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a b s t r a c t
This work is dedicated to a comparison of plasma conditions for the accurate determination of some ele-
ments: Br, Cl, Ca, P and Sb, in polymers. The comparison of the plasma conditions to sort plastics according
to CN, C2 and element signals was also investigated. The comparison of a helium atmosphere and an air
atmosphere led to improved results using helium as a buffer gas. The improvement is obtained in two
areas, it increased the detection of halogens (Br, Cl) usually employed as flame retardants. It was also
found to significantly improve the discrimination based on simple calculations of C2/He and CN/He ratios.
Best conditions were based on a laser emitting at 266 nm, with a low 6 mJ energy focalized on a 50 μm
Laser induced plasma conditions
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inst CN/He was efficient to identify the four groups of plas-
ylene, acrylonitryle–butadiene–styrene and acrylonitryle–
spot and the helium buffer gas. A plot of C2/He aga
tics employed in this study: polystyrene, polyprop
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butadiene–styrene/polycarbonate.
1. Introduction

The determination of the elemental composition of polymers and
plastics is a topic of interest to improve waste management. Recycling
consumer goods requires an efficient waste sorting to remove poten-
tially toxic plastics from the recycling process, several strategies have
been studied in the past decades [1,2]. The stage of sorting is
performed mainly using vibrational spectroscopy including infrared
and Raman spectroscopy. It is also a current issue of laser induced
breakdown spectroscopy (LIBS). If LIBS remained long a technique
strictly dedicated to the determination of the inorganic elements,
some works deal now with the determination of organics employing
the rich LIBS spectra [3–6].

Different emissions, including elementary and molecular informa-
tion, are often combined to perform an efficient plastic sorting. Due to
the particular composition of plastic additives [6], the detection of
both flame retardants (Br, Cl …) and toxic metals involved in pig-
ments (Pb, Cd, Hg …) is required. In addition, as the visible region
of the spectrum is dominated by carbon and molecular emission,
the identification of certain elements such as Zn or S is made through
unusual low UV wavelength. Thus, Jasik [7] employed a laser-induced
breakdown spectroscopy in the vacuum ultraviolet range (VUV, λ
below 200 nm) for the detection of trace elements in polyethylene
(PE) that is difficult to detect in the UV/VIS range. For effective laser ab-
lation of PE, they employed an excimer F2 laser (wavelength λ =
157 nm) with a high pulse energy, of up to 50 mJ, they obtained a
limit of detection (LOD) of 50 μg g−1 for sulfur and 215 μg g−1 for
zinc, respectively, in polymer reference materials.

Bromine, used as a flame retardant in thermoplast is also one of
the difficult-to-detect elements. A comparison of LIBS analytical
criteria based on two Br lines: Br I 827.244 nm and Br I 130.991 nm,
showed that the detection limit could be improved by a factor of
three when using the low UV Br line [8]. To avoid oxygen, the sample
is placed in an argon flushed cell and a vacuum monochromator is
employed. An improved detection limit is also obtained using double
pulse LIBS, this method was described for the detection of heavy
metals (Cd, Hg, Pb) in the low 300–1100 μg g−1 range [9].

With the benefit of rich spectral information, theneed for discrimina-
tion between samples has also led to an abundant chemometric litera-
ture. The high amount of information provided by an LIBS spectra is
efficiently simplified using Principal Component Analysis (PCA), it al-
lows to classify plastics or to simply identify outliers [10]. Simple ratios
determinations were also employed [6,11]. Independent Modeling of
Class Analogy (SIMCA) was also compared to linear correlation and
PCA to discriminate different organic samples [12]. A complete analysis
of many plastics: polyethylene (PE), polystyrene (PS), polypropylene
(PP), and polyethylene terephthalate (PET), wasmade using hierarchical
cluster analysis, the mentioned polymers could then be classified into
two clusters and were further separated [13]. Methods of normalized

mailto:gilon@univ-lyon1.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sab.2013.06.007&domain=pdf


coordinates, linear and rank correlation were applied to identify poly-
mers with a very similar chemical composition [14]. Best results were
obtained using the linear correlation method. To control the occurrence
of toxic elements in toys, Discriminant analysis, Soft independent
modeling and K-Nearest Neighbor (KNN) were also compared [15].
The classification models were established and eleven organic materials
including: PS, PP, PET, HDPE, LDPE (high- and lowdensity polyethylene),
PVC (polyvinyl chloride), and PTFE (polytetrafluoroethene) were stud-
ied. The KNN method gave the best results with a correct prediction of
95% for Cd occurrence in toy sample, and 100% for Cr and Pb [15,16].
The work of Boueri [17] demonstrates a successful treatment of LIBS
spectra with neural network for the identification of PP, PVC, PE, PTFE,
POM (polyoxymethylene), PA (polyamide or nylon), PC (polycarbonate)
and PMMA (poly-methylmethacrylate). The identification rates were
ranging between 81 and 100% [17]. Using a careful temporal signal
optimization Gregoire [18] also compared different statistical treatments
of polymer spectra: line ratios, PCA and PLS (Partial least square). The
discrimination was possible, even between polyethylene and polypro-
pylene using this protocol [18].

This work is dedicated to select criteria based on LIBS spectra for
plastic sorting. A comparison of plasma conditions for the accurate de-
termination of some elements present in polymers as well as the valid-
ity of molecular information for plastic nature identification was made.
A comparison of elements response in the different polymers was
established. The careful evaluation of fluence and buffer gas nature
was also discussed in view of lowering the detection limits for chlorine
and bromine flame retardants. The plasma conditions were also
investigated to establish best conditions to use CN/He and C2/He ratio
intensities to efficiently discriminate plastics investigated in our work:
polystyrene, polypropylene, acrylonitrile, 1,3-butadiene-styrene (ABS)
and a mixture of ABS with polycarbonate.

2. Experimental

2.1. Materials

Tested reference plastics were containing five different additives
into four thermoplastic polymers used for electrical and electronic
applications in controlled concentrations. The nature of each polymer
and concentration of the additives are presented in Table 1.

Commercial grade ABS (Terluran GP22), HiPS (Escrimo KG2),
ABS-PC (C2800) and PP (3400MA1) polymers were purchased from
BASF (ABS and HiPS), Sabic and Appryl respectively. In the following
text these polymers will be referred as A for ABS, H for HiPS, C for
ABS-PC and P for PP.

The commercial additives employedwere calcium carbonate for cal-
cium addition (Socal), chloride flame retardant as 1,2,3,4,7,8,9,10,13,
13,14,14-dodecachloro-1,4,4a,5,6,6a,7,10,10a,11,12,12a-dodecahydro-
1,4,7,10-dimethanodibenzo[a,e]cyclooctene (Dechlorane C25 Plus),
Table 1
Formulations of reference samples.

Matrix reference:
polymer containing

Additives and concentration range

Br (bromide flame retardant)
(1): TBBA

Cl (ch
retard

(%) m/m (%) m

ABS1 Terluran GP22:
acrylonitrile, 1,3-butadiene and styrene (A)

1–20 1–20

ABS-PC Sabic C2800: acrylonitrile, 1,3-butadiene,
styrene and polycarbonate (C)

1–20 1–20

PP Apryl 3400 MA1:
polypropylene (P)

1–20 1–20

HiPS Escrimo KG2:
polystyrene (H)

1–20 1–20
phosphorus flame retardant as ammonium polyphosphate (Clariant
AP423), bromide flame retardants as tetrabromobisphenol A (Aldrich)
and as decabromodiphenylether in synergy with antimony oxide
(FR1203). For each of the additives, four tofive plastic pieceswere avail-
able; these were containing increasing concentration of the additive
from 1 to 20% w/w. For each of the concentrations, again four samples
were available.
2.2. Extrusion and injection molding procedures for reference formulations

A CLEXTRAL BC 21 twin-screw co-rotating extruder (L = 1200 mm,
L/D = 48) was used for the introduction of additives into thermoplastic
matrices. The extrusion was done at an adapted temperature of each
formulation and with a rotation speed of 4.2 Hz using a 27 element
screw profile with the rate of 5 kg h−1. After exiting the extruder, the
melted compoundswere passed through awater bath and then chipped
into pellet form. As in the extrusion step, the composites were dried for
12 h at 80 °C under vacuum prior to injection molding in order that
there was a polymer chain relaxation. After extrusion, 100 × 100 mm
plates and pastilles of diameters 10, 20 and 30 mm respectively were
injection molded using a SANDRETTO AT injection molding device. All
the materials were 4 mm thick.
2.3. Instrument

The LIBS system was a commercial MobiLIBS (IVEA, France)[19].
The Nd:YAG laser (Quantel Brio) was employed at 266 nm and
532 nm delivering a maximum of 6 mJ and 33 mJ/pulse respectively.
Pulse duration was 3 ns and a fixed frequency of 20 Hz. Spot diame-
ters were measured at 50 μm for the 266 nm and 120 μm for the
532 nm. As the focusing system and the pulse duration are fixed on
this system, the only parameter likely to change the irradiance was
the energy selected by the operator. The light emitted by the resulting
plasma was collected by a lens and an optical fiber and sent to an
Andor echelle spectrometer (Mechelle 5000). This spectrometer has
a resolving power of λ / Δλ = 5000. The diffracted light was then
collected by an intensified charge coupled device (ICCD) camera
(Andor iStar). The spectral range of this system was 200–975 nm.
The Analibs™ software controlled the detection and laser firing.
Argon (5.0 grade) and Helium (6.0 grade) were purchased from
Linde gas.

The spectra were accumulated from 60 laser shots, a moderate
number of laser shots was preferred in order to reduce the potential
degradation of the polymer due to heat diffusion over the surface
during measurement. All parameters: number of pulses, fluence,
delay time, and integration time gate were optimized using classical
univariate approach.
loride flame
ant)

Ca (calcite) P (phosphorus
flame retardant)

Br (bromide flame retardant) (2):TBBA
(73.3% mol)+ Sb2O3(26.7% mol)

/m (%) m/m (%) m/m (%) m/m

1–20 1–12.5 1–11

1–20 1–12.5 1–11

1–20 1–12.5 1–11

1–20 1–12.5 1–11



Fig. 1. Spectra of P I 253.560 nmobtained under helium(1 L min−1), Argon (0.2 L min−1)
and air atmosphere. Measurement conditions: laser 532 nm, 12 mJ, delay time 300 ns and
integration time gate 1.5 μs.

Fig. 2. Net signal of Sb I 259.805 nm (black) and Br (I) 827.244 nm (gray) as a function
of delay time (300 ns to 2000 ns) and integration time gate (a: 0.5 μs, b: 1 μs, c: 1.5 μs
and d: 10 μs). Signal (%) normalized to the maximum value (measurement conditions:
helium 1 L min−1, 532 nm Laser). The error bars correspond to a 95% confidence inter-
val of the sample signal measured in five replicates.
3. Results and discussion

Optimization of working parameters was carried out to detect and
to quantify easily the elements employed as plastic additives such as
Br, Cl, Sb, P and Ca.

The first two being difficult to detect, even in LIBS spectroscopy, as
available lines correspond to high energy level transitions and low
VUV lines (Cl I 134.344 nm) or near infrared lines (Br I 827.244 nm,
Cl I 837.594 nm). Phosphor and Antimony are more easily detected
in laser induced plasmas, and opposite to the other elements the
calcium lines are numerous, sensitive and often self-reversed. Using
our system, the selection of working conditions was made in terms
of gas nature and flow rate, then laser energy and wavelength. In
LIBS spectroscopy, an argon atmosphere is often employed to im-
prove signal, helium [20–22] is also advised to detect halogens at
trace level. A comparison of spectra obtained in helium, argon and
air atmosphere was made (Fig. 1). Signal was higher under an argon
atmosphere for phosphorus. Even if a better sensitivity is provided
for some lines, as the Br I 827.244 nm was interfered by an argon
line, this gas is not adapted for our study. Furthermore, the helium
buffer provides also a factor 2 improvement in line intensities when
compared to air, similar improvement was also obtained for chlorine
and antimony lines. Additionally, as it can be seen from Fig. 1 the line
shape of the phosphorus line was improved in air or helium when
compared to argon and background in helium buffer was significantly
Table 2
Calculated detection limits as a function of energy and fluence. Measurement condi-
tions were: pulse duration 3 ns, λ = 532 nm, delay time 300 ns, integration time
gate 10 μs and helium flow rate from 0.2 to 1.4 L min−1. Measurements were
performed using the Br I 827.244 nm line and the Sb I 259.805 nm line.

Sb Br Ca

Energy
(mJ)

Fluence
(J cm−2)

He
(L min−1)

LOD
(% w/w)

LOD
(% w/w)

LOD
(% w/w)

100 0.2 0.081 1.7 0.69
12 0.6 0.065 1.0 0.32

1 0.042 0.8 0.24
1.4 0.069 0.9 0.36

164 0.2 0.065 1.8 0.27
20 0.6 0.064 1.5 0.31

1 0.071 1.0 0.28
1.4 0.066 0.9 0.21

270 0.2 0.069 1.4 0.25
33 0.6 0.068 1.5 0.14

1 0.064 1.1 −
1.4 0.057 1.0 0.19
reduced in comparison with air or argon and thus the uncertainty of
the background was reduced as well. A comparison of helium, and
air was made to evaluate benefit on signals and limits of detection
(LOD = 3σ / b1; where σ is the noise and b1 is the line sensitivity).
Different helium flow rates from 0.2 L min−1 to 1.4 L min−1 were
evaluated (Table 2). Helium has the advantage, of a higher ionization
Fig. 3. Slopes (b1) of the elements Sb, P, Ca, Br and Cl as a function of the plastic nature
(A, H, C, P). Values are normalized to the maximum slope. The error bars represent the
uncertainty of the calibration slope (sb1) at a 95% confidence level. Number of stan-
dards was at least 4 and number of replicates for each standard was 4. (a) Laser
266 nm, helium buffer gas, (b) 532 nm laser, helium buffer gas.
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Table 3
Concentration (% w/w) estimation in plastics A, P and C. Measurements were
performed using the Br I 827.244 nm line and the Sb I 259.805 nm line. Uncertainty
is reported at a 95% confidence level from 4 repetition of the determination.

Prepared concentrations
RSDn = 4 (%)

Determined concentrations
RSDn = 4 (%)

Sb Br Sb (1) Br (1) Sb (2) Br (2)

A(Br)1 1.0 0.1 2.1 (22) 0.3 0.4 (18)
A(Br)2 5.0 0.0 3.6 (6) 0.3 2.1 (13)
A(Br)3 10.0 0.0 8.7 (1) 0.3 6.2 (6)
P(Br)1 1.0 0.0 0.5 (30) 0.4 1.0 (19)
P(Br)2 5.0 −0.1 5.4 (5) 0.4 4.7 (5)
P(Br)3 10.0 −0.1 5.3 (6) 0.4 10.8 (8)
P(Br)4 20.0 −0.1 20.2 (1) 0.4 20.1 (3)
C(Br)1 1.0 0.0 3.7 (11) 0.5 1.6 (16)
C(Br)2 5.0 0.0 7.1 (3) 1.7 5.9 (7)
C(Br)3 10.0 0.0 9.6 (2) 0.4 10.0 (0.5)
A(Sb, Br)1 1.1 1 0.4 (19) 2.8 (19) 1.4 (14) 0.8 (23)
A(Sb, Br)2 5.6 5 7.8 (5) 6.7 (4) 4.5 (4) 4.7 (14)
A(Sb,Br)3 9.0 8 12.9 (3) 8.7 (3) 8.6 (2) 7.8 (8)
A(Sb, Br)4 12.3 11 17.0 (2) 12.7 (2) 14.0 (8) 10.9 (4)
P(Sb, Br)1 1.1 1 2.7 (9) 1.9 (16) 1.4 (20) 0.8 (6)
P(Sb,Br)2 5.6 5 4.3 (2) 3.3 (5) 6.6 (6) 6.1 (14)
P(Sb, Br)3 9.0 8 7.8 (2) 8.1 (2) 9.8 (17) 9.9 (12)
P(Sb, Br)4 12.3 11 12.4 (1) 9.1 (2) 13.3 (2) 15.2 (6)
C(Sb, Br)1 1.1 1 0.2 (13) 2.5 (38) 1.0 (9) 0.4 (14)
C(Sb, Br)2 5.6 5 5.0 (2) 2.0 (15) 4.2 (13) 5.4 (11)
C(Sb, Br)3 9.0 8 6.8 (2) 7.5 (3) 10.0 (3) 10.5 (7)
C(Sb,Br)4 12.3 11 12.3 (1) 11.1 (2) 9.3 (3) 10.4 (0.4)

(1) Laser 266 nm, helium buffer gas, 6 mJ. 200 ns delay time and 3 μs integration time gate.
(2)Laser 532 nm, air atmosphere 33 mJ, 300 ns and 10 μs integration time gate.
energy (23.5 eV) that implies more efficient ionization of elements
not only with high ionization energy such as Br, Cl and P employed
in this study but also: F, I, Hg, S, As, Se … [23]. As it can be seen, the
flow rate effect was moderate and a stable 1 L min−1

flow was
allowed to fill the ablation cell so that the element signals and
signal-to-noise-ratios were stable and optimum.

A second essential parameter in LIBS spectroscopy is the fluence
(energy density at the sample surface), the effects of both helium
flow rate and fluence are shown on Table 2, with the examples of
Sb, Ca and Br. The laser energy was moved from 12 to 33 mJ leading
to a fluence ranging from 100 to 270 J cm−2. The higher the fluence,
Fig. 4. Net signal of carbon species: C I, C II lines, CN and C2 bands as a function of delay time
Signal (%) normalized to the maximum value (measurement conditions: helium 1 L min−1

signal measured in five replicates.
the higher the intensity, the improvement factor was 4 for Ca and Sb
and only 2 for Br but the background increase led to lower signal to
noise ratios. In air only the higher fluence allowed to detect Br with
a calculated LOD of 3.6% w/w. The optimization of delay time and
gate integration time is shown on Fig. 2, the trend obtained is
presented only for Sb I 259.805 nm and Br I 827.244 nm. A short
300 ns delay and a long integration time gate gave best results for
most lines, a 10 μs integration time gate was selected. Similar study
was achieved for three plasma conditions (i.e. laser emitting at
266 nm with helium atmosphere and laser emitting at 532 nm with
air and helium atmosphere) and only the optimal integration gate
time was significantly shorter for the 266 nm laser wavelength as
the global emission was shorter.

Plastic sample with different polymers and additives could imply
varying efficiency of the laser ablation, and therefore varying proper-
ties of the generated plasma and eventually its stoichiometry, from
previous works it could be estimated from the rotational temperature
and electron density from different spectra that the plasma is differ-
ent from one matrix to the other [24,25]. In this work it was important
to evaluate the risk of mis-identification or wrong estimation of the
concentration of an element due to the matrix effect. In the experi-
ments, the different polymer matrices (A, C, H or P) were provided
with 4 or 5 samples containing different concentrations: 1 to 20% w/w
depending on the element. For each matrix and element, a plot of the
calibration curve: I = b0 + b1[C] gave a slope b1 for each element, b0
is the y intercept, [C] the concentration and I the net intensity. The dif-
ferent slopes were normalized to the mean value, Fig. 3(a, b) exhibits
the normalized slopes as a function of the sample matrices A, H, C and
P. A departure from 100% indicates a matrix effect. The data were
obtained for 532 nm in air and helium, and 266 nm under helium
atmosphere, Fig. 3 only represents the results for 532 nm and 266 nm
in helium. As it can be seen an important matrix effect was observed
with slopes varying from 10% to a factor 2. A normalization procedure
of the net intensities by an internal reference line: either the C I
247.856 nm or any other carbon or CN signal could not improve the
results as the carbon content vary greatly from one polymer to the
other. A mean calibration curve was established from the 3 to 4 slopes
obtained in different plastics. An example of the concentrations found
for Br and Sb is shown on Table 3. The identification of an element is
correct in all case, the mis-identification of an element, i. e. present
although it is not present, is seldom. This was especially obtained for
(300 ns to 2000 ns) and integration time gate (a: 0.5 μs, b: 1 μs, c: 1.5 μs and d: 10 μs).
, 532 nm Laser). The error bars correspond to a 95% confidence interval of the sample
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calcium, it must be noticed that calcium could be present as a contam-
ination of the additives employed. In the case of phosphorus, the y inter-
cept of the calibration curves was strongly negative, no matter of the
plastic matrix was investigated, and therefore, the 0.5% w/w concentra-
tion is not significant. Despite the observed matrix effects and the
calculation procedure (mean slope), the trueness was fair and no false
identification was obtained. Sb determination was more accurate
than that of Br. Using an air atmosphere and a 532 nm emitting laser
(condition 2), the bias is ranging from 5 to 16% with a mean value of
14%, for the three Sb containing plastics. Using the same conditions,
for the six Br containing plastics, the bias is ranging from 0.5 to 60%
with a mean value of 18%. A factor 2 error was often encountered for
the low 1% w/w Br values.

The discrimination of plastics should also be based on molecular
information, so that temporal evolution not only of CN and C2 bands
but also of carbon, helium and hydrogen signals were evaluated to
ensure reliable measurements. Using a time integration gate of 0.5 μs,
1 μs and 10 μs and an increasing delay time, the temporal behavior
of CN 388.34 nm, CN 419.72, C2 473.33 and C2 516.52 nm, C I
247.856 nm and C I 833.515 nm were followed together with CI
283.760 nm. As seen from Fig. 4, a strong intensity decrease is observed
for CI 283.760 nm, the ionic carbon line is only present at the early stage
of plasma. As for element intensities, the 10 μs delay time allowed to
Fig. 5. Signal intensity of H I 656.279 nm, He I 667.815 nm (a) and CN 388.34 nm, C2 471.
helium 1 L min−1, energy 6 mJ, delay time 200 ns, integration time gate 3 μs. Signals were
obtain higher signal intensity for the C I, C II, C2 and CN lines. In this ex-
periment, the CN intensity was only provided by the N content of the
sample as no nitrogen was present in the ablation cell. This means
that the nitrogen provided by the polymer molecules was mainly
involved in the CN emission either by direct fragmentation from the or-
ganicmolecule or by reactionwith the carbon in the plasmaplume. This
result is in good agreement with the experiments carried out by Lucena
[26], as they studied organic explosives by LIBS under a helium buffer
gas.

Optimized conditions were compared to improve “discriminant
emissions”. Nitrogen and oxygen signals were not appropriate, even
the C I 247.856 nm and C I 833.515 nm gave no distinguishable
signals between the four plastics. Finally when using the 266 nm
emitting laser and a helium atmosphere, both the helium and hydro-
gen signals were significantly different between polystyrene and the
other plastics (Fig. 5). Using the 532 nm emission, the discrimination
disappeared, the different energy and laser wavelength should be re-
sponsible for this behavior. A further study was performed to explain
this phenomenon, a correlation analysis was performed using exel™
statistical tool (Table 4). The correlation between the different molec-
ular signals (CN, C2) was tested and showed that all the C2 lines gave
equivalent information (correlation factors N0.9) and so did the CN
bands. Furthermore, a good correlation between the CN and C2
72 nm (b) as a function of the plastic nature. Measurement conditions: laser 266 nm,
normalized to the maximum value.
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Table 4
Correlation analysis between CN band and C2 band intensities. Measurement conditions were: 532 nm, air atmosphere, 33 mJ, delay 300 ns and integration time gate 10 μs and:
266 nm, helium atmosphere, 6 mJ, delay 200 ns and integration time gate 3 μs. Wavelength (nm) is from reference [27].

CN CN CN CN CN CN C2 C2 C2 C2 C2 C2 C2 C2 C2

388.34 387.14 386.19 421.60 419.72 418.10 436.52 437.14 473.71 471.52 469.76 516.52 512.93 563.55 558.55

Laser 532 nm. air atmosphere
CN 388.34 1.0
CN 387.14 1.0 1.0
CN 386.19 0.9 0.9 1.0
CN 421.60 0.9 0.9 0.9 1.0
CN 419.72 1.0 1.0 0.9 0.9 1.0
CN 418.10 0.4 0.4 0.4 0.6 0.4 1.0
C2 436.52 0.9 0.9 0.8 0.8 1.0 0.3 1.0
C2 437.14 0.9 0.9 0.8 0.8 1.0 0.4 1.0 1.0
C2 473.71 0.9 0.9 0.8 0.8 1.0 0.4 1.0 1.0 1.0
C2 471.52 0.9 0.9 0.9 0.9 1.0 0.4 0.9 1.0 1.0 1.0
C2 469.76 0.9 0.9 0.9 0.8 1.0 0.4 1.0 1.0 1.0 1.0 1.0
C2 516.52 0.9 0.9 0.8 0.8 1.0 0.4 1.0 1.0 1.0 0.9 1.0 1.0
C2 512.93 0.9 0.9 0.9 0.9 0.9 0.5 0.9 0.9 0.9 0.9 0.9 0.9 1.0
C2 563.55 0.9 0.9 0.8 0.8 0.9 0.4 1.0 1.0 1.0 0.9 1.0 1.0 0.9 1.0
C2 558.55 0.9 0.9 0.9 0.8 0.9 0.3 1.0 0.9 1.0 0.9 0.9 0.9 0.9 1.0 1.0

Laser 266 nm. helium atmosphere
CN 388.34 1.0
CN 387.14 1.0 1.0
CN 386.19 1.0 1.0 1.0
CN 421.60 0.5 0.5 0.6 1.0
CN 419.72 1.0 1.0 1.0 0.5 1.0
CN 418.10 1.0 1.0 1.0 0.6 1.0 1.0
C2 436.52 0.5 0.5 0.5 0.2 0.5 0.5 1.0
C2 437.14 0.5 0.5 0.5 0.1 0.5 0.5 0.9 1.0
C2 473.71 0.6 0.6 0.5 0.2 0.6 0.6 1.0 0.9 1.0
C2 471.52 0.6 0.6 0.5 0.2 0.6 0.6 1.0 0.9 1.0 1.0
C2 469.76 0.5 0.5 0.5 0.1 0.5 0.5 1.0 0.9 1.0 1.0 1.0
C2 516.52 0.6 0.6 0.5 0.2 0.6 0.6 0.9 0.9 1.0 1.0 1.0 1.0
C2 512.93 0.6 0.5 0.5 0.2 0.6 0.6 1.0 0.9 1.0 1.0 1.0 1.0 1.0
C2 563.55 0.6 0.6 0.5 0.1 0.6 0.6 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0
C2 558.55 0.5 0.5 0.5 0.2 0.5 0.5 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0
signals was observed when the LIBS signal was produced in air
whereas these were not correlated (correlation factors b0.6) when a
helium atmosphere was employed. From these results it could be
concluded that the production of the CN and C2 radicals is governed
by a specific pathway depending on the nature of the ambient atmo-
sphere. This phenomenon can be employed to better control and
improve discriminating information provided by LIBS spectra.

As presented on Fig. 5(b), the CN 388.34 nm and C2 471.72 nm
signals as a function of the sample led to an apparent discrimination
between A+C on the one hand and H+P on the other hand. In this
experiment the helium buffer gas gave the opportunity to measure
CN signal only when the plastic is containing a CN bond. The CN signal
is high for the plastic A containing acrylonitryle, (Table 1) while it is
lower for C containing a lower proportion of acrylonitrile. The only
difference between A and C is the presence of polycarbonate in the
C plastic, so it is logical to obtain a similar C2 signature and a different
intensity of the CN band. This result differs from the conclusions of
Grégoire et al. [18] as they measured a similar C2 signal for all the
aromatic polymers including polystyrene and ABS. The LIBS system
employed is very similar apart from the helium buffer gas. In our
experiment, Polypropylene (P) and HiPS gave extremely low signals
for CN as they do not contain nitrogen. Although a helium buffer
was also employed when a higher energy and laser wavelength
were employed for the same experiment, no discrimination could
be observed. In our study, the 266 nm laser gave best results for
plastic discrimination under a helium atmosphere.

Calculation of the ratios CN/He and C2/He could provide the
discriminant measurements required to sort the plastic sample eval-
uated in this study. The plot of [C2 471.72 nm/He I 667.815 nm]
against [CN 388.34 nm/He I 667.815 nm] exhibited a discrimination
of the samples as four distinct groups (Fig. 6). The uncertainty of
the ratio measurements were ranging in the 15 to 20%, allowing to
significantly distinguished the four groups corresponding to: A
(ABS), C (ABS-PC), H (HiPS) and P (PP). Using similar emissions,
Sattman [28] identified polymers with C2 516.52 nm emission and
a [C I 247.856 nm/H I 486.135 nm] ratio, while Anzano [13] employed
the [H I 656.271 nm/C I 247.856 nm] and [C2 516.52 nm/C I
247.856 nm] intensity ratios. Thepresentwork demonstrated that plas-
tic sorting using CN 388.34 nm, C2 471.72 nm and He I 667.815 nm
signals, available when using a helium atmosphere, could remarkably
improve discrimination.

4. Conclusion

A detailed evaluation of the LIBS signals of plastic sample using
different plasma conditions was made. The element identification in
different plastic matrices was possible using 266 or 532 nm lasers.
The comparison of a helium atmosphere and an air atmosphere led
to improved results using helium as a buffer gas. The improvement
is obtained in two areas, it increases the detection of halogens
(Br, Cl) usually employed as flame retardants for plastics. Even if
the signal does not improved for all the elements, due to specific
objective i.e. detecting flame retardants in plastics, the buffer gas is
preferred. It also increased the discrimination capacity of the system.
On the one hand, matrix effects are reinforced but on the other hand,
the significant differences obtained for C2/He and CN/He ratios
allowed discriminating the different plastics.

A quantification of the plastic additives (P, Ca, Cl, Br and Sb) was
made. When considering the different plasma conditions employed,
a strong matrix effect was observed with the 266 nm laser and the
helium buffer gas compared to the 532 nm laser employed with the
same helium buffer but with a higher energy. The similar element



Fig. 6. Ratio plots, [C2 471.72 nm/He I 667.815 nm] against [CN 388.34 nm/He I
667.815 nm]. Identified groups (dotted lines) correspond to the nature of the plastic:
A, H, C and P. Measurement conditions are the same as mentioned in Fig. 5.
response obtained in the last configuration led to a better trueness
when determination of the element content in a specific matrix is re-
quired. As the main objective for plastic sorting is the identification of
the presence of an element with a fair quantification UV laser could
be preferred.

Even if the conditions selected are more difficult to obtain for
on-line sorting the reliability of the polymer sorting was improved,
this work will be continued including real plastic sample and poly-
mers that were not available for this study (PTFE, PA, PVC …).
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