
70

DURABILITY OF STRUCTURES AND PROTECTION FROM CORROSION

9/2022 (nr 601) ISSN 0137-2971, e-ISSN 2449-951X www.materialybudowlane.info.pl

N atural fibre polymer composi-
tes (NFPC) have been used in
construction for many years,
mainly for producing facade

profiles, outdoor floors, window, and
door joinery, platforms and landscape
architecture element [1]. The dominant
type of NFPCs is that with a thermo-
plastic polymer matrix filled with wood
fibres or pulverised cultivated plants
husks, stems and leaves [2]. The most
popular construction products include
those with PVC matrix and wood flour
or rice husk fillers [3], but attempts are
made to introduce composites with other
cereal husk fillers. Because plant fibres
are lignocellulose structures whose che-
mical composition differs depending on
the plant species, using another filler
may change the composite properties
[2, 4]. The fitness for construction appli-

cations of profiles made with the new
filler shall be evaluated according to the
rules applicable for construction pro-
ducts, according to the usability crite-
rion, referring to a set of critical featu-
res for the given application [5], from
the point of view of the product’s impact
on the building structure’s fulfilling the
seven essential requirements set out in
Regulation No. 305/2011 [6].

The functional properties of products
made of polymer composites depend
primarily on the interactions at the
matrix and filler phase border [2,3].
Ensuring proper interaction is a challen-
ge in the conditions of construction pro-
files’ use. The hydrophilic nature of
plant fibres makes them swell easily
once exposed to water, leading to the
cracking of the hydrophobic polymer
matrix [3, 7]. The interaction between
the fibres and the polymer deteriorates,
reducing the stress transfer capacity at
the phase border, which is accompa-

nied by a decrease in the mechanical
parameters [8].

This paper focuses on the issue of pro-
file degradation under the influence of
fungi in a wet environment, which is in-
dispensable for their development. The
results of previous studies indicate
that NFPCs are particularly susceptible
to the Basidiomycetes class [7, 8]
belonging to the Agaricomycotina sub-
type [9] in the current taxonomy. The
polymer matrix is characterised by ne-
gligible susceptibility to biodecomposi-
tion [10, 11]. The composite’s resistan-
ce to fungi depends on the filler type
and quantity, the size of particles, and
the extent of their dispersion [12, 13].
Composites reinforced with low-absor-
bability fibres are less sensitive to fungi
than those containing highly absorptive
fibres [14]. The fibres in NFPC were
found to reach up to 70% humidity,
which makes optimum conditions for
microorganisms’ growth at adequate
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tem pe ra tu re and pH [15]. Li gnin and
cel lu lo se are the fo od for fun gi. Whi te -
-rot fun gi, e.g. Co rio lus ver si co lor, 
at tack li gnin, whi le brown -rot fun gi, 
e.g. Co nio pho ra pu te ana, de com po se
cel lu lo se [16]. Pro per di sper sion of fi -
bres in the ma trix pro mo tes bio re si stan -
ce. It fo sters go od in ter pha se ad he sion
and re du ces vo ids [1, 7] which play the
ro le of chan nels for fun gi mi gra tion
thro ugh the ma te rial, fa ci li ta ting the
trans port of en zy mes [17]. NFPC’s re si -
stan ce to mi cro or ga ni sms de cre ases as
the fil ler’s amo unt in cre ases [18]. Pre -
vio us stu dies on NFPC bio de gra da tion
re por ted di ver si fied su scep ti bi li ty to 
the ac tion of dif fe rent fun gi stra ins
[14, 15, 19]. The most in ten si ve growth
was ob se rved for Tra me tes ver si co lor
and  Co nio pho ra pu te ana, at a si mul ta -
ne ous we ight loss not exce eding 5% 
and with no si gni fi cant chan ge in the
fle xu ral mo du lus [8]. No ne the less, ca ses
are known of fle xu ral strength re du ced
to 30%, ela sti ci ty to 40% [20 – 23], and
im pact strength to 16% [20].

This paper aimed to determine the
susceptibility of construction profiles
made of composites with PVC matrix
and pulverised Polish cereal – oat and
millet – husks filler to fungi, which had
not been analysed before. A standard
composite reinforced with rice husks
was tested for comparison. All solutions
were exposed to Coniophora puteana,
Gloeophyllum trabeum, and Coriolus
versicolor. Mycelium growth,
composite surface morphology, flexu-
ral strength, and modulus were
evaluated. 

Testing methods
The tests were carried out on multi-

chambered profiles intended for outdoor
floors, extruded in industrial conditions
from a PVC matrix composite with an
addition of CaCO3 (50 phr – 50 parts
per 100 parts per weight of the mix) and
a filler made of pulverised oat (30 phr),
millet (30 phr) or rice (60 phr) husks.
The profiles’ surfaces were mecha-
nically brushed, which is a standard
procedure for construction products. No
corrugation was made. 

From the central part of the chambers,
five series of samples were cut out, sized
80 x 10 x 5 mm, each containing five

pieces. The first series of samples were
seasoned in laboratory conditions (temp.
23±2°C, relative humidity 50±5%).
They were the reference samples. 

The second series was subject to
washing out according to EN 84 [24],
which involved immersing the samples
in water for fourteen days and replacing
the water nine times. A nutrient medium
was prepared in Kolle-type culture
flasks consisting of 40 g of malt extract,
35 g of agar, and 1,000 ml of water. 
The nutrient medium was sterilised 
in an autoclave at 121°C and 1 atm
pressure. The samples were placed in
the culture flasks and kept for four
months in a culture chamber (tempe-
rature: 22±1°C, relative humidity:
70±5%). The samples were used to
determine the impact of a wet
environment on the tested material. 

The samples from the other three
series were exposed to fungi after
washing out, as described above. The
medium was inoculated with
Coniophora puteana (Schumacher ex
Fries) BAM Ebw. 15, Gloeophyllum
trabeum (Persoon ex Fries) BAM Ebw.
109 and Coriolus versicolor (Linnaeus)
hyphae. The culture flasks were
incubated until entirely covered by
mycelium. The composite samples were
placed on the mycelium so that their
usable surface remained in direct
contact with it; then, they were taken to
a cultivation chamber (temperature:
22±1°C, relative humidity: 70±5%) for
four months. The activity of fungi was
verified according to ENV 12038 [25],
reaching a weight loss of much over
20%. After the exposure, the samples
were manually cleaned of mycelium
with a soft brush. 

The extent of mycelium growth on
the samples was visually assessed right
after the exposure. The samples with the
most significant mycelium growth were
selected for SEM examination. They
were cleaned of mycelium using water
under pressure and dried for seven days
at 40±2°C. The microstructure analysis
was carried out with Sigma 500 VP
scanning electron microscope with a
cold cathode field emission, which
enables reaching a high resolution at a
low accelerating voltage. The tests were
carried out at a 10 KeV accelerating

voltage of the excitation electron
bundle, using the SE detector for gold-
sprayed samples. The applied magni-
fication was 200x. 

The samples from all series were also
subject to flexural strength σ and
flexural modulus E testing.The test was
done with a strength testing machine
class 1, according to  EN ISO 178 [26].
The supports were spaced at 64 mm.
The samples were bent with the usable
side towards the supports to subject 
the space exposed to fungi to the impact
of tensile stress. The load was applied 
at 2 mm/min. until damage. During
bending, the load-deflection curve was
recorded in the linear-elastic range,
including the values of force and
deflection corresponding to ε1 = 0.0005
and ε2 = 0.0025 strain. Based on the
force values recorded at ε1 and ε2, typical
stress values were determined, and the
flexural modulus was calculated. 

The test results for the samples
exposed to a wet environment were
compared to those obtained for the
original samples to determine,
according to (1), the environment’s
impact on the tested material. The result
was expressed in %.

∆σm = [(σm – σi)/σi)] • 100 (1)
∆Em = [(Em – Ei)/Ei)] • 100

where:
σm, Em – flexural strength and flexural modulus
in wet condition [MPa];
σi, Ei– flexural strength and flexural modulus in
the original condition [MPa].

The test results obtained for the
samples exposed to fungi in a wet
environment were compared to those
obtained for the original samples, which
enabled determining, according to (2),
the exposure’s impact on the tested
material. The result was expressed in %.

∆σd = [(σd – σi)/σi)] • 100 (2)
∆Ed = [(Ed – Ei)/Ei)] • 100

where:
σd, Ed – fle xu ral strength and fle xu ral mo du lus after
expo su re to fun gi in a wet envi ron ment [MPa];
σi, Ei– flexural strength and flexural modulus in
the original condition [MPa].

In or der to de ter mi ne, ac cor ding to
the gu ide li nes [27], the im pact of fun gi
on the te sted ma te rial, the dif fe ren ce
was cal cu la ted – ac cor ding to (3) – be -
twe en the chan ge cau sed by expo su re to
fun gi in a wet envi ron ment and the
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chan ge cau sed on ly by the wet envi ron -
ment. 
∆σf = ∆σd – ∆σm ∆Ef = ∆Ed – ∆Em (3)
where:
∆σm, ∆Em – according to (1);
∆σd, ∆Ed – according to (2).

Results
The visual assessment helped

determine the diversified development
extent of each strain’s mycelium on the
given composite and the diversified
susceptibility of the tested composites to
the given strain. No growth was
observed of either Coriolus versicolor

or Gloeophyllum trabeumon the
composite samples with oat husks
(Photos 1a, 1b). Coniophora puteana
developed to a medium extent (Photo
1c), similarly to Coriolus versicolor
on the composite samples with millet
husks (Photo 2a). The composite with
millet husk filler revealed low
susceptibility to Gloeophyllum trabeum
growth whose mycelium developed
only slightly (Photo 2b), and high
susceptibility to Coniophora puteana
whose mycelium developed well 
(Photo 2c). The samples of composite
reinforced with rice husks did not reveal

the growth of either Coriolus versicolor
or Gloeophyllum trabeum (Photos 3a,
3b), while Coniophora puteana deve-
loped in a moderate extent (Photo 3c).
Therefore, from the mycelium deve-
lopment extent perspective it can be
concluded that Coniophora puteana
exerted the most significant impact on
the tested products, which corresponds
to the results of studies on bio-
degradation of composites containing
wood flour [11, 28]. The composite with
oat husks was characterised by
resistance tofungi similar to that of the
composite containing rice husks. The
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Photo 1. Samples of composite reinforced with oat husks after exposure to: a) Coriolus versicolor; b) Gloeophyllum trabeum;
c) Coniophora puteana
Fot. 1. Próbki kompozytu zbrojonego łuskami owsa po ekspozycji na: a) Coriolus versicolor; b) Gloeophyllum trabeum; c) Coniophora puteana

a) b) c)

Photo 2. Samples of composite reinforced with millet husks after exposure to: a) Coriolus versicolor; b) Gloeophyllum trabeum;
c) Coniophora puteana
Fot. 2. Próbki kompozytu zbrojonego łuskami prosa po ekspozycji na: a) Coriolus versicolor; b) Gloeophyllum trabeum; c) Coniophora puteana

a) b) c)

Photo 3. Samples of composite reinforced with rice husks after exposure to: a) Coriolus versicolor; b) Gloeophyllum trabeum;
c) Coniophora puteana
Fot. 3. Próbki kompozytu zbrojonego łuskami ryżu po ekspozycji na: a) Coriolus versicolor; b) Gloeophyllum trabeum; c) Coniophora puteana

a) b) c)
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product reinforced with millet husks
revealed higher susceptibility to the set
exposures than all other tested solutions.

The sur fa ce mor pho lo gy of the sam -
ples expo sed to Co nio pho ra pu te ana
was ana ly sed with the SEM me thod.
Mar ked elon ga ted shal low pit ches with
qu ite a re gu lar pat tern, re sul ting from
ma chi ning, we re ob se rved on all te sted
com po si tes (Pho tos 4a -4c). The com po -
si te sam ple with oat hu sks re ve aled an
expo sed na tu ral fi bre frag ment, which 
is well wet ted by the ma trix, and an ap -
pa rent elon ga ted cra ter in the ma trix,
sug ge sting the loss of its re ma ining part
(Pho to 4a). The ana ly sis of the sur fa ce
mor pho lo gy of the com po si te with 
mil let hu sks re ve aled de gra da tion in
a form of ma trix vo ids (Pho to 4b). The ir
sha pes sug gest that be fo re the expo su re
to Co nio pho ra pu te ana the ma trix 
sur ro un ded the plant fil ler par tic les in
the se pla ces [2]. The mi cro sco pic ima ge
of the sur fa ce of the com po si te with ri ce
hu sks was si mi lar to the one for the com -
po si te with oat hu sks. Mo re over, a hi gher
num ber of smal ler plant par tic les well di -
sper sed in the ma trix we re ob se rved
(Pho to 4c), ad ding to the com po si te’s ad -
van ta ge [3, 13]. In this com po si te, so me
par tic le s we re sub ject to bio de gra da tion,
which is de mon stra ted by small cra ters
with fa ir ly re gu lar sha pes [11]. Ri ce husk
par tic les expo sed du ring bru shing we re
ob se rved; they we re well -sur ro un ded by
the ma trix after the expo su re. 

The ana ly sis of me cha ni cal cha rac te -
ri stics test re sults re ve als that in the ir
ori gi nal con di tion, the com po si tes con -
ta ining oat, mil let, and ri ce hu sks we re
cha rac te ri sed by the fle xu ral strength
of 43 MPa, 31 MPa, and 44 MPa, re -
spec ti ve ly (Fig. 1), whi le the fle xu ral

mo du lus amo un ted to 3780 MPa, 2860
MPa, and 3490 MPa, re spec ti ve ly
(Fig. 2). The cha rac te ri stics are si mi lar
to tho se ob ta ined for con struc tion pro fi -
les ma de of com po si tes re in for ced with
ri ce hu sks [23, 29, 30], but lo wer than

tho se re por ted for other NFPCs [31]. It
shall be po in ted out that al tho ugh the
pro per ties of the com po si te re in for ced
with oat hu sks we re si mi lar to tho se ob -
ta ined for the re fe ren ce pro duct con ta -
ining risk hu sks, the pa ra me ters of the
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Photo 4. Microstructure of the husk-reinforced composite’s surface: a) oat; b) millet; c) rice following the exposure to Coniophora puteana,
200x magnification
Fot. 4. Mi kro struk tu ra po wierzch ni kom po zy tu  zbro jo ne go łu ska mi: a) owsa; b) pro sa; c) ry żu po eks po zy cji na Co nio pho ra pu te ana, po więk -
sze nie 200x

a) b) c)

Fig. 1. Results of flexibility strength tests on composites reinforced with: a) oat; b) millet;
c) rice husks after exposure to Coriolus versicolor (CV), Gloeophyllum trabeum (GT) and
Coniophora puteana (CP) fungi strains in wet environment (σf) against the flexibility
strength results after exposure to wet environment (σm) and in the original condition (σi).
The extent is presented of the changes caused by exposure to fungi in a wet environment
(∆σd) and fungi after considering the environment’s impact (∆σf). The error bars illustrate
the standard deviation (n = 10)
Rys. 1. Wy ni ki ba dań wy trzy ma ło ści na zgi na nie kom po zy tów zbro jo nych łu ska mi: 
a) owsa; b) pro sa; c) ry żu po eks po zy cji na dzia ła nie w śro do wi sku mo krym grzy bów (σf) szcze -
pu Co rio lus ver si co lor (CV), Glo eophyl lum tra beum (GT) oraz Co nio pho ra pu te ana (CP), na tle
wy trzy ma ło ści na zgi na nie uzy ska nej po dzia ła niu śro do wi ska mo kre go (σm) oraz w sta nie wyj -
ścio wym (σi). Przed sta wio no tak że wiel kość zmian wy wo ła nych eks po zy cją na dzia ła nie grzy -
bów w śro do wi sku mo krym (∆σd) oraz sa mych grzy bów, po uwzględ nie niu po praw ki z ty tu łu
wpły wu te go śro do wi ska (∆σf). Słup ki błę dów ob ra zu ją od chy le nie stan dar do we (n = 10)
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first com po si te we re much lo wer. The
abo ve can re sult from the fil ler’s sha pe
and wet ting extent [4]. The SEM ana ly -
sis re ve aled that mil let par tic les we re
elon ga ted (Pho to 4a), which is be ne fi -
cial for me cha ni cal pro per ties [22]. The
cra ters in the ma trix of the mil let com -
po si te we re slen de rer (Pho to  4b).

The te sted com po si tes re ve aled di ver -
si fied su scep ti bi li ty to wet envi ron -
ments. After fo ur te en days of wa shing
out in the wa ter and fo ur mon ths of
expo su re on a cle an me dium at 22±1°C
and 70±5% RH, the fle xu ral strength de -
cre ased to 40 MPa, 22 MPa, and 39 MPa
(Fig. 1), re spec ti ve ly for the com po si tes
with oat, mil let and ri ce hu sks, and the
fle xu ral mo du lus drop ped to 2490 MPa,
1100 MPa and 2810 MPa (Fig. 2). Such
si gni fi cant drops can re sult from expo -
sing hy dro phi lic li gno cel lu lo se fi bres
du ring bru shing, which pro mo tes the ir
swel ling and de te rio ra tes ad he sion on
the pha se bor der [1, 22]. The wet envi -
ron ment’s im pact was par ti cu lar ly evi -
dent for the com po si te with mil let hu sks,
whe re the strength de cre ased by 30%
and the fle xu ral mo du lus went down
by 60%. It sug ge sts that mil let hu sks are
mo re su scep ti ble to wa ter than oat and
ri ce hu sks [2], which cor re sponds to 
the re sults of com po si tes wa ter ab sorp -
tion te sts amo un ting to 2% for the pro -
duct re in for ced with mil let hu sks, 0.5%
for the com po si te con ta ining mil let hu -
sks and 1% for that with ri ce hu sks [32]. 

The analysis of the results obtained
after fourteen days of washing out in the
water and four months of exposure to
fungi at 22±1°C and 70±5% RH reveals
that the introduction of microorganisms
either did not deteriorate or only slightly
reduced the flexural strength and flexural
modulus compared to the values
reported after the exposure in a wet
environment. Similar behaviour was
observed in other studies [28]. The
decrease in the flexural strength and
flexural modulus, expressed as ∆σf and
∆Ef, calculated according to (3),
considering the correction for the wet
environment according to [27], did not
exceed 5%. The only exception is the
∆Ef value of 12% for the composite with
rice husks. The exposure to Coriolus
versicolor resulted in the flexural
strength and flexural modulus reduced

only for the composite reinforced with
oat husks. Following the exposure to
Gloeophyllum trabeum, a decrease in the
flexural strength was reported for the
composite with millet husks and a drop
in the flexural modulus for the composite
with rice husks. After the exposure to
Coniophora puteana, a decrease in the
flexural strength was observed for the
composites with millet and rice husks
and a drop in the flexural modulus for the
composite reinforced with rice husks. 

It shall be hi gh li gh ted that the to tal
drops in the fle xu ral strength and fle xu -
ral mo du lus ob se rved after expo su re to
fun gi in a wet envi ron ment, expres sed as
∆σd and ∆Ed, re spec ti ve ly, and cal cu la -
ted ac cor ding to (2) wi tho ut con si de ring
the cor rec tion for the wet envi ron ment,

we re si gni fi can tly hi gher. For the com -
po si te with oat hu sks, the ∆σd ran ged
from 7% to 10%, for the com po si te with
ri ce hu sks – from 9% to 16%, and for the
one with mil let hu sks – from 24% to
36%. The ∆Ed va lu es amo un ted to 26%
for the com po si te re in for ced with oat
hu sks, and ran ge be twe en 22% and 31%
for the com po si te re in for ced with ri ce
hu sks and from 47% to 55% for the one
con ta ining mil let hu sks. The re sults abo ve
are si mi lar to tho se ob ta ined for other
NFPCs [12, 19, 21]. The hi ghest ∆σd and
∆Ef va lu es we re re por ted – except for
the com po si te re in for ced with oat hu sks
– after the expo su re to Co nio pho ra pu te -
ana, si mi lar ly to [28]. The abo ve cor re -
sponds to the ob se rva tion re sults of my -
ce lium de ve lop ment extent (Fig. 1-3). 
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Fig. 2. Results of flexibility modulus tests on composites reinforced with: a) oat; b) millet; 
c) rice after exposure to the following fungi in a wet environment (Ef): Coriolus versicolor
(CV), Gloeophyllum trabeum (GT) and Coniophora puteana (CP) against the results after
exposure to the wet environment (Em) and in the original condition (Ei). The extent is
presented of the changes caused by exposure to fungi in a wet environment (∆Ed) and fungi
after considering the environment’s impact ∆Ef). The error bars illustrate the standard
deviation (n = 10)
Rys. 2. Wy ni ki ba dań mo du łu sprę ży sto ści przy zgi na niu kom po zy tów zbro jo nych łu ska mi: 
a) owsa; b) pro sa; c) ry żu po eks po zy cji na dzia ła nie w śro do wi sku mo krym grzy bów (Ef): 
Co rio lus ver si co lor (CV), Glo eophyl lum tra beum (GT) oraz Co nio pho ra pu te ana (CP), na tle
wy ni ków po dzia ła niu śro do wi ska mo kre go (Em) oraz w sta nie wyj ścio wym (Ei). Przed sta wio -
no tak że wiel kość zmian wy wo ła nych eks po zy cją na dzia ła nie grzy bóww śro do wi sku mo krym
(∆Ed) oraz grzy bów, po uwzględ nie niu po praw ki z ty tu łu wpły wu te go śro do wi ska (∆Ef). Słup -
ki błę dów ob ra zu ją od chy le nie stan dar do we (n = 10)
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Conclusions
The ana ly sis of the test re sults re ve -

als that the te sted con struc tion pro fi les
ma de of PVC com po si te re in for ced
with pu lve ri sed oat hu sks we re cha rac -
te ri sed by re si stan ce to fun gi si mi lar to
that of the re fe ren ce stan dard PVC
com po si te with ri ce hu sks. For both 
so lu tions abo ve, a si mi lar extent of 
Co nio pho ra pu te ana, Glo eophyl lum
tra beum, and Co rio lus ver si co lor
growth was ob se rved. The sur fa ce mor -
pho lo gy of both com po si tes, eva lu ated
after expo su re to Co nio pho ra pu te ana,
which re ve aled the hi ghest extent of
my ce lium growth, can al so be con si de -
red si mi lar. Expo sing the pro fi les to
a wet envi ron ment re sul ted in the fle -
xu ral strength of the com po si te re in -
for ced with oat hu sks be ing re du ced
by 9% whi le the va lue for the pro duct
with ri ce hu sks amo un ted to 12%. The
fle xu ral mo du lus drop ped by 34%
and 20%, re spec ti ve ly. The in tro duc -
tion of  fun gi did not re sult in any fur -
ther si gni fi cant re duc tion in the ana ly -
sed me cha ni cal pro per ties. As a re sult
of expo su re to mi cro or ga ni sms in a wet
envi ron ment, the fle xu ral strength of
the com po si te with oat hu sks de cre ased
up to 10% and the fle xu ral mo du lus
drop ped up to 26%, whi le for the com -
po si te with ri ce hu sks, the va lu es we re
up to 16% and 31%, re spec ti ve ly. 

The pro fi les re in for ced with mil let
hu sks tur ned out mo re su scep ti ble to -
fun gi. Much si gni fi cant my ce lium
growth was ob se rved espe cial ly for 
Co nio pho ra pu te ana and Co rio lus ver -
si co lor. The ana ly sis of sur fa ce mor -
pho lo gy after expo su re to Co nio pho ra
pu te ana re ve aled vo ids in the ma trix in
the spa ces whe re the fil ler had de gra -
ded. Fol lo wing the expo su re to fun gi in
a wet envi ron ment, the fle xu ral strength
drop ped to 36% and the fle xu ral mo du -
lus de cre ased to 55%. It shall be po in -
ted out that the im pact of the wet envi -
ron ment was of key si gni fi can ce for the
re por ted drops. The in tro duc tion of fun -
gi chan ged the ana ly sed me cha ni cal
pro per ties on ly sli gh tly. 

Further studies are planned on the
susceptibility of composites, with oat
and millet husks to fungi, considering a
longer exposure period than the one
implemented in this study. 
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