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Abstract

In this work, three polymer suspensions were used for coating glass beads (GB), porcelain beads (PB), and polyethylene pellets
(PP) in spouted bed. Subsequently, the continuous adsorption assays of the food dye Brilliant Blue FCF in a fixed bed column
were performed, which was packed with the covered particles. Also, the static adsorption assays were carried out. The adsorption
equilibrium isotherms were fitted by Freundlich, Langmuir, and Temkin models, being that the Temkin model was the most
suitable to represent the equilibrium data. The particle coating in the spouted bed showed promising results due to the high
efficiency of the process. The PB, GB, and PP obtained coating efficiency values in the range to 92-96% when using the
suspension of chitosan and hydroxyethyl cellulose. However, only the polyethylene particles coated with the chitosan suspension
maintained its coating efficiency (95%). The maximum adsorption capacities at equilibrium of the coated particles of PP and GB
were achieved with the chitosan suspension, being the values of around 800 mg g~'. Thus, the chitosan-coated polyethylene

particles showed to be a promising adsorbent for fixed bed column.

Keywords Dye adsorption - Fixed bed - Glass beads - Spouted bed - Polyethylene pellets - Porcelain beads

Introduction

Particle coating and drying are similar techniques in spouted
beds, differing only by the interactions between the spray
suspension and the particles. If the interaction is strong, the
coating occurs and, on the contrary, drying takes place. The
drying of liquids and pastes in spouted bed uses inert materials
such as polyethylene, mainly for food compounds, because
they do not contaminate the suspension (Larrosa et al.
2018). Rocha et al. (2009) demonstrated that the polyethylene
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does not interact with the spray suspension at low tempera-
ture; however, the authors did not take into account the dielec-
tric properties of polyethylene, which can create characteris-
tics that favor the coating and not the suspension drying. The
spouted bed can reach these characteristics and can produce
conditions that allow the generation of an external electrostatic
field, which interferes with the properties, piezoelectricity, and
pyroelectricity of polyethylene. In addition, it is recognized
that the spouted bed is one of the most versatile for gas—solid
contact because of the efficient mixing provided
(Prachayawarakorn et al. 2006; Niamnuy et al. 2011).
Spouted beds are versatile and can be used in many applica-
tions, among them the skimmed milk drying over inert parti-
cles (Perazzini et al. 2017). Marshall (2017) showed that the
spouted bed was suitable for the tristructural isotropic (nuclear
fuel) that consisted of four layers, and each layer had a
determined function. The thermal catalytic exploitation of
vineyard pruning waste was made by José et al. (2018) in a
conical spouted bed. Traditionally, conical spouted beds are
used for Geldart D type particles. Pablos et al. (2017) found
that using a modified conical spouted allowed operation with
Geldart A, B, and D particles, with a small fraction of C
particles. Niksiar and Nasernejad (2018) demonstrated that
one-dimensional mathematical model can predict the behavior
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of a spouted bed reactor during the gasification of char obtain-
ed from pyrolysis of pistachio shells leading to the production
of activated carbons. This equipment ensures to the pro-
cess high rates of heat and mass transfer and low pres-
sure drops, being an excellent substitute for other coat-
ing techniques, such as dip coating and spin coating,
which consist only in the application of large amounts
of coating material on the inert particle surfaces (Wan
et al. 2010; Soares et al. 2013, 2016).

Chitosan has many desirable characteristics, such as bio-
compatibility and biodegradability, renewability, and non-tox-
icity, but it has low selectivity, small surface area, low poros-
ity, and has a tendency to form agglomerates or hydrogels,
which limit its applications in adsorption. However, the abil-
ity of chitosan to acquire a cationic characteristic in an
acid medium makes it a good adsorbent for dyes with an
anionic characteristic (Dammak and Sobral 2018). This
characteristic allows chitosan to interact with silicate min-
erals (Futalan et al. 2011), materials that have a negative
charge on the surface or have some active site to interact
as the amino groups of chitosan.

The batch adsorption method presents practical problems
when applied on a large scale, and among them that can be
featured are the difficulty of adsorbent separation from the
aqueous solution, the adsorbent decantation, and longer times
to reach equilibrium. Thus, the fixed bed column adsorption is
receiving increasing attention since it presents an easy indus-
trial scale-up, sorbent regeneration, and treatment of high
wastewater volumes. However, the application of chitosan as
an adsorbent in the form of flakes or powder presents limita-
tions to the system, such as the hydrodynamic pressure drop
and the column obstruction (Tan et al. 2009). Thus, the im-
mobilization of chitosan on inert support is an alterna-
tive. This study aimed to use the coating process in a
spouted bed to obtain particles coated with different
polymer suspensions and to apply them as food dye ad-
sorbent. The effects of particle type (glass, porcelain, and
polyethylene) and of the chemical composition of coating
suspension (chitosan and hydroxyethylcellulose) on the
process efficiency were evaluated. In each type of parti-
cle coating, adsorption assay of the food dye Brilliant
Blue FCF in fixed bed column was performed. The max-
imum capacity of the column was evaluated through the
breakthrough curves.

Materials and methods
Materials
Shrimp waste (Penaeus brasiliensis) were acquired from local

markets (Rio Grande, Brazil). Hydroxyethyl cellulose
(Ashland), polyethylene glycol (PEG) 1500 grade (Synth),

and magnesium stearate (Sigma-Aldrich) were purchased
from Company RF Quimica Ltda (Brazil). Porcelain beads
(PB) were purchased from Porcelanas Rex S.A. (Brazil) and
glass beads (GB) from Nacional Esferas Ltda. (Brazil).
Polyethylene pellets (PP) were donated by the Drying
Laboratory/School of Chemistry and Food, Federal
University of Rio Grande (Brazil). Brilliant Blue FCF food
dye was acquired from Duas Rodas Industrial Ltda (Brazil).

Chitosan production

Chitin was obtained from shrimp waste (Penaeus brasiliensis)
by sequential chemical treatments of demineralization,
deproteinization, and deodorization. Chitosan was obtained
from chitin deacetylation reaction using sodium hydroxide
solution 42.1% (solution/chitin ratio of 60:1, m mfl), at
130 °C for 1.5 h of process, under constant agitation
(50 rpm). The chitosan was purified and obtained in paste
form, according to the procedures developed in our previous
works (Weska et al. 2007; Moura et al. 2011; Moura et al.
2015), which was used to prepare the coating suspensions.

Suspension preparation

The suspensions used in the coating were composed of two
polymer bases (chitosan and hydroxyethylcellulose), a plasti-
cizer (polyethylene glycol) and a surfactant (magnesium stea-
rate). The three different suspensions were prepared, and our
compositions are shown in Table 1. The suspension prepara-
tion was carried out by dissolving each component separately
in 3.0% (v/v) acetic acid solution under stirring at 500 rpm
using a magnetic stirrer (Mars, MAG-01H, Brazil), at room
temperature for 20 min. The reason to use acetic acid solution
is because chitosan is insoluble in water). Afterward, the mix-
ture of the components resulted in 1 L of suspension. The
suspensions were stored in a refrigerated environment (4 +
1 °C) until use.

Table 1 Chemical composition of the coating suspensions
Components Suspensions

(A) B) ©
Hydroxyethylcellulose (g) 3.50 3.50 -
Chitosan (g) - 5.00 5.00
Polyethylene glycol (g) 0.75 0.75 0.75
Magnesium stearate (g) 1.00 1.00 1.00
Concentration of solids (%)* 0.525 1.025 0.675

*For 1 L of suspension
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Material characterizations

Chitosan was characterized by the deacetylation degree
through potentiometric linear titration and the molecular
weight by the viscosimetric method using Mark—Houwink—
Sakurada equation (K=1.8x 10 mL g ' and a=0.93)
(Weska et al. 2007).

Coating suspensions were characterized in relation to the
kinematic viscosity by a Cannon—Fenske capillary viscometer.
The dynamic viscosity (kg m™ ' s~ ') was calculated by Eq. (1).

N:Vpsusp (1)

where v is the kinematic viscosity (m® s) and Psusp 18 the
suspension density (kg m ).

The particles of glass, porcelain, and polyethylene were
physically characterized by the mean diameter (D,,) and sphe-
ricity (o) according to Rocha et al. (2009), being that 20 mea-
surements were taken for each material to ensure a significant
average. The bulk density (p) was obtained as the ratio of a
mass known of particles and the volume occupied by them in
a calibrated recipient. To each particle, which was inserted to
the cell, was measured the D_/D; ratio, where D, is the cell top
diameter of each particle filling and D; is the air inlet diameter.

Scanning electron microscopy (SEM) was used to charac-
terize the particle surfaces, before and after coating, using an
electron microscope (Jeol, JSM 6060, Japan) (Li et al. 2010).

The X-ray diffraction (XRD) (D8 Advance Bruker,
USA) patterns of chitosan films (B) and (C) were ob-
tained using a voltage of 40 kV and intensity of 40 mA.
A copper tube was used with a wavelength (\) of
15,418 A (Saygili and Giizel 2016).

The functional groups of chitosan films (B) and (C) were
identified by Fourier-transform infrared spectroscopy (FT-IR)
(Prestige, 21210045, Japan) (Marques et al. 2018).

Coating in spouted bed

The particles used for the coating in spouted bed were glass
beads, porcelain beads, and polyethylene pellets. Before coat-
ing, the particle surfaces were cleaned with an acid solution
according to Vieira et al. (2014). The particle coating was
carried out in a spouted bed with conical geometry, which
was developed in our previous work (Larrosa et al. 2015).
The equipment schema is presented in Fig. 1. The base and
top of the equipment were composed by glass cones with
enclosed angles of 60° (height 0.150 m, input and output
diameters 0.029 m). In the middle part, there was a cylinder
(height 0.150 m and diameter 0.175 m) where the double fluid
spray nozzle (1/4J-SS + SUE18-SS; Spraying Systems Co.,
Brazil) was installed. The air was supplied by a radial blower
(Tbram, model CR0850, Brazil) with 6 kW, heated by three
electric resistances (2.4 kW). The air flow measurements were
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taken using an orifice plate meter, and the heat control of the
inlet air stream was carried out by a temperature controller
(Contemp, IDO2B, Brazil).

Preliminary tests defined the operating conditions in order
to guarantee stability in the bed. The minimum spouting ve-
locity values for the studied particles were obtained by plot-
ting the pressure drop as a function of air flow. The coating
assays were conducted according to the following experimen-
tal conditions: air circulation rate 100% higher than the min-
imum spouted velocity, inlet air temperature of 80 °C (353 K),
and atomization pressure of 200 kPa abs. The suspensions
were pumped at a flow rate of 5 mL min ' using a peristaltic
pump (MasterFlex, 07553-75, Canada), and they were atom-
ized on the particles through a nozzle located 0.10 m above
each particle bed. The particle load was 500 g and the pro-
cessing time was 100 min. The coating assays were performed
in triplicate.

After the coating process, curing method for chitosan
fixation was used according to Vieira et al. (2014) with
modifications. Curing physicochemical method consisted
in drying with air circulation at 50 °C for 12 h (physical),
followed by immersion of the particles in a NaOH solu-
tion (1 mol L") for 4 h (chemical), washing the particles
with distilled water until neutral pH, and again drying. In
this work, only the second step of the method was carried
out (chemical) since the conditions of the spouted bed
operation (air temperature of 80 °C) provided an efficient
rate of heat and mass transfer, thus, the solvent of the
suspension was evaporated inside the bed.

Coating process efficiency

The coating efficiency evaluation was by Eq. (2), and the
particles’ relative growth was calculated by Eq. (3) (Donida
and Rocha 2002; Vieira and Rocha 2004).

M —M;

S L 2
1 Wsusp Csol t ( )
MM,
b=—4 (3)
M;

where M;is the mass of coated particles (kg), M; is the mass of
the original particles (kg), Wy, is the volumetric flow rate of
the suspension (m> s 1), C,,, is the solid concentration
(kg m ), and ¢ is the process time (s).

The solids adhered to the particles were quantified by peel-
ing tests of the formed film. A sample obtained from a simple
random sampling was placed in a beaker with a solution of
acetic acid 3% (v/v), stirring at 900 rpm on a magnetic stirrer
(Mars, MAG-01H, Brazil) for 30 min. The filtration was car-
ried out for the separation, followed by washing the particles
with distilled water and drying in an oven at 40 + 1 °C with air
circulation until constant mass. Through Eq. (4), the adhered
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Fig. 1 Schema of the spouted bed equipment: (1) radial blower, (2)
valves, (3) electric resistances, (4) temperature control, (5) orifice plate
meter, (6) glass manometer, (7) spouted cell, (8, 9) dry bulb

mass of solids was determined. The peeling tests were carried
out in triplicate.

M yger = Mf_Mi (4)

Application of the coated particles in adsorption
on the fixed bed column and static adsorption
experiments

The adsorption assays were carried out in an acrylic cylindri-
cal column (internal diameter 3.4 cm and height 30.0 cm),

Fig. 2 Schema of the continuous
adsorption experimental unit: (1)
dye reservoir, (2) silicone tube,
(3) peristaltic pump, (4) equalizer
(particles without coating), (5)
particles coated with chitosan, (6)
sample collector

1 - Dye reservoir

2 - Silicone Tube

3 — Peristaltic pump
4 — Equalizer

6 — Sample collector

@

5 — Chitosan supported on particles

thermocouples, (10) wet bulb thermocouple, (11) collector cyclone, (12)
suspension tank, (13) pump, (14) spray nozzle, (15) compressed air line

which was packed with the coated particles and coupled to a
peristaltic pump (MasterFlex, 07553-75, Canada). The sche-
ma of the experimental unit of continuous adsorption is shown
in Fig. 2. The dye solutions (100 mg L' and 298 K) flowed
upward through the column at a flow rate of 5 mL min ', and
the pH values were adjusted with a citric acid/disodium phos-
phate solution at pH 3 and 6. The column was packed with
10 cm of coated particles, and for the remainder of the column,
uncoated inert particles were used. The samples were collect-
ed at regular intervals until the bed saturation, and the dye
concentrations were determined by spectrophotometry
(Quimis, Q108 DRM, Brazil), in wavelength of 630 nm.

f @ 1
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@
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The fixed bed saturation was considered when the outlet dye
concentration was the same as the initial dye concentration.
The assays were carried out in triplicate (n =3), and blanks
were carried out using uncoated particles.

The column data were analyzed by breakthrough curves
(Chen et al. 2012; Acheampong et al. 2013). When the con-
centration of dye solution (C,) reached about 5% of the initial
concentration of dye solution (Cp), the breakthrough point is
attained (#,). The point where the concentration of dye solu-
tion reaches 95% is usually called the point of column exhaus-
tion (¢,). The breakthrough curves usually are expressed by C,/
Cy versus time. Equation (5) was used to calculate the effluent
volume, V,;(mL). The area under the breakthrough curve was
used to determine the value of the total mass of adsorbed dye,
m,y (mg), Eq. (6). By Eq. (7), the equilibrium dye uptake or
the maximum capacity of the column, g, (mg g 1), was cal-
culated; Eq. (8) was used to calculate the total amount of dye
in the column (m,,,;) and the dye removal percentage R (%)
was calculated from Eq. (9).

VEﬁ = Oltotal (5)

where Q is the volumetric flow rate (mL min™ ") and #,,,, is the
total flow time (min).

O  it=total C,
= 1-=" ) dr 6
Mad = 7000 Jio Co (6)

where C, is the adsorbed dye concentration (mg L™).

Mgy
Geg = (7)

where m is the dry weight of adsorbent in the column (g).

QCOttatal
ola. = 8
Mol =600 (8)
R(%) = 4 100 (9)
Miotal

The ratio #,/t, gives the fraction of the bed already used.
Consequently, the length of the unusable bed, which corre-
sponds to the mass transfer zone, can be determined according
to Eq. (10).

ZTM = h (13—1’) (10)
e
where / is the height of the column used (cm).

Static adsorption experiments were performed in batch
mode. The amount of particles used was equivalent to
50 mg for the coating suspensions (B) and (C), respectively.
The Brilliant Blue FCF concentrations were from 50 to
500 mg L™". The pH values were adjusted with a citric acid/
disodium phosphate buffer solution at pH 3, with temperature
of 298 K. After each experiment, the remaining dye
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concentration in liquid phase was determined by spectropho-
tometry at 630 nm (Quimis, Q108 DRM, Brazil). Equilibrium
adsorption capacity (¢g.) was determined by Eq. (11), where C,
is the initial dye concentration in liquid phase (mg Lfl), C,is
the equilibrium dye concentration in liquid phase (mg L™"), m
is the amount of adsorbent (g), and V is the volume of dye
solution (L).

q, = (CO_CE) 1% (11)
m
The adsorption equilibrium isotherms were fitted by
Freundlich, Langmuir, and Temkin models (Piccin et al.
2011). These models are presented respectively in Egs.
(12), (13), and (14).

'/
q, =krC/" (12)
quLCE
= 13
=T+ (kC.) (13)
RT RT
q. :TIHKT—’—TIDCE (14)

The constants associated with the Freundlich isotherm
model are sorption capacity (K7) (mg g ") (L mg ") and sorp-
tion intensity (1/n). K; is the Langmuir constant (L mol ) and
¢ is the maximum monolayer adsorption capacity (mol g ).
K7 is the Temkin constant (L mol ") corresponding to the
maximum binding energy, b is related to the adsorption heat,
R is the universal gas constant (8314 J K ' mol ™), and T'is the
temperature (K).

The nonlinear regression was performed to fit the column
data. The parameters were determined through Quasi-Newton
estimation method by use of the Statistic 7 software (Statsoft,
USA). Tukey’s test was used to determine the significant dif-
ferences (p < 0.05) between the data.

Results and discussion

Characterization of materials

Chitosan presented the degree of deacetylation of 85 + 1% and
the molecular weight of 146 = 5 kDa. In Table 2, the results for

Table 2
293 K

Dynamic viscosity and density of the different suspensions at

Suspension Dynamiic viscosity, 1 (kg m ™' s™') Density, Pousp (kg m )

(A) 0.04556 + 0.00012a 1004 + 2a
B) 0.01352 + 0.00013b 1002 + 3a
©) 0.01199 + 0.00013° 1002 + 3°

Mean + standard deviation (n = 3). Different letters in same column indi-
cate significant differences (p <0.05)
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the dynamic viscosity and the density of the suspensions are
presented. This table shows that the suspensions presented
significant differences (p <0.05) because suspensions (B)
and (C) had lower dynamic viscosity values than suspension
(A); despite the density values of all suspensions, these did not
present a difference (p < 0.05).

Figure 3 shows the XRD patterns of chitosan films with
hydroxyethyl cellulose (B) and without hydroxyethyl cellu-
lose (C). The two characteristic peaks of the chitosan are ob-
served for (C), (20) =15° and 22° (Marques et al. 2018;
Mohanasrinivasan et al. 2014; Prakash et al. 2012a). The first
peak is assigned to N-acetyl-D-glucosamine sequences and the
second peak to the sequences N-glucosamine in the polymer
chain. The interactions between chitosan and hydroxyethyl
cellulose (B) can have an effect on the second peak.

Figure 4 shows the infrared spectra for the obtained chito-
san films (B) and (C). The main bands in their spectra are a
broad band centered at 3250-3500 cm ', corresponding to
stretching vibrations of the O—H and N—H groups; the absorp-
tion peaks at 2875 cm™ ' and 2920 cm ™" were attributed to the
asymmetric and symmetric stretching vibrations of —CH
groups; the band at 1082 cm ™' was assigned to the stretching
of C—O—C in the glucose ring; there was an absorption band at
1651 cm ', corresponding to the amide of chitin; and the
peaks around 901 and 1155 cm™" were assigned to the saccha-
rine structure (Schio et al. 2018; Prakash et al. 2016).

The particles were characterized in relation to the mean
diameter (D,,), sphericity (o), and density (p), and for each
particle bed, D./D; ratio was measured. Polyethylene pellets
presented a different geometry of the glass and porcelain
beads (Table 3 and Fig. 5). The geometry of the polyethylene
pellets approached from two spherical caps; in addition, its
density was lower than both beads, and the D./D; ratio char-
acterized this difference. The height that the PP occupied in
the cone cell was the maximum possible, so the cell diameter

6000

5000

4000

300t (C)

Intensity (u.a.)

2000

1000

0 10 20 30 40 50 60
2theta ()

Fig. 3 XRD pattern of chitosan films (B) and (C)

of the PP was the diameter of the upper part of the cone
(0.175 m), leading to a smaller loss of suspension sprayed
for the cone wall. In addition, a higher ratio approached the
conventional spouted bed (CSB) and a lower ratio approached
the jet spouted bed (JSB). The CSB is characterized by low
velocity in the downward circulation of the particles in the
annular zone, outside of the jet zone; however, the particles
follow a fixed trajectory. When the cell depth is reduced, this
leads to the JSB, and that involves an increase in mass transfer
and heat transfer in the jet zone, presenting short residence
times in the annular zone, but the bed becomes less stable
and the particles do not have a fixed trajectory, thus a non-
uniform coating can occur. The difference between CSB and
JSB is in the D /D; ratio, which for CSB is higher than 6, and
in the bed porosity, which for CSB is less than 85%, and for
JSB is higher. JSB presents a diluted annular region that
contributes to the decrease in particle contact, which can
reduce their agglomeration; however, its particle charge is
lower than the CSB. Besides that, the JSB is also formed
in the conical-cylindrical chamber, but solid particles are
spouted by a high-velocity gas stream, which can lead to
film detachment. The liquid material is usually atomized
in the lower part of the JSB.

The beads of glass (GB) and porcelain (PB) presented sim-
ilar characteristics (p > 0.05) in relation to the diameter, sphe-
ricity, and D./D; ratio (Table 3). They differed only in their
chemical composition, but both are composed of silica.
However, the silica is scattered within three different phases
(kaolin, feldspar, and quartz), each phase with a different per-
centage of silica. The glass is composed of approximately
75% silicon dioxide (SiO,) (Tripati et al. 2017). The presence
of the silica is important for the interaction of the glass with
chitosan, as demonstrated by Nawi et al. (2010) studying the

1400

2875 1651
2929

Transmitance(%)

. 3440

1082

—_-—m — - -seHor-—-——
4000 3500 3000 2500 2000 1500 1000
Wave number (cm™)

Fig. 4 FTIR spectra of chitosan films (B) and (C)
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Table 3 Characterization of the

different particles Particle type Particle mean diameter D,,, (mm) Sphericity o Density p (kg m™>) D./D; ratio
GB 29 +0.1a 0.98 = 0.02a 2418 + 32a 4.1 £04b
PB 3.0+£0.1a 0.97 + 0.02a 2468 + 40a 44 +0.3b
PP 32+02a 0.70 + 0.03b 960 + 10b 6.1 £04a

Mean =+ standard deviation (z = 3). Different letters in column indicate significant differences (p < 0.05)

GB, glass beads; PB, porcelain beads; PP, polyethylene pellets

immobilization of chitosan on glass plates and Vieira et al.
(2014) studying coating chitosan on glass beads. These au-
thors verified that the use of an acid solution of chitosan can
acquire a positive charge in an acid medium and interact with
the SiO,* tetrahedral units on the glass surface. Thus, the
degree of deacetylation is an important characteristic of chito-
san since it is proportional to the number of free amino groups,
which in acid medium can be protonated (NH; ). In addition,
the free amino groups are responsible for the main character-
istics of chitosan (Dotto et al. 2016).

The formation of a negative electric layer on the polyeth-
ylene surface in contact with aqueous solutions can explain
this interaction, and Bene$ and Paulenova (1973) studied this
phenomenon. The authors observed that the adsorption of
Ba* ions occurred only in a pH region (where the polyethyl-
ene surface was negatively charged); the same occurred for the
adsorption of other cations on polyethylene. In addition,
Hashimoto et al. (1975) demonstrated that the minimum elec-
tric field required for the generation of an electric current by
the polyethylene is 100 kV/cm for the temperature of 90 °C,
being that a negative peak appeared in thermally stimulated
current spectra for temperatures above 67 °C, and the peak
increased with increasing polarization temperature. Thus, the
characteristic cyclic motion in which the particles are subject-
ed within the spouted bed generates countless collisions and
frictions between the polyethylene particles together with the
inlet temperature of the fluid at 80 °C, which may lead to the
generation of a negative charge on the polyethylene pellets.
This may thus interact with the amino groups that are proton-
ated in an acid medium. The spouted bed can activate the

Fig. 5 Digital photograph of all
the beads: (1) polyethylene
pellets; (2) glass beads; (3)
porcelain beads
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carboxyl groups that the synthesis of the polyethylene gener-
ated, creating active sites to interact with the chitosan. Paslaru
et al. (2013) performed a similar procedure for the formation
of a covalent bonding between chitosan and the polyethylene
surface in a two-step procedure, through corona treatment of
the polyethylene surface and its chemical activation.

Scanning electron microscopy

Suspension (C) generated a less smooth surface than the other
two suspensions (Fig. 6). This can be a positive factor for
adsorption because it increases the surface area. The smooth
surface presented in suspensions (A) and (B) can be attributed
to the presence of hydroxyethyl cellulose, as it is a gelling and
thickening agent, and exhibits good water retention
(Amirkhani et al. 2008).

Due to the evaporation of acetic acid during coating, chi-
tosan tends to coagulate. Thus, its structure and mechanical
properties can change because these are pH dependent. The
increase of pH or of the polymer concentration leads to an
increase of elastic modulus in chitosan systems due to the
change of crosslinking patterns. Parallel crosslinking is dom-
inant when the polymer concentration is low, while at higher
polymer concentration both crosslinking in parallel and per-
pendicular play an important role (Xua and Matysiak 2017).

Process efficiency of coating in spouted bed

The drying and the coating in the spouted bed are two
techniques that differ mainly by the interaction between
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(1)

3)

Particles surfaces without suspension Suspension (A)

Suspension (C)

Suspension (B)

Fig. 6 Scanning electron microscopy (SEM): (1) glass beads; (2) polyethylene pellets; (3) porcelain beads

solid and liquid. If the interaction is strong enough, the coating
occurs; on the contrary, the material drying occurs. This
interaction can be quantified by the contact angle. Rocha
et al. (2009) showed that contact angles lower than 70° result
in the coating and above 76° result in drying, as high contact
angles indicate worse wettability and, consequently, weak ad-
hesion. In addition, the authors using a suspension similar to
suspension (A) used in this work, and polystyrene, polypro-
pylene, and low-density polyethylene as the inert particles,
found that the coating did not adhere, the drying of suspension
occurring only using an air temperature of 60 °C. The values
presented in Table 4 show opposite results to those presented
by the authors. This may be associated with the negative peak
observed in the thermally stimulated current spectra for the
polyethylene (Hashimoto et al. 1975). Thus, the coating ob-
served in this work is associated with the use of a higher
temperature (80 °C), which can stimulate a negative charge
on the surface of the polyethylene. The suspensions were
characterized in relation to the dynamic viscosity and its

influence was evaluated regarding coating efficiency. The sus-
pensions with chitosan (B) and (C) presented a result superior
for the coating efficiency and relative growth compared to
suspension (A) (Table 4) because a lower drying of suspen-
sions (B) and (C) occurred. This result may be associated with
the dynamic viscosity value differences between the suspen-
sions (Table 2). Chitosan suspensions exhibit lower dynamic
viscosity values, so it is expected that a suspension with a
lower viscosity will have a better wettability because when
the droplets reach the particles, these can spread over a larger
radius before being dried. The dynamic viscosity of suspen-
sion (A) was higher than suspensions (B) and (C), and it can
be attributed to the presence of the hydroxyethyl cellulose
because it is partially soluble in acetic acid. Hydroxyethyl
cellulose provides protective colloid action, and this can in-
fluence viscosity, such as water retention. Hydroxyethyl cel-
lulose is manufactured in a variety of viscosity grades, and its
viscosities can range from as low as 0.01 kg m ™' s™" up to
100 kg m' s, Besides that, a similar behavior was observed

Table 4 Adhesion efficiency (1)

and relative growth (5) of the Particles ~ Suspension (A) Suspension (B) Suspension (C)
particles coated with the
suspensions n (%) GB 25 £ 02cC 93 £ 1bA 88 + 2bB
PB 50 + 3bC 92 + 1bA 70 + 1cB
PP 67 + 2aB 96 + 1laA 95 + laA
0 (Kgsolia kgﬁlpmiclc) GB 0.0011 £ 0.0002¢cC ~ 0.0095 + 0.0001bA  0.0060 £ 0.0002aB
PB 0.0023 + 0.0003bC  0.0094 + 0.0001bA  0.0048 + 0.0003bB
PP 0.0035 + 0.0003aC  0.0098 + 0.0001aA  0.0064 + 0.0003aB
Mass adhered (mggiq GB 0.66 = 0.02cC 4.77 £ 0.02aA 2.99 + 0.09bB
gilpanicle) PB 1.31 £ 0.01bC 471 + 0.02bA 2.38 £ 0.08¢cB
PP 1.76 £ 0.01aC 477 + 0.03aA 321 £0.10aB

Mean =+ standard deviation (n = 3). Different lowercase letters in same column indicate significant differences

(p <0.05). Different uppercase letters in same line indicate significant differences (p < 0.05)

GB, glass beads; PB, porcelain beads; PP, polyethylene pellets
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by Rocha et al. (2009). Another relevant factor is the presence
of chitosan that creates active sites, which can interact with the
particles in a stronger way. In addition, the solid concentration
in suspension (A) was lower than the other suspensions
(Table 1), so the film formed on the particles was thinner,
and the relative growth appears proportional to the suspension
solid concentration. This behavior regarding the significant
influence of solid concentration on particle growth is con-
firmed in other works in the literature (Souza et al. 2009;
Rocha et al. 2009). Thinner films are longer exposed to the
fluid, and due to the drying and the collisions between the
particles, film detachment may occur. The type of particle
used for bed coating had a significant influence on the process
efficiency. In general, it can be seen in Table 4 that the highest
values for coating efficiency were found when the polyethyl-
ene pellets were used for all suspensions under study. In ad-
dition, it can be noticed that suspension (B) stood out from the
others, maintaining efficiency values above 92% for all the
studied particles. In this way, it can be inferred that the pres-
ence of both polymers in the coating suspension contributed to
the stability in the process efficiency values.

The coating efficiency for porcelain beads (PB) was twice
that found for glass beads (GB) relative to suspension (A)
(Table 4). Although both particles have similar physical and
chemical characteristics, this difference may be associated
with the rough surface of the porcelain, while the surface of
the glass is smooth (according to SEM images in Fig. 6). The
superior result found for the polyethylene pellets (PP) may be
associated with a higher D /D; ratio, as it results in lower loss
of the suspension to the wall, in addition to a possible electric
charge formed on the surface of the PP. The effect of particle
type on efficiency was less pronounced when suspension (B)
was used. The PP had an efficiency slightly higher than that
found for the coating with GB and PB. The difference ob-
served may be associated with the behavior of the particles
within the bed. The PP occupied more space inside the bed
and its operational conditions were closer to the conventional
spouted bed (CSB), while for GB and PB, the conditions were
closer to the jet spouted bed (JSB).

The particle type had a significant influence on the coating
when suspension (C) was used. The values for the coating
efficiency followed the order PP > GB >PB. These results
may be associated with the presence of chitosan in the suspen-
sion, which interacts more strongly with the polyethylene par-
ticles, either by its electron-loaded surface or by its spherical
cap geometry, favoring the coating. On the other hand, the
particles of glass and porcelain present silica in their compo-
sition. According to Heise et al. (2018), the isoelectric point of
silica in water is at pH 1.6. At a higher pH, the zeta potential is
negative. They showed that the glass beads had a zeta poten-
tial of —41 mV in water and, in the presence of chitosan, the
zeta potential was around + 50 mV. However, as in glass there
are more tetrahedral units in the surface layer, the interaction

@ Springer

between silica and chitosan present in the suspension was
more effective in GB than in PB. Rocha et al. (2018) presented
coating efficiencies ranging from 40% to 93% using a spouted
bed. Jawad et al. (2017) performed the coating of glass plates
with modified chitosan to remove the reactive Orange 16 dye;
however, they found a lower percentage of immobilized chi-
tosan (= 1.25 mg cm 2). Vieira et al. (2018) demonstrated that
chitosan with degree of deacetylation 85% was better for the
glass beads coating and in bed adsorption performance for azo
dye, and the coating was performed by dip-coating technique,
obtaining 2.63 MEchitosan mgbeadsil~

The superior results presented by the PP can be associated
with the particle density because denser materials (GB and
PB) provide more vigorous collisions, leading to film
detachment.

In the present work, a plasticizer (polyethylene glycol) was
used, which may have favored the coating since its function is
to improve the flexibility of the polymers, penetrating in the
middle of the polymer chains and, thus, increasing the free
space between the chains (Zelko et al. 2002). Besides that,
Heindmaki et al. (1994) demonstrated that the water vapor
permeability of the films decreased with an increased molec-
ular weight of the polyethylene glycol when compared with
unplasticized control films. According to Mota (2013), poly-
ethylene glycol is hydrophilic and can leach from the films
creating porosity. Studies of drug release showed that com-
plete release was achieved due to the PEG leaching, which
created porosity and facilitated drug diffusion. Thus, the grade
1500 of the polyethylene glycol may favor the adsorption.

Adsorption in fixed bed column

The adsorption assays of the Brilliant Blue FCF food dye in
fixed bed were performed. This dye has their sulfonate groups
dissociated and converted into anions in acid pH (Tutunaru
et al. 2017). Thus, the interaction between chitosan and the
adsorbate may occur more efficiently at acid pH (Piccin et al.
2009). Popuri et al. (2009) reported that the chitosan function-
al groups (-NH,, —OH) remained intact after the PVC coating.

Several works have used chitosan-coated material as adsor-
bent, such as chitosan-coated attapulgite (Deng et al. 2012),
chitosan-coated bentonite beads (Calagui et al. 2014), and fly
ash coated by chitosan (Adamczuk and Kotodynska 2015).
The methodology used in these adsorbent preparations pre-
sented a step of mixing and/or contacting the material to be
coated with the chitosan, followed by a step of chitosan adhe-
sion to the material. The adhesion step was performed by
coagulation (chemical cure) or drying (physical cure). For
the chitosan coagulation, an alkaline solution was used. The
drying was carried out at temperatures ranging from 60 to
105 °C. Gama et al. (2018), using bead glass coated with
chitosan for the removal of copper in a fixed bed, found that
the highest removal rate occurred when the lower flow rates
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were applied to the initial concentration of 100 mg L™". In a
previous work using dip-coating technique (Vieira et al.
2014), it was observed that in the cure method for the glass
beads covered with a chitosan solution, the physicochemical
process positively influenced the adhesion of chitosan to the
glass surface. Thus, adsorption assays were carried out to
evaluate the cure method effect on the particles coated with
suspension (A), with only the polymer hydroxyethylcellulose.
The breakthrough curves are shown in Fig. 7. The release of
the film occurred in the GB and PB that did not undergo the
cure method, interfering with the concentration reading of the
samples. However, there was no influence on the PP, where it
was possible to adsorb with and without cure method. This
indicated that the interaction between PP and suspension was
different in relation to GB and PB. The values of the maxi-
mum capacity of the column, ¢, (mg g 1), were 2.46 £0.26
for PB, 3.85+0.32 for GB, and 2.59+0.12 for PP, all with
cure method. However, the g, value for PP without the cure
method was 3.77+0.26 mg g '. Although the presence of
hydroxyl groups (OH-) of the hydroxyethylcellulose may
have contributed to adsorption, the adsorption capacity was
low in this polymer; in addition, the materials were not porous
(SEM images in Fig. 6).

The breakthrough curves for dye adsorption onto the par-
ticles coated with suspensions (B) and (C) are shown in Figs. 8
and 9, respectively. It can be seen in Figs. 8 and 9 that the
breakthrough curves obtained do not follow a characteristic
profile “S” produced in ideal adsorption systems. The “S”
shaped profile is associated with adsorbents with small mo-
lecular diameters and simple structures, which are not true for
most dyes. However, the dye adsorption (at pH 3) showed
high values of maximum column capacity (q.), reaching
708 mg g ' for GB coated with suspension (B) and
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Fig. 7 Breakthrough curves for the adsorption of Brilliant Blue FCF, with
and without cure method, for suspension (A), at pH 3
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Fig. 8 Breakthrough curves for the adsorption of Brilliant Blue FCF for
particles coated with suspension (B), at pH 3

815 mg g ' for PP coated with suspension (C), as shown in
Table 5. For the particles coated with suspension (B), the best
adsorption capacity of the column was found for GB, follow-
ed by PP and PB. The polyethylene pellets (PP) presented a
value of ¢, slightly lower than that of the glass beads (GB);
however, the time to saturation was much lower for PP (about
30 h) compared to more than 100 h for GB. Opting for the
application of PP coated for adsorption results in great energy
savings, in addition to the fact that polyethylene is a cheaper
material than glass. For the particles coated with suspension
(C), the best adsorption capacity of the column was found for
PP, followed by GB and PB. This fact may be associated with
the mass of adsorbent (chitosan) present in the particles since
the mass of solids that adhered to the particles was 3.2 mg g~

10
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Fig. 9 Breakthrough curves for the adsorption of Brilliant Blue FCF for
particles coated with the suspension (C), at pH 3
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Table 5 Operation characteristics for the adsorption of Brilliant Blue FCF dye in the fixed bed column at pH 3
total (h) Veﬁ” (L) Maq (mg) Geq (mg g_l) Miotal (g) R (%) ZTM (Cm)

Suspension (B) GB 103.3 £ 0.5a 30.98+3.02a 914 + 12a 708 £ 26a 1.290 £+ 0.012a 29.5 £ 0.4b 9.96+£0.02

PB 49.8 + 0.7b 14.95+2.49b 376 + 4b 414 + 17¢ 0.480 + 0.012¢ 25.1 + 0.5¢ -

PP 29.0 + 0.3¢ 8.70+1.70¢ 331 + 3¢ 619 £ 21b 0.910 £ 0.010b 38.1 +0.5a -
Suspension (C) GB 61.3+0.7a 18.38+0.87* 581 + 12a 777 £ 12b 1.838 £ 0.012a 31.6 = 0.6a 9.95+0.56a

PB 24.3 + 0.6¢c 6.85+0.72¢ 214 + 8¢ 360 + 11¢ 0.685 £ 0.013¢ 31.3+0.5a -

PP 29.9 + 0.3b 8.98+0.82b 241 + 9b 815 + 9a 0.898 + 0.008b 26.9 + 0.5b -

Mean + standard deviation (n = 3). Different letters in the column for each suspension indicate significant differences (p < 0.05)

GB, glass beads; PB, porcelain beads; PP, polyethylene pellets

for PP, 3.0 mg gfl for GB, and 2.4 mg gfl for PB (Table 4). In
addition, GB and PP had the best adsorption capacity when
coated with suspension (C). This behavior can be attributed to
the fact that the effective mass of adsorbent was higher in this
suspension containing only chitosan, while in suspension (B),
there was also the presence of hydroxyethylcellulose, which
has a lower adsorption capacity.

To demonstrate the influence of pH, dye adsorption assays
with the particles coated with suspension (B) at pH 6 were
performed. The maximum column capacity values were 7.84
+1.34, 1.50+0.08, and 0.72+0.04 mg g ' for PP, PB, and
GB, respectively. These results confirm the literature data
about chitosan, and the increase in pH provides a reduction
in the number of protonated amine groups. The soluble—
insoluble transition of the chitosan occurs around a pH be-
tween 6 and 6.5 (Zargar et al. 2015; Cadaval et al. 2016;
Withers 2017), and the dye presents a neutral form at this
pH (German-Heins and Flury 2000), thus, there is no interac-
tion between the two. Salih and Ghosh (2018) performed the
Zn (II) adsorption in a bed fixed using diatomaceous earth
covered with chitosan through the drop-wise method. The
continuous adsorption studies showed a decrease of the

q.(mgg’)

breakthrough and exhausted times with the increase of the
solution flow rate. In addition, they demonstrated that the
pH point of zero charge was at pH 5.8 and that the positive
zeta potential at low pH was created by the protonation of
amine groups in chitosan. To evaluate the difference between
PP and GB, an adsorption assay was performed with the same
mass adhered (suspension (B)) to the PP, equivalent to the
10 cm occupied by the GB. Thus, the height occupied by
the PP was 24 cm. The maximum capacity of the column
was 862+28 mg g ', and this superior result is due to the
longer time that the dye interacted with the chitosan.

The adsorption showed for lower of C, values a strong
affinity of the adsorbent with the dye (Figs. 10 and 11).
However, the curves reached approximately a plateau at
higher C, values, indicating that the adsorbent surface was
saturated with the dye. The equilibrium curves were fitted
by Langmuir, Freundlich, and Temkin models. Table 6 shows
the equilibrium parameters for the dye adsorption onto coated
particles. The glass beads and polyethylene pellets showed a
similar behavior; however, the porcelain beads presented a
different behavior, and this can be observed by the values of
R?. In general, the Temkin model was the most adequate to
represent the equilibrium data due to the high values of the
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Fig. 10 Adsorption equilibrium isotherms and fitting Freundlich,
Langmuir, and Temkin models for particles coated with the suspension
B,atpH3
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Fig. 11 Adsorption equilibrium isotherms and fitting Freundlich,
Langmuir, and Temkin models for particles coated with the suspension
(C), at pH 3
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Table 6  Equilibrium parameters for the adsorption of Brilliant Blue FCF onto the particles coated with the suspensions (B) and (C)
Isotherm models B) ©
GB PP BP GB PP PB

Gom (experimental) 665+15 642+18 619+12 603+15 693 +12 578 +£16
Freundlich

Knmg g (L mg ™) 95.5 70.2 60.2 56.3 110.4 51.6

1/n 0.343 0.331 0.221 0.303 0.206 0.308

R? 0.9740 0.9549 0.9729 0.8153 0.9763 0.8917
ARE (%) 12.54 20.47 19.12 7.67 6.32 11.65
Langmuir

gmmg g 1) 565 559 538 498 620 488

K, (L mg " 0.311 0.456 0.322 0.521 0.234 0.401

R 0.8699 0.9573 0.9883 0.7894 0.9455 0.7317
ARE (%) 8.49 11.23 14.45 22.12 12.24 9.51
Temkin

KL mol ") 9.34 x 10 1.29 x 107 3.76 x 10* 423 x10° 732%10° 434x10°
bx10° 16.8 26.6 10.4 154 12.1 15.2

R’ 0.9560 0.9937 0.9926 0.8160 0.9868 0.8419
ARE (%) 11.63 8.42 9.33 12.77 11.54 12.28

Mean =+ standard deviation (n = 3)
GB, glass beads; PB, porcelain beads; PP, polyethylene pellets

coefficient determination and the low values of the average
relative error. The model assumes that heat of adsorption of all
molecules in the layer would decrease linearly rather than
logarithmic with coverage; however, the model does not offer
information on maximum adsorption capacity. The values of
¢, of the Langmuir model approximated the values obtained
experimentally. In the Freundlich model, the smaller expo-
nents mean that sorbents are bound with weaker and weaker
free energies (Prakash et al. 2012b). The smallest exponent
was found for polyethylene pellets, and the glass beads and
porcelain beads showed similar values.

Conclusions

The particles of porcelain (PB), glass (GB), and polyethylene
(PP) were coated in spouted bed with suspensions containing
the polymers hydroxyethylcellulose (suspension (A)),
hydroxyethylcellulose and chitosan (suspension (B)), and chi-
tosan (suspension (C)). The spouted bed was composed by
glass cones with enclosed angles of 60°, a height of 0.150 m,
and inlet and outlet diameters of 0.029 m. In the middle part,
there was a cylinder with a height of 0.150 m and a diameter of
0.175 m. Suspension (A) showed low values of efficiency. In
contrast, suspension (B) presented the best results of process
efficiency with values of 92%, 93%, and 96% for PB, GB, and
PP, respectively. For suspension (C), the PP have maintained
their efficiency around 95%. Through analysis of XRD and

FT-IR, films (B) and (C) were characterized and evidenced
the presence of chitosan. For the static adsorption assays in
general, the Temkin model was the most suitable to represent
the equilibrium data. The values of ¢, of the Langmuir model
were close to the experimental values. The spouted bed tech-
nique proved to be feasible for the coating of different particle
types, and the polyethylene pellets showed a high coating per-
centage. The best results for the food dye Brilliant Blue FCF
adsorption in the fixed bed column with coated particles were
obtained at pH 3, using glass beads (GB) and polyethylene
pellets (PP) coated with chitosan suspension (C), reaching ad-
sorption capacities of the column of 777 mg g ' and
815 mg g ', respectively. These results are promising since
the polyethylene presents a lower cost, besides the possibility
to extend its application in dye adsorption area.
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