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Abstract: Widespread access to potable water is still far from being granted to populations of
developing countries, especially in rural zones. For this reason, the development of easy-to-make,
easy-to-use water purification devices is a topic of great social and economic importance.
Poly(ethylene terephthalate) (PET) bottles are available worldwide, even in the remotest and poorest
countries, as testified by the increasingly common practice of re-using bottles for solar water
disinfection (SODIS). Here, we demonstrate how PET bottles could be re-used as a proof-of-concept
water purification system. In this way, virtually the same bottle could be used first for SODIS and
then for removing chemical contaminants. In the proposed approach, the bottles are treated with
ethylenediamine to introduce amine groups, which are subsequently protonated with dilute acid.
These functional groups allow the stable adsorption of a magnetite-activated carbon nanocomposite,
which is prepared by a simple coprecipitation protocol. The efficiency of the nanocomposite and of
the resulting prototype to remove model inorganic and organic pollutants (hexavalent chromium,
industrial dyes) from water has been demonstrated. The proposed purification device is easy, cheap,
and effective, all factors which could promote its use in developing and rural countries.
Keywords: PET bottles; magnetite; activated carbon; nanocomposites; water purification; water
pollutants; hexavalent chromium; methylene blue; methyl orange

1. Introduction
Access to potable water should be an undisputable right for people all over the world. Water
pollution, however, due to both natural and anthropic reasons, constitutes a serious health problem in
poor and developing countries [1]. This is especially true for people living in highly industrialized
regions of developing countries such as China and India, where the effluents from, for example,
textile dying plants are often inadequately treated before their release in the environment. For this
reason, empowering individuals and small communities with easy-to-make portable water purification
devices is one solution to improve the quality of water and thus of peoples’ lives [2].
In the present work, we describe the preparation of a nanocomposite that combines the reducing
and magnetic properties of magnetite with the high adsorbing capacity of activated carbon [3–6].
After evaluating the efficiency of this nanocomposite for the removal of model inorganic and organic
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Figure 1. Schematic representation of the preparation and use of magnetic nanocomposites for water
Figure 1. Schematic representation of the preparation and use of magnetic nanocomposites for
purification.
water purification.
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Figure 2. Representative transmission electron microscopy (TEM) micrographs of the obtained

Figure 2. Representative transmission electron microscopy (TEM) micrographs of the obtained particles:
particles: (A,B) magnetite nanoparticles; (C,D) magnetite-activated carbon nanocomposite. The inset
(A,B) magnetite nanoparticles; (C,D) magnetite-activated carbon nanocomposite. The inset in (B)
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The results obtained (adsorption efficiencies AE % ≈ 54% for acidic methyl orange and
AE % ≈ 71% for hexavalent chromium) are promising, especially considering the small amount of
active material that decorates the bottle (ca. 1 ± 0.1 mg cm−2 , as determined by gravimetry) and that
the solution was not stirred. To test the adherence of particles against mechanical stresses, the prototype
was filled with water and manually shaken for 10 min: no significant detachment from the bottle walls
could be noticed by eye inspection and no particles could be found in the water after centrifugation.
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Figure 5. Schematic representation of the development of the purification device prototype. Pictures
Figurefrom
5. Schematic
the Figure
development
of the
purificationterephthalate)
device prototype.
Pictures
also
Figure S5):
S5): (A,B)
(A,B)
poly(ethylene
taken
each steprepresentation
are shown (seeofalso
poly(ethylene
(PET)
bottle
taken from
each step
are shown
also Figure
S5): (A,B) poly(ethylene
terephthalate)
(PET)
bottle
before
and after
aminolysis,
(C) (see
adhesion
of magnetite-carbon
composite
particles
(before
rinsing),
composite particles (before rinsing),
before
and
after
aminolysis,
(C)
adhesion
of
magnetite-carbon
composite
particles
(before
rinsing),
(D) the final prototype.
(D) the final prototype.

Figure 6. Efficacy of the modified bottle prototype for the removal of (A) acidic methyl orange and
Figure
6. Efficacy
Efficacy
of the
the modified
modified
bottleThe
prototype
forthe
theaverage
removalof
of three
(A) acidic
acidic
methyl orange
orange
and
(B)
hexavalent
chromium
from water.
data are
measurements
on three
Figure
6.
of
bottle
prototype
for
the
removal
of
(A)
methyl
and
hexavalent
water. The
different
prototypes.
(B)
hexavalent
chromium from water.
The data
data are the average of three measurements on three
different prototypes.
prototypes.
different

The results obtained (adsorption efficiencies AE % ≈ 54% for acidic methyl orange and AE % ≈
The
results
obtained
(adsorption
efficiencies
AE % ≈ 54%
for acidicthe
methyl
andofAE
%≈
71%Challenges
for hexavalent
chromium)
areReal-World
promising,
especially
considering
smallorange
amount
active
2.5.
and
Opportunities
for
Applications
71% for hexavalent
chromium)
considering by
thegravimetry)
small amount
active
material
that decorates
the bottleare
(ca.promising,
1 ± 0.1 mgespecially
cm−2, as determined
andofthat
the
The main challenges that could be expected in translating
our proof-of-concept approach into
−2, as determined
material
that
decorates
the
bottle
(ca.
1
±
0.1
mg
cm
by
gravimetry)
and
that
the
solution was not stirred. To test the adherence of particles against mechanical stresses, the prototype
reality can be summarized as follows: (i) availability of PET bottles; (ii) availability of the necessary
solution
was
notwater
stirred.
Tomanually
test the adherence
of 10
particles
against
mechanical
stresses,
the prototype
was
filled
with
and
shaken for
min: no
significant
detachment
from
the bottle
reagents; and (iii) existence of a market. Regarding point (i), given the success of SODIS practices
was filled
with
and
shaken and
for 10
no significant
fromwater
the bottle
walls
could
be water
noticed
bymanually
eye inspection
nomin:
particles
could bedetachment
found in the
after
(as
explained
in the
Introduction),
PET bottlesand
are widely
available
in places
such as
India
and Africa.
walls
could
be
noticed
by
eye
inspection
no
particles
could
be
found
in
the
water
after
centrifugation.
Regarding point (ii), iron(II) and iron(III) salts (not necessarily chlorides) could be prepared from scrap
centrifugation.
iron and dilute acids (hydrochloric, sulfuric, and even acetic), ethanol could be easily produced by
2.5. Challenges and Opportunities for Real-World Applications
fermentation,
such asforethylenediamine
are widely used in industrial processes. Regarding
2.5. Challengesand
and amines
Opportunities
Real-World Applications
challenges
could
be expected
translating
our proof-of-concept
approach
pointThe
(iii),main
i.e., the
existencethat
and/or
generation
of a in
market,
this would
depend mainly on
political into
and
The
main
challenges
that
could
be
expected
in
translating
our
proof-of-concept
approach
into
reality
can
be
summarized
as
follows:
(i)
availability
of
PET
bottles;
(ii)
availability
of
the
necessary
entrepreneurship factors and it is thus difficult to estimate here.
reality canand
be (iii)
summarized
availability
of PET
bottles;
availability
of the
necessary
reagents;
existence as
of follows:
a market.(i)Regarding
point
(i), given
the(ii)
success
of SODIS
practices
(as
reagents; and
(iii)Introduction),
existence of a PET
market.
Regarding
pointavailable
(i), giveninthe
success
ofas
SODIS
(as
explained
in the
bottles
are widely
places
such
Indiapractices
and Africa.
explained in the Introduction), PET bottles are widely available in places such as India and Africa.

Recycling 2018, 3, 31

7 of 11

Cost is also a very important factor that needs to be taken into consideration. We estimated, for
our prototype, an average cost of fabrication (based on current prices for the necessary reagents) of less
than 0.5 € for a single device. Obviously, the price may be significantly lowered by using chemicals
of purity lower than analytical grade and/or locally produced chemicals. Thus, its relatively low
cost, coupled with the ease of fabrication and use, could make the proposed device competitive (even
for single-use purposes) for medium- to large-scale production, especially in developing countries
(i.e., where it would be required the most).
3. Materials and Methods
Iron(III) chloride, iron(II) chloride, concentrated ammonium hydroxide (28%), concentrated
hydrochloric acid (32%), ethylenediamine, ethanol (anhydrous), activated carbon (puriss., p.a.),
potassium chromate, methyl orange, and methylene blue were purchased from Sigma-Aldrich (Italy).
All chemicals were of reagent or analytical purity and used as received.
3.1. Synthesis of Magnetite Nanoparticles and of the Magnetite-Carbon Nanocomposite
The synthesis of magnetite nanoparticles and of the magnetite-carbon nanocomposite was
performed according to an established literature protocol [46]. Briefly, 1 mL of a FeCl2 2 M solution
in HCl 2 M and 4 mL of FeCl3 1 M solution in HCl 2 M were stirred together in a beaker. Then,
50 mL of NH4 OH 1.4 M was added dropwise, generating a quick color change from light brown to
black. The resulting magnetic particles were separated by magnetic decantation, washed many times
with distilled water, and stored as aqueous suspension. For the preparation of the magnetite-carbon
nanocomposite, the same procedure was followed but 0.10 g of activated carbon powder was added to
the iron salts solution before the addition of ammonium hydroxide. The concentration of the obtained
suspensions was determined gravimetrically.
3.2. Preparation of the Portable Water Purification Device
For the preparation of the portable water purification device, commercial poly(ethylene
terephthalate) (PET) bottles were filled with a 40% (V/V) solution of ethylenediamine in ethanol
and heated in a water bath at 55 ◦ C for 30 min [44]. The bottles were washed thoroughly first with
deionized water to remove excess ethylenediamine, then with 10 mL of HCl 1 M to ensure the complete
protonation of amine groups, and eventually rinsed with water. Then, 10 mL of a concentrated
suspension of the magnetite-carbon nanocomposite was poured into the bottles and homogeneously
spread to cover its internal walls. After 10 min, the excess of magnetite-activated carbon nanoparticles
that were not adhering to the bottle walls was removed by gentle washing with water and the bottles
were dried at room temperature.
3.3. Characterization Techniques
Transmission electron microscopy (TEM) was carried out with a Zeiss LIBRA 200FE (Carl Zeiss
AG, Jena, Germany) equipped with a 200 kV field emission gun (FEG). The samples were ultrasonically
dispersed in isopropyl alcohol and a drop of the suspension was deposited on a holey carbon
copper grid (300 mesh). X-ray powder diffraction (XRPD) was performed with a Philips PW 1820
diffractometer (Philips, Andover, MA, USA), using Cu-Kα radiation, 40 kV, 50 mA. Zeta potential
analyses were performed using a ZetaSizer APS Nano (Malvern Panalytical, London, UK) using 10 mM
NaCl as the supporting electrolyte. UV-visible spectrophotometry (UV-vis) was performed with a Cary
60 UV-vis spectrophotometer (Agilent, Santa Clara, CA, USA). Atomic absorption spectroscopy (AAS)
was performed with a Perkin Elmer 1100B instrument (Perkin Elmer, San Francisco, CA, USA).
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Determination of Adsorption Efficiency for Hexavalent Chromium and Organic Dyes
To determine the adsorption efficiency (AE %), the concentration of pollutants before and after
treatment with the synthesized materials was measured by means of UV-vis (Cr6+ and dyes) and AAS
(only Cr6+ ).
To perform UV-visible spectroscopy, 4 mL of the aqueous suspension of the material to be tested
(corresponding to 0.24 g of solid) and 5 mL of deionized water were added in a test tube to 1 mL of a
10 mg L−1 potassium chromate or a 0.2 mg L−1 dye solution. For the test with acidic methyl orange,
50 µL of HCl 1 M was also added. The mixture was then stirred for 10 min, the nanoparticles were
removed through magnetic decantation, and the supernatant was analyzed. The light absorption at
specific wavelengths (435 nm for chromate, 464 nm for methyl orange, 520 nm for acidic methyl orange,
and 665 nm for methylene blue) of the references and of the treated solutions was then measured.
The dye reference solutions were obtained by diluting 1 mL of each mother solution with 9 mL of
water. From UV-vis data, AE % was calculated according to the following equation:
AE % =

Abs0 − Abs
× 100
Abs0

(2)

where Abs0 and Abs are, respectively, the initial absorbance and the absorbance after treatment.
To perform atomic absorption spectroscopy (AAS), 4 mL of the aqueous suspension of the material
to be tested (corresponding to 0.24 g of solid) and 5 mL of deionized water were added to 1 mL of a
26 mg L−1 potassium chromate in a test tube. The mixture was then stirred for 10 min, the nanoparticles
were removed through magnetic decantation, and the supernatant was analyzed. From AAS data,
AE % was calculated according to the following equation:
AE % =

c0 − c
× 100
c0

(3)

where c0 and c are, respectively, the initial concentration of chromium and the concentration
after treatment.
4. Conclusions
PET bottles are widely available worldwide, even in developing and rural countries, where
practices already exist involving their collection and re-use for solar water disinfection (SODIS)
purposes. While allowing for the inactivation of pathogenic microorganisms, unfortunately, this
technique is inefficient against chemical contaminants. The main goal of the present work was to
demonstrate the possibility of re-using PET bottles as portable water purification devices based on a
magnetite-carbon nanocomposite, allowing the removal of model inorganic and organic pollutants.
The overall procedure is easy to follow, does not require access to specific materials and apparatuses,
is affordable, and can be a fruitful starting point for the development of similar technologies.
Supplementary Materials: The following are available online at http://www.mdpi.com/2313-4321/3/3/31/s1:
Figure S1: X-ray powder diffraction (XRPD) spectrum of magnetite nanoparticles. The peaks assigned to
Fe3 O4 are marked with red lines. Figure S2: Calibration lines for chromate by (A) UV-vis, (B) AAS. Figure S3:
Pictures showing the appearance of dye solutions before and after treatment with the activated carbon-magnetite
composite: (a) methyl orange, (b) methylene blue. Figure S4: Reproducibility test for the removal efficiency of the
magnetite-carbon nanocomposite. The results are the average of three different measurements. Conditions: 0.05
mg of dye, 0.24 g of particles, 10 mL water, contact time 10 min. Figure S5: A piece of the water purification device
showing its transparency after aminolysis and decoration with the magnetite-activated carbon nanocomposite.
The picture also demonstrates that the nanocomposite is evenly distributed on the plastic surface.
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