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In this work, we investigated the use of cotton scraps in natura and modified with iron nitrate,
in the adsorption of one of the main water contaminants of the textile industries, the reactive black
dye. Special attention was paid to the appropriate destination of the spent adsorbent, in compliance
with the precepts of the circular economy. Cotton and polyester are excellent candidates for
adsorbents and are produced on a large scale worldwide, but fabric wastes do not yet have a well-
established method of application. We found that fabrics containing different types of fibers or colors
maintain the ability to remove dye. The retention promoted by the cotton fabric in natura reached
18.8 mg g'!. After treatment with iron ions, there was an increase in the dye adsorption capacity to
31.0 mg g'. In addition, the spent iron-containing adsorbent was pyrolyzed at 973 K, resulting in
an activated magnetic carbon with a specific surface area ranging from 300 to 565 m? g''. Thus, it
was possible to convert the used adsorbent into a new material with wide application possibilities.
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Introduction

Many investigations have sought the use of low-cost
by-products as adsorbents, focused on agro-industrial waste
also as feedstock for fuel and chemical transformations,
neglecting the potential of municipal solid wastes. Among
them, textile fabric waste is increasing worldwide, driven
by the growth of the middle-class population, and the “Fast
Fashion” phenomena, with more than 38 million ton being
sent to landfill or incinerated in a year.' Brazil is the fifth
largest textile producer and fourth in clothing production
in the world. Cotton is still the most produced natural fiber
worldwide, 81% in weight in 2018, and Brazil is the fifth
largest producer. However, synthetic fiber consumption has
grown very fast in the last decade, an increase in market
share from 59 to 65%, headed by polyester which has very
low degradability in landfill.> In 2018, 111 million tons
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of fibers were produced in the world, 28% natural, 45%
synthetic and 27% artificial, corresponding to 26.7 million
tons of cotton and 45 million tons of polyester.?

In view of the circular economy principles, the
destination of approximately 73% of the annual production
of fabrics for landfill or incineration claims special
attention. The recycling possibilities must be reviewed and
improved, avoiding downcycling. Another major problem
in the fashion industry is the high consumption of water, one
of the largest in the industrial sector, and consequently large
amounts of effluent are generated. Water consumption can
reach ca. 150-350 L per kg of product, with the stream just
after the dyeing operation being the most problematic, due
to its intense color, higher pH and high salt concentration.*

Reactive dyes are the most produced and commercialized
type of dye in the world and reactive black dye is the most
used among them.> Combined with the loss of the dye
during the dyeing process, estimated between 10 and 50%,
conventional wastewater treatments have low efficiency
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in removing reactive dyes, which leads to the disposal of
highly colored effluents.® In our previous work,’ it was
observed that iron impregnated cotton fabric had a good
reactive black dye 5 (RB5) removal capacity.

Although adsorption is recognized as an easy,
economical, environmentally friendly and low-cost
technology for the removal and/or recovery of pollutants
present in aqueous solutions, the final destination of the
spent adsorbent must be carefully evaluated. In order
to promote the sustainability of these processes, the
valorization of spent adsorbents has been related to their
use as fertilizers, additives for animal feed and catalysts,
among others. In this sense, obtaining activated carbon
from the spent adsorbent can be useful in both adsorption
and catalysis processes.® Commercial activated carbons are
recognized as very good adsorbents, since they are able
to retain a diversity of polluting species, among which
aromatic and phenolic derivatives, pharmaceutics and dyes.
However, commercial activated carbons are quite expensive
and the search for new precursors for their production, such
as agricultural and industrial waste, has been encouraged.’

There is a concern of material scarcity for activated
carbon (AC) production as its demand is increasing
worldwide mainly due to more stringent environmental
laws. There are few studies’® using fiber and textile as raw
material, compared to the large number of studies applying
agro-industrial wastes. Moreover, from those published,
there is no in-depth study of mixed fiber or colored fabrics
effect. Polyester was activated by MgCl,.6H,0 leading to
1,307 m? g"! Brunauer, Emmett and Teller (BET) surface
area (Sgpr), highly mesoporous carbon (98%) with pore
size concentrated at 16-20 nm range after 1173 K, 1.5 h
pyrolysis.'® Yu er al.'! also prepared activated carbon from
polyester fabric and ZnCl,, resulting in a solid with Sy as
high as 1,102 m? g and highly microporous (78%). Both
methods require post acid washing after the pyrolysis to
eliminate MgO or ZnO formed during pyrolysis which
is believed to be the template to pore development.
Polyethylene terephthalate bottle wastes carbonization
are more studied than polyester fabric, which have the
same chemical structure.” One of the few studies'® with
mixed fibers used, separated cotton cloth and polyester
cloth, mixed manually, to prepare carbons under nitrogen
or carbon dioxide atmosphere, resulting in low methylene
blue adsorption capacity of 2.8-3.5 mg g

Magnetism is a hot topic in the development of new
materials not only due to its easy to recover property in
adsorption and heterogeneous catalysis, but also because
magnetic nanoparticles may serve as catalyst itself,'* as for
electrochemical applications increasing capacitance and
electrical conductivity”'s as well as enhance the electrical
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stability and durability.'® Furthermore, magnetic iron-based
carbons can be efficiently used in the water treatment
(including adsorption processes). Common preparation
method of a magnetic porous carbon requires several
steps, high temperature and long-time preparation.'>!”
First, the magnetic compound is synthesized and then
either encapsulated or deposited onto the previously
carbonized structure. Mesoporous carbon support is usually
obtained from template usage, which also requires several
procedures steps,'® as the template preparation (commonly
SBA-15), carbonization with the template, NaOH washing
out of the SBA-15 to have the mesoporous, and finally the
magnetic specie impregnation.

In our proposed method, iron specie is added into fabric,
enhancing its color removal property, and then is directly
incorporated into final carbon as ferromagnetic specie
through pyrolysis without any other complex procedures,
other than drying.

The aim of this study is to valorize the fabric wastes,
solving another issue from the fashion industry itself.
Cotton and polyester based fabrics were tested as adsorbents
of reactive black dye, before and after impregnation with
iron nitrate. The spent adsorbents were then pyrolyzed
to produce magnetic activated carbon (MAC) in order to
present an alternative to the disposal or incineration of
the solid.

Experimental
Materials and methods

Fabrics

All fabrics were purchased at local fabric shop
at Ipiranga District, Sdo Paulo city, Brazil. Fabric
names will be presented in full text when possible or
abbreviated when necessary as follows: Poly (polyester),
Cot (cotton), Poly/Elast (97% polyester/3% elastane mix),
Poly/Cot (50% polyester/50% cotton mix). Fabric color
will be abbreviated as R (red) and W (white) before fiber
type, when necessary. All fabrics chemical structures,
composition and properties are presented in Figure S1 in
the Supplementary Information (SI) section.

Chemicals

Iron nitrate (II) nonahydrate (Fe(NO,);.9H,0) ACS
grade > 98% was purchased from Sigma-Aldrich (Sao Paulo,
Brazil), pellet sodium hydroxide (NaOH) PA > 98% from
Synth (Diadema, Brazil), sodium chloride (NaCl) > 99%, from
Refinaria Nacional de Sal S.A., was purchased at local market
(Santo André, Brazil), a refined salt for domestic use. The
colour index reactive black dye 5 (RBS5; C,¢H,,NsNa,O,,S,;
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wavelength of maximum absorbance (A,,,,) = 600 nm; see
Figure S2, SI section), from Esfera Quimica, was supplied
by the industrial laundry company All Washed Lavanderia
Industrial (Joanépolis, Brazil). Chemicals and fabric were
used as received without further treatment. Distilled water
was used through all experiments.

Iron impregnation

White cotton fabric was impregnated pouring a
5 mL water solution of 0.07 g Fe to each 1 g of fabric
(corresponding to 0.5 g of iron nitrate), onto the open
stretched fabric, and left to dry in an oven overnight at 333 K.

Polyester and fiber mixed fabrics were cut in small
pieces of about 1 x 1 cm, inserted in the iron nitrate solution
of enough volume to the magnetic stirrer could move, with
an equivalent Fe amount of 0.07 and 0.14 g g, and
stirred for 1.5 h at room temperature. Fabrics were removed
from the solution and left to dry in an oven overnight at
333 K. Fabrics were named with Fe7 and Fel4 after color
and fiber type, for example, a red polyester fiber fabric
impregnated with 0.07 g g''r,... of Fe, is named RPolyFe7.
Fabric used after dye adsorption process will be named with
“Dye” at the beginning of the acronym as Dye.RPolyFe7.

Synthetic dye wastewater preparation

A stock solution of 5 g L' of RBS and 75 g L' of NaCl
was prepared and kept under refrigeration until use. At the
time of use, the stock solution was diluted to 100 mgggs L’
and the pH adjusted to 11 with 60% NaOH solution. After
that, it was left in the oven at 333 K for 1.5 h, simulating the
dye hydrolysis during dyeing process at industry. Finally,
the solution was diluted 1:1 with distilled water, simulating
dilution of the waste stream by other streams of a dyeing
plant. Synthetic dye composition, pH and temperatures
were defined to simulate a real industrial wastewater
from fibber and fabric dyeing process. The procedure was
adapted from Cunico et al.'® considering the wastewater
characteristics collected by Silva ef al.*’ in a jeans dyeing
factory in Brazil and by Bilinska ef al.* in Poland.

Preliminary study

Some “reference runs” were first performed. Starting
synthetic dye solution of 50 mg L' was left under same
conditions, stirring and heated at 313 K, in 100 mL:
(i) without any additives or adsorbent (dye solution);
(i1) with 1.54 mL of 0.3 mol L! Fe(NO,);.9H,0 solution
poured into the dye solution without fabric (Fe solution),
(iii) 2 g of cotton fabric without Fe impregnation (fabric)
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and (iv) two different Fe impregnation rate cotton fabrics:
I Zric:0.07 gp. (Fe7) and 1 gpyp:0.14 g, (Fel4). Iron
nitrate solution volume to be poured was calculated to be
similar to the amount of Fe present in the Fe7 cotton fabric.
Samples were analyzed by UV-Vis spectrophotometry
(PG Instruments, T80) in the spectrum range from 280
to 800 nm. The color removal was estimated from the
absorbance values at 600 nm.

Adsorption tests with cotton fabric

The kinetic study was performed using 2 g cotton fabric
impregnated with Fe, poured in 1000 mL of 100 mg L-!
RBS5 aqueous solution prepared as described in the previous
section, under magnetic stirring with constant temperature
of 313 K. Aliquot of 5 mL of the solution was collected
after time intervals from zero (right after pouring the fabric
into the solution) to 4 h, filtered with a 0.2 um filter, and
stored in an amber glass, at each pre-defined time. Samples
were analyzed by UV-Vis absorbance at 600 nm wavelength
for color removal calculation. At the end of adsorption,
fabric was recovered, dried at 343 K overnight, and stored
for further use in pyrolysis. To evaluate the adsorption
kinetic of reactive black dye onto the fabric, experimental
data were fitted into the Lagergren pseudo-first order and
pseudo-second order models.?! To verify if the adsorption
mechanism is a particle diffusion controlled or film
diffusion controlled, McKay-Poots intraparticle diffusion
and Boyd diffusion models were also verified.*?

Isotherm study was performed with 30 mL of synthetic
dye solution prepared as previously described, varying
absorbent mass from 16 to 50 g and dye concentration
from 5 to 150 mgggzs L', to vary the starting dye mass
to fabric mass rate from 3.9 to 112.6 mgrgs Zruic -
Temperature was controlled at 313 K, and adsorption was
performed for 2 h. Starting and final color of solution was
verified at 600 nm wavelength absorbance. Langmuir and
Freundlich models were employed to verify the adsorption
behavior. Experiments were performed under constant pH
and temperature values, as the aim is to treat the textile
wastewater as it comes out from the industry, with no
further chemicals addition or energy input.

Adsorption tests with polyester/cotton/elastane fiber mix
fabrics

White and red colored fabrics with the four different
fiber types (Cot, Poly, Poly/Cot, Poly/Elast) were tested for
adsorption capacity. All eight different fiber fabrics were
impregnated with Fe7 and Fe14 in 10 to 20 mL of distilled
water for each 1 g of fabric. The adsorbents were named Fe7
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and Fel4, followed by the fiber type. 1 g of adsorbent was
poured in 100 mL of 50 mg L' synthetic dye, and was stirred
at 313 K for 2 h. Additionally to color removal, total organic
carbon (TOC) measurement was performed to verify if the
adsorbent used is degrading the dye, or just removing it from
the solution. It was used a Shimadzu’s TOC-LCPH/CPN
model, that measures the amount of total carbon (TC),
inorganic carbon (IC) and TOC in water.

Magnetic activated carbon

All 16 fabric types prepared with two different Fe
impregnation rate and used as dye adsorbent, totalizing
32 fabrics, were carbonized at 973 K for 2 h under nitrogen
atmosphere with a heating rate of 10 K min", followed
by natural cooling under nitrogen until temperature
reaches 373 K. A tubular electric horizontal furnace with
5 cm diameter, with temperature control, quartz tubular
reactor with quartz sample holder was used. Carbonized
samples were identified according to acronyms described
in sub-section “Iron impregnation”, preceded by “MAC”.

MAC with two different pore characteristics were tested
as dye adsorbent itself. One with predominantly micropores
and other predominantly mesopores. The dye solution used
in this section of experiments was a simple water dissolved
dye solution, with no NaCl adding, nor pH adjustment, nor
thermal hydrolysis at 333 K. 200 mg of MAC was added
to 100 mL of 100 mg L' black dye solution and left in a
shaking table under room temperature for 4 h. Aliquots
were collected at 30 min, 1, 2, 3 and 4 h, filtered, stored
and absorbance read at 600 nm for color removal.

Characterization

The point of zero charge (pH,,.) of the pure cotton
fabric and iron modified cotton fabrics was determined
as Mitrogiannis et al.® The amount of Fe ions solubilized
after 24 h of contact with aqueous solutions at different
pH values, from 1.4 to 11, were quantified by atomic
absorption spectrometry (Analytik-Jena, contrAA300).
Iron effectively impregnated on the fabric was quantified
after aqua-regia extraction in digestion block, at 403 K
for 2 h, by wavelength dispersive X-ray fluorescence
spectrometry (Rigaku, WDXRF Supermini200) and
replicated in inductively coupled plasma optical emission
spectrometry (ICP-OES). Eight mL of aqua-regia was
used to 100 mg of fabric with no Fe impregnated, and
20-60 mg of fabric impregnated with Fe. 100 uL of
the acid extracted solution was directly pipetted on the
UltraCarry® filter, a very low noise and acid strong sample
retainer, which allows to perform calibration curve. The
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filter was dried in low temperature, below 333 K, for 4 h
or less when possible.

Cotton fabrics before and after dye adsorption were
characterized by Fourier transform infrared attenuated
total reflectance (FTIR-ATR) spectroscopy by PerkinElmer
Spectrum Two. Elemental analysis was performed in a
Thermoscientific, FlashEA 1112 CHNS Analyzer. Powder
X-ray diffraction analysis (DRX) was carried out in a
Rigaku Miniflex600 benchtop diffractometer, 40 kV, 15 mA
with D/Tex ultra-fast and high resolution 1D detector. A
sample containing less than 50 mg was loaded in a Si
crystal sample holder of a very low background. Thermal
behavior of the fabric samples, with and without Fe or
dye were examined by thermogravimetric and differential
thermal analysis (TG/DTA) with a Shimadzu DTG60-H
system under N, atmosphere, 10 K min™' heating rate.
The specific surface area and pore-size distribution were
estimated in a Quantachrome Autosorb 1MP device. The
samples were prior degassed under vacuum for at least 4 h
at 573 K. The morphology and surface elemental analysis
were performed in an energy dispersive spectroscopy
(EDS) chemical microanalysis module coupled to a
JEOL JSM-6010la compact scanning electron microscope.
Surface elemental composition and oxidation information
was analyzed by the X-ray photoelectron spectroscopy
(XPS) equipment from ThermoFisher Scientific, model
K-alpha+, which measurements detailed can be found in our
previous work.” The magnetic property was measured in a
magnetic property measurement system, superconducting
quantum interference device with vibrating sample
magnetometer (MPMS Squid-VSM), EverCool C060
model from Quantum Design. Besides the standard
moment versus field (M x H), variation of the external
magnetic field at room temperature, a M x T, temperature
variation at a constant magnetic field was also performed,
for heating to high temperature up to 950 K. Amount of
Fe effectively impregnated on MAC was quantified by
the same procedure used for the fabrics, as previously
described. 8 mL of aqua-regia was used to 30-60 mg for
activated carbon with Fe. The medium was centrifuged,
and the supernatant was separated for analysis.

Results and Discussion
Preliminary study

The reference test with the cotton fabric without Fe
impregnated (Figure S2a, SI section) resulted in very low
color removal capacity (23% in 3 h) measured at 600 nm.
While the Fe solution resulted in instant removal of 92% at
600 nm, remaining a low blue color adsorption at 484 nm.
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Color removal by Fe7 and Fel4 fabrics were also instant
(Figure S2b, SI section), with 87-92% removal at 600 nm and
80-87% at 484 nm. After 15 min, there is virtually no color
remaining, but it was noted a significant absorption increase
in the ultraviolet region, which could indicate a possible
fragmentation of the dye structure to aromatic compounds.
This will be further verified through total organic carbon
analysis. The UV-Vis spectrum of the dye solution in contact
with the iron nitrate solution is very close to those obtained
after treatment with Fe7 and Fel4, indicating that a similar
color removal mechanism may be involved.

Adsorption by white cotton fabric: kinetics and isotherm

Kinetic studies (experimental data and kinetic models)
of RB5 adsorption onto Fe7 cotton fabric are presented in
Figure 1. The fitting parameters of the kinetic models are
available in the SI section (Table S1).

As is possible to observe in Figure la, a fast color
removal occurs in the first 10 min contact time between
the adsorbent and the dye solution, and then equilibrium
isreached at 1 h. Adsorption kinetics for pseudo first-order
model resulted in low correlation value (R? = 0.748), fitting
better to the pseudo-second order model (R?=0.999, pseudo-
second order rate constant (K,) =0.012 g mg"' min™, dye
adsorption capacity at equilibrium (Qe) =21 mgrps Srapic -
This suggest that the rate limiting step may be chemical
adsorption or chemisorption involving valence forces
through sharing or exchange of electrons between adsorbent
and adsorbate.?*

Most of the kinetics and diffusion models considers
a spherical homogeneous adsorbent particle, as well
as porous materials. The adsorbent used in this study
is characterized by a long fiber, non-porous material.
Therefore, these commonly applied models will not give
us exact information but can give some insight into the
adsorption mechanism.
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In general, McKay-Poots intraparticle diffusion model
plot is multilinear, indicating how many steps are involved
in the adsorption process.” According to the Figure 1b, itis
possible to point out two linear sections. The first one, up
to 58 min, can be attributed to the diffusion process of dye
to the absorbent surface, while the second line is regarded
as the establishment of equilibrium. When intraparticle
diffusion is the only rate-controlling step in the adsorption,
a straight line should pass through the origin. Since this
behavior was not observed, we can consider that the
intraparticle diffusion is not a determinant of the rate (as
expected for a non-porous adsorbent).

The extent of deviation from zero of the first linear
portions (linear coefficient of the intraparticle diffusion
model (C) = 10.4) is proportional to the boundary layer
thickness. Boundary layer gives indication of the ability of
the adsorbents to remove the target pollutant from solution.
It is also seen as viscous drag which exists between the
sorbent surface and dye molecules diffusing across the
boundary layer. The boundary effect could be related to
the iron complexes film formed on the cotton surface, as
explained further. In this case, the film diffusion was the
rate limiting process.*

Boyd diffusion model was studied in addition to the
intraparticle diffusion model, as the late one does not give
information for the first minutes of the process. Boyd plot
(Figure 1c) did show a good fit (R* = 0.954). However, the
linear coefficient value does not approach zero, indicating
that intra-porous diffusion is not the rate determinant process
at the first minutes of contact. Therefore, film diffusion is
the main process involved in the dye removal by the CotFe.

The isotherm experiments were performed with the Fe7
cotton. Results are presented in Figure 2a. Fe7 fitted well
to the Langmuir model (R* = 0.967) meaning a monolayer
adsorption mechanism, with R, (separation factor) of
0.025 to 0.45. Values of R, varying from O to 1 means the
adsorbate has more affinity to the solid adsorbent than

1.2
- - 10 (©) *
____;.:_--.---." - ~ ] el
— ’ .’,’f
g 0.8 e
o o L
(=] - PR
§ g £ % 0.6 -
© = = 58 min @
55 Pseudo second order o 0.4 - ., @
——————— Pseudo first order | 0.2 L7 y =0,057x + 0,244
®  Experimental data ) T R2? = 0,954
0 - T T T T ; ’ ’ 0.0 + T T . . . T -
0 60 120 180 240 0 5 10 15 - 2 4 6 8 10 12 14
Time / min t/2 / min'2 t/ min

Figure 1. Reactive black dye adsorption by white cotton fabric + Fe. Temperature: 313 K; initial pH: 10; starting dye/adsorbent = 50 mg g™'. (a) Kinetic
curves, (b) intraparticle diffusion model, (c) Boyd particle diffusion model. Qt and Bt are the adsorption capacity at time t (min) and a mathematical

function of Qt/Qe calculated by the Boyd model, respectively.
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the liquid phase, and the adsorption process is favorable.
Maximum adsorption capacity (Qmax) was found as

31 Mgrgs Crapric -

Adsorption by white cotton fabric: pH influence

The pH of dye solution decreased from alkaline to
2.7-3.9 after 2 h contact time with the fabrics. The pH of
the solution usually plays a major role in the adsorption
process, since it affects the solution chemistry of dyes
and the activity of the functional groups of the adsorbent.
Usually, reactive dyes demand strong acidic conditions for
optimum dye adsorption.?” Therefore, adsorption test with
pure cotton fabric in an acid dye solution was performed to
verify the influence of a low pH value. When the pH value
was adjusted to 2.5, it was possible to reach a relatively
high Qmax of 18.8 mg g (Figure 2b), and it was observed
that fabric alone requires a minimum dye concentration
of 20 mg L' to allow the start of the adsorption process.
In this case, none of the adsorption models fit well, with
a R? of 0.456 and 0.848 for Langmuir and Freundlich,
respectively. However, Freundlich model could be applied
for modeling with a limitation of concentration range from
20 to 80 mg L', improving the correlation R? to 0.945.

The relatively high color removal by pure cotton at
pH 2.5 can be explained by the change of the surface charge
of the cotton fabric according to the pH of the solution.
Cotton has two points of charge alternation, one at high pH
of 9.1 and another at low pH of 2.1 (Figure S4, SI section).
Between the pH range of 2.1 to 9.1, the cotton surface is
negatively charged due to the deprotonation and formation
of C—O~, and at pH higher than 9.1 and lower than 2.1, the
surface charge is slightly positive. In the pH region close to
2.5, protonation of the surface of pure white cotton results
in regions of positive charge, favoring its interaction with
the reactive black dye, of a negative nature. When iron is
impregnated on the fabric, a positively charged surface
is observed over a wide range of pH values, from highly
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alkaline until 2.3, and below pHy,. it is slightly negative
to neutral.

The dye used in this study has pK, at pH < 0 for the sulfur
groups,® at 3.8 for the —-NH, groups and at 6.9, resulting
that the dye molecule maintains its negative charge even
in very low pH values, and at pH lower than 3.8 it got the
highest negative charge. Therefore, the favorable electrostatic
interactions between the CotFe and RB5 are present in a large
pH values range, from highly alkaline to 2.3.

Adsorption by white cotton fabric: adsorption mechanism
hypothesis

The initial assumption for the removal of the color
in this system is believed to be a conjunction of three
mechanism: (i) protonation of the fabric, charging
positively the surface due to the pH reduction, enhancing
interaction with negative reactive dye, (ii) coagulation due
to the iron dissolved into the solution from the fabric and
(iii) coagulation from the iron aquacomplexes formed on
the fabric surface itself.

Fe impregnated cotton has free HNO, molecules
from the iron nitrate used. The iron nitrate is hydrolyzed
into Fe(OH),NO, and HNO, when it is dried in the oven
(equation 1).%° Nitric acid remains on the fabric, as the
drying is performed at 333 K, while its boiling point is
356 K. Also, the other nitrate ions should be hydrolyzed
when in contact with the liquid solution (equation 2),
releasing three molecules of HNO, for each iron
impregnated on the fabric into the dye solution, decreasing
drastically the pH value to 3-4. The experimental mass loss
values obtained by TG (19.5%) and by oven heating (20%)
are consistent with the theoretical value predicted for these
conversions (19.8%).

Fe(NO;);-9H,0 — Fe(OH)(NO;),-H,O +

TH,0O, + HNO; (D)
Fe(OH)(NO;),-H,0 — Fe(OH), + 2HNO, 2)
50
(b) Qe - Experimental
40 Langmuir
30 = = - Freundlich
no Fe
20 - WCot mE- -8
B
-
10 -
0 =@
0 20 40 60 80 100
Ce/(mg L")

Figure 2. Reactive black dye adsorption isotherms at 313 K, 2 h contact, with Langmuir and Freundlich models fitting curves. (a) WCotFe7 in pH 10,
(b) pure cotton in pH 2.5. Qe is the dye adsorption capacity and Ce is the dye concentration in solution in equilibrium.
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Iron (IIT) hydroxide is commonly found in the
hydrated form FeO(OH)H,O. Then, successive reactions
of hydrolysis and formation of mono and polynuclear
aquacomplexes with trivalent iron metal centers occurs.
The complex specie is directly related to the pH of
the solution and the concentration of the iron ion. At
slightly acid or neutral pH values, positively charged
or electroneutral metal hydroxide colloids are formed,
whereas at higher pH values, the negatively charged
species are formed.*!

Iron leaching to the solution

At first, it was considered that part of the iron would
be released by the fabric as soon as the adsorbent was in
contact with the dye solution, immediately forming Fe—OH
aquacomplexes. These are known coagulants in water and
wastewater (Figure S5, SI section).’ As the dye solution
has high amount of OH~, the aquacomplex formation is
even more enhanced. It was observed that in some cases,
it is formed a very fine black powder (Figure S6a, SI
section) after color removal by the Fe fabrics. The powder
was recovered by centrifugation from the dye solution
and analyzed on XRD and scanning electron microscopy
(SEM).

XRD resulted in a pure NaCl diffractogram, with no
dye presence, probably due to the high concentration of a
highly crystalline phase of NaCl which gives very intense
peak signal in diffractogram, hiding other components
signal. However, the presence of dye solution in the
coagulated material was verified visually by liquid-liquid
extraction. The coagulated dye solution was extracted by
organic solvent (a mixture of dichloromethane and toluene)
and verified that the organic solvent turns into blue color,
indicating the dye presence.

However, a closer observation of the coagulated
powder by SEM, revealed that it was not a powder of iron
aquacomplexes and dye with NaCl, but a very fine and small
fibers agglomeration with dye adsorbed on it (Figure S6b,
SI section). The Fe and S element map scanning by EDS
(Figures S6¢ and S6d, SI section) demonstrates that the
mechanism of iron aquacomplex might be occurring on
the surface of the fibers.

Although, when CotFe7 is put in contact with varied
pH water solutions, it was observed a high Fe leaching
of 27.5 £ 2.7% in average from pH 3 to 11 (Figure S7,
SI section), the same was not confirmed when CotFe7
is put in contact with synthetic dye solution. The Fe
dissolution amount was not measured directly, but Fe
content on the fabrics after dye adsorption was measured
by acid extraction and WDXRF UltraCarry® method,
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replicated on ICP-OES (Table S2, SI section). In CotFe7
it was estimated an Fe amount of 3.49 + 0.25 wt.%, and
in Dye.CotFe7 5.08 + 0.13 wt.%, both values close to the
mathematically calculated one. Therefore, from these data,
there is no evidence that Fe is leaching into the solution
as we supposed at beginning, supporting our theory that
iron aquacomplexes must be forming on the fabric surface
itself. These iron aquacomplexes coagulated with the dye
molecules should inhibit the dissolution of Feinto the water
as free ion Fe**. Moreover, salts presence (as NaCl) seems
to enhance dye removal capacity.® This fact eliminates the
concern of iron ion leaching into the environment, as iron
is very tightly linked to the fabric.

Iron-containing adsorbents are widely used for
heavy metal cations removal from aqueous solution but
are not efficient for removing anionic compounds.'s3
Cationization of cellulosic fiber was attempted by
Ferrero and Periolatto®® to enhance dye adsorption
capacity. Several chemicals and processes were efficiently
applied to cotton products to obtain a positive charged
adsorbent, but they are very expensive. In our work,
the cationization occurs in situ, i.e., when the fabric is
poured into the aqueous solution, a cationization of the
fabric surface by protonation, and the positive charged
aquacomplex formation occurs. Moreover, hydrolyzed
dyes have hydroxyl group available to form hydrogen
bond with the cellulose surface. Additionally, the
interactions present in the normal dyeing process between
dye and cellulose fiber should also exist in lower extents:
the covalent bond between dye Dye—CH,—CH," and
cellulose O, and hydrogen bond between hydrolyzed
dye Dye—CH,—CH,—OH and cellulose.

Complementary characterizations for cotton fabric
adsorbent

XRD was performed for cotton fabric before and
after dye adsorption (Figure S8). However, the cellulose
crystalline signal is too high, blocking any other signals for
the dye. For an attempt to observe an interaction between the
dye and cellulose, it was compared the crystallinity index
(CI) estimated by the signal height method (Table S3).%
There was a large decrease in the signal response from
pure cotton to iron impregnated cotton, but no significant
decrease in the CI, from 0.954 to 0.872. This difference
cannot be considered significant, as there are errors involved
in the estimation of the intensity height due to background
differences between the samples. After the dye adsorption,
occurred the same decrease in signal but not in CI (0.972).
Therefore, it can be considered that the signal decrease is
due to the adsorbate layers formed on the cotton surface,
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first by the iron nitrate, and then by the iron aquacomplex
and captured dye into the aquacomplex. Kyzas et al.*®
considered that as high is the crystallinity, the higher was
the dye adsorption capacity, attributed to the cellulosic
content of the fiber applied in that study.

FTIR spectra from the cotton with and without iron, and
before and after adsorption (Figure S9, SI section) were
compared. The only visible change in a qualitative manner
is arelative increase in the range 1725-1500, related to C=0
on ester, amide, NH amides and amines. As cotton is pure
cellulose, which does not have ester groups, the broadening
on this range after the dye adsorption, could indicate the
—NH and —NH, groups of the dye. It was not observed shift
in —OH (3600-3000 cm™) as proposed by Kyzas et al.*®
which would indicate hydrogen bond between fiber and
dye, but this does not exclude the possibility.

XPS wide scan presented S2p signal only in the fabrics
after dye adsorption, and high resolution scan at S2p,,
and its spectrum deconvolution lead to three components,
all relating C to S: C=SO, at 167.9 eV, =CS at 168.7 eV
and H,C-S at 170 eV (Figure S10, SI section), all, dye
structure related components, showing that the dye is
actually adsorbed on the surface of the fabric at different
points of the cellulose.

Adsorption by other fabrics (polyester and its mix fibers)

From the previous section, it was verified that in one
hour the system is in equilibrium in the case of white cotton
fabric. As colored fibers or synthetic fibers could give
lower removal capacity, the tests for the different fabrics
were done with 2 h reaction time to guarantee equilibrium.
Figure 3 exhibits color removal and total organic carbon
(TOC) removal for the 4 different fiber blend fabrics with
2 different fiber colors (white and red) and 2 different Fe
impregnation ratios (0.07 and 0.14).

Highest color removal of 96.0 + 3.9% was achieved by
polyester/elastane blend fabric, which is very unexpected,
as elastane is known to be highly water repellant.’” The
external polyester fiber should be damaged by the high
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alkaline and subsequent acidic environment, exposing the
internal elastane fiber. Therefore, the elastane urethane
segments must be forming hydrogen bonds with the
hydroxyl groups of the hydrolyzed dye, enhancing dye
removal rate.

However, this extreme pH change lead also to the
hydrolysis of the silicone coating of the elastane, enhanced
by the high concentration of chloride ions which also attack
the silicone. These facts resulted in a low TOC removal by
Poly/Elast fabrics, not because the color is not removed from
the solution, but because there is a release of another source
of carbon from silicone coating. A Si particle was observed
on the Poly/Elast derived MAC (Figure S11, SI section).

Pure polyester had similar color removal capacity of
pure cotton, in average 84.6 + 13.7% color removal and
85.5% TOC removal. However, it was observed a poor
distribution of the Fe among the fabric surface of polyester,
with spots of different shades after the Fe impregnation,
which may have caused the high deviation among the runs.
This shade difference was not observed in the Poly/Elast
fabrics, and it reflected in the lower deviation between
the runs of + 3.9%. Polyester fiber has a high orientation
structure, making difficult the dye to penetrate the fiber,
thus requiring more energy to dye it.’®

Polyester blend into the cotton also caused the
heterogeneity on the Fe distribution on fabric surface,
leading to the poorest result among our studies
(57.5 = 21.9%). Fiber mixture are in general made
during the spinning process (when the fibers are converted
into the long yarns), therefore the hydrogen bonds of
the cellulose from cotton should be less available for
interactions compared to pure cotton fabric decreasing
the color removal capacity.

The increase in the amount of Fe impregnated did not
increase proportionally the dye removal capacity, even
decreasing the capacity in the case of white polyester
and white Poly/Cot. This can be explained by the weak
impregnation capacity of the Fe ion in the synthetic fiber.
For the Fel4 series, after drying a large part of the Fe was
observed as a loose powder from the fabric.

_ TOC@Fe7 mFe7 ©BFel14 mFe7&Fel14 average

S 100%

£ 80% = A m I _ |

& 60% 0 i 7 J

O 40%
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Figure 3. Reactive black dye removal capacity comparison between cotton/polyester/elastane fiber fabrics. Color removal at 600 nm and TOC removal.
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Magnetic activated carbon

All fabrics used to prepare adsorbents, as well as the
spent adsorbents after dye removal, were pyrolyzed to
produce activated carbon. The average Sy grouped in
the two different Fe impregnation rate and with or without
dye adsorption are plotted in Figure 4. As observed in our
previous work,” it was confirmed that the dye adsorption
process contributes to enhance the pore development (mean
value of 498 m? g!') compared to the adsorbent without dye
(mean value of 361 m> g).

600
— 500
703 400
o 300
£ 200
E 1(30
2 all Fe7 Fel4 all Fe7 Fel4

Overall w/oDye w Dye

Figure 4. Average BET surface area comparison of MAC produced from
different fiber blend fabrics, grouped in two different Fe impregnation ratio
(Fe7 and Fel4), with (w) and without (w/o0) dye adsorption.

The increase in the surface area is believed to be due
to the incorporation of the dye molecules on the fabric,
enhancing carbon yield. It is confirmed by the thermal
gravimetry analysis (TG) of the fabrics (Figure S12, SI
section) which in the case of white cotton, the residual
mass at 1073 K was 20.6% in the WCotFe7 and 7.5%
in the Dye.WCotFe7. This decrease in the residual mass
after total thermal degradation was observed in all fabric
types. Carbon content in the fabrics also confirms this fact.
From elemental analysis, carbon content increased from
30.3 wt.% in WCotFe7 to 35.4 wt.% in Dye.WCotFe7
(Table 1).

The deviation between the two Fe impregnation ratio is
larger in the MAC derived from non-dye adsorbed fabrics.
In general, a higher Fe impregnation led to decrease in
Sgers probably due to the obstruction of the pores by the
additional Fe, but this effect is minimized in the solid
submitted to the dye adsorption. There was a reduction
of 15% in the Syir value in MAC and of 1% in MAC.
Dye from Fe7 to Fel4. The exception was the pure cotton
derived MAC.Dye which S increased in 10% for white
fiber and 15% for red fabric, from Fe7 to Fel4, reaching
the maximum value achieved in our study (565 m* g'). This
result demonstrates that cellulose has good interaction with
Fe ions. A comparison of Sy for all individual 32 MAC
produced from the different combination fabrics are
available in SI section (Figure S13).
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Table 1. Elemental analysis of red polyester and white cotton before
and after dye adsorption. S content of all samples was below calibration
curve range

Material C/wt.% H/wt.% N/ wt.%
RPolyFe7 42.6+5.1 34+02 23+02
Dye.RPolyFe7 60.1+0.2 44+03 0.4 +.0.2
WCotFe7 303+1.0 5.20+.0.3 2.02+0.3

Dye.WCotFe7 354+0.3 56+0.2 023+0.2

More detailed characterization was performed with
four MAC, all for Fe7: two with fabrics without dye
adsorption step, red cotton and white Poly/Elast and
two with fabrics with dye adsorption step, red polyester
and red Poly/Elast. Poly/Cot mixture fiber fabric was
not chosen for detailed characterization, as they had the
lowest removal capacity and also low pore development.
Pore and elemental properties of MAC for the selected Fe7
fabrics are presented in Table 2. Additional plots of XRD
diffractogram, density functional theory (DFT) pore size
distribution and magnetization curves are available in SI
section (Figure S14).

Although they are all different fiber/color type fabrics,
the tendency remains, with higher pore development
and lower average micropore size (1.065 nm) for the
MAC derived from the fabrics that went through the
dye adsorption step. With exception of RCot, all others
developed mesopores on the 4-5 nm range. Dye adsorbed
fabrics developed metallic iron species according to XRD
results in contrast to the non-dye adsorbed fabrics which
developed oxide iron (magnetite) specie. This difference
in the iron species leads to difference in the response to
an external magnetic field where MACs with iron oxide
have lower magnetization saturation (Ms) than MAC
with metallic iron. Ms for MAC.Dye.RCot and MAC.
Dye.RPoly/Elast were 38.2 and 47.5 emu g™! respectively,
while Ms were 27.6 and 24.3 emu g' for MAC.RPoly
and MAC.WPoly/Elast, respectively. Iron reduction into
its elemental metallic form is usually achieved using a
chemical reductor or H, heating treatment. As explained
previously, heating pure iron nitrate (Fe(NO,);.9H,0),
under inert atmosphere, releases water and nitric acid
and quickly degrades into iron oxide up to 433 K.* The
oxidation does not require oxygen from the atmosphere,
utilizing the oxygen from its own structure, the nitrate.
Like in this case, the normal thermal transformation of
Fe under inert atmosphere is to form carbides (Fe,C,)
in the presence of C and/or to oxides if there is oxygen,
not necessary as gaseous dioxygen. When heated above
1073 K it starts to turn into metallic Fe if there is no
oxygen presence.
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Table 2. Pore and elemental properties of MAC, for selected fabrics Fe7

Komatsu et al.

973

Without dye With dye
Red Cotton White Poly/Elast Red Poly Red Poly/Elast
Pore characteristic
Sger/ (m? g) 458 368 456 486
Diamycgo / nm 1.21 1.21 1.07 1.06
Viora / (cm® g1) 0.248 0.268 0.280 0.317
Vincrorores / (cm? g 0.175 0.143 0.185 0.192
Viesorores / (cm? g1) 0.073 0.125 0.095 0.126
Elemental analysis
SEM-EDS / wt.%
C 59.85+0.75 62.79 +0.26 70.88 +7.97 71.05 £2.10
O 12.20 £ 0.45 9.57+0.17 11.86 +5.08 6.19+1.97
Si n.d. 029 +0.17 n.d. 0.27+£0.13
Fe 26.77+1.13 27.13+0.34 14.99 + 6.49 2229 +4.28
XPS / at.%
Cls 86.18 + 6.88 7479 + 1.14 81.95 £ 0.64 83.9£2.47
O ls 12.74 £ 6.79 18.51 +£0.37 13.99 £ 1.21 11.8+2.38
Na Is 0.29° 1.60 + 1.31
Mg 1s 0.62*
P2p 1.73 +1.38
Fe 2p 0.60 = 0.60 1.73 £0.01 0.18 £ 0.04 0.6+0.21
Ca2p 1.12+0.16
S 2p 0.54 +0.15
Si2p 0.49+£0.51 1.81 £0.37 1.15¢ 3.4+0.28

“Data of only one point (the element was not detected at duplicate measurement). Sy: Brunauer, Emmett and Teller (BET) surface area; Diamyycpo: micropores
diameter; Vg, @ total pore volume; Vycropores: micropores volume; Vyesopores: mesopores volume; SEM-EDS: scanning electron microscopy with energy
dispersive spectroscopy; XPS: X-ray photoelectron spectroscopy; n.d.: not detected; at.%: atomic percentage.

From the Fe7 fabrics TG curves it was possible to
observe clearly a disturbance at 882.5 + 7.8 K for cotton
and 940.5 = 6.8 K for polyester based fabrics (Figure S15,
SI section), with an endothermic reaction with a mass
loss of 2.2 = 0.2 for pure cotton and polyester, and
4.2 = 0.1 for Poly/Elast. This is a signal not present at
iron nitrate alone, nor at pure fabrics. The endothermic
reaction should be indicating the transformation of the
Fe,C, into iron oxides (Fe,O,) releasing CO/CO,, leading
to the mass loss. As a complete transformation of Fe,C
into magnetite (Fe,O,) would give a mass reduction of
6%, not all carbon from the carbide is released as gas
but remains in the solid matrix as carbon. On the other
hand, the disturbance disappeared or is too small to be
observed at Dye.Fe7 fabrics TG results. In the absent of
oxygen, Fe,C, is unstable above 973 K, and form metallic
Fe (Fe,C — 3Fe + C),* which C is solid carbon, being
incorporated into the solid matrix, and not released as
gas. The “absence of oxygen” to form elemental Fe in

Dye.Fe systems, could be explained from the adsorption
mechanism proposed previously (capture of the dyes
on the fabric surface by the Fe aquacomplex). After
adsorption, the spent fabric is recovered and dried. Thus,
the water molecules from the aquacomplex are released,
but the Fe ion remains on the fabric surface surrounded
by the dye molecules. Therefore, when pyrolyzed, Fe
has less contact to the oxygen from the cellulose to be
oxidized. This assumption should be further investigated.
The oxygen from —SO, and —SO; groups of the dye will
not be used for the oxidation of the Fe ion, as they gasify
quickly, not interacting with the carbon matrix. Sulfur was
not found in any of the analytical techniques (SEM-EDS,
XPS) in three of the four MACs, confirming this
assumption. The only exception was MAC.WPoly/Elast,
with a very low amount (0.5%) in the XPS. The smooth
descendent curve in TG is due to the release of SO,, CO,
CO, and N, from thermal degradation of cellulose and
dye structure.* In the case of Fe7 fabrics, the iron is in
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the form of hydroxides due to the heating degradation of
iron nitrate (equation 1), as well as the presence of NO,
and HNO,. Therefore, high amount of oxygen element is
present to the formation of iron oxide.

Carbon content on the shallow surface (< 1 nm)
measured by XPS was higher (74-86%) than that
measured by EDS (60-71%) in all cases. Therefore,
it can be considered that Fe and other elements are in
higher concentration inside the carbon structure. These
results confirm our previous findings’ on white cotton
fabrics based dye adsorption and MAC production even
changing fiber type to polyester and its blending with
cotton or elastane.

Fe content in the MAC.Dye.RPoly is the lowest from
both EDS (15 wt.%) and XPS (0.18 wt.%) measurements.
This fact converges with the visual impression that iron
adsorption/impregnation on polyester fiber is not so good as
with cotton and Poly/Elast blended fiber fabric. In the other
hand MAC.WPoly/Elast presented the higher Fe content
(27 wt.% by EDS, 1.7 wt.% by XPS) among the four,
confirming a better Fe impregnation because of the elastane
presence. High resolution scan for Cls, Ols and Fe2p were
also performed. Before deconvolution all scan energy was
calibrated to 284.5 eV at C=C signal (graphitic-like C).

Fe2p deconvolution did not demonstrate metallic
Fe component at low energy ca. 706.7 eV. Fe oxidized
components present complex multiplex, which is very
difficult to separate and conclusively determine the compost
and oxidation state. Therefore, it is important to analyze in
conjunction to the O1s deconvolution. When metallic oxide
is present, Ols exhibits a component at around 530 eV,
a slightly lower energy value than the adventitious O at
approximately 532.5 eV. MAC.Poly/Elast demonstrated the
higher metallic oxide component among samples, which is
consistent to the XRD results. Although it was identified
metallic Fe by XRD on the MAC.Dye, it was not confirmed
on the shallow surface by XPS. Metallic Fe should be inside
the carbon structure.

From the magnetism analysis, heating the sample under
fixed external magnetic field (M x T heating) will lead the
magnetic compounds into the Curie temperature, where
the magnetic compound will no longer answer for the
external field. As the Curie temperature is inherent for each
compound, this is a complementary technique to elucidate
the chemical structure of the magnetic compounds. This
was performed on MAC.WCotFe7, which a Fe,O, presence
was determined by XRD. In the M x T measurement
(Figure 5), the magnetic response decreases slowly from
the beginning of the heating, abruptly decreasing the
response at around 867 K, this is very near to the Fe,O,
Curie temperature of 858 K.
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Figure 5. Magnetization vs. temperature curve for MAC derived from
WCotFe7.

Above that temperature, there is still remaining a
magnetic response, which should correspond to the
metallic Fe response, as this compost have a higher Curie
temperature of 1043 K. This fact confirms that metallic Fe
formation is feasible even in lower temperatures.

To our best knowledge, there are no reports on the
formation and loading of elemental metallic Fe on carbon
supports, in a real one-step process. Commonly Fe** and
Fe?* salts are reduced and co-precipitated to form magnetite.
Then, magnetite is loaded on to the support by annealing.
Moreover, a washing step, commonly with alcohol and
water, or acid, is required to clean any sub-products or
non-well loaded species.'® Additionally, the development
of an ordered mesoporous carbon usually applies templates
that requires to be removed from the carbon matrix after
production, generating more wastewater.'*4° Due to the
Fe specie impregnation the pore area usually is not so
high,*** when simple methods are applied (190 m* g'). To
increase pore development (S as high as 1.012 m? g)
several treatments are made.* Table 3 summarizes some
representative MAC properties applied in adsorption,
compared to this study.

Adsorption capacity comparison

From the kinetics curve (Figure 6a), it was observed
that the two MACs applied had significant different
adsorption performances. The carbon prepared with 2 h
isotherm (MAC.WCotFel4 (2 h)), had 4.2 times higher
dye adsorption capacity than the carbon prepared with no
isotherm time (MAC.WCotFe7 (0 h)), i.e., temperature
was increased up to 973 K and heating was stopped, both
produced from white cotton. MAC prepared with no
isotherm had worse performance than fabric WCotFe7
without carbonization and activation. This difference can



Vol. 32, No. 5, 2021

Table 3. MAC properties comparison with literature
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MAC precursor Sut Mesoporous / nm Application Reference
Without Fe With Fe
Bayberry kernel and formaldehyde 1385 1012 3.55/3.85 Pb and Cr adsorption Lieral®
Polymer on SBA template 607 466 3.68/3.65 As adsorption Gu et al."®
Sucrose on SBA template (Ni based) not determined 387 4.62 multi metals adsorption Guo et al
Cotton fabric + 1 mol L' iron nitrate 295 190/91 microporous (1-2) Cr adsorption Zhu et al*!
Pinewood + hematite 209 193.1 no information As adsorption Wang et al
Cotton fabric + 0.3 mol L' iron nitrate  not determined 498 + 40 4-5 (3-4 also present) reactive dye adsorption this study

MAC: magnetic activated carbon; Sy Brunauer, Emmett and Teller (BET) surface area; SBA: Santa Barbara Amorphous type mesoporous silica.

be explained by the different pore development (Figure 6b)
that each carbon had under the different carbonization
conditions. The carbon prepared with no isotherm time
(0 h) lead to predominantly micropore carbon (Vy;cropore:
0.140 cm® g, 82% of V), while the carbon prepared
under 2 h isotherm (2 h) developed more mesopores
(Vuesorores: 0.175 cm?® g1, 38% of V), concentrated
between 4 to 5 nm sizes. As the dye utilized, RB5 has
a large molecule size of 2.9 x 1.5 nm calculated from
ACD/ChemSketch** with 3D optimization, mesoporous
play an important role in the physical adsorption process.
Ip et al.* had calculated a molecule size with difference in
the width of 0.86 nm and length of 2.99 nm utilizing the
Computer Aided Chemistry (CAChe) software*® system
(Figure S3, SI section).

Table 4 summarizes some representative adsorbents
tested for RB5 removal from water solution, compared
to this study. From these data is possible to conclude that
the following conditions are important for effective RBS
removal: high pore area, high mesopore volume, acid pH,
salt presence.

50
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Conclusions

The study presented here is an all in one solution. The
iron nitrate impregnated into the fabric helps to decrease
the pH to acidic range where the reactive dyes are better
adsorbed, as well as forms positive iron aquacomplexes
which captures the negative dye molecule. This adsorbent
can be used in all pH range of a dyeing process from 3 to
12, without adding chemicals for pH adjustment. Separation
of the Fe-fabric adsorbent is very easy, as they are in the
fabric form, not powder as usual adsorbents. Carbon surface
functionalization is a well-known technique to enhance
properties for specific applications. Fe doping on carbons
is used to enhance adsorption of positive charged pollutants
as heavy metals, but for our best knowledge, it is the first
time that Fe doping is used in a waste derived adsorbent
to enhance adsorption of negative charged pollutants, as
the reactive dyes.

Moreover, the spent adsorbent has its own application,
as precursor of MAC. The MAC preparation method
applied in this study has several advantages: (i) direct
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Figure 6. (a) Reactive black dye adsorption kinetics of MAC (200 mg of adsorbent for 50 mL dye solution, just dye water solution, no synthetic solution);
(b) DFT pore size distribution of MAC prepared with 2 h isotherm and with no isotherm, from white cotton impregnated with Fe(NO;),.
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Table 4. RBS5 adsorption capacity comparative between waste derived and commercial AC adsorbents

Reference Adsorbent Sger / (m? gh) Dye solution Adsorption capacity / (mg g!)
Cunico et al."” coal power plant ash 2.85 water solution 57in6h
0.7/107 (9 nm) . . 5.4/171/173
45 . P - Q P
Ipetal peat/bone char/F400 AC 793 (2.4 nm) water solution with NaCl 29.8/168/319
Al-Degs et al.*’ F400 AC 1100 water solution 434 (3 weeks for equilibrium)
Furlan et al. coconut shell AC 754 NaCl, 343 K 95in 5 h 40 min, pH =3

pine shell
Cardoso et al.®
pine shell AC

Lucio et al.”® activated carbon felt (commercial)

Fe modified cotton

This work MAC derived from cotton fabric

not informed

not informed

1,112

highly microporous

<10
289

648 atpH=2,12h
removal 0% at pH > 6

4282 atpH=2,4h
removal 0% at pH > 10

water solution, 313K

water solution, 313 K

20atpH=1.5

room temperature 9.5 at pH -7

3latpH=10,in 1 h
4l atpH=10,in3 h
(not maximum capacity)

NaCl, 313 K

Sger: Brunauer, Emmett and Teller (BET) surface area; MAC: magnetic activated carbon; AC: activated carbon.

elemental Fe loading, which gives higher magnetization
and catalyst property; (ii) ordered mesoporous development
at range 3-4 and 4-5 nm, without template application;
(iii) no wastewater generation from carbon washing to
remove templates from the matrix; (iv) relatively high
Sper even with Fe specie impregnated, (v) very simple,
fast simultaneous carbonization, activation, magnetization
method and (vi) MAC pore size and magnetic specie can
be designed accordingly to the required application, by
changing the pyrolysis condition, and adsorption steps.
Each type of fabric should have different approaches. For
instance, pure polyester fabric did not have good Fe retention
in water solution, therefore, this type of fabric should not
be used as adsorbent, but directly as MAC precursor. On
the other hand, polyester blended with elastane showed
surprisingly high color removal and MAC properties,
therefore should be used first for dye removal, and then
pyrolyzed to MAC. Social impact is also relevant in countries
like Brazil. Including the fabrics as a “recyclable” item, it will
increase the income of recycling agents, decrease municipal
solid waste collection costs and extend landfill lifetime.

Supplementary Information

Supplementary information is available free of charge
at http://jbcs.sbq.org.br as PDF file.
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