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ABSTRACT: For plastics materials intended to be in con-
tact with food, recent EU regulations, 72/2002/EC and
1935/2004/EC, enforce the assessment of the migration of
502 substances of the 932 positively listed substances. As
mathematical modeling has been proposed to overcome
such considerable effort in particular by providing maxi-
mum acceptable concentrations in the formulation, the com-
pliance testing problem is efficiently reduced to the
identification of substances and to their extent in initial
materials. This work examines a fast identification and
quantification procedure based on a semisupervised decon-
volution procedure of FTIR spectra of polymer extracts in
dichloromethane. The inversion procedure was imple-
mented as a Tikhonov least-square problem and designed
to work on large and open dictionary of substances by com-

bining both spectra of reference additives and normalized
responses of typical chemical functions. The sparsity of the
overall solution was fulfilled with non-negativity con-
straints, while traces were detected by an iterative reweight-
ing and stochastic resonance. The whole methodology was
calibrated onto 21 typical additives of polyolefins and satis-
factory tested on numerical examples and on extracts of
processed films in high-density polyethylene including up
to eight unknown compounds. Maps of possible confusions
and biases were generated for all tested substances.
The mass balance laws for molecules belonging to similar
classes of additives were particularly highlighted. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 119: 1492-1515, 2011
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INTRODUCTION

Along the food packaging chain, from raw materials
up to finished products, the information and know-
how is highly asymmetric between the different
stakeholders: producers, converters, packaging fill-
ers, retailers, enforcement laboratories, regulators,
consumers, etc. The resulting incompleteness on a
global market limits the usability of predictive math-
ematical models to check the compliance of materi-
als and articles intended to come in contact with
food or to assess their traceability to facilitate the
control, the recall of defective products, consumer
information, and the attribution of responsibilities,
as encouraged by recent European regulations 2002/
72" and 1935/2004.> In the case of thermoplastic
materials used on the European market, the legisla-

Correspondence to: O. Vitrac (olivier.vitrac@agroparistech.
fr).

Contract grant sponsors: Association de Coordination
Technique pour lIndustrie  Agroalimentaire, the
Association Nationale pour la Recherche Technique.

Journal of Applied Polymer Science, Vol. 119, 1492-1515 (2011)
© 2010 Wiley Periodicals, Inc.

tion, to which one of us participated, is particularly
complex because it is both very detailed and it is
still in the consolidation phase. Among the 937 sub-
stances (including 340 monomers and 597 additives),
which are positively listed in EU directives on plas-
tics in contact with food,®> 502 substances (including
230 monomers and 272 additives) are thus subjected
to specific migration limits (SMLs) because of toxico-
logical concern. Substances, which are not author-
ized because they do not belong to the positive list,
can also be used when they are located behind one
or more layers, which prevents their migration into
foods or food simulants above a detectable level.*
This concept of relative barrier, so-called functional
barrier, has been initially introduced to authorize the
use of certain recycled materials for food contact
applications. Although provisions are lacking or are
divergent, this general principle tends today to be
generalized to any multilayer structure and any sub-
stance including adhesives used in laminates, non-
food contact material, and printing inks. In the con-
text, where the EU Regulation 2023/2006° also lays
down the responsibility of business operators, the
development of rapid methods to identify possible
migrants and their amount in the initial materials is
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of significant concern. Indeed, each business opera-
tor should implement an effective quality manage-
ment to select starting materials, which ensure com-
pliance of the finished material or article. In absence
of a certificate from the provider, which declares the
compliance a priori, or for quality audit purposes,
the extent of the migration of substances subjected
to restrictions may be predicted via mathematical
modeling, while avoiding unnecessary repetitions of
time-consuming compliance studies. Modeling car-
ried out in-house or outsourced has several benefits.
It is an incremental procedure, which can handle
several sources of uncertainty or variability (e.g.,
composition, geometry physicochemical properties,
and storage condi’cions),6 and, which can be used in
real time to setup internal specifications: acceptable
substances (e.g., molecular mass cutoff) and accepta-
ble concentrations.”

The introduction of fingerprints in good manufac-
turing practices has been suggested in the early con-
clusions of the EU AIR research program CT94-
1025,° but the recommended technique, 'H-magnetic
resonance, is still not widely available. Conventional
deformulation techniques have been reviewed by
Bart.” They involve mainly wet chemistry rules on
material extracts, while combining an ever-increas-
ing order of sophistication in analytical ingenuity.
Previous studies demonstrated that the burden
remained on the identification of substances and not
on the extraction step itself, which can be optimized
by an appropriate choice of solvent and an accurate
estimate of the extraction yield."” For the fast dis-
crimination of extracts involving volatile com-
pounds, electronic noses based on metal oxide sen-
sors have been proposed, but their applications are
still restricted to the detection of off-odors and out-
gassing issues in thermoplastics.” FT-Raman spec-
troscopy combining with CCD array detectors and
near-infrared diode laser excitation could be an
appealing alternative to tag in situ additives accord-
ing to their vibrational spectra.'' However, the
method is much less applied than infrared methods
because of poor Raman scattering, insufficient repro-
ducibility, and the lack of specific Raman libraries.'?
By contrast, mid-infrared spectroscopy is one of the
most established analytical methods in the packag-
ing industry and enforcement laboratories. In partic-
ular, Fourier transform infrared (FTIR) spectroscopy
is supported by commercially available databases
covering polymers and polymer additives, and it is
suited for direct identification on either solid sam-
ples or extracts. Without being exhaustive, several
studies'®"® using mid-infrared techniques demon-
strated the feasibility of the technique to trace the
concentrations of minor constituents such as antioxi-
dants in polyolefins. The usefulness of the technique
to identify the formulation on commercial materials

(i.e., blind materials) including more than three
additives and possible unknown components (i.e.,
without reference spectrum) has, however, never
been tested. Unique identification and corresponding
quantification in mixtures is expected to be hindered
by the presence of similar functional bands regard-
less of the structure of the rest of the molecule.”
Among foreseen difficulties, the spectra of large
polymeric additives may be improperly assigned or
the spectra of reactive phosphorous acid esters, used
as hydroperoxide decomposers, may be confounded
with very similar hindered phenolic antioxidants.*'
In the latter case, the confusion may have a signifi-
cant impact on the safety of the tested material, as
the SML is of 60 mg kg™ for secondary antioxidants
(hydroperoxide decomposers) against 6 mg kg ' for
primary antioxidants (hydrogen donors).?

Our objective was to design and discuss a gen-
eral and robust framework to retrieve the identifi-
cation and the quantification of major additives in
commercial polyethylene materials by FTIR meas-
urements for compliance testing purposes.””> The
originality of the approach was to include in the
study the most used additives (21 additives) for
packaging applications, while integrating complex
mixtures combining an unknown number of addi-
tives and possibly nondocumented substances (not
belonging to any positive list). It is underlined that
handling unknown substances might help to pre-
vent an accidental contamination of food products
and subsequent crisis, such as the one generated by
the contamination of baby milk*® and other pack-
aged drinks®* by 2-isopropylthioxanthone. This arti-
cle is organized as follows. Theory section describes
the two-step semisupervised regression procedure,
which was setup up for identification and quantifi-
cation on mixtures including an unknown number
of substances and possible unknown ones. The ill-
posedness of the corresponding deconvolution
problem prevented the use of common chemomet-
rics techniques,” and it was minimized by intro-
ducing constraints on the solution such as non-neg-
ativity and sparsity. Resulting biases were
decomposed and analyzed in terms of false posi-
tives and quantification biases. Experiments are
described in Experimental section. As additives are
heterogeneously distributed in the material, the
methodology was applied to spectra of extracts in
dichloromethane (DCM). This method was found to
be more convenient for routine analysis as it avoids
the scattering problem in semicrystalline polymers
such as polyolefins. Results are presented in
Results and Discussion section on either synthe-
sized spectra or spectra of real extracts for four
typical formulations of high-density polyethylene.
Recommendations for compliance testing are sum-
marized in Conclusions section.

Journal of Applied Polymer Science DOI 10.1002/app
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THEORY

Forward problem: Decomposition of the spectrum
of a mixture

For each measured wavenumber, 2, the FTIR absorp-
tion spectrum of a mixture (or an extract) in DCM,
Sk, was interpreted as a linear superposition of the
spectra due to DCM, Sk, n additives {A;},_; ,
belonging to a dictionary (i.e., database) of spectra,

{Szi}izl.n, m chemical groups {U]‘}jzlun not assigned

to {Ai}i_i . {S{}

/}41 , extracted oligomers and
1=1..n

other polymer residues (fillers, pigments, coat-
ings...), S%M, and finally a normal error with zero
mean &”;

n

m
St =Sbem + > _Sh +Shm+ Y_Su+e ()
i=1 =1

Except the spectrum of the background, all spectra
were assumed to obey to the generalized Beer-Lam-
bert law:
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St, = ot Yy, 2)
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where {o}}, supv are the products of molar

extinction coefficient of the kth component at the
wavenumber A and the path length (i.e., the width
of the cuvette which was a constant). {Cgu,}

i=.n’

{yu/}:l _»Tpy are the concentrations in A;, U;, and

PM, respectively. By considering wavenumbers
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which was written in a shorter form as:
Stot — Spcm = DC +&. (4)

A graphical interpretation is given in Figure 1 on a
simple mixture. S¢¢ — Spcm is the spectrum associ-
ated to the mixture with the background associated to
DCM subtracted. D is the dictionary matrix or calibra-
tion matrix containing the normalized spectra of all
available substances and the spectra of functional
groups associated to functional groups. As the meas-
ured intensity for a given chemical group depends on
the sensitivity and linearity of the detector, an optimal
D was obtained by generating the database on a same
spectrometer instead of using a commercial database.
An additional interest was to take into account possi-
ble interactions with DCM and to weight wavelengths
according to the linearity of the detector. A realistic
solution C must minimize the L?>norm |[[¢||* (variance
of €) while ensuring & has a zero mean. As the num-
ber of wavenumbers is much greater than the num-
ber of unknown compounds, the linear system was
extensively overdetermined. To avoid additional
confusion between the bands present in documented
additives (i.e., in A;) with generic bands (i.e., in Uj),
generic bands were associated to bump functions,
which guaranteed smooth cutoffs [see Fig. 1(a)].

Equation was relaxed to optimal wavelengths by
introducing a weighting 3451 x 3451 diagonal ma-
trix, W, whose main diagonal elements were ranged
between 0 and 1:

W(Stt — Spem) = WD C + We. (5)
N ——’ v
> A

The relative weight of each wavenumber was
determined from the determination coefficient,

{rii}' L derived from the calibration curve of bi-
: 1=1..n

nary mixtures DCM + A; obtained for five different
concentrations. As a heuristic (semisupervised
regression), a weight of 1 at A was assigned when
one of the three following properties was fulfilled:

L an {ri,i}i:yn

at least one value above 0.9;
2. At least one {cx}h}‘ L, Was higher than the
1=1.n
70th percentile values of the whole spectrum

A } )
s
{ Ai S0y s

3. At least one {aﬁ }
than 1. HJj=1.m

values were greater than 0.7 with

is significantly higher

To increase the signal-to-noise ratio, a smooth spline
cutoff was applied to adjacent wavenumbers with a
cutoff of 5 cm™" and a transition width of 3 cm™". It
was verified that this low-cost procedure was almost
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Figure 1 Graphical interpretation of normal equation (5),
Y = AC, for a mixture including Irganox 1076 (concentration
C,), Irgafos 168 (concentration C,), erucamide (concentration
C3), and Chimassorb 944 (concentration Cy4) in polyethylene
(concentration ypy). v1 and vy, stand for the concentrations
in simple chemical functions (respectively), whose normal-
ized spectra are plotted in columns 6 and 7 of A.

equivalent to a filtering step with zero-phase low pass
band filter of bandwidth 10 cm™!. At the end, for the
21 considered additives and 15 additional chemical
groups, 354 wavenumbers had a weight equal to 1.

The contribution of the polymer was obtained
similarly from the calibration curve obtained for five
different virgin polymer extracts. Because the sub-
stances were unknown, {7y, . and ypy were
expressed in arbitrary units. /="

Inversion problem: Finding concentrations of
unknown compounds

Linear system, written as £ = AC, was poorly condi-
tioned because of significant correlations between the
FTIR spectra of additives with close chemical formula or
including repeated patterns. The practical consequence
was that the large null space of B dominated the solu-
tion vector, C, of the standardileast—square problem
C = argmin|| T — AC||*. Indeed, any vector of the null
space, AC, could be added to calculate a new solution
of ¥ = AC. Without correction, this method would
give concentration estimates highly sensitive to noise
measurements as well as numerous false positives and
erroneous quantifications. To reduce such artifacts, a
ridge regression was used instead and implemented as
the following Tikhonov regularization problem®:

C = argmin||AC — 2| *+&2||ArC||*
of [ Je=[5][
= argmin C-
EAr 0
subjected to {C; > 0},; 1 pi10  (6)

where Ag isa (n + m + 1) x (n + m + 1) diagonal
matrix, where the diagonal term is zero when the con-

centration component is not subjected to any restric-
tion (it may be present) and 1 otherwise, when its con-
tent is expected to be minimal or zero. In other words,
the sparsity of the solution for unknown compounds
{u; }jzl.nz (e, minimizing false positives) was
enforced by introducing an additional distance con-
straint, £2||ArC||%. The tradeoff between the minimiza-
tion of the fitting error and the constraint was con-
trolled by a positive constant &, so-called Tikhonov
constant. As recommended by Hansen,” & was set to
homogenize variances between measurements and
predictions:

g var (St — Spem, diag(W))
- var (C, diag(I)) ’

7)

where var(u,v) is the variance of vector u relatively to
the vector of weights v, diag(W) is the main diagonal
of W, and I is the identity matrix.

As C is not known a priori, an iterative procedure
is applied by starting with £ = 0 (unregularized
problem) in eq. . Under these assumptions, the cal-
culated solution is the most likely according to avail-
able measurements and the available database. In
addition, positivity constraints in eq. restricted all
solutions only to feasible ones. They were efficiently
handled using an iterative inversion procedure
method based on the interior-reflective Newton
method.?® The method was started from the solution
calculated without constraint from the truncated sin-
gular value decomposition of [A  EAf 7.

The whole strategy prevented noise components
in the null space (due to mainly overlapping regions
in spectra) to propagate significantly in the approxi-
mated concentration vector. However, the presence
of unexplained residues in the measured spectrum
increased the risk of overestimation of identified
compounds. When disambiguation needed to be
verified or when quantification should be improved
because of nonassigned residual bands in We, W,
components with nonzero values were replaced by
1/les|. Although the convergence was not guaran-
teed, such refinements focused on measured spec-
trum components, for which the variance could be
the best explained. This reweighting strategy guar-
anteed that the whole methodology would be
applied to any mixture and polymer sample even
when some peaks or patterns could not be
recognized.

Biases associated to identification and
quantification

Difficulties in assessing the composition of even sim-
ple mixtures are illustrated in Figure 2. In this theo-
retical example, an additive with a two-band

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Theoretical example including an additive with
a known spectrum (including three bands) and an
unknown substance or residue with: (a) no common band,
(b) one common band, and (c) two common bands. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

spectrum was mixed with an unknown substance
including, according to the considered scenario: no
common band [Fig. 2(a)], one common band [Fig.
2(a)], and two common bands [Fig. 2(c)]. The objective
was to retrieve the true concentration of the additive
(here three in arbitrary units), C,, when only the
spectra of the mixture, X, and of the additive, S,
were known. The ratio between the known and

Journal of Applied Polymer Science DOI 10.1002/app
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unknown substances was set to 2/3. In this simple
example, the Moore-Penrose pseudoinverse was
0.1252S}, and the solution corresponding to the theo-
retical normal equation, £ = S5C,, was 0.1252SS% X.
This crude approach, which neglected the unknown
substance, led to C, values equal to 3, 3.75, and 4.02
when no, one, and two common bands were present.
Because adding 20% white noise to Sy and X gave
292, 3.74, and 3.97, respectively, the C, estimates
were almost insensitive to noise, but results were bi-
ased when a nonindexed substance was present. The
overestimation observed, when at least one common
band was present, was caused by the indiscernibility
of the response for some wavenumbers. As previously
suggested, increasing the weight of wavenumbers
where the predicted spectrum was underestimated
could help to reduce the bias. In the absence of noise,
the corrected estimates were 3, 3, and 3.8, respectively.
In the presence of noise, the correction was much less
efficient because of significant confidence intervals on
predictions, which hindered the identification of the
spectrum regions, where the predictions overesti-
mated the measures. On real samples, bands that
looked homothetic exhibited subtle differences, which
were expected to increase the well posedness of the
mathematical attribution of bands.

The biases associated to an erroneous attribution
of bands were calculated systematically by analyzing
all the 21 x 20 binary mixtures (note that the matrix
of pair interactions is symmetric), mixing a sub-
stance X and a substance Y with X # Y. The overall
objective was to retrieve a table of possible pairs,
which might yield a false identification of the sub-
stance, a poor detection level, an erroneous quantifi-
cation, etc. when the whole dictionary of known
substances (21) was used for the identification. For a
given pair, the total bias, B, was decomposed as:

Biot = <C§‘/H — CY>Y: Boo + <B§0Y>X+< §<1(1)>X

+( §OY>Y+< §é>y+<BOY>Y+<B§¥>Xay+< ;1{/>X7Y ®)

where C% is the estimated concentration in Y when
the whole inversion procedure was applied, Cy is the
“true” concentration in Y in the mixture. For each pair
X and Y, a normalized range of concentrations includ-
ing 11 levels for Cx and Cy (11 x 11 combinations)
was used to evaluate biases. To get realistic estimates,
a 10% white noise was added to the spectrum of each
mixture. (); is the average operator over all realiza-
tions, which verifies the subset of rules L.

Boo is the systematic bias due to identification irre-

spectively of the considered substances. <B§g>x and
< %>X assess the nonspecific false detection level

associated to the substance X when no other sub-
stance is added to the mixture, respectively, when
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the dictionary is reduced to substances X and Y, and
when all known substances are incorporated. <B§OY>Y

and < %>Y assess the false detection level on Y

related to the incorporation of any substance X,
respectively, when the dictionary is reduced to sub-
stances X and Y, and when all known substances
are incorporated.

(Boy)y is the bias of quantification associated to Y
alone, when no other substance is added to the mix-
ture. This bias was different of 0 only when the
whole dictionary was used. (BYy), and (B3
assess the biases-associated interaction between
and Y, respectively, when the dictionary is reduced
to substances X and Y, and when all known substan-
ces are incorporated.

EXPERIMENTAL
Formulation of samples

To test the whole identification and quantification
methodology on real samples, four high-density
polyethylenes with typical formulations were formu-
lated at semi-industrial scale. Formulations are
detailed in Table I, and they include antioxidants,
light stabilizers, surface agents, and swelling agent.
Chemical structures of additives are represented in
Table I. They include most of typical chemical
groups absorbing in FTIR: alcohol, aldehyde, ketone,
aromatic circle, tert-butyl, ester, thioester, phosphite,
amine, amide, benzotriazine, and benzotriazol. Plas-
tic additives were provided by Ciba (Switzerland)
except Erucamide, which was obtained from Croda
(Italy), and calcium stearate, which was obtained
from Merck (Germany). Virgin high-density polyeth-
ylene was obtained from ATOCHEM (France). Poly-
mer flakes were formulated during a first extrusion
step before final processing at semi-industrial scale
as 150-mm-wide and 0.2-mm-thick ribbons by a sec-
ond extrusion and subsequent calendering. Both
extrusion steps were performed at 200°C, and poly-
mer flakes were dried during 4 h at 40°C between
formulation and final processing. The final density
and the melting point were of 940 kg m > and
136°C, respectively. The crystallinity was evaluated
to 72.5% by differential scanning calorimetry.

Extraction of additives from samples

Extraction of additives from films was performed by
soxhlet extraction in DCM (ACROS organics, Bel-
gium). Ten grams of films cut in 5 mm x 5 mm
pieces were placed in contact with 100 mL of DCM,
40 h, at 40°C. To prevent the degradation of addi-
tives and polymer chain scissions during the extrac-
tion step, 100 pL L' of triethylphosphite (Sigma-

Aldrich, USA) was added to DCM. Long-term
extraction was required to get accurate reference
estimates of the formulation of processed films. For
compliance testing or rapid screening, this constrain-
ing procedure could be replaced by a 40-min pres-
surized solid-liquid extraction.

Reference concentration measurements

Reference concentrations were measured by high-
performance liquid chromatography (HPLC) associ-
ated to an UV diode array detector and an evapora-
tive light scattering detector in series. The HPLC
protocol was similar to the one described by Gar-
rido-Lépez and Tena.” The HPLC system consisted
of a Waters 717plus autosampler, a Waters 600 con-
troller equipped with a thermostatted column com-
partment, and an in-line degasser AF (Waters, USA).
Separation was achieved on an Xterra C8 column
(150 mm x 3.0 mm; 5-pm particles; Waters, USA)
operated at 60°C.

FTIR measurements

Absorption spectra of extracts in DCM were
acquired between 4000 and 550 cm ™' in a 100-pm-
thick cuvette (model moni-cell, Eurolab, Germany)
located in a Fast FTIR spectrometer (model spectrum
One, Perkin-Elmer, USA) at 23°C. Reference spectra
of additives at different concentrations, ranging
between 10" and 10~* mol L™, were acquired simi-
larly in DCM.

As previously discussed, to increase the sensitivity
to small differences, a white noise, ranged between
0.1 and 1%, and smaller than the repetition error,
was added to measured spectra before applying the
deconvolution. This procedure was repeated until to
achieve a convergence of concentration estimates.

RESULTS AND DISCUSSION
FTIR spectra of a typical BHT pattern

Absorption spectra of a typical additive pattern,
BHT, are plotted in Figure 3 when the contribution
of the solvent DCM was removed. The linear
increase of the band absorption with concentration
was used to identify specific mid-infrared bands of
BHT. The proposed assignation of bands relied on
the analysis proposed in Ref. *. The fundamental
vibrations in the 3700-3600 cm ™' region were due to
O—H stretching of the phenol group. The broad
band between 3100 and 3000 cm ' was associated to
C—H attached to the aromatic ring. The 1500-650
cm ' region with a forest of bands was referred as
the finger print region, which revealed the signature
of most bending and skeletal vibrations. It is worth

Journal of Applied Polymer Science DOI 10.1002/app



GILLET, VITRAC, AND DESOBRY

1498

NImuﬂv\o = O/ NIN—U
1asoduwodap 19)83 [Ad9poprp
o

© 1S $-82-€2100 aprxozadorpAH ‘proe druordoadiporyy, 0085d xouedi| id
o]
LEyBLY
.I/O
OH
dyeuordoxd
((AuaydAxoxpAy-$-141q
0€S €-64-280C 10u0p URZ0IPAL] -}493-1p-6°€)-¢ 1459peIO 9/01 xoue3iy €
_ OH
HO.
O auazuaq([AzuaqhxoIpAy
“b-1AIq-7493-1p-Gg)s1n
Ho VLL -0£-604£10 10u0p URZ0IpAH] -9'F' - IAPWIIL-G'g’ T 0€€T Xouesiy 4
N\ﬂVJA e
Ho (\[e4 0-£€-8T1000 10uop udBoIpAH -F-141Q-1404-10-9°C IHA I
9INJONIIS [eITWDYD) (;_Tow 3) IPqunu §yD SSe[D 2ANIPPY dwreu dwreu Sluel
W [edTwIaYD dTyeWA)sAg [eDIDWWO)) Qoue)sI(|

uonjedYNHUEN( PUL UONEdIHUIP] I0J ATEUOTDI(] YY) UI PI)SIT pue pajsa], sadueisqng
I 31dV.L

Journal of Applied Polymer Science DOI 10.1002/app



1499

METHOD TO ASSESS THE COMPOSITION OF A POLYOLEFIN

o 9[0ZPBLI}0ZUSqOIO[YD
-6-(1AuaydiAyow-g
91¢ G-11-968€0 IqI0sqe AN -14mnq-1403-¢-Ax01pAH-7)-C 9Z¢ wAnuLy, 0T
on(\f&
© £€€ G-¥8-Z1100 uade dig aprueUa-¢1-8000pP-(Z¢1) oprureonig 6
HO Seytin
© 89T $-1T-£5000 juedrIqng pIoe d10ueddpPeIdO proe dLeslg 8
o Ao
aurwe(q1D-¢1D)[Ae
He qIe-/8T S-¥8-€50L0T Juade dpeISHUY -(IApRAx0IpAY-7)SIqQ-N'N €91 TPuny L
/m \ w\:rwu
e
He I0ouop ud30IpAYy Touaydidyew
YTy 0-£T-€SS0TT [euondIUNIHNIA -9-(IAyewony3[£300)s1g-'¢ 0¢ST xouesiy 9
nnIEU\O/:\/\m/\/ﬁjO/RIEO
1asodwodap ayeuordoxdrponyy
e e €89 £-9€-€6900 aprxozadorpAf [£apedor 208Sd xoue3i g
9INJONIS [edTWAYD) (;_Tour 3) Isquinu §y)D) SSed 2ARIPPY sureu sureu Sluer
W [e2TWIaYD DTy eWa)sAg [eDISWWOD) DUueISI(|

ponunuo) T H1dV.L

Journal of Applied Polymer Science DOI 10.1002/app



GILLET, VITRAC, AND DESOBRY

1500

OH

Jye[Amoe [Auaydidyiow
[1AuaydiAyzew-g-AxoxpAy

Iouop “C-(AyRdygounp-17)-¢]
76€ 9-86-£9119  uaB01pAy [euondUNHMN -9-(ApRAypownq-1'1)-g 750¢ xoue3iy 1
[=]
== f“u\ﬁ 05, M (ayeuordoxd
o ° f«o/onia\o#\._& (1AuaydiAypowr
J -G-AXOIpAY-$-1A1Nq-1.497
986 T-89-€¥9€0 10uop uaZoIpAH -€)-¢)s1q [0d4[3oudAyarL G xoued €1
] o]
P
A A
e o (ayeuordoad ((Auayd
Iouop -AXOIpAY-F-[AINQ-1493-Tp
79 6-GE-P8PIy  uaBoapAy [euonounynmiy -6’€)-€)s1q [oueyIRIPONY ], Ge01 xoueSiy Al
HN (o] o]
Vn—Iwo Am
o] o NH
9)JeOIPaULIIP
(14-p-urpuad
8% -6-L0-678CS 123uaAedS [EdIpEY -didyowren1-9'9'z'z)sig 04 uianurg, I
9INJONIIS [eITWAYD) (;_rouw 3) Dqunu gy SSe[D 9ARIPPY auweu swreu Spuer
W [e2TWIdYD dTjeWa)sAg [eDIdWWOD) oue)sI(|

ponunuo) T H1dV.L

Journal of Applied Polymer Science DOI 10.1002/app



1501

METHOD TO ASSESS THE COMPOSITION OF A POLYOLEFIN

7\

HO.

o/\<<<

auouaydozuaqAxo4oo

9z¢ 9-60-€¥810 1DZI[1qR)S JYSI] -u-H-Ax0IpAH-T 18 glossewrny) LT
(o]
d
O\ //O
ﬂ w 1asodwodap ayydsoyd (jAuayd
V9 F-$0-0£GT€ apxoradoipAy -1A1Nq-1403-1p-F')SHL 891 soyedi] 9r
Q
H
z//fwu
n_u PHED) ‘o (proe or101p
™~ -ueng-§’1-1fe-[oueia
aurprradid--[Aypowres
° e 0007—001€ 0-LL-LFHS9 1ZIIqe)s 8] -193-9'9'7'¢-Ax0IpAY-F)AT0g 779 uanury c1
2INjONIS [edTWAYD) (;_Towt 8) Ioqunu gy D) SSed IAIPPY suwreu auwreu Sfuer
w [edTwIaYD dyewlsAg [BI2IWIWO)) ERlbialg]

ponunuo) T 41dV.L

Journal of Applied Polymer Science DOI 10.1002/app



GILLET, VITRAC, AND DESOBRY

1502

8L1T

8L

00T€-000C

8-61-£8990 I0UOp UaS0IpAL]

9-79-9/9/T Jouop US0IpAH]

8-61-8/81Z 1azI[Iqess WS AN

(ayeuordoxd(
[AuaydAxorpAy-1
-Anq-1101-1p-¢'¢

)-¢)spye}a}

[onnpAIaejus J 0101 xouedig 0z

auor(
-HS'HE'HT)9 ¥ ¢-ouizern
-6'¢'1-(1Azuaqhx01pAy-

-[AINq-1427-1p-G'€)SILL-G'E'T y11¢ Xouediy 61

[ounu(jAprodid-;
-IApoureno}-9'9'z'g)jous]
-Aygowrexay[ourwt
-(1Apradid-p-1Ayzewrenay
-9'9'T0)]-141p-'c-ourze
--g'¢'T-[ounwre([Anqdyy

-owena-¢'¢'1'T)]-9]410d ¥h6 qrossewryd 81

9INJONYS TedTWAD)

(;_Tow 3)
w

PqUING gV SSe[ AATIPPY

aureu awreu Sfuer
[edTuIaYyD dnewa)sAg [eIDIWWo)) oueIsIq

ponupuol T 41dV.L

Journal of Applied Polymer Science DOI 10.1002/app



METHOD TO ASSESS THE COMPOSITION OF A POLYOLEFIN 1503

TABLE 1. Continued

Systematic chemical

Commercial

Distance

Chemical structure

M
(g mol 1Y)

name Additive class CAS number

name

rank®

166

Triethylphosphite Hydroperoxide 122-52-1

Triethylphosphite

21

decomposer

)
e

16n + 2

Polyethylene

PE

22

# Rank corresponding to the Euclidian distance between normalized spectra as depicted in Figure 5(b).

to notice that the vibrational response of DCM per-
turbed some bands in this region, so that the sub-
tracted spectra appeared discontinuous at some
wavenumbers [Fig. 3(a)].

Our automatic weighting procedure recognized
accordingly the major bands and in particular the
signature of the random reorientation of both tert-
butyl groups. By combining the information of all
tested 21 additives (Table I), it was obvious that
most of the available degrees of freedom for identifi-
cation came from the fingerprint region and were
controlled by the lateral hindering groups. Indeed,
the alcohol band and the rigid C—H bands were
much less specific as most of antioxidants included
a phenol group. Only the terminal part of the 1830-
1650 cm™ ' region of carbonyl group was incorpo-
rated in the full analysis. Secondary amine groups
stretching, usually observed between 3400 and 3300
cm !, was also selected for Atmer, Chimassorb 944,
and Tinuvin series. Aromatic C—N stretching in tria-
zine and in aromatic amines, the aliphatic C—N
stretching, and the N—H wagging band were also
included, respectively, at 1590-1520 cm ™, 1360-1250
cmfl, 1220-1020 Cmfl, and around 715 cm ™. The al-
iphatic P—O stretching and the thioether function,
present in secondary antioxidants, were merged in
the middle of the finger print region at 1450-1430
cm ' and at 700-600 cm ', respectively. Finally,
C—H stretching bands from aliphatic domains,
which occur in the range 3000-2850 cm ™!, were also
introduced to derive the contribution of oligomers in
the mixture.

Degrees of similitude between the FTIR spectra of
tested additives

The presence of resembling chemical groups for
molecules with similar technological function com-
plicated the identification of those substances. This
effect is illustrated in Figure 4 by comparing the nor-
malized spectra of additives, Irganox 1076 and Irga-
nox PS800, with partly dissimilar chemical structures
but with close signatures. The concentration ratio,
which maximized the resemblance between the spec-
tra of both additives, was determined from the
right-singular vectors of A reduced to the two addi-
tives columns. The C—H stretching band from ali-
phatic segments in the range 3000-2850 cm ' domi-
nated the response of both molecules. The carbonyl
stretching in the 1830~1650 cm ™' region was highly
recognizable but not enough specific to separate
both molecules. Tenuous differences appeared along
the whole fingerprint region. Although they contrib-
uted to about 21% of the overall mean square differ-
ence between both spectra, they were much more
specific.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Absorption FTIR spectra of BHT in DCM with
background subtracted: (a) raw spectra at different concen-
trations, (b) spectra regions with a relative weight of 1
according to the number of additives considered in the
dictionary: BHT alone (S}fHT) and BHT with the full

Il
database (S§ir).

To assess the importance of the fingerprint region
in the separation of substances, the former compari-
son was applied to all 22 x 22 pairs including the 21
additives and the polymer itself. The Euclidian dis-
tances between all spectra, assembled as a similarity
matrix, were used to reconstruct a theoretical map of
proximities between tested substances in a low-
dimensional space. The scatter was maximized by
projecting the distances onto a three-dimensional
space with an average distance error of 16% and a
maximum error up to 60%. The same similarity ma-
trix was used to obtain a hierarchical classification of
the proximity of spectra based on the averaged dis-
tances between groups of substances. Distance maps
and dendrograms are plotted in Figure 5 when the
whole spectra or the fingerprint regions were used.
They confirmed that only few substances could be
identified undoubtedly, among them: Tinuvin 622,
Irganox 1010, Triethylphosphite, and Chimassorb 944.
The analysis of the fingerprint region increased glob-
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ally the discrimination, with significant improve-
ments for Irgafos 168 and Chimassorb 81. On one
hand, the small distances generally observed between
spectra confirmed the mathematical ill-posedness of
the inversion of eq. (6). On the other hand, the distan-
ces maps suggested that clustering of molecules,
whose distances were below a threshold normalized
distance (e.g., 0.5), could help to identify the number
of some typical chemical patterns present in the mix-
ture. Thus, although BHT, Irganox 1330, Irganox 1035,
and Irganox 1076 had very similar spectra, the con-
centration in BHT patterns could be guessed from
their responses in the fingerprint region as they were
almost proportional to the number of embedded
BHT, respectively, 1, 4, 2, and 1.

Biases estimates on binary mixtures

Previous considerations were based on well-defined
spectra of molar extinction coefficients and not on
crude spectra of mixtures. In addition, they did not
take into account and the cutoff distance introduced
by the inversion procedure itself. Biases associated
to the similarities among the 21 additives were cal-
culated by applying the whole procedure to all com-
binations of binary mixtures. A white noise level of
5% was added to all mixtures, and the concentra-
tions were sampled from 500 repetitions. The biases

a)

— Irganox 1076 (atC = 1)

10l — Irganox PS800 (at C=0.886) |

i

i
5t 4
or !:-——— k\ - L}ﬁb\'\‘\ e

4000 3500 3000 2500 2000 1500 1000

N—

I8

1000 800 600
v(cm"1 )

1200

1400

Figure 4 Spectra of Irganox 1076 and Irganox PS800 nor-
malized to maximize similitudes: (a) whole range of wave-
numbers and (b) details in the fingerprint region. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]



METHOD TO ASSESS THE COMPOSITION OF A POLYOLEFIN

34 component

1505

1: BHT

5: Irganox_1330

4: Irganox_1076
10: Irganox_PS800
11: Irganox_PS802
6: Irganox_1520
19: Atmer_163

22: PE

18: Acid_stearic
20: Erucamide

15: Tinuvin_326
17: Tinuvin_770

3: Irganox_1035

7: Irganox_245

8: Irganox_3052
16: Tinuvin_622
12: Irgafos_168
13: Chimassorb_81

Gy

10

0

0

14: Chimassorb_944
9: Irganox_3114
2: Irganox_1010

-5 -10

21: Triethylphosphite

nd
2" component 18! component

om0
5
© ®
P

S

"d component
o —
\Y
©

6 4 2
normalized distance

o

d)

1: BHT

5: Irganox_1330

3: Irganox_1035

4: I[rganox_1076
10: [rganox_PS800
11: Irganox_PS802
8: Irganox_3052
16: Tinuvin_622

7: Irganox_245

14: Chimassorb_944
6: Irganox_1520
18: Acid_stearic
20: Erucamide

22: PE

15: Tinuvin_326
19: Atmer_163

13: Chimassorb_81
17: Tinuvin_770
12: Irgafos_168

20
- 10

9: Irganox_3114
2: Irganox_1010

21: Triethylphosphite

-10
2" component 1% component 12

10 8 6 4 2 0
normalized distance

Figure 5 Distance map between spectra of tested substances: (a, b) whole spectra and (c, d) fingerprint region. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

were linearly decomposed according to eq. (8). To
assess the relevance of non-negativity constraints,
detection biases were calculated according to uncon-
strained solutions of eq. (6). The systematic bias, Bgo,
was found not significant. The other biases, related
to identification and to quantification, are summar-
ized in Figures 6 and 7, respectively, for a dictionary
including only the two tested molecules or the
whole set of 21 additives. All molecules were
indexed according to the overall distances between
spectra plotted in dendrogram 6b to highlight the
correlations between biases and spectra closeness.

The disruptor character of a given substance in a
mixture was assessed by a (BY), or < Y value
different from 0 [Fig. 6(a,b)]. Only Tinuvin %26, an
ultraviolet absorber, including amines functions and
a BHT pattern, acted as a “chimera” and hindered
the detection of several substances with partial re-
semblance. Its signature was, however, unique and
it was always detected, when it was present. Mole-
cules subjected to an elevated risk of false positive
were revealed by a significant positive bias <B§g>y
or %> [Figs. 6(c) and 7(d)]. On the opposite, mol-
ecules with high detection threshold were identified

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Identification biases on Y for binary mixtures X + Y as defined in eq. (8) when Y is not pres nt the mixture:
(a, b) average false detection level generated by all substances X listed in the dictionary, <BXO >Y and (B, IS ; (¢, d) av-

erage false detection levels generated by the substance X on all possible Y listed in the dlCthl’lgl‘y, ( XY>X
and [3”” ; (e) false detection associated to a specific substance X. Biases in a and ¢ were calculated with
dictionaries containing only molecules X and Y, whereas they were calculated with all 21 additives in b, d,
and e. Signed biases were obtained by removing non-negativity constraints in eq. (6). Substances are ordered
according to the distances between spectra plotted in Figure 5(b).

by a negative bias. Working with a large set of sub-  tions were associated to confusion between substan-
stances in the database reduced both risks by spread-  ces, they were mainly negative. The true
ing the total variance on more degrees of freedom  concentrations were on an average lowered by a
(i.e., more substances). The confusion matrix [Fig.  value (Byy), when only the measured substance was
6(e)] revealed that all substances including a signifi-  present in the mixture [Fig. 7(a)]. As expected from

cant pattern such as BHT or several amine functions  previous behaviors, the negative deviation was max-
were subjected to significant detection threshold, as  imal for Tinuvin 326 and molecules including a BHT
they might be replaced by molecules with a similar ~ pattern. The introduction of a second substance

pattern. In practice, large spots in the confusion ma-  increased the previous trend with an additional
trix read column-wise should be interpreted as falsely ~ deviation (B%, ) mostly negative [Fig. 7(c)]. The
detected molecules susceptible to mask the one indi-  confusion matrix extended to quantifications [Fig.

cated on the row title. The masking intensity was  7(d)] assessed the average amount, which should be
expressed as the expected molar concentration in the  related to the molecule read row-wise.
true substance. Reciprocally, the same matrix read
row-wise gave the underestimation factor because of
a false assignment to other substances.

Quantification biases took into account the interac- In practice, mixtures are expected to contain more
tions between pairs of additives. As these interac-  than two unknown substances and a significant

Deconvolution of theoretical complex mixtures

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Quantification biases on Y concentration for binary mixtures X + Y as defined in eq. (8): (a) biases associated
to Y alone when no W was added, (Byy)y,; (b, ¢) average biases associated to increasing concentrations in X for

all possible X; (d) biases associated to a specific substance X. Biases in b were calculated with dictionaries
containing only molecules X and Y, whereas they were calculated with all 21 additives in a, ¢, and d.

amount of oligomers and other residues from the
polymer, denoted PE. In addition, some substances
can be missing in the dictionary. To assess the per-
formance of the identification procedure defined by
eq. (6), three typical situations were theoretically
constructed from the individual spectrum of each
substance:

» Extract A: five substances with low binary
biases and PE; all substances are indexed in
the dictionary;

* Extract B: three substances with significant
binary biases and PE; all substances are
indexed in the dictionary;

» Extract C: five substances and PE; three sub-
stances are not indexed in the dictionary
(three columns are removed from A).

To match real extracts, the concentration in PE
was set to contribute to 15% to the whole variance
of the measured spectrum. The inversion procedure

was applied on the synthesized spectra including
5% of white noise. To retrieve a reliable statistics on
5 and 95% percentiles, the whole process was reiter-
ated 500 times. All determinations relied on a large
dictionary, including 21 substance accessions, except
for extract C where only 18 entries were considered,
and including four generic chemical group acces-
sions: C—S, C—N, C—0O, and N—H. The correspond-
ing identification and quantification results are plot-
ted in Figure 8 as residues spectra and as expected
concentrations for all possible molecules and chemi-
cal groups listed in the database. To help the identi-
fication of possible false assignation of substances,
the molecules were ordered according to the overall
distances between spectra as plotted in Figure 5(b).
It is thus highlighted that a concentration attributed
to a given substance could also be shared with mole-
cules in the neighborhood (i.e., with a similar
response). As molar concentrations were used, the
mass balance between homologous molecules could
be determined.

Journal of Applied Polymer Science DOI 10.1002/app



1508

GILLET, VITRAC, AND DESOBRY

c)

0.6 1 0.6+ 0.6 1
(0]
o
[ =
o 0.4 0.4+ 0.4 1
o]
=
?
0.2+ 0.2~ 0.2
: s s &
0+ Scalc 0+ Salc 0+ Sealc
€ € €
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
-1 -1 -1
viem ') v(cm ) v(em™)
-
10° 10° 10° I
= 1 v 1 v
10 I 10 10 5
¥ v
e v v . v v = 2L "
o0 v ¥ 107 10 -
- v - I o
5 I I I © II
E 5 . [ I 1 E
= 10 10 I o o
(6] (&) I o
107" 10" 10"
o
107° 107° 107° 1
P [ LD - w1 D) . ce e e LD
ERERRIg SEIRERENERITE: EACRaT SEARETENEaITE: mogaen ERISEIBEIte (30
xxggxa LREELEE808 %2 xxg‘ﬁn.xa 2REELExE808 < x2 x&xa 2REExE808. %2
oo oE §S33ccozgRgool S¢o CE §S330cc635290cE OxOE m830cozxg@occos
ccEicsE PE22cccEZSaqce 22xxBE §33325239492¢8 2x2E §3395°235%R0¢8
55228< LHEEROREDOTLT G Z52S8< LTEEROREDTSgaS 525 LLEFOREPTLGE
22552 O FRpsgh-Efooz oo55e @ FRgEg--Efopz 252 O FgEgh-Efopx
TTEET - T HE e —TEET - T 2= e - T HE R
(N B E o B

Figure 8 Identification and quantification capabilities on three typical synthesized mixtures including 5% white noise: (a)
extract A, (b) extract B, and (c) extract C. Spectra include the synthesized spectrum, S, the calculated spectrum after iden-
tification, Sca1, and the residues, €. Calculated concentrations in DCM are gathered as intervals for all listed species in the
dictionary. Each interval represents the 95% confidence intervals based over 500 repetitions. Zeroed concentrations in the
solution have signed value equal to the theoretical detection limit (DL). True concentrations appeared as open triangles.
Chemical functions are reported only when their concentrations were determined non null.

In extract A, all molecules were well identified
with predicted concentrations in good agreement
with theoretical ones [Fig. 8(a)]. Because of the pres-
ence of some false positives, the concentrations
tended to be underestimated. False positives were
easily separated from real additives as their concen-
trations were one magnitude order much lower. In
real processed materials, they would appear with
concentrations much lower than those recommended
by the industry. It is underlined that the solution
remained mainly sparse, and that no additional
functional group was introduced by the resolution
algorithm. As they are subjected to different SMLs,
the separation between primary antioxidants (Irga-
nox 1076, Irganox 1010, and Irganox 3114), second-
ary antioxidants (Irgafos 168), and light stabilizer
(Chimassorb 944) was particularly remarkable.

A similar behavior was observed in extract B [Fig.
8(b)]. Irganox 1076 was, however, not identified and
was replaced by a false-positive Irganox PS800 with
a very similar absorption spectrum (Fig. 4). The sur-
face agent Atmer 163 tended to be mistaken for

Journal of Applied Polymer Science DOI 10.1002/app

polyethylene residues. Besides, as Irganox 1076 pre-
sented an aliphatic group similar to octodecane, it
led to a significant overestimation of polyethylene
residues contribution.

Mixture C was a complex case, where Irganox 1076,
Irganox PS802, and Tinuvin 770 were present in the
mixture with respective concentrations of 20, 7, and
10 mol L' but missing in the dictionary A. Under
constraints of non-negativity, the total variance could
not be explained by the listed substances alone, and
four additional functions were additionally identified.
Although its spectrum was unknown, Irganox 1076
was substituted in a consistent manner by BHT and
Irganox PS800 with a very similar spectrum (Fig. 4).
The introduction of C—S and N—H functions was a
reliable signatures of molecules belonging to the fam-
ily of Irganox PS802 and Tinuvin 770, respectively. As
the spectra of such functions were idealized, they
could not be used for quantification.

Examples follow-up drove some practical conclu-
sions. Phosphorous acid esters such as Irgafos 168
were well identified and quantified. Chimassorb 944,
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nox 1076 was never identified, whatever it was pres-
ent or not, and was systematically replaced by

Irganox PS800. Removing Irganox PS800 from A

a)
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and (d) PE4. The data are expressed as in Figure 8 except the concentrations are reported in the initial

processed films instead of in the extracts. Concentrations measured on the same samples by a standard HPLC method

appeared as open triangles.

7

Figure 9 Identification and quantification capabilities on four real extracts from high-density polyethylene films: (a) PE1,

Tinuvin 622, and Irganox 3114 were well quantified

but subjected to false positive. Erucamide was iden-
tified but its concentration was underestimated. Irga-

(b) PE2, (c) PE3



1510

corrected the situation, but it was not a reliable
choice on commercial samples. The overall approach
was enough robust to propose additional functions
where a compound in the mixture exhibited a spec-
trum sufficiently different from those recorded. The
procedure can be easily enriched by the introduction
of new substances.

Deconvolution of the extracts of real formulations

In the previous examples, the deconvolution was
applied to mixtures where each compound was
introduced with nominal concentrations. Within a
real mixture, the deconvolution was complicated by
a contribution to the total variance, which was
highly inhomogeneous. To get a multiscale deconvo-
lution procedure either on major and minor substan-
ces, the following two-pass deconvolution procedure
was applied to four different real formulations of
HDPE, denoted {PE;}; — 1 4:

1. application of normal weights, W, to all wave-
numbers and identification;

2. reweighting W according to 1/|e,| from previ-
ous step and identification restricted to the
nonfingerprint region (above 1500 cm™");

3. reweighting W according to 1/|e,| from previ-
ous step and identification restricted to nitro-
gen-containing compounds between 1500 and
2500 cm ' and beyond 3200 cm ™ ;

4. all previous steps were reiterated by starting
from step 3 down to step 1.

The concentrations of minor compounds, which
explained less than 20% of the total variance, were
defined as the maximum of six determinations. The
concentrations of other compounds were derived
from step 1 alone to prevent additional biases due to
nonlinear approximations of spectra deviations. The
two-pass deconvolution in forward and reverse
order with iterative reweighting ensured that details
in the nonfingerprint region, which supports most of
the variance, could be revealed without introducing
a large numbers of false positive. The overall spar-
sity of the solution was controlled thanks to non-
negativity constraints applied to all steps. Spectra
obtained at step 1 and final concentrations after the
two-pass deconvolution are plotted in Figure 9. The
concentration results are expressed in the usual
manner for compliance testing in mg kg~' of poly-
mer (Table II). An arbitrary threshold of 0.1 mg kg71
was applied to all unidentified substances. Confi-
dence intervals were obtained by adding 5% white
noise to the measured spectrum and by repeating
the whole procedure 500 times. This protocol con-
tributed via stochastic resonance to enhance the
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response of the deconvolution procedure to small
contributions.

Although the identification was not exact for all
substances, the magnitude orders agreed well the
real contents. False positives appeared at much
lower concentrations (traces) or involved molecules
with very close spectra and/or with close chemical
structure. As a rule of thumb, most of false positive
were reliably identified by large confidence intervals
over about one magnitude order. Exceptions
appeared for linear molecules easily confused with
polymer residues such as Atmer 163 and for mole-
cules including presenting several BHT patterns.
Because of false positives, the concentrations of most
identified substances were underestimated.

In details, PE1 had a composition close to the
previous extract B and exhibited a very similar
behavior. Irganox 1076 was replaced by Irganox
PS800 and in a less extent by Tinuvin 770. Trie-
thylphosphite and Erucamide were well identified.
According to Figure 7(e), the underestimation
would be caused by 1076, Erucamide and triethyl-
phosphite. PE2 contained three light absorbers and
two of them were detected. Chimassorb 81 was
reliably detected, whereas Chimmassorb 944 was
mistaken with antioxidants Irganox 3114 and Irga-
nox 1010, whose responses are closely related as
illustrated Figure 7(e). Similarly, the Tinuvin 622
contribution was partly replaced by an amount of
Irganox 3052. PE3 and PE4 were very realistic for-
mulations of polyethylene including primary anti-
oxidants, secondary antioxidants, and light stabil-
izers. The method identified either the right
substance or the immediately adjacent substances.
The analyses were highly convincing in PE3,
whereas they were more difficult to interpret in
PE4. However, two substances or analogous ones
were not identified in PE4: Chimassorb 944 and
Tinuvin 622. As both additives are polymeric, they
might be identified as smaller additives with simi-
lar chemical formula. Tinuvin 326 could thus
replace Tinuvin 622. The last poorly identified sub-
stance, Erucamide, was replaced consistently by
Atmer 163.

The ability of the whole approach to predict the
lumped concentration of additives belonging to a
same class of additives or chemical functions is pre-
sented in Figure 10. The corresponding estimated
concentrations were cumulated by classes and plot-
ted against their reference values in the four tested
samples. On complex extracts, the proposed simplifi-
cations made it possible to merge reconstructions
from substances with tangled spectra. The predic-
tions were in well agreement for primary and sec-
ondary antioxidants, and ultraviolet light absorbers.
Significant underestimation occurred only for sur-
face modifiers.
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TABLE II
Composition of Processed High-Density Polyethylene Films

PEl (mgkg ') PE2(mgkg ') PE3 (mgkg ') PE4 (mg kg ")

Additive name

Irganox 1076 467 + 23 - 156 = 3 159 + 27
Irgafos 168 2497 = 167 - 626 = 40 -
Erucamide 3436 = 116 - 1523 + 152 -
Chimassorb 81 - 3293 *= 370 668 * 46 -
Chimassorb 944 - 3327 + 237 - 545 = 26
Tinuvin 622 - 3416 = 960 - 427 + 120
Irganox 3114 - - 463 + 42 -
Tinuvin 326 - - 626 * 61 -
Irganox PS 802 - - - 502 = 17
Triethylphosphite® 969 *= 10 969 = 10 969 = 10 969 = 10

@ Substance added to the extract, with a concentration expressed as it was present in
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the processed film.

Separation of additives by their chemical functions

As tested phenolic antioxidants additives included a
repeated BHT pattern and could be confused with
other hindered molecules such as light stabilizer,
their absolute identification was identified as a stiff
mathematical problem. As a typical example, the
ubiquitous Irganox 1076 was commonly mistaken
with a less common antioxidant Irganox PS800. A
possible strategy to identify robustly Irganox 1076
and to contribute to separate antioxidants between
several alternatives was to obtain a signature of the
two patterns characteristic of Irganox 1076: the BHT
head and the complementary tail, consisting in an
ester function and an octadecane block. Because
PS800 does not include any BHT pattern, the pres-
ence of Irganox 1076 could be estimated very likely
as soon as the ratio between the number of BHT
head pattern and the number of tail pattern would
be significantly greater than 0. On the opposite, a
value closer to unity would reveal the presence of a
significant amount of hindered phenolic antioxidants
comprising several BHT patterns. By contrast, values
greater than 1 were very unlikely as the signature of
the tail was common several additives. The signa-
ture of the tail in Irganox 1076 was retrieved by sub-
tracting the BHT contribution from the molar spec-
trum of Irganox 1076. Optimal wavenumbers
weighting for each pattern were derived by studying
the linearity of the spectrum with concentration. The
molar concentration ratios inferred from specific
deconvolutions of previous extracts are summarized
in Figure 11. The exact ratio, which accounted all
linear molecules, is also plotted for comparison.
Although the ratio did not sign any substance, it
supported unambiguously that PE2 did not contain
any phenolic antioxidant and that the composition in
phenolic antioxidants in PE3 was significantly differ-
ent from PE1 and PE4 with a likely presence of an
antioxidant consisting of several BHT patterns. It con-
firmed thus the presence of Irganox 3114 including

three BHT patterns in PE3 [Fig. 9(c)]. By contrast, the
lower ratio in PE4 confirmed the presence of a signifi-
cant amount of aliphatic thioethers, identified as Irga-
nox PS802 [Fig. 9(d)]. The predictions of this ratio
were highly reliable and provided an additional
framework to choose between several alternatives.
Other ratios were found to be valuable to improve
predictions presented in Figure 9 at least qualita-
tively. Table III presents the relative concentrations
in some specific patterns as they were identified.
Among them, the acid pattern found in PE1 was
related to stearic acid, which was poorly identified
with the global procedure. The piperidinyl group
typical of Tinuvin 770, Tinuvin 622, and Chimassorb
944 was accurately detected in PE2 and PE4,
whereas none of them were initially detected. Other
patterns such as the ester function and ring patterns
in Irganox 1330 and 3114 were not identified, as
they were either not accurately calibrated by succes-
sive subtractions of spectra or not supported by a
significant variance in the measured spectra.

CONCLUSIONS

A semisupervised deconvolution procedure of FTIR
spectra based on a ridge regression procedure has
been described to identify and quantify the concentra-
tions of plastics additives in polymer extracts. The
methodology was designed to work obtained on com-
plex mixtures including several compounds with ei-
ther known or unknown compounds. The proposed
formulation offered a consistent weighting procedure
to derive sparse solutions focused either on substan-
ces, chemical functions, or a combination of both. This
strategy was particularly suited to additives including
repeated patterns. The automatic switch between a
global and a local solution was performed using an
iteratively reweighted least square criterion, which
zoomed either in or out on unexplained spectra resi-
dues. As the added non-negativity constraints acted

Journal of Applied Polymer Science DOI 10.1002/app



1512

10
/
— A1 ~3+4 7
'gu A2 ~16+19 // L1
o 10°F L1 ~9+7+8+10+11 ;0 A
-~ 7/
w
5 /m
b1 /7
£ 40l 7
S /
(&) /7
5 ’
(@] /
8 /7
-— 1_ /
5 10 ,
S ’
3 L,/
0 v
10 0 l1 A2 l3
10 10 10 10 10
10*
Ut ~17 L7
vl—" L1 ~9+7+8 /
2 A2 ~16 A2 (
- 3| A3 ~19 1
(@]
g 1070 5 ~10 A1 //
@ Al ~3+4 ,U2
S 7 A3
-§ 2 //
§ 10 F //
S p; U1
o /
o /
_9 1 /7
5 10'; ,
ke /
3 e
0 /7
10 0 ‘1 ‘2 IS
10 10 10 10 10

real concentrations (mg~kg‘1)

4

GILLET, VITRAC, AND DESOBRY

10
/
/7
7
104_ Ul ~15+17+18 }J(
/7
/7
3 Ve
10°} /
/7
/7
/
/
10°} y
Ve
/7
/
10't L7
/
Ve
0 Ve
10 0 l1 ‘2 ‘3 ‘4 5
10 10 10 10 10 10
10* :
U1 ~18+19 .7
Al ~3+4 4
/
103 A2 ~5+6 /
3 A2 7/
U2 ~15+10 U2
A1 ,
/
10°} L7
/7
7/
/
; 4 U1
10"} L7
/
/7
/7
0 /7
10 0 I1 I2 13 4
10 10 10 10 10

real concentrations (mg~kg'1)

Figure 10 Mass balance in substances with similar technological functions against the theoretical extent in processed

films: (a) PE1, (b) PE2, (c) PE3, and (d) PE4 plotted in Figure 9.

as a Wiener filter, they avoided false positives while
imposing a detection threshold to small contributions
involving 1% or less of the total variance in the meas-
ured spectrum. This inherent limitation was partly
overridden by invoking systematically stochastic res-
onance effects via Monte-Carlo sampling. Adding
randomly a white noise to the measured spectrum
caused low signal intensities to cross more often the
identification threshold and offered statistics to our
nonlinear identification technique.

The whole technique has been implemented
within a specific Matlab toolbox (Mathworks, USA),
so-called ACTIA-LNE, and calibrated on 21 common
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additives of polyolefins and four chemical functions
typical of possible nonlisted substances. As the cali-
bration method took into account the linearity and
detection limit of the spectrophotometer as well as
interactions with the extraction solvent, the gener-
ated dictionary of spectra and related optimal
weights depended on the experimental device and
appeared consequently more reliable than commer-
cially available FTIR spectra databases. However,
although the deconvolution method has been
applied to extracts in DCM, it could be directly
applied to processed films in transmission mode or
in attenuated total reflectance subsequently to an
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appropriate calibration. This approach, which
involves a higher contribution of the background
and a lesser sensitivity to trace additives, is currently
under validation in 2D FTIR mode (by changing
temperature). In tested extracts, the background was
both related to the intense bands of DCM and to
polymer residues (oligomers mainly). As the poly-
mer background could not be known a priori, three
commercial virgin flakes of high-density polyethyl-
ene were used to assign a normalized spectrum to
polymer residues. The theoretical concentration asso-
ciated to these residues was therefore an additional
unknown in the inversion problem.

The ill-posedness of the general deconvolution prob-
lem was assessed by calculating the distances between
spectra, the identification and quantification biases for
all possible binary mixtures. A table of confusion was
generated to support the interpretation of false posi-
tives, masking effects, and possible sources of underes-
timations. The whole procedure was applied to four

theoretical and four real mixtures including up to eight
compounds. In all cases, the method provided valuable
conclusions by either identifying the right substances
or substances which were chemically close. The deter-
mination of the lumped concentration of substances
belonging to a same class of additives (antioxidants,
light stabilizers, and surface agents) was as reliable as

TABLE III
Predicted Relative Concentrations in Specific Pattern in
Processed Samples

Pattern PE1 PE2 PE3 PE4
BHT 1(1) 00 1@ 1(1)
Ester function 0 (1) 0() 0(0) 0 (6)
Ring in Irganox 1330 0 (0) 0(©) 0¢(0) 0 (0)
Ring in Irganox 3114 0 (0) 0.01 (0) 0 (0.33) 0 (0)
Aliphatic function 15 (17) 1(1) 7@ 24 (59)
Ring in Irganox 770 0 (0) 0.21 (0) 0 (0) 0 (0)
Acid function 0.01 (0) 00 0(0 0 (0)

Real concentrations are expressed in brackets.

Journal of Applied Polymer Science DOI 10.1002/app
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techniques involving a physical separation such as
chromatographic techniques. In real conditions, the
“absolute” identification of additives was possible only
for some substances. Appropriate identification and
quantification were revealed after adding random
noise to measured spectra by low confidence intervals
on concentration estimates. When substances were
ranked according to the closeness of their FTIR
responses (i.e., linkage criteria), reliable identification
but possibly poor quantification was recognized by
large confidence intervals but low overlapping rate
between close substances. Poorly identified or quanti-
fied analysis required an additional interpretation of
spectra based on specific chemical functions.

Although some fuzziness may remain after decon-
volution, the identification of possible migrants and
of their amounts in a packaging material is of prime
importance to start an assessment of its compliance
with EU regulations. Indeed for most additives and
contact applications, abacuses or software are avail-
able to calculate the maximum amount in the poly-
mer, which could permit to demonstrate the compli-
ance with mathematical modeling.” Because of
inherent uncertainty in physicochemical properties,
these approaches do not claim to predict the real
migration rate but an overestimate instead with suffi-
cient safety margin. As a result, the subsequent steps
should focus only on situations (substances and con-
centrations) for which the compliance could not be
demonstrated with the previous approach. Next steps
might include a discussion with the provider or com-
plementary measurements with conventional techni-
ques.”> A companion work aims at integrating data-
bases, simulation tools, and fast identification by FTIR
methods to design automated decision tools to assist
enforcement and control laboratories in identifying
noncompliant plastics materials intended to be in con-
tact with food. As a rule of thumb and in case of
doubt on the real substance, an additive including n
subunits can be always replaced by a migrant consist-
ing in a single unit at a concentration 7 times higher.
The question for compliance testing is then: “which
value of n could demonstrate the compliance?” When
the calculated # is suspected to be too small, a valida-
tion by or with the provider is required.

As the methodology was proven to be quantitative
at least for lumped additives, it might also be envi-
sioned to monitor desorption rates during standard
migration tests.

NOMENCLATURE

Roman symbols

A; substance used as additive
C molar concentration (mol L")
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concentration vector

dictionary matrix of known substances
CM  dichloromethane
index
identity matrix
index
polymer and related residues
correlation coefficient
measured spectrum (absorbance)
measured spectrum vector
unidentified substance (not belonging to the

dictionary)

arbitrary substance
arbitrary substance
weight matrix

ggn

g -
<

v n

S =X

Greek symbols

ol molar  extinction  coefficient of the
considered cuvette (L mol ™)

B concentration bias (mol L")

molar concentration in unknown substance
(mol L)

model error (absorbance)

error vector

weighted dictionary matrix of
substances

weighted dictionary matrix of unknown
substances

wave length

regularization coefficient in eq. (6)

effective spectrum (absorbance)

wavenumber

=2

[>\m m

known

i's

e My >

Special operators

diag(X) main diagonal of matrix X

<X>  ensemble average of X

e transpose of X

var(X,Y)variance of X respectively to weights Y
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