueous dispersion to be
produced as their high density and relatively large size mean that the particles sediment rapidly.

6.4.4 Re-dispersabilty of aged IRMM-383 dispersion
As stated above the physico-chemical properties of this material do not allow a stable colloidal
dispersion to be produced and as such the re-dispersibility of the material has not been evaluated.
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6.5

IRMM-384 – CaCO3 (fine grade)

The procedure developed for the IRMM-383 CaCO3 (fine grade) produces an aqueous dispersion of
the product by the use of probe or vial sonication with addition of the stabilizing agent sodium
hexametaphosphate. In preliminary trials dispersion in pure water was tried and found to be poorly
effective while other dispersing agents (Tergitol, Igepal and low molecular weight Polyacrylic acid) all
were less effective that the sodium hexametaphosphate. It should be noted that the CaCO 3 has a low
but non-negligible solubility in pure water and this may result in some loss of solids during
dispersions. Some evidence from both TEM and CLS suggest that ultra-small particles which may be
present in the solid material may be dissolving during dispersion in aqueous media. To limit the
influence of the potential problem, a larger than normal concentration of solids (50mg/ml) was used.
An alternative strategy to avoid this problem could be to disperse the particles in a non-aqueous
media which has lower solubility limit for CaCO3 and so a number of trials were made using
isopropanol rather than water as the dispersant liquid. In all cases the resulting mean size of particles
in these distributions was significantly higher than that achieved in aqueous media.
It was concluded that the most effective method was to disperse the IRMM-384 in aqueous sodium
hexametaphosphate by use of 10 minute vial sonication or 15minutes of probe sonication. In both
cases the particle size distribution was similar as determined by CLS.

6.5.1 Qualitative description of particle properties

Figure 11 illustrates that specimen IRMM-384 consists mainly of single primary particles and
aggregates. A subfraction of smaller particles is present in the sample (size 20-50 nm). It remains
uncertain whether these small particles are CaCO3 or a contaminant. The following primary particle
sizes are measured manually on the TEM images: the width ranges from 20nm to 450nm, and the
length ranges from 25nm to 1.6µm.The primary particles are heterogeneous in shape. The
morphology of the primary particles of the NM can be biconvex, circular or rectangular. Some of the
apparent differences in primary particle shape might be the result of projection of similar particles with
different orientations. The surface of the primary particles is generally smooth.
For the agglomerates, the size ranges from 100nm to 2.5µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a circular or a more complex 2D structure.
Diffraction contrast, which indicates that the material is crystalline, can be observed in the primary
particles.
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Figure 11 Representative micrographs of specimen IRMM-384.
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6.5.2 Evaluation of dispersion efficiency of IRMM-384
It has been concluded that the sodium hexametaphosphate-based protocol allows dispersing the
material up to the level of single primary particle and some small agglomerates (consisting of 2-10
primary particles).

6.5.3 Stability of IRMM-384 dispersion
The particle size distribution of dispersed IRMM-386, as determined by CLS, was found to show no
significant change in particles size distribution over a minimum period of 30minutes.

6.5.4 Redispersabilty of aged IRMM-384 dispersion
Dispersions of IRMM-386 stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a bath sonicator for 10-15minutes. The effectiveness of this additional step has been verified with
dispersions stored for more than 6 days. It is however not recommended that this material be stored
for long periods in aqueous media as the finite solubility of this material may potentially result in
changes to the particle size distributions through changes resulting from dissolution and/or Oswald
ripening of particles.
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6.6

IRMM-385 – Kaolin

Before starting the development of a dispersion protocol the Kaolin materials was examined to
determine the surface charge using zeta-potential with result obtained been report below in
Table 2

Zeta-potential measurements of Kaolin

Material

Dispersion

State

pH

Z potential (mV)

IRMM-385 Kaolin

0.1 mg/ml in MilliQ
water

native

6.5

-56

IRMM-385 Kaolin

0.1 mg/ml in MilliQ
water

Modified by
addition of 0.1
M HNO3

3.9

-48

IRMM-385 Kaolin

0.1 mg/ml in MilliQ
water

Modified by
addition of 0.1
M NaOH

12.1

-71

From these results it seen that the materials has a strong negative charge across a large pH range
from moderately acid to strongly basic. On this basis is was though that this would confer a degree of
colloidal stability in water without the use additional surfactants and so preliminary studies were done
using only pure water at pH 6-7.
The selected laboratory scale method to disperse IRMM-385 produces a water based dispersion
starting from this material in a dry powder form. The protocol includes dispersing the nanomaterial in
distilled water at a concentration of 2.56mg/ml, followed by 10 minutes of probe sonication. The
presented protocol disperses the material in a highly dispersed state. The particles stay in dispersion
and precipitation is not observed.

6.6.1 Qualitative description of particle properties
Figure 12 illustrates that IRMM-385 consists mainly of single primary particles, aggregates and
agglomerates. No subfraction of smaller particles/contaminants is present in the sample. The
following primary particle sizes are measured manually on the TEM images: the size ranges from 25
nm to 750 nm. The primary particles are heterogeneous in shape. The morphology of the primary
particles of the material is irregular polygonal. Some of the apparent differences in primary particle
shape might be the result of projection of similar particles with different orientations. The surface of
the primary particles is generally rough.
For the agglomerates, the size ranges from 100nm to 7.5µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a fractal-like or a more complex 2D structure.
Diffraction contrast, which indicates that the material is crystalline, can be observed in the primary
particles.
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A

B

C

D

Figure 12 Representative TEM images of IRMM-385

6.6.2 Evaluation of dispersion efficiency of IRMM-385
The dispersion procedure described allows the IRMM-385 material to be dispersed up to the level of
single primary particle and some small aggregates/agglomerates (consisting of 2-10 primary particles)

6.6.3 Stability of IRMM-385 dispersion
The temporal stability of the dispersions prepared in previous steps has been verified visually, and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of 30
minutes following completion of the dispersion procedure. In the case of materials which are allowed
to age for longer than 30 minutes it is possible that some degree of agglomeration may occur.
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6.6.4 Re-dispersability of IRMM-385 dispersion
The re-dispersibility of the material has not been evaluated.

6.7

IRMM-386 – Organic pigment yellow 83 (opaque grade)

The procedure developed for the IRMM-386 – Organic pigment yellow 83 (coarse grade) produces an
aqueous dispersion of the product by the use of probe or vial sonication. In the initial trials with this
material the procedure previously described for the nano-grade version of this material (IRMM-380)
was applied and found to give acceptable results. Later trials showed that comparable results (as
assessed by CLS) could be achieved by a simpler procedure based on sonication in pure water as the
temporal stability was not guaranteed the actual procedure adopted was that developed for IRMM380. This ultrasonic dispersion times tested were: 1', 5', 15' and 30' with VS; 15' with USP. The
optimise treatment was found to be 15' with the vial sonicator and 20minutes with probe sonicator.
Qualitative description of particle properties demonstrates that IRMM-386 specimen consists mainly of
single primary particles, aggregates and agglomerates. A sub-fraction of smaller particles is present in
the sample (size 20-100 nm). It remains uncertain whether these small particles are PY-386 or a
contaminant. The following primary particle sizes are measured manually on the TEM images: the
width ranges from 60nm to 250nm, and the length ranges from 140nm to 720nm. The primary
particles are homogeneous in shape. The morphology of the primary particles of the NM can be rodlike, or rectangular. Some of the apparent differences in primary particle shape might be the result of
projection of similar particles with different orientations. The surface of the primary particles is
generally smooth.
For the agglomerates, the size ranges from 130nm to 2.5µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a rectangular or a more complex 2D structure.
For the agglomerates, the size ranges from 130nm to 2.5µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a rectangular or a more complex 2D structure.
it is uncertain whether diffraction contract is present or if intensity fluctuations are solely due to massthickness contrast.
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Figure 13 Representative micrographs of IRMM-386.
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6.7.1 Evaluation of dispersion efficiency of IRMM-386
It was concluded that the Methanol/Nekal-based protocol allows dispersion of the IRMM-386 material
up to the level of single primary particle and some small aggregates/agglomerates (consisting of 2-10
primary particles).

6.7.2 Stability of IRMM-386 dispersion
The particle size distribution of dispersed IRMM-386, as determined by CLS, was found to show no
significant change in the particle size distribution over a minimum period of 30minutes.

6.7.3 Re-dispersabilty of IRMM-386 dispersion
Dispersions of IRMM-386 stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a standard laboratory scale bath sonicator for 10-15minutes. The effectiveness of this additional step
has been verified with dispersions stored for more than 6 days.
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6.8

IRMM-387 – BaSO4 (ultrafine grade)

The procedure developed for the IRMM-387 – BaSO4 (fine grade) produces an aqueous dispersion of
the product by the use of probe sonication with addition of the stabilizing agent sodium
hexametaphosphate (SHMP). In preliminary trials dispersion in pure water was tried and found to be
poorly effective, while BSA (NanoGenoTox protocol [10]) and SHMP were found to be effective and
provided similar results. The later was preferred as a dispersant due to its reduced complexity
-1

compared to BSA. The dispersion of IRMM-387 in 2mg.mL of SHMP by ultrasonic sonication was
evaluated for optimal sonication time by DLS and zeta potential measurements. The ultrasonic
dispersion times tested were: 1min, 2min, 3min, 5min, 8 min and 16 min with USP. The optimized
treatment was found to be 5min.
It should be noted that this procedure was developed to produce the lowest mean particle size
distribution for dispersion in 2mg.mL

-1

of SHMP. The influence of SHMP concentration on the

dispersion of the product was also evaluated by DLS (SHMP concentrations of 0.02, 0.2, and
-1

2mg.mL ). It was found that the use of lower concentrations of SHMP results in IRM-387 dispersions
with larger mean particle size values and is therefore not advised.

6.8.1 Qualitative description of particle properties
Figure 14 illustrates that specimen IRMM-387 consists mainly of single primary particles and
aggregates. no subfraction is present in the sample. The primary particle size is measured manually
on the TEM images: the size ranges from 10nm to 70nm. The micrographs show that the primary
particles are homogeneous in shape. The morphology of the primary particles of the NM can be
circular, equi-axial or ellipsoidal. Some of the apparent differences in primary particle shape might be
the result of projection of similar particles with different orientations. The surface of the primary
particles is generally smooth. The particles seem to have a coating.
For the agglomerates, the size ranges from 30nm to 200nm, measured manually on the TEM images.
In most cases, the agglomerates tend to have a circular or a more complex 2D structure. Diffraction
contrast, which indicates that the material is crystalline, can be observed in the primary particles.
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Figure 14 Representative micrographs of IRMM-387.

6.8.2 Evaluation of dispersion efficiency of IRMM-387
It can be concluded that the “Protocol for IRMM-387 – BaSO4 (ultrafine grade)” allows dispersing the
material up to the level of single primary particle and some small agglomerates (consisting of 2-10
primary particles).

6.8.3 Stability of IRMM-387 dispersion
The particle size distribution of dispersed IRMM-387, as determined by DLS, was found to be stable
over a period of 60minutes.
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6.8.4 Re-dispersabilty of IRMM-387 dispersion
The re-dispersability of this material has not been investigated beyond the period of stability
(60minutes).
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6.9

IRMM-388-Coated TiO2

The procedure developed for the IRMM-388- Coated TiO2 produces an aqueous dispersion of the
product by the use of probe or vial sonication and may be achieved with or without the addition of
chemical stabilizers or wetting agents. After completing preliminary trials in pure water a number of
attempts were made to improve on the results obtained by use of pre-wetting by ethanol and the
addition of stabilizing agents (2mg/ml)

including sodium hexametaphosphate- (SHMP),

FL70

detergent mix and sodium dodecyl sulphate (SDS). In these cases a minor improvement was
observed with SHMP being the most effective of the three additives tried. It was also noted that the
dispersion of this materials was not influenced significantly by the VS sonication time with only minor
improvements being observed when passing from the minimum time of 5 minutes to 15minutes. Trials
up to 60 minutes of sonication time were made with no further verifiable decrease in mean size
occurring. It was concluded that optimised protocol should use SHMP but should it be desirable to
avoid the use of additives a similar final size distribution can be achieved in pure water by a moderate
increase in the sonication time. Such solutions should be used immediately after sonication as some
re-agglomeration will occur

Figure 15 TEM image of IRMM-388-Coated TiO2 after dispersion

6.9.1 Qualitative description of particle properties
Figure 15 illustrates that IRMM-388 consists mainly of single primary particles, aggregates and
agglomerates. The following primary particle sizes are measured manually on the TEM images: the
size ranges from 100nm to 400nm. As illustrated by the micrograph the primary particles are
homogeneous in shape. The morphology of the primary particles of the NM is circular. The surface of
the primary particles is generally smooth. For the aggregates/agglomerates, the size ranges from
130nm

to

2.4µm,

measured

manually

on

the

TEM

images.

In

most

cases,

the

aggregates/agglomerates tend to have a fractal-like 3D structure. Diffraction contrast, which indicates
that the material is crystalline, can be observed in the primary particles.
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6.9.2 Evaluation of dispersion efficiency of IRMM-388
It was concluded that the SHMP-based protocol allows the dispersion of the IRMM-388 material up to
the level of single primary particle and some small aggregates/agglomerates (consisting of 2-20
primary particles).

6.9.3 Stability of IRMM-388 dispersion
The particle size distribution of dispersed IRMM-388, as determined by CLS, was found to show no
significant change in particles size distribution over a minimum period of 30minutes.

6.9.4 Re-dispersabilty of IRMM-388 dispersion
Dispersions of IRMM-388 stabilised with SMHP aged for more than the 30minutes time period may
undergo minor agglomeration or sedimentation but can be returned to the pristine state by treating the
solution vial in a bath sonicator for 10-15 minutes. The effectiveness of this additional step has been
verified with dispersions aged for more than 2 days.
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6.10 IRMM-389 – Basic methacrylate copolymer particles (BMC)
The procedure developed tor the IRMM-389 produces an aqueous dispersion of this copolymer. The
organic material consists of predominant hydrophilic particles with a slightly positive charged surface.
Preliminary tests in water confirmed the hydrophisurface properties and further tests confirmed the
high solubility of BMC in organic solvents, which was tried in methanol, ethanol, 2-propanol and
evaluated by DLS measurements. The dissolution of particles in hydrochloric acids was observed
optically. From a number of literature sources a lot of combinations of commonly used dispersants
and supporting agents were tested in order to provide an aqueous dispersion. The combination of a
wetting agent and a commonly used surfactant was determined to be most effective, Stearic acid is
used to layer the particle surface and appear anionic properties. In a second step sodium dodecyl
sulphate (SDS) is added to generate an electro-steric stabilisation. The wetting step is done by stirring
and does take several minutes. A minimum time was found to be 20 minutes. The des-agglomeration
was realised by probe sonication. There is a low influence of ultrasonic power input on the particle
size distribution.

6.10.1 Qualitative description of particle properties
Figure 16 shows an image of particles of IRMM-389 basic methacrylate copolymer taken by SEM.
Clearly visible are larger particles with sizes of about 20 µm and smaller ones with diameters of
approximately 3 µm. The substance mainly consists of single primary particles and agglomerates.
The surface of the primary particles is generally smooth. It is uncertain whether there are
nanoparticles are present or hardly sticking on the surface.
The figure illustrates that specimen IRMM-389 consists mainly of single primary particles and
agglomerates. A sub-fraction of smaller particles is present in the sample (size 20-50 nm). It remains
uncertain whether these small particles are amino methacrylate or a contaminant. The primary particle
size is measured manually on the TEM images: the size ranges from 4µm to 10µm. The primary
particles are homogeneous in shape. The morphology of the primary particles of the NM can be equiaxial, circular or rectangular. Some of the apparent differences in primary particle shape might be the
result of projection of similar particles with different orientations. The surface of the primary particles is
generally rough.
For the agglomerates, the size ranges from 4µm up to several hundreds of µm (too large to measure
with TEM), measured manually on the TEM images. In most cases, the agglomerates tend to have an
equi-axial or a more complex 2D structure. Diffraction contrast cannot be observed, because the
mass-thickness of the particles is too large, or because the material might be amorphous.
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Figure 16 Representative SEM micrograph of IRMM-389 basic methacrylate copolymer

6.10.2 Evaluation of dispersion efficiency of IRMM-389
It can be concluded that the dispersion protocoll of BMA by TUD allows the material to be dispersed
up to the level of single primary particle and some small agglomerates (consisting of 2-10 primary
particles).

6.10.3 Stability of IRMM-389 dispersion
The particle size distribution of dispersed IRMM-389, as determined by laser diffraction, was found to
stable over a minimum time of 30 minutes. Sedimentation of the larger particles in the size range of
several µm was observed and stirring of the suspension is strongly recommended.

6.10.4 Re-dispersability of IRMM-389 dispersion
The re-dispersability of this material has not been investigated
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6.11 BAM-11 – Zeolite powder
The procedure developed tor the BAM-11 produces an aqueous dispersion of this porous material in
ultrapure deionized water by the use of probe sonication. The BAM-11 zeolite material used for
NanoDefine is a specific type of zeolite, ZSM-5. This alumina-silicate has a high silicon to alumina
ratio (for BAM-11: SiO2:Al2O3 = 23:1) and is moderately hydrophilic to highly hydrophobic. Preliminary
tests demonstrated that it was possible to disperse the material in Milli-Q water upon treatment with
USP. Measurement of the zeta-potential for the obtained suspensions showed that the BAM-11
adopts a negative surface charge in Milli-Q water so some degree of electro-static stabilization is to
be expected even in the absence of other additives. After completing preliminary trials in Milli-Q, a
number of attempts were made to improve the results obtained by use of pre-wetting by ethanol
and/or the addition of stabilizing agents including a cationic surfactant (CTAB) to counteract the
negatively charged alumina-silicate surface and protein stabilizer (BSA, modified NanoGenoTox
protocol[10]). These tests did not show any considerable improvement in the dispersion of the
material (i.e. no clear difference in mean particle size compared to Milli-Q water), and therefore
dispersion in ultrapure water upon UPS was preferred as a final dispersion method. The sonication
procedure (time and power of USB) was optimized to obtain the lowest mean particle size, which was
observed to decrease with the extent of sonication. This evaluation was done using DLS, zeta
potential measurements for screening and TEM as a confirmatory method. The selected optimized
sonication treatment was of 25 min (22.5 kHz probe sonicator, 66 % max. amplitude, 6.4 mm probe).
Despite the improvements observed by extending the ultrasonic treatment, it was not possible to
obtain completely stable dispersions in Milli-Q. Due the relatively large size of BAM-11 particles,
sedimentation occurs within minutes after preparation. In fact, the results obtained with DLS and TEM
show the presence of a two size fractions in the dispersed samples (one smaller fraction with sizes up
to 600 nm and a larger size fraction with size up to 2 µm). The extent duration/power of the sonication
treatment results in the increased number of particles in the smaller size fraction. It is still unclear
whether these particles have to be considered as primary particles or pieces of material broken off of
the original particle. This smaller size fraction could be partly isolated upon filtration with 0.2 µm filter.
The reduced stability of BAM-11 dispersions is not compatible with several of the Tier 1 and Tier 2
particle size measurement methods adopted in the NanoDefine project. The protocol remains useful
for methods, like EM, where the sample is transferred to a solid carrier by sedimentation.

6.11.1 Qualitative description of particle properties
Dispersions were prepared in Milli-Q using the following procedures (Table 3) vortexing (no
sonication, 0 min) and two sonication treatments (5 min at 66 % amplitude and 25 min at 100 %
amplitude). Two independent dispersions are prepared for longest sonication treatment (25 min at 100
% amplitude), as it provided the best results in DLS. 1 extra grid is prepared (3E), which corresponds
to a filtrate (0.2 µm cellulose) of a sonicated zeolite dispersion. Only the nano-sized fraction of the
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zeolite should be present.
Table 3 Overview of dispersion procedures used to prepare zeolite specimens.
#

Dispersion procedure

Concentration

1A

5 min at 66 % amplitude

2.6 mg/mL

1B

5 min at 66 % amplitude

2.6 mg/mL

1C

25 min at 100 % amplitude dispersion 1

2.6 mg/mL

1D

25 min at 100 % amplitude dispersion 1

2.6 mg/mL

2A

5 min at 66 % amplitude

0.26 mg/mL

2B

5 min at 66 % amplitude

0.26 mg/mL

2C

25 min at 100 % amplitude dispersion 1

0.26 mg/mL

2D

25 min at 100 % amplitude dispersion 1

0.26 mg/mL

3A

0 min - mixing powder in Milli-Q

2.6 mg/mL

3B

0 min - mixing powder in Milli-Q

2.6 mg/mL

3C

25 min at 100 % amplitude dispersion 2

2.6 mg/mL

3D

25 min at 100 % amplitude dispersion 2

2.6 mg/mL

3E

0.2 µm filtrate of sonicated dispersion (25 min at 100 %
amplitude dispersion 2)

Unknown

4A

0 min - mixing powder in Milli-Q

0.26 mg/mL

4B

0 min - mixing powder in Milli-Q

0.26 mg/mL

4C

25 min at 100 % amplitude dispersion 2

0.26 mg/mL

4D

25 min at 100 % amplitude dispersion 2

0.26 mg/mL
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Figure 17 Representative micrographs of specimens 1A (top panel), 1C (middle panel) and 3A
(bottom panel)
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6.11.2 Qualitative description of particle properties
Representative micrographs of specimens 1A, 1C and 3A in are shown in
Figure 17 which illustrates that the zeolite specimens consist mainly of single primary particles,
aggregates and agglomerates. The primary particle size is measured manually on the TEM images
and the size ranges from 20 nm to 3 µm. As illustrated by the micrographs shown in Figure 18 (filtered
sample) the primary particles are heterogeneous in shape. The morphology of the primary particles of
the NM can be irregular polygonal, rectangular or circular. Some of the apparent differences in
primary particle shape might be the result of projection of similar particles with different orientations.
The surface of the primary particles is generally rough.
For the agglomerates, the size ranges from 100 nm to several µm, measured manually on the TEM
images. In most cases, the agglomerates tend to have a complex 2D structure. Diffraction contrast,
which indicates that the material is crystalline, can be observed in the primary particles.

Figure 17 shows that that applying longer sonication times and higher sonication power results in the
release of more and smaller particles. It is unclear whether these particles have to be considered as
primary particles or pieces of material broken off of the original particles. The filtrate (0.2µm cellulose)
of the sonicated zeolite dispersion (Figure 18, right panel) only contains the smaller particles (up to
600nm).

Figure 18 Representative micrographs of specimens A) 3C and B) 3E
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6.11.3 Evaluation of dispersion efficiency of BAM-11
It can be concluded that the protocol for BAM-11 – zeolite results in a combination of single primary
particles, and smaller and larger aggregates/agglomerates. Applying longer sonication times and
higher sonication power results in the release of more and smaller particles. It is unclear whether
these particles have to be considered as primary particles or pieces of material broken off of the
original particles.

6.11.4 Stability of BAM-11
The physico-chemical properties of this material do not allow the production of a stable dispersion:
due to their relatively large size, the particles sediment rapidly.

6.11.5 Re-dispersability of BAM-11 dispersion
As mentioned in the previous section, the physico-chemical properties of this material do not allow
obtaining a stable dispersion and so a consideration of the re-dispersability is not relevant.
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Table 4 Qualitative evaluation of dispersions achieved using optimised protocols and evaluated by TEM
Material Code

Description

IRMM-380

Pigment

Qualitative assessment of the effectiveness of dispersion protocol based on TEM analysis
Yellow

Results in a combination of single primary particles, and smaller and larger aggregates/agglomerates.

(transparent)
IRMM-381

BaSO4 (fine)

The protocol for IRMM-381 – BaSO4 (fine grade) allows dispersion of the material up to the level of single primary particle and some small
aggregates/agglomerates (consisting of 2-10 primary particles).

IRMM-382

MWCNT

It can be concluded that both dispersion protocols result in a combination of single primary particles, and smaller and larger agglomerates.

IRMM-383

Nano-steel

Allows dispersion of the material up to the level of single primary particle and some small agglomerates (consisting of 2-10 particles).
However, due to the layered structure of the material, it remains debatable if some of the apparent intensity fluctuations in the TEM images of
the particles are caused by different grains making up one platelet, or by even smaller primary particles attached to the dispersed platelets.
Visual inspection of the dispersion after sonication suggested that the material is not completely dispersed in the medium.

IRMM-384

CaCO3

Allows dispersion of the material up to the level of single primary particle and some small agglomerates (consisting of 2-10 primary particles)

IRMM-385

Kaolin

Allows dispersing the material up to the level of single primary particle and some small aggregates/agglomerates (consisting of 2-10 primary

IRMM-386

Pigment

particles)

IRMM-387

Yellow

Allows dispersion of the material up to the level of single primary particle and some small aggregates/agglomerates (consisting of 2-10

(opaque)

primary particles)

BaSO4 (Ultrafine)

It can be concluded that the “Protocol for IRMM-387 – BaSO4 (ultrafine grade)” allows dispersing the material up to the level of single primary particle
and some small agglomerates (consisting of 2-10 primary particles).

IRMM-388

Coated TiO2

Allows dispersing the material up to the level of single primary particle and some small aggregates/agglomerates (consisting of 2-20 primary particles)

IRMM-389

Basic

It can be concluded that the dispersion protocol of BMA by TUD allows dispersing the material up to the level of single primary particle and

Methacrylate

some small agglomerates (consisting of 2-10 primary particles).

Copolymer
BAM-11

Zeolite

It can be concluded that the protocol for BAM-11 – zeolite results in a combination of single primary particles, and smaller and larger
aggregates/agglomerates. Applying longer sonication times and higher sonication power results in the release of more and smaller particles.
It is unclear whether these particles have to be considered as primary particles or pieces of material broken off of the original particles.
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7

Summary and conclusions

The aim of this deliverable is to present detailed material specific protocols designed to produce liquid
dispersions of the NanoDefine priority substances such that the resulting dispersions are stable and
contain only or mainly primary constituent particles. The issue of dispersion is particularly important in
the evaluation of nanoparticle size as many such materials are normally found in the form of dried
powders which need to be converted into stable dispersions in liquid before they can be used with
many of the most common particle size measuring methods such Dynamic Light Scattering (DLS),
Laser Scattering (LS), Centrifugal Liquid Sedimentation (CLS) and Analytical Ultracentrifuge (AC).
The dispersion procedure is a pivotal step in the process of making measurements of the particle size
distribution and it is necessary that such procedures are effective, efficient, reproducible and with the
final product having a particle size distribution which is as close as possible to the true distribution of
primary particles.
In this deliverable the series of preliminary dispersion protocols previously detailed in Deliverable 2.1
have been presented in their finalised form together with an evaluation of their effectiveness as
assessed by qualitative and quantitative TEM analysis. The methods developed have been
specifically tailored to the 11 priority materials selected for study in this project and for maximum
applicability across the project partners the methods have aimed at producing aqueous based
dispersions. In developing these protocols it has been found that agglomerated materials cannot be
adequately dispersed by the use of low energy mixing (stirring/shaking) or by the use of ultrasonic
bath (USB). Instead it has been necessary to apply the high intensity methods of vial (VS) or probe
sonication (USP). To ensure maximum harmonization across the project all methods initially
developed using the vial-sonicator have also been adapted for probe sonicator. In these cases the
sonication conditions used were chosen to ensure that the probe sonicator system was supplying a
similar volume specific energy input. In this way all priority materials will have a dispersion protocol
described for a probe sonication while selected materials will, in addition, also be provided with data
for use with a vial-sonicator.
For two of the priority materials which are platelet in form (IRMM-383 nano-steel and IRMM-385
Kaolin) systematic optimisation of the dispersion protocols using DLS or CLS was not feasible and of
limited relevance as these materials are likely to limited to EM or BET analysis both of which require
limited optimisation for colloidal stability. Consequently the protocol development for these materials
has concentrated mainly on achieving sufficient dis-agglomeration in simple aqueous media as to
make them suitable for the preparation of TEM samples without the need for longer term stability. In
the case of the IRMM-382 MWCNT the same argument about analysis being limited to TEM also
applies but as these materials are strongly hydrophobic and composed of tangled bundles which
cannot easily be separated it was necessary to undertake a more detailed optimisation of the
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protocols as the use of a surfactant is critical. In this case, the commonly used "universal" surfactant
BSA was explored and found to useable but the dispersions tended to re-agglomerate and
consequently two other alternatives were examined. The first, Triton-X100 was probably the most
effective in stabilising higher concentrations of the MWCNT in aqueous solution but requires a
relatively high level of surfactant in solution and may produce foaming during probe sonication. The
second material, tannic acid, was able to stabilise only lower concentrations of the MWCNT but the
relative concentration of additive need was also lower and the solutions did not produce problems of
foaming. For mineral type products (TiO2, CaCO3 and BaSO4) a single, commonly used dispersant,
Sodium Hexametaphosphate (SHMP ) was found to be generally applicable. Only in the case of the
organic materials, basic methacrylate co-polymer and the diarylide Pigment Yellow, were more
complex procedures using more exotic surfactants or combinations of surfactant necessary. Finally,
the zeolite product was tested with a number of stabilizing agents but no advantage was found over
the use of pure water. Overall, this materials could be dispersed in solution but the resulting
particulates had sizes which ranged from the sub-100nm nano to micron and as such stable
dispersions could not be produced due to sedimentation.
The use of sonication, although effective, introduces a significant variable in the process as a wide
variety of different sonication instruments with different nominal powers and probe sizes. To reduce
the variability that this may introduce into the process the protocols also include a description of a
calorimetric method of measuring and subsequently adjusting the relative power of sonication probes.
The use of this procedure is necessary to ensure closer harmonization of the power output when
dispersion is to be done using models of sonicator or probe sizes which are significantly different from
those used in the development of in the optimised protocols.
In the case of those materials where procedures using both probe and vial sonication were developed
it was noted that the treatment times required (to achieve comparable levels of dispersion) were
generally similar provide that the volume specific ultrasonic energy input were comparable. This is
relevant as it indicates that it is not sufficient to consider only the power output of a sonicator but also
the volume of sample which is being treated. For example to achieve a similar level of dispersion in a
similar time (15-20min) the vial sonicator supplied a much lower power of 2.2W compared to the
7.8W value output by the probe sonicator. However, when it is considered that in the first example the
sample volume was 2ml while in the second case it was 6ml it can be seen that the actual specific
-1

-1

-1

expressed as Wml are actually quite similar (1.1 Wml compared to 1.3 Wml ).
This observation adds emphasis to the importance of respecting the technical details of dispersion
protocols and in particular care should be taken to ensure that the sonication power used is
appropriate to the volume and concentrations of the sample being treated. Should it be necessary to
deviate significantly from the volumes and concentrations specified in the protocols it is critical that
sonication times and energies be adequately adapted and optimised by the use of appropriate tier 1
or 2 methods. It is also relevant to note that while insufficient sonication must be avoided it is equally
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important to avoid excessive treatment times or energies as this can lead to a loss in the number of
the small and intermediate particulates/aggregates presumably by irreversible fusion of the
particulates. This phenomenon has not been detailed in this report but has been specifically observed
to occur with TiO2, BaSO4 and CaCO3 treated for periods of greater than 2 hours rather than the
normal times of 20-30 minutes.
The use of sonication probes, although the most commonly available, should be done with caution as
the risk of materials release due to wear of the probe has been found on more than one occasion to
occur and above all the onset of this can be found after only a few hours of use. It should be noted
this effect may not be easy to detect as the residues (fine grey-white powder) may not be easily
detected by visual inspection of the final dispersions. It is advisable that if a laboratory requires to
regularly produce nanoparticle dispersions for metrological applications such as those of NanoDefine
then it is advisable that a vial or possible a cup-sonicator system be used to avoid the risk of
contamination from probe degradation.
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Annex 1

IRMM-380 – Organic pigment yellow 83 (transparent grade)

Production of an aqueous based dispersion of the NanoDefine priority material IRMM-380 (Fine
grade Pigment Yellow 83)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidal stable water
based dispersion of the NanoDefine priority material designated IRMM-380 starting from this material
in a dry powder form.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a water-based, surfactant stabilized colloidal suspension of fine grade Pigment
Yellow 83 (NanoDefine designation IRMM-380). The procedure has been designed specifically to
produce samples with volumes, concentrations and temporal stability which are suitable for use with
the Tier 1 and Tier 2 particle size measurement methods adopted in the NanoDefine project.
Furthermore, the method has been developed with the scope of maximizing the proportion of free
single particulates and minimizing the number of residual agglomerates and aggregates in the
solution. The method has been designed to produce samples whose particle size distribution, as
determined by DLS or CLS, does not significantly change (according to DLS or CLS measurements)
over a time period of at least 30 minutes from completion of the dispersion procedure.

3

Definitions

CLS

Centrifugal Liquid Sedimentation

DLS

Dynamic Light Scattering

EM

Electron Microscopy

ENM

Engineered Nano-Material

NEKAL-BX
9)

Commercial Surfactant (Sodium Butyl Naphthalene Sulphonate (CAS No. 25638-17-

PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulfate

SEM

Scanning Electron Microscopy

SHMP

Sodium hexametaphosphate (Calgon)
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TEM

Transmission Electron Microscopy

SEM

Scanning Electron Microscopy in Transmission Mode

TSPP

Tetra-sodium pyrophosphate

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer

VS

Vial sonicator

4

Description

The following Standard Operating Procedure(SOP) describes a method for the preparation of small
-1

volumes (2ml or 6ml) of a surfactant stabilized aqueous suspension (0.1 mgmL of IRMM-380) of the
NanoDefine priority material Pigment Yellow 83 (Fine grade) designated IRMM-380. The procedure
foresees starting from a dry powder sample of the IRMM-380 materials and utilizes a laboratory scale
ultrasonic disruptor (probe sonicator or vial sonicator) with variable power output to supply the
mechanical energy necessary to disperse the solid ENM into high purity water containing a low
concentration of the commercial surfactant NEKAL BX. The present SOP requires that prior to
conducting any dispersion procedure the operators must determine experimentally the power output
characteristics of ultrasonic disruptor which will be used and using this data adjust the power settings
of the sonicator to produce an output value which is specified in the procedure. A detailed SOP for the
calorimetric determination of the sonicator power output is given in Annex 12 of this document.
The procedure, as described here, may be conducted using either a probe sonicator or a vial
sonicator. When this procedure is conducted using a probe sonicator the batch volume which is
produced is 6ml while the alternative method using a vial sonicator permits the production of 2ml
batches. The particle size distributions of the two methods have been evaluated by CPS and found to
be comparable.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particles size while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
reduction in the mean size.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 30minutes (aged) with the
results showing no major variation in the means size distribution.
Dispersed solution stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a bath sonicator for 10minutes. The effectiveness of this additional step has been verified with
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dispersions stored up to 6 days.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w. Alternatively a vial sonicator may be used.



Ultrasonic bath sonicator



Temperature controlled hot-plate or water bath



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material supplies


22 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



2ml plastic microcentrifuge tubes with sealing lid (for use with vial-sonicator)



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



Pigment Yellow 83 fine grade distributed by IRMM with project ID no. IRMM-380



High purity methanol (analytical grade)



Ice-water mixture for cooling the sample during sonication.



Surfactant–30%wt aqueous solution of NEKAL-BX (Sodium Butyl naphthalene sulphonate
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(CAS No. 25638-17-9).

4.5

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS or CLS
instruments additional is information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the primary method of applying ultrasonic energy was a vial
sonicator. This system was operated with 2ml Eppendorf vials containing 2ml of the sample
dispersion. In all cases the instrument was operated at 75% amplitude and 50% cycle time. To
estimate the power absorbed a 2ml aqueous sample was sonicated under these conditions and the
temporal variation of the liquid temperature measured and used to determine the absorbed power as
described in Annex 12.

Under these conditions the mean power absorbed was 2.1W corresponding
-1

to a specific power absorbed of 1.1 Wml for 2ml sample. In this case the power value is likely to be
an underestimate as the experimental conditions would lead to higher thermal dispersion than in the
standard calorimetric method with 500ml of water.
To ensure that the method could be adopted by the other laboratories sonicator conditions based on a
conventional probe sonicator system were also determined. In this case the system used was
Hielsche UPS200S instrument whose power output characteristics were determined as described in
Annex 12 and the results shown in Figure 1.
In this procedure for the dispersion of the IRMM-380 material the sonicator was fitted with a 7mm
probe head and operated at a set amplitude value of 75% and a cycle time of 50%. From a similarly
prepared calorimetric calibration curve it was determined that under these operating conditions the
-1

instrument was producing a mean total power output of 7.8W which corresponds to 1.3 Wml when
treating a 6ml sample. At 100% cycle time and 75% amplitude the peak power output was determined
(Annex 12) to be 18W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
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what are the correct amplitude and cycle time settings required to produce peak and mean power
outputs (50% cycle time) of 18W and 7.8W respectively. The amplitude and cycle time settings of the
sonicator should than be adjusted to approximate these value before proceeding with the dispersion
procedure.
90
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4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should following the cleaning step noted below or alternatively following a
suitable cleaning method recommended by the instrument manufacturer.
Weigh an empty 22ml glass vial and add approximately 15µl of Nekal BX solution (30wt%) using a
pipette. Reweigh the vial and calculate by difference the amount of NEKAL BX before adding
-1

sufficient pure methanol to give a mass concentration of 0.5 mgml : This solution will hereafter be
referred to as solution A
Weigh approximately 10 mg of IRMM-380 into a 22ml glass vial and add sufficient pure methanol to
-1

give a concentration of 1 mgml . It is recommended that an Ionizer be used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by firstly vortexing (2') and then
sonicating in USB (2'): Add solution A to solution B in a ratio of 10 µl/ml. Homogenize the mixture by
firstly vortexing (2') and then sonicating in USB (2'): This will hereafter be referred to as solution B.
Prepare a heated water bath under a chemical safety hood and heat to 40-50°C. Suspend the lower
half of vial in the water bath until the MeOH evaporates leaving a layer of surfactant coated particles
-1

on the bottom of the vial. Add sufficient MilliQ water to get 10 mgml solids in water and seal the vial
with a suitable lid. Re-disperse the solids into the water by immersing the bottom half of the vial in a
USB and sonicating for 2 minutes or until the solids appear uniformly distributed in the water. This will
hereafter be referred to as solution C
Take an empty 22ml vial and add 5.94ml of pure water followed by 60µl of solution C to give a final
concentration of 0.1mg/ml IRMM-380 in water. This will hereafter be referred to as solution D
Sonication using probe sonicator: Take the 22ml glass vial containing solution D and mount the
probe sonicator head inside the vial as shown in Figure 3. The probe head should be immersed in the
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solution to a depth of approximately 1cm. The ice bath should be positioned such that the lower half
of the vial is immersed in a mixture of crushed ice and water. The vial should be held at a depth
sufficient that the liquid in the vial in the vial is fully immersed in the cooling water. In this procedure
the sonicator used was a Hielscher UPS200S and this was operated in pulsed mode with an
amplitude of 75% and a cycle time of 50% which, as described in the Section 4.5.1, produces a mean
-1

adsorbed power of 7.8W (50% cycle time) corresponding to 1.3 Wml

when normalised to the

specified volume of 6ml. A sonication time of 20 minutes was determined to be the optimum treatment
time for this material under the described conditions.
When attempting to use a probe sonicator which is different from the model used in the development
of this method users must firstly determine the power output characteristics of their own instrument
using the method described in Annex 12. From this data, instrument settings should be determined
which can approximate the power output values detailed above and in section 4.5.1.

Figure 3

Photograph showing recommended positioning of probe sonicator in sample

If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low power (15%) for 5 min in high purity
ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or air.
Alternative method using vial sonicator: Place 2ml of solution D in a 2ml plastic centrifuge tube
and close the plastic lid. The tube should be fitted in one of the sample holder positions with highest
energy input (see manufacturer's instructions and Fig. 4).The vial should sonicated for 15 min at 75%
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amplitude with the cycle time being set at 50%. As cooling cannot be applied in the case of vial
sonicator the use of a 50% cycle time serves to maintain the maximum temperature of the sample
below 50°C.

Figure 4

4.6

Positioning of sample in vial-sonicator

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters use in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>20%) than
that shown in section 7 of this SOP the sonication process should be repeated with a fresh sample but
increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The temporal stability of the dispersions prepare in previous steps have been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of
30minuted following completion of the primary dispersion procedure outlined in the previous section 5.
In the case of materials which are allowed to age for longer than 30 minutes it is possible that some
degree of agglomeration may occur but this may be reversed by the use of brief vortexing followed by
a single additional step of bath sonication. In the case of the IRMM-380 materials aging of up to 6
days may be fully reversed if the sample vial is vortexed for 2minutes and the treated for 15 minutes
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in a laboratory scale bath sonicator at room temperature.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation Status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.
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7

Information on expected particle size distribution

Figure 4

Particle size distribution as determined by CLS

Table 1 Values of mean particle size as determined by CLS and DLS
Dispersion approaches

Methanol+nekalBX method + 15' VS

Mean particle size (IRMM-380) by CLS (weight-

50nm

size distribution)

Mean particle size (IRMM-380) by DLS (Z-

47nm

average)
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Annex 2

IRMM-381 – BaSO4 (fine grade)

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-381 (BaSO4 (fine grade))

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidally stable
water based dispersion of the NanoDefine priority material designated IRMM-381 starting from this
material in a dry powder form.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of fine grade BaSO4
(NanoDefine designation

IRMM-381). The procedure has been designed specifically to produce

samples with volumes, concentrations and temporal stability which are suitable for use with the Tier 1
and Tier 2 particle size measurement methods adopted in the NanoDefine project. Furthermore, the
method has been developed with the scope of maximizing the proportion of free single particulates
and minimizing the number of residual agglomerates and aggregates in the solution. The method has
been designed to produce samples whose particle size distribution, as determined by DLS, does not
significantly change (according to DLS measurements) over a time period of at least 60 minutes from
completion of the dispersion procedure.

3

Definitions

DLS

Dynamic Light Scattering

ENM

Engineered Nano-Material

PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SHMP

Sodium hexametaphosphate (Calgon)

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer

VS

Vial sonicator
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4

Description

The following Standard Operating Procedure(SOP) describes a method for the preparation of small
-1

volumes (6ml) of an aqueous suspension (2.6 mg.mL ) of the NanoDefine priority material BaSO4
(fine grade) designated IRMM-381. The procedure foresees starting from a dry powder sample of the
IRMM-381 materials and utilizes a laboratory scale ultrasonic disruptor (probe sonicator) with variable
power output to supply the mechanical energy necessary to disperse the solid ENM into high purity
water containing the commercial stabilizing agent sodium hexametaphosphate (SHMP). The present
SOP requires that prior to conducting any dispersion procedure the operators must determine
experimentally the power output characteristics of ultrasonic disruptor which will be used and using
this data adjust the power settings of the sonicator to produce an output value which is specified in the
procedure. A detailed SOP for the calorimetric determination of the sonicator power output is given in
Annex 12 of this document.
The procedure, as described here, may be conducted using a probe sonicator and allows to produce
a batch volume of 6ml.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particle size values while longer treatment times
will either degrade the quality (re-formation of larger aggregates/agglomerates) or will not provide a
significant further reduction in the mean size. The amount of SHMP used for dispersion can have an
effect on the dispersion quality and obtained particle size distribution. This procedure has been
-1

developed to produce the lowest mean particle size distribution for dispersion in 2 mg.mL SHMP. If
-1

required, the concentration of SHMP can be lowered down to 0.2 mg . The particle size distributions
-1

obtained upon dispersion in 2 and 0.2 mg.mL SHMP have been evaluated by DLS and were found
to be comparable.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 60minutes (aged, after redispersion by vortexing) with the results showing no major variation in the means size distribution.
Sedimentation may be observed if the dispersion stands during some minutes after preparation. In
this case re-dispersion is possible by vortexing

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
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and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w.


Ultrasonic bath sonicator



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material Supplies


20 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of chemicals in powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



BaSO4 (fine grade) distributed by IRMM with project ID no. IRMM-381



Ice-water mixture for cooling the sample during sonication.



Sodium hexametaphosphate powder(CAS No. 68915-31-1, purity ≥ 96 %, e.g. 305553
Aldrich).

4.5

Materials and methods

This section describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS instruments
additional information is given on how to verify whether the resulting dispersions are comparable with
that which would be routinely expected from a successful application of the SOP and, if necessary,
how to further optimize the sonication conditions to achieve this.
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4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was Microson XL 2000 (Qsonica, LLC
(Newtown, USA) with nominal maximum power of 100W. The sonicator was fitted with a probe head
with diameters of 6.4 mm (length of 117 mm and maximum peak-to-peak amplitude of 60 µm.). The
output power characteristic of the sonicator with each of these types of head has been determined
following the calorimetric calibration procedure detailed in Annex 12. The resulting calibration curves
can be seen in in Fig 1. In this procedure for the dispersion of the IRMM-381 material the sonicator
was operated at a set amplitude value of 100%. From the calibration curve it can be determined that
under these operating conditions the instrument was producing a measured power output of 10.3W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude setting required to produce an output of 10.3W. The amplitude setting of the
sonicator should than be adjusted to this value before proceeding with the dispersion procedure.

Figure 1
Calculated delivered output power Pac of the probe sonicator at different
amplitude settings. This calibration curve was used to determine the output setting value which
corresponds to Pac = 10.3W (in this example: amplitude of 100 %).
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4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should following the cleaning step noted below or alternatively following a
suitable cleaning method recommended by the instrument manufacturer.
-1

Prepare stabilizing agent solution (2 mg.mL SHMP) by dissolving the appropriate amount of SHMP
powder into MilliQ water. Shake vigorously to ensure that all powder is solubilized. Subsequently, filter
the prepared SHMP solution using a 0.2 µm filter to ensure that no large particulates are present.
Weigh approximately 15.6 mg of IRMM-381 into a 20ml glass vial. It is recommended that an ionizer
be used to neutralize electrostatic charge during weighing of fine powders. Add the respective volume
-1

of SHMP solution to give an IRMM-381 concentration of 2.6 mg.ml

(6mL for exactly 15.6 mg of

IRMM-381) adjusting the volume to compensate for small deviations in the final weighed mass).
Homogenize the mixture by vortexing (2').
-1

Sonication using probe sonicator: Take the 20ml glass vial containing the 2.6 mg.ml IRMM-381
suspension and mount the probe sonicator head inside the vial as shown in Fig. 2. The probe head
should be immersed in the solution to a depth approximately 1cm. The ice bath should be positioned
such that the lower half of the vial is immersed in a mixture of crushed ice and water. The vial should
be held at a depth sufficient that the liquid in the vial in the vial is full immersed in the cooling water.
The sample should then be sonicated at a constant power 10.3W for 20 minutes. The correct power
setting should be determine from calibration curve which was previously determined by the method
described in Annex 12. The resulting dispersion should now be suitable for testing with Tier 1 and Tier
2 methods.
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low at low power (15%) for 5 min in
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high purity ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or
air.

Figure 2 Ultrasonic probe sonication setup for dispersion of ENM powders.

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters use in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>15%) than
that shown in section 7 of this SOP the sonication process should be repeated with a fresh sample but
increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability

The temporal stability of the dispersions prepared in previous steps has been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of 1 h
following completion of the primary dispersion procedure outlined in the previous section 5.4.
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Sedimentation may be observed if the dispersion stands during some minutes after preparation. In
this case re-dispersion is possible by vortexing.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.
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7

Information on expected particle size distribution

Table 1. Summary of the DLS results obtained for IRMM-381 – BaSO4 (fine grade) suspensions
-1
in MilliQ water (N=1) and 2 mg.mL hexametaphosphate (N=2) prepared at different probe
sonication times.

Sonication Time

0 min

2.5
min

5 min

10
min

15
min

20
min

25
min

30
min

Intensity-weighted
mean diameter:
657.6 ± 493.8 ± 466.2 ± 415.6 ± 399.0 ± 377.4 ± 363.9 ± 365.9 ±
by DLS(Zave,
17.1
11.3
1.0
1.7
1.6
1.3
2.0
13.2
cumulants
method)

Figure 3. Zave values obtained by DLS for IRMM-381 – BaSO4 (fine grade) suspensions in MilliQ
-1
water (N=1) and 2 mg.mL hexametaphosphate (N=2) prepared at different probe sonication
times.

Table 2. Mean diameter corresponding to the major peak of the intensity-weighted size
distribution obtained by the NNLS method (DLS) for dispersed IRMM-381– BaSO4 (fine grade)

Sonication Time

Peak mean (nm)

0 min

2.5
min

5 min

10
min

15
min

20
min

25
min

30
min

661.8 ± 506.0 ± 489.0 ± 442.0 ± 429.1 ± 408.2 ± 392.2 ± 387.2 ±
7.5
4.5
6.7
5.1
2.3
3.0
10.4
7.3
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Size Distribution by Intensity

Intensity (Percent)
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10

0
100

1000
Size (d.nm)

Record 1953: 0min
Record 1956: 10min

Record 1954: 2.5min
Record 1958: 20min

Record 1955: 5min
Record 1960: 30min

Figure 4 Intensity-weighted size distribution obtained by DLS for IRMM-381 – BaSO4 (ultrafine
-1
grade) suspensions in 2 mg.mL hexametaphosphate (N=2) prepared at different probe
sonication times.

© 2016 The NanoDefine Consortium

81

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

Annex 3

IRMM-382 – MWCNT

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-382 (Multiwall Carbon nanotubes)

1

Aim

The aim of the procedure is to describe a laboratory scale methods to produce a colloidally stable
water based dispersion of the multi-walled carbon nanotubes starting from the dry powder form of the
NanoDefine priority material IRMM-382.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of Multiwall Carbon
nanotubes (NanoDefine designation IRMM-382). The procedure has been designed specifically to
produce samples with volumes, concentrations and temporal stability which are suitable for use with
the Tier 1 and Tier 2 particle size measurement methods adopted in the NanoDefine project.
Furthermore, the method has been developed with the scope of maximizing the proportion of free
single particulates and minimizing the number of residual agglomerates and aggregates in the
solution. The method has been designed to produce samples whose absorbance, as determined by
UV-Vis measurements, does not significantly change over a time period of at least 30 minutes from
completion of the dispersion procedure.

3

Definitions

ENM

Engineered Nano/Material

MWCNT

Multiwall Carbon nanotubes

Tannic acid

Natural extract of plant material (CAS No. 1401-55-4)

TEM

Transmission Electron Microscopy

Triton X-100

Commercial surfactant (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol,
CAS No. 9002-93-1)

USP
UV-Vis

Ultrasonic probe sonicator
Ultraviolet-Visible absorption spectroscopy
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4

Description

The following Standard Operating Procedure (SOP) describes a method for the preparation of small
-1

-1

volumes (6ml) of a surfactant stabilized aqueous suspension (1 mgmL or 0.2 mgmL of IRMM-382)
of the NanoDefine priority material Multiwall Carbon nanotubes designated

IRMM-382. The

procedure foresees starting from a dry powder sample of the IRMM-382 materials and utilizes a
laboratory scale ultrasonic disruptor (probe sonicator) with variable power output to supply the
mechanical energy necessary to disperse the solid ENM into high purity water containing a low
concentration of the stabilizers/surfactants Tannic Acid or Triton X-100. The present SOP requires
that prior to conducting any dispersion procedure the operators must determine experimentally the
power output characteristics of ultrasonic disruptor which will be used and using this data adjust the
power settings of the sonicator to produce an output value which is specified in the procedure. A
detailed SOP for the calorimetric determination of the sonicator power output is given in Annex 12 of
this document.
The sonication time and power values detailed in the procedure have been determined to produce the
most stable dispersion where minimum precipitation of MWCNT is observed in an experimentally
relevant time (<1 hour). The use of a higher power may produce froth (depending on the dispersant)
and the carbon nanotubes may attach to the generated bubbles, hence leading to a less effective
dispersion of the MWCNT, while longer treatment times may potentially either degrade the quality by
breaking MWCNT.
To evaluate the stability of the dispersions, UV-Vis absorbance has been measured immediately after
sonication (pristine) and again after a rest periods of up 21 days (aged) with the results showing no
major variation in the UV-Vis absorbance confirming the stability of the dispersion.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w. Alternatively a 200W vial sonicator may be used.



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Ultraviolet-visible spectrometer (UV-Vis)



Transmission Electron Microscope (TEM)
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4.3

Material Supplies


22 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



Disposable plastic spatula for weighing of dispersant



Disposable plastic weighing boats or similar for weighing of Tannic acid and any chemicals in
powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



Multiwall Carbon nanotubes distributed by IRMM with project ID no. IRMM-382.



Ice-water mixture for cooling the sample during sonication.



1%wt aqueous solution of Triton X-100 (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene
glycol, CAS No. 9002-93-1)



4.5

-1

A 300 mgL aqueous solution of Tannic Acid (CAS No. 1401-55-4)

Materials and methods

This section describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonictor used was Hielscher UPS200S with nominal
maximum power of 200W. This sonicator could be fitted with probe heads with diameters of 1mm,
3mm or 7mm diameter. The output power characteristic of the sonicator with each of these types of
head has been determined following the calorimetric calibration procedure detailed in Annex 12. The
resulting calibration curves can be seen in in Figure 1. In this procedure for the dispersion of the
IRMM-382 material the sonicator was fitted with a 7mm probe head and operated at a set amplitude
value of either 35% or 50%. From the calibration curve it was be determined that under these
operating conditions the instrument was producing a measured power output of 10.6W or 13.7W
respectively.

© 2016 The NanoDefine Consortium

84

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude setting required to produce the output power specified in the materials and
method section of this SOP. The amplitude setting of the sonicator should then be adjusted to this
value before proceeding with the dispersion procedure.
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Figure 1
Acoustic power absorption characteristics of model UPS200S Heilscher
ultrasonic processor

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.
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4.5.3 Detailed dispersion procedure for IRMM-382-MWCNT
This SOP describes two methods of dispersing the priority materials IRMM-382-MWCNT with different
stabilizing agents. The first method based on the use of Triton X100 surfactant is able to produce
-1

dispersions with a higher mass of nanomaterials (1mg mgmL ) but requires a relatively high
-1

concentration of surfactant (10 mgmL ). The second method using tannic acid can disperse a lower
-1

-1

quantity of solids (0.2 mgmL ) but uses a much lower relative mass of stabilizer (0.3 mgmL ).
Pre-dispersion of IRMM-382-MWCNT in 1wt% aqueous Triton X100: Weigh accurately 6 mg of
IRMM-382 into a 22mL glass vial and add sufficient of Triton X-100 (1% wt) aqueous solution using a
-1

pipette to give a concentration of 1 mgmL . Treat solution for 10minutes in an ultrasonic bath to
ensure wetting of the nanomaterial
-1

Pre-dispersion of IRMM-382-MWCNT in (300 mgL ) aqueous tannic acid: Weigh accurately 2 mg
-1

of IRMM-382 into a 22mL glass vial and add sufficient aqueous Tannic acid (300 mgL ) solution using
-1

a pipette to give a concentration of 0.2 mgmL . Treat the solution for 10minutes in an ultrasonic bath
to ensure wetting of the nanomaterial.
Sonication using probe sonicator: The operator should verify that the sonicator probe is clean and
free of any surface residue. If necessary the operator should follow the cleaning steps noted below or
alternatively following a suitable cleaning method recommended by the instrument manufacturer.
Take the 22mL glass vial containing 6ml of either solution A or B and mount the probe sonicator head
inside the vial as shown in Fig. 2. The probe head should be immersed in the solution to a depth
approximately 1cm. The ice bath should be positioned such that the lower half of the vial is immersed
in a mixture of crushed ice and water. The vial should be held at a depth sufficient that the liquid in the
vial is full immersed in the cooling water.
Ultrasonic dispersion of IRMM-382-MWCNT in Triton X100: A 6ml sample of solution A should be
sonicated for 60 minutes with power setting adjusted to give constant power of 10.6W

(35%

amplitude on Heilscher UPS200S sonicator ))
Ultrasonic dispersion of IRMM382-MWCNT in aqueous tannic acid: A 6ml sample of solution B
should be sonicated for 30 minutes with power setting adjusted to give constant power of 13.7W
(50% amplitude on Heilscher UPS200S sonicator )
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determines a similar calibration curve for their own
instrument. The correct power settings for probe sonicators should be determined from calibration
curves measured by the method described in Annex 12. The resulting colloidal solution should now be
suitable for testing with Tier 1 and Tier 2 methods where appropriate.
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Fig 2

Photograph showing recommended positioning of probe sonicator in sample

If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low power (15%) for 5 min in high purity
ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or air.

4.6

Optional verification of dispersion quality

The physical form of the MWCNT particles means that light scattering and sedimentation methods are
not reliable for assessing the size of the conventional. The only suitable method is by EM and where
the operator has access to TEM instrumentation it is strongly recommended that the dispersion quality
and stability be evaluated by TEM.

4.7

Recovery of dispersions after aging beyond verified period of stability.

In the work of Rastogi et al (Journal of Colloid and Interface Science 328 (2008) 421–428) it was
reported that UV-Visible absorption spectroscopy was a suitable method for evaluating the dispersion
quality of MWCNT and a similar approach was adopted to check the temporal stability of the IRMM382 dispersed by these procedures. To do this the UV-Visible spectra were periodically acquired from
dispersed samples and the absorption values at 500nm determined. Measurement of the UV-Visible
absorption of the dispersed solutions of MWCNT (both Triton X100 and tannic acid stabilized) shows
a near constant level of absorption (500nm) over a period of 21 days confirming that little or no
tendency to agglomeration and sedimentation occurs with the materials dispersed following this
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procedure. It is therefore not considered necessary to evaluate any procedure for recovering aged
samples.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation.

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7

Information on expected particle size distribution

No examples of size distributions can be reported here as dispersions of MWCNT cannot be reliably
measured using DLS or CLS methods and TEM analysis was only able to provide qualitative
information.
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Annex 4

IRMM-383 – Nano steel

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-382 (Multiwall Carbon nanotubes)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a water based
dispersion of the NanoDefine priority material designated IRMM-383 (Nanosteel) starting from this
material in a dry powder form. The presented protocol allows dispersing the material in a highly
dispersed state

2

Scope

This scope of the Standard Operating Procedure (SOP) is to describe, in detail, a laboratory scale
method able to produce small volume batches of a water based suspension of Nanosteel
(NanoDefine designation IRMM-383). The method has been developed with the scope of maximizing
the proportion of free single particulates and minimizing the number of residual agglomerates and
aggregates in the solution.
The physico-chemical properties of this material do not allow obtaining a stable dispersion: due to
their high density and relatively large size, the particles sediment rapidly.
This instability is not compatible with several of the Tier 1 and Tier 2 particle size measurement
methods adopted in the NanoDefine project. The protocol remains useful for methods, like AFM and
EM, where the sample is transferred to a solid carrier by sedimentation. Such sedimentation results in
a preferential orientation of the platelets composing this material, which biases the measurements of
conventional 2D EM-based methods. Because the Z-dimension is not measureable, the minimal
external dimension referred to in the EC definition, cannot be estimated by EM.

3

Definitions

AFM

Atomic Force Microscopy

EM

Electron Microscopy

ENM

Engineered Nano-Material

PSD

Particle Size Distribution

TEM

Transmission Electron Microscopy
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USP

Ultrasonic probe sonicator

VM

Vortex mixer

4

Description

The following SOP describes a method for the preparation of small volumes (10ml) of an aqueous
dispersion of the NanoDefine priority material Nanosteel designated IRMM-383 at a concentration of
-1

2.56 mgmL . The procedure foresees starting from a dry powder sample of the IRMM-383 material
and utilizes a laboratory scale ultrasonic disruptor (probe sonicator) with variable power output to
supply the mechanical energy necessary to disperse the solid ENM into high purity water. The present
SOP requires that prior to conducting any dispersion procedure the operators must determine
experimentally the power output characteristics of the ultrasonic disruptor which will be used and
using this data adjust the power settings of the sonicator to produce an output value which is specified
in the procedure.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particles size, while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
reduction in the mean size.
The stability of the dispersions after sonication is evaluated visually immediately after sonication
(pristine). The physico-chemical properties of this material do not allow obtaining a stable dispersion:
due to their high density and relatively large size, the particles sediment rapidly.
The dispersion efficiency is evaluated based on the particle size distribution determined by TEM.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 20 kHz and equipped with a probe with a tip
diameter of approximately 13 mm (e.g. Vibracell 75041 ultrasonifier, Fisher Bioblock
Scientific, Aalst, Belgium).



Adjustable volume pipettes of 100 µL, with disposable tips.



Pipettes of 10mL



Box for ice-cooling of samples during sonication.



Vortex mixer
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4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument

4.3

Material Supplies


20 mL glass vial (e.g. 10560503-X500, Wheaton Science Products, Millville, New Jersey,
distributed by Fisher Scientific) with screw top or other appropriate stopper. The vial should
have an inner diameter of ca. 2 cm and an opening which is sufficiently large as to ensure
that the probe head can be inserted and operated without risk of contact between the vial and
probe.



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.



Parafilm M



Flask rings (e.g. Heathrow scientific lead rings).



Vial holder

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



Nanosteel distributed by IRMM with project ID no. IRMM-383



Ice-water mixture for cooling the sample during sonication.

4.5

Materials and methods

This section describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures.
For laboratories equipped with a TEM, additional information is given on how to verify whether the
resulting dispersions are comparable with that which would be routinely expected from a successful
application of the SOP and, if necessary, how to further optimize the sonication conditions to achieve
this.
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4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was a Vibracell 75041 ultrasonifier
(750W, 20kHz, Fisher Bioblock Scientific, Aalst, Belgium). This sonicator is fitted with a probe head
with a diameter of 13 mm diameter. The power characteristics of this sonicator probe have been
experimentally determined. The resulting calibration curves can be seen in figure 1. The output
energy in function of the sonication time and the output power in function of the selected amplitude
are shown in figure 1A and figure 1B, respectively.
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Figure 1 Calibration curves for the probe sonicator Vibracell 75041 ultrasonifier (750W, 20kHz,
Fisher Bioblock Scientific, Aalst, Belgium) fitted with a probe head with a diameter of 13 mm,
showing (A) the output energy in function of the sonication time and (B) the output power in
function of the selected amplitude.
In this procedure for the dispersion of the IRMM-383 material, The 13 mm probe head (CV33) is
positioned in the bottom half of the dispersion and the sonicator is operated at a set amplitude value
of 40%. From the calibration curve it can be determined that under these operating conditions the
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instrument was producing a measured power output of 40W. Sonication is stopped after 10 minutes,
when an added specific energy of 25 ± 2 kJ is read out from the sonicator apparatus.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determines a similar calibration curve for their own
instrument. Once the calibration procedure has been completed, an examination of the resulting
amplitude-power curve must be done in order to determine the correct amplitude setting required to
produce an output of 40W. The amplitude setting of the sonicator should be adjusted to this value
before proceeding with the dispersion procedure.

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should follow the appropriate cleaning steps noted below or alternatively
following a suitable cleaning method recommended by the instrument manufacturer.
Weigh approximately 25.6 mg of IRMM-383 into a 20 ml glass vial and add 10 ml of pure water to give
-1

a concentration of 2.56 mgml . It is recommended that an Ionizer be used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by firstly vortexing (2')
Sonication using probe sonicator: Wrap parafilm M around the 20 ml glass vial to avoid movement
during sonication, and place the vial in the vial holder (figure 2A). Place the vial holder in the box for
ice-cooling using the flask rings (figure 2B). Add a mixture of crushed ice and water in the box to cool
the dispersion during sonication. The vial should be held at a depth sufficient that the liquid in the vial
is fully immersed in the cooling water. Mount the probe sonicator head inside the vial (figure 2C). The
probe head should be immersed in the dispersion to a depth of at least 1cm. The sample should then
be sonicated at a constant power of 40 W for 10 minutes. The correct power setting should be
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determined from the calibration curve which was previously determined.
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low at low power (20%) for 5 min in
high purity ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or
air.

A

B

C
Figure 2 Setup for Sonication using the probe sonicator.
As can be seen in Figure 2 (A) the 20 ml glass vial containing the dispersion is placed in the vial
holder. Parafilm M is wrapped around the vial to avoid sliding during sonication. (B) The vial and vial
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holder are placed in the box for ice-cooling using the flask rings. (C) A mixture of crushed ice and
water is added in the box to cool the dispersion during sonication. The vial is fully immersed in the
cooling water. The probe sonicator head is immersed in the dispersion to a depth of at least 1cm.

4.6

Optional verification of dispersion quality

Where the operator has access to a TEM instrument, it is strongly recommended that the dispersion
be evaluated by TEM and the results compared with that in section 7.
To become suitable for TEM analysis, the dispersion has to be diluted 10 times after sonication to
-1

obtain a concentration of 0.256 mgml . TEM specimens can be prepared following the drop-on-grid
1

method . This method includes pre-treating pioloform and carbon coated, 400 mesh copper grids
(Agar Scientific, Essex, England) with 1% Alcian blue (Fluka, Buchs, Switzerland) to increase
hydrophilicity and rinsing 5-times with distilled water. The grid is then placed on 15 µl of dispersion
during 10 minutes, and is rinsed 2 times afterwards with distilled water.
The described laboratory scale method produces a water based dispersion of the NanoDefine priority
material designated IRMM-383 starting from this material in a dry powder form. The presented
protocol disperses the material in a highly dispersed state. The physico-chemical properties of this
material do not allow obtaining a stable dispersion. The protocol remains useful for methods like AFM
and EM where specimens can be prepared by transferring a fraction of the sample to a solid carrier by
sedimentation. TEM evaluation of the dispersion quality shows the smallest dispersible particles
(referred to a single primary particles) and some small agglomerates thereof (consisting of 2-10
particles) (figure 3 and figure 4). Note that conventional TEM is not able to measure the smallest
dimension (platelet thickness) of the particles due to preferential orientation of particles on the grid.
The size distribution shown in figure 4 should be interpreted as the distribution of the Feret min values
of the 2D projections of the particles on the EM grid.
If the expected mean aggregate/agglomerate size is significantly larger (>15%) than that shown in
section 12 of this SOP, the sonication process should be repeated with a fresh sample but increasing
the sonication treatment time by 5 min. This step should be repeated until additional increases in
sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The physico-chemical properties of this material do not allow the production of a stable dispersion:
due to their high density and relatively large size, the particles sediment rapidly.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
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it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7

Information on expected particle size distribution

The qualitative TEM analysis describes the physico-chemical characteristics of the particles, such as
the aggregation/agglomeration state, and the size and shape of the free single particulates,
aggregates and agglomerates. Table 1 summarizes the qualitative TEM analysis of IRMM-383.
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Table 1 Summary of the qualitative TEM analysis of IRMM-383 Nanosteel.
Examined property
Distribution of particles on the grid?
Concentration of particles on the grid?
Aggregation/agglomeration state?
Sub-fraction
Manually measured size of the primary particles?
Manually
measured
size
of
the
aggregates/agglomerates?
2D shape of the PP?
2D shape of the aggregates/agglomerates?
Surface structure of the primary particles?
Surface structure of the aggregates/agglomerates?
Diffraction contrast?
Efficiency of the dispersion protocol?

© 2016 The NanoDefine Consortium

Description
evenly distributed
OK
single primary particles and agglomerates
a sub-fraction of smaller particles is present in the sample
(size 10-50 nm). It remains uncertain whether these small
particles are nanosteel or a contaminant.
the size ranges from 60nm to 1.5µm
the size ranges from 100nm to 2.5µm
irregular polygonal
complex
rough
rough
diffraction contrast, which indicates that the material is
crystalline, can be observed in the primary particles
allows dispersion of the material up to the level of single
primary particle and some small agglomerates (consisting of
2-10 primary particles). Visual inspection suggested
however that the material is not completely dispersed in
the medium. The nanosteel flakes start to sink down before
and immediately after sonication.
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Figure 3 Representative TEM images of the IRMM-383 Nanosteel particles dispersed using the
presented SOP.
Quantitative TEM analysis is performed using methods described by Verleysen et al. and De
2-4

Temmerman et al. . Figure 3 shows representative TEM images of IRMM-383. The corresponding
size distribution is shown in figure 4 and is determined by a semi-automated approach using imageJ
software (National Institute of Mental Health, Bethesda, Maryland, USA). This approach can be briefly
summarized as follows:


To suppress background noise, a mean filter is applied before analysis. The use of other
filters was not necessary for the examined material.
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A threshold for the detection of the particles based on mass-thickness contrast in the image is
chosen manually.



Particles are only detected in a pre-defined Region of Interest (ROI), which allows excluding
border particles.



For every micrograph, the ‘Fill holes’ option is switched on.

Descriptive statistical analysis of the Feret min of the particles is obtained using a home-made script
in the python programming language. The raw data is represented as a histogram (‘Number based
distribution’) (Figure 4). It should be noted that TEM is probably not able to measure the smallest
dimension (platelet thickness) of all particles due to preferential orientation of platelet-like particles on
the grid.
A sub-fraction of smaller particles is present in the sample (size 10-50 nm). It remains uncertain
whether these small particles are nanosteel or a contaminant.

Figure 4 Representative size distribution (Feret min) of the single particulates of IRMM-383
Nanosteel obtained by quantitative TEM. Note that the Feret min parameter is measured in the
X-Y plane and is not suitable to estimate of the minimal external dimensions of platelet-like
particles situated in the Z-plane.
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Annex 5

IRMM-384 – CaCO3 (fine grade)

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-384 (CaCO3)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidally stable
water based dispersion of the NanoDefine priority material designated IRMM-384 starting from this
material in a dry powder form.

2

Scope

The scope of this SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of calcium carbonate
CaCO3 (NanoDefine designation

IRMM-384). The procedure has been designed specifically to

produce samples with volumes, concentrations and temporal stability which are suitable for use with
the Tier 1 and Tier 2 particle size measurement methods adopted in the NanoDefine project.
Furthermore, the method has been developed with the scope of maximizing the proportion of free
single particulates and minimizing the number of residual agglomerates and aggregates in the
solution. The method has been designed to produce samples whose particle size distribution, as
determined by DLS or CLS, does not significantly change (according to DLS or CLS measurements)
over a time period of at least 30 minutes from completion of the dispersion procedure.

3

Definitions

CLS

Centrifugal Liquid Sedimentation

DLS

Dynamic Light Scattering

EM

Electron Microscopy

ENM

Engineered Nano-Material

NEKAL-BX

Commercial Surfactant (Sodium Butyl Naphthalene Sulphonate (CAS No. 25638-17-

9)
PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulfate

SEM

Scanning Electron Microscopy

SHMP

Sodium hexametaphosphate (Calgon)

TEM

Transmission Electron Microscopy

© 2016 The NanoDefine Consortium

100

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

SEM

Scanning Electron Microscopy in Transmission Mode

TSPP

Tetra-sodium pyrophosphate

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer

VS

Vial sonicator

4

Description

The following Standard Operating Procedure (SOP) describes a method for the preparation of small
-1

volumes (2ml or 6ml) of a surfactant stabilized aqueous suspension (50 mgmL of IRMM-384) of the
NanoDefine priority material Calcium carbonate (CaCO3) designated

IRMM-384. The procedure

foresees starting from a dry powder sample of the IRMM-384 material and utilizes a laboratory scale
ultrasonic disruptor (probe sonicator or vial sonicator) with variable power output to supply the
mechanical energy necessary to disperse the solid ENM into high purity water containing a the
commercial surfactant Sodium hexametaphosphate (Calgon). The present SOP requires that prior to
conducting any dispersion procedure the operators must determine experimentally the power output
characteristics of ultrasonic disruptor which will be used and using this data adjusting the power
settings of the sonicator to produce an output value which is specified in the procedure. A detailed
SOP for the calorimetric determination of the sonicator power output is given in Annex 12 of this
document.
The procedure, as described here, may be conducted using either a probe sonicator or a vial
sonicator. When this procedure is conducted using a probe sonicator the batch volume which is
produced is 6ml while the alternative method using a vial sonicator permits the production of 2ml
batches. The particle size distributions of the two methods have been evaluated by CPS and found to
be comparable.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particles size while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
reduction in the mean size.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 30minutes (aged) with the
results showing no major variation in the means size distribution.
Dispersed solution stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
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a bath sonicator for 10minutes. The effectiveness of this additional step has been verified with
dispersions stored up to 6 days.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w. Alternatively a vial sonicator may be used.



Ultrasonic bath sonicator



Temperature controlled hot-plate or water bath



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material Supplies


22 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



2ml plastic microcentrifuge tubes with sealing lid (for use with vial-sonicator)



Disposable plastic spatula for weighing of ENM and any chemicals in powder form.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



Calcium carbonate (CaCO3) distributed by IRMM with project ID no. IRMM-384



Ice-water mixture for cooling the sample during sonication.
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d. Surfactant: aqueous solution of Sodium hexametaphosphate (Calgon) (CAS No. 10124-56-8).

4.5

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS or CLS
instruments additional information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the primary method of applying ultrasonic energy was a vial
sonicator. This system was operated with 2ml Eppendorf vials containing 2ml of the sample
dispersion. In all cases the instrument was operated at 75% amplitude and 50% cycle time. To
estimate the power absorbed a 2ml aqueous sample was sonicated under these conditions and the
temporal variation of the liquid temperature measured and used to determine the absorbed power as
described in Annex 12.

Under these conditions the mean power absorbed was 2.1W corresponding
-1

to a specific power absorbed of 1.1 Wml for 2ml sample. In this case the power value is likely to be
an underestimate as the experimental conditions would lead to higher thermal dispersion than in the
standard calorimetric method with 500ml of water.
To ensure that the method could be adopted by the other laboratories sonicator conditions based on a
conventional probe sonicator system were also determined. In this case the system used was
Hielscher UPS200S instrument whose power output characteristics were determined as described in
Annex 12 and the results are shown in Figure 1.
In this procedure for the dispersion of the IRMM-384 material the sonicator was fitted with a 7mm
probe head and operated at a set amplitude value of 75% and a cycle time of 50%. From a similarly
prepared calorimetric calibration curve it was determined that under these operating conditions the
-1

instrument was producing a mean total power output of 7.8W which corresponds to 1.3 Wml when
treating a 6ml sample. At 100% cycle time and 75% amplitude the peak power output was determined
(Annex 12) to be 18W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
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what are the correct amplitude and cycle time settings to produce peak and mean power outputs
(50% cycle time) of 18W and 7.8W respectively. The amplitude and cycle time settings of the
sonicator should than be adjusted to match these values before proceeding with the dispersion
procedure.
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Figure 1
Power output calibration of Hielscher UPS200S probe sonicator with different
probe sizes operating at 100% cycle time.

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should follow the cleaning step noted below or alternatively follow a suitable
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cleaning method recommended by the instrument manufacturer.
To produce 10ml of dispersant weigh an empty 22ml glass vial and add approximately 20mg of
Sodium hexametaphosphate (SHMP) using a spatula. Reweigh the vial and calculate by difference
-1

amount of SHMP before adding sufficient ultrahigh purity water to give a concentration of 2 mgml :
Vortex (2'). This solution will hereafter be referred to as solution A
Weigh approximately 300mg of IRMM-384 into a 22ml glass vial and add sufficient solution A to give a
-1

concentration of 50 mgml . It is recommended that an Ionizer be used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by firstly vortexing (2') and then
sonicating in USB (10'). This will hereafter be referred to as solution B.
Sonication using probe sonicator: Take the 22ml glass vial containing 6mL of solution B and mount
the probe sonicator head inside the vial as shown in Figure 2. The probe head should be immersed in
the solution to a depth approximately 1cm. The ice bath should be positioned such that the lower half
of the vial is immersed in a mixture of crushed ice and water. The vial should be held at a depth
sufficient that the liquid in the vial is fully immersed in the cooling water. The sample should then be
sonicated at a amplitude of 75% and 50% cycle time for 15 minutes (Hielscher UPS200S). At this
amplitude setting the peak power output is 18W which corresponds to measured mean power of 7.9W
when using a 50% cycle time. For use with other types of sonicator correct settings should be
determined from calibration curves determined by the method described in annex 12. The resulting
solution should now be suitable for testing with Tier 1 and Tier 2 methods.
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Figure 2 Photograph illustrating the mounting of probe sonicator in sample
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low amplitude (15%) for 5 min in high
purity ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or air.
Sonication using vial sonicator: Place 2ml of solution C in a 2ml plastic centrifuge tube and close
the plastic lid. The tube should be fitted in one of the sample holder positions with highest energy
input (see manufacturer's instructions and Fig. 3).The vial should be sonicated for 10 min at 75%
amplitude with the cycle time being set at 50%. Cooling cannot be applied in the case of vial sonicator
and the use of a 50% cycle time serves to maintain the maximum temperature of the sample below
50°C.

Figure 3 Positioning of sample in vial-sonicator

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters used in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>20%) than
that shown in section 7 of this SOP the sonication process should be repeated with a fresh sample
but increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.
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4.7

Recovery of dispersions after aging beyond verified period of stability

The temporal stability of the dispersions prepared in previous steps has been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of
30minutes following completion of the primary dispersion procedure outlined in section 5. In the case
of materials which have been allowed to age for longer than 30 minutes it is possible that some
degree of re-agglomeration may occur but this may be reversed by the use of a single additional step
of bath sonication. In the case of the IRMM 384 materials aging of up to 6 days may be fully reversed
if the sample vial is vortexed for 2 minutes and then treated for 10 minutes in a laboratory scale bath
sonicator at room temperature.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.
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7

Information on expected particle size distribution

A typical mass based particle size distribution of the (vial sonicator) re-dispersed CaCO3 is
shown in Error! Reference source not found. while

lists typical values of mean particles size obtained using the probe and vial sonicator methods.

Figure 4 Typical particle size distribution of dispersed CaCO3 as determined by CLS

Table 1 Mean particle size values of dispersed CaCO3 as determined by CLS
Sonication Method
Mean Particle Size in nm of
IRMM-384 by CLS (weightsize distribution)

USP 7mm 15'
348

VS 10' (*)
392

359

361

(*) results of three different analysis
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Annex 6

IRMM-385 – Kaolin

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-385 (Kaolin)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a stable water based
dispersion of the NanoDefine priority material designated IRMM-385 starting from this material in a
dry powder form.

2

Scope

This scope of the Standard Operating Procedure (SOP) is to describe, in detail, a laboratory scale
method able to produce small volume batches of a water based dispersion of Kaolin (NanoDefine
designation IRMM-385). The procedure has been designed specifically to produce samples with
volumes, concentrations and temporal stability which are suitable for use with the Tier 1 and Tier 2
particle size measurement methods adopted in the NanoDefine project. Furthermore, the method has
been developed with the scope of maximizing the proportion of free single particulates and minimizing
the number of residual agglomerates and aggregates in the solution. The method has been designed
to produce samples whose particle size distribution does not significantly change over a time period of
at least 30 minutes from completion of the dispersion procedure.

3

Definitions

EM

Electron Microscopy

ENM

Engineered Nano-Material

PSD

Particle Size Distribution

TEM

Transmission Electron Microscopy

USP

Ultrasonic probe sonicator

VM

Vortex mixer

4

Description

The following SOP describes a method for the preparation of small volumes (10ml) of an aqueous
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dispersion of the NanoDefine priority material Kaolin designated IRMM-385 at a concentration of 2.56
-1

mgmL . The procedure foresees starting from a dry powder sample of the IRMM-385 material and
utilizes a laboratory scale ultrasonic disruptor (probe sonicator) with variable power output to supply
the mechanical energy necessary to disperse the solid ENM into high purity water. The present SOP
requires that prior to conducting any dispersion procedure the operators must determine
experimentally the power output characteristics of the ultrasonic disruptor which will be used, and
using this data, adjust the power settings of the sonicator to produce an output value which is
specified in the procedure.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particles size while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
reduction in the mean size.
The stability of the dispersions after sonication is evaluated visually immediately after sonication
(pristine), and again after a rest period of 10, 20 and 30 minutes (aged). The particles stay in
dispersion and precipitation is not observed. Dispersed solution stored for more than the 30 minutes
time period may undergo moderate agglomeration or sedimentation.
The dispersion efficiency is evaluated based on the particle size distribution determined by TEM.

4.1

Essential equipment
a. A chemical fume hood or laminar air flow cabinet configured for sample and user protection
b. Analytical balance (0.1 mg precision)
c.

A variable power probe sonicator operating at 20 kHz and equipped with a probe with a tip
diameter of approximately 13 mm (e.g. Vibracell 75041 ultrasonifier, Fisher Bioblock
Scientific, Aalst, Belgium).

d. Adjustable volume pipettes of 100 µL, with disposable tips.
e. Pipettes of 10mL
f.

Box for ice-cooling of samples during sonication.

g. Vortex mixer

4.2

Recommended optional equipment
a. Ionizer to neutralize electrostatic charge during weighing of fine powders
b. Particle size measurement instrument

4.3

Material Supplies
a. 20 mL glass vial (e.g. 10560503-X500, Wheaton Science Products, Millville, New Jersey,
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distributed by Fisher Scientific) with screw top or other appropriate stopper. The vial should
have an inner diameter of ca. 2 cm and an opening which is sufficiently large as to ensure
that the probe head can be inserted and operated without risk of contact between the vial and
probe.
b. Disposable plastic spatula for weighing of ENM.
c.

Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.

d. Disposable nitrile gloves.
e. Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.
f.

Parafilm M

g. Flask rings (e.g. Heathrow scientific lead rings).
h. Vial holder

4.4

Chemicals
a. Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).
b. Kaolin distributed by IRMM with project ID no. IRMM-385
c.

4.5

Ice-water mixture for cooling the sample during sonication.

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures.
For laboratories equipped with a TEM additional information is given on how to verify whether the
resulting dispersions are comparable with that which would be routinely expected from a successful
application of the SOP and, if necessary, how to further optimize the sonication conditions to achieve
this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was a Vibracell 75041 ultrasonifier
(750W, 20kHz, Fisher Bioblock Scientific, Aalst, Belgium). This sonicator is fitted with a probe head
with a diameter of 13 mm diameter. The power characteristics of this sonicator probe have been
experimentally determined. The resulting calibration curves can be seen in Figure 1. The output
energy in function of the sonication time and the output power in function of the selected amplitude
are shown in Figure 1A and figure 1B, respectively.
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In this procedure for the dispersion of the IRMM-385 material, the 13 mm probe head (CV33) is
positioned in the bottom half of the dispersion and the sonicator is operated at a set amplitude value
of 40%. From the calibration curve it can be determined that under these operating conditions the
instrument was producing a measured power output of 40W. Sonication is stopped after 10 minutes,
when an added specific energy of 25 ± 2 kJ is read out from the sonicator apparatus.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determines a similar calibration curve for their own
instrument. Once the calibration procedure has been completed an examination of the resulting
amplitude-power curve must be done in order to determine the correct amplitude setting required to
produce an output of 40W. The amplitude setting of the sonicator should be adjusted to this value
before proceeding with the dispersion procedure.
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Figure 1 Calibration curves for the probe sonicator Vibracell 75041 ultrasonifier (750W, 20kHz,
Fisher Bioblock Scientific, Aalst, Belgium) fitted with a probe head with a diameter of 13 mm,
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showing (A) the output energy in function of the sonication time and (B) the output power in
function of the selected amplitude.

4.5.2 Verification of sonicator probe integrity
to using a probe sonicator the integrity of the instruments probe head should be assessed. Visual
inspection of the head should be made to evaluate whether damage or wear is evident. If there is any
evidence of wear or damage the probe should be substituted or its operational integrity checked by
operating the probe in pure water for a minimum of 15min at the power settings determined in for use
in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be removed, closed with
a suitable cap and allowed to stand untouched for at least 2 hours before being inspected visually for
the presence of any fine sediment on the bottom of the vial. If any trace of sediment can be seen in
the bottom of the vial the probe head should be substituted and not be used further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should follow the cleaning step noted below or alternatively follow a suitable
cleaning method recommended by the instrument manufacturer.
Weigh approximately 25.6 mg of IRMM-385 into a 20 ml glass vial and add 10 ml of pure water to give
-1

a concentration of 2.56 mgml . It is recommended that an Ionizer is used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by vortexing (2').
Sonication using probe sonicator: Wrap parafilm M around the 20 ml glass vial containing the
dispersion to avoid movement during sonication, and place the vial in the vial holder (figure 2A). Place
the vial holder in the box for ice-cooling using the flask rings (figure 2B). Add a mixture of crushed ice
and water in the box to cool the dispersion during sonication. The vial should be held at a depth
sufficient that the liquid in the vial is fully immersed in the cooling water. Mount the probe sonicator
head inside the vial (figure 2C). The probe head should be immersed in the dispersion to a depth of at
least 1 cm. The sample should then be sonicated at a constant power of 40 W for 10 minutes. The
correct power setting should be determined from the calibration curve. The resulting solution should
now be suitable for testing with Tier 1 and Tier 2 methods.
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low power (20%) for 5 minutes in high
purity ethanol and then 5 minutes in water before being dried with a flow of clean compressed
nitrogen or air.
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A

B

C
Figure 2 Setup for sonication using the probe sonicator.
As can be seen in Figure 2(A) the 20 ml glass vial containing the dispersion is placed in the vial
holder. Parafilm M is wrapped around the vial to avoid sliding during sonication. The vial and vial
holder are placed in the box for ice-cooling using the flask rings(Figure 2B). A mixture of crushed ice
and water is added in the box to cool the dispersion during sonication. The vial is fully immersed in the
cooling water (figure 2C). The probe sonicator head is immersed in the dispersion to a depth of at
least 1cm.

4.6

Optional verification of dispersion quality

Where the operator has access to a TEM instrument, it is strongly recommended that the dispersion
be evaluated by TEM and the results compared with that in section 7.
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To become suitable for TEM analysis, the dispersion has to be diluted 10 times after sonication to
-1

obtain a concentration of 0.256 mgml . TEM specimens can be prepared following the grid-on-drop
1

method . This method includes pre-treating pioloform and carbon coated, 400 mesh copper grids
(Agar Scientific, Essex, England) with 1% Alcian blue (Fluka, Buchs, Switzerland) to increase
hydrophilicity and rinsing 5-times with distilled water. The grid is then placed on 15 µl of dispersion
during 10 minutes, and is rinsed 2 times afterwards with distilled water.
TEM evaluation of the dispersion quality shows the smallest dispersible particles (referred to as single
primary particles) and some small agglomerates thereof (consisting of 2-10 particles) (figure 3 and
figure 4). If the expected mean aggregate/agglomerate size is significantly larger (>15%) than that
shown in section 7 of this SOP, the sonication process should be repeated with a fresh sample but
increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability

The temporal stability of the dispersions prepared in previous steps has been verified visually, and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of 30
minutes following completion of the primary dispersion procedure outlined in section 5. In the case of
materials which are allowed to age for longer than 30 minutes it is possible that some degree of
agglomeration may occur.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.
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7

Information on expected particle size distribution

The qualitative TEM analysis describes the physico-chemical characteristics of the particles, such as
the aggregation/agglomeration state, and the size and shape of the free single particulates,
aggregates and agglomerates. Table 1 summarizes the qualitative TEM analysis of IRMM-385.
Table 1

Summary of the qualitative TEM analysis of IRMM-385 Kaolin.

Examined property

Description

Distribution of particles on the grid?

evenly distributed

Concentration of particles on the grid?

OK

Aggregation/agglomeration state?

single primary particles, aggregates and agglomerates

Sub-fraction

no sub-fraction of smaller particles/contaminants is
present in the sample

Manually measured size of the primary particles?

the size ranges from 25nm to 750nm

Manually measured size of the aggregates/agglomerates?

the size ranges from 100nm to 7.5µm

2D shape of the PP?

irregular polygonal

2D shape of the aggregates/agglomerates?

fractal-like or more complex

Surface structure of the primary particles?

rough

Surface structure of the aggregates/agglomerates?

rough

Diffraction contrast?

diffraction contrast, which indicates that the material is
crystalline, can be observed in the primary particles

Efficiency of the dispersion protocol?

allows dispersing the material up to the level of single
primary particle and some small aggregates/agglomerates
(consisting of 2-10 primary particles)

Quantitative TEM analysis is performed using methods described by Verleysen et al. and De
2-4
Temmerman et al. .
shows representative TEM images of IRMM-385. The corresponding size distribution is shown in
Figure 4and is determined by a semi-automated approach using imageJ software (National Institute of
Mental Health, Bethesda, Maryland, USA). This approach can be briefly summarized as follows:


To suppress background noise, a mean filter is applied before analysis. The use of other
filters was not necessary for the examined material.



A threshold for the detection of the particles based on mass-thickness contrast in the image is
chosen manually.



Particles are only detected in a pre-defined Region of Interest (ROI), which allows excluding
border particles.



For every micrograph, the ‘Fill holes’ option is switched on.
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Descriptive statistical analysis of the Feret min of the particles is obtained using a home-made script
in the python programming language. The raw data is represented as a histogram (‘Number based
distribution’) (Figure 4 A). A log-normal curve is fitted iteratively the scatter plot (Figure 4 B). It should
be noted that TEM is probably not able to measure the smallest dimension (platelet thickness) of all
particles due to preferential orientation of platelet-like particles on the grid.

Figure 3 Representative TEM images of the dispersed particles of IRMM-385 Kaolin
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Figure 4 Size distribution (Feret min) of the single particulates of IRMM-385 Kaolin obtained by
quantitative TEM analysis represented by a histogram in the upper panel and in the lower panel
by a scatter plot with a fitted log-normal function.
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Annex 7

IRMM-386–Opaque Pigment Yellow 83

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-386 (Opaque Pigment Yellow 83)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidally stable
water based dispersion of the NanoDefine priority material designated IRMM-386 starting from this
material in a dry powder form.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of opaque Pigment
Yellow 83 (NanoDefine designation IRMM-386). The procedure has been designed specifically to
produce samples with volumes, concentrations and temporal stability which are suitable for use with
the Tier 1 and Tier 2 particle size measurement methods adopted in the NanoDefine project.
Furthermore, the method has been developed with the scope of maximizing the proportion of free
single particulates and minimizing the number of residual agglomerates and aggregates in the
solution. The method has been designed to produce samples whose particle size distribution, as
determined by DLS or CLS, does not significantly change (according to DLS or CLS measurements)
over a time period of at least 30 minutes from completion of the dispersion procedure.

3

Definitions

CLS

Centrifugal Liquid Sedimentation

DLS

Dynamic Light Scattering

EM

Electron Microscopy

ENM

Engineered Nano-Material

MeOH

Methanol

NEKAL-BX

Commercial Surfactant (Sodium Butyl Naphthalene Sulphonate
(CAS No. 25638-17-9)

PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.
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PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulfate

SEM

Scanning Electron Microscopy

SHMP

Sodium hexametaphosphate (Calgon)

TEM

Transmission Electron Microscopy

SEM

Scanning Electron Microscopy in Transmission Mode

TSPP

Tetra-sodium pyrophosphate

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer

VS

Vial sonicator

4

Description

The following Standard Operating Procedure (SOP) describes a method for the preparation of small
-1

volumes (2ml or 6ml) of a surfactant stabilized aqueous suspension (0.1 mgmL of IRMM-386) of the
NanoDefine priority material Pigment Yellow 83 (Opaque) designated IRMM-386. The procedure
foresees starting from a dry powder sample of the IRMM-386 materials and utilizes a laboratory scale
ultrasonic disruptor (probe sonicator or vial sonicator) with variable power output to supply the
mechanical energy necessary to disperse the solid ENM into high purity water containing a low
concentration of the commercial surfactant NEKAL BX. The present SOP requires that prior to
conducting any dispersion procedure the operators must determine experimentally the power output
characteristics of ultrasonic disruptor which will be used and using this data adjust the power settings
of the sonicator to produce an output value which is specified in the procedure. A detailed SOP for the
calorimetric determination of the sonicator power output is given in Annex 12 of this document.
The procedure, as described here, may be conducted using either a probe sonicator or a vial
sonicator. When this procedure is conducted using a probe sonicator the batch volume which is
produced is 6ml while the alternative method using a vial sonicator permits the production of 2ml
batches. The particle size distributions of the two methods have been evaluated by CPS and found to
be comparable.
The sonication time and amplitude values detailed in the procedure have been determined to produce
the lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
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shorter time may produce measurably larger mean particles size while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
reduction in the mean size.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 30minutes (aged) with the
results showing no major variation in the means size distribution.
Dispersed solution stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a bath sonicator for 10minutes. The effectiveness of this additional step has been verified with
dispersions stored up to 6 days.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 3mm. The sonicator should
have nominal power output of at least 100w. Alternatively a vial sonicator may be used.



Ultrasonic bath sonicator



Temperature controlled hot-plate or water bath



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material Supplies


22 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



2ml plastic microcentrifuge tubes with sealing lid (for use with vial-sonicator)



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.



Disposable nitrile gloves.
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Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



Pigment Yellow 83 opaque distributed by IRMM with project ID no. IRMM-386



High purity methanol (analytical grade)



Ice-water mixture for cooling the sample during sonication.



Surfactant–30%wt aqueous solution of NEKAL-BX (Sodium Butyl naphthalene sulphonate
(CAS No. 25638-17-9).

4.5

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS or CLS
instruments additional information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the primary method of applying ultrasonic energy was a vial
sonicator. This system was operated with 2ml Eppendorf vials containing 2ml of the sample
dispersion. In all cases the instrument was operated at 75% amplitude and 50% cycle time. To
estimate the power absorbed a 2ml aqueous sample was sonicated under these conditions and the
temporal variation of the liquid temperature measured and used to determine the absorbed power as
described in Annex 12.

Under these conditions the mean power absorbed was 2.1W corresponding
-1

to a specific power absorbed of 1.1 Wml for 2ml sample. In this case the power value is likely to be
an underestimate as the experimental conditions would lead to higher thermal dispersion than in the
standard calorimetric method with 500ml of water.
To ensure that the method could be adopted by the other laboratories sonicator conditions based on a
conventional probe sonicator system were also determined. In this case the system used was
Hielscher UPS200S instrument whose power output characteristics were determined as described in
Annex 12 and the results are shown in Figure 1.
In this procedure for the dispersion of the IRMM-386 material the sonicator was fitted with a 7mm
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probe head and operated at a set amplitude value of 75% and a cycle time of 50%. From a similarly
prepared calorimetric calibration curve it was determined that under these operating conditions the
-1

instrument was producing a mean total power output of 7.8W which corresponds to 1.3 Wml when
treating a 6ml sample. At 100% cycle time and 75% amplitude the peak power output was determined
(Annex 12) to be 18W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude and cycle time settings are required to produce peak and mean power
outputs (50% cycle time) of 18W and 7.8W respectively. The amplitude and cycle time settings of the
sonicator should than be adjusted to approximate these values before proceeding with the dispersion
procedure..
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Figure 1 Temperature increase of 2ml water in vial sonicator at (a) 100%Amplitude and 100%
-1
cycle-time and (b) 75%amplitude and 50% cycle time. Specific power absorbed is (a) 3.8 Wml
-1
W/ml and (b) 1.1 Wml respectively.

© 2016 The NanoDefine Consortium

124

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

Pac (W)
25
22.5

21.37

20
17.5
15.52

15

1 mm
3 mm

12.5
10.57

10

9.23

8.05

7.5

7 mm

5
3.36

3.28

2.5

1.33

0.67

0
20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

Amplitude (%)

Figure 2 Power output calibration of Hielscher UPS200S probe sonicator with different probe
sizes operating at 100% cycle time Acoustic power absorbed when using different probe
diameters and amplitude settings

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
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necessary the operator should following the cleaning step noted below (section 6) or alternatively
following a suitable cleaning method recommended by the instrument manufacturer.
Weigh an empty 22ml glass vial and add approximately 15µl of Nekal BX solution (30wt%) using a
pipette. Reweigh the vial and calculate by difference the amount of NEKAL BX before adding
-1

sufficient pure methanol to give a concentration of 0.5 mgml : This solution will hereafter be referred
to as solution A
Weigh approximately 10 mg of IRMM-386 into a 22ml glass vial and add sufficient pure methanol to
-1

give a concentration of 1 mgml . It is recommended that an Ionizer be used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by firstly vortexing (2') and then
sonicating in USB (2'): Add solution A to solution B in a ratio of 10 µl/ml. Homogenize the mixture by
firstly vortexing (2') and then sonicating in USB (2'): This will hereafter be referred to as solution B.
Prepare a heated water bath under a chemical safety hood and heat to 40-50°C. Suspend the lower
half of vial in the water bath until the MeOH evaporates leaving a layer of surfactant coated particles
-1

on the bottom of the vial. Add sufficient MilliQ water to get 10 mgml solids in water and seal the vial
with a suitable lid. Re-disperse the solids into the water by immersing the bottom half of the vial in a
USB and sonicating for 2 minutes or until the solids appear uniformly distributed in the water. This will
hereafter be referred to as solution C
Take an empty 22ml vial and add 5.94ml of pure water followed by 60µl of solution C to give a final
concentration of 0.1mg/ml IRMM-386 in water. This will hereafter be referred to as solution D
Sonication using probe sonicator: Take the 22ml glass vial containing solution D and mount the
probe sonicator head inside the vial as shown in Figure 3. The probe head should be immersed in the
solution to a depth of approximately 1cm. The ice bath should be positioned such that the lower half
of the vial is immersed in a mixture of crushed ice and water. The vial should be held at a depth
sufficient that the liquid in the vial in the vial is fully immersed in the cooling water. In this procedure
the sonicator used was a Hielscher UPS200S and this was operated in pulsed mode with an
amplitude of 75% and a cycle time of 50% which corresponds to a peak power of 18W, mean
-1

adsorbed power of 7.8W (50% cycle time ) and 1.3 Wml when normalised to the specified volume of
6ml. A sonication time of 20 minutes was determined to be the optimum treatment time for this
material under the described conditions.
When attempting to use a probe sonicator which is different from the model used in the development
of this method users must firstly determine the power output characteristic of their own instrument
using the method described in Annex 12. From this data, instrument settings should be determined
which can approximate the power output values detailed above.
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Figure 3 Photograph showing recommended positioning of probe sonicator in sample
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low power (15%) for 5 min in high purity
ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or air.

Figure 4 Positioning of sample in vial-sonicator
Sonication using vial sonicator: Place 2ml of solution D in a 2ml plastic centrifuge tube and close
the plastic lid. The tube should be fitted in one of the sample holder positions with highest energy
input (see manufacturer's instructions and Fig. 4).The vial should sonicated for 15 min at 75%
amplitude with the cycle time being set at 50%. As cooling cannot be applied in the case of vial
sonicator the use of a 50% cycle time serves to maintain the maximum temperature of the sample
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below 50°C.

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters used in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>20%) than
that shown in section 12 of this SOP the sonication process should be repeated with a fresh sample
but increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The temporal stability of the dispersions prepared in previous steps have been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of
30minuted following completion of the primary dispersion procedure outlined in the previous section 5.
In the case of materials which are allowed to age for longer than 30 minutes it is possible that some
degree of agglomeration may occur but this may be reversed by the use of a single additional step of
bath sonication. In the case of the IRMM-386 materials aging of up to 6 days may be fully reversed if
the sample vial is vortexed for 2minutes and the treated for 10 minutes in a laboratory scale bath
sonicator at room temperature. (See Figure 5)

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation

© 2016 The NanoDefine Consortium

128

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7

Information on expected particle size distribution

Figure 5 shows a typical mass based particle size distribution of the (vial sonicator) as-dispersed
IRMM-386 Pigment Yellow 83 (coarse grade) together with particle size distribution of the same
material after 24 hours ageing and re-dispersion by 10minutes USB.

Table 1 lists typical values of

mean particle size obtained using the probe and vial sonicator methods.

Figure 5
CLS determined particle size distribution analysis of IRMM-386 Pigment Yellow
83 (coarse grade) as-dispersed (T0) and after 24 hours ageing followed by 10 minutes bath
sonication
© 2016 The NanoDefine Consortium
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Table 1 Mean particle size of dispersed IRMM-386 by CLS (weight-size distribution)
Sonication Method
Mean Particle Size in nm of
IRMM-386 by CLS (weightsize distribution)

© 2016 The NanoDefine Consortium
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Annex 8

IRMM-387 – BaSO4 (ultrafine grade)

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-387 (BaSO4 (ultrafine grade))

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidal stable water
based dispersion of the NanoDefine priority material designated IRMM-387 starting from this material
in a dry powder form.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of ultrafine grade BaSO4
(NanoDefine designation

IRMM387). The procedure has been designed specifically to produce

samples with volumes, concentrations and temporal stability which are suitable for use with the Tier 1
and Tier 2 particle size measurement methods adopted in the NanoDefine project. Furthermore, the
method has been developed with the scope of maximizing the proportion of free single particulates
and minimizing the number of residual agglomerates and aggregates in the solution. The method has
been designed to produce samples whose particle size distribution, as determined by DLS, does not
significantly change (according to DLS measurements) over a time period of at least 60 minutes from
completion of the dispersion procedure.

3

Definitions

DLS

Dynamic Light Scattering

ENM

Engineered Nano-Material

PDI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SHMP

Sodium hexametaphosphate (Calgon)

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer
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VS

4

Vial sonicator

Description

The following Standard Operating Procedure(SOP) describes a method for the preparation of small
-1

volumes (6ml) of an aqueous suspension (2.6 mg.mL ) of the NanoDefine priority material BaSO4
(ultrafine grade) designated IRMM-387. The procedure foresees starting from a dry powder sample of
the IRMM-387 materials and utilizes a laboratory scale ultrasonic disruptor (probe sonicator) with
variable power output to supply the mechanical energy necessary to disperse the solid ENM into high
purity water containing the commercial stabilizing agent sodium hexametaphosphate (SHMP). The
present SOP requires that prior to conducting any dispersion procedure the operators must determine
experimentally the power output characteristics of ultrasonic disruptor which will be used and using
this data adjust the power settings of the sonicator to produce an output value which is specified in the
procedure. A detailed SOP for the calorimetric determination of the sonicator power output is given in
Annex 12 of this document.
The procedure, as described here, may be conducted using a probe sonicator and is suited to the
production of a batch volume of 6ml.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particle size values while longer treatment times
will either degrade the quality (re-formation of larger aggregates/agglomerates) or will not provide a
significant further reduction in the mean size. Similarly, the amount of SHMP used for dispersion has
a considerable influence on the quality of the dispersion and obtained particle size distribution. This
procedure has been developed to produce the lowest mean particle size distribution for dispersion in2
-1

mg.mL SHMP. The use of lower concentrations of SHMP will lead to IRM387 dispersions with larger
mean particle size values.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 60minutes (aged) with the
results showing no major variation in the means size distribution.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w.



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.
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Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material Supplies


20 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can inserted and operated without risk of contact between the vial and probe.



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of chemicals in powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).



BaSO4 (ultrafine grade) distributed by IRMM with project ID no. IRMM-387



Ice-water mixture for cooling the sample during sonication.



Sodium hexametaphosphate powder (CAS No. 68915-31-1, purity ≥ 96 %, e.g. 305553
Aldrich).

4.5

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS instruments
additional information is given on how to verify whether the resulting dispersions are comparable with
that which would be routinely expected from a successful application of the SOP and, if necessary,
how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was Microson XL 2000 (Qsonica, LLC
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(Newtown, USA) with nominal maximum power of 100W. The sonicator was fitted with a probe head
with diameters of 6.4 mm (length of 117 mm and maximum peak-to-peak amplitude of 60 µm.). The
output power characteristic of the sonicator with each of these types of head has been determined
following the calorimetric calibration procedure detailed in Annex 12. The resulting calibration curve
can be seen n Fig 1. In this procedure for the dispersion of the IRMM-387 materials the sonicator was
operated at a set amplitude value of 66%. From the calibration curve it can be determined that under
these operating conditions the instrument was producing a measured power output of 7.6W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude setting required to produce an output of 7.6W. The amplitude setting of the
sonicator should than be adjusted to this value before proceeding with the dispersion procedure.

Figure 1

Calculated delivered output power Pac of the probe sonicator at different amplitude

settings. This calibration curve was used to determine the output setting value which corresponds to
Pac = 7.6W (in this example: amplitude of 66 %).

4.5.2 Verification of sonicator probe integrity
to using a probe sonicator the integrity of the instruments probe head should be assessed. Visual
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inspection of the head should be made to evaluate whether damage or wear is evident. If there is any
evidence of wear or damage the probe should be substituted or its operational integrity checked by
operating the probe in pure water for a minimum of 15min at the power settings determined in for use
in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be removed, closed with
a suitable cap and allowed to stand untouched for at least 2 hours before being inspected visually for
the presence of any fine sediment on the bottom of the vial. If any trace of sediment can be seen in
the bottom of the vial the probe head should be substituted and not be used further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should following the cleaning step noted below (section 6) or alternatively
following a suitable cleaning method recommended by the instrument manufacturer.
-1

Prepare stabilizing agent solution (2 mg.mL SHMP) by dissolving the appropriate amount of SHMP
powder into MilliQ water. Shake vigorously to ensure that all powder is solubilized. Subsequently, filter
the prepared SHMP solution using a 0.2 µm filter to ensure that no large particulates are present.
Weigh approximately 15.6 mg of IRMM-387 into a 20ml glass vial. It is recommended that an Ionizer
be used to neutralize electrostatic charge during weighing of fine powders. Add the respective volume
of SHMP solution to give an IRMM-387 concentration of 2.6 mg.ml

-1

(6mL for exactly 15.6 mg of

IRMM-387, adjust volume to compensate for small deviations in the final weighed mass). Homogenize
the mixture by vortexing (2').
-1

Sonication using probe sonicator: Take the 20ml glass vial containing the 2.6 mg.ml IRMM-387
suspension and mount the probe sonicator head inside the vial as shown in Fig. 2. The probe head
should be immersed in the solution to a depth approximately 1cm. The ice bath should be positioned
such that the lower half of the vial is immersed in a mixture of crushed ice and water. The vial should
be held at a depth sufficient that the liquid in the vial in the vial is full immersed in the cooling water.
The sample should then be sonicated at a constant power 7.6W for 5 minutes. The correct power
setting should be determine from calibration curve which was previously determined by the method
described in annex 12. The resulting dispersion should now be suitable for testing with Tier 1 and Tier
2 methods.
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Figure 2. Ultrasonic probe sonication setup for dispersion of ENM powders.
If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low at low power (15%) for 5 min in
high purity ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or
air.

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters used in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>15%) than
that shown in section 7 of this SOP the sonication process should be repeated with a fresh sample
but increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The temporal stability of the IRMM-387–BaSO4 dispersions prepared by this method have been
verified and no significant degree of re-aggregation or agglomeration has been found to occur during
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a period of 1 h following completion of the primary dispersion procedure outlined in the previous
section 4.5. At this time no further information is available of the re-dispersability of the solution after
ageing for longer time periods.

5

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

6

Validation status

This method has not yet been subjected to validation

7

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

8

Information on expected particle size distribution

The DLS results obtained for IRMM-387 dispersions prepared according to procedure described in
section 4 are summarized in Table 1, Figure 3, Figure 4, Table 2 and Figure 5. The data shown
includes the whole set of results obtained at different sonication times with fixed amplitude settings
(22.5 kHz probe sonicator, 66 % max. amplitude, 6.4 mm probe) and is reported herein so that the
end-user of this SOP can evaluate his own results. The increase in sonication time leads to a
progressive decrease in mean particle size (Zave and Peak1 mean values, Table 1, Figure 3, Table 2
and Figure 5). As described in the procedure in section 4, the optimized time of sonication was found
to be 5 min. This sonication time was the minimum time required in order to obtain a stable IRMM-387
dispersion (no sedimentation). The use of treatment times longer than 5 min may result in even lower
mean particle size values, but is not advised since the PDI was observed to increase with the extent
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of treatment (suggesting that the suspension becomes more polydisperse).

Table 1 Summary of the DLS results obtained for IRMM-387 – BaSO4 (ultrafine grade) suspensions
-1
in MilliQ water and 2 mg.mL hexametaphosphate (N=5) prepared at different probe sonication times.
Sonication Time

0 min

1 min

2 min

3 min

5 min

8 min

Intensityweighted mean
diameter: by DLS
(Zave, cumulants
method)

127.8 ±
0.2

127.5 ±
0.7

125.9 ±
0.9

125.0 ±
1.0

124.3 ±
1.2

122.7 ±
0.6

118.8 ±
1.0

Polydispersity
index by DLS
(PDI, cumulants
method)

0.135 ±
0.006

0.133 ±
0.002

0.126 ±
0.012

0.132 ±
0.008

0.136 ±
0.006

0.151 ±
0.006

0.161 ±
0.003

16 min

Figure 3 Zave values obtained by DLS for IRMM-387 – BaSO4 (ultrafine grade) suspensions in MilliQ
-1

water (N=2) and 2 mg.mL hexametaphosphate (N=3) prepared at different probe sonication times.

© 2016 The NanoDefine Consortium

138

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

Figure 4 PDI values obtained by DLS for IRMM-387 – BaSO4 (ultrafine grade) suspensions in
-1
MilliQ water (N=2) and 2 mg.mL hexametaphosphate (N=3) prepared at different probe
sonication times.

Table 2 Mean diameter corresponding to the major peak of the intensity-weighted size distribution
obtained by the NNLS method (DLS) for dispersed IRMM-387– BaSO4 (ultrafine grade)

Sonication
Time

Peak mean

0 min

148.6 ±
1.7

1 min

2 min

3 min

146.8 ±
2.0

144.3 ±
2.6

143.5 ±
2.1
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5 min

143.5 ±
2.4

8 min

140.3 ±
0.7

16
min

131.8 ±
2.5
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Size Distribution by Intensity

Intensity (Percent)

15

10

5

0
100
Size (d.nm)

Record 1733: 0 min
Record 1738: 8min

Record 1735: 2min
Record 1739: 16min

Record 1737: 5min

Figure 5 Intensity-weighted size distribution obtained by DLS for IRMM-387 – BaSO4 (ultrafine
-1
grade) suspensions in 2 mg.mL hexametaphosphate (N=3) prepared at different probe
sonication times
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Annex 9

IRMM-388-Coated TiO2

Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-388 (TiO2)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a colloidally stable
water based dispersion of the NanoDefine priority material designated IRMM-388 starting from this
material in a dry powder form.

2

Scope

The scope of this SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of Titanium Dioxide TiO2
(NanoDefine designation

IRMM-388). The procedure has been designed specifically to produce

samples with volumes, concentrations and temporal stability which are suitable for use with the Tier 1
and Tier 2 particle size measurement methods adopted in the NanoDefine project. Furthermore, the
method has been developed with the scope of maximizing the proportion of free single particulates
and minimizing the number of residual agglomerates and aggregates in the solution. The method has
been designed to produce samples whose particle size distribution, as determined by DLS or CLS,
does not significantly change (according to DLS or CLS measurements) over a time period of at least
30 minutes from completion of the dispersion procedure.

3

Definitions

CLS

Centrifugal Liquid Sedimentation

DLS

Dynamic Light Scattering

EM

Electron Microscopy

ENM

Engineered Nano-Material

NEKAL-BX

Commercial Surfactant (Sodium Butyl Naphthalene Sulphonate (CAS No.25638-17-9)

PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the
correlation data (the cumulants analysis) measured using DLS.

PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulfate
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SEM

Scanning Electron Microscopy

SHMP

Sodium hexametaphosphate (Calgon)

TEM

Transmission Electron Microscopy

SEM

Scanning Electron Microscopy in Transmission Mode

TSPP

Tetra-sodium pyrophosphate

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator

VM

Vortex mixer

VS

Vial sonicator

4

Description

The following Standard Operating Procedure (SOP) describes a method for the preparation of small
-1

volumes (2ml or 6ml) of a surfactant stabilized aqueous suspension (0.1 mgmL of IRMM-388) of the
NanoDefine priority material Titanium Dioxide (TiO2) designated IRMM-388. The procedure foresees
starting from a dry powder sample of the IRMM-388 material and utilizes a laboratory scale ultrasonic
disruptor (probe sonicator or vial sonicator) with variable power output to supply the mechanical
energy necessary to disperse the solid ENM into high purity water containing a the commercial
surfactant Sodium hexametaphosphate (Calgon). The present SOP requires that prior to conducting
any dispersion procedure the operators must determine experimentally the power output
characteristics of ultrasonic disruptor which will be used and using this data adjusting the power
settings of the sonicator to produce an output value which is specified in the procedure. A detailed
SOP for the calorimetric determination of the sonicator power output is given in Annex 12 of this
document.
The procedure, as described here, may be conducted using either a probe sonicator or a vial
sonicator. When this procedure is conducted using a probe sonicator the batch volume which is
produced is 6ml while the alternative method using a vial sonicator permits the production of 2ml
batches. The particle size distributions of the two methods have been evaluated by CPS and found to
be comparable.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<1 hour). The use of a
shorter time may produce measurably larger mean particles size while longer treatment times will
either degrade the quality (re-formation of larger aggregates) or will not provide a significant further
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reduction in the mean size.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 30minutes (aged) with the
results showing no major variation in the means size distribution.
Dispersed solution stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a bath sonicator for 10minutes. The effectiveness of this additional step has been verified with
dispersions stored up to 6 days.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection



Analytical balance (0.1 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100w. Alternatively a vial sonicator may be used.



Ultrasonic bath sonicator



Temperature controlled hot-plate or water bath



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Vortex mixer.

4.2

Recommended optional equipment


Ionizer to neutralize electrostatic charge during weighing of fine powders



Particle size measurement instrument (eg. DLS or CLS or MALS)

4.3

Material Supplies


22 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe
head can be inserted and operated without risk of contact between the vial and probe.



2ml plastic microcentrifuge tubes with sealing lid (for use with vial-sonicator)



Disposable plastic spatula for weighing of ENM and any chemicals in powder form.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.



Disposable nitrile gloves.



Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.
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4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).

4.5



Titanium Dioxide (TiO2) distributed by IRMM with project ID no. IRMM-388



Ice-water mixture for cooling the sample during sonication.



Surfactant: aqueous solution of Sodium hexametaphosphate (Calgon) (CAS No. 10124-56-8).

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with DLS or CLS
instruments additional information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the primary method of applying ultrasonic energy was a vial
sonicator. This system was operated with 2ml Eppendorf vials containing 2ml of the sample
dispersion. In all cases the instrument was operated at 75% amplitude and 50% cycle time. To
estimate the power absorbed a 2ml aqueous sample was sonicated under these conditions and the
temporal variation of the liquid temperature measured and used to determine the absorbed power as
described in Annex 12.

Under these conditions the mean power absorbed was 2.1W corresponding
-1

to a specific power absorbed of 1.1 Wml for 2ml sample. In this case the power value is likely to be
an underestimate as the experimental conditions would lead to higher thermal dispersion than in the
standard calorimetric method with 500ml of water.
To ensure that the method could be adopted by the other laboratories sonicator conditions based on a
conventional probe sonicator system were also determined. In this case the system used was
Hielscher UPS200S instrument whose power output characteristics were determined as described in
Annex 12 and the results are shown in Figure 1.
In this procedure for the dispersion of the IRMM-384 material the sonicator was fitted with a 7mm
probe head and operated at a set amplitude value of 75% and a cycle time of 50%. From a similarly
prepared calorimetric calibration curve it was determined that under these operating conditions the
-1

instrument was producing a mean total power output of 7.8W which corresponds to 1.3 Wml when
treating a 6ml sample. At 100% cycle time and 75% amplitude the peak power output was determined
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(Annex 12) to be 18W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what are the correct amplitude and cycle time settings required to produce peak and mean power
outputs (50% cycle time) of 18W and 7.8W respectively. The amplitude and cycle time settings of the
sonicator should than be adjusted to approximate these values before proceeding with the dispersion
procedure..
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Figure 1
Power output calibration of Hielscher UPS200S probe sonicator with different
probe sizes operating at 100% cycle time

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
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further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should follow the cleaning step noted below (section 6) or alternatively follow
a suitable cleaning method recommended by the instrument manufacturer.
Weigh an empty 22ml glass vial and add approximately 20mg of Sodium Hexametaphosphate
(SHMP) using a spatula. Reweigh the vial and calculate by difference amount of SHMP before
-1

adding sufficient ultrahigh purity water to give a concentration of 2 mgml and vortex for 2 minutes.
This solution will hereafter be referred to as solution A
Weigh approximately 10 mg of IRMM-388 into a 22ml glass vial and add sufficient solution A to give a
-1

concentration of 1 mgml . It is recommended that an Ionizer be used to neutralize electrostatic
charge during weighing of fine powders. Homogenize the mixture by firstly vortexing (2') and then
sonicating in USB (10'). This will hereafter be referred to as solution B.
Take an empty 22ml vial and add 5.94ml of pure water followed by 60µl of solution B to give a final
concentration of 0.1mg/ml IRMM-388 in water. This will hereafter be referred to as solution C (6ml
Volume).
Sonication using probe sonicator: Take the 22ml glass vial containing solution C and mount the probe
sonicator head inside the vial as shown in Fig. 2. The probe head should be immersed in the solution
to a depth approximately 1cm. The ice bath should be positioned such that the lower half of the vial is
immersed in a mixture of crushed ice and water. The vial should be held at a depth sufficient that the
liquid in the vial is fully immersed in the cooling water. If using Hielscher UPS200S with 7mm probe
the sample should then be sonicated at an amplitude of 75% and 50% cycle for 20 minutes.
The correct sonication settings should be determined from the calibration curves determined by the
method described in annex 12. The resulting solution should now be suitable for testing with Tier 1
and Tier 2 methods.
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Figure 2

Photograph illustrating the mounting of probe sonicator in sample

If the probe sonicator has been used the probe head should be thoroughly cleaned by rinsing in water
and ethanol. It is recommended that the probe be operated at low amplitude (15%) for 5 min in high
purity ethanol then 5 min in water before being dried with a flow of clean compressed nitrogen or air.

Figure 3 Positioning of sample in vial-sonicator
Alternative to step 5: Sonication using vial sonicator: Place 2ml of solution C in a 2ml plastic
centrifuge tube and close the plastic lid. The tube should be fitted in one of the sample holder
positions with highest energy input (see manufacturer's instructions and Figure 3).The vial should be
sonicated for 15 min at 75% amplitude with the cycle time being set at 50%. Cooling cannot be
applied in the case of vial sonicator and the use of a 50% cycle time serves to maintain the maximum
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temperature of the sample below 50°C.

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that noted in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters used in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (DLS Intensity based/CLS Mass based) obtained is significantly larger (>20%) than
that shown in section 7 of this SOP the sonication process should be repeated with a fresh sample but
increasing the sonication treatment time by 5 min. This step should be repeated until additional
increases in sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The temporal stability of the dispersions prepared in previous steps has been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of
30minutes following completion of the primary dispersion procedure outlined in section 5. In the case
of materials which are allowed to age for longer than 30 minutes it is possible that some degree of
agglomeration may occur but this may be reversed by the use of a single additional step of bath
sonication. In the case of the IRMM-388 materials aging of up to 6 days may be fully reversed if the
sample vial is vortexed for 2minutes and then treated for 10 minutes in a laboratory scale bath
sonicator at room temperature.

4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
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All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7

Information on expected particle size distribution

───TiO2 dispersed in SDS
───TiO2 dispersed in SMHP
───TiO2 dispersed in MilliQ
water

Figure 4
and SDS

CLS measurement of IRMM-388 (TiO2) dispersed in solutions pure water, SMHP

Table 1 DLS size measurement of IRMM-388 (TiO2) dispersed in SHMP solution
Sonication Method
Mean Particle Size in nm of
IRMM-388 by CLS (weightsize distribution)
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(*) results of two different analysis

Annex 10 IRMM-389 – Basic methacrylate copolymer particles (BMC)
Production of an aqueous based dispersion of the NanoDefine priority material
IRMM-389 (basic methacrylate copolymer)

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a stable water based
dispersion of the NanoDefine priority material designated IRMM-389 starting from this material in a
dry powder form.

2

Scope

This scope of the SOP is to describe, in detail, a laboratory scale method able to produce small
volume batches of a surfactant stabilized, water based colloidal suspension of basic methacrylate
copolymer (NanoDefine designation IRMM-389). The procedure has been designed specifically to
produce samples with volumes, concentrations and temporal stability which are for use with suitable
Tier 1 and Tier 2 particle size measurement methods adopted in the NanoDefine project.
Furthermore, the method has been developed with the scope of maximizing the proportion of free
single particulates and minimizing the number of residual agglomerates and aggregates in the
solution. The method has been designed to produce samples whose particle size distribution, as
determined by LD or AC-CLS, does not significantly change (according to LD or AC-CLS
measurements) over a time period of at least 30 minutes from completion of the dispersion procedure.

3

Definitions

AC

Analytical Centrifugation

CLS

Centrifugal Liquid Sedimentation

ENM

Engineered Nano-Material

LD

Laser diffraction

PSD

Particle Size Distribution

SDS

Sodium Dodecyl Sulfate

SEM

Scanning Electron Microscopy

USB

Ultrasonic bath sonicator

USP

Ultrasonic probe sonicator
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4

Description

The following Standard Operating Procedure(SOP) describes a method for the preparation of small
volumes (20 ml) of a surfactant stabilized aqueous suspension (10 mg/mL of IRMM-389) of the
NanoDefine priority material basic methacrylate copolymer designated IRMM-389.
The procedure foresees starting from a dry powder sample of the IRMM-389 materials and utilizes a
laboratory scale ultrasonic disruptor (probe sonicator or vial sonicator) to disperse the solid ENM into
high purity water containing a low concentration of the surfactant SDS and the supporting wetting
agent stearic acid. The procedure, as described here, may be conducted using either a probe
sonicator or a vial sonicator with variable power output to supply the mechanical energy necessary.
The present SOP requires that prior to conducting any dispersion procedure the operators must
determine experimentally the power output characteristics of ultrasonic disruptor which will be used
and using this data adjust the power settings of the sonicator to produce an output value which is
specified in the procedure. A detailed SOP for the calorimetric determination of the sonicator power
output is given in Annex 12 of this document. When this procedure is conducted using a probe
sonicator the batch volume which is produced is 20 ml while the alternative method using a vial
sonicator permits the production of 2ml batches.
The particle size distributions of the method has been evaluated by laser diffraction and found to be
comparable. The sonication time and power values detailed in the procedure have been determined
to produce the lowest mean particle size distribution in an experimentally relevant time (< 35 min).
The use of a shorter time may produce measurably larger mean particles size while longer treatment
times will either degrade the quality (re-formation of larger aggregates) or will not provide a significant
further reduction in the mean size.
To evaluate the stability of the dispersions, particle size distributions have been measured
immediately after sonication (pristine) and again after a rest period of 30 minutes (aged) with the
results showing no major variation in the means size distribution.
Dispersed solution stored for more than the 30minutes time period may undergo moderate
agglomeration or sedimentation but can be returned to the pristine state by treating the solution vial in
a bath sonicator for 5 minutes. The effectiveness of this additional step has been verified with
dispersions stored up to 1 day.

4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user protection
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Analytical balance (0.01 mg precision)



A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
have nominal power output of at least 100 W. Alternatively a vial sonicator may be used.



Ultrasonic bath sonicator



Temperature controlled hot-plate or water bath



Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.



Heat-insulated box for ice-cooling of samples during sonication.



Stirring device

4.2

Recommended optional equipment


4.3

Particle size measurement instrument (e.g. LD or CLS)

Material Supplies


500 ml glass bulk for the SDS solution.



50 mL glass beaker. The beaker should have an inner diameter of ca. 4 cm and an opening
which is sufficiently large as to ensure that the probe head can be inserted and operated
without risk of contact between the vial and probe.



Disposable plastic spatula for weighing of ENM.



Disposable plastic weighing boats or similar for weighing of ENM and any chemicals in
powder form.



Disposable nitrile gloves and other personal protection equipment in accordance with the
laboratory’s safety rules for working with chemicals including ENMs.

4.4

Chemicals


Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0.2 µm
in-line filtration).

4.5



Basic methacrylate copolymer distributed by IRMM with project ID no. IRMM-389



Stearic acid powder (CAS No. 57-11-4)



sodium dodecyl sulphate powder (CAS No. 151-21-3)



Ice-water mixture for cooling the sample during sonication.

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with LD or AC-CLS
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instruments additional is information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was a Hielscher UPS200S with
nominal maximum power of 200W. This sonicator could be fitted with probe heads with diameters of
1mm, 3mm or 7mm diameter. The output power characteristic of the sonicator with each of these
types of head has been determined following the calorimetric calibration procedure detailed in Annex
12. The resulting calibration curves can be seen in in Fig 1. In this procedure for the dispersion of the
IRMM-389 materials the sonicator was fitted with a 7mm probe head and operated at a set amplitude
value of 75%. From the calibration curve it can be determined that under these operating conditions
the instrument was producing a measured power output of 18 W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude setting required to produce an output of 18W. The amplitude setting of the
sonicator should than be adjusted to this value before proceeding with the dispersion procedure.
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Figure 1
Power output calibration of Hielscher UPS200S probe sonicator with different
probe sizes operating at 100% cycle time
© 2016 The NanoDefine Consortium

153

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should following the cleaning step noted below or alternatively following a
suitable cleaning method recommended by the instrument manufacturer.
Prepare a stabilizing agent solution (1 wt%) by dissolving the appropriate amount of sodium dodecyl
sulfate powder (SDS) into ultrapure water (18.3 MΩ/cm), e.g. 5 g SDS to 495 g ultrapure water.
Shake the glass bulb to ensure that all powder is solubilized. Subsequently filter the solution using a
0.2 µm filter to ensure that no particles are present.
Weight sufficient substance to produce a final suspension with a mass concentration of about 10
mg/ml IRMM-389 (e.g. 200 mg of IRMM-389 powder for finally 20 ml suspension).
Weight sufficient stearic acid (e.g. Sigma Aldrich 75366) to produce a final suspension with
concentration of about 0.15 mg/ml (e.g. 30 mg of stearic acid powder for finally 20 ml suspension)
Add respective volume of the SDS solution (e.g. 2 ml of SDS solution for finally 20 ml suspension) to
produce in the following step a suspension with a SDS concentration of 0.1 wt%.
Add sufficient ultrapure water (18.3 MΩ/cm) to reach the mass concentration 10 mg/ml and a SDS
concentration of 0.1 wt%. (e.g. 17.7 ml ultrapure water for 200 mg IRMM-389). Take care on the
floating particles and do not blow them away when an Eppendorf pipette is used.
Homogenize the suspension by brief stirring for at least 20 min. Take care that all floating particles
were brought into suspension. Start with low rotational speed and increase the speed slowly that no
floating particles were blown away.
Treat sample with high power ultrasonic (e.g. probe sonication). The Influence of sonication is rather
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low. Reproducible results were generated with sonication using a Hielscher UP200S (200 W source)
equipped with a 7 mm probe operating 70 % amplitude (constant current input: 334 mA) for 2 min.
The probe tip shall be hold 1-2 cm below the liquid surface. Ice cooling during the sonication is
required. The ice bath should be positioned such that the lower half of the beaker is immersed in a
mixture of crushed ice and water. The beaker should be held at a depth sufficient that the liquid in the
vial in the vial is full immersed in the cooling water.
The resulting solution should now be suitable for testing with Tier 1 and Tier 2 methods. If necessary
the suspension should be diluted with ultrapure water for individual measurement.
The probe sonicator head used should be thoroughly cleaned by rinsing in water and ethanol. It is
recommended that the probe be operated at low at low power (15%) for 5 min in high purity ethanol
then 5 min in water before being dried with a flow of clean compressed nitrogen or air. Avoid any
contact between ethanol and the suspension due the effect that IRMM-389 will dissolute in ethanol.

4.6

Optional verification of dispersion quality

Where the operator has access to a DLS or CLS instrumentation it is strongly recommended that the
dispersion be evaluated by DLS or CLS and the results compared with that shown in section 7
The DLS/CLS measurements should be made following the manufacturer instructions and it is
recommended the physico-chemical parameters used in data analysis be taken or interpolated from
those tabulated in Annex 13. The values quoted in Annex 13 are the recommended material
properties (skeleton density and refractive index at selected wavelengths, at 20 °C) for data analysis
within the NanoDefine project.
If the mean size (LD/CLS Mass based) obtained is significantly larger (>15%) than that shown in
section 7 of this SOP the sonication process should be repeated with a fresh sample but increasing
the sonication treatment time by 5 min. This step should be repeated until additional increases in
sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability.

The temporal stability of the dispersions prepare in previous steps have been verified and no
significant degree of re-aggregation or agglomeration has been found to occur during a period of 30
minutes following completion of the primary dispersion procedure outlined in the previous section 5.
In the case of materials which are allowed to age for longer than 30 minutes it is possible that some
degree of agglomeration may occur but this may be reversed by the use of a single additional step of
bath sonication. In the case of the IRMM-389 materials aging of up to 1 day may be fully reversed if
the sample is treated with ultrasonic power for 5 minutes in a laboratory scale bath sonicator at room
temperature.
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4.8

Reporting of results

The main objective of the procedure does not foresee any specific metrological step and consequently
it has not been deemed necessary to detail any step relating to the reporting of results. .

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) and related operating instructions of
sodium dodecyl sulfonate and basic methacrylate copolymer to be aware of known hazards relevant
in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7

Information on expected particle size distribution

The figure below shows an image of particles of IRMM-389 basic methacrylate copolymer taken by
SEM using the drop- on-grid method. Clearly visible are larger particles with sizes of about 20 µm and
smaller ones with diameters of approximately 3 µm.
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Figure 2 SEM image of IRMM-389
In the table below values of measured particles sizes (modal value, median value,) by laser diffraction
are given to evaluate the results done by your own. The suspension was created like told in the way
described in chapter 4. The treating time for ultrasonic power input was varied but no significant shift
was detected.

Table 1: Expected particle size values after various ultrasonic power input times
xmod,3

x10,3

x50,3

x90,3

µm

µm

µm

µm

5 min USP

1.426

1.797

8.948

19.800

5 min USP

1.417

1.815

9.135

19.955

5 min USP

1.393

1.897

9.646

21.311

10 min USP

1.421

1.695

8.449

19.290

10 min USP

1.406

1.776

9.096

20.778

15 min USP

1.361

1.953

9.913

19.205

15 min USP

1.364

1.938

9.656

17.917

25 min USP

1.383

1.893

9.406

17.456

25 min USP

1.398

1.884

9.307

17.569

25 min USP

1.399

1.838

9.072

17.194

Ultrasonic Probe
Sonication
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Figure 3
LD-analysis of aqueous dispersion of IRMM-389 with SDS and stearic acid. No
significant shift of peaks is visible in the mass weighted PSD by varying the ultrasonic power
input.
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Annex 11

BAM-11 Zeolite

Production of an aqueous based dispersion of the NanoDefine priority material
BAM-11 Zeolite

1

Aim

The aim of the procedure is to describe a laboratory scale method to produce a water based
dispersion of the NanoDefine priority material designated BAM-11 (Zeolite powder) starting from this
material in a dry powder form.

2

Scope

This scope of the Standard Operating Procedure (SOP) is to describe, in detail, a laboratory scale
method able to produce small volume batches of a water based suspension of Zeolite powder
(NanoDefine designation BAM-11). The method has been developed with the scope of maximizing the
proportion of free single particulates and minimizing the number of residual agglomerates and
aggregates in the solution.
The physico-chemical properties of this material do not allow obtaining a stable dispersion: due to
their relatively large size, the particles sediment rapidly.
This instability is not compatible with several of the Tier 1 and Tier 2 particle size measurement
methods adopted in the NanoDefine project. The protocol remains useful for methods, like EM, where
the sample is transferred to a solid carrier by sedimentation.

3

Definitions

AFM

Atomic Force Microscopy

DLS

Dynamic Light Scattering

EM

Electron Microscopy

ENM

Engineered Nano-Material

PdI

Polydispersity Index (a number calculated from a simple 2 parameter fit to the

correlation data (the cumulants analysis) measured using DLS.
PSD

Particle Size Distribution

TEM

Transmission Electron Microscopy

USP

Ultrasonic probe sonicator
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VM

4

Vortex mixer

Description

The following Standard Operating Procedure(SOP) describes a method for the preparation of small
volumes (6ml) of an aqueous suspension (2.6 mg.mL-1) of the NanoDefine priority material zeolite
powder designated BAM-11. The procedure foresees starting from a dry powder sample of the BAM11 materials and utilizes a laboratory scale ultrasonic disruptor (probe sonicator) with variable power
output to supply the mechanical energy necessary to disperse the solid ENM into high purity water.
The present SOP requires that prior to conducting any dispersion procedure the operators must
determine experimentally the power output characteristics of ultrasonic disruptor which will be used
and using this data adjust the power settings of the sonicator to produce an output value which is
specified in the procedure. A detailed SOP for the calorimetric determination of the sonicator power
output is given in Annex 12 of this document.
The procedure, as described here, may be conducted using a probe sonicator and has been
developed to produce a batch volume of 6ml.
The sonication time and power values detailed in the procedure have been determined to produce the
lowest mean particle size distribution in an experimentally relevant time (<60 minutes). The use of a
shorter time may produce measurably larger mean particle size values. The described sonication
procedure leads to the release of small particles from the zeolite material (as compared to the mean
particle size value). It is unclear whether these particles can be considered as primary particles or
pieces of material broken off of the original particles. The release of these small particles increases
with the extent of sonication time and power.
The stability of the dispersions after sonication is evaluated visually immediately after sonication
(pristine). The physico-chemical properties of this material do not allow obtaining a stable dispersion
for direct measurement in dispersion (e.g. by techniques such as DLS). Due to their relatively large
size, the particles sediment rapidly and during measurement. The protocol remains useful for methods
like EM where specimens can be prepared by transferring a fraction of the sample to a solid carrier by
sedimentation. The dispersion efficiency is evaluated based on the particle size distribution
determined by TEM

4.1

Essential equipment

•

A chemical fume hood or laminar air flow cabinet configured for sample and user protection

•

Analytical balance (0.1 mg precision)

•

A variable power probe sonicator operating at 22.5 kHz (please report deviating frequencies),
and equipped with a probe with a tip diameter of approximately 6-7mm. The sonicator should
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have nominal power output of at least 100w.
•

Adjustable volume pipettes of 100 µL, 1 mL and 5 mL with disposable tips.

•

Heat-insulated box for ice-cooling of samples during sonication.

•

Vortex mixer.

4.2

Recommended optional equipment

•

Ionizer to neutralize electrostatic charge during weighing of fine powders

•

Particle size measurement instrument (eg. TEM)

4.3

Material Supplies

•

20 mL glass vial with screw top or other appropriate stopper. The vial should have an inner
diameter of ca. 2 cm and an opening which is sufficiently large as to ensure that the probe head
can be inserted and operated without risk of contact between the vial and probe.

•

Disposable plastic spatula for weighing of ENM.

•

Disposable plastic weighing boats or similar for weighing of chemicals in powder form.

•

Disposable nitrile gloves.

•

Other personal protection equipment in accordance with the laboratory’s safety rules for
working with chemicals including ENMs.

4.4

Chemicals

•

Type (I) ultrahigh purity water (e.g. MilliQ from Millipore Corp.; resistivity 18,2 MΩ cm, 0,2 µm
in-line filtration).

•

Zeolite powder distributed by BAM with project ID no. BAM-11.

•

Ice-water mixture for cooling the sample during sonication.

4.5

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for producing the dispersions. In particular it describes the steps necessary to
harmonize the sonication power applied when operating with instruments and probes different from
those utilized in the development of the procedures. For laboratories equipped with LD or AC-CLS
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instruments additional is information is given on how to verify whether the resulting dispersions are
comparable with that which would be routinely expected from a successful application of the SOP
and, if necessary, how to further optimize the sonication conditions to achieve this.

4.5.1 Determination of suitable sonicator power settings
In the development of this procedure the probe sonicator used was Microson XL 2000 (Qsonica, LLC
(Newtown, USA) with nominal maximum power of 100W. The sonicator was fitted with a probe head
with diameters of 6.4 mm (length of 117 mm and maximum peak-to-peak amplitude of 60 µm.). The
output power characteristic of the sonicator with each of these types of head has been determined
following the calorimetric calibration procedure detailed in Annex 12. The resulting calibration curves
can be seen in in Fig 1. In this procedure for the dispersion of the BAM11 materials the sonicator was
operated at a set amplitude value of 100%. From the calibration curve it can be determined that under
these operating conditions the instrument was producing a measured power output of 10.3W.
Before attempting to use this dispersion procedure with any other type or configuration of probe
sonicator it is necessary that the operator determine a similar calibration curve for their own
instrument following the procedure detailed in Annex 12. Once the calibration procedure has been
completed an examination of the resulting amplitude-power curve must be done in order to determine
what is correct amplitude setting required to produce an output of 10.3W. The amplitude setting of the
sonicator should than be adjusted to this value before proceeding with the dispersion procedure.
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Figure 1 Calculated delivered output power Pac of the probe sonicator at different amplitude
settings. This calibration curve was used to determine the output setting value which
corresponds to Pac = 10.3W (in this example: amplitude of 100 %).

4.5.2 Verification of sonicator probe integrity
Prior to using a probe sonicator the integrity of the instruments probe head should be assessed.
Visual inspection of the head should be made to evaluate whether damage or wear is evident. If there
is any evidence of wear or damage the probe should be substituted or its operational integrity
checked by operating the probe in pure water for a minimum of 15min at the power settings
determined in for use in the protocol (section 4.5.1). After 15 minutes of sonication the vial should be
removed, closed with a suitable cap and allowed to stand untouched for at least 2 hours before being
inspected visually for the presence of any fine sediment on the bottom of the vial. If any trace of
sediment can be seen in the bottom of the vial the probe head should be substituted and not be used
further in this procedure.

4.5.3 Detailed dispersion procedure for ENM
The operator should verify that the sonicator probe is clean and free of any surface residue. If
necessary the operator should following the cleaning step noted below (section 6) or alternatively
following a suitable cleaning method recommended by the instrument manufacturer.
Weigh approximately 15.6 mg of BAM-11 into a 20ml glass vial. It is recommended that an ionizer be
used to neutralize electrostatic charge during weighing of fine powders. Add the respective volume of
ultrapure water to give a BAM-11 concentration of 2.6 mg.ml-1 (6mL for exactly 15.6 mg of BAM-11,
adjust volume to compensate for small deviations in the final weighed mass). Homogenize the mixture
by vortexing (2').

4.5.4 Sonication using probe sonicator
Take the 20ml glass vial containing the 2.6 mgml

-1

BAM-11 suspension and mount the probe

sonicator head inside the vial as shown in Fig.2. The probe head should be immersed in the solution
to a depth approximately 1cm. The ice bath should be positioned such that the lower half of the vial is
immersed in a mixture of crushed ice and water. The vial should be held at a depth sufficient that the
liquid in the vial in the vial is full immersed in the cooling water. The sample should then be sonicated
at a constant amplitude setting corresponding to Pac of 10.3W for 25 minutes. The correct power
setting should be determine from calibration curve which was previously determined by the method
described in annex 12. The resulting dispersion should now be suitable for testing with Tier 1 and Tier
2 methods. If the probe sonicator has been used the probe head should be thoroughly cleaned by
rinsing in water and ethanol. It is recommended that the probe be operated at low at low power (15%)
for 5 min in high purity ethanol then 5 min in water before being dried with a flow of clean compressed

© 2016 The NanoDefine Consortium

163

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

nitrogen or air.

Figure 2. Ultrasonic probe sonication setup for dispersion of ENM powders.

4.6

Optional verification of dispersion quality

Where the operator has access to a TEM instrument, it is strongly recommended that the dispersion
be evaluated by TEM and the results compared with that shown in section 7.
TEM specimens can be prepared following the drop-on-grid method1. This method includes pretreating pioloform and carbon coated, 400 mesh copper grids (Agar Scientific, Essex, England) with
1% Alcian blue (Fluka, Buchs, Switzerland) to increase hydrophilicity and rinsing 5-times with distilled
water. Just after sonication, a droplet of 10µl BAM-11 dispersion (2.6mg.mL-1) is then placed on the
grid and left for 10 minutes. Subsequently, the excess fluid is removed using a strip of filter paper.
The described laboratory scale method produces a water based dispersion of the NanoDefine priority
material designated BAM-11 starting from this material in a dry powder form. The presented protocol
allows dispersing the material down to a combination of single primary particles, and smaller and
larger aggregates/agglomerates. The primary particle size ranges from 20 nm to 3 µm (see section 8
of this SOP). The primary particles are heterogeneous in shape. The morphology of the primary
particles of the NM can be irregular polygonal, rectangular or circular. Some of the apparent
differences in primary particle shape might be the result of projection of similar particles with different
orientations. The surface of the primary particles is generally rough. For the agglomerates, the size
ranges from 100 nm to several µm, measured manually on the TEM images. In most cases, the
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agglomerates tend to have a complex 2D structure. Diffraction contrast, which indicates that the
material is crystalline, can be observed in the primary particles. During the development of this
procedure it was observed that the sonication procedure resulted in the release of small particles from
the zeolite material (as compared to the mean particle size value). It is unclear whether these particles
have to be considered as primary particles or pieces of material broken off of the original particle. The
release of these small particles increases with the extent of sonication time and power.
If the expected mean aggregate/agglomerate size is significantly larger (>15%) than that shown in
section 7 of this SOP the sonication process should be repeated with a fresh sample but increasing
the sonication treatment time by 5 min. This step should be repeated until additional increases in
sonication time produce no further decrease (or increase) in mean size.

4.7

Recovery of dispersions after aging beyond verified period of stability

The physico-chemical properties of this material do not allow obtaining a stable dispersion: due to
their high density and relatively large size, the particles sediment rapidly.

4.8

Reporting of results

Reporting of results should be done in a way all measurements and analysis of results can repeated.

5

Validation status

This method has not yet been subjected to validation

6

HSE issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) and related operating instructions of
sodium dodecyl sulfonate and basic methacrylate copolymer to be aware of known hazards relevant
in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.
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7

Information on expected particle size distribution

Quantitative TEM analysis is performed using methods described by Verleysen et al. and De
2-4

Temmerman et al. . Figure 3 shows representative TEM images of BAM-11. The corresponding size
distribution is shown in Figure 4 and is determined by a semi-automated approach using imageJ
software (National Institute of Mental Health, Bethesda, Maryland, USA). This approach can be briefly
summarized as follows:


To suppress background noise, a mean filter is applied before analysis. The use of other
filters was not necessary for the examined material.



A threshold for the detection of the particles based on mass-thickness contrast in the image is
chosen manually.



Particles are only detected in a pre-defined Region of Interest (ROI), which allows excluding
border particles.



For every micrograph, the ‘Fill holes’ option is switched on.

Descriptive statistical analysis of the Feret min of the particles is obtained using a home-made script
in the python programming language. The raw data is represented as a histogram (‘Number based
distribution’) (Fig. 3, left panel). A log-normal curve is fitted iteratively to the scatter plot (Fig. 3, right
panel), and gives estimates for the mode, height, width and asymmetry of the distribution (Table 2).
5

6

The errors on these parameters are determined as described by Wojdyr and Wolberg . The median
of the Feret min distribution is 82.41 nm and the mode Feret min distributions is 46.24 ± 0.26 nm. A
sub-fraction of smaller particles was visible when imaging the sample (size 10-50 nm). It is unclear
whether the smaller particles have to be considered as primary particles or pieces of material broken
off of the original particles.

© 2016 The NanoDefine Consortium

166

NanoDefine Technical Report D2.3: Standardised dispersion protocols for high priority materials groups

Figure 3. Representative TEM images of the BAM-11 Zeolite powder particles dispersed using
the presented SOP.

Figure 4. Left panel: representative size distribution (Feret min) of BAM-11 zeolite powder
obtained by quantitative TEM. Right panel: scatter plot of the Feret min distribution of BAM-11,
zeolite, and fitted log normal function.
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Table 1 Statistics on the Feret min distributions: best fit parameters (height, mode, width and
asymmetry) of the log normal functions fitted to the distributions and median values of the
datasets.

Parameter
Number of particles

2254

Height

924.65 ± 37.20

Height normalized

0.410 ± 0.016

Mode

46.24 ± 0.26 nm

Width

39.62 ± 3.74 nm

Asymmetry

1.47 ± 0.06

Median

82.41 nm
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Annex 12

Calorimetric Calibration

SOP for calorimetric calibration of an ultrasonic probe sonicator

1

Aim

The aim of this SOP is to describe a calorimetric based experimental method to determination the
level of ultrasonic energy which a generic probe sonicator system can transfer into a liquid.

2

Scope

This scope of the SOP is to provide a general method for determination of delivered power of probe
sonicators for use in harmonizing the description and application of nanoparticles inter-laboratory
comparison of nanoparticle dispersion. The results obtainable from this SOP may be used to improve
the inter-laboratory transferability of Standard Operating Procedures for the dispersion of dry
nanomaterials into liquids by allowing better harmonization of the sonication conditions. The following
protocol and recommendations have been based on the National Institute of Standards and
Technology (NIST) publication by Taurozzi et al. [1].

3

Definitions

No definitions required

4

Description

When it is required, starting from a dry powder, to produce liquid dispersions of nanoparticles with a
minimum amount of residual agglomerated material it is often necessary to use high intensity
sonication as the main means of supplying mechanical energy to break-up agglomerates. The
efficiency, effectiveness and speed which such agglomerates can be broken up into smaller particle
assemblies depends on many instrumental and experimental factors including source frequency,
probe size and shape, volume of liquid treated, temperature and treatment time. For the purposes of
describing and harmonizing suitable reproducible methods for dispersing specific materials it is
desirable to be able to define the ultrasonic energy applied on the basis of some experimentally
measureable values which can be defined independently of the instrument used. Using this procedure
it is possible to obtain estimates of the effective acoustic power output from generic laboratory probe
sonicators when operating at a variety of instrument settings. Once the power output characteristics of
an instrument are known then it becomes possible to adjust these values to match those of a
dispersion procedure developed using another type of probe sonicator but whose power output
characteristic have been measured in the same manner.
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4.1

Essential equipment


A chemical fume hood or laminar air flow cabinet configured for sample and user
protection



Laboratory scale balance with maximum weight boundary greater than 700 g and a
weighing accuracy of ±0.1 g or better.



A variable power sonicator operating at 22.5 kHz (please report deviating frequencies)
equipped with the probe tip which that will be used in implementing the nanoparticle
dispersion protocols. For the purposes of dispersing nanomaterials it is recommended
that the sonicator should have nominal power output in the range 50-500W and be fitted
with a 6-7mm diameter probe.



Water; thermally equilibrated to fume-hood air temperature (Nanopure-filtered water or
MilliQ-filtered water or similar; resistivity 18.2 MΩ cm).



600 ml tall form borosilicate glass beaker with approximate dimensions of 150 mm in
height and 80 mm in diameter.



Thermal insulation foam or similar to wrap beaker to reduce heat loss(optional)



Digital thermometer with metal or glass sheathed thermocouple probe capable of a
measurement accuracy better than ±0.1°C.



4.2

Digital timer capable of measurement accuracy better than ±1 s.

Materials and methods

This chapter describes the set-up and use of the equipment, necessary reagents and a detailed stepby-step procedure for undertaking the measurements necessary to characterise the power output of
the sonicator probe.

4.2.1 Calibration of delivered acoustic power from calorimetry
1. Measure the empty weight of the 600 ml tall form beaker and then add 500 ml de-ionized
water
2. Measure the total weight of the filled beaker and then calculate the amount of water by
difference.
3. Immerse the sonicator probe ca. 2.5 cm below the liquid surface.
4. Immerse a temperature probe connected to a temperature meter in the liquid and position it
approximately 1 cm away from the sonicator probe as shown in Fig.1
5. Use a hook/clamp to fix the beaker, so it cannot move during the measurement.
6. Let the liquid temperature stabilize at room temperature and note the equilibrium temperature
7. Select a sonicator output setting (e.g. “amplitude in µm” or “% of amplitude”; usually set by a
dial in the sonicator power module), operating in continuous mode and record the water
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temperature increase for the initial 5 minutes with minimum resolution of 30s
8. Using the recorded temperature values, create a temperature vs. time curve (see Figure 2)
and obtain the best linear fit for the curve using last squares regression.
9. With the obtained slope
following equation:

∆

∆

, the delivered acoustic power Pac (W) can be calculated from the

=

∆

∆

where T and t are temperature (K) and time (s), respectively, CP is the specific heat of the
liquid (4.18 J/g*K for water) and M is the mass of liquid (g).
10. Repeat steps (7-9) with new sonicator output settings after exchanging the water in the
beaker for at least three power settings (2 repetitions for each setting). Plot the calculated
delivered acoustic power values Pac over the chosen output setting values (Figure 3).

Figure 1
Photograph of probe sonicator and thermocouple positioning for calorimetric
calibration (thermal insulation removed for clarity)
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Figure 2
Temperature vs. time curve for 500ml H2O sonicted using a Hielscher UPS200S
ultrasonic disruptor fitted with 7mm probe operating at 60% amplitude.
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4.3

Reporting of results

No additional recommendations are currently available regarding the reporting of results.

5

Validation Status

This method has not yet been subjected to validation within the NanoDefine project

6

HSE Issues

All laboratory personnel must comply with local safety regulations when working in the laboratory.
All personnel must consult Material Safety Data Sheets (MSDS) to be aware of known hazards
relevant to all chemical substance used in the previously described procedure.
Personnel should utilize all necessary precautions to avoid exposure to chemical and nanomaterials.
Chemical safety hoods or equivalent should always be used when manipulating dry nanopowders.
Ultrasonic devices can produce damage to hearing and personnel should wear ear protectors and/or
operate the instruments within sound damping cabinets.
All residues and waste materials must be disposed of according to local environmental and safety
regulations.

7
1
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Annex 13

Recommended material properties

Recommended material properties (skeleton density and refractive index at selected wavelengths, at
20 °C) for data analysis within NanoDefine.

, g/cm³

m405nm

m470nm

m530nm

m633nm

m670nm

m865nm

ID-19 (PSL mono)

1.05(x)

1.624

1.608

1.598

1.587

1.584

1.576

ID-20 (PSL 3-mod)

1.05(x)

1.624

1.608

1.598

1.587

1.584

1.576

ID17 (ERM-FD304, SiO2)

2.305

1.469

1.463

1.459

1.455

1.454

1.45

ID-18 (SiO2 3-mod)

2.305

1.469

1.463

1.459

1.455

1.454

1.45

ID-16 (BAM-nano-Au)

19.3

1.46-1.96i

ID-21 (BAM-nano-Ag)

10.5

0.170-2.03i 0.142-2.64i 0.140-3.15i 0.140-3.98i 0.140-4.27i 0.140-5.75i

IRMM-384 (CaCO3)

2.657

IRMM-387 (BaSO4 UF)

(4.4)

RMM-381 (BaSO4 fine)

(4.4)

IRMM-388 (coated TiO2)

3.99

IRMM-385 (kaolin)

2.61

IRMM-383 (nano steel)

7.8

IRMM-382 (MWCNT)

2.05

IRMM-380 (Y83 nano)

1.484

1.47-0.457i 1.92-0.42i

1.93-0.07i 1.75-0.029i 1.73-0.023i 1.72-0.03i

1.5

1.47-0.457i 1.92-0.42i

1.93-0.07i 1.75-0.029i 1.73-0.023i 1.72-0.03i

Code material

IRMM-386 (Y83 coarse)
IRMM-389 (BMA)

1.13(x)

BAM-11 (zeolite)

2.07

BAM 12a-1 (fumed SiO2)
water (H2O)

1.551

1.28-1.88i 0.569-2.26i 0.155-3.36i 0.140-3.74i 0.175-5.48i

1.541

1.534

1.525

1.522

1.507

2.955/2.737 2.735/2.567 2.639/2.493 2.554/2.429 2.536/2.415 2.480/2.373

1.85-3.07i 2.29-3.27i 2.58-3.31i 2.85-3.39i 2.91-3.44i 3.11-3.82i

1.391

1.387

1.384

1.381

1.381

1.378

2.2

1.469

1.463

1.459

1.455

1.454

1.45

0.997

1.343

1.338

1.335

1.332

1.331

1.328
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