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Abstract This study presents an attempt to solve two serious
environmental problems: the generation of toxic effluents and
solid waste disposal. The work proposes recycling cigarette
filters with the purpose of degrading reactive dyes, which are
used in the textile industry. Filters of smuggled cigarettes were
recycled through Fe3+ immobilization on their surface. The
material obtainedwas characterized through Fourier transform
infrared spectroscopy (FTIR), atomic absorption spectroscopy
(AAS), scanning electron microscopy–energy-dispersive
spectroscopy (SEM-EDS), and ultraviolet–visible spectrosco-
py (UV–vis). The factorial design revealed that the most suit-
able conditions for the degradation of Reactive Black 5 dye
were obtained by using 1 g of material at pH 3.0 in a
100 mg L−1 hydrogen peroxide solution. The material showed
excellent performance in the Reactive Black 5 dye degrada-
tion process; in 60 min, 99.09 % dye was removed. At pH 7.0,
the dye degradation was 72.67 %, indicating that the material
prepared can be used at pH values greater than 3.0 without the
occurrence of hydrated Fe3+ oxide precipitation. Furthermore,
the material showed no loss of catalytic activity after three
degradation studies.
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Introduction

The accelerated population growth has resulted in increased
industrial activity, generating environmental problems of great
dimensions such as the generation of toxic effluents and solid
waste disposal. Among the toxic effluents, one that outstands
is the effluent from the textile industry (Tian et al. 2013).

The textile effluents present high concentration of dyes,
which are colored and extremely difficult to degrade through
conventional processes; these characteristics decrease water
transparency preventing penetration of solar radiation required
for photosynthetic processes; thus, some disturbance to
the ecosystem occurs (Rangabhashiyam et al. 2013; Liu
et al. 2007).

Effluent treatments used by textile industries are based on
conventional processes which can be physicochemical (ad-
sorption, coagulation, sedimentation, and filtration) or biolog-
ical (activated sludge). Unfortunately, these processes have
disadvantages, because they produce a large amount of sludge
and the dye molecule is not effectively destroyed during the
process (Tehrani-Bagha et al. 2010; Pereira and Freire 2005).

Due to the disadvantages of the conventional processes, the
advanced oxidation processes (AOPs) become attractive for
the treatment of effluents. AOPs are based on the generation
of the hydroxyl radical (HO·), which possesses a high poten-
tial of oxidation (2.8 V vs. SHE) and allows total or partial
elimination of the compounds resistant to conventional pro-
cesses (Machulek et al. 2013; Ribeiro et al. 2015).

The hydroxyl radical (HO·) may be generated via homoge-
neous systems: for example, ozonation processes, UV- and/or
peroxide-based processes, and Fenton and photo-Fenton pro-
cesses (Ayodele et al. 2012; Zeng et al. 2013).

Heterogeneous systems, which use catalysts in solid form,
can also formHO·, for example, heterogeneous photocatalysis
using semiconductors such as TiO2 (Cervantes et al. 2009)
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and immobilized Fenton or photo-Fenton process; these pro-
cesses consist in the immobilization of Fe3+ in organic or
inorganic matrices (Machulek et al. 2013; Nogueira et
al. 2007).

Among AOPs, the Fenton process has attracted much at-
tention in the scientific community because it is fast, presents
low cost, and is easily handled at room temperature. In the
Fenton process, Fe2+ reacts with hydrogen peroxide to pro-
duce hydroxyl radical (HO·) (Eq. 1) (Nogueira et al. 2007, Li
et al. 2015).

The Fenton process can be associated to UVB radiation
(280 to 320 nm), UVA (320 to 400 nm), and vis (400 to
800 nm); this process is called photo-Fenton process. The
photo-Fenton process consists in the hydrolysis of Fe3+

forming Fe(OH)2+ (Eq. 2). When the Fe3+ complexes are ir-
radiated, the promotion of an electron from the ligand to the
metal occurs, resulting in the Fe3+ reduction into Fe 2+ and
oxidation of the ligand, forming the HO· (Eq. 3) (Nogueira et
al. 2007, Wang et al. 2016).

Fe2þ þ H2O2 → Fe3þ þ OH− þ HO ð1Þ

Fe3þ þ H2O → Fe O Hð Þ2þ þ Hþ ð2Þ

Fe OHð Þ2þ þ hv UV or Visð Þ → Fe2þ þ HO ð3Þ

The homogeneous photo-Fenton process has some disad-
vantages: (a) the need to work at pH below 3.0 to avoid pre-
cipitation of Fe(OH)3 and subsequent termination of the reac-
tion, (b) necessity of recovering large amounts of precipitated
iron sludge after treatment, and (c) further treatment of the
resulting sludge (Li et al. 2015).

The disadvantages presented by the photo-Fenton process
motivated the development of the heterogeneous photo-
Fenton process, which consists in the immobilization of Fe3+

in organic or inorganic matrices; this process has advantages,
such as avoiding the precipitation of hydrated Fe3+ oxide up to
pH 3.0 and the reuse of the material containing immobilized
iron ions (Machulek et al. 2013; Nogueira et al. 2007).

Several materials have been used as support to the immo-
bilization of Fe3+and applied to the degradation of the recal-
citrant organic compounds through Fenton-like reactions. In
general, there is absorption of organic compounds on the ma-
terial surface, followed by photoreduction of Fe3+ into Fe2+

species. The Fe2+ reacts with hydrogen peroxide to produce
hydroxyl radical, which promotes oxidative degradation of the
previously adsorbed organic compound (Ignacheswki et al.
2010; Taketa et al. 2015; Lan et al. 2015; Dias et al. 2016).

In a study carried out by Souza et al., Fe2+ immobilized in
alginate beads was used in the dye degradation through the
photo-Fenton process. The beads allowed 80% degradation of
the dye in 45 min of the reaction using solar radiation (Souza
et al. 2008). Another polysaccharide that can be used as a

support for the immobilization of Fe3+ is cellulose acetate.
This material is the main component of cigarette filters.

At the global level, there are around 1 billion smokers. In
Brazil, about 27.9 million people are smokers and 110 billion
cigarettes are consumed per year out of which 48 billion are
smuggled cigarettes (World Health Organization 2015). The
smuggled cigarettes are often seized by the Internal Revenue
Service (IRS); it is estimated that, in 2014, 3.64 billion illegal
cigarettes were seized. These cigarettes do not have a correct
destination and are often incinerated, releasing 4700 toxic
substances and causing damages to the environment.

Studies regarding the utilization of waste from the destruc-
tion of smuggled cigarettes are recent and focus on the
composting process from tobacco (Silva et al. 2014). The
problem is the elimination of cigarette filters, because they
are basically made of cellulose acetate which is difficult to
decompose in the environment and cannot be used in the
composting process (Czayka and Fisch 2012; Soltani
et al. 2014).

Cellulose acetate is an inert polymer, non-toxic, and
inodorous (Cerqueira et al. 2010); therefore, the reuse of
smuggled cigarette filters as a support for Fe3+ and their ap-
plication to the degradation of dye through the photo-Fenton
process are extremely attractive.

Experimental

The filters used in this study were filters of smuggled cigarette
(FSC) seized by the Internal Revenue Service, provided
through a partnership between the Internal Revenue Service
and the State University of Ponta Grossa.

The reason for using seized FSC was that they have no
toxic substances from combustion of tar and nicotine, while
the use of used cigarette filters would involve the development
of a method of treatment to remove toxic substances before
modification with Fe3+.

Reactive Black 5 dye (C.I. 20505, Sigma-Aldrich) was
used in 50 mg L−1 aqueous solution. Hydrogen peroxide
(H2O2, nuclear, 10 % m/m) and ferric nitrate (Fe(NO3)3, nu-
clear) and the remaining reagents were used as received.

Preparation of the catalysts

Initially, the filters were separated from the cigarettes and then
washed with distilled water and dried at 80 °C for 3 h.

The method adopted for the immobilization of Fe3+ on the
surface of the filters is the result of several methods tested with
the aim to obtain the best Fe3+ adsorption. The procedure used
was that in which a lower amount of Fe3+ was leached during
the degradation process.

The procedure consisted of heating the FSC in a NaOH
0.1 mol L−1 solution, followed by washing with H2SO4
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0.01mol L−1 and distilled water until neutral pHwas obtained.
Then, FSC were kept in a Fe(NO3)3·9H2O (0.1 mol L−1) so-
lution for 4 days; after this time, they were washed and dried at
80 °C. The material obtained will be referred to as modified
cigarette filter (MCF).

Characterization of catalyst

The iron concentration in the MCF was determined by atomic
absorption spectroscopy (AAS) using a Varian Spectra AA-
240FS. Diffuse reflectance electronic spectra were obtained
using a Varian Cary 50 spectrophotometer, and an accessory
with optical fiber multiple beam pointed to the composite
surface was employed. The Fourier transform infrared spec-
troscopy (FTIR) spectra were obtained with a spectrophotom-
eter Shimadzu Prestige-21 with 4-cm−1 resolution, in the
range 4000–400 cm−1. Scanning electron microscopy–ener-
gy-dispersive spectroscopy (SEM-EDS) images were taken
by a Shimadzu model SSX-550; the samples were coated with
a thin gold layer. The measurements were performed at the
Complex Multiuser Laboratories–CLABMU/UEPG.

Factorial design

The degradation of reactive dyes through the photo-Fenton
process can be influenced by several factors. The hydrogen
peroxide concentration and Fe3+concentration are decisive for
the occurrence of photo-Fenton reactions (Eqs. 1, 2, and 3)
and, therefore, the efficacy of the degradation process
(Nogueira et al. 2007; Souza et al. 2008). The pH is an impor-
tant factor for the photo-Fenton process; at low pH values, the
radical formation and organic compound oxidation are im-
proved. At pH 3.0, the formation of Fe(OH)2+ (the most
photoactive Fe3+-hydroxyl complex) is favored under UVA
and visible radiation (Dias et al. 2016; Wang et al. 2016).
Furthermore, the pH influences the dye adsorption on the
catalyst surface, an important step for the heterogeneous pro-
cesses. Therefore, optimization of variables such as the reac-
tion medium pH, hydrogen peroxide concentration, and
Fe3+concentration in the films was evaluated using a 23 fac-
torial design, which was increased by a central point assayed
in triplicate. The time used to carry out the evaluation was
10 min.

Evaluation of photocatalytic activity

The photo-Fenton reaction was developed inside a discontin-
uous reactor, containing 100 mL of Reactive Black 5 dye
(50 mg L−1) aqueous solutions and 1-g MCF. The substrate
was irradiated using a 125-W mercury vapor lamp (without
the original glass bulb), inserted into the solution through a
glass bulb (UVA and vis radiation), and the reaction tempera-
ture was controlled at 25 °C by circulating water. The solution

was continuously stirred with an electromagnetic stirrer. The
pH was adjusted to the desired value by using 1.0 mol L−1

H2SO4 or 1.0 mol L−1 NaOH. The reaction was initiated by
adding a predetermined amount of H2O2 solution.

The material reuse study was developed by evaluating the
performance of the proposed material as a catalyst in succes-
sive processes of Reactive Black 5 dye degradation. The cat-
alyst utilized in the degradation process was washed with
distilled water, dried at 80 °C for 30 min, and used again in
another experiment under the same conditions of pH and con-
centration as the hydrogen peroxide.

Adsorption studies

The adsorption of the dye on theMCF surface is a process that
can hinder the interpretation of the degradation studies. The
adsorption study was carried out in the refrigerated discontin-
uous reactor containing 100 mL of Reactive Black 5 dye
(50 mg L−1) aqueous solutions and 1-g MCF, without radia-
tion and with an electromagnetic stirrer. The studies were car-
ried out at pH 3.0, 5.0, and 7.0.

Analytical methods

Residual hydrogen peroxide was determined spectrophoto-
metrically, using the methodology based on the ammonium
vanadate reaction (Oliveira et al. 2001). All spectroscopic
analyses were performed onUV–vis, Varian 3000 spectropho-
tometer using quartz cuvettes with a 1-cm optical path. Iron
concentration in the solution was determined by atomic ab-
sorption spectroscopy (AAS) using a Varian Spectra AA-
240FS.

Results and discussion

The method adopted for the Fe3+ immobilization on the sur-
face of the filters is the result of several methods tested in
order to get the best Fe3+ absorption. The filter treatment with
a NaOH solution, through heating, was necessary to remove
lignin and impurities. Furthermore, this process promotes the
activation of the cellulose acetate surface (Muxel et al. 2011).
The methodology used to immobilize the Fe3+ on the filters
was obtained after several studies carried out in laboratory
(results not shown). The procedure used was that in which a
lower amount of Fe3+ was leached during the degradation
process.

Characterization of catalyst

Iron concentration in materials was verified through AAS, the
MCF was completely dissolved in concentrated nitric acid at
100 °C on a hot plate, and then, the solution was diluted with
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distilled water. Iron concentration in the MCF was 4.2
± 0.1 % (w/w).

Figure 1 shows the diffuse reflectance electronic spectra of
the smuggled cigarette filters (FSC) and MCF, revealing that
the FSC spectrum did not show defined bands. The MCF
spectrum, in turn, revealed a broad band in the visible region
between 400 and 600 nm, with maximum absorbance at
500 nm, which can be ascribed to d-d transitions of Fe3+

(Sherman and Waite 1985).
The FTIR spectra of filters of national cigarette (FNC),

FSC, and MCF are shown in Fig. 2, before and after use in
the degradation process. The bands observed are characteris-
tics of the cellulose acetate. The region between 3500 and
3400 cm−1 can be ascribed to the OH stretching present on
the cellulose surface. The bands between 3000 and 2900 cm−1

correspond to the CH3 symmetrical stretching. Bands at 1760
and 1240 cm−1 are ascribed to C═O and CO stretching of the
ester. The band at 1040 cm−1 is ascribed to C–O–C ether axial
deformation, and the band at 604 cm−1 is assigned to C–O
stretch of the acetyl groups (Lee et al. 2003; Xiao et al. 2004).

By analyzing Fig. 2, one can see that the characteristic
bands of ester decreased in intensity in the filters containing
the Fe3+ (Fig. 2c, d); this fact may indicate that the Fe3+ links
the surface of the cellulose acetate through the ester, hindering
the C═O and C–O ester stretching vibration.

The FNC spectrum (Fig. 2a) and the FSC spectrum
(Fig. 2b) showed no differences, indicating that the smuggled
cigarette filters contain basically cellulose acetate in their
composition. Few differences were also observed between
the MCF spectra before (Fig. 2c) and after (Fig. 2d) use in
the degradation process, indicating that the degradation pro-
cess did not promote the destruction of the cellulose acetate
fibers.

The SEM images (Fig. 3) show that the morphologies of
the cellulose acetate fibers did not present degradation after

the three photo-Fenton processes, according to the results ob-
tained by FTIR. The SEM-EDS images (Fig. 4) revealed ho-
mogeneous iron distribution all over the surface of cellulose
acetate fibers, before and after three photo-Fenton processes,
without the formation of element agglomerates.

Reactive Black 5 dye degradation studies

The Reactive Black 5 dye is a diazo dye, which is considered
recalcitrant and presents low photosensitivity; consequently,
its degradation through conventional methods is very difficult
(Vasconcelos et al. 2015). Furthermore, it is widely used in the
textile industry. Such features make the Reactive Black 5 dye
a good substrate to evaluate the efficiency ofMCF application
in the photo-Fenton process.

Factorial design

The variables’ (concentration of hydrogen peroxide, pH, and
mass filters) influence on the Reactive Black 5 dye degrada-
tion was studied using a 23 factorial design (study of three
variables at two levels) resulting in eight different degradation
conditions. The levels of the parameters studied were chosen
from preliminary degradation studies carried out in laboratory
(results not shown). Table 1 shows the parameters and the
value of the levels measured in the factorial design. The
Reactive Black 5 dye solution discoloration was monitored
spectrophotometrically, using reduction in the signal regis-
tered at the absorption maximum (597 nm) for a 10-min reac-
tion as a response. The standard deviation of the experiments
was obtained from the triplicate of the central point.

Table 2 shows the conditions used in each experiment as
well as the percentage of discoloration obtained in each con-
dition. The results indicate that the highest percentages of

Fig. 1 Diffuse reflectance electronic spectrum of filters of smuggled
cigarette (FSC) and modified cigarette filter (MCF)

Fig. 2 FTIR spectra of the filters of national cigarette (FNC) (a), filters of
smuggled cigarette (FSC) (b), and modified cigarette filter (MCF) before
(c) and after (d) use in the degradation process

6146 Environ Sci Pollut Res (2017) 24:6143–6150



discoloration were obtained using higher levels of hydrogen
peroxide and MCF mass.

Analysis of the main factor effects and their interactions in
the discoloration process indicated that the process is highly
influenced by the pH. The dye solution discoloration was
most effective at pH 3.0; this result is consistent with the
literature, because the Fenton and photo-Fenton processes
have a better catalytic efficiency between pH 2.5 and 3.0.
This operational limit is due to the precipitation of hydrated
Fe3+ oxide at pH values higher than 3.0, which drastically
reduces the interaction between the Fe3+ and hydrogen perox-
ide and, consequently, the production of HO·. A decrease in
the pH values also reduces the catalytic activity, because high
concentrations of H+ can scavenge hydroxyl radicals and the
oxidative process is impaired (Zanella et al. 2010).

The highest percentage of discoloration obtained at the end
of 10 min in the factorial design was observed in experiment
number 6 (Table 2), in which 1000 mg of MCF and
100 mg L−1 H2O2 were used at pH 3.0. These levels were
chosen as the working condition to continue the degradation
process studies.

Degradation study

Dye adsorption on the surface of materials may hamper the
interpretation of results obtained in the degradation process.

The adsorption study (figure not shown) showed that at
pH 3.0, the dye adsorption was 8.8 %, while at pH 5.0 and
7.0, the dye adsorption was 4.5 and 2.1 %, respectively. The
cellulose acetate point of zero charge (PZC) is less than 4.0
(Kosmulski 2011; Hall et al. 1997); therefore, at higher pH
than 4.0, the cellulose acetate surface is negatively charged
and repels the Reactive Black 5 dye (anionic species), justify-
ing the fact that low dye adsorption occurs at pH >4.0. Chong
et al. observed the same behavior as that of the Reactive Black
5 dye working with TiO2, and the highest dye adsorption
occurred at pH below the PZC of TiO2 (pH range of 4.5–
7.0); in this condition, the catalyst surface was positively
charged and the electrostatic attraction promoted the adsorp-
tion of the anionic dye (Chong et al. 2015). The dye adsorp-
tion on the catalyst surface is an important step for the hetero-
geneous processes.

The best conditions obtained in the factorial design
(1000-mg MCF, 100 mg L−1 of H2O2, pH 3.0) were used
in the degradation of 100 mL of Reactive Black 5 dye
(50 mg L−1) aqueous solutions. In the first 10 min of
reaction, a large decrease in the chromophore group
was observed through spectroscopic monitoring (Fig. 5).
After 60 min of reaction, the bands referring to chromo-
phore group (599 nm) and aromatic region (310 nm)
practically disappeared. The dye degradation was approx-
imately 99.09 % after 60 min.

a b

250 µm 250 µm

Fig. 3 SEM images of MCF
before (a) and after (b) use in the
three photo-Fenton processes
(magnification ×200)

Fig. 4 Mapping of the iron atoms
in MCF, by EDS, before (a) and
after (b) use in the three photo-
Fenton processes
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The stability of immobilized forms of iron can be checked
by successive studies using the material prepared; aiming at
checking the MCF stability, three degradation studies were
performed with the same sample recovered by drying after
each cycle. TheMCF proved to be efficient in dye degradation
because it was reused in three degradation processes maintain-
ing the degradation percentage above 90 % (Fig. 6). The iron
leached was less than 3 mg L−1, a value well below the one
allowed by the Brazilian law. This amount of dissolved iron
promotes only little dye degradation in Fenton-like processes
(homogeneous processes), around 9 % (Ribeiro et al. 2016).
Therefore, the process studied in this work using immobilized
Fe3+ forms in MCF was essentially heterogeneous. However,
the contribution of the homogeneous Fenton reaction
from Fe2+ released into the solution cannot be ignored
(Li et al. 2015).

The pH limitation is the main difficulty for the
photo-Fenton process development, because the pH af-
fects the nature of the iron species present in the solu-
tion and, consequently, the generation of HO·. The ne-
cessity of acidification and subsequent neutralization in
the process is one of the main inconveniences and dif-
ficulties to apply such processes at industrial scale
(Doumic et al. 2015). The acidification step can be
bypassed using immobilized forms of iron, as in the

material proposed. Due to this fact, the degradation
study at pH 7.0 was carried out (Fig. 7).

The MCF was shown to be effective for the degradation of
Reactive Black 5 dye at pH 7.0. The dye degradation was
approximately 72.67 % after 60 min, but its efficiency was
lower when compared to the degradation performed at pH 3.0.
The lower efficiency occurs due to lesser dye adsorption on
the MCF surface at pH 7.0. As previously reported, the dye
adsorption on the catalyst surface is an important step for the
heterogeneous processes.

An important fact was observed; the precipitation of hy-
drated Fe3+ oxide at pH 7.0 did not occur, showing that the use
ofMCF allows the application of photo-Fenton process over a
wider pH range.

Table 1 Variables studied in the factorial design 23

Variables Level (–) Central point (0) Level (+)

A: H2O2 (mg L−1) 40 70 100

B: pH 3.0 5.0 7.0

C: mass MCF (mg) 330 540 1000

MCF modified cigarette filter

Table 2 Variables, levels, and percentage of degradation values for the
23 factorial design

Experiment Variables %Degradation

H2O2 (mg L−1) pH Mass MCF (mg)

1 40 (−) 3.0 (−) 330 (−) 47.46 ± 1.00

2 40 (−) 3.0 (−) 1000 (+) 56.78 ± 1.00

3 40 (−) 7.0 (+) 330 (−) 27.97 ± 1.00

4 40 (−) 7.0 (+) 1000 (+) 25.43 ± 1.00

5 100 (+) 3.0 (−) 330 (−) 43.23 ± 1.00

6 100 (+) 3.0 (−) 1000 (+) 66.95 ± 1.00

7 100 (+) 7.0 (+) 330 (−) 23.73 ± 1.00

8 100 (+) 7.0 (+) 1000 (+) 21.19 ± 1.00

9 70 (0) 5.0 (0) 540 (0) 30.51 ± 1.00

10 70 (0) 5.0 (0) 540 (0) 28.82 ± 1.00

11 70 (0) 5.0 (0) 540 (0) 27.97 ± 1.00

Fig. 5 Spectroscopic monitoring of the Reactive Black 5 dye
degradation, using artificial radiation. Experimental conditions: dye
100 mL and 50 mg L−1, pH= 3.0, H2O2 100 mg L−1, and 1000 mg of
MCF

Fig. 6 Analytical monitoring of the Reactive Black 5 dye degradation,
reusing the catalyst MCF. Conditions: dye 100 mL and 50 mg L−1,
pH= 3.0, H2O2 100 mg L−1, and 1000 mg of MCF
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Conclusions

Filters of smuggled cigarettes with immobilized Fe3+ (MCF)
demonstrated great potential to the degradation of Reactive
Black 5 dye through the photo-Fenton process. Through the
factorial design, it was found that the most suitable dye degra-
dation conditions were obtained using 1-gMCF, at pH 3.0, and
with 100 mg L−1 hydrogen peroxide. After 60 min of reaction,
bands referring to the chromophore group (599 nm) and aro-
matic region (310 nm) practically disappeared. Dye degrada-
tion was approximately 99.09 % after 60 min. Reuse studies
showed that the MCF can be used three consecutive times.
This indicates that the catalyst can be used for extended periods
of reaction; therefore, the material is promising to be used in
continuous systems of waste degradation. Based on the pro-
posal that the supported catalyst avoids iron precipitation over
pH 4.0, the degradation at pH 7.0 registered was also good and
the dye degradation was approximately 72.67 % after 60 min.
An important fact was observed; the precipitation of hydrated
Fe3+ oxide at pH 7.0 did not occur, showing that the use of
MCF allows the application of photo-Fenton process over a
wider pH range. We conclude that the recycling of cigarette
filters with Fe3+ to be used in the degradation of reactive dyes
has been achieved. A problematic solid waste was used in the
degradation of another problematic substance (dye in the tex-
tile industry), so the results are very promising for the solution
of two serious environmental problems: the generation of toxic
effluents and solid waste disposal.
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