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ABSTRACT

A composite was obtained from a-cellulose coated with magnetite nanoparticles and conducting
polypyrrole (PPy). The magnetite nanoparticles were synthesized by the coprecipitation method from
FeCl, and FeCl, salts. The composite was obtained by pyrrole polymerization in the presence of a
mixture of a-cellulose and magnetite nanoparticles. The magnetite nanoparticles and composite were
characterized by FTIR and UV/Vis-NIR spectroscopies, scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), X-ray diffraction (XRD), and thermogravimetric analyses (TGA).
XRD analysis demonstrated that magnetite nanoparticles with the typical cubic structures of Fe,O,
were obtained. SEM analysis showed that magnetite nanoparticles had irregular morphology with
average size of 13 nm, whereas the composite consisted of spherical nanoparticles of PPy coating
a-cellulose fibers and magnetite nanoparticles. Batch aqueous adsorption experiments of the reactive
black 5 (RB5) dye onto the synthesized material were conducted. The results showed that for the
adsorption experiments set to initial pH of 3.0; the maximum adsorption capacity was 62.31 mg of
dye g™ of composite, while a value of 21.67 mg of dye g™ of composite was obtained when the initial
solution pH was set to 7.0. Adsorption isotherms for the RB5 dye were well described by the Langmuir
model. The transient adsorption process of the RB5 dye onto the composite was described by a general
three-resistance model; allowing the estimation of the effective diffusivity, D, and the adsorption rate
coefficient, k. For the adsorption experiments with an initial pH value set to 3.0, D, was estimated at

4.37 x 10" m* s™ while k, was 7.30 x 107 L mg™.s.
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1. Introduction

According to the 2017 UN World Water Development
Report, anthropological activities use water and generate
wastewater. Due to the increasing water demand, the
quantity of wastewater produced and its overall pollution
load are continuously increasing. Over 80% of the wastewater
generated worldwide, over 95% in some undeveloped
countries, is released to the environment without any
treatment. Wastewater is usually discarded into water
bodies, diluted or transported downstream, or it infiltrates
into aquifers; affecting the quality of freshwater supplies [1].

The textile and leather industries are high water
demanding with effluents severely polluted. Therefore
wastewater treatment is a global challenge for scientists
and governments and at the same time an attractive
growth market for industries developing water purification
technologies. For example, the market for reverse osmosis
membrane elements is currently projected to grow at an
above-average rate of 10% annually in the coming three
years. In the case of ion exchange resins, future growth is
predicted to average 4% per year [2].

In the development of new adsorbent materials; it is
important to consider several factors such as raw materials
availability, simple synthesis, low cost, reusability and
recovery. In this regard different materials have been
prepared and studied as natural adsorbents such as coconut
fibers waste [3], activated carbon from coconut husk [4],
silkworm pupa [5], natural zeolites [6-8], and plants [9,10].
However, it has been observed that composites of two
or more natural adsorbents or natural absorbents with
synthetic polymers can improve the removal efficiency of
different dyes from wastewater. For example, our group
recently reported the use of chitosan/zeolite and chitosan/
algae composites for fluoride adsorption from aqueous
solutions. We observed that at pH 5 the chitosan/zeolite
composite had a 1.2-fold increase in fluoride adsorption
when compared with the chitosan/algae composite, which
showed a higher capacity for fluoride removal at pH 7 [11].
Habibaetal. [12] prepared a composite of chitosan/polyvinyl
alcohol/zeolite for the removal of methyl orange and congo
red dyes through coagulation and adsorption processes,
observing good composite performance in the removal of
contaminants.

The preparation of composites with natural adsorbents
and synthetic polymers has been of increasing interest
since natural absorbents are usually of low cost; provided
that they can be originated from wastes (e.g. lignocellulosic
materials) or by-products. Moreover, natural adsorbents
can be easily combined with small amounts of synthetic
polymers; which confer better adsorption properties.
Particularly the conducting polymers PPy and polyaniline
are of interest due to their good environmental stability,
simple synthesis, and high electrical conductivity [13]. On
this sense, we reported the preparation of sorghum/PPy
composite from sorghum sub-product (cellulosic fibers
from stalks) and semiconducting PPy obtained by chemical
oxidizing polymerization. This composite was used for the
removal of methylene blue dye from aqueous solutions;
obtaining a maximum adsorption capacity of 143.5 mg g
(66.4% more than sorghum fibers alone) [14]. A similar work

was reported by Ansari and coworkers [15] who prepared
a composite of sawdust from walnut tree and polyaniline;
they used it to adsorb methylene blue dye from aqueous
solutions at room temperature and pH 9. From their
reported Langmuir isotherm data; the maximum adsorption
capacity was 8.3 mg g'. However when using PPy instead
of polyaniline; the maximum adsorption capacity increased
to 34.3 mg g [16]. More recently, we used a composite
of o-cellulose/PPy for the removal of the reactive red
120 dye from aqueous solutions. We observed a maximum
adsorption capacity of 96.1 mg g at acidic pH [17].

Thus, the combination of natural adsorbents and
semiconducting polymers increases dye adsorption
capacity. However from a practical point of view, adsorbent
recovery after dye adsorption is very important since the
saturated adsorbent has to be disposed or regenerated
for reuse. One option to overcome this recovery problem
is the synthesis or preparation of materials with magnetic
properties that can be separated using external magnetic
fields. Today researchers are paying attention to the
synthesis of iron-based magnetic nanoparticles due to
their particular structure and properties; which allow
their application in several chemical and engineering
fields. Compared with their atomic or bulky counterparts;
Fe,O, nanoparticles have superior physical and chemical
properties due to their mesoscopic effect, small object effect,
quantum size effect, surface effect, superparamagnetic
character, and non-toxic properties [18]. Some results
about the preparation of composites based on PPy and
magnetite were reported by Bai et al. [19], who prepared
a nanocomposite of water-dispersible graphene-modified
magnetic polypyrrole (Fe,O,/PPy/RGO) and studied
its ability in the methylene blue dye adsorption from
aqueous solution. These authors observed a maximum
methylene blue adsorption capacity for the composite of
270.3 mg g with a Langmuir isotherm. In another work,
Ayad et al. [20] reported the synthesis of chitosan/PPy/
magnetite nanocomposite for the removal of acid green
25 dye; observing high adsorption capacity when compared
with PPy and chitosan alone. The magnetic properties
of the composites allowed their recovery at the end of
the adsorption process. Asgharinezhad et al. [21] used a
composite of multi-walled carbon nanotubes/magnetite
nanoparticles/PPy in the co-extraction of acidic, basic, and
amphiprotic pollutants (polar and nonpolar).

The objective of the present work was to prepare and
characterize a composite of a-cellulose coated with magnetite
nanoparticles and the semiconducting PPy as a potential
adsorbent of dyes azo type (Fig. 1) from aqueous solutions.
A general three-resistance mathematical model was used
to describe the adsorption mechanism of the dye onto the
surface of the synthesized composite.

2. Experimental setup
2.1. Materials

Pyrrole monomer, reactive black 5 dye, ammonium
persulfate, and o-cellulose were purchased from
Sigma-Aldrich (>99%) and used as received. FeCl,-4H O,
FeCl,:6H,O, and NaOH were acquired from Jalmek (>97%,
Mexico). Deionized water was used in all experiments.
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Fig. 1. Chemical structure of the reactive black 5 (RB5) dye.

2.2. Magnetite nanoparticles synthesis

In 100 mL of deionized water; 0.01 mol (1.987 g) of
FeCl,4H,O and 0.02 mol (5.406 g) of FeCl-6H,O were
dissolved. This solution was charged to a 250 mL three-neck
glass jacketed reactor with mechanical stirring (300 rpm).
The mixture was bubbled with argon of ultra-high purity
from Infra™ for 1 h to displace dissolved oxygen. In the
meantime, 0.08 mol (3.2 g) of NaOH were dissolved in
100 mL of water and purged with argon for 1 h. Afterwards
the NaOH solution was transferred to a 100-mL syringe
(Hamilton-Gastight), mounted on an addition pump
(KdScientific, Cole-Parmer™), and added to the reactor at a
rate of 2 mL min™. After NaOH addition, the reaction was
allowed to proceed for 3 h. Subsequently the reaction mixture
was poured into a 500-mL beaker, a magnet was placed under
the beaker to precipitate the magnetite nanoparticles; the
supernatant was discarded. Afterwards, 200 mL of deionized
water were added to the magnetite nanoparticles and the
precipitation procedure was repeated. This washing process
was repeated five times to remove unreacted material. The
washed magnetite nanoparticles were dried at 60°C for 24 h.

2.3. a-Cellulose/magnetite nanoparticles/polypyrrole composite
preparation

5 g of a-cellulose were dispersed in 50 mL of deionized
water in a 125-mL Erlenmeyer flask. In a vial, 1.0 g of
magnetite nanoparticles were dispersed in 5 mL of water and
immersed into an ultrasonic bath for 2 min to disperse the
nanoparticles. Later, the sonicated magnetite nanoparticles
dispersion was added to the aqueous a-cellulose dispersion
and the mixture was stirred for 5 min. Afterwards, 0.52 g of
pyrrole monomer were added and the mixture was stirred
for 30 min. Subsequently, 1.77 g of APS was added to start the
polymerization process. The reaction was allowed to proceed
for 2 h. The resulting composite was precipitated using a
magnet placed under the reaction flask and the supernatant
was decanted. 50 mL of water were then added, the composite
was precipitated again with the magnet, and supernatant was
decanted. This washing procedure was repeated five times.
The washed composite was dried at 60°C for 24 h.

2.4. Adsorption isotherms and kinetics determination

Batch adsorption experiments were performed at 25°C
with initial pH values set to 3.0, 4.0, and 7.0 as follows: 0.1 g of
composite were added to a glass vial along with 30 mL of a
RB5 dye solution of known concentration in the range from
20 to 200 mg L. The pH was adjusted using 0.01 M HCI or
NaOH. Vials were continuously stirred using an orbital shaker
at constant temperature for 5 d. Adsorbed dye concentration
at equilibrium (g,,) was calculated by a mass balance
using the initial and final dye concentrations in solution.
Concentrations of the RB5 dye throughout the adsorption
experiments were determined using a spectrophotometer
set to A = 596 nm (Thermo Scientific, Evolution 220) with a
calibration curve constructed with standard solutions in the
range from 10 to 300 mg L. Adsorption kinetics experiments
were run similarly to the equilibrium studies but determining
dye solution concentrations at different times.

2.5. Material characterization

The uncoated a-cellulose and the a-cellulose/magnetite
nanoparticles/PPy  composite were characterized by
scanning electron microscopy (JEOL, JSM 7800F). These
samples were also analyzed by FTIR with ATR (Cary 630,
Agilent) and X-Ray diffraction (XRD) with a PANalytical
Empyrean diffractometer using the Cu,, radiation
(A = 1.54056 A) at 40 kV and 40 mA. The correspondence
between the experimental diffraction peaks and the powder
diffraction file (PDF) database position was made using the
Match! 3 phase identification from powder diffraction soft-
ware. The specific surface area (A,,;) of the composite was
determined by N, physisorption (Micromeritics, ASAP 2020)
using the Brunauer-Emmett-Teller (BET) method. Thermal
stability of pure a-cellulose, magnetite, and composite was
studied by thermogravimetric analyses (Setaram, Setsys
Evolution) using 10 mg of each sample that was heated from
25 to 800°C at a heating rate of 10°C min™. Point of zero
charge (PZC) was determined by titration as follows: in a
conical vial the required volume of 0.1 M HCl or NaOH solu-
tion was mixed with the volume of a standard 0.1 N NaCl
aqueous solution to achieve a final volume of 25 mL with pH
in the range from 1.0 to 12.0 (pH,). After 48 h under magnetic
stirring the pH of the resulting solutions was recorded (pH,,).
The same procedure of mixture preparation at different pH;
was repeated but with the addition of 0.1 g of composite
and after 48 h of equilibration the pH was measured (pH,).
Data of ApH = (pH, - pH ;) were calculated and plotted as a
function of pH,,.

The number of acid and basic active sites was determined
by the acid-base titration method. For this 20 mL of 0.1 N
HCI (for the basic sites) or NaOH (for the acid sites) aque-
ous solution were mixed with 0.2 g of adsorbent at 25°C and
70 rpm for 5 d. Afterwards, a 5-mL aliquot was withdrawn
and the unreacted HCl or NaOH were titrated with 0.1 N
of NaOH or HCI aqueous solutions. Titration was run in
triplicate. Active sites concentrations were calculated by the
following equations:

c - v,(C,~C,)x1000 o

m
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where C_ represents the active sites concentration in
meq g, while ¢, and c, are the initial and final concentrations
of neutralizing solutions; respectively. V. is the initial volume
of neutralizing solution and m the mass of adsorbent.

Final concentration of neutralizing solution was
calculated as follows:

V.C
i 2)

m

c

where C, is the concentration of titrating solution in eq L™,
V., is the consumed volume of titrating solution, and V| is the
sample volume of neutralizing solution.

2.6. Mathematical model

In this work, the RB5 dye adsorption mechanism
onto the studied composite was described by a general
three-resistance model [22] that includes dye transport on the
film surrounding the composite particles, dye diffusion in
the pores of the composite, and dye adsorption on the surface
of the particles. The composite consists of a a-cellulose core,
where only diffusion occurs, and a thin shell of magnetite
nanoparticles immersed into a PPy matrix, where diffusion
and adsorption occur. The equations describing the
mathematical model were described elsewhere [17] with the
difference that the Langmuir isotherm was used (the model
is shown in the supplementary electronic information of this
work). The equations of the mathematical model along with
the initial and boundary conditions were simultaneously
solved by the method of lines [23]. The radial coordinate
was discretized using second-order finite differences [24].
Integration in time of discretized equations was performed
using the stiff integrator ODE23s from Matlab®. Batch dye
uptake data were used to estimate adsorption isotherm
parameters. The forward rate coefficient, k, was estimated
by fitting experimental dye batch uptake data along with
the dye effective diffusivity using fminsearch from Matlab®.
Both effective diffusivities, D and D, were considered as
being equal for the sake of model simplicity.

3. Results and discussion
3.1. Material characterization

Cellulose is a natural polymer that represents about
one-third of plant tissues where it can be restocked by
photosynthesis. Cellulose is ordered in micro-fibrils enclosed
by hemicellulose and lignin [25]. The molecular structure
of cellulose gives some advantages including low density,
low extraction cost, recyclability, and biodegradablility [26].
Also due to the presence of the high donor reactivity of
the hydroxyl group, which shows tendency to form intra-
and inter-molecular hydrogen bonds; a broad chemical
variability is present. These characteristics render cellulose
as a potential material for composites manufacturing [17]. In
this work pyrrole polymerization was enough to wrap-up
both cellulose and magnetite, given that intense sonication
of the composite in water did not dislodge any component
and all the composite was recovered by sedimentation in a
magnetic field; therefore we can conclude that cellulose and
magnetite are well encapsulated by polypyrrole chains.

Fig. 2 shows the FTIR spectra of a-cellulose, magnetite
nanoparticles, PPy, and the «a-cellulose/magnetite/PPy
composite. It can be seen that the characteristic signals
corresponding to cellulose and PPy are present. The
assignment of signals to the corresponding chemical group
for these two materials is summarized in Table 1. It can
also be observed that the spectrum for the composite is
similar to that of a-cellulose, with the main difference at
1,562 cm™; which is related to a mixed C=C and inter-ring
C-C vibrations of polypyrrole units. The peak at 1,458 cm™
derives from C-C polypyrrole ring stretching (Ovando-
Medina et al. 2014). It is also observed that the cellulose sig-
nals corresponding to O-H and C-H stretching (3,300 and
2,900 cm™, respectively) are less intense in the composite,
which is due to the presence of the PPy coating of cellu-
lose fibers. Chemical bonding between cellulose fibers and
PPy is desirable since cellulose would be more difficult to

)
g o-Cellulose
a

3300{

o-Cellulose/Magnetite/PPy

Magnetite

Transmittance, a.u.

o
aQ
3
=}

Transmittance, a.u.

1900 1650 1400 1150 900 650
Wavenumber, cm!

3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 6500

Wavenumber, cm !

Fig. 2. FTIR spectra of a-cellulose, magnetite, PPy (inset), and the
prepared composite.

Table 1
FTIR assignments of the main signals of PPy and cellulose

Signal, cm™ Chemical group

IR signals corresponding to PPy

1,551 C=C backbone stretching

1,454 C-C ring stretching

1,300 C-H in-plane

1,092 C-N stretching vibrations

Main signals corresponding to cellulose

895 Stretching COC at b-glycosidic linkage
1,046 Stretching CO at C6

1,161 Stretching COC at b-glycosidic linkage
1,323 Bending CH, (wagging) at C-6

1,417 Bending CH, (sym) at C-6

1,638 —O- tensile vibration neighboring hydrogen atoms
2,900 Stretching C-H

3,300 Stretching O-H (hydrogen bonded)
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separate from the PPy layer. It would be expected that this
bonding would take place through —OH groups of cellulose
and the -NH groups of polypyrrole rings. From Fig. 2 it
can be observed that bands at 1,551 and 1,454 cm™ for pure
polypyrrole (inset in Fig. 2) are shifted to 1,562 and 1,458 cm™
for the composite. The observed shift of these bands may be
due to chemical bonding between NH- in the pyrrole ring
and the -OH groups of cellulose [27,28]. FTIR signals corre-
sponding to magnetite are usually observed between 500 and
600 cm™, therefore XRD analyzes were performed to magne-
tite and the composite.

Figs. 3(a) and (b) show the X-ray diffractograms
of magnetite alone and the «a-cellulose/magnetite/PPy
composite. The positions of the diffraction peaks associated
with the cubic crystal structures of Fe,O, (magnetite) from the
190629 PDF card are shown as well. As can be seen (Fig. 3(a))
the main peaks presented in the diffractograms are due to
diffraction from the (220), (311), (222), (400), (422), (511), (440),
(531), (620), and (533) planes; which are supposed to represent
the typical Fe,O, structure. The X-ray diffraction analysis cor-
roborates that the sample is composed of Fe O, since thereis a
complete correspondence between the diffraction peaks and
the database positions. The observed (strong and sharp) dif-
fraction peaks suggest that the layers are highly crystalline.
On the other hand the diffractogram corresponding to the
composite (Fig. 3(b)) only shows three broad peaks, which
are due to the amorphous structure of the PPy coating the
cellulose and magnetite nanoparticles. In the XRD analysis
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Fig. 3. XRD patterns for magnetite (a) and the a-cellulose/
magnetite/PPy nanocomposite (b).
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only one peak is usually observed for PPy; depending on the
synthesis process this peak is observed between 22° and 25°
of 26 [29]. In our case, the other signals can be due to the
crystalline part of cellulose (15°, 22.5°, and 35° of 260) [30]; the
XRD peaks corresponding to magnetite nanoparticles in the
composite are almost imperceptible given the PPy coating.
Thermogravimetric analysis was carried out to investigate
the thermal properties of the a-cellulose/magnetite/PPy
composite; the results are shown in Fig. 4. As can be seen
in this Fig. 4, magnetite nanoparticles are highly stable
due to their inorganic nature; only 4% of weight loss was
observed. a-cellulose showed a decomposition temperature
around 260°C, nonetheless in the composite the onset of
decomposition decreased to 200°C; which corresponds to
PPy degradation. The decomposition rate was slower for
the composite, which can be ascribed to the presence of
magnetite nanoparticles that reduce PPy and a-cellulose
chains mobility. In addition the weight loss of composite after
550°C was 88.7% (11.3% of inorganic materials composed of
magnetite nanoparticles and ashes from cellulose and PPy),
whereas for a-cellulose the weight loss was close to 96.5%
(3.5% of ashes); this implies that the composite contains 7.8%
of magnetite nanoparticles even though 20% of magnetite
was used in the preparation. We have calculated from PPy
conversion and this magnetite amount that approximately
23% of PPy and magnetite are coating the o-cellulose fibers.
Fig. 5 shows SEM images of uncoated «-cellulose
(Fig. 5(a)), magnetite nanoparticles (Fig. 5(b)), and the
a-cellulose/magnetite/PPy composite at two different magni-
fications (Figs. 5(c) and (d)). It can be observed that uncoated
cellulose shows the typical surface of fibers reported in
the literature with relatively homogeneous morphology
compared to that observed for the as prepared composite
(Fig. 5(c)). Magnetite nanoparticles presented irregular
morphology with small sizes ranging between 7 and 18 nm
(Fig. 5(b)). Fig. 6 shows the particle size distribution of the
synthesized magnetite nanoparticles. It can be observed
that narrow PSD was obtained through this process with
a number-average particle size (Dn) of 13 nm and polydis-
persity index in size of 1.1; demonstrating the monomodal
PSD shape. Sizes here observed are relatively small tak-
ing into account that the synthesis was made without any
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Fig. 4. TGA analyzes of composite, magnetite nanoparticles,
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Fig. 5. SEM images of a-cellulose (a), synthesized magnetite nanoparticles in STEM mode (b), and SEM of the compos ite of a.-cellulose/

magnetite/PPy x 1,000 (c) and x 20,000 (d).

50

Dn=13.0 nm
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Particle diameter, nm

Fig. 6. PSD of magnetite nanoparticles.

surfactant or template and are similar to those observed
by Mascolo et al. [31] using different bases for magnetite
precipitation. For example Goya et al. [32] reported magne-
tite nanoparticles sizes in the range from 5 to 150 nm when
precipitating hematite particles by forced hydrolysis of a FeCl,
solution at 100°C for 2 d and further reduction under 1 atm
of hydrogen at 360°C for 3.5 h. Sun and Zeng [33] prepared

magnetite nanoparticles by high-temperature solution-phase
reaction of Fe(III) acetylacetonate in phenyl ether with alcohol,
oleic acid, and oleylamine; obtaining sizes between 20 and
30 nm. From Fig. 5(c), it can be seen that the a-cellulose fibers
and magnetite nanoparticles are coated by PPy; showing
some PPy agglomerates. PPy consisted of well-defined
monodispersed spherical particles (Fig. 5(d)) with aver-
age diameter of 70 nm providing a large available surface
area for chemical and physical interactions and electronic
conductions. This PPy diameter is smaller than the observed
value of 90 nm for PPy over pure a-cellulose previously
reported [17], which demonstrates that magnetite nanopar-
ticles affected the PPy nanoparticles size. The PPy morphol-
ogy was typical of pyrrole polymerization on hydrophilic
surfaces [34,35].

Fig. 7(a) shows an SEM image of the composite with
contrast where two different materials can be observed;
therefore EDS analyses were performed to the different
zones marked with arrows in Fig. 7(a) (Zones A and B).
Fig. 7(b) and (c) are the corresponding EDS spectra of these
two zones. It can be seen that high C and O intensities are
present in Fig. 7(b) and a small amount of sulfur from traces
of the APS used in the pyrrole polymerization. Almost no
Fe was detected in zone A. EDS spectrum of zone B shows
high concentrations of Fe and O (Fig. 7(c)). Thus, we can
conclude that the small brilliant zones in the composite
(Fig. 7(a)) mainly correspond to uncoated agglomerates of
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magnetite nanoparticles. Compositions in weight% and
atomic % from the EDS analyses are shown in Table 2. From
atomic percentages of Fe and O in this Table, we can calculate
an O/Fe atomic ratio of 1.60; this value is 20% higher than
the 1.33 expected for Fe,O,. The difference can be due to
oxygen from —-OH groups of the cellulose and the inherent
analysis error.

3.2. Kinetics and batch adsorption experiments

The surface adsorption properties and the affinity
between adsorbate and the adsorbent are described by the
equilibrium adsorption isotherm. Equilibrium is reached
when the concentration of sorbate in the solution is in
dynamic balance with the concentration of the sorbate at the
adsorbent interface. In this work, the experimental data of
adsorption capacity in aqueous solutions were fitted by the
Langmuir and Freundlich models:

Langmuir model:

Qe = che /(1 / KL + Cc) (3)
Freundlich model:
Q =K.(C,) @)

3/16/2017
SEM WD 10.lmem 11:59:05

100u= CHMN
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where Q is the adsorption capacity at the equilibrium
concentration C, K, is a Langmuir constant (related to the
affinity of binding sites), Q is the maximum adsorption
capacity, K, is the Freundlich constant, and # is the surface
heterogeneity constant in the Freundlich model.

The constants for these isotherms were evaluated by a
least-squares method using an optimization algorithm. The
average absolute deviation percentage was calculated as
follows:

0, 1 N Qex _Q red 0,
*b= {sz "Qw‘j]xloo % )
where N represents the number of data, Q  is the

experimental adsorption capacity, and Q__, is the predicted
adsorption capacity. The Freundlich and Langmuir
parameters corresponding to adsorption experiments onto
the a-cellulose/magnetite/PPy composite at different pH
values are presented in Table 3. As can be seen from this
table, the Langmuir model fits best the experimental data. In
other words according to the Langmuir model, adsorption
of the RB5 dye is mainly associated to monolayer sorption
rather than adsorption on a surface with heterogeneous
energy distribution.

Fig. 8(a) shows the adsorption isotherms (based on
the total mass of composite) of the RB5 dye onto the
a-cellulose/magnetite/PPy composite at pH 3.0, 4.0, and 7.0.
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Fig. 7. SEM image of the composite with contrast (a), EDS spectra of zones A (b) and B (c).

E?)ti?pisitions in weight and atomic percentages determined from EDS analyzes of zones A and B shown in Fig. 7(a)
Element Zone A Zone B

Weight (%) Atomic (%) Error (%) Weight (%) Atomic (%) Error (%)
C. 69.63 75.52 4.04 - - -
O, 29.8 24.26 9.51 31.41 61.52 5.12
S, 0.45 0.18 7.16 - - -
Fe 0.12 0.03 58.26 68.59 38.48 2.86
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It can be seen from Table 3 and Fig. 8(a), that the maximum
adsorption capacity decreases with the pH value of the dye
solution. In other words, the dye adsorption energy at acidic
pH is lower than that needed at a higher pH. This behavior
can be explained with the point of zero charge (PZC)
of the composite that is shown in Fig. 8(b). The PZC was
determined as 1.2, this implies that in an aqueous disper-
sion of the composite with pH set to 1.2; the sum of + and —
charges is zero at the surface of the composite. At higher pH
values the surface is predominantly negative in character. It
is noticeable that the composite showed an almost neutral
charge in the pH interval from 1.2 to 3.2; if the pH value
increases beyond 3.2 the surface charge becomes highly neg-
ative until a limit is reached at pH close to 9.0. The RB5 dye
is an anionic molecule upon water dissociation as shown in
Fig. 1; therefore favorable electrostatic interactions between
the dye and the surface of composite at pH below 3.2 are
expected, where the zero point charge is almost reached. It
is well known that other physical adsorption mechanisms
can occur.

Table 3

Estimated parameters of Langmuir and Freundlich models
calculated from experimental equilibrium batch adsorption data
at different pH

Langmuir model

pH Q, K, R? %D

3 62.31 0.048 0.96 11.8
4 36.19 0.059 0.88 13.2
7 21.67 0.050 0.98 2.20
Freundlich model

pH K, n R? %D

3 9.35 0.379 0.81 28.1
4 6.87 0.324 0.97 3.50
7 4.04 0.324 0.93 7.50

Note: Q inmg g”; K, inmg™ L™; K, in mg'" L" g™

60
a)
50 o
40 A
2
[-T]
E 30 -
o
20 A
e pH=3
10 B pH=4
A pH=7
——Langmuir model
0 T T T T

0 25 50 75 100 125 150 175 200
C., mg/L

Fig. 9 shows different proposed adsorption
mechanisms of the RB5 dye onto the a-cellulose/magnetite/
polypyrrole composite. The attachment through m—mt*
(bonding-antibonding) interactions between the electrons
of the aromatic rings of the dye molecules and the electrons
from pyrrole rings is considered. High affinity of the dye for
the composite surface can also result from hydrogen bond
formation, which can be created between nitrogen from
the pyrrole ring and nitrogen from the -NH, group of the
dye as well as oxygen of uncoated magnetite with the -NH,
group of the dye. Moreover, interactions between the oxygen
atom from magnetite and the oxygen atom from hydroxyl
groups or the nitrogen atom from the azo group of the dye
through water molecules can exist. In order to differentiate

5.5 bond / interactions

H H

Fig. 9. Proposed interactions between the RB5 dye and the PPy
coating from the studied composite (Modified from Wawrz-
kiewicz and Hubicki [36]).

b) (+) Charges on composite surface

{-) Charges on composite surface

Initial pH

Fig. 8. (a) Isotherms of RB5 dye adsorption onto a-cellulose/magnetite/PPy composite at different pH values. (b) Point of zero charge

curve for the synthesized composite.
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electrostatic interactions from the others, we determined the
active sites number through a titration method obtaining
values of 1.97 meq g of composite for the acid sites and
0.39 meq g™ of composite for the basic sites. The maximum
adsorption reached at pH = 3.0 was 62.31 mg g™ of composite,
which corresponds to 0.25 meq g of composite. This value
is 7.8 times smaller than the one determined for the acid
active sites, which implies that not all the sites are available
for adsorption; however, it is difficult to exactly discriminate
the adsorption mechanisms. It is worth mentioning that the
composite was recovered from the aqueous solutions using
an external magnet; contributing to the simple application of
the proposed material.

Fig. 10(a) shows the hysteresis curve obtained from the
N, adsorption-desorption analysis. It can be seen that the
adsorbed N, amount was very low at any value of relative
pressure. The hysteresis phenomenon can be associated
with the capillary condensation in mesoporous structures.
Different forms of the hysteresis loop are caused by different
types of adsorbent and sorption experimental conditions
such as temperature and pressure [37]. According to the
IUPAC, the curve shown in Fig. 10(a) corresponds to H3
hysteresis loop type and no micropores were observed since
there is no tendency to form a plateau at low relative pres-
sures [38]. The experimental BET area of a-cellulose was
determined as 0.45 m? g*'; while the corresponding value for
the composite was 12.19 m? g™, which can be ascribed to the
deposition of PPy nanoparticles coating a-cellulose fibers;
then, the porosity generated in the composite is mainly due
to PPy interparticle and intercluster spaces (Fig. 10(b)).

The experimental and simulated adsorption kinetics data
for the RB5 dye ata pH value set to 3.0 using 0.1 g of composite
and 100 mg L™ of initial dye concentration are shown in Fig. 11.
The forward rate coefficient, k, was estimated by fitting the
three-resistance mathematical model to the experimental dye
batch uptake data along with the dye effective diffusivity
using an initial dye concentration of 100 mg L. Afterwards,
these optimized parameters were used to simulate the data
for the two condition sets shown below. Table S1 of supple-
mentary electronic information shows the values for all the
non-fitted parameters used in the simulations. The value

20 4

10 4

Quantity Adsorbed [cm¥g STP)

1] T T T T

0.4 0.6 0.8 1
P/P,
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used for the apparent density (p ) of the adsorbent particles
was taken as 1.46 g mL™ since cellulose density values are in
the range from 1.3 to 1.5 g mL™ [27]. Shell density (p ) was
fixed to 1.45 g mL™". Core porosity for cellulose powder (¢)
was reported by Bhimte and Tayade [39], while shell porosity
for PPy and magnetite film (¢ ) was fixed to 0.35. From Fig. 11,
it can be seen that the mathematical model shows a good
representation of the experimental adsorption kinetic data.
The estimated values for k, and D, where 7.30 x 107 L mg-s™
and 4.37 x 10 m? s™, respectively.

It is difficult to compare the adsorption rate coefficient
with information in the literature since most of the times
simplified models are used to describe adsorption of dyes
[40-42] such as the pseudo-first order and the pseudo-second
order models. Furthermore, these models are sensitive to
the initial concentration of dye and multiple fittings need
to be performed; moreover, these models are based on the
dye concentration on the adsorbent discarding important
resistances to mass transfer. To assess the predictive capacity
of the mathematical model, two predictions were run.
For the first run the mass of composite (W,) and the initial

1.0

0.8 -

0.6

/G

04

02 - »

0.0 T T T T T

£,h

Fig. 11. Kinetics adsorption of the RB5 dye (dimensionless dye
concentrations in the bulk liquid, c) at initial dye concentration
C, =100 mg L™ and using 0.1 g of composite.

b)
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Fig. 10. (a) Hysteresis curve of N, adsorption-desorption for the synthesized composite and (b) proposed structural elements and pore
types of PPy nanoparticles coating cellulose and magnetite in the composite.
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Fig. 12. Kinetics adsorption of the RB5 dye (dimensionless dye
concentrations in the bulk liquid, c) at initial dye concentration
C, = 50 mg L' and 0.1 g of composite (triangles); and

C,=100 mg L™ and 0.15 g of composite (diamonds).

dye concentration (C,) were set to 0.15 g and 100 mg L™ while
for the second run C, and W, were set to 50 mg L™ and 0.1 g,
respectively. Fig. 12 shows both predictions along with the
experimental results of batch uptake experiments. It can be
seen that the mathematical model performs a fair prediction
of the batch dye adsorption behavior using the studied
composite.

As shown in the supplementary information,
adsorption-desorption cycles were performed to determine
the stability and recoverability after use of the composite. It
can be seen from Fig. S1 of the supplementary information
that for two adsorption cycles, dye removal percentages
remain almost constant at 74%, 56%, and 72% for initial
dye concentrations of 50, 100, and 150 mg L; respectively,
demonstrating the stability of the studied composite.

4. Conclusions

A composite of a-cellulose/magnetite nanoparticles/
PPy was prepared and characterized. It was observed that
magnetite presented the typical cubic crystal structure
corresponding to Fe,O,, irregular morphology with average
size of 13.0 nm, and monomodal PSD. Also, the composite
consisted of PPy nanoparticles with approximate size of
70 nm coating a-cellulose fibers and magnetite nanoparticles.
This composite showed a low BET area (11.42 m? g™'), which
was ascribed to the presence of mosopores derived from
interparticle and intercluster spaces of the PPy particles. The
composite showed potential as adsorbent of the RB5 dye
from aqueous solutions at acidic pH, through the adsorption
derived from electrostatic interactions between the dye and
the positively charged surface of the composite at this pH
value. The adsorption process was defined by the Langmuir
isotherm with a maximum adsorption capacity of 62.31 mg of
RB5 dye g of composite. Kinetics of RB5 dye adsorption was
well described with the three-resistance mathematical model
obtaining, for the experiments set to initial pH of 3.0, a D, of
4.37 x10"" m*s™ and k, of 7.30 x 107 L mg-s™".
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Supplementary information

1. Adsorption-desorption cycles

Two cyclic experiments of adsorption-desorption were
made to determine the recoverability and stability of the
composite. Batch adsorption test were made as described in
the methodology section of paper at 50, 100 and 150 mg L
of initial dye concentration at pH of 3.0. Desorption test
were achieved pouring 0.1 g of dye saturated composite
(previously used for adsorption experiments) in 30 mL of
distilled water, and adjusting the pH at 9.0 at 70 rpm of stirring
rate through 6 d. Afterwards, composite was recovered and
dried to be used again in a second adsorption experiment.
The percentages of adsorbed dye were calculated from a
mass balance and the results are shown in Fig. S1.

2. Dye uptake model

In this work, the reactive black 5 dye batch adsorption
kinetics using the proposed composite is presented. A
mathematical model was used to fit the experimental data
to determine the values of selected parameters. The model is
a general three-resistance model that includes the transport
on the film that surrounds the composite particles, diffusion
inside the particles and adsorption on the surface of the
particles. The proposed composite is visualized as a core-shell
particle with cellulose as core and magnetite-containing
polypyrrol as shell. The studied dye is allowed to diffuse in
both the core and the shell while adsorption only occurs on
the shell.

The batch adsorption process consists of a bulk liquid
and a solid (composite). Since the bulk liquid is considered
well-stirred such that a macroscopic balance on the dye can
be performed, this results in Eq. (1) where the movement of
dye in the boundary layer produces a temporal change in dye
concentration in the liquid outside the composite.

d£:_3WAkf
bt p.R

p o

o

(c-Cly) 1)
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Fig. S1. Reactive black 5 dye adsorption-desorption cycles on
a-cellulose/magnetite/polypyrrole composite.

where V, is the liquid volume (mL), W, is the adsorbent
weight (g), p, is the apparent density of the adsorbent
particle (g mL™), k is the boundary layer mass transfer
coefficient (m s7'), R is the external composite radius (m),
C is the dye concentration in the bulk liquid (mg L), C is
the dye concentration in the liquid within the adsorbent
shell (mg L™), t is the time coordinate (s), and R in the radial
coordinate (m).

In the composite shell a microscopic balance on the dye in
the liquid results in Eq. (2). This balance considers temporal
and radial variations of the dye concentration in the liquid
within the shell, along with a dye transfer from the liquid to
the surface of the shell.

2
o, , , %, :D{a C,, 2,

g o R <R<R
°ot ot R R@RJ ' ’ &)

where ¢ is the shell porosity, p, is the shell density (g mL™), D,
is the effective diffusivity of the dye in the shell (m”s™), R, is
the composite core radius (m), and Q, is the dye concentration
on the surface of the adsorbent (mg g™ of shell).

A microscopic balance on the dye in the liquid results
in Eq. (3). It is similar to Eq. (2) but with no possibility of
adsorption.

2
o, Di[a C"+26C"] 0<R<R, (3)

g —- —t
' ot dR* R OR

where ¢, is the core porosity, D, is the effective diffusivity in
the core (m?s™), and C, is the dye concentration in the liquid
inside the adsorbent core.

Eq. (2) requires a constitutive equation to describe
the adsorption process in terms C, and Q. In this work a
second order forward reaction (adsorption) and a first order
backward (desorption) reaction were considered (Eq. (4)).
At equilibrium, Eq. (4) reduces to the Langmuir isotherm

(Eq. (3))-

aaQtO = klcu (Qm - Qu ) - kZQu (4)
— choe
Qoe - Kd + Cae (5)

where k, is the forward rate constant (L mg-s™), k, is the
backward rate constant (1 s), K, (k,/k,) is the equilibrium
desorption constant (mg L), Q, is the maximum adsorption
capacity for the shell (mg g™'), C_ is the dye concentration in
the liquid within the adsorbent shell at equilibrium (mg L™),
and Q_ is the dye concentration in the surface of the adsorbent
shell at equilibrium (mg g™).

The initial conditions for Eqs. (1)—(4) are reported in
Egs. (6)-(9). At the beginning, the dye molecules only exist
in the bulk liquid.

c=c, (6)

0<R<R. (7)
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C, =0, R, <R<R, (8)

Q =0, R <R<R, )

where C, is the initial dye concentration in the bulk liquid
(mg L™). A no-flux condition at the center of the composite
particles establishes the boundary condition given by
Eq. (10).

(10)

A surface mass balance on the dye at the core/shell inter-
face of the composite results in Eq. (11) (second boundary
condition) establishes the continuity of the diffusion process
when the dye molecules leave the shell and enter the core.

R=R, D oc, D o,

=D, , t>0
' ’ 0R "R

(11)

To complete the dye adsorption model, another surface
mass balance on the dye at the surface of the composite
results in Eq. (12). Similar to Eq. (1), it establishes the continu-
ity of the convective flux (dye molecules crossing the bound-
ary layer) with the diffusive flux (dye molecules entering the
liquid inside the shell).

aC
kf(CfCU):DU =

R=R,

0

t>0 (12)

The mathematical model (Egs. (1)-(12)) was set dimen-
sionless by using the variables presented in Egs. (13)-(16).
Eq. (13) defines dimensionless dye concentrations in the
bulk liquid, pores of the shell, and pores of the core. Eq. (14)
defined dimensionless adsorbed dye concentration while Eq.
(15) defines a dimensionless radial position. Finally, Eq. (16)
defines the dimensionless temporal coordinate.

c _ < c, = <, c, = =
—CA, i_CA/ O_CA (13)
Q,
q,= 14
Q. (14)
R
R (15)
Dt
T=
g1’ (16)
The resulting dimensionless mathematical model is
dc oc
2 3N
dx or| (17)

%_', %— E+E% r<r<r 18
ot ot dr* v or T (18
a, d%c, 20,
L=D Ly ——1t 0<r<r, 1
or ( ar® ror ] ' (19)
a9,
—r=0'[2e,(1-9,)-,] (20)
T
With initial conditions
c=1 (21)
c,=0, 0<r<r, (22)
c,=0, r<r<r, (23)
q,=0, r,<r<r, (24)
And boundary conditions
o,
r=0, —4 =0, >0
or (25)
R oc oc
r=—-, D —= L, >0
R, ’or "or ' (26)
oc
r=1, Bi(c—c )=—2%, >0 27
( 0) 67 ( )
Where the resulting dimensionless parameters are:
W D
N:?; A,é:pogm’DzsoDo,
€ gD,
Lpp . 0T A i (28)
2 k28DR0 A= & Bi= kfRo
Dn ' Kd ’ Dn
3. Model solution and parameter estimation
The Dbatch uptake kinetics mathematical model

(Egs. (17)—(20)) along with the initial and boundary condi-
tions (Egs. (21)—(27)) were solved using the method of lines.



P.E. Diaz-Flores et al. / Desalination and Water Treatment 155 (2019) 350-363 363

The dimensionless radial coordinate was discretized using
second-order finite differences. Integration in dimensionless
time of the resulting ordinary differential equations was
performed using stiff integrator ODE23s from Matlab.
Batch dye uptake experiments were conducted to estimate
adsorption isotherm parameters Q and K, The film mass
transfer coefficient was calculated using the correlation by
Geankoplis (Eq. (29)).

D -2/3 A 1/3
k =ﬁ+0.31[ a ] { p‘jlgj
[ P.D PL

where D, is the dye diffusivity (m”s™), y, is the liquid vis-
cosity (kg m-s™), p, is the liquid viscosity (kg/m?), Ap is the
density difference (p —p,) between the composite particle and
the liquid (kg/m°), and g is gravity acceleration (m/s?). Dye
diffusivity was estimated using the Wilke-Chang method
according to the empirical modification of the Stokes-Einstein
relation (Eq. (30)).

(29)

7.4x107(oM,)* T

aB = 06
"V,

(30)

where ¢ is the association factor of liquid (equal to 2.6 for
water), M, is the solvent molecular weight (g mol™), T is the
temperature (K), V, is the molar volume of dye at boiling tem-
perature (cm® mol™), and 1, is the solvent viscosity (cP). For
the case of the studied dye, its molar volume was estimated
using the method of Schroeder presented in Eq. (31).

=7(N.+N,+N_,+N_ +N_)+245N_+2IN -7 (31)
where N_ is the number of carbon atoms, N/, the number of
hydrogen atoms, N, the number of oxygen atoms, N, the
number of nitrogen atoms, N, the number of double bonds,
N, the number of chlorine atoms, and N, the number of sul-
fur atoms.

The forward rate constant, k,, was estimated by fitting
experimental dye batch uptake data along with the dye effec-
tive diffusivity using fminsearch from Matlab. Both effective
diffusivities, D, and D, were considered as being equal for
the sake of simplicity.
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Fig. S2. Speciation diagram of reactive black 5 dye calculated
using two pKa values.

4. Speciation diagram of reactive black 5 dye

Fig. S2 shows the speciation diagram of the reactive
black 5 (also known as Remazol Black B) dye using two pKa
values at 3.8 and 6.9 [43].

Fig. S3 shows the adsorption-desorption cycles of RB5
dye with different eluents such as NaOH, Ca(OH),, EDTA,
HNO, all at a 0.1 M concentration aqueous solutions.

Table S1
Non-fitted parameters used in the mathematical model
Parameter Value Units
C, 100 mg L™
v, 30 mL
W, 0.1 g
P, 1.46 gmL™
P, 1.45 gmL™?
7, 227.3 x 107 m
r, 212.5x10° m
e, 0.35
g, 0.28
Q, 260.7 mg g shell
K, 20.72 mg L
N, 26
N, 21
N, 5
N, 19
N, 0
N 6
Ngg 12
A 700 cm® mol™
0] 2.6
M, 18 g mol™
T 298.15 K
Mg 1 cP
D,, 2.96 x 1010 m? s
W, 0.001 kgm™s
P, 1,000 kg/m?
g 9.81 m/s?
kf 241 x10° ms!
45
40
35
30
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NaOH 0.1M EDTAO.1M HNO3 0.1M Ca(OH)2 0.1M

Fig. S3. Adsorption-Desorption cycles of RB5 dye on the compos-
ite using different eluents.



