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

Interfaces for coupling of FFF with
particle counting detectors

NanoDefine Technical Report D5.4

Ulrich Rösch

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

NanoDefine Technical Report D5.4 Interfaces for coupling of FFF with particle counting detectors

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 inter-laboratory 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.

Bibliographic data:
NanoDefine Technical Report D5.4
Report title: Interfaces for coupling of FFF with particle counting detectors
Author: Ulrich Rösch*,a
Contributors: Pavla Dohanyosovab, Frank von der Kammerc
Affiliations: aSuperon, Hochstrasse 12, 56307 Dernbach, Germany; bRAMEM s.a., Sambara 33,
28027 Madrid, Spain; cUNIVIE, Dept. of Environmental Geosciences, Althanstrasse 14, UZA2,
1090 Wien, Austria
Publication date: 03/05/2016
Publisher: The NanoDefine Consortium
© Copyright 2016: The NanoDefine Consortium
Place of publication: Wageningen, The Netherlands
URL: http://www.nanodefine.eu
Contact: coordinator@nanodefine.eu, www.nanodefine.eu

_______________________
* Corresponding author: Ulrich.Roesch@Superon.eu

© 2016 The NanoDefine Consortium

Page 2 of 20

NanoDefine Technical Report D5.4 Interfaces for coupling of FFF with particle counting detectors

Table of Contents
1

Abbreviations and acronyms .......................................................................................................................5

2

Summary .....................................................................................................................................................6

3

Introduction..................................................................................................................................................7

4

General product concept and basic requirements ......................................................................................8
4.1

Basic requirements ..............................................................................................................................8

4.2

Training run (passive interface mode) .................................................................................................8

4.3

Evaluation of different approaches for online peak dilution .................................................................9

5

4.3.1

Classical flow splitting ...................................................................................................................9

4.3.2

Semi-Passive pressure driven flow splitting by µFlow Controllers ............................................ 10

4.3.3

Semi-Passive pressure driven flow splitting by Flow Controllers .............................................. 11

Hardware Development............................................................................................................................ 12
5.1.1

Controller Box ............................................................................................................................ 12

5.1.2

Diverter Valve ............................................................................................................................ 13

5.1.3

Make-Up Pump .......................................................................................................................... 14

5.1.4

Flow Controllers ......................................................................................................................... 16

5.1.5

Remaining Parts ........................................................................................................................ 16

6

Software Development ............................................................................................................................. 16

7

Outlook ..................................................................................................................................................... 18

8

Hardware costs and cost-cutting possibilities .......................................................................................... 19

9

Conclusion................................................................................................................................................ 19

10

References............................................................................................................................................... 20

© 2016 The NanoDefine Consortium

Page 3 of 20

NanoDefine Technical Report D5.4 Interfaces for coupling of FFF with particle counting detectors

Index of figures
Figure 1: From training run to dilution table........................................................................................................9
Figure 2: Flow splitter with resistor rod...............................................................................................................9
Figure 3: Flow diagram with flow splitter included........................................................................................... 10
Figure 4: Flow diagram with µFlow splitter and range switching by valve (SV). ............................................. 11
Figure 5: Final flow diagram splitter. ............................................................................................................... 12
Figure 6: Layout of the printed circuit board of the controller box. .................................................................. 12
Figure 7: Fully assembled circuit board of the controller box.......................................................................... 13
Figure 8: Position of an optional switching valve to increase usability (refer Figure 4)................................... 13
Figure 8: Switching Valve Hardware ............................................................................................................... 14
Figure 10: Make-up pump with controller stack in the front. ........................................................................... 14
Figure 11: Flow rate with (top) and without (bottom) flow compensation by software. ................................... 15
Figure 11: Screenshot of the 3 plugins in the Openlab dashboard. ................................................................ 16
Figure 12: Full operators of view for controlling FFF and the major parts of the splitting device.................... 17
Figure 13: Screenshot of the Control Center................................................................................................... 17
Figure 14: Printed circuit Board of the second generation of the splitting device. .......................................... 18
Figure 16: Minimal setup of splitting device .................................................................................................... 19

© 2016 The NanoDefine Consortium

Page 4 of 20

NanoDefine Technical Report D5.4 Interfaces for coupling of FFF with particle counting detectors

1 Abbreviations and acronyms
ENM

Engineered NanoMaterials

EU

European Union

FFF

Field-Flow Fractionation

HF5

Hollow Fibre Flow Field Flow Fractionation

AF4

Asymmetric Flow Field Flow Fractionation

HPLC

High Performance Liquid Chromatography

ICP

Inductive Coupled Plasma

MS

Mass Spectrometry

SP

Single Particle

CDS

Chromatography Data System

PLEASE NOTE: SOME CONTENT OF THIS REPORT HAS BEEN BLURED FOR SECRECY
PURPOSES AND INTELLECTUAL PROPERTY RIGHTS
.
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2 Summary
In the present work, different approaches of interface Field Flow Fractionation with particle counting
technologies, such like Single Particle ICP-MS, has been introduced. A final setup has been selected
wherein the major purpose of keeping a constant concentration during the runtime of a full FFF separation has been fulfilled and validated by absorption measurements in the dilution range of 1:1 to a 1:50.
The possible extension of the dilution range up to 1/2500 of the initial peak concentration has been proposed. All hardware and software for a manual test of the first prototype has been set up and made
ready to use according the presented flow diagram. By the development of a new circuit board, the fundamental steps of the fully automated interface have already been passed. This second prototype will
include the feedback of the upcoming field tests of its manual precursor.
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3 Introduction
Accurate data on nanoparticles environmental behaviour and the interplay between ENP size, dissolution rate, agglomeration, and interaction with the sample matrix is critical to appropriately characterize
the risks these novel materials may pose to (environmental) health. The advancement of the single particle ICP-MS technique is a great benefit for the study of Nanoparticles at environmentally or physiological relevant concentrations. The principle of SP-ICP-MS is based on the measurement of the signal intensity produced by a single particle. The suspension of nanoparticles must be sufficiently diluted to
make sure that only a single particle reaches the plasma at a time, where it is atomized and ionized,
producing a signal of relatively high intensity which is measured as one pulse.
Studies on NPs typically investigate samples made by diluting stock solutions and batch-wise processing, which is time consuming and appears relatively artificial for complex matrices. Moreover, this
approach expects pre-fractionized samples, which hardly reflects the experimental demands for consumer products.
The most common separation technique for difficult separation, fractionation and sizing tasks in the
macromolecular and colloidal field is Asymmetric Field-Flow Fractionation. The advantage of Flow-FFF
is the ability to separate both soluble and colloidal components over a wide size range for sensitive or
sticky samples. In comparison to other techniques, FFF does not separate by a stationary phase, but
hydrodynamic radius of each species. The result of a FFF separation is a chromatogram with distinct
peaks, while the separation-method is optimized to yield a high peak concentration for a maximum detector response. Wyatt Technology has introduced the Hollow Fiber FFF (HF5) in 2010, which allows
sharp, high concentrated peaks with at low detector flowrate, ideally for feeding ICP-MS instrumentation
online. But the advantage of high peak concentrations for most common detectors converts into challenge for single-particle ICP-MS, if there are lots of different species present within one sample.
A coupling device which automatically dilutes the well-separated peaks of the FFF to meaningful quantities ready to be measured online by SP-ICP-MS would be of great interest for modern nanoparticle
analysis. The objective of the task T5.4 is to propose the technical layout and prepare a prototype for
being tested and refined in collaboration with SP-ICP-MS users of the Nanodefine Consortium.

© 2016 The NanoDefine Consortium

Page 7 of 20

NanoDefine Technical Report D5.4 Interfaces for coupling of FFF with particle counting detectors

4
4.1

General product concept and basic requirements
Basic requirements
The interfacing between FFF and continuously operated ICP-MS is not generally new. Especially the introduction of the hollow Fibre cartridge (which has been developed and is still manufactured by Superon) has brought a substantial break-through for online coupled Mass-Spectrometry. The Wyatt Eclipse
FFF instrument can provide extreme low detector flows at high concentrations, preventing the nebulizer
of being flooded respectively avoiding too much solvent to remove in advance of the analysis.
The challenge of this project is interfacing a FFF instrument with an ICP-MS, measuring in single particle mode. To achieve the desired low concentrations containing a single particle per time slice, one has
to split-off a variable amount of the volume flow downstream the separation channel. The full range is
spread out from 1:1 (=no dilution) to 1:1000 (one per mil) for typical applications. Since the incident flow
rate for the ICP-MS must kept constant during the runtime, one need to ‘refill’ the split volume fraction
by clear solvent up to the required detector flow. This is typically achieved by so called make-up pumps.

Example:
Out stream of FFF: 0.5 mL/min

Detector Flow for ICP: 0.5 mL/min

Splitting ratio for given time slice: 1/50

1/50 of 0.5 mL/min = 0.01 mL/min to be split-off
and 0.49 mL/min to be fed up by the make-up pump

The out stream of the FFF channel and the flow entering the ICP are constant during the runtime, but
the split-ratio is varying over time to achieve the dilution per slice.

4.2

Training run (passive interface mode)
In case of unknown samples is the exact FFF-chromatogram not known until the method development
has been finished. Once, the separation method is optimized and fixed, one can include the ICP-MS into the flow path and perform a so called training run, which provides the full view about the detector response during the separation of all fractions. The dilution interface will not actively influence the flow
during the training run and let pass all fractions from the FFF into the mass spectrometer. The operator
will have the chance to optimize all relevant hard- and software settings to achieve the best signal for
the weakest peak of interest in single particle mode. It is crucial to adjust the sensitivity parameters according the weakest peak (of interest), because all others will be diluted by the dilution interface to yield
the same signal quality in the subsequent full performance run (active interface mode). As a result of
the training run, one can derive a dilution factor for each time increment over the full runtime leading to
a dilution table per run. This is stored together with the FFF method and executed in the performance
runs.
From training runFigure 1 illustrates the realization of the dilution time program from the training run.
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Detector-Response

Peak 3:
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time
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Figure 1: From training run to dilution table.

4.3

Evaluation of different approaches for online peak dilution
The following chapters propose and discuss different technical solutions for splitting-off and making up
the required low concentrations for sp-ICP-MS measurements in active interface mode.

4.3.1

Classical flow splitting
The first approach based on a commercially available flow splitter, which is able to split-off per-milsections from a given flow according the following figure.

Low Flow
Capillary Resistor

Split Flow

To Splitting Valve

Main Inlet
(From FFF outlet)
Head of Splitting Valve

Adjustment Indicator
(Resistor Rod)

Makeup-Flow Inlet Port
(from Syringe Pump)
Makeup-Flow Outlet
(To ICP-MS Inlet)
Split off Outlet
(To Waste or Fraction Collector)
Mounting Bracket

optional Inlet Filter

Adjustment Knob

Figure 2: Flow splitter with resistor rod
A flow splitter as shown in Figure 2 would need the following flow infrastructure to work.
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Figure 3: Flow diagram with flow splitter included.
The major disadvantage of this kind of splitters is the generation of an enormous back-pressure of 75+
bars, which turned out to be incompatible with the rest of the setup even if one includes a micro annular
gear pump. Another disadvantage of the splitter is the non-automated working mode. Since Superon
has experience on fine regulation systems for several years, we would have developed an own drive to
operate this splitter along the dilution time program, as far as the backpressure issue is solved. The
close cooperation with the manufacturer in the US finally turned out that the restriction rod technique is
not applicable dosing systems like this. Consequently, we dropped all activities related to this setup.
4.3.2

Semi-Passive pressure driven flow splitting by µFlow Controllers
As long as the FFF system is not able to generate high pressures at its outlet, all restriction based solutions are withdrawn by the results of chapter 4.3.1. The second approach takes advantage of a high
performance flow controller, which needs only a little backpressure to work. These instruments ‘allow’
the split-off portion to pass nearly pressure less, while the remaining flow is discarded and used to generate the necessary pressure level. The adjustment of the pressure will have to be set up by a manual
needle valve, acting as flow restrictor upstream the waste reservoir. The flow controller consists of 2
parts: an extremely sensitive flow meter and a regulation valve. The time depending dilution factor is
transferred by the controller box to the valve, while the metering unit measures the correctness of the
adjustment and the actual flow. The make-up pump downstream will recombine all necessary clear solvent until the desired detector flow for the ICP-MS is reached. The pump will be monitored and controlled by an additional flow meter ahead of the mass-spectrometer.
The disadvantage of this technique is that the flow controllers have a relatively limited range with respect to the splitting ratio. This is why we planned to include 2 different types of flow meters for the
range of 1:1.25 to 1:50 and 1:50 to 1:1000 to meet the specifications. The software could switch automatically between the two ranges, because the dilution table is fixed by the training run prior the real
measurement.
The only flow controller, capable to split off this range is the µFlow instrument of Bronkhorst (the Netherlands). Practical tests turned out that this device is much too delicate for standard laboratory use. Due
to stability issues, we skipped the further use of this specific flow controller.

© 2016 The NanoDefine Consortium
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Figure 4: Flow diagram with µFlow splitter and range switching by valve (SV).

4.3.3

Semi-Passive pressure driven flow splitting by Flow Controllers
We maintained that general approach of semi-passive diverting, but checked out the most reliable, precise and robust flow controllers available for HPLC. Finally the decision was made to use special Flow
controllers with a splitting range of 1:50. When two units of this kind, one could easily achieve 1/50 x
th
1/50 = 1/2500 of the initial flow, which surpasses the specifications by 2.5. Instead of the cost intensive micro annular pump, we decided to establish precise double-piston pump. The final flow diagram is
depicted in Figure 5.

© 2016 The NanoDefine Consortium
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Figure 5: Final flow diagram splitter.

5

Hardware Development

5.1.1

Controller Box
The flow-controllers are typically controlled by analogue Signals, which is unsuitable for a stand-alone
setup according chapter 4.3.3. Because the setup also contains a pressure sensor, we needed to develop an own electronic board for the full digital control of the components by a microcontroller.

Figure 6: Layout of the printed circuit board of the controller box.
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Figure 7: Fully assembled circuit board of the controller box.
The Board is connected by a LAN cable with the PC using the TCP/IP protocol to ensure a stabile
state-of-the-art communication.
5.1.2

Diverter Valve
We have included the full logic interface to the control board to switch Rheodyne switching valves on
demand. We suggest including one of these valves to divert all flows during installation, adjustment
steps, and FFF method development to waste, as long as these flows are not being analysed by ICPMS.

Figure 8: Position of an optional switching valve to increase usability (refer Figure 5)
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Figure 9: Switching Valve Hardware
5.1.3

Make-Up Pump
One of the most basic elements of the suggested solution is the make-up pump. Since standard HPLC
pumps are very much too expensive to include into this setup, we investigated a way to take advantage
of the HPLC-proven double piston principle, but developed an own control by a stepper motor. The
chassis of the Pump with its massive cast iron body and the pump head were bought an OEM Partner.
The original controller board was discarded, because is not suitable for the purpose of making up the
split flow.

Figure 10: Make-up pump with controller stack in the front.
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Like the other components, the make-up pump is also controlled by LAN Interface with its own IP address now. This made it possible to create a plugin/driver for Agilent Openlab Chromatography Data
System. The pump is working with the downstream the metering device. The pump’s target flow if calculated by software as explained in chapter 4.1. The pump has been tested intensively for flow accuracy and reproducibility. It turned out that one needs to record a calibration curve to compensate some
minor linearity issues, which are owed to the cheap price. The calibration curve is perfectly described
by a polynomial of second order. We included it to the software for online flow correction. Once this calibration is done, one can rely on the repeatability and accuracy with respect to the needs of the application.
7
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Figure 11: Flow rate with (top) and without (bottom) flow compensation by software.
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5.1.4

Flow Controllers
The setup of the three Flow Controllers is the centerpiece of the split control. We did not find any alternative way to solve the task than taking advantage of these really excellent instruments. We will discuss
later in this report a possible way to reduce costs by omitting one or maybe two of these cost-intensive
parts.
Fortunately Superon is using the Flow Controllers and Flow Meter by standard. We use a different,
specially customized version than the commercially available Bronkhorst line items.

5.1.5

Remaining Parts
All other hardware components are available by standard laboratory suppliers like IDEX/Upchurch USA.
Pressure sensors from GEMS, UK have been used and built-in a self-made pressure resistant housing.

6

Software Development
The Eclipse FFF instrument can be controlled by typical Chromatography Data Systems, such as Agilent Openlab. Due to a change of the interfacing by Agilent we needed to re-develop the Eclipse drivers
according the so called Rapid Control Driver Framework to be compatible our latest developments
(make-up pump and flow-controller)
The following screenshot shows all developed plugins for Openlab embedded to the Dashboard given
by Agilent. It took several months to achieve this state, since this was the first time for us developing
RC.Net plugin. The Plugins have been tested successfully.

Figure 12: Screenshot of the 3 plugins in the Openlab dashboard.
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Figure 13: Full operators of view for controlling FFF and the major parts of the splitting device.
The controller board of chapter 5.1.1 has the limitation to access only one flow-controller the same time.
On the other hand, Openlab has the limitation, that a Plugin can be used exclusively only. This avoids
including all drivers in Openlab at once. To overcome this lag of control, we have created an additional
stand-alone Software (“Control Center”) to record the data and control one of the flow-controllers and
the pressure sensor. It can also be used for switching the diverter valve.

Figure 14: Screenshot of the Control Center.
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7

Outlook
To operate the setup as suggested, the user has to access at least two software programs. This is what
we call manual operation mode. The manual mode bears the risk for errors in the settings and is complicated to control for routine experiments. We have already triggered the lag of the flow-controllers’
multiple control by the development of an absolutely new circuit board. This one will be able to cover all
needs and is ready to read and write to (theoretically) 128 flow-controller’s the same time. We are going
to develop and integrate one single plugin to Openlab, with all control capabilities included. This Plugin
will provide the full control of this setup and is ready for automated (unattended) runs. The printed circuit board of the second generation controller box has just been made and is ready to be equipped with
electronic parts. Firmware, Driver and Plugin will need some time for development. The layout of the
second prototype has been planned very dynamically, so that we can include nearly every need as result of the test of the manual type.

Figure 15: Printed circuit Board of the second generation of the splitting device.

The splitting setup has been tested with two UV-detectors, recording continuously the absorbance. One
was located downstream the FFF and the other at the end of the flow-path substituting the ICP-MS. We
checked the setup by monitoring both over time and calculated the dilution by dividing one signal by the
other. This was possible, because we used a stock solution with constant concentration for the tests. In
the real live tests, one will have to deal with transient peaks.
Because we do not have an ICP-MS detector, we were not able to go more into detail with the testing.
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8

Hardware costs and cost-cutting possibilities
At the moment we calculate 15.000 Euro prime costs for the device, as presented in chapter 4.3.3. The
most critical hardware in terms of acquisition costs are the flow-controllers and flow-meters. The most
effective way to significantly reduce costs is to omit one or two of them (~3500€ each).
The flow setup in its reduced way would be like that:

Figure 16: Minimal setup of splitting device

The following limitations would have to be taken into account:

9



Splitting range 1:1 to 1:50 (not 1:1000 or higher)



No monitoring of the make-up pump respectively the incoming flow to the ICP-MS.

Conclusion
We have worked out several technical solutions for splitting-off very small amounts of sample for a FFF
separated peaks, ready to be analyzed by sp-ICP-MS. Finally we identified the most reasonable setup
and developed all necessary Hardware to build a prototype. We created the control software, mainly
based on Agilent Openlab, to enable an operation on manual level. All hard and software is ready to
use.
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