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Abstract
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Modelado
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en from
biorreactores
lodos deat hidrocarburos
totales
del petróleo
Modified Chitosan was
used
for the de
removal
of red dye 40
aqueousde
solutions
a pH of 5.0. The
adsorption
was carried
in fixed-bed columns packed with beads of Alginate-Chitosan Sulfate (Alg-ChS) hydrogels. Two columns of 13 and 33 cm of
intemperizados
en suelos
sedimentos
height and two feed rates (20
and 40 mL/h)
were yused.
The pH of the dye solutions at the exit of the columns was much higher
than the one registered at (Biodegradation
the entrance which
can
be
explained
by protons transfer from the aqueous solution to the amino and
modeling of sludge bioreactors of total petroleum hydrocarbons weathering in soil
hydroxyl groups of the Alg-ChS and to the carboxilate groups of the alginate. The increase in pH favored the removal of the dye.
and
sediments)
The breakthrough time and
the
amount of dye removed decreased when the flow rate was increased. Greater dye removal was
S.A. Medina-Moreno,
S. Huerta-Ochoa,
C.A.time,
Lucho-Constantino,
L. Aguilera-Vázquez,
A. Jiménez- amounts
achieved when the higher column
was used. After
the breakthrough
the columns continued
to remove appreciable
of dye and even after 50 hours
of
operation,
the
columns
did
not
reach
saturation.
González y M. Gutiérrez-Rojas
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Resumen
(Growth,
survival
and adaptation
of Bifidobacterium
infantis to acidic
conditions)
Se utilizó quitosano modificado
para
la remoción
del colorante
rojo 40 de soluciones
acuosas
con un pH de 5.0. La adsorción se
llevó a cabo utilizando dosL.columnas
de
lecho
fijo
rellenas
con
perlas
de
hidrogeles
de
Alginato-Sulfato
de Quitosano
(Alg-ChS).
Mayorga-Reyes, P. Bustamante-Camilo, A. Gutiérrez-Nava, E. Barranco-Florido
y A. AzaolaSe utilizaron dos columnasEspinosa
con alturas de 13 y 33 cm, y dos velocidades de alimentación (20 y 40 mL/h). El pH de las soluciones
de colorante a la salida de las columnas era mucho más alto que el de la entrada, lo que puede explicarse por la transferencia de
265 Statistical
approach
optimization
of ethanol
fermentation
by Saccharomyces
in the
protones desde la solución
acuosa a los
grupostoamino
e hidroxilo
del Alg-ChS
y a los grupos
carboxilato cerevisiae
del alginato.
El aumento
del pH fue favorable parapresence
la remoción
del
colorante.
El
tiempo
de
ruptura
y
la
cantidad
de
colorante
eliminado
disminuyeron
of Valfor® zeolite NaA
cuando se incrementó el flujo. Se logró una mayor remoción de colorante cuando se utilizó la columna más alta. Después del
tiempo de ruptura, las columnas
continuaron
eliminando
cantidadesetanólica
apreciables
de colorante ecerevisiae
incluso después
de 50
(Optimización
estadística
de la fermentación
de Saccharomyces
en presencia
de horas de
funcionamiento, no se saturaron
las
columnas.
zeolita Valfor® zeolite NaA)
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Introduction

generated wastewaters is necessary. One option for the
treatment
to use activated
carbon
which en
is a quite
271 Localización de una planta industrial: Revisión
crítica yisadecuación
de los criterios
empleados
efficient adsorbent; however, its use in water treatment
esta decisión
is not usual because of its high cost, that is why
(Plant site selection: Critical review and adequation criteria used in this decision)
other effective and lower cost adsorbents are sought
Water pollution caused by factories discharging large
Medina, R.L.
Romero (textiles,
y G.A. Pérez
(Bhatnagar & Sillanpää, 2009). Low-cost adsorbents
volumes of wastewater J.R.
containing
colorants
include alginate and chitosan biopolymers. Alginate is
food, paper, plastics, among others) is a significant
a low-cost biopolymer that has been used to remove
problem (Crini & Badot, 2008; Torres-Segundo et al.,
basic dyes from water (Jeon et al., 2008). Chitosan
2019; Márquez-Rámirez & Michtchenco, 2019). Even
(Ch) is a chitin derivative that removes acid dyes from
though these effluents contain small amounts of dye
water (Crini & Badot, 2008; Dotto et al., 2012; López(less than 10 mg/L), they cause water coloring (No
Cervantes et al., 2018; Piccin et al., 2011).
& Meyers, 2005). Because of the ecological problem
produced by these pollutants, the treatment of the
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It has been reported that alginate-chitosan
hydrogels have been used for the treatment of
wastewater containing metal ions or dyes (Qin et al.,
2007; Verduzco-Navarro et al., 2016; Gotoh et al.,
2004; Vijaya et al., 2008; Ríos-Donato et al., 2018;
Pérez-Escobedo, et al., 2016).
However, Ch shows solubility if the pH is less
than 6.0, which prevents its use for the removal of
dyes from aqueous solutions with acidic pH (Rinaudo,
2006). Therefore, to be able to use the Ch at low pH, it
has been reported that it has been chemically modified
(e.g. crosslinking, grafting or sulfation) (Flores-Alamo
et al., 2015; Jayakumar et al., 2007; Kyzas & Bikiaris,
2015; Zhou et al., 2014). One of the modifications
of Ch that allows its use in acid pH is its partial
sulfation (ChS). This ChS has been used to remove
dyes or metal ions from acidic aqueous solutions in
batch systems (Ríos-Donato et al., 2013; Rios-Donato
et al., 2017; Verduzco-Navarro et al., 2016; Balleño et
al., 2016).
Nevertheless, despite the high number of reports
of adsorption for dyes using chitosan in batch studies,
it is difficult to establish clear trends in their ability to
adsorb dyes due to the variability of published results.
One of the main factors affecting this variability is that
most batch experiments have not taken into account
the change in pH of the solution when it comes
into contact with Ch (Crini & Badot, 2008; Rinaudo,
2006). Only in a few studies, the pH change of the
dye solution during the adsorption process has been
mentioned. For example, for the removal of Acid
Green 25 from aqueous solution using Ch, Gibbs et
al. (2003), reported that the use of Ch as an adsorbent
caused the pH of the solution to increase.
Sakkayawong et al. (2005) reported for the
adsorption of Reactive Red (RR141) by Ch, that the
initial pH of the dye solutions (2.0-5.0) increased to
8.0-8.5 at the end of the batch experiments. Some
strategies have been used to keep the pH constant;
Gibbs et al. (2003) maintained the pH of the solution
constant by the micro addition of 1 M sulphuric
acid or 1 M sodium hydroxide, or alternatively by
doing pre-conditioning of the Ch by immersing it in
a sulphuric acid solution at a pH of 3.0 previously
to the adsorption process. Chatterjee et al. (2005)
proposed the conditioning of the chitosan beads with
ammonium sulfate to reduce the pH sensitivity of
the process. The pH can also be kept constant using
a buffer solution (Chiou et al., 2004; Piccin et al.,
2011). These strategies are useful for adsorption in
batch systems. However, the removal of contaminants
from water by batch processes is limited to small
1402

volumes of effluent, while fixed-bed column systems
offer high removal efficiency for large volumes of
contaminated water (Aksu, Çağatay, & Gönen, 2007;
López-Cervantes et al., 2018; Patel, 2019). In a batch
system, the concentration of the dye decreases with
time; however, at the end of the process, it cannot
be lower than that of the equilibrium. In a fixed-bed
column system, the concentration of the dye entering
the column is constant, so the concentration gradient
is maximized at all times, resulting in that for a long
time the concentration of the dye in the effluent may
be zero or very small (purification period) and with
that a higher removal capacity of the solute is obtained
(Acheampong et al., 2012; Cussler, 2009; McKay,
2007; Patel, 2019).
In this work, the ChS was dispersed into calcium
alginate hydrogel beads (Alg-ChS), and the beads
were used to pack the glass columns. The packed
columns were used to remove Red Dye 40 from
aqueous acidic solutions. The effect of initial dye
concentration, flow rate, and the increase in pH of
the dye solution at the exit of the column on the
efficiency of the columns is reported. To the best of
our knowledge, the use of Alg-ChS beads to remove
the Red Dye 40 using fixed-bed columns, and the
modification of the pH of the dye solution as it passes
through the column has not yet been reported in the
literature.

2

2.1

Materials and methods
Materials

Chitosan food grade (Ch) with a degree of
deacetylation of 90% was from América Alimentos
S.A. de C.V (Mexico). Acetic acid (Fermont, Mexico),
Dimethylformamide (Flucka, USA), Chlorosulfonic
acid (Sigma-Aldrich, USA) and methanol (Fermont,
Mexico) were used as received. Chitosan sulfate (ChS)
(Figure 1) was synthesized following the procedure
reported by Ríos Donato et al. (2017).

Fig. 1. Structure of the chitosan sulfate.
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2.2

Methods

2.2.1

Preparation and characterization of the AlgChS beads

Since ChS was obtained in powder form, it could
not be used to pack the columns, because it would
cause a high drop in hydrodynamic pressure or
obstruction of the column (Vieira et al., 2014), then
the ChS was dispersed into calcium alginate hydrogel
beads (Alg-ChS) and used to fill the columns. In
a flask, an aqueous solution of sodium alginate
(1.5% w/w) was mixed with ChS powder (diameter
less than 75 microns) under constant agitation to
obtain a suspension. The flask was connected to the
encapsulating equipment, and the beads were obtained
by passing the suspension through a 1000 µm diameter
nozzle at a pressure of 250 mBar and a frequency of
600 Hz. The beads were collected in a 0.1 M aqueous
solution of CaCl2 and left there for 6 hours. Then, the
beads were washed, immersed in bidistilled water and
stored under refrigeration.
The morphology and surface area of the AlgChS beads were observed in a Hitachi TM 1000
scanning electron microscope. The average diameter
of the beads was determined by measuring 100
beads using a Veriko Digital Neiko caliper. The
concentration of ChS in the Alg-ChS hydrogels was
determined by gravimetry following the procedure
reported by Verduzco-Navarro et al. (2016), and the
concentration of calcium alginate was determined
using the methodology described by Ríos-Donato et
al. (2018).

The pH was adjusted to 5.0 using solutions of
0.1 M HCl. A volume of 10 mL of the dye solution
and 1.74 g of Alg-ChS hydrogel beads, was added
to a 15 mL centrifuge vial. Then the tubes were
placed in a Thermoshaker (MCR, AccesoLab) at 25 ºC
under continuous agitation (75 RPM) until equilibrium
was reached (24 h). The solution was separated by
decantation, the pH was measured, and the amount
of dye remaining was determined by UV-visible
spectrophotometry at the wavelength of 500 nm. The
amount of dye adsorbed by unit of weight (qe ) was
calculated with equation 1.
(C0 − Ce )V
(1)
m
where m is the mass of ChS, C0 is the initial
concentration of the dye, Ce is the concentration
at equilibrium, and V is the volume of the dye
solution. Each run was carried out by triplicate, and
the average value is reported. The data obtained from
the isotherms at equilibrium were adjusted to the
Langmuir model (equation 2)(Crini & Badot, 2008):
qe =

Ce Ce
1
=
+
qe qm qm KL

(2)

where qm is the maximum adsorption capacity (mg/g)
and KL is the Langmuir constant (L/mg). qe and Ce
are determined from the slope and intercept of the
straight line obtained by plotting (Ce /qe ) vs. Ce . The
Freundlich model (equation 3) (Crini & Badot, 2008)
was also used to fit the data:
1
logCe
(3)
n
where the Freundlich constant KF is an adjustment
parameter and 1/n is the intensity of the adsorption
interaction (Dada et al., 2012).
log qe = log KF +

2.2.2

Adsorption equilibrium

Aqueous solutions with different concentrations of
Red Dye 40 (Figure 2) were prepared. The molecular
structure of Red Dye 40 is shown in Figure 2.

2.2.3

Fig. 2. Red Dye 40 chemical structure.

Fixed-bed columns

For the dye removal two glass columns with an
internal diameter of 1.8 cm and bed height of 13 or
33 cm, filled with 18 and 45 g of Alg-ChS hydrogel
beads respectively, were used. A dye solution with
a predetermined concentration and a pH 5.0 was fed
through the bottom of the column with the desired
flow rate using a peristaltic pump. Samples were taken
at the exit of the column at different time intervals,
and its concentration was measured using a visible
light spectrophotometer (UNICO Model 1000) at a
wavelength of 500 nm. First, calibration curves of Red
40 solutions at different pH’s and at the wavelength of
www.rmiq.org
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500 nm were obtained. The adsorption capacity (qi ) of
the column at time i was determined with equation (4):

qi =


R t=t 
QC0 t=0 i 1 − CC0i dt
m

(4)

where m corresponds to the mass of adsorbent, Q to
the flow rate, C0 is the concentration of Red Dye 40 at
the entrance of the column, Ci is the concentration of
Red Dye 40 at the exit of the column and t represents
the time.

3

3.1

Results and discussion
Beads characterization

The Alg-ChS hydrogel beads had quasi-spherical
shape with an irregular surface and an average
diameter of 2.09 ± 0.24 mm (Figure 3a); the ChS
particles immersed in the bead can be observed in
the amplified image (Figure 3b). Gravimetric analysis
showed that the hydrogels contained by weight 3.0%
alginate, 0.7% ChS and 96.3% water. The obtained
percentage of ChS in the beads was limited by
interaction of the protonated amine groups of ChS
with their sulfate groups(Agulló et al., 2004) and
with the alginate carboxylate groups, causing ChS
agglomeration(Qin et al., 2007). If the percentage
of ChS increased, larger agglomerates formed that
obstructed the nozzle of the encapsulator equipment.
By potentiometric titration, it was found that the ChS
contains 83.2% of protonatable amino groups and that
its pka’s values were 5.67 and 8.0.

3.2

Adsorption equilibrium

Dye adsorption batch experiments were carried out at
25 °C. Table 1, shows the initial pH, the initial dye
concentration (C0 ), the binding capacity of ChS at
equilibrium (qe ), the dye concentration at equilibrium
(Ce ), and the final pH. In this Table, it can be observed
that the pH at the end of the experiments was much
higher (5.9-6.8) than the initial one (5.0). The increase
in pH can be explained by proton transfer from the
solution to the amino and carboxylate groups (Fourest
et al., 1996). An important factor in the adsorption
mechanism is the pH as it affects the surface of the
adsorbent and the degree of ionization of the material
in the dissolution (Igberase, Osifo, & Ofomaja, 2014).
The following reactions show the protonation of
the amino groups that cause the increase in the pH of
the solution, and the mechanism of dye adsorption by
the amino groups:
−CH−NH2 + H3 O  −CH−NH3+ + H2 O

−CH−NH3+ + Dye−SO3−  −CH−NH3+ −O3 S−Dye
(6)
where −CH represents the surface of the ChS, and
O3 S-Dye− the Red Dye 40.
Table 1 shows that the initial concentration of the
dye also affects the pH of the final solution due to that
some of dye is being protonated (Fourest & Volesky,
1996).
Because alginate does not adsorb acid dyes, the
Red Dye 40 was removed only by ChS. It has been
reported that alginate hydrogels did not remove the
acid dye methyl orange from water solutions (Jeon et
al., 2008).

a)

b)

Fig. 3. SEM micrographs of an Alg-ChS hydrogel bead: a) 50x. b)150x.
1404

(5)
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Table 1. Red Dye 40 adsorption onto Alg-ChS at equilibrium at 25 °C and initial pH = 5.0.
C0 (mg/L)

Ce (mg/L)

qe (mg/g SQ)

pHe

20
98
200
225
235
300
390
490

0
0.26
7.72
17.13
20
45.6
110.1
178

14.5
70.3
138.4
149.3
154.5
182.8
199.8
224.1

5.9
6.2
6.6
6.6
6.7
6.8
6.8
6.8

Table 2. Isotherm constants of the Langmuir and Freundlich models for adsorption of Red Dye 40.
qm (mg/g)

Langmuir
KL (L/mg)

227

0.139

R2

Freundlich
KF (mg1−1/n L1/n /g
n

0.994

91.2

5.7

R2
0.992

a correlation coefficient of 0.9942, and with the
Freundlich model, the correlation coefficient of
the straight line was 0.9927. Then, the adsorption
isotherm was described more precisely with the
Langmuir model. Table 2 shows the isothermal
constants of the Langmuir and Freundlich models.
Figure 4 shows that that the amount of dye
adsorbed by ChS at equilibrium (qe ) increases with
increasing initial dye concentration (C0 ) and levels off
around qe = 230 mg/g, and that the Langmuir model
fits the experimental data closely.

3.3

Fig. 4. Adsorption equilibria of Red Dye 40 at 25 °C
and initial pH = 5.0.

Columns’ behavior

In Table 3, for the adsorption of Red Dye 40
using columns packed with Alg-Chs hydrogel, the
following results are reported: breakthrough time (tb ),
the adsorbed dye by the ChS (mg/g of ChS) at the
breakthrough time (qb ), at 50 hours (q50 ) and at 450
hours (q450 ). When the concentration at the exit of the
column was 10% of the concentration of the incoming
solution, it was considered that the breakthrough time
(qb ) had been reached.

Verduzco-Navarro et al. (2016) reported that there
was negligible sorption of the acid Red Dye 40
in batch experiments using alginate hidrogel beads.
The experimental equilibrium adsorption data (Table
1) were adjusted using Langmuir and Freundich’s
models. By fitting the equilibrium data with the
Langmuir model, a straight line was obtained with

Table 3. Adsorption of Red Dye 40 by columns packed with Alg-ChS hydrogel.
Test
pHinput
C0 (mg/L)
Flow rate (mL/h)
Column height (cm)
mhydrogel (g)
tb (h)
qb (mg/g ChS)
q50 (mg/g ChS)
q450 (mg/g ChS)

1

2

3

4

5
20
20
33
45
1.8
2.24
31.6
128

5
20
40
33
45
0.5
1.14
23.4

5
20
20
13
18
0.3
0.92
25.6
129

5
20
40
13
18
0.1
0.42
14.7
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3.4

Flow effect

Aqueous solutions of Red Dye 40 at pH 5.0 and
concentration of 20 mg/L were fed to the 13 and
33 cm height columns packed with 18 g and 45 g of
Alg-ChS hydrogel beads respectively. Adsorption tests
were performed using flow rates of 20 and 40 mL/h.
Table 3 shows that the breakthrough time decreases
approximately three times as much when the flow
rate is increased to 40 mL/h and that the amount
of adsorbed dye (qb and q50 ) also decreases. These
results can be explained because although there is
more colorant that pass through the column in each
time the residence time of the solution in the column
is reduced; in that way, the dye has less opportunity to
interact with the adsorbent (Súarez et al., 2019).
Figure 5 shows that when the flow decreases,
the breakthrough curves shifted to longer times and
become less steep. These behaviors can be explained
by the lower amount of dye passing through the
column at any given time, leading to lower mass
transfer rate (Futalan et al., 2011; López-Cervantes
et al., 2018; Zou et al., 2013; Súarez-Vazquez et al.,
2019). In this Figure, it is not observed the typical
sigmoidal curve obtained in adsorption processes
using fixed-bed columns, where after the breakthrough
time, the outlet concentration increases fast, and in
a relatively short time the column saturates (AlRemawi, 2012; Cussler, 2009). In this work, after
the breakthrough time, the concentration of dye at
the exit of the column increases rapidly, then it
becomes relatively constant for a certain time and
then it increases again; when the test was interrupted,
the columns had not yet reached saturation which is
confirmed by Table 1, because for a value of Ce of
20 mg/L, the adsorption capacity at equilibrium (qe ) is
close to 155 mg/g ChS, which is a value higher than
that obtained at 450 hours (128-129 mg/g ChS). The
slow approach to saturation is due to the dye having to
pass through the hydrogel to reach the ChS particles,
which makes the mass transfer rate of the dye slow. It
has been reported that asymmetric sigmoidal curves
with a slow approach to saturation may be due to
mass transfer limited by diffusion (Pires-Cruz et al.,
2019; Tovar-Gómez et al., 2013). Breakthrough curves
obtained with a flow rate of 40 mL/h seem to approach
saturation more quickly than curves obtained with a
flow rate of 20 mL/h. At a high flow rate, the time for
the dye to contact the adsorbent is not sufficient for the
system to reach equilibrium before the solution leaves
the column (Chakraborty et al., 2013).
1406

Fig. 5. Breakthrough curves for the Red Dye 40
adsorption onto Alg-ChS beads, dye concentration
20 mg/L, pH= 5.0; flow rate: • 20 mL/h; 40 mL/.
Column height a) 13 cm; b) 33 cm.
Figure 6 shows that the solution leaves the column
at a much higher pH than the incoming solution,
and as the dye solution continues to pass through
the column, the pH of the output solution decreases.
However, even at the end of the experiments the pH
value remains much higher than that of the input
solution indicating that column saturation has not been
reached. The increase in pH is due to the continuous
transfer of protons from the solution to the amino and
carboxylate groups of the adsorbent. Similar results
were obtained in all the experiments. The adsorption
of the dye is favored by the pH increase since more
amino groups become positively charged (Kyzas et
al., 2010) and can interact electrostatically with the
sulfonate groups of the dye (Crini & Badot, 2008).
Due to the proton transfer from the incoming solution
to the amino groups, new active sites are continuously
being generated, which can explain the anomalous
behavior of the breakthrough curves. Mesquita et al.
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(2108) reported curves similar to those obtained here
in the removal of organic refractory materials using a
fixed bed filled with bone char; after the breakthrough
time, the output concentration increased rapidly, it
then stabilized for a while and then it increased again;
this behavior was attributed to the appearance of new
active sites.

3.5

Effect of column height

Aqueous solutions of Red Dye 40 at pH 5.0 and a
concentration of 20 mg/L were fed to 13 and 33 cm
high columns filled with Alg-ChS hydrogel beads.
Flow rates of 20 and 40 mL/h were used. In Table
3 it can be noticed that by raising the column height
the breakthrough time and the values of qb and q50
increased because of the larger amount of active
groups which are the cause of the removal (Chen et
al., 2012; Saadi et al., 2015; Che-Galicia et al., 2014).
In Figure 7 it can be observed that when increasing
the length of the column, independently of the flow,
the breakthrough time shifts to longer times and the
breakthrough curve becomes less steep. It has been
reported a similar behavior of breakthrough curves
when increasing column length on the adsorption
of crystal violet using bone char (Pires-Cruz et
al., 2019) and on the adsorption of an azo dye
on chitosan impregnated with a cationic surfactant
(Rouf & Nagapadma, 2015). Rupture curves obtained
with the shortest column appear to approximate
saturation more rapidly than those obtained with the
higher column due to fewer active sites and more
axial dispersion, resulting in insufficient time for the
adsorbate to be totally removed (Futalan et al., 2011).

Fig. 6. pH of the output solution as a function of
time. Column height of 13 cm, flow rate 20 mL/h, dye
concentration 20 mg/L and input solution pH 5.0.

Fig. 7. Breakthrough curves for the Red Dye 40
adsorption onto Alg-ChS beads, dye concentration
20 mg/L, pH 5.0, column height, • 33 cm; N 13 cm.
Flow rate a) 20 mL/h; b) 40 mL/h

Conclusions
Alg-ChS hydrogels were prepared and used in fixedbed columns for the removal of Red Dye 40 from
acidic aqueous solutions, obtaining good efficiency
and high dye removal capacity. The typical sigmoidal
curve that is obtained in adsorption processes using
fixed-bed columns was not obtained here. After the
breakthrough time, the columns continued removing
appreciable amounts of dye and even after 450 hours
of operation the columns did not reach saturation.
The pH of the dye solutions at the exit of the
columns was much higher than that of the entry due
to the continuous transfer of protons from the aqueous
solution to the amino and carboxylate groups; the
protonation of these groups was favorable for the
removal of the dye. As the flow increased, the amount
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of dye removed decreased. Greater dye removal was
obtained by increasing the column height. It was
concluded that fixed bed columns packed with alginate
hydrogels and chitosan sulfate could be used for the
removal of Dye Red 40 from acidic aqueous solutions.

Acknowledgements
This research was supported by a grant from
the Consejo Nacional de Ciencia y Tecnología,
CONACYT, (CB-2014-1-241108). One author
(I.P.V.N) acknowledges the scholarship from
CONACyT.

References
Acheampong, M., Pakshirajan, K., Annachhatre,
A., & Lens, P. N. L. (2012). Removal
of Cu(II) by biosorption onto coconut shell
in fixed-bed column systems. Journal of
Industrial and Engineering Chemistry 19.
https://doi.org/10.1016/j.jiec.2012.10.029
Agulló, E., Mato, R., Peniche, C., Tapia, C.,
Heras, A., & San Roman, J. (2004). Quitina
y quitosano: obtención, caracterización y
aplicaciones. In: Fuentes y Procesos de
Obtención.
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