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Abstract

Microplastics and their effects on the environment and food chain have
become increasingly important in recent years. These polymer particles, which
are only few millimeters in size or smaller, accumulate in the environment
and can enter the human food chain via animals that ingest them. Moreover,
they can accumulate impurities such as heavy metals. Therefore, this study
focuses on the indiffusion behavior of metal ions into semicrystalline polypro-
pylene (PP) applying time-of-flight secondary ion mass spectrometry (ToF-
SIMS) at cryo-conditions. Diffusion coefficients of Cu®* and Ni** in PP are
determined by classical SIMS depth profiling in frozen state (T <—130°C) and
subsequent data analysis according to Fick's second law of diffusion. The
results show that diffusion of Cu** ions in dry PP (Dppcy = [2.21 + 0.15]-
107'% cm?/s) is faster compared to Ni** ijon diffusion of dry PP (Dppni =
[4.43 + 0.55]-107"% cm?/s). Interestingly, the diffusion of Cu®* ions in water-
saturated PP (Dpp20.cu = [1.91 + 0.28]-107"* cm?/s) is slower compared to
Cu*" ion diffusion in dry PP. Furthermore, high-lateral resolution ToF-SIMS
analysis shows that metal ions only diffuse in certain areas of PP, which are
most likely amorphous.
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2018.5! The polymers most commonly produced as plas-
tics are polypropylene (PP), polyethylene (high and low

Due to the increasing use of plastics and microplastics
(size <5 mm) in everyday life, there is an accumulation
of microplastics in the aquatic and terrestrial ecosys-
tem.? Plastics are mostly synthetic organic polymers,
comprised of monomeric repeat units.*) The term poly-
mer refers to the composition, whereas the term plastic
refers mainly to the properties of the material.l*! Global
production of plastics was over 348 million tons in

density), polystyrene, polyethylene terephthalate, poly-
urethane, and polyvinylchloride.!®’

Microplastics in the environment can arise from dif-
ferent sources. Secondary microplastic particles result
from slow fragmentation of larger plastic particles in the
environment for example, through abrasion of car tires,
fragmentation or weathering by UV radiation, wind or
waves. In addition, microplastics can also be so-called
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primary particles, which are used, for example, in body
care products, such as rubbing agents in cosmetics,
shower gels or toothpaste, laser sinter powder for 3D
printing, or plastic granulates in industry.®’

Accumulation of polymer particles and microplastic
fragments in the environment are not only of eco-toxico-
logical interest, but also with regard to possible negative
effects on human health.!”! Polymer particles can take up,
accumulate and release various environmental organic
toxicants, such as dichlorodiphenyltrichloroethane (DDT),
polychlorinated biphenyls (PCBs), and polycyclic aromatic
hydrocarbons (PAH).!*°! In addition, heavy metals like
lead, nickel, cobalt, or cadmium as well as other metals (e.
g., copper, alkali metals, zinc) can also accumulate in plas-
tic particles.!'®! The addition of additives, such as plasti-
cizers, fillers, antioxidants, flame retardants, and colorants
to polymers during their manufacturing is another source
of chemicals with potential human and environmental
health risks.'!! Therefore, hazardous contaminants and
chemicals can derive from the polymer's monomeric
building block (e.g., bisphenol A in polycarbonate), from
polymer additives, from accumulation of environmental
pollutants or from a combination of all.!>!112!

Hong et al showed in 2017, that although data on
microplastics in the environment have increased
recently, there is still limited information on chemicals,
toxicants, and pollutants associated with micro-
plastics.[13] Information on metals and plastic additives is
even more scarce. The most studied chemicals associated
with microplastics are organic pollutants, such as PCBs,
PAHSs, and DDTs.!*31# Analytical methods applied to the
chemical analysis of microplastics often include a series
of sample preparation steps, such as extraction, purifica-
tion, and instrumental analysis. For quantitative and
qualitative analysis of plastic particles, chemicals and pol-
lutants, chromatographic techniques (e.g., gas chroma-
tography) are frequently used in combination with mass
spectrometry. However, those methods provide only
insight in the integral amount of chemicals of the plastic
fragments."*! For analysis of the transport of inorganic
and organic chemicals either from water/environment to
microplastics or the other way around, the individual
chemical and physical processes of the transport kinetics
have to be investigated.!™*!

It is believed that the rate-limiting step of the absorp-
tion of organic molecules and metals by plastics is often
diffusion in the plastic phase.'* Thus, our present study
aims at providing first insight into metal ion diffusion
into polymers and their interaction. The semicrystalline
polymer PP was chosen as model polymer, because of its
relevance to the environment and PP being one of the
most produced plastic polymers today.!'>®! We selected
copper ions for this study, because copper is not only an

essential metal, but also a common contaminant of eco-
systems. In addition, copper is also toxic to several micro-
algae and used in antimicrobial applications.'”*®! Nickel
ions were chosen as heavy metal ion species. Nickel is
widely used in industry for example, in power plants,
nickel-cadmium batteries, and in the plastic industry.
Nickel-induced toxicities include genotoxicity, carcinoge-
nicity, and immunotoxicity. %!

The general aim of this study is the spatially resolved
investigation of metal ion diffusion in PP. Therefore, a
time-of-flight secondary ion mass spectrometry (ToF-
SIMS) based cryo-approach should be established. ToF-
SIMS provides locally resolved depth profiles and also full
three-dimensional analysis data by applying, in addition
to the analysis beam, a sputter ion beam, which removes
the sample layer by layer.[m Afterward, those depth pro-
files can be used for calculations of diffusion coefficients
of metal ions in PP. This is to our best knowledge the first
time, that such an approach is used in this field of
research.

2 | EXPERIMENTAL

2.1 | PP and metal solutions

PP homopolymer was purchased from Goodfellow (425-
485-97, Hamburg, Germany) as a biaxially orientated
150 x 150 mm? sheet of 1.0 mm thickness and a density
of 0.9 g/cm®. This PP can absorb water until an equilib-
rium state of 0.03%. Permeability to water at 25°C is
16 x 107"* (cm?® cm)/(cm? s Pa). Although the tacticity of
PP was not determined for the sold batch, Goodfellow
points out that their commercial PP is predominantly iso-
tactic (all data are taken from the data sheet). For analy-
sis, PP sheet was cut into small pieces of approximately
1.0 x 1.0 cm? Solutions of Cu(NOs),-3 H,O and Ni
(NOs),-6 H,O were freshly prepared for diffusion experi-
ments with concentrations of 1 mol/L. The high metal
salt concentration was chosen to obtain good signal to
noise ratios for the subsequent mass spectrometric
analyses.

2.2 | Surface roughness determination
with AFM

Surface of PP sheet was characterized using a high per-
formance atomic force microscope MultiMode 8 (Bruker,
Germany). PP sheets were fixed to the sample stage with
double-sided stick tape. Images were obtained in the gen-
eral image mode “ScanAsyst” which is based on the
“PeakForce Tapping” mode by Bruker. Height images were
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collected across a 20 x 20 um” area. Images were afterward
processed using the Gwyddion software 2.53 (http://www.
gwyddion.net)'??.. Surface roughness was quantified by the
root mean square (RMS) roughness. RMS, maximum peak
height (Sp), maximum pit depth (Sv), and maximum height
(Sz) of the scanned surfaces were calculated and profiles
were recorded with Gwyddion 2.53.

2.3 | Surface characterization of PP with
ToF-SIMS

ToF-SIMS measurements were carried out in the positive
ion mode with a TOF.SIMS 5 machine IONTOF GmbH,
Muenster, Germany) equipped with a bismuth cluster
primary ion source (25 keV) and Cs, O,, and Ary sputter
guns. For high-resolution surface images, the fast imag-
ing (burst alignment) mode was applied. For each mea-
surement 25 keV Bi;* ions were used as analysis species.
The pattern was 512 X 512 pixel. This led to pixel resolu-
tions of 585 nm/pixel for an area of 300 X 300 pm?,
195 nm/pixel for an area of 100 x 100 pm? and 97 nm/
pixel for an area of 50 x 50 ym®. Other analyses parame-
ters were a cycle time of 80 ps, one shot/frame/pixel and
one frames/patch. Primary ion current was about 0.06-
0.08 pA. Charge compensation was done with a low-
energy electron flood gun. Internal mass calibration was
performed using CH,*, CH;", C,H,", C,Hs*, CsHs*, and
C4H," mass signals in positive ion mode.

Data analysis of ToF-SIMS measurements was carried
out with the Surface Lab Software version 7.0 IONTOF
GmbH). Regions-of-interest (ROIs) were manually delin-
eated and ToF-SIMS image dataset was analyzed by
applying principal component analysis (PCA). The
SurfaceLab software employs image PCA for identifica-
tion relationships between the lateral distribution of sec-
ondary ions in ion images and highlights the largest
differences. After selecting the appropriate mass chan-
nels, a series of PCA images was generated by the PCA
data processing, calculated with the SurfaceLab software.
For each principle component (PC), one image was
formed which arises from the combined analysis of the
chosen mass channels. The PCs were ordered by the
explained variance in the data set.

2.4 | Determination of Me®* uptake by
inductively coupled plasma optical
emission spectroscopy

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) of the used metal solutions was carried out on
a Varian 720 ES. To obtain quantitative values for the
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metal absorption, PP disks of 1 x 1 cm? were stored for
1 week in 10 ml of the metal ion solution. The metals
concentration was measured at the beginning and after
1 week by ICP-OES (emission lines 222.486 and
227.021 nm for Ni**; 324.754 and 327.395 nm for Cu*").
The experiment was carried out five times for each metal.
The starting concentration was 20 mg/L for Nickel(II)
nitrate hexahydrate and Copper(II) nitrate trihydrate.

2.5 | Diffusion experiments

For determination of diffusion coefficients of Cu** and
Ni**, 1 mol/L metal salt solutions were dropped onto PP
surface. Residence time was 1 hr for all metal ion solu-
tions on dry PP samples (Figure 3a). In a second
approach, diffusion of metal ions in wet PP was deter-
mined. Therefore, PP samples were stored in dem-
ineralised water for at least 3 days to ensure water
absorption equilibrium. Thereafter, metal solutions were
again dropped onto PP surface. Residence time for Ni**-
solution was 1 hr (dry PP) or 1.5 hr (wetted PP). In order to
obtain a time series of copper diffusion, residence time of
Cu**-solution on wet PP samples was 1 hr, 2 hr and 4 days.
In all cases, diffusion was stopped by cooling samples down
below 0°C with liquid nitrogen inside the load lock chamber
of the ToF-SIMS instrument. After reaching temperature
lower than 0°C, evacuation to vacuum was started and the
sample was transferred to the analysis chamber of the ToF-
SIMS instrument, where samples were further cooled with
liquid nitrogen below —130°C during the whole measure-
ments. The rapid cooling below 0°C was achieved in all
cases in less than 1 min.

2.6 | Depth profiles and surface
characterization with ToF-SIMS

For ToF-SIMS depth profiling (see Figure 3b,c), a stan-
dard IONTOF heating/cooling sample holder was used.
For all reported measurements, sample temperature was
kept below —130°C in the analysis chamber. Depth profil-
ing was performed in noninterlaced mode. Sample sur-
face was in each case analyzed in an area of 50 x 50 pm?>
with 25 keV Bi;* ions as analysis species. The primary
ion gun was operated in the spectrometry mode with
150 ps cycle time, 128 x 128 pixel with three shot/frame/
pixel and five frames/patch. The ion beam current was
about 0.06-0.08 pA. The obtained mass resolution m/Am
at FWHM was for all measurements better than 3,500 for
the CsHo" mass signal. To improve the focus of the pri-
mary ion beam (and hence the lateral resolution), pulse
width of Bis* (25 keV) ion pulse was reduced to 6 ns.
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After each analysis scan, sample surface was sputtered
for 1 s with 10 keV Ar;so,* ions for depth profiling. Sput-
ter pause for charge compensation was 5 s. Sputter beam
area was 250 x 250 um” and centred on the analysis area
to avoid crater-wall effects. The sputter current was
between 9.5 and 12.5 pA. Charge compensation was done
with a low-energy electron flood gun (20 eV). Internal
mass calibration was carried out by using CH,*, CH;™,
C,H,*, C,H3*, C3Hs™, and C,H, " mass signals in positive
ion mode. Data analysis of the ToF-SIMS measurements
was done with the Surface Lab Software version 7.0
(IONTOF GmbH). ROIs were manually delineated and
depth profiles within the defined regions were extracted.

After ToF-SIMS depth profiling, the depth of sputter
craters was measured with a confocal microscope PLu
neox 3D (Sensofar, Terrassa, Spain) to calibrate the sput-
ter time axis and to calculate the erosion rate. We
assumed a constant sputtering rate for the calibration of
the depth profiles.

2.7 | Imaging of Cu’* diffusion

For high-resolution imaging analysis of copper ion diffu-
sion into PP, PP surface was cleaned with 5 keV Arjsgo”
sputter beam before applying imaging analysis in delayed
extraction mode. As analysis species, 25 keV Bis* ions
species were used. The delay time of 55 ns was adjusted
according to an optimized mass signal intensity and mass
resolution. Parameters for the analysis in Figure 7 were
the following: cycle time 100 ps, rastered in sawtooth
mode, three frames per patch, three shots per frame per
pixel, 20 scans. The pattern was 512 x 512 pixel. This led
to a pixel resolution of 293 nm/pixel for an area of
150 x 150 pm?.  Primary ion current was 0.103 pA.
Charge compensation was done with a low-energy elec-
tron flood gun (20 eV). Internal mass calibration was per-
formed by using C,Hs*, CsHs*, C,H,*, C,Ho", and
CsHy™ mass signals in positive mode.

Data analysis of all ToF-SIMS measurements was
done with the Surface Lab Software version 7.0 (IONTOF
GmbH, Miinster, Germany).

2.8 | Statistical analysis

Normal distribution of experimental data was tested
using the Shapiro-Wilk test. Differences in diffusion coef-
ficients were analyzed using two-way analysis of variance
test accompanied by two-sample t-test in case of normal
distribution. The Mann-Whitney U test was used after
ascertaining a non-normal distribution. Diffusion coeffi-
cients, RMS, Sp, Sv, and Sz are reported as means + SEM.

A value of p < .05 was regarded as statistically significant.
Statistical analyses were performed using Origin v9.3
(OriginLab Corporation, Northampton, MA).

3 | RESULTS

This study provides insight into metal ion indiffusion into
commercially available PP at room temperature. PP is a
semicrystalline isotactic polymer with both, crystalline
and amorphous regions. Therefore, in order to investigate
crystallinity and morphology of the surface of PP sam-
ples, AFM, and ToF-SIMS surface analyses were con-
ducted first.

3.1 | Characterization of PP
surface—AFM

AFM is often the first choice method for the study of the
roughness of polymer surfaces.!”®! Here, we used the
ScanAsyst mode by Bruker for analyzing the PP surface
morphology. In this mode, the cantilever response is
decoupled from resonance dynamics, which allows auto-
matic adjustment of all important scanning parameters.'**
AFM images of PP surface are presented in Figure 1. The
corresponding surface roughness was quantified by the
RMS roughness. Topographical images of the PP surface
were obtained at three different locations. Overall, average
RMS of the measured PP surfaces (n = 3) was 30.4 + 2.5 nm
(Figure 1). Average maximum peak height (Sp) was
1094 + 124 nm, average maximum pit depth (Sv) was
96.0 + 9.2 nm and finally the average maximum height was
205.4 + 21.4 nm. The surface roughness was negligible in
our further ToF-SIMS studies due to the low measured
values in comparison to the sputter depth of several micro-
meters. Unfortunately, it was not possible to obtain atomic
(molecular) resolution to make a statement about different
orientations of the polymer molecules and crystal structure.

3.2 | PP surface characterization with
ToF-SIMS

High-lateral-resolution surface images of PP were recorded
with ToF-SIMS applying fast imaging mode in order to inves-
tigate surface areas in detail. For distinction of different areas,
a PCA of the obtained imaging data was carried out.

PCA analysis of 100 x 100 um? positive secondary ion
image (see Figure 2) results in the identification of two
different areas on the PP surface. Positive loadings refer
to mass fragments with relatively high signal intensities
in the mass spectra of the corresponding image score.
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Surface roughness and topography of polypropylene (PP) characterized by AFM. (a) AFM height image shows surface

topography of PP (scale bar = 5 pm). White lines 1 and 2 identify the location of the corresponding height profiles shown in (b). Surface

roughness was quantified by the root mean square (RMS) roughness. Mean RMS is 30.3 + 2.5 nm (n = 3) [Color figure can be viewed at

wileyonlinelibrary.com]

Negative loadings refer to mass fragments that show an
anticorrelation to the image score. Therefore, these mass
fragments are responsible for the discrimination of differ-
ent areas of PP surface. Image scores with factor loadings
of PC1 (93.48% of the total variance) are presented in Fig-
ure 2a,d. Image score for PC1 shows strong positive load-
ing fragments found for masses, such as CsHs* (m/z
40.94), C;H,* (m/z 42.98), C,H," (m/z 55.02), C,Hot (m/z
56.98), and CsHo™ (m/z 68.97).

In comparison, image scores for PC2 (3.64% of the
total variance) (Figure 2c ) show same pattern as ROI 2,
with strong positive loading found for CsH;* (m/z 38.94)
(Figure 2e. Negative loadings for PC2 include masses,
such as C;H,* (m/z 42.98), C,H,* (m/z 55.02), C,Ho"
(m/z 56.98), and CsHo" (m/z 68.97). These mass frag-
ments, which are the same mass fragments correlated
with image score for PC1, are anticorrelated with PC2
image score.

3.3 | Investigation of metal ion
diffusion in PP

After surface characterization, metal ion diffusion experi-
ments were conducted. An imaging mass spectrometry
approach was used for experimental determination of Ni?
* and Cu** diffusion coefficients in commercially avail-
able PP sheets. A schematic workflow is depicted in Fig-
ure 3. 1 M aqueous metal ion solutions were dropped

onto pieces of PP. After a certain residence time, metal
ion solutions were removed from samples and further
metal diffusion was stopped by cooling PP samples inside
the ToF-SIMS intro chamber with liquid nitrogen (Fig-
ure 3a). Samples were maintained cool during analysis in
order to ensure that no further diffusion took place. ToF-
SIMS depth profiling was used for resolving metal ion
distribution in PP (Figure 3b). Briefly, so-called second-
ary ions are produced by a pulsed primary ion beam and
are analyzed in a time-of-flight mass analyzer. Alternat-
ing to analysis scans the sample is removed layer by layer
by a sputter ion beam to obtain 3D mass maps and diffu-
sion profiles (Figure 3c). Despite of their original chemi-
cal nature, secondary ions from ToF-SIMS measurements
are mostly single charged. Hence, for this work it was
assumed that the detected Ni* and Cu® ions originate
from Ni** and Cu®* precursor ions.

Depth profiling capabilities of the used argon cluster
source (Ars00 ") provides detailed information about the
diffusion of metal ions into PP. Diffusion coefficients of
Ni** and Cu®* in PP were calculated from obtained
ToF-SIMS data of depth profiles. For calculation of the
diffusion coefficients, sputter rates were determined in
the first step. Thereby, sputter craters with flat grounds
are mandatory for evaluation of precise diffusion coeffi-
cients. In order to define an exact sputtering rate, exact
knowledge of the crater depth in the examined material
is required in addition to sputtering time. Commercial
PP samples were sputtered with 10 keV Ar-clusters
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FIGURE 2 Principal component analysis (PCA) scores images and loadings plots of positive ion time-of-flight secondary ion mass
spectrometry (ToF-SIMS) spectra of the polypropylene surface. (a), (d) PCA score image with corresponding loading plot for PC1 (93.48%).
(©), (e) PCA score image with corresponding loading plot for PC2 (3.64%). (b) Overlay image of PC1 and PC2 [Color figure can be viewed at
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(Ars00™) at different sputter times and resulting depths
of sputter craters were afterward analyzed with confocal
microscopy (Figure S1, supporting information). With
the assumption that the sputter rate was constant
throughout experiments, sputter rate for 10 keV Ar-clus-
ters (Arjspo’) on PP was determined as in average
83.75 nm/s. This value was used for all following ToF-
SIMS depth profiles for calibration of the sputter
time axis.

Data evaluation was carried out by fitting a suitable
mathematical solution of Fick's second law of diffusion to

the experimentally obtained diffusion profiles. Fick's second
law can be applied when the concentration of the penetrant
changes at a particular location of the system with respect
to time. According to Fick's second law, the basic equation
of mass uptake by a polymer film or sheet is given by Equa-
tion (1), where n is related to the type of diffusion mecha-
nism and k is a constant which depends on diffusion
coefficient D and film thickness.'?*2®! M, is the amount of a
substance diffusing into the polymer as function of time ¢
with M, as the total amount of the substance after reaching
thermodynamic equilibrium. %!
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Fickian diffusion in polymer systems is observed when
the temperature is well above the glass transition tempera-
ture of the polymer T. In this case, it is expected that M,/
M, is proportional to the square-root of time, that is,
n = 0.5.1%°! Our diffusion experiments were conducted at
room temperature, which is well above the glass transition
temperature of PP (isotactic PP: T, = —18°C).*"! Hence,
Fick's second law was applied for this work. For solving
Fick's second law (Equation (2)), diffusion from an
exhaustless source into semi-infinite space was assumed
as boundary condition and Equation (3) is a suitable solu-
tion of the differential equation.!®!

o2 o] o
ot ox| ox|

A mathematical fit (Equation (3)) was carried out with
the obtained ion signal intensities from ToF-SIMS depth
profiles, due to the proportionality between species con-
centration and secondary ion intensity in ToF-SIMS.!

c(x)=cpg+co- (1 —erf;;;%) . (3)

In this fit, ¢;y is the background concentration of
metal ions (Cu®* or Ni**); ¢, is the concentration of the
infinite source; x is the depth; x, is the starting point of
the diffusion profile; D is the diffusion coefficient and ¢
the diffusion time.!*

The diffusion profiles for each metal ion species
were plotted after summing up the mass spectrometric

Applied Polymer_wLgy- 7

data of each analysis layer from ToF-SIMS depth pro-
files. Thus, diffusion profiles show ion intensity versus
depth (Figures 4 and 5). Due to possible contamination
of the sample surface and dotation effects, which can
lead to an unsteady matrix with non-reliable secondary
ion data, the first measured data points of diffusion
profiles were not considered for the fitting process.3!)

To validate the experimental approach for the inves-
tigation of metal ion diffusion into PP by ToF-SIMS, a
time-dependent experimental series was conducted to
confirm whether the obtained diffusion coefficient keeps
constant. For this time series, copper diffusion into
water-saturated PP was chosen. The experiment was car-
ried out at a total of four different residence times. ToF-
SIMS images showed that Cu®* ions only diffused into
certain areas (ROIs) of the polymer (Figure 4b). Thus,
3-4 ROIs were selected for each time point and diffusion
coefficient of Cu®* ions were determined (Table 1).
Overall, average value of Cu?" diffusion coefficient in
wetted PP was Dppyz0,cu = (1.91 + 0.28)-107*% cm?/s.
Within the error span, no time dependency of the diffu-
sion coefficient was observed. Therefore, we state that
our chosen experimental approach is appropriate for the
diffusion study.

3.4 | Diffusion of Cu’** ions in dry and
water-saturated PP

Diffusion coefficients of copper ions in dry and water-sat-
urated PP were determined. For both studies, diffusion in
dry and wetted PP, ToF-SIMS images showed that distri-
bution of copper ions was limited to certain areas of the
polymer with an approximate size of 10-20 pm (Figure 4,

Sample Preparation ToF-SIMS Analysis |  Evaluation |

Depth Profiling

Metal Solution lon mirror
eta Residence Removing =
~ Solution ) ) lon gun =\
x\\ D i Time & Rapid ToF mass
N\ FoPPIng Cooli
\ ng pulsmg analyzer .
‘ x
g detector z
‘= % \% \ g
> f’;i“’:ég;l \ “c’ﬁo‘ 5
2N
PP PP £ Depth [nm]
electron
flood gun

FIGURE 3 Study design of metal ion diffusion experiments with time-of-flight secondary ion mass spectrometry (ToF-SIMS). (a) Metal

ion solution was dropped onto polypropylene (PP) surface. After a certain residence time, solution was removed, and sample was rapidly

cooled down to stop further diffusion of metal ions into the polymer. (b) Schematic depiction of important internal components of a ToF-

SIMS instrument ?*1, During the whole analysis time, samples were cooled below —130°C. (c) Schematic example of a depth profile obtained
by ToF-SIMS measurement. From this kind of profiles, diffusion coefficients D of metal ions were calculated [Color figure can be viewed at

wileyonlinelibrary.com]
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Left and Middle). Hence, only those ROIs were used for
determination of metal ion diffusion coefficients.

For determination of the Cu®* diffusion coefficient in
dry PP, three samples with 4-5 ROIs per sample were mea-
sured (n = 14). In water-saturated PP, four samples with 3-
4 ROIs per sample were evaluated (n = 15). Overall, an
average diffusion coefficient of Dppc, = (2.21 + 0.15)-
107*% cm?/s was obtained for Cu®* diffusion into dry PP
samples. Interestingly, average diffusion coefficient for Cu**
diffusion into water-saturated PP samples was lower by one
order of magnitude, Dpp120,cu = (1.91 + 0.28)-107" cm?/s.
Mann-Whitney U test showed a significantly difference
(p = 2.58 x 107®) between Cu?* diffusion in dry and water-
saturated PP (Table 2, Figure 6).

3.5 | Diffusion of Ni** ions in PP

Besides copper diffusion, diffusion of nickel ions in dry
and water-saturated PP was investigated. Nickel ions
showed the same behavior as copper ions (Figure 4) and
only diffused into certain areas of PP (Figure 5). Those
regions had a size of approximately 10-20 pm in diame-
ter. Average diffusion coefficients for Ni** revealed sig-
nificant differences between dry and water-saturated PP
after statistical evaluation (Mann-Whitney U test,
p = 1.603 - 10~*). Diffusion coefficients of Ni*" ions are
Dppni = (443 + 0.55)-107"2 cm?/s in dry PP and Dpp 1120,
Nni = (1.45+0.33)-107"* cm?/s in water-saturated PP
(Table 2, Figure 6).
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FIGURE 4 Diffusion behavior of Cu?* in dry polypropylene (PP) differed from diffusion behavior in water-saturated PP. (a) Diffusion
of Cu®* in PP with a residence time for Cu®* of 1 hr. ToF-SIMS depth profile showed ions diffused approximately 2.5 um into the polymer.

(b) Diffusion of Cu®* in water-saturated PP with a residence time of Cu®* of 1 hr. The depth profile shows that ions diffused approximately

1.5 um into wetted PP, that is, diffusion was slower compared to dry PP. (a) and (b) Left: 3D mass spectrometry data shows Cu* diffusion

into polymer. Sputtering was done with a 10 keV Ar;soo" cluster beam; for analysis, Bi;* primary ions were used. Middle: Overview mass

images show distribution of the Cu* signal. Right: Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of Cu?* in dry

and water-saturated PP. To obtain diffusion coefficients D, diffusion from an exhaustless source into a semi-infinite space was assumed for

calculation. The solid lines are the results of the performed fit according to Equation (3) [Color figure can be viewed at

wileyonlinelibrary.com]
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3.6 | Comparison of diffusion of Cu**
and Ni’** ions in PP

All obtained diffusion coefficients for copper and nickel
ions in dry and water-saturated PP are listed in Table 2.
Comparison of copper and nickel ion diffusion (Figure 6;
Mann-Whitney U test, *p < .05) reveals a faster diffusion
of copper ions into the dry polymer compared to nickel
ions (Mann-Whitney U test, p = 2.58%). This trend was
also seen in water-saturated PP. Here, however, diffusion

1800

(Yl Ni2* diffusion in dry PP

Applied Polymer_wLgy_ 2

of copper ions into PP was not significantly faster than
diffusion of nickel ions (Mann-Whitney U test, p = .055).

3.7 | Correlation between metal ion
diffusion and PP surface areas

ToF-SIMS analyses showed that diffusion of metal ions
was limited to certain areas of PP (Figures 4 and 5). In
order to investigate these areas of metal ion diffusion in

()J Ni2* diffusion in water-saturated PP

_ 1800 g
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FIGURE 5 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of Ni** in dry and water-saturated PP. (a) Ni**
ions diffused approximately 1 ym into dry PP after 1 hr residence time. (b) Residence time of Ni** solution was 1.5 hr. During that time, Ni**
ions diffused about 800 nm into wet PP. (a) and (b) Bi;* primary ions were used for analysis, whereas sputtering was done with a 10 keV
Arys00" cluster beam. Overview mass images show the distribution of Ni** in both dry and water-saturated PP. ToF-SIMS depth profiles of Ni*
* in dry and wet PP are shown together with the applied mathematical fit according to Equation (3) [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1

were selected, and diffusion coefficient was determined

Time-dependent series of Cu?* diffusion into water-saturated polypropylene PPy 0. For each residence time point, 3-4 ROIs

Polymer Metal ion Residence time [min] Average diffusion coefficient D [cm?/s] SEM D [cm?/s] ROIs n
PPimo cu*t 60 212 x 1073 0.84 x 1073 4
PPuso Cu** 68 1.18 x 1073 0.28 x 10713 4
PPmo cu*t 120 1.73x 107 023 x 107" 3
PPuso Cu*t 5,760 2.56 x 10713 0.52 x 1073 4
Average value 1.91 x 1074 0.28 x 107 15
Abbreviations: PP, polypropylene; ROI, regions-of-interest.
TAf? L E Zf 2V§£age;£1;i1?nd Polymer Metalion Diffusion coefficient D [cm?/s] SEM [cm?/s] ROIsn
coefficients for Cu“" and Ni*" in dry
2+ —-12 —12
and water-saturated PP + SEM PPpry Cu 221 x 10 0.15x 10 14
PPuso Ccu*t 1.91 x 1073 0.28 x 10713 15
PPp,y Ni** 443 x 10713 0.55x 10713 15
PPuso Ni%* 1.45 x 10713 0.33x 10713 15

Abbreviations: PP, polypropylene; ROI, regions-of-interest.
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FIGURE 6 Compilation of the diffusion coefficients. Overall,
fastest diffusion was Cu?* diffusion into dry PP (n = 14:3 samples,
4-5 ROIs/sample). Cu** and Ni** diffusion in dry PP were
significantly faster compared to Cu®* diffusion in water-saturated
PP (n = 15:4 samples, 3-4 ROIs/sample) (p = 2.579 x 10~%) and Ni**
in water-saturated PP (n = 15:4 samples, 3-4 ROIs/sample)

(p = 1.603-10~*). In addition, diffusion coefficient of Cu** in dry PP
was significantly higher when compared to diffusion coefficient of
Ni** in dry PP (n = 15:4 samples, 3-4 ROIs/sample) (p = 2.5797%).
Although this pattern was also seen in water-saturated PP, diffusion
coefficient of Cu** was not significantly higher compared to Ni**

(p = .055). (Mann-Whitney U test, *p < .05)

o T |

wrl £

(b) () (d)

Combined (Cu*, 5°Cu*)

e

PC Component 1

PC1

more detail, we applied ToF-SIMS imaging analysis with
delayed extraction mode in order to obtain a high lateral
resolution. 1 M Cu(NOs),-3 H,O solution was dropped
onto PP surface. After 45 min. residence time, metal ion
solution was removed. PP surface was cleaned with
5 keV Ar;sq0" sputter beam before applying high-resolu-
tion image analysis (Figure 7).

Together with our PCA results from the first part of
this study, a correlation between Cu®' ion indiffusion
and different PP surface areas was possible (Figure 7).

The PCA analysis resulted in the identification of two
different areas on PP surface, PC component 1 and PC
component 2 (Figure 2). As seen in Figure 7, distribution
of combined Cu signals is anticorrelated to the distribu-
tion of the summed mass fragments of PC component 1
(C3H," at m/z 43.06, C,H,* at m/z 55.07, C,Ho" at m/z
57.07, CsHo at m/z 69.08, CsHy; " at m/z 71.06, C,Hs" at
m/z 88.98, CgHot at m/z 105.05, and C;;Hy;t at m/z
143.14). Therefore, Cu?* ion diffusion is slower in PP sur-
face areas identified via PC1.

3.8 | Metal uptake of PP

ToF-SIMS enables the determination of the metal ion dif-
fusion coefficients. Nevertheless, we obtained no value
for the absolute quantity of accumulated metal in PP.

FIGURE 7
high-lateral-resolution imaging of Cu”*

3D tomography and

diffusion. (a) 3D tomography of Cu®*
diffusion into polypropylene (PP).
Overlay show mass fragments identified
as PC component 1 in blue and Cu
signals (sum of Cut at m/z 62.93 and
55Cu™ at m/z 64.92) in red. Mass
fragments used for PC component 1 are:
C;H,* at m/z 43.06, C,H," at m/z 55.07,
C,Ho" at m/z 57.07, CsHo at m/z 69.08,
CsH;; " at m/z 71.06, C;Hs" at m/z
88.98, CgHy" at m/z 105.05, and C,,Hy;+
at m/z 143.14. Sputtering was done with
Cu signals a 10 keV Aryse0t cluster beam; for
analysis, Bi;* primary ions were used.
(b) Mass image of the sum of PP
fragment ions identified as PC
component 1 (Figure 3). (c) Mass image
of sum of Cu* at m/z 62.93 and Cu™ at
m/z 64.92. (d) Overlay of PC 1 in blue
and sum of Cu signals in red. For high-
resolution imaging analysis, 25 keV Biz*
primary ions were applied in delayed
extraction mode [Color figure can be
viewed at wileyonlinelibrary.com]
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TABLE 3 Me*" uptake of polypropylene (PP). PP disks were
immersed each for 1 week in 10 ml of aqueous metal salt solutions.
Concentrations of the solvent were determined by ICP-OES

Ni** uptake Cu’* uptake
Sample [mg (g PP)™'] [mg (g PP)~']
1 103.79 18.45
2 9.76 7.23
3 9.67 16.14
4 17.47 16.14

10.00 14.90
Average 30.14 + 16.52 14.57 + 1.72

Therefore, we immersed small disks of PP for 1 week in
aqueous metal salt solutions and determined the uptake
from the concentration difference of the solution (begin-
ning and end) with the help of inductively coupled
plasma optical emission spectroscoopy (ICP-OES). The
obtained values are given in Table 3. In average for both
species significant amounts of (30.1 + 16.5) mg Ni**/g PP
and (14.6 + 1.7) mg Cu®*/g PP were obtained. The large
scattering of the single values is due to the inhomogene-
ity of the PP samples and not an error of the ICP-OES
analysis itself.

4 | DISCUSSION
The intention of this study was to investigate metal ion
diffusion in commercially available PP sheets. Previous
studies revealed that diffusion behavior of polymers is
influenced by several factors for example, polymer mor-
phology, polymer density, molecular weight distribution,
crystallinity, glass transition temperature, or polymer
melting temperature.'?”?*32-34 Here, we used an imaging
mass spectrometry based method as a tool to analyze
chemical metal ion diffusion in polymers.!**! Therefore a
cryo-approach was established successfully to stop the
diffusion process for the subsequent analysis. Imaging
mass spectrometry has in comparison to other methods
like permeation or weight gain the advantage that we can
directly and locally resolved detect the diffusing species.
For data evaluation, we assumed a Fickian diffusion
process and further on a concentration and time indepen-
dent diffusion coefficient for metal ions into PP. This sim-
ple diffusion model is based on the assumption that our
PP samples were homogenous and the diffusion came
from an exhaustless source into semi-infinite space.!®
With this assumptions, we calculated diffusion coeffi-
cients by fitting a solution of Fick's second law of

Applied Polymer Wi gy o=

diffusion to our experimental obtained depth profile data
for determination of Cu®** and Ni** diffusion coefficients
in dry and water-saturated PP. These mathematical fits
have matched very well with our experimentally obtained
data (Figures 4 and 5). The results clearly demonstrate
that the assumption of Fick's diffusion is justified, and no
anomalous diffusion occurs. Furthermore, we could ver-
ify with a time series that diffusion coefficient of Cu®* in
water-saturated PP does not vary with residence time
(Table 1). This proves the validity of our general experi-
mental approach.

Moreover, this study provides new insights into diffu-
sion behavior of Cu** and Ni** in PP. We were able to
show that diffusion coefficients of Cu®* and Ni** differ
(Figure 6), with Cu®* ions diffusing faster into PP than
Ni?* jons. For Cu®*, the diffusion coefficient at room
temperature is Dppc, = (2.21 + 0.15)-107* cm?/s, which
is one order of magnitude higher compared to the diffu-
sion coefficient of Ni** Dpp n; = (4.43 + 0.55)-107" cm?/s.
Previous surface spectroscopy studies of polymers and
metals showed that metal-polymer interaction depends
on the metal reactivity. Reactive metals show stronger
interactions with polymers. Thus, they diffuse slower into
the polymer.?”?8! Weakly interacting metals can diffuse
faster in polymers.”?”! Copper is a less reactive metal com-
pared to nickel.!””*”! Based on these previous findings,
our results that diffusion of copper into PP is faster com-
pared to diffusion of nickel can be explained and brought
well in line with the literature data for different metal
species.

Furthermore, the results revealed that copper and
nickel ion diffusion in PP depends on the pre-treatment
of the polymer. Diffusion in dry polymer was faster com-
pared to diffusion in water-saturated polymer (Figure 6).
Water sorption and diffusion in polymers is of interest in
many applications, such as in drug delivery, fuel cells,
and food packaging.*®! In 2000, Marais et al. investigated
the permeation of water through hydrophobic and hydro-
philic polymers.*®! Their study showed that water tends
to build clusters in hydrophobic polyolefins. This water
clustering and aggregation leads to a decrease in the dif-
fusion coefficient. Hence, water diffusion coefficient in a
water-polymer system was significantly lower than in dry
polymers. It is assumed that the presence of such water
clusters influences the barrier properties in polymers./**’
The formation of water clusters also depends on the
polarity of the polymers.!*” The higher the hydrophobic-
ity of the polymer matrix, the higher the formation rate
of such water clusters.*®*°! We studied PP, which is a
hydrophobic polymer.****! The result of our experiments
is consistent with the literature. The diffusion of metal
ions is slower in the water-saturated polymer compared
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to the dry polymer. Therefore, we assume that water clus-
ters are formed in the water-saturated PP. These water
clusters form a barrier, which slows down diffusion of
the metal ions.

Another phenomenon we have detected during this
study is that metal ions diffuse only into certain areas of
the PP samples as it can be seen in Figures 4,5 and 7. PP
is a semicrystalline polymer. In semicrystalline polymers,
diffusivity depends on the size, shape and percentage of
crystallites within the polymer.[*>**! Diffusion mainly
occurs into amorphous regions, while crystalline regions
represent obstacles and are considered impenetrable to
molecules or ions.[***** This complicates and prolongs
the diffusion path of other species into semicrystalline
polymers. Based on the literature we could therefore
assume that Cu®" and Ni** only diffuse in amorphous
areas of PP and not into the crystalline parts. Molecular
structures of the outermost polymer layers determine
polymer surface properties.!*>*®! Surface sensible analyti-
cal methods such as ToF-SIMS and AFM, provide a full
picture of the chemical composition and morphology of
PP surface. AFM measurements gave us insight in PP
morphology and surface roughness (Figure 1). However,
we could not discriminate between crystalline and amor-
phous parts of PP by using AFM due to insufficient lat-
eral resolution. ToF-SIMS imaging on the other hand
revealed different surface species with the integral mass
spectra fitting quite well to mass spectrometry data
reported earlier.!*”! Here, we demonstrated a method to
image surface structure properties of semicrystalline PP.
By applying PCA, we identified mass signals, which are
representative for certain regions. Obviously, the frag-
mentation behavior of PP depends on the crystallinity. In
correlation with the obtained diffusion data (Figure 7),
we can state that we can differ the phases by ToF-SIMS.
Phase dependent fragmentation behavior was not
observed for the first time. Iuras et al used ToF-SIMS in
2016 for detecting and mapping of crystalline and amor-
phous surface regions in pharmaceutical materials. They
correlated chemical fragments with the amorphous and
crystalline surface parts of their samples.[*! Unfortu-
nately, the direct correlation to crystallinity by high-reso-
lution AFM failed and further experiments regarding
identification of crystalline and amorphous areas of PP
surface are necessary to confirm our ToF-SIMS results.

5 | CONCLUSION

In this study, we successfully applied a new ToF-SIMS
cryo-approach for the determination of metal ion diffusion
in PP. To the best of our knowledge, we show for the first
time that cryo-ToF-SIMS can be used for analyzing metal

ion diffusion into polymers. The results provide important
insights regarding the diffusion properties in dry and
water-saturated PP. Furthermore, this study shows that
ToF-SIMS can also be used for polymer surface characteri-
zation. ToF-SIMS revealed a detailed mass spectral pattern
and the mass fragments pattern are obviously correlated to
the polymer structure. In summary, this method achieves
satisfactory results when applied to the determination of
metal ion diffusion in polymers. Therefore, in future stud-
ies, ToF-SIMS could also be applied for determination of
diffusion behavior of other pollutants in various polymers.
All this could be used in investigating the exposure and
availability of organic contaminants and metals from poly-
mers and microplastics. Finally, ICP-OES studies revealed
that PP can take up significant, environmentally relevant,
amounts of Cu®* and Ni**, which are in the mg/g regime.
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