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Malaria remains a public health concern with vector control still the vital component of disease
prevention, control, and elimination strategies. Recent years has seen a “stalling” in the progress made
towards the reduction in the global malaria burden, highlighting the need to develop new, innovative,
and safe alternative tools and delivery systems to achieve global malaria elimination. Interventions
based on the use of indoor residual spraying (IRS) and long-life insecticidal bed nets (LLINs), i.e.
insecticide-containing wall linings (IWLs), can contribute towards the reduction of malaria. Both
LLINs and IWLs rely on the presence of insecticides on the fibre or filament surfaces. However,
materials directly incorporating the insecticides into the polymer melt during extrusion, allows for
effective killing of the mosquitoes when they come into contact with the surface of the material, only
if there is insecticide present there. This means that the insecticide must migrate to the surface and
precipitate there (bloom). Over time the internal concentration of insecticide will decay. This
investigation was done using Fourier transform infrared spectroscopy (FTIR) in both the transmission
and attenuated total reflection (ATR) modes to better understand the blooming of three World Health
Organization-approved contact insecticides, i.e. alphacypermethrin, fipronil and chlorfenapyr, from
mesh or film to better understand the likeliness of insecticides within the materials to migrate to the
surface. Film-based samples were prepared in addition to wall lining mesh, because of their easier
characterisation than the irregular shaped mesh filaments. FTIR, in ATR and in transmission modes,
enabled the tracking of the migration of the three insecticides, over time to the surface of polyethylene
mesh or film. This made it possible to estimate the apparent solubility of the insecticides in the
polymer matrix. However, scanning electron microscopy (SEM) revealed that a portion of
the insecticide is trapped, in a crystalline state, inside the polymer matrix. These results suggest the
possibility of developing products-based insecticides for protection against infective mosquito bites in
malaria-endemic regions.
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1. INTRODUCTION
Malaria is not only a global public health concern, but also a

disease of poverty that impacts on productivity and impedes
socio-economic progress and development in Africa (Sarma
et al., 2019, Alonso et al., 2019, Birkholtz et al., 2012). Vector
control is a vital component of malaria disease prevention,
control and elimination strategies. The two main vector
control methods applied to curtail malaria, as recommended
by the World Health Organization (WHO), are the use of
indoor residual spraying (IRS) and insecticide treated nets
or long-lasting insecticidal nets (ITNs/LLINs) (WHO, 2019,
Fullman et al., 2013, Kruger et al., 2015, Zhu et al., 2017). The

scaling up of these two strategies have contributed to a signifi-
cant reduction in the global malaria burden during the pre-
vious decade, especially in Africa (Zhu et al., 2017, Birkholtz
et al., 2012). Between 2000 and 2014, global malaria incidence
rates and mortality dropped by 37% and 60% respectively
(Korenromp et al., 2016, WHO, 2019). Despite the large
decrease, the disease remains a devastating source of morbid-
ity andmortality (Fullman et al., 2013). According to theWHO,
in more recent years the tremendous progress made against
the disease appears to have “stalled” and in some regions
malaria infections and mortalities are starting to increase
again (WHO, 2019).
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Interventions based on IRS and LLINs play important con-
tributing roles in reducing the malaria disease burden.
However, better efficacy and efficiency of existing control
interventions, and the development of new, innovative and
safe alternative tools and delivery systems are vital if the
goal of global malaria elimination is to be realised (Karuna-
moorthi, 2011). In future, insecticidal wall linings (IWLs)
may provide a similarly effective malaria vector control strat-
egy. Both LLINs and IWLs rely on the presence of insecticides
on the fibre or filament surfaces. The WHO recommends bed
nets containing insecticides such as alphacypermethrin and
chlorfenapyr because of their low mammalian toxicity, low
volatility, and high contact-toxicity against mosquitoes
(Smith et al., 2018). When the target mosquitoes touch the
surface of the net, they pick up toxic amounts of the poison
causing them to perish. The polyethylene wall linings, devel-
oped at the University of Pretoria, are produced by directly
incorporating the insecticides into the polymer melt during
the Netlon mesh extrusion process (Kruger et al., 2015,
Sibanda and Focke, 2014). Since the insecticides are contact
poisons, only that portion present and exposed at the
surface of the filaments is effective at killing the target
insects. Therefore, it is necessary for the insecticide to
bloom, i.e. to migrate to the surface and precipitate there.
Polyethylene is processed at temperatures ranging from 180°

C to 250°C. Solubility usually increases with increasing temp-
erature. It is therefore likely that, at these high processing
temperatures, the insecticides are fully dissolved in the
polymer melt in particular when added at very low concen-
trations. However, after the polymer melt has been shaped
into fibres, films or filaments, it cools down and partially crys-
tallizes. Guest molecules are excluded from the crystalline
domains, being soluble in the amorphous regions of the
polymer only. This means that as the polymer cools and crys-
tallizes the portion of the matrix available for dissolution of
the additive decreases proportionally. Together with the
lowered temperature, this sets up a supersaturated state for
the non-volatile insecticide present. This explains the ten-
dency for additives to migrate to the surface where they
accumulate (Lewis and Cowsar, 1977). This is important as
blooming can only occur when the migrating species is
present at supersaturated levels in the polymer (Calvert and
Billingham, 1979). It will continue until the concentration
inside the polymer matrix falls to saturation.
Calvert and Billingham (1979) assumed that the active ingre-

dient, in its supersaturated state, is initially homogeneously
and uniformly distributed in the polymer matrix. This simpli-
fies the mathematical modelling of the process. The kinetics of
the process depends upon the sample geometry, the solubility
of the additive and its diffusion coefficient within the bulk of
the polymer (Calvert and Billingham, 1979). The mechanism
of the blooming process entails the diffusion from the super-
saturated state inside the polymer to the surface covered by
the neat active. This means that the surface concentration is
fixed and that the internal concentration will, over time,
decay to the solubility limit in the polymer (Calvert and Bill-
ingham, 1979). A polymer film may be approximated by an
infinite flat plate of thickness L. After a sufficiently long time
(see below), the average concentration, for the insecticide
remaining in the film is given by (Beek et al., 1999):

(〈C〉 − C1)/(Co − C1) ≈ 0.8105 exp [− 2.4674 Dt/L2] (1)

where 〈C〉, Co and C∞ correspond to the mean concentration,
the initial concentration and solubility of the insecticide in the
polymer respectively; D is the diffusion coefficient and t is the
time. This expression provides good approximations for
blooming times exceeding t> 0.1 L2/D. Spatafore and
Pearson (1991) found that the propensity of a phenolic antiox-
idant to bloom, initially present at high concentrations in
polypropylene, could indeed be described simply in terms
of such a Fickian diffusion model. Similarly, Möller and
Gevert (1994) found that the diffusion of antioxidants in
low-density polyethylene (LDPE) is undeniably Fickian with
concentration-independent diffusion coefficients and an
Arrhenius-type temperature dependence.
The quantification of the low levels of insecticides present

on the surface or inside polymer films or filaments is not a
simple matter. It requires the use of very sensitive analytical
techniques to measure the low levels of additives used in
practice (Spatafore and Pearson, 1991). Fourier transform
infrared spectroscopy (FTIR) is a simple analytical technique
that was successfully applied to measure the diffusion coeffi-
cients of antioxidants in low-density polyethylene (Möller and
Gevert, 1994) and to study the blooming of additives from
polypropylene films (Spatafore and Pearson, 1991). Further-
more, attenuated total reflection infrared spectroscopy
(FTIR-ATR) has been employed to estimate the surface con-
centration of additives that have bloomed from low-density
polyethylene (Vitali, 2001) and from epoxy coatings (Du
et al., 2014).
This study employed FTIR in transmission mode in combi-

nation with FTIR-ATR to probe the blooming of three
WHO-approved contact insecticides (alphacypermethrin,
fipronil and chlorfenapyr) from polyethylene mesh and
film. Information regarding the chemical and physical charac-
teristics of the insecticides are presented in the Supplemen-
tary Material. The objective of the investigation was to gain
a better understanding of the portions of insecticides incor-
porated into the insecticidal mesh that are likely to migrate
to the surface. Film-based samples were prepared in addition
to mesh used as wall linings. The reason for this was that the
films were deemed easier to characterise than the irregular
shapes presented by the filaments comprising the mesh.

2. MATERIALS AND METHODS

2.1. Materials
Proprietary insecticide-containing masterbatches were sup-

plied by Xyris Technology. They contained 11 wt-% active
insecticide in a polyethylene carrier. The actives were alphacy-
permethrin, fipronil and chlorfenapyr.
High density polyethylene (HDPE) grade Safrene H 4765 ex

Safripol and low-density polyethylene grade LF2103 ex Sasol
were used in this study. Both featured a melt flow index of
0.33 g/10 min at 190°C/2.16 kg. According to the suppliers,
the densities were 0.958 g·cm−3 and 0.921 g·cm−3 for the
HDPE and LDPE respectively.

2.2. Methods
2.2.1. Sample preparation and conditioning
Polyethylene films were blown using a 1:1 blend by mass of

HDPE and LDPE in addition to the two neat polymers. Films,
nominally 40 μm, were made on a Collin BL 180/400 labora-
tory film-blowing unit. It featured a single screw extruder
with a diameter of 30 mm and L/D=25. The temperature
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profile was, from hopper to die, 180/180/185/185/185/185/210/
190°C. The extruder screw speed was 50 rpm. The master-
batch addition was done in order that the insecticide contents
of the final films were as follows: alphacypermethrin: 0.5 wt-
%; chlorfenapyr: 1.4 wt-%, and fipronil: 2.5 wt-%. These con-
centrations were chosen on the basis of recommendations
provided by industry experts.
Commercial samples of insecticidal mesh, weighing ca.

120 g m−2, were produced on a Netlon extrusion line at the
Huhthamaki factory in Springs, Gauteng Province, South
Africa. The mesh polymer was a 1:1 HDPE-LDPE blend.
These production runs employed the same masterbatches,
but slightly different addition levels were used.

2.2.2. Field trial
Mesh samples containing 0.29 and 0.47 wt-% alphacyperme-

thrin insecticide, as well as untreated linings, were evaluated
in a field trial over a period of five years (Kruger et al., 2015).
The field trial commenced in October 2012. The linings were
randomly installed on the inner walls of traditional mud
huts and modern brick houses in a community village in
Vhembe District, Limpopo Province, as part of a short field
trial. The linings were exposed to conditions within these
dwellings over a six-month period. Data were collected
monthly through questionnaires (to determine user accep-
tance and perceived effectiveness), and entomological
residual efficacy analysis of ITWL, as part of durability
testing, was done bimonthly using WHO prescribed bioas-
says. The efficacy testing continued for a further 54 months,
with sampling occurring on an annual basis. Simultaneously,
the residual efficacy of the insecticide was also determined.
Kruger et al. (2015) provide comprehensive details of this
field trial, including the performance of the mesh six
months after installation. Following this interim report,
further samples were retrieved by cutting pieces off the
installed mesh to continue with residual efficacy testing.
This was done annually for five years after installation
(Figure 1).

2.2.3. Bioassay
The residual efficacy of mesh samples against mosquitoes

was evaluated using Standard WHO bioassays tube tests
(WHO, 2006). In these tests, typically twenty-five non-blood-
fed female Anopheles arabiensis mosquitoes (KGB colony
housed at the National Institute for Communicable Diseases,

Johannesburg, South Africa), 3–5 days old, were exposed for
30 min to mesh samples. Knockdown was recorded 30 min
after the end of exposure and mortality was recorded 24 h
after initial exposure. During the 24 h waiting period, mosqui-
toes were given a sugar solution as nourishment. Figure 2
shows such a WHO bioassay tube test in progress.

2.2.3. Film ageing
The film thicknesses were measured with a Mitutoyo Digital

RHS769 micrometer. The films were suspended vertically in a
forced convection oven and aged at 40°C for up to 38 days.
Small pieces were cut from the film samples at regular inter-
vals and the FTIR spectra were recorded. Films aged for 38
days or more were also characterised using other techniques
mentioned in the characterisation section.

2.3. Characterisation
2.3.1. Optical microscopy
Optical micrographs of the extruded film containing alpha-

cypermethrin were obtained using a Leica DMRXmicroscope,
operated in transmissionmode. The films were oriented in the
microscope such that the thickness direction was parallel to
the light path. Images were taken with the sample placed
between crossed polarisers, or in plain transmission.

Figure 1. Insecticidal mesh installed as ITWLs in community dwellings as part of the field trial: (a) indoor installation of mesh in a traditional hut,
(b) green (0.29 wt-% alphacypermethrin) mesh as an insecticidal wall lining in a western style brick house.

Figure 2. WHO bioassay tube test set up for evaluating the residual
efficacy of insecticidal mesh samples.
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Additional images were taken on a WiTec-alpha 300R micro-
scope through a numerical aperture of 0.4 at 100×
magnification.

2.3.2. Confocal fluorescence microscopy (CFM)
Small filaments were cut from the insecticidal Netlon mesh

and mounted on a microscope cover slip. The samples were
viewed with a Zeiss LSM 510 META Laser scanning micro-
scope (Carl Zeiss, Jena, Germany) fitted with a Plan Apochro-
mat 20× objective. The exciting laser wavelength was 405 nm
and the pinhole setting was 59.8 nm. The detector gain was
set at 850 and the amplitude gain and offset were 1 and
0.045, respectively. The band pass filter setting was LP420.
The top surface of the samples was imaged. They are shown
superimposed on the optical shadow of the Netlon filaments
that were imaged.

2.3.3. Scanning electron microscopy and energy
dispersive X-Ray spectroscopy (EDS)
Samples of the blown films were fixed on an aluminium

sample tray and the surfaces were coated with carbon. The
measurements were carried, out at different positions, at an
acceleration voltage of 6 keVusing a Zeiss UltraPlus equipped
with a Bruker XFlash Quad 5060F.

2.3.4. FTIR spectroscopy
FTIR spectra were recorded on a Perkin-Elmer Spectrum 100

instrument in both the transmission and ATR modes. The
spectra represent averages of 16 scans, scanned at a resolution
of 4 cm−1. The samples evaluated included the neat insecti-
cide powders (using ATR only), the neat polyethylene films
and the insecticide-containing films before and after oven
ageing at 40°C for different times, up to 38 days. The same
insecticide film samples were re-analysed in transmission
and ATR mode after removal of all surface deposits by
wiping with tissue paper wetted with acetone. Following

this treatment, the ATR spectra featured HDPE absorption
bands only. This confirmed that all of the insecticide that
was present on the surface at that point in time, was effec-
tively removed by this procedure.

2.3.5. Wide-angle X-ray scattering (WAXS)
X-ray scattering experiments were performed by means of a

Bruker X-Ray diffractometer D8 Discovery with Cu Kα radi-
ation (monochromatic beam, λ= 0.1542 nm). The experiments
were done in transmission mode perpendicular to the
machine direction. Scattering intensities were measured by
a two-dimensional (2D) Vantec500 detector. 2D scattering pat-
terns and radial intensity scattering curves were evaluated to
analyse the structure and its orientation.

3. RESULTS AND DISCUSSION

3.1. Insecticidal mesh
Table 1 reports the outcome of the bioassay results obtained

on samples that were collected 60 months after installation.
Surprisingly, even the mesh samples that contained just
0.29 wt-% alphacypermethrin still fully complied with the
WHO requirements for bed nets.

Figure 3 shows confocal fluorescence microscope generated
images of small portions of insecticidal meshes. The fluor-
escence observed in the fipronil and chlorfenapyr samples
suggest virtually complete insecticide coverage of the filament
surfaces. However, only isolated bright spots are visible on the
surface of the sample containing alphacypermethrin. The
results presented in Table 1 suggest that such a discontinuous
distribution on the mesh surface can be sufficient for effective
mosquito control. More detailed investigations, not shown
here, suggested that the insecticides were present in the
form of needle-shaped crystals. In some cases, notably for
fipronil and chlorfenapyr, these crystals protruded away
from the polymer surface. Unfortunately, the irregular

Table 1. WHO tube bioassay results for insecticidal mesh impregnated with alphacypermethrin, 60 months after installation in the field trial.

Mesh colour Number Knock down Alive Dead Knock down Mortality
(Insecticide, wt-%) Sample mosquitoes 60 min 24 h 24 h % %

White A16 23 0 23 0 0 0
(None) B2 25 0 25 0 0 0

B6 25 0 25 0 0 0
B14 24 0 24 0 0 0
B17 25 0 24 1 0 4

Green A10 26 26 0 26 100 100
(0.29) A15 24 24 0 24 100 100

A20 25 23 1 24 92 96
B3 24 24 0 24 100 100
B7 25 25 0 25 100 100
B11 25 25 0 25 100 100
B19 24 23 0 24 96 100

Orange A3 27 27 0 27 100 100
(0.47) A7 25 24 0 25 96 100

A11 24 24 0 24 100 100
A19 25 25 0 25 100 100
B4 25 25 0 25 100 100
B8 24 24 0 24 100 100
B12 24 24 0 24 100 100
B20 27 27 0 27 100 100

Tube control Control 25 0 25 0 0 0
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surface structure of the mesh filaments made it difficult to
image the true state of the insecticides on the polymer
surface. This prompted the laboratory investigation that con-
sidered the blooming from film samples. The flat surfaces of
the film geometry make it more amenable for investigating
the morphology of the insecticides that migrated to the
surface.

3.2. Insecticidal films
FTIR-ATR spectra for virgin HDPE and neat chlorfenapyr

powder are shown in Figure 4. The bands located between
990 and 1150 cm−1 are unique to chlorfenapyr while the two
bands located at 1472 and 1462 cm−1 are characteristic of
HDPE. The relative chlorfenapyr content of the films was esti-
mated from the ratio of the two areas defined by the two
wavenumber regions. The acetone wipes removed all the
insecticide present on the film surface. Therefore, the trans-
mission spectrum recorded after this cleaning action
enabled the estimation of the insecticide remaining inside
the film at that point in time. The FTIR-ATR spectra for the
insecticide-containing films were normalised with respect to
the spectrum obtained for the neat chlorfenapyr powder. A
similar procedure was used for the other insecticide-contain-
ing films and further details are presented in the Supplemen-
tary Material.

Figure 5 shows the normalised insecticide contents of the
polyethylene films as they changed over time on ageing at
40°C. The plotted composition data obtained from the trans-
mission spectra, after rinsing with acetone, indicate the
amount of insecticide remaining at any specific point in
time. For example, right after the film was made, the chlorfe-
napyr inside the film amounted to 84%. This means that 16%
had already migrated to the surface. However, the data for
day 4 to day 22 are approximately the same and they indicate
that 22.8 ± 0.9% of chlorfenapyr appears to remain indefi-
nitely in the polymer matrix.
Figure 5 indicates that similar observations hold true for

the other insecticides in that a plateau value, in the
amount of insecticide that is retained, is reached after a
certain time. The exception is alphacypermethrin in
HDPE. In this system the data scatter and the relatively
limited degree migration prevented the drawing of defini-
tive conclusions. The most striking result is the fact that,
irrespective of the insecticide, a greater proportion is
retained in HDPE than in LDPE. As expected, the results
for the 1:1 HDPE-LDPE blend are intermediate except for
fipronil. As mentioned before, the insecticides can only dis-
solve in amorphous regions of the polymer. Since HDPE is
highly crystalline when compared to LDPE, the observed
retention cannot be attributed to solubility of the

Figure 3. Fluorescence images recorded on filaments of insecticidal Netlon mesh samples. (a) alphacypermethrin; (b) fipronil, and (c)
chlorfenapyr.

Figure 4. FTIR-ATR spectra. (a) Comparing the spectra for the neat chlorfenapyr powder to that for virgin HDPE. (b) Change in the FTIR-ATR
spectra with ageing time at 40°C for the chlorfenapyr-containing HDPE film compared to the neat spectrum obtained for the neat insecticide
powder.
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insecticide in the polymer matrices. An alternative hypoth-
esis is that the insecticides became trapped as solid
inclusions when the films were formed and polymer
matrix crystallised. This either prevented migration or
slowed it down significantly.
The results presented in Figure 5 suggest that, except for

alphacypermethrin in HDPE film, that the migration to the
surfaces reached a steady state value by day five. Table 2
reports theses steady state values. Unlike the FTIR trans-
mission results, the FTIR-ATR results are only indicative
assessments of the amount of insecticide that has accumulated
at the film surfaces. The reason is that these measurements
were normalised using the FTIR-ATR spectra recorded using
the neat insecticide powders. Nevertheless, for fipronil and
chlorfenapyr, the estimated insecticide fractions present on
the surfaces and internally retained do sum up approximately
to unity. However, this is not the case for the alphacyperme-
thrin-containing films at all.

Figure 6 shows images of the insecticide deposits observed
on the surface of films after long-term ageing. Figure 6(a,b)
are images of needle-shaped deposits of alphacypermethrin
present in optical micrographs taken on 1:1 m/m LDPE/
HDPE and LDPE films, respectively. The image in Figure
6(b) was captured with the sample placed between
crossed polarisers, showing a rather dark/greyish appearing
polymer matrix due to its semi-crystallinity and orientation
of the macromolecules (Nase et al., 2010). Individual
polymer crystals are too small to be detected in the distinct
spherulitic crystalline-amorphous superstructure, typical for
semi-crystalline PE crystallized from the quiescent melt, and
is not seen due to crystallization during film blowing.
However, most important is the observation of phase-separ-
ated, needle-like objects with a length of up to around
50 µm and width of 5 µm. Such morphology is untypical
for PE crystals and is unambiguously associated to the pres-
ence of alphacypermethrin. The image in Figure 6(a) was

Figure 5. Normalised insecticide contents of films as a function of ageing time at 40°C. The transmission data indicate compositions estimated
from spectra recorded after rinsing the films with acetone. The FTIR-ATR data provide a relative indication of the accumulation of the insecticides
on the surface of the films. The dotted lines indicate error bands corresponding to one standard deviation above and below the mean.
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collected in plain transmission mode, revealing similar
observation of insecticide crystals, which here even grew
dendritically. Worth noting, insecticide crystals of a large
variety of shapes have been detected in case of all investi-
gated samples. Examples are shown in Figure 6(c,d) which
show the appearance of aged LDPE films with chlorfenapyr
and fipronil respectively. The latter two optical images were
taken with the confocal Raman microscope.
Further evidence for the migration and consequently pre-

cipitation of insecticide crystals on the surface of the

polyethylene films was confirmed by SEM-EDX investigations
(Figures 7 and 8). Chlorine, as the element that occurs in the
insecticides, has been detected in all samples containing insec-
ticides. In the sum spectra, collected from surface regions
measuring 172 µm× 129 µm, the typical peak of Kα chlorine
appears at 2.61 keV in all samples with exception of the refer-
ence sample (neat HDPEwithout insecticides). Figure 7 on top
shows the sum spectra taken from HDPE films with different
insecticides as an example for all investigated polyethylene
films.

Table 2. Summary of the estimates of insecticides accumulated at the surface and retained internally in the polyethylene film samples.

Insecticide Polymer Retained Surface (outside) Surface (inside) Total

Alphacypermethrin LDPE 0.111 ± 0.046 0.30 ± 0.10 0.059 ± 0.130 0.469
LDPE/HDPE 0.236 ± 0.051 0.23 ± 0.05 0.038 ± 0.036 0.508
HDPE 0.838 ± 0.083 0.035 ± 0.037 0.011 ± 0.005 0.884

Chlorfenapyr LDPE 0.145 ± 0.011 0.35 ± 0.16 0.31 ± 0.09 0.811
LDPE/HDPE 0.161 ± 0.006 0.49 ± 0.09 0.45 ± 0.11 1.099
HDPE 0.228 ± 0.009 0.39 ± 0.07 0.32 ± 0.04 0.944

Fipronil LDPE 0.652 ± 0.061 0.17 ± 0.04 0.15 ± 0.03 0.983
LDPE/HDPE 0.615 ± 0.048 0.19 ± 0.04 0.15 ± 0.04 0.963
HDPE 0.714 ± 0.058 0.15 ± 0.04 0.12 ± 0.02 0.981

Note: The total amount was calculated as the sum of the retained and the apparent surface fractions.

Figure 6. Optical images of the surfaces of polymer films after long-term ageing. (a) alphacypermethrin in the 1:1 m/m LDPE/HDPE film. LDPE
films that contained (b) alphacypermethrin, (c) chlorfenapyr and (d) fipronil.
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The size, shape and distribution of insecticides, which
have accumulated on the surface of HDPE films is shown
in the bottom portion of Figure 7. In this image the
elemental map of chlorine detected with EDX (false
colour image) is superimposed on the topographical con-
trast SEM image. It confirms that there is indeed some
alphacypermethrin, which managed to migrate to the
surface from inside the HDPE films. Figure 7(c,d) suggest
flake-shaped crystalline deposits of fipronil and chlorofena-
pyr on the surface of HDPE films. Similar observations

hold for the LDPE films shown in Figure 8. The images
reproduced in Figures 6–8 were obtained on samples that
were aged for more than forty days at 40°C.
Interestingly, it was not possible to detect the insecticide

crystals by WAXS. As shown by the radial intensity curves
(Figure 8, left), only the typical reflections of HDPE can be
seen. One reason might be the minute amounts of insecticide
present on the surface of the films. However, a more likely
reason could be the crystallinity of the insecticides. Since no
additional peaks were observed in the scattering curves in

Figure 7. Sum spectra and SEM-EDX images of HDPE film surfaces. (a) neat HDPE film; (b) alphacypermethrin; (c) fipronil, and (d) chlorfe-
napyr. The false green colour indicates elemental distribution of chlorine detected by EDX.
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neither the machine direction nor perpendicular to the
machine direction, it can be assumed that the migrated insec-
ticides have an amorphous structure. Furthermore, it can be
concluded that the insecticides do not affect the crystallization
process of HDPE. Both, the position as well as the scattering
intensity of HDPE films containing insecticides are identical
to those of neat HDPE.

4. CONCLUSIONS
The insecticides alphacypermethrin, chlorfenapyr and

fipronil were successfully incorporated into polyethylene
films at a concentration of approximately 0.5, 1.4 and 2.5 wt-
% respectively. The migration of the insecticide to the
surface was tracked, over time, using FTIR-ATR. The portion
remaining inside the film was estimated from FTIR in trans-
mission mode after removal of surface deposits with acetone
rinses. The blooming process was complete in less than four
days of oven ageing at 40°C. Irrespective of the insecticide,
the quantity that remained trapped in the polymer matrix
was greater for HDPE than LDPE. Optical and SEM
imaging of the film surfaces revealed the presence of

insecticides as discontinuous flake-shaped deposits, in some
cases in dendritic formations. The insecticides do not affect
the crystallization process of HDPE. Netlon mesh containing
either 0.29 or 0.45 wt-% alphacypermethrin retained bioactiv-
ity against mosquitoes at a level required for WHO bed net
specifications even five years after indoor installation. These
results suggest the possibility of developing products contain-
ing insecticides for protection against infective mosquito bites
in malaria-endemic regions.
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