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Development of a mobile compound composition tester

Phase II : Elaboration of a functional specification for a handheld compound analyzer to be coupled to the Goodyear viscoelasticity tester.
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Mobile compound composition tester

Phase 2 : Elaboration of a functional specification for a handheld compound analyzer to be coupled to the Goodyear viscoelasticity tester.

1. Basis of the measurement method

It is important to recall the basis of the method used to recognize and to classify the compound composition. The recognition is not, indeed, a usual way of measurement, as the determination of a length or of a concentration could be. The method is based on a learning phase, and future results are highly determined by the model previously calibrated during that learning phase. In other words, the system will recognize only the classes that it knows from the calibration step.

The "electronic nose" principle is based on the analysis of the signals generated by an array of a limited number of non-specific gas sensors (e.g. : 4 … 6 … 8 or 12 sensors). "Non specific" means that each sensor is not selective to a given chemical component, but it is rather sensible to all components, and a little bit more to a chemical family, such as "organic solvents", "fatty acids", "sulphureous gases", … 

Following the sensors, an electronics and a computer allows the data processing. Finally, data are stored into memory to form a "library of typical odors" (figure 1).
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Figure 1 : General diagram of the electronic nose

Let us suppose that the array contains 6 sensors and that it is first presented to the vapor generated by a landfill (figure 2). Then, some sensors will react more than other ones : e.g., the ones particularly sensitive to "sulphureous compounds" and to "volatile fatty acids" exhibit a larger response than the one sensitive to "organic solvents". The 6 signals generated by the 6 sensors form thus a "pattern", which is characteristic of the landfill odor.
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Figure 2 : Landfill odor presented to the array of 6 sensors
Let us suppose now that the odor of a paint shop is presented to the same sensor array. Now, some other sensors will react : e.g. the "organic solvents" or the "hydrocarbons" ones (figure 3). The pattern is thus different. So, each odor source is characterized by a specific signal pattern.
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Figure 3 : Paintshop odor presented to the array of 6 sensors
If many replicates of every gas mixture are presented to the sensor array, the system is able to constitute a library of signal patterns corresponding to given sources (figure 4).

Later, when the system is in the presence of a new odorous gas mixture, it will be able to compare the signal pattern to the ones that it knows. If it recognizes one of them, it deduces automatically the corresponding source.

Thus, the method allows to recognize an odor among those stored in its library, but no other ones.
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Figure 4 : Relationship between odor sources and signal patterns

2. Choices and summary of the results of the feasibility study (first phase)

The compound composition tester that F.U.L. has tested during the first phase is based on the local pyrolysis of the compound, generating a gaseous emission. This emission is typical of the compound composition which could be identified by a suitable gas sensor array/discrimination software system.

In our case, pyrolysis was carried out in an one-liter box, under nitrogen or air flux, with the help of a laser diode. The inlet of the laser beam was a 1 cm split grooved in the middle of the front side and covered by a glass sheet to reduce excessive leakage in the box. The current supplied to the laser diode was up to 20 A. The whole assembly is presented in figure 5.
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Figure 5 : Gas generation assembly used during the feasibility study

The samples :

Goodyear supplied us with 7 types of compound samples (80 ( 80 ( 5 mm), with 7 various polymer compositions (table 1) :

Compound #
Polymer composition

144601
100% Natural Rubber (polyisoprene) (NR)

144604
100% Styrene-Butadiene copolymer (23% Styrene) (SBR)

144607
100% Polybutadiene (PBD)

144610
mixture NR:PBD 70:30

144613
mixture SBR:PBD 70:30

144616
mixture NR:SBR 70:30

144619
mixture SBR:PBD 70:30 different Carbon black level (SBR+PBD/C)

Table 1 : Polymer composition of the Goodyear compounds given to FUL

The main objective of the first phase was to distinguish the natural rubber from the synthetic one (either PBD, or SBR, or mixture SBR:PBD).

The sensors

We chose to work with metallic oxide sensors : either discrete components from the Japanese manufacturer FIGARO or integrated chips from the Swiss manufacturer MICROSENS.

Table 2 shows the 8 TGS (FIGARO) sensors chosen for the application.

Reference number
Recommended application

TGS842
Methane

TGS822
Organic solvent vapors

TGS813
Combustible gas

TGS800
Air contaminants

TGS824
Toxic gases and ammonia

TGS825
Hydrogen sulfide

TGS2180
Water vapor

TGS2610
Combustible gases

Table 2 : Eight FIGARO sensors chosen for the feasibility study, with the application recommended by the manufacturer.

TGS sensors must be heated in order to improve the adsorption kinetic. They are designed to show optimum sensitivity characteristics under a certain constant heater voltage, around 5 V. A single 5 V power supply is used to heat the eight sensors in parallel, consuming a total current of about 1 A.

The multisensor series from Microsens is based on thin-film, metal-oxide technology, it features an embedded heater layer to raise the temperature of the metal-oxide film in order to be sensitive to the target gas and micromachined silicon diaphragm for reduced power consumption.

Microsens offers customized batch manufacturing of integrated sensors. There are no standard product : sensor specifications are defined by the user. The multisensors differ either by the sensitive layer (either SnO2, doped with palladium or platinum, or Nb2O5), or by the electrode geometry (either standard, or interdigited = lower distance between electrodes). They are packaged in standard TO8 metal can (12 pins) and each package contains either 4 or 6 sensors.

Table 3 shows the characteristics of the 5 multisensors provided by Microsens.

The sensor selectivity is ensured by the type of sensitive layer or by the type of electrode geometry, but also by the operational conditions : heating temperature level (generally between 100 and 500°C) and heating sequence (continuous, step, triangle, pulse).

Multisensor identification
Number of sensors
Sensitive layer
Electrode geometry

14A08
4
1 and 3 SnO2 undoped

2 and 4 SnO2 Pd-doped
standard

1AEC5481
4
1 : SnO2 undoped

2 : Nb2O5
3 : SnO2 Pd-doped

4 : SnO2 Pt-doped
standard

14D19
6
undoped SnO2
1 and 3 : standard

2,4,5 and 6 : interdigited

01D28
6
SnO2 Pd-doped
1 and 3 : standard

2,4,5 and 6 : interdigited

1CEC5527
6
1, 3 and 4 : SnO2 undoped

2 : SnO2 – Pd-doped

4 : SnO2 – Pt doped

6 : Nb2O5
standard

Table 3 : Characteristics of the 5 multisensors supplied by Microsens

For each multisensor, there are a lot of possible combinations, and we got 5 multisensors !

It is almost impossible to test systematically all the sensors in all the possible combinations. For this feasibility study, we tested only one sensor (the 14A08) with very simple operational conditions.

In summary, the advantages of TGS sensors are :

· robust

· relatively cheap

· well known

· easily available

· targeted at specific applications, recommended by the manufacturer

Their drawbacks are :

· great size

· large heating current

On the contrary, Microsens sensors are more breakable (4 multisensors damaged for two-years operation) and more expensive, there is no standard fabrication and their specifications must be defined by the user.

But they are more suited to the miniaturization (small size and low heating current, see figure 6), which is one of the constraints of the future hand-held composition tester.
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Figure 6 : Small cast aluminum box used as sensor chamber for the Microsens multisensor

Gas flow

Dynamic operation was chosen for the measurement, with direct flow of a carrier gas onto the sensor (at low flow rate : 300 ml/min for FIGARO sensors and 200 ml/min for MICROSENS multisensor).

So, the sensor signal was generated by the dynamic flow of the carrier gas loaded with the vapor produced by the laser beam onto the compound during the heat treatment.

Main results

The designed system was able to distinguish the vapor generated by the laser diode on the natural rubber from the one generated on the synthetic rubber. Differences between PBD and SBR were more difficult to identify and compound mixtures were not really recognized by the designed system. Those conclusions are illustrated in figure 7, showing an example of the results obtained with a discriminant analysis (calibration of a discrimination model from rubber samples for which the composition is known, and further validation with samples unknown to the system).
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Figure 7 : Validation of some cases in the plane of the two discriminant functions (here for FIGARO sensors).

Main lessons drawn from the feasibility study

· the discrimination between natural rubber and synthetic rubber is possible with the chosen method;

· working with air instead of nitrogen is recommended;

· cleaning the sensors with a pure air flow before each measurement is essential;

· working with dynamic gas flow instead of static contact of the sensor with the generated vapor is preferable;

· the sensor array must be optimized for the application (choice of sensor type and of heating voltage and operation);

· the reproducibility of operational conditions is of paramount importance : same reference air, same flow rate, same sensor heating voltage, same laser current, same heat treatment duration for every measurement;

· the model calibration with discriminant analysis (learning phase) must be carried out with a large number of samples of each type, in all possible conditions;

· a miniaturized sensor array, like Microsens multisensors, can be used, but the choice of the right sensible layer and of the right heating voltage must be optimized. That requires accurate and systematic tests of all possible combinations;

· the instrument should be periodically updated to take into account new compound compositions;

· a periodical calibration is recommended to minimize the effect of sensor drift;

· MICROSENS multisensors allow the system miniaturization, so they will be chosen for further studies.

3. New design of the system

The former remarks encourage us to improve the design of the experimental assembly, in order to enhance the reproducibility of operational conditions.

The new designing principles go in two ways :

· making the air flux more reliable and reproducible;

· improving the pyrolysis chamber towards a "hand-held" design.

Concerning the air flux, the control and an accurate measurement of the flowrate are provided by a mass flowmeter. A set-point is supplied by the computer and a valve, connected to the flowmeter, adjusts automatically the flowrate, together with sending back the measured value to the computer.

We have also added two solenoid valves, also controlled by the computer (valve a and valve b in figure 8).
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Figure 8 : New conception for the air flux

Four operation steps are defined, according to the positions of the two valves :

· step 1 : the carrier gas rinses the piping, the pyrolysis chamber and the sensor chamber; valve b is positioned so that the gas is evacuated to the laboratory;

· step 2 : during the pyrolysis of the rubber sample with the laser diode, the carrier gas bypasses the pyrolysis chamber and passes through the sensor chamber, to form the "base line" of the sensor array;

· step 3 : the carrier gas pushes into the sensor chamber a small quantity of the vapor generated by the pyrolysis; at the same time, the data logging system acquires and stores the sensor signals;

· step 4 : air is allowed to pass across the sensor chamber, to "clean" the sensors.

Those two latter steps are repeated until the pyrolysis vapor in the chamber is completely exhausted.

The computer software, written in LabView, allows a rigorous timing, the duration for each step being easily changed through the main menu.

With such configuration, the operation is reproducible and very easy, allowing "routine" measurements, completely controlled by the computer.

The pyrolysis chamber is now a half-liter Teflon bottle, with the laser diode and the fittings (for the cooling fluid and the carrier gas) together with the electrical feedthroughs inserted in the cover (figure 9). The rubber sample is laid down on a small sample holder (40 x 30 mm).
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Figure 9 : Cover of the Teflon bottle used as pyrolysis chamber.

Later, a similar design could be adapted for field operation : e.g., the bottom of the bottle could be removed so that the laser beam aims directly the rubber on the tire. 

For a completely controlled operation, a new power supply for the laser was developed : it is able to supply the voltage, with appropriate current (up to 20 Amps), by controlling it with a voltage coming from the computer. The LabView program supply a ramp, which allows the laser power to install progressively, and so avoiding thermal shocks. 

Moreover, the distance between the laser diode and the sample is shortened to about 20 mm, and the laser beam don't pass anymore through a glass sheet. So the current can be reduced to about 10 Amps.

Figure 10 shows the complete new assembly, ready for routine operations.
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Figure 10 : New assembly for pyrolysis, air flow, and measurement.

For future miniaturized design, the bottle with the carrier gas could be replaced by a small pump and some filters, the valves could probably be avoided, and the computer could be replaced by a microprocessor. The only apparatus which remains difficult to reduce in size is the refrigerated circulator, for the laser diode cooling (not seen on the photography). Further tests will be conducted to study alternative solutions to the cooling. A temperature sensor will be placed on the diode to measure the temperature rise with or without cooling system.

4. Preliminary results

Seventeen innertube samples delivered by VREDESTEIN Rubber Recycling Company were tested. The samples together with their composition as given by VREDESTEIN and found by GOODYEAR analytical laboratory (in brackets) are summarized in the table 4.

IIR (regular butyl)

% BD


Debica Polen 9.00-20
(100)


Dunlop 265/275/70R16
(100)


Goodyear Great Britian 12/13*65-18
(100)


Kelly Springfield Zuidafrika 7.00-20
(100)


Nokia Finland 11.0/60-16
(100)





NR (natural rubber)

% NR


Semperit Austria
50 (35)


“R” 7.00-15
65 (50)


Rong Cheng China
76 (55)


Simex Malaysia 155/165-13
93 (100)


Buatan Malaysia 520-550-600-155-175-70-12
97 (100)





XIIR (halobutyl)

Polymer composition (%)


“GGE” Heavy duty tyre
(27 NR/73 ClBU)


Bandag 10.00-20
(100 BrBU)


Firestone 11.00-20
(100 ClBU)


General Tyre 9.00-20
(27 NR/73 ClBU)


Siamtyre1 Thailand 10.00-20
(100 ClBU)





IIR/EPDM

% EPDM


Amour SA
5 (suspected)


Dunlop SA
10 (suspected)

Table 4 : Samples supplied by Vredestein

MICROSENS array 14A08 (heating voltages : sensors 1, 2 = 2.548 V; sensors 3, 4 = 2.17 V) and experimental assembly of the feasibility study were used.

Two series of tests were conducted :

· first series : ambient temperature, without pyrolysis

· second series : 3 sec pyrolysis in air (current of the laser diode : 20 A)

Raw signals (conductivity in mS) and difference "raw signal-base line in air" were used as input data for Principal Components Analysis (PCA) and Discriminant Function Analysis leading essentially to the same results. Only results as calculated from raw signals are given here.

Principal Components Analysis

Four factors were calculated in the PCA, but only the first two ones were significant (eigenvalue greater than 1). The plot of observation points in the plane of the two factors are shown on figure 11 for the first series (without pyrolysis) and on figure 12 for the second series (with pyrolysis).
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Figure 11 : Principal components analysis corresponding to operation at ambient temperature without pyrolysis.
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Figure 12: Principal components analysis corresponding to operation with pyrolysis for 3 sec in air, laser diode current 20 A.

The PCA is not able to separate different polymer families in the first series of tests (figure 11) while the second series indicates that XIIR and IIR/EPDM form two independent groups (figure 12). Other polymers fall occasionally inside the clouds formed by these two distinct families. The polymers which can be classified as not being XIIR are Debica Polen (De) and Goodyear Great Britian (GY) and two NR polymers having high content of NR: Simex Malaysia (Sim) and Buatan Malaysia (Bu).

Discriminant function analysis:

Two third of the experimental data set were used to construct the model with the discriminant function analysis (calibration step, or "learning phase"), the remaining one third was classified with the help of the calibrated model (validation step).

We have tried to answer to two questions  :

1) is the polymer XIIR : yes/no ? (coarse classification)

2) to what group (IIR, NR, XIIR or IIR/EPDM) does belong the polymer ? (fine classification)

Results can be summarized as follows. 

Question n° 1 :

Discrimination between XIIR and other polymers (NR, IIR, IIR/EPDM) on the basis of the polymer "odor" at ambient temperature is not possible. Even the calibrated model does not work correctly : it is unable to classify correctly the data. More than the half (54.2%) of XIIR polymers are classified as not being XIIR, already in the calibration step.

The response of the array to pyrolysis gases works better. The Discriminant Analysis creates a model which distinguishes the different rubber compositions. The further validation step is also successful : all XIIR polymers are classified as being XIIR and all IIR and IIR/EPDM as not being XIIR. The NR samples are classified as not being XIIR with exception of  "R" 7.00-15.

Question n°2 :

Again, the discrimination on the basis of polymer "odor" at ambient temperature would be difficult  : a part of the samples are already misclassified by the model, even with the calibration data set (table 5).

Polymer family
% of wrong classifications

IIR
20.0

NR
45.4

XIIR
37.5

IIR/EPDM
60.0.

Table 5 : Classification with Discriminant Analysis of polymer "odor" at ambient temperature

Classification on the basis of pyrolysis gas works rather well. All IIR, XIIR and IIR/EPDM samples are correctly classified. Only NR samples with a high NR content (Simex Malaysia and Buatan Malaysia) are classified as being NR polymers; Semperit Austria and Rong Cheng China are classified as IIR, “R” 7.00-15 as XIIR.

5. Concluding remarks

The results show that polymer "odor" at ambient temperature can not be used for sample classification. The pyrolysis gas is more representative of polymer composition and allows its identification. The classifications are probably improvable by changing the heating conditions of the array (the conditions used here are arbitrary ones) or by working with another array (also, the array was chosen arbitrary). This last remark justifies our future work, and fixes its objectives :

· testing different arrays in different heating conditions with a representative set of samples;

· choosing the best array and its working conditions;

· using this array for a classification of a set as large as possible of samples with known composition;

· building a classification model and verifying its quality when testing samples of known composition, which were not used in the model construction.
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