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Chitosan-coated sand and its application in a fixed-bed column
to remove dyes in simple, binary, and real systems
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Abstract
Adsorption of tartrazine yellow food dye, in a fixed-bed column, was carried out using a single system, a binary system (in the
presence of sunset yellow food dye), and in a real effluent provides from an ice cream industry. Chitosan was used to coat sand
particles by the dip-coating technique, and these particles were applied in fixed-bed adsorption. The assays were performed in
flow rates of 3 mL min−1 and 5 mL min−1. The best performance was reached at 3 mL min−1. In this flow rate, for single and
binary systems, the breakthrough time was 95 min and 65min, and the maximum capacity of the column was around 595 mg g−1

and 497 mg g−1, respectively. In the assay conducted with the real effluent, the breakthrough time was 10 min, and the maximum
adsorption capacity of the column was reduced to 191 mg g−1 for tartrazine dye. The dynamic models of Thomas and Yoon-
Nelson were used, and both were suitable to represent the breakthrough curves.
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Introduction

Industrial processes develop a large amount of products,
and in parallel, generating effluents, causing problems to
human health and environmental. Between the different
contaminants, dyes stand out due to the quantity pro-
duced and its recalcitrant characteristics. Many treat-
ments for dye removal from wastewaters are available,
such as chemical oxidation, reduction, membrane separa-
tion, and photodegradation. However, the majority of
these techniques shows problems, such as complex and
costly maintenance and operation. Thus, adsorption
stands out due to its simplicity and low-cost operation
(Yagub et al. 2014; Hassan and Carr 2018; Marques
et al. 2018; Alves et al. 2019; Ye et al. 2017, 2019a,
b, 2020). Batch adsorption is not ideal for industrial pro-
cesses, due to the separation problems between adsorbent

and adsorbate and by the difficulty to treat large liquids
volumes. Thus, fixed bed emerges as an alternative, by
its ability to treat large effluent volumes continuously
(Gong et al. 2015; Brion-Roby et al. 2018).

Chitosan is a bioproduct that can be obtained from
crustacean shells. The primary amines, present in the chi-
tosan structure, can be protonated in acid medium, creat-
ing a cationic aspect and conferring high adsorption ca-
pacity for the anionic molecules (Auta and Hameed 2014;
Gonçalves et al. 2018; Marques Jr. et al. 2018; Farias
et al. 2019; Affonso et al. 2020). Anionic dyes have acid-
ic groups, such as, SO3H and COOH, which established
bonds between protonated –NH3

+ group of chitosan and
acid group of dye. Usually, chitosan presents particulates
with very small diameters, causing the bed obstruction.
Thus, it is necessary to change the chitosan, and a manner
is the production of chitosan beads, which consists of
dripping chitosan diluted in an alkaline solution.
However, the chitosan beads have a poor mechanical
strength and dissolve in acidic medium, so they cannot
be used with anionic dyes (Kim et al. 2012). The coating
of inert particles with chitosan enables its use in fixed
beds and in a wide pH range (Pal et al. 2013; Vieira
et al. 2014; Vieira et al. 2019). Sand is a good material
to be coated with chitosan due to the abundance of
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anionic silicate groups, such as SiO4
4−, which can interact

with the protonated groups of chitosan (Putnis 1995). In
this way, sand coated with chitosan can be a great adsor-
bent for a fixed bed to treat effluents with dyes. The
chitosan coating on different materials has been reported
by several works as a promising adsorbent, such as ben-
tonite beads coated with chitosan used in the indium ion
removal (Calagui et al. 2014); cellulose microfibers coat-
ed by chitosan/titanium oxide nanocomposite (Tahseen
et al. 2016); glass plate coated by cross-linked chitosan/
epichlorohydrine employed for dye removal from waste-
water in batch systems (Jawad et al. 2017); bentonite,
sand, and kaolinite coated with chitosan employed in cop-
per Cu(II) removal (Futalan et al. 2019); and glass beads,
porcelain beads, and polyethylene pellets coated by chito-
san used in dyes removal from aqueous solutions in fixed-
bed systems (Vieira et al. 2014; Pinheiro et al. 2019).

Commonly, food industries use more than one dye at the
same time in their formulation. Consequently, the wastewaters
present different dyes, and the development of studies apply-
ing matrix effects in the system is important. Thus, the aim of
this work was to study the adsorption of tartrazine yellow food
dye in a single system, in binary systems (in the presence of
sunset yellow food dye), and in a real effluent from an ice
cream production industry, using sand coated with chitosan
in a fixed-bed column. The effect of flow rate on the break-
through curves was investigated, and Thomas and Yoon-
Nelson models were fitted to the experimental data.

Material and methods

Material

Sand (particle size of 1.00 mm, sphericity of 0.75, and density
of 2150 kg m−3) was purchased in local commerce in the city
of Rio Grande, Brazil. Chitosan (molecular weight of 147 ±
5 kDa, deacetylation degree of 85 ± 1%, and mean diameter of
72 ± 3 μm) was obtained from shrimp wastes (Penaeus
brasiliensis) according to Weska et al. (2007).

Tartrazine yellow dye (C16H9N4Na3O9S2, FD&C yellow
5, color index 19,140, molecular weight 534.4 g mol−1, λ
425 nm, dye content of 90.0%) and sunset yellow dye
(C16H10N2Na2O7S2, FD&C yellow 6, color index 15,985,
molecular weight 452.4 g mol−1, λ 480 nm, dye content of
90.0%) were supplied by Duas Rodas Ind. (Brazil). Acetic
acid (CH3COOH) was purchased from the Qhemis company
(Brazil) with a minimum content of 99.7%, and sodium hy-
droxide (NaOH) was purchased from the Sigma-Aldrich com-
pany (Brazil) with a minimum content of 99.0%. The real
effluent was obtained from an ice cream local industry in the
city of Rio Grande, Brazil, and presented pH of 3.0 and con-
centration of 89.5 mg L−1 of tartrazine dye and of 17.1 mg L−1

of sunset dye. The matrix of the effluent was composed of
sugars, flavorings, stabilizers, thickeners, and emulsifiers.

Preparation and characterization of sand coated with
chitosan

The sequential steps of cleaning, coating application, and cure
were used in the sand coating. Firstly, the cleaning was realized
by immersion of 100 g of sand in 100mL of acetic acid 3% (v/v)
at room temperature (25 ± 2 °C) for 6 h. After, the sand was
separated from the solution by filtration and dried at temperature
of 50 ± 2 °C for 24 h. The dip-coating technique was used to coat
the sand. In this procedure, 100 g of sand was immersed in
100 mL of chitosan solution (0.5 g of chitosan in 100 mL of
acetic acid 3% (v/v)), for 12 h at room temperature (25 ± 2 °C).
The sand coated was filtered, and the physicochemical cure
method was used. In this step, the coated sand was immersed
in 1.0% NaOH solution, for 4 h, for chitosan coagulation.
Subsequently, it was washed with distilled water until neutral
pH; afterward, the sand was dried. Some additional care was
taken during the physical curing step (drying). The sand coated
with chitosan was dried at 50 °C for 24 h, in trays 30-cm length
and 22-cm width. In this way, a large sand surface area coated
with chitosan was exposed, contributing to the drying process.
To ensure the results, moisture content tests to constant weight
were performed, only with sand and with sand coated with chi-
tosan. Thus, it was possible to verify the chitosan mass present
(adhered) in each gram of sand. To determine the chitosan mass
adhered, the coated sandwasweighed after the coating procedure
in an analytical balance (Marte, model AY220, Brazil). The coat-
ing assays were carried out in three replicates (n= 3).

The chitosan mass coated by sand initial mass (C) was
given by a relation between the coated sand mass, mCS (g),
and the sand initial mass, mS (g), according to Eq. (1). This
value was used to assist in determination of the mass of ad-
sorbent contained in the adsorption column:

C ¼ mCS−ms

ms
ð1Þ

In addition, the chitosan mass adhered on sand was deter-
mined by two more methods: by moisture content test on
samples of sand and sand coated with chitosan, according to
the methodology described by AOAC (1995), and by deter-
mination of chitosan concentration in the coating solution re-
maining, through methodology adapted from Muzzarelli
(1998), according to previous work (Vieira et al. 2014).

The textural characteristics of sand, before and after coat-
ing with chitosan, were observed by scanning electronmicros-
copy (MEV) (JEOL, model JSM 6610LV, Japan), and the
elemental composition was obtained by dispersive energy
spectroscopy (EDS) (JEOL, model JSM–5800, Japan).
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Application of coated sands in fixed-bed adsorption

The coated sand was applied for adsorption in fixed-bed
column. For the adsorption experiments, an acrylic column
(internal diameter of 3.4 cm and height of 30.0 cm) was
used, which was packed with 130 g of coated sand, corre-
sponding to a height of 10 cm, coupled to a peristaltic
pump (MasterFlex, model number 07553-75, Canada).
Glass beads with an average diameter of 1 mm were used
for the base of the column. Before the experiments, it was
evaluated the interaction of the support material (sand
grains) with the dyes in solution. It was observed that the
sand grains did not adsorb the dyes in a quantity able to be
detected in the spectroscopy analysis. The experiments
were performed in single and binary systems and, also,
using the real effluent from ice cream industry. The single
system initial concentration was 90.0 mg L−1 of tartrazine
yellow dye, and the binary system initial concentrations
were 90.0 mg L−1 of tar t razine yel low dye and
20.0 mg L−1 of sunset yellow dye. The pH value of dye
solutions was adjusted at 3.0 with buffer disodium
phosphate/citric acid solution. The solutions were pumped
upward through the column at flow rates of 3 mL min−1

and 5 mL min−1. The flow variation was performed to
verify if the contact time would generate a relevant change
of the bed adsorption capacity, since the higher the flow,
the less contact time exists between the dye molecules and
the adsorbent biopolymer surface. However, regarding the
industrial application, it is interesting to be able to work
with the highest possible flow, increasing the treatment
capacity in terms of volume, improving operation efficien-
cy. The temperature used for all experiments was 25 °C,
since the treatment of effluents is carried out, in general, at
room temperature, aiming at cost reduction and operational
ease.

At the column top, samples were collected at regular
time intervals until the bed exhaustion (outlet concentra-
tion equals the inlet concentration). The dye concentration
was determined by spectrophotometry (Quimis, model
Q108 DRM, Brazil) in the wavelengths of 425 nm and
480 nm for the tartrazine yellow dye and sunset yellow
dye, respectively. In the real effluent, the dye concentration
measurements were performed using the standard addition
method. For this, aliquots of the same volume of the real
effluent were added in a volumetric flask. Then, increasing
volumes of the standard dye solution at a given concentra-
tion were added to reach final dye concentrations ranging
from 5 to 25 mg L−1. Also, a blank sample was prepared,
without the standard dye solution. After preparing the so-
lutions, the spectrometric determination was performed at
the referred wavelength, and the standard addition calibra-
tion curve was obtained. The tartrazine yellow dye and
sunset yellow dye concentrations in the binary system were

calculated by Eqs. (2) and (3), respectively (Gonçalves
et al. 2018):

CA ¼ kB2d1−kB1d2
kA1kB2−kA2kB1

ð2Þ

CB ¼ kA1d2−kA2d1
kA1kB2−kA2kB1

ð3Þ

where kA1, kA2, kB1 e kB2 are the molar absorptivities of
tartrazine yellow dye (A) and sunset yellow dye (B) in the
wavelengths of 425 nm (λ1) and 480 nm (λ2), respectively,
and d1 e d2 are the absorbance values of tartrazine yellow dye
and sunset yellow dye, respectively.

The data were expressed as breakthrough curves (Ct/
C0 vs. t). The breakthrough time (tb) and exhaustion
time (te) were determined when the dye concentration
(Ct) at the column top reached 5% and 95% of the
initial dye concentration (C0), respectively (Lemus
et al. 2017). The amount of dye adsorbed in the
fixed-bed column, mad (mg), was obtained according to
Eq. (4) (Geankoplis 1998; Esfandian et al. 2017; Brion-
Roby et al. 2018):

mad ¼ Q
1000

∫t¼total
t¼0 Caddt ð4Þ

where ttotal is the total flow time (min), Q is the volu-
metric flow rate (mL min−1), Cad is the adsorbed dye
concentration (mg L−1), and the integral is the area be-
low the breakthrough curve (1−Ct/C0) vs. t.

The equilibrium dye uptake or maximum capacity of the
column, qeq (mg g−1), the total amount of dye in the column,
mtotal (g), and the dye removal percentage, R (%), are calcu-
lated by Eqs. (5) to (7) (Brion-Roby et al. 2018; Esfandian
et al. 2017).

qeq ¼
mad

m
ð5Þ

mtotal ¼ C0QTtotal

1000
ð6Þ

R %ð Þ ¼ mad

mtotal
100 ð7Þ

where m is the mass of chitosan in the column (g), C0 is the
influent concentration (mg L−1), and ttotal is the total flow time
(min).

The mass transfer zone (MTZ) is the bed region where the
concentration is changing, and thus, the mass transfer is oc-
curring. The mass transfer zone (MTZ) was calculated from
Eq. (8), where h is the height of the column (cm):

MTZ ¼ h 1−
tb
te

� �
ð8Þ
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Thomas dynamic model

Thomas model predicts the capacity of the adsorbent using
important parameters of the process, as with the flow rate,
effluent volume, and adsorbent mass. The concept of this
model is the Langmuir isotherm and the pseudo-second order
kinetic model, without axial dispersion, as represented by Eq.
(9):

Ct

C0
¼ 1

1þ exp
KTh

Q
qem−C0V effð Þ

� � ð9Þ

where Ct is the effluent concentration (mg L−1), C0 is the
influent concentration (mg L−1), Q is the flow rate
(mL min−1), KTh is the Thomas kinetic constant
(mL mg−1 min−1), Veff is the effluent volume (mL), qe is the
maximum capacity of the adsorbent (mg g−1), and m is the
adsorbent mass (g).

Yoon Nelson dynamic model

Yoon and Nelson correlated the decreasing rate of the adsorp-
tion for each molecule of adsorbate with the breakthrough of
the adsorbent, showing that this is proportional (Eq. (10)).
This model enhances the answers to lower and higher break-
through curve times determined by Thomas model (Patrick
and Cosmas 2016):

Ct

C0
¼ 1

1þ exp KYN τ−tð Þð Þ ð10Þ

where Ct is the effluent concentration (mg L−1), C0 is the
influent concentration (mg L−1), KYN is the Yoon-Nelson ki-
netic constant (min−1), and τ is the time where 50% of the
adsorbent was utilized (min).

Regression analysis

The parameters were estimated by the fit of the models with
the experimental data through nonlinear regression using the
Quasi-Newton estimation method. Statistica 7.0 software
(Statsoft, USA) was used in the calculations. The fit quality
was evaluated by the coefficient of determination (R2) (Eq.
(11)) and average relative error (ARE) (Eq. (12)) (Myers and
Montgomery 2002):

R2 ¼ ∑n
i qi;exp−qi;exp2−∑

n
i qi;exp−qi;model2

∑n
i qi;exp−qi;exp2

0
@

1
A ð11Þ

ARE ¼ 100
v

∑n
1

qi;model−qi;exp
qi;exp

�����
����� ð12Þ

where qi,model is each value of q predicted by the fitted model,
qi,exp is each value of q measured experimentally, qi;exp is the
average of q experimentally measured, and n is the number of
experimental points.

Results and discussion

Characteristics of sand coated with chitosan

Sand was coated with chitosan solution of 0.5% (w/v) through
the dip-coating technique, and the cure was realized by phys-
icochemical method. The coating percentage was 24.5 ±
1.2%. Figure 1 shows the SEM images of sand before and
after the coating with chitosan. It can be observed that a de-
crease in the roughness occurred, with the formation of a
homogeneous layer of chitosan on sand surface. Figure 2
shows the EDS spectra obtained. Before coating (Fig. 2a),
the major elements were O and Si, since sand is formed by
units of SiO2. The element Al can be attributed to the presence
of Al2O3. After coating (Fig. 2b), the presence of N was ver-
ified. These results confirm the presence of chitosan on sand
surface, proving the success of the coating procedure.

Performance of the fixed-bed column

Figures 3, 4, and 5 and Table 1 show the breakthrough curves
and the operations characteristics, respectively, for the single
system, binary system, and the real effluent, at flow rates of
3 mL min−1 and 5 mL min−1. For both flow rates, the single
system presented a higher amount of dye adsorbed and the
maximum capacity of the column. In the binary system, there
are two dyes competing for the active sites of chitosan, so they
can be occupied by sunset yellow dye instead of tartrazine
yellow dye. Since the two azo dyes have very similar chemical
characteristics, such as functional groups and molar masses,
the interaction between them and the groups of the biopoly-
mer occurs in a similar way, by electrostatic attraction of the
protonated amines groups of chitosan and the sulfonic groups
of the molecules of both the dyes. In this context, the reduction
of the adsorption capacity presented for the tartrazine yellow
dye in the experiments in the binary system becomes propor-
tional to the dyes ratio in the aqueous medium. This same
competition among dyes was observed by Gonçalves et al.
(2018), who carried out adsorption of tartrazine yellow dye
and indigotin blue dye in a batch system. The lowest values of
the amount dye adsorbed and maximum capacity of the col-
umn, for both flow rates studied, occurred for experiments
carried out with the real effluent. This was caused by the
competitiveness with other compounds present in the matrix
of the real effluent. These other compounds can influence the
adsorption by occupying or preventing the dye from ap-
proaching the active sites.
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Regarding the flow rate, the more appropriate results, for
experiments realized with the single and binary systems, were
obtained for 3 mL min−1 (Table 1). This behavior can be
attributed to the lower flow rate, which allows a longer time
for the dye to interact with the active sites of the chitosan. For
the real effluent, contrary behavior was observed. In these
systems, there is the presence of another compound, and a
lower flow rate can allow a larger quantity of them to occupy
or block the active sites, making it difficult to uptake the dye.

The flow rate also affected the breakthrough time. The
lower the flow rate, the higher is the breakthrough time
(Figs. 3, 4, 5). A greater breakthrough time implies a better
adsorption capacity.

In addition, it can be observed in Table 1 that the change of
the model system, simple or binary, to the real system leads to
a variation in the length of the MTZ. Thus, the length of the
column tested was not large enough to have a fully developed
profile in the case of the real effluent. This same effect was
observed by Sancho et al. (2012), that when studying the

adsorption of emergent compounds in a fixed-bed column,
verified that in smaller heights the concentration profile on
the bed was not fully developed. At the pH 3 condition, which
the experiments were carried out, the biopolymer had its pro-
tonated amine groups. In this context and taking into account
that the dyes have an anionic character, it is possible to infer
that the mechanism of interaction between adsorbent and ad-
sorbate is of the electrostatic type.

Modeling of breakthrough curves

Table 2 shows the values of Thomas and Yoon-Nelson
models’ parameters. The coefficient of determination (R2

higher than 0.91) presented similar values for both models.
Through the model developed by Thomas, the solute maxi-
mum concentration in the adsorbent can be predicted. This
information determines whether the column has a good per-
formance; that is, whether the adsorbent has the potential for
industrial scale application. When the flow rate was increased
(for experiments realized with the single and binary systems),
qe decreases due to the reduction of the contact time between

Fig. 1 SEM images (× 250): (a) sand and (b) sand coated with chitosan

Fig. 2 EDS spectra: (a) sand, and (b) sand coated with chitosan
Fig. 3 Breakthrough curves for the adsorption of tartrazine yellow food
dye in single system onto sand coated with chitosan

37942 Environ Sci Pollut Res  (2020) 27:37938–37945



the chitosan surface and the dye in solution (Ahmad and
Hameed 2010). For the assays realized with the real effluent,
this behavior was not observed due to the presence of other
compounds. Since the other components present in the matrix
too have lower contact time with the adsorbent surface, the
active sites are available to the dye adsorption, in a competi-
tive process.

The Yoon-Nelson fit showed that the data for the time
where 50% of the adsorption sites are occupied by the
adsorbate presented a good correlation between the data
predicted and the experimental. The value of the τ can be
related to the adsorption capacity; however, it depends on
the system parameters. Higher τ values could indict
higher adsorption capacity. Observing Table 2, this rela-
tion occurred, except for the experiments carried out with
the single and binary systems at 3 mL min−1. For each

condition (single, binary, and real effluent), it can be ob-
served a reduction of the value of the KYN, when the flow
rate was reduced.

As the Yoon-Nelson model is mathematically analo-
gous to the Thomas model, the coefficients of determi-
nation present a similar value for both models. However,
its parameters provide differentiated information regard-
ing the adsorption. The values of the qe parameter esti-
mated by Thomas model for the breakthrough curves
were close to the experimental values; thus, the Thomas
model can be used to predict some of the experimental
data. On the other hand, the time required for 50% ad-
sorption of the Yoon-Nelson model (τ) showed good
agreement with the experimental value (τexp); therefore,
this model was adequate to represent the breakthrough
curves of this work.

Vieira et al . (2019) studied the application of
cyanoguanidine-cross-linked chitosan-coated glass beads
in a fixed bed for the FD&C Red 40 dye adsorption. The
authors reported that the breakthrough curves with the use
of these glass beads coated reached the adsorption capacity
values around 80 mg g−1. In other work, Vieira et al.
(2018) used chitosan with different deacetylation degrees
to coat glass beads. The coated beads were applied in fixed
bed for tartrazine dye and sunset yellow dye adsorption
from aqueous solutions; the authors found that the column
maximum adsorption capacities were around 68.7 mg g−1

to tartrazine dye adsorption and 75.5 mg g−1 to sunset
yellow dye. In present work, the maximum capacities of
the column for single system and binary system were
around 595 mg g−1 and 497 mg g−1, respectively; for the
real effluent, the maximum capacity of the column was
237 mg g−1. This decrease in the adsorption capacity can
be attributed to the other components presents in the matrix
of the effluent such as sugars, flavorings, stabilizers, thick-
eners, and emulsifiers.

Fig. 5 Breakthrough curves for the adsorption of tartrazine yellow food
dye in real system onto sand coated with chitosan

Fig. 4 Breakthrough curves for the adsorption of tartrazine yellow food
dye in binary system onto sand coated with chitosan

Table 1 Operation characteristics for the adsorption of tartrazine yellow
food dye in single, binary, and real systems onto sand coated with
chitosan

tb
(min)

te
(min)

MTZ
(cm)

mad

(mg)*
qeq
(mg g−1)*

R
(%)*

Flow rate 3 mL min−1

Single 95 600 8.4 94.9 ± 0.8 595.3 ± 9.1 50.2 ± 2.6

Binary 65 620 8.9 79.3 ± 0.9 497.5 ± 9.8 69.9 ± 2.9

Real 10 380 9.7 30.4 ± 1.2 191.2 ± 10.1 26.8 ± 3.2

Flow rate 5 mL min−1

Single 30 340 9.1 52.8 ± 0.4 334.4 ± 5.5 27.9 ± 1.2

Binary 35 340 8.9 42.9 ± 1.1 271.0 ± 6.1 22.7 ± 1.3

Real 2 280 9.9 37.9 ± 1.5 237.4 ± 10.8 20.0 ± 3.9

*mean ± standard deviation (n = 3)
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Conclusion

In this work, sand coated with chitosan was used for ad-
sorption of tartrazine yellow food dye in fixed-bed col-
umn, and the matrix effects were elucidated using real
effluent. Adsorption assays in a single system, binary sys-
tem, and real effluent were evaluated at two flow rates.
The best results were found at 3 mL min−1 for single and
binary systems. This behavior can be attributed to the
higher residence time of the solution in the column.
With regard to the real effluent, contrary behavior was
observed since in a lower flow rate, other compounds
present in the matrix of the real effluent can easily occupy
or blocky the active sites of the chitosan. In the most
adequate flow rate, the maximum capacity of the column
for single system and binary system was around
595 mg g−1 and 497 mg g−1, respectively. For the real
effluent, in the most adequate flow rate, the maximum
capacity of the column reduces to 237 mg g−1 due to the
competitiveness of other compounds by the active sites of
the chitosan. The Thomas and Yoon-Nelson models were
suitable to represent the dynamic behavior. Therefore, this
work showed that fixed-bed column packed with sand
coated with chitosan can be used to remove tartrazine
yellow dye from aqueous solutions. Besides that, this
work contributes to supply the lack of studies of dye ad-
sorption in binary systems and real effluents using fixed-
bed column.
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