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ABSTRACT

In this study polypropylene samples doped with varying levels of Mg, Ti and Zn were subjected to leaching under
different pH conditions for a period of six months. Laser ablation and SEM techniques were used to investigate the
samples in order to verify the presence of metals in the matrix. The leachates were subsequently analyzed by ICP-MS
and the data were processed to compute the reaction kinetics. It was found that for all three metals of interest the
leaching process was governed by first-order kinetics. The rate constant for the leaching reaction was noticeably low
denoting that metal migration from polypropylene is protracted and does not particularly constitute a potential hazard.
Significant differences between the leaching behavior of Ti and Mg/Zn from the polypropylene matrix were observed.
The mechanism of the leaching process was considered to be analogous to aqueous degradation of polymorphic crystal

structures of the embedded dopants.
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INTRODUCTION

Polymeric materials (e.g. polypropylene) are commonly
used for packaging fluids such as edible oil, water, fruit
juices, medical implants and oral pharmaceutical
solutions. These polymers often contain metal residues,
which could migrate into the encapsulated product and
affect its performance or increase its level of toxicity.
Migration studies of this nature are known; however, the
rates of such migration and evaluation of kinetic factors,
such as reaction order, have not been previously explored
in depth. Leaching of metals from polymeric materials
has always been a subject of interest. It is known that
metals leach out of polymers under various conditions
(Cheng et al., 2010). Sharp thermal changes and other
physical and chemical factors are known to influence
leaching of metals from polymers. Studies have been
conducted on assessing leaching of individual metals,
often those that are toxic (Keresztes et al., 2009).
Nakashima et al, have studied the extent of toxic metal
leaching from macro plastic litter on the Ookushi beach in
southwestern Japan (Nakashima et al., 2012). Antimony
is known to be used widely as a catalyst for poly-
condensation reactions in the production of polyethylene
terephthalate used to make PET bottles. A significant
amount of antimony is known to leach into beverages
stored in PET bottles, which is a genuine health concern
(Doremus, 1895). Polymers are also finding wider
applications in packaging industries, replacing most or all
of the metal containers. Various metals, mostly of the
toxic nature are added to polymers as plasticizers,
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catalysts, stabilizing agents, processing aids and pigments
(Takahashi et al., 2008; Teuten et al., 2009). Coe and
Rogers (1997) investigated the effects of marine debris
and leaching of toxic materials on marine life, which
eventually led to toxins entering the food chain. A more
recent study by Derraik (2002) has highlighted the fact
that marine life is polluted by plastic waste which is seen
widely dispersed in the oceans. A recent study was
conducted by Nakashima et al. (2011) on heavy metals
percolated from plastic litter washed on the shores. The
study proved to be significant in revealing appreciable
concentrations of Pb leaching out of pigments used in
marine equipment widely employed in fishing vessels.
Several biomedical applications employ polymeric metal
complexes as implants and as aids for invasive techniques
(Fraser and Fiore, 2008). Modified polymers also find
their way into tissue engineering applications (He et al.,
2008).

Several heavy metals enter the human food chain after
leaching from polymeric materials. Some of them have
the potential to accumulate in specific target organs such
as kidney and spleen and end up as the root cause of
various diseases (Stemmer, 1976). Studies have also
revealed that entire regions have been affected by heavy
metal contaminations and large parts of the population in
these areas have fallen victim to such environmental
hazards (Chen et al., 1994 ; Buschmann et al., 2008).

Development of certain kinetic factors associated with
percolation (leaching) of metal components from
polymeric material is relatively unexplored. Studies on
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kinetics of leaching will provide a comprehensive insight
into the effect of some variables, such as dopant level and
pH of the fluid medium, on the rate of migration of metal
species from polymeric materials. Significant parameters,
such as the reaction order and rate constant, could be
obtained to provide useful information in assaying any
potential hazard that could be linked to such leaching
processes. Much of the available literature documents
trace metal levels in selected fluid samples arising from
polymer material under ambient conditions without any
valid consideration of kinetics. No serious record exists of
kinetics of leaching as a function of pH and dopant level
and a simulated study of this nature would be of
considerable practical interest.

Our work entails a simulated study to determine kinetics
of heavy metal leaching from a polymeric matrix. The
primary objective of this research reported here is to use
an inductively coupled plasma mass spectrometer to
indirectly determine specific kinetic parameters, such as
the rate constant and reaction order, for heavy-metal
percolation of polypropylene as a function of dopant level
and pH of aqueous medium.

MATERIALS AND METHODS

Preparation of polymer samples

The samples for this study were prepared using a base
homopolymer (HE445FB), obtained from Borealis, Linz
(Austria), with standard characteristics of melt flow rate
9.2 (g/10min) and molecular weight 42.08 (g/mol). In
preparing the compounded materials, the melt flow rate
was measured using a Zwick B4106 melt flow rate
machine employing the ISO1133 method (Pillay et al.,
2010). A Prism TSE 24 twin screw extrusion machine
was employed to prepare the compounded material,
maintaining the extrusion conditions of 230°C; the
material was further dried and pelletized (Pillay et al.,
2010). Three different mineral fillers (dopants) were used
individually in samples (titanium oxide; zinc oxide; and
magnesium oxide). These metal dopants were selected
because they are common components in catalysts and
reagents linked to polymer synthesis (Williams et al.,
2003; Manzi-Nshuti et al., 2009). For our study we used
samples loaded with 3 and 10% zinc (II) oxide, titanium
(IV) oxide and magnesium (II) oxide. Finally, tiles of
60x60x2mm of the different compounded materials were
prepared using a Ferromatic Milacon FM60 injection
molding machine. Each tile was cut into four thin slices
measuring 60x14x2 mm, approximately, prior to
submerging in the leaching medium. The tiles were also
washed thoroughly and rinsed in de-ionized water to get
rid of surface contaminants, prior to the leaching process.

Leaching Study

Aqueous media of pH 3, 7 and 10 were prepared using
Type 1 de-ionized water (Siemens Ultraclear). S50mL
polypropylene tubes with screw caps (VWR Scientific)

served as sample jars to hold doped polypropylene
samples immersed in the relevant medium. Jars were pre-
washed using 6M HNO; and further rinsed with de-
ionized water to purge them of any possible metal
contamination. Each sample was kept individually in the
leaching solvent of pH 3, 7 and 10 for 24 weeks. Samples
were handled using non-metallic forceps to avoid metal
contamination. The solvent media were maintained at
room temperature (between 20 and 24°C) and the tubes
were shaken for a period of two hours in a flask shaker,
once every two days. At the end of each designated time
span, the polymer samples were removed from the
leaching solvent. Leachates were stored under refrigerated
conditions prior to analysis.

Instrumentation

An ICP-MS (Perkin Elmer SCIEX DRC-e¢) with an
integrated reaction cell (Fig. 1) was used to analyze the
polymer samples and to quantify the leached metals. A
New Wave UP-213 laser ablation system operating at a
wavelength of 213nm was used as the front end of the
ICP-MS for the surface characterization of the polymer.
While analyzing the leachates, an aqueous sample
introduction system fitted with a Scot spray chamber was
employed as the front end of the mass spectrometer. The
polymer plaques were cut to fit into a special sample
holder with dimensions 5cm x Scm. No serious pre-
treatment was necessary prior to irradiation. Samples
were subjected to 213-nm laser irradiation along a 16-
point grid, each point separated by a distance of 1.0mm.
The level of the beam energy was 30%, with a fluence of
approximately 3 J/cm®. The laser was programmed to
scan the grid 5 times, recording measurements after each
ablation. The analytical performance of the instrument
was satisfactory producing relative standard deviations
(RSD) <5% for repeated measurements on a certified
standard (Table 1). Surface characterization of the
polymer samples was carried out using a scanning
electron microscope (FEI Quanta 200 fitted with Inca x-
sight SEM detector from Oxford Instruments, UK) to
confirm surface profiles of metals.

RESULTS AND DISCUSSION

Surface characterization / Laser ablation / SEM

Characterizing polymer surfaces in terms of metal
distribution could be used to evaluate homogeneity (Pillay
et al., 2010) and also to establish where the embedded
metals are located in the polymer itself. They may be
concentrated on the surface or are they ingrained within
the polymer matrix? In some cases high surface purity is
necessary to obviate the possibility of extraneous
ingrained metals migrating into the environment
associated with the polymer — especially if it is used to
encapsulate solutions, such as jet-oil and body fluids. In
this respect the metal impurity (dopant) could itself play
an intricate role in its distribution. As the polymer
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Fig. 1. Schematic of the ICP-MS depicting the laser ablator.
Table 1. Instrumental precision (pug/L) using a multi-elemental quality control sample (20ppb) [Fluka 70007].
Measurement Be \Y Cr Mn Ag Cd Ba Tl Pb U
1 20.04 20 18.63 | 20.01 20.76 19.77 | 21.11 20.91 20.06 | 20.23
2 20.78 21.4 20.08 | 20.35 19.92 | 20.18 21.5 20.6 19.99 | 20.87
3 21.75 19.82 18.82 18.78 19.92 18.6 20.46 | 2044 | 20.76 | 21.01
Mean + RSD 209+ | 204+ | 192+ | 197+ | 202+ | 19.5+ | 21.0+ | 20.7+ | 203+ | 20.7+
4.1% 4.2% 4.1% 4.2% 2.4% 4.2% 2.5% 1.2% 2.1% 2.0%

solidifies, some metals with greater mobility and affinity
for the matrix could find themselves bound within the
matrix. Others with fewer predilections to remain
ingrained could migrate to the surface. The location of
metal particles, therefore, depends not only on mixing but
the potential of some metals with the capacity to remain
ingrained. Laser technology has the unique capability of
scanning micro-surfaces in polymer material to locate
impurities. The laser technique had been successfully
employed by the authors in an earlier study (Pillay et al.,
2010). It is not possible for the matrix to be completely
devoid of metal impurities, therefore, the laser could be
useful for developing surface profiles.

In this work, the SEM and laser ablation studies were
conducted in order to establish the random existence and
distribution of metals on the surface. When dopant is
mixed in the polymer, the mixing itself could be
imperfect and may lead to depleted surface levels, or no
metals on the surface - which is unlikely. This study is an
attempt to establish this premise scientifically using
SEM /laser ablation techniques. Figure 2 portrays the
spectral trends in metal distribution (for Ti, Mg and Zn)
across the polymer surface. Strong and weak lines in
figure 2 delineate corresponding elevated and diminished

metal levels on the surface, underscoring the point that
these dopants are arbitrarily dispersed. Paper-thin slivers
(10um) of the three samples were subsequently examined
using a scanning electron microscope (SEM), to re-
confirm the irregular distribution of the selected metals
(Fig. 3). Analysis of the results presented in figures 2 and
3 shows that the SEM images support the laser ablation
study. The uneven heights of the peaks in the ablation
spectra (Fig. 2) and the speckled SEM frames in figure 3
clearly establish the random distribution of metals on the
surfaces of the samples of interest.

Kinetics of leaching

Tables 2a and 2b present the metal concentrations of the
samples subjected to progressive leaching activity over
the designated period of 24 weeks. These values (obtained
by ICP-MS) show sharp differences — by more than a
factor of 5 in some cases - for Mg and Zn compared
individually at the 3 and 10% dopant level. This indicates
that the rate of leaching rose markedly with increased
dopant level. Such pronounced differences were not
observed with Ti, with leaching levels remaining about
the same for both the 3 and 10% samples. This anomaly
may be attributed to polymorphism as discussed below; or
possibly due to cluster formations that coalesced Ti and
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Fig. 3. SEM images of metal distribution on polymer surface.

Table 2a. Metal concentration in the leachate during a span of 24 weeks (3% doping).

. 2. Spectra of metal distribution at points on the polymer surface (using laser ablation).

|
" i ‘ Lt

Weeks Ti (ppb) Zn (ppb) Mg (ppb)
pH3 pH7 pH 10 pH3 pH7 pH 10 pH3 pH7 pH 10
4 3.28+0.07 | 2.66+0.10 | 3.19+0.13 | 651+15.5 | 207+2.45 | 18.6+0.44 | 616+21.0 | 269+10.8 | 426+17.6
8 4.31+0.13 | 2.84+0.08 | 3.23+0.13 | 767+25.2 | 316+13.6 | 18.2+0.59 | 637+26.5 | 353+11.6 | 563+24.2
12 4.69+0.19 | 3.08+0.09 | 4.09+0.13 | 823+33.1 | 313+9.75 | 22.5+0.96 | 711+23.7 370+8.3 673+23.4
16 4.9240.14 | 3.96+0.17 | 4.36+£0.10 | 910+£34.1 | 498+14.2 | 37.9+1.56 | 777439.0 | 441£15.2 | 704+19.9
20 4.87+0.17 | 4.33+0.10 | 4.68+0.19 | 968+37.0 | 560+7.90 | 182.8+7.72 | 820+30.5 | 452+5.52 | 739+17.2
24 4.77+0.11 | 4.62+0.17 | 4.82+0.11 | 895+28.7 | 599+16.3 | 233.149.49 | 876+24.3 | 477+15.1 | 752+18.6
Table 2b. Metal concentration in the leachate during a span of 24 weeks (10% doping).
Weeks Ti (ppb) Zn (ppb) Mg (ppb)
pH3 pH7 pH 10 pH3 pH7 pH 10 pH3 pH7 pH 10
4 3.7+0.12 2.28+0.05 2.60+0.08 2671+107.6 745+24.8 20.03+0.56 2447+85.2 2094+84.2 823+35.2
8 4.31+0.17 2.954+0.10 3.48+0.15 3404+112.0 | 1333+55.4 28.99+0.84 | 2578+110.6 | 2250+70.2 937+30.2
12 4.53+0.10 3.38+0.11 3.69+0.10 3641+116.8 1585+43.9 79.78+2.97 2947+72.9 2495+55.1 12024+49.0
16 4.66+0.10 3.3940.12 4.13+0.12 4083+152.8 | 2213+110.9 534+22.8 3110+88.3 2607+72.0 1303+53.7
20 4.97+0.21 3.86+0.05 3.93+0.06 4129+157.8 | 2599+96.7 1300+29.1 2883+67.2 27454+94.7 1393+58.8
24 5.01+0.21 4.13+0.17 4.27+0.05 4098+97.2 2666+90.9 1655+61.6 | 3527+145.2 | 2955+65.0 1544436.6

the polymer chain, thus hindered leaching. The general
trends associated with leaching of the metals of interest
are illustrated in figures 4-6. It is clear that in each case
the process is more pronounced with progressive
decreases in pH values. As mentioned earlier, the data
show evidence of a higher percolation rate with increased
dopant level. Among the selected metals, plots for Mg

and Zn (10%) displayed the most prominent rates of
leaching (Figs. 5 & 6) suggesting that magnesium and
zinc bearing catalysts and reagents should be used
sparingly for preparation of polymers. The plots for Ti
were interesting and reflected percolation levels about an
order of magnitude lower than those recorded for Mg and
Zn. This unexpected outcome for Ti suggested complex
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crystal structures that hindered degradation; or the
possibility that the metal itself could be tightly entrenched
within the polymer matrix (Smolensky et al., 2005;
Ulrich, 2001) which played a role in inhibiting the
leaching process. Titanium resembles the electron
configuration of carbon ([Ar] 3d” 4s%) and this feature
could have contributed to “melding” the metal within the
matrix leading to inorganic-organic hybrid cluster
formations. Earlier studies also point to the possibility of
this metal-melding phenomenon (Smolensky et al., 2005
;Ulrich. 2001). However more extensive studies are

The mechanism of the leaching process was considered to
be analogous to the degradation of crystal structures in
aqueous media (Koutsoukos et al., 2007). The dopants
used in this study were in the form of metal oxides, which
contain the very reactive O ion that is highly attracted to
the metal ions in crystal lattice structures. Magnesium
oxide, for example, consists of a structural arrangement of
Mg”* ions and O®" ions held together by ionic bonding in
an octahedral geometry (Zhu et al., 2013). Zinc oxide
exists in dual polymorphic structures: hexagonal and
cubic symmetries (Fierro, 2006). Titanium oxide exists in

required to establish this particular hypothesis. multiple polymorphic structures: hexagonal,
(a) (b)
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Figs. 4-6. Concentration-time plots of metal levels in leachates conforming to first-order kinetics.

(a), (b) = 3%, 10% dopants, respectively.
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orthorhombic and monoclinic arrangements (Marchand et
al., 1980; Latroche et al., 1989; Akimoto et al., 1994).
Degradation (or leaching) of crystals in acidic media is
related to the complexity of the structure and its
polymorphic forms (Fierro, 2006). Leaching levels tend
to be lower in the presence of more complex polymorphic
structures (Fierro, 2006). This phenomenon agrees with
our data in figures 4-6 where Mg levels in leachates were
highest, and Ti lowest, reflecting the trend in
polymorphism. This also accounted for the differences in
the recorded data between Ti and the other metals.
Clearly, in acidic media affinity of O* for H" will
increase with decreasing pH of the medium, resulting in
elevated leachate levels, as reflected in the plots in Figs 4-
6. Hence the mechanism is pH-dependent, leading to
enriched leachates as a function of pH.

For metals complexed within the solid matrix (Smolensky
et al.,, 2005; Ulrich, 2001) an interesting mechanism
advanced by Abbu et al. (2000) proposes displacement of
the metal ion by H', leading to augmented leachate levels
with decreasing pH as depicted in figures 4-6. Again,
according to this proposed mechanism, the leaching
process is pH dependent. And, for highly charged metal
ions tightly coalesced within the solid matrix (e.g. Ti*"),
displacement will be harder, thus leading to
corresponding diminished leachate levels, as is the case
for Ti (Fig. 4) which is significantly different from Mg/Zn
data.

Within experimental limits the plots in figures 4-6 are
linear, thus fulfilling first-order kinetics (Chang, 2010).
The rate constants were determined from the
corresponding slopes, and are roughly 0.01 wk™ for all
samples. This rate constant is particularly low indicating
that the process is distinctly protracted for polypropylene,
the polymeric material investigated in this study. It is
important to point out that the dopant levels used in this
study had to be high and distinct enough to determine the
order of the leaching reaction. Therefore these levels were
deliberately kept high, with appreciable differences in
concentrations, so that significant data could be generated
to establish the order of the metal leaching process. If the
dopant levels were in the ppm range (for example) the
effect would not have been sufficiently pronounced and
perhaps not even observable. This is why kinetic studies
of this nature remain underexplored.

CONCLUSION

Our study has established that metal leaching from
polymeric material is pH dependent and of the first order.
This has implications for liquids and food products
encapsulated in polymer containers. Lower pH values
tend to induce accelerated rates of percolation. The
observed leaching trends for Mg/Zn impregnated samples
were similar and could be representative of most heavy

metals. However, Ti doped samples did not leach easily
suggesting that either its multiple polymorphic structures
inhibited the leaching process; or Ti could be intrinsically
bound to the polymer chain. This latter phenomenon was
considered anomalous and could form an interesting
subject for future study, especially if titanium as a dopant
forms inorganic-organic hybrid clusters. This suggests
that the use of additives and catalysts based on Mg and Zn
should be avoided for the production of this type of
polymers, especially if such materials are intended for use
in critical applications such as liquid food packaging and
medical applications.
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