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ABSTRACT

The intake of aluminum by humans is a matter of interest because it has shown poten-
tial association with health disorders, especially neurological complications, after long
periods of chronic exposure. In this work, the removal of monomeric aluminum (Al3+)
from synthetic solutions and drinking well water using chitin as a sorbent agent was
evaluated. Removal experiments in batch and in continuous regimes were carried out,
along with isothermal and kinetic studies, which were performed to determine the
adsorption mechanism and removal rates. Batch experiments demonstrated that 0.80 g
chitin L−1 completely removed the Al3+ from synthetic solutions (concentrations upto
2.75mgAl3+ L−1) and from well water (upto 0.83mgAl3+ L−1). Isothermal studies in
synthetic solutions demonstrated that the Al3+ removal via chitin was best fit by the
Tóth isothermal model (maximum adsorption capacity of 20.14 mgAl3+ g−1 chitin), which
is consistent with a chemisorption mechanism with weaker interactions than those pro-
posed in the Langmuir model. The removal fitted pseudo-second-order kinetics, which is
consistent with a chemisorption mechanism, showing a high initial adsorption rate.
Descending flux column (flow 19.80mLmin−1) experiments with well water resulted in a
removal capacity of 9.53mgAl3+ g−1. Scanning electron microscopy/energy dispersive
X-ray spectroscopy analysis revealed adsorption sites for aluminum along the chitin
surface. Infrared spectroscopy did not show covalent bonds between the chitin and the
aluminum in the samples, which is consistent with the isothermal studies.
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1. Introduction

Aluminum is present at different concentrations
and in various species in water supply systems, and
human contact with and ingestion of this element has

increased significantly due to increasing industrializa-
tion, as aluminum is used in a wide variety of applica-
tions [1,2]. Studies have shown that the absorption of
aluminum by the human body is often higher than
that reported in early studies [3].

It is now recognized that aluminum can cause
kidney and bone complications, lung disability and is*Corresponding author.
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associated with dementia-inducing diseases, such as
Parkinson’s and Alzheimer’s diseases [4,5]. Difficulties
in measuring low concentrations and identifying the
mechanisms by which it reaches human tissues are
obstacles to predicting or defining safe concentrations
for human ingestion of this substance. The water
supply has been demonstrated to contain the most haz-
ardous species of aluminum, such as Al3+, Al(OHÞþ2 ,
and AlOH2+ [3,6]. For drinking water, most countries
have established a maximum permissible concentra-
tion value, determined by the World Health Organiza-
tion (WHO), of 0.20 mg L−1 of total aluminum [7]. In
view of this regulation, many studies have aimed
to remove aluminum from water utilizing several
different materials and techniques [8–12].

Based on literature, this study evaluated and
analyzed Al3+ removal by the biopolymer chitin at
concentrations commonly found in drinking water.
Chitin is synthesized by a large number of living
organisms and is the second most abundant biopoly-
mer available in nature, after cellulose. Chitin is
obtained through stringent purification procedures,
which remove undesirable substances and may also
cause modifications in its primary structure [13].
Chitin has N- and O-donor functional groups,
enabling it to bond with highly polarized ions, such
as Al3+ [14]. However, a derivative of chitin, chito-
san, has become a more prominent biopolymer in
recent studies regarding the removal of metal ions,
even though it is easier and cheaper to produce
chitin.

In our recent paper [15], the capacity to remove
Al3+ from synthetic solutions of the biopolymers
carboxymethylcellulose, chitin, and chitosan in batch
regime was evaluated. It was concluded that chitin
and chitosan showed similar high removal capacities,
while carboxymethylcellulose was excluded as a
potential removal agent of Al3+ at drinking water con-
centrations (assumed to be 0.05–3.00mgAl3+ L−1).

In the present work, focus was placed on further
experiments with chitin, adding continuous regime
experiments. Therefore, chitin was identified as a suit-
able material to remove aluminum from solutions
through simple treatment process. Isothermal experi-
ments (considering the Langmuir, Freundlich, Sips
and Tóth models) were performed in synthetic solu-
tions, and kinetic experiments (considering pseudo
first-order, pseudo second-order and intra-particle dif-
fusion models) were carried out in synthetic solutions
and in well water. Continuous regime experiments
were carried out to determine operational conditions
for future implantation of this process at pilot or
larger scales. Spectroscopic analysis allowed better

evaluation of the interactions between aluminum and
the biopolymer.

2. Materials and methods

2.1. Materials

Chitin was extracted from shrimp shells through
purification procedures with hydrochloric acid (1.0 N
HCl), sodium hydroxide (3% NaOH) and sodium
hypochlorite (0.315% NaClO) at room temperature,
then dried at 353 K for 4 h [13]. Next, the chitin was
pulverized and sieved through 0.10mm pores.

Experiments in synthetic solutions were carried
out at predefined Al3+ concentrations that were pre-
pared by adding alum (Al2(SO4)3-(14–18)H2O) to
deionized water, with further dilution to reach the
desired concentrations. The well water was kindly
provided by a south Brazilian water company SA-
MAE (Araranguá, Santa Catarina, Brazil), with an Al3+

concentration of 0.83 mg L−1. The drinking water treat-
ment plant (DWTP) samples originated from a plant
located in Jurerê International (Florianópolis, Santa
Catarina, Brazil), which has conventional treatment
procedures (coagulation, flocculation, sedimentation
and filtration) utilizing alum as a coagulant, were
collected from the step prior to filtration, showing an
average concentration of 0.14mg Al3+ L−1.

All batch experiments were performed in a ther-
mostatic bath, maintaining both the temperature and
agitation constant at 298 K and 180 rpm, respectively,
during the experimental period. To avoid the contami-
nation of glassware with aluminum, high-density
polypropylene Erlenmeyer flasks were used in the
batch experiments. The descending flux column assays
were carried out in glass columns of 80.0 cm height
and 1.50 cm internal diameter, fed with well water by
gravity. Due to the presence of aluminum in the labo-
ratory environment, all glassware was rinsed with
hydrochloric acid solution (HCl 1:1) and subsequently
washed with distilled water, then left to dry at room
temperature. All experiments were conducted in
duplicate, and the pH was monitored but not
controlled during experiments.

2.2 Methods

2.2.1. Analytical methods

A DR/2010 spectrophotometer (Hach Com-
panyLoveland, Colorado, United States) was used to
measure the Al3+, Fet, Mnt, SiO2, and SO2�

4 concentra-
tions with Hachr colorimetric spectrophotometer kits.
The colorimetric methods used were: Aluminon (detec-
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tion range 0–0.80 mg L−1, sensitivity 0.001mg L−1), PAN
(detection range 0–1.300mg L−1, sensitivity 0.001mg
L−1), PAN (detection range 0–0.700mg L−1, sensitivity
0.001mg L−1), Heteropoly Blue (detection range 0–1.60
mg L−1, sensitivity 0.01 mg L−1) and SulfaVer4 (detec-
tion range 0–70mg L−1, sensitivity 1.00 mg L−1).

2.2.2. Batch isothermal and synthetic solution Al3+

removal experiments

Isothermal and Al3+ removal experiments were pre-
pared by diluting a stock Al3+ solution in deionized
water to produce samples containing different concen-
trations (ranging from 0.05 up to 3.00mg Al3+ L−1), as
well as a blank sample. Then, 200mL of each solution
was poured in a 250mL polypropylene Erlenmeyer
flask with a pre-established amount of chitin (0.15 or
0.80 g L−1) and then agitated in a thermostatic bath for
24 h to ensure that equilibrium was reached. After 24 h,
the Erlenmeyer flasks were withdrawn, the contents
were filtered in through a cellulose acetate filter (poros-
ity 45 μm) and the corresponding concentrations of
Al3+ were accurately measured.

In the previous paper [15], the Freundlich, Lang-
muir, and Sips isothermal models were considered to
describe the experimental data and predict the adsorp-
tion mechanism, and the Sips model provided the best
agreement. However, the difference between the R2

values and the errors of the models were very narrow,
and, consequently, this study includes one more
model to describe the results, the Tóth model.

2.2.3. Batch kinetics and Al3+ removal experiments in
synthetic solutions and well water

Kinetic and Al3+ removal experiments were
conducted with synthetic solutions and well water
samples. The desired chitin amount (0.15, 0.80 or 2.00 g
L−1) was added to10 Erlenmeyer flasks containing 200
mL of the chosen sample, and was stirred at 200 rpm
and 25˚C for different amounts of time (from 5 to
1,440min). At predetermined intervals, one Erlen-
meyer flask was removed from the thermostatic bath,
the content was filtered through a cellulose acetate
filter (porosity 45 μm) and the filtrate was measured in
terms of Al3+ concentration. The initial and final (after
24 h–end of the experiment) concentrations of Fet, Mnt,
SiO2, and SO2�

4 were also measured in the well water.

2.2.4. Continuous regime studies

Adsorptive column studies were performed only
with well water. The desired amount of biopolymer
for each experiment was previously put in contact

with deionized water, and then left to stand for a 24 h
period in the column before the experiment began.
Prior to the beginning of the experiment, the distilled
water was withdrawn while the well water flux began.
The feeding system was carried by gravity, with a
well water reservoir connected to the column and the
downward flow was controlled by the well water col-
umn above the chitin layer. At predetermined time
intervals, 50mL samples were measured for Al3+

content. The experiments ended when no significant
variation between the input and output Al3+ contents
of the column was detected. The initial and final (end
of the experiment) concentrations of Fet, Mnt, SiO2,
and SO2�

4 were also measured.

2.2.5. Instrumental analyses

The raw sieved chitin and Al3+-saturated chitin
were characterized by instrumental analysis method.
To saturate the chitin with Al3+ from synthetic
solution, the biopolymer was put in contact with a
synthetic solution containing 5.00 mgAl3+ L−1 for 24 h.
The solution was then removed by filtration (cellulose
acetate filter - porosity 45 μm) and then continuously
washed with a solution containing 1.50 mgAl3+ L−1

until the difference in the solution Al3+ concentration
before and after filtration reached zero.

Scanning electron microscopy/energy dispersive
X-ray spectroscopy (SEM/EDX) was performed with
a model JSM-6390LV (JOEL USA Inc., Peabody,
Massachusetts, USA), utilizing a “gold sputtering”
technique at 10 kV. The infrared analyses were per-
formed by Fourier Transform (FTIR), utilizing a model
Spectrum 400 (PerkinElmer Inc., Waltham, Massachu-
setts, USA), and by the dispersive technique in potas-
sium bromide (KBr) pellets, utilizing a model Prestige
21 (Shimadzu Corporation, Nakagyō-ku, Kyoto, Japan).

3. Results

3.1. Al3+ removal and pH studies

The first removal experiment was performed with
0.80 g L−1 of chitin, according to our previous work
[15], and a number of synthetic solutions containing
different Al3+ concentrations (Fig. 1). This amount
completely removed the Al3+ in all tested concentra-
tions, except for the most concentrated solution, con-
taining 2.75 mg Al3+ L−1, which had a 98% removal
percentage. Thus, an experiment with lower chitin
content (0.15 g chitin L−1) was performed. This amount
showed very satisfactory removal percentages (94% on
average) for initial Al3+ concentrations equal to or
lower than 2.00mg L−1, with all final solutions
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showing Al3+ concentrations below the WHO
maximum allowed value, of 0.20 mg Al3+ L−1 [7].

An increase in the solution pH values was
observed in the course of all removal experiments.
Values varied from 4.9 to 5.9 in the assays with 0.15 g
chitin L−1, and from 4.9 to 6.3 in the assays with 0.80 g
chitin L−1, on average. The more concentrated the Al3+

initial and final solutions were, the lower the pH. This
was credited to the Lewis acid characteristic of alumi-
num ions, which reduce solution pH. As the ion is
removed from solution by chitin, the solution pH
tends to increase, reaching a value of approximately
6.4 when the Al3+ removal from the solution is com-
plete. This can be noted when comparing the rising
pH values of both experiments (Fig. 1).

Based on the results with the synthetic solutions,
Al3+ removal experiments with well water samples
were carried out. The well water used in the experi-
ments is from a drinking water source in a town
located in southern Brazil and shows a high alumi-
num content (Table 1).

Due to the presence of cationic species other than
aluminum in well water, such as iron and manganese,
which could also be removed by chitin, the first
removal assay was carried out with higher chitin con-
tent, 2.00 g L−1. Al3+ removal was complete with this
chitin content, and the same occurred when a quantity
of 0.80 g chitin L−1 was tested, which was the optimal
amount in the previous experiments in synthetic solu-
tions. With these chitin amounts, the Fet removals
were 98 and 94%, respectively, whereas the Mnt
removals were 68 and 58%.

To evaluate potential competition between Al3+

and Fe/Mn species by the chitin sites, analogous
experiments were carried out with other water sam-
ples with lower Al3+ and higher Fe/Mn contents than
the well water. Therefore, a prefiltered DWTP sample,
whose composition is also shown in Table 1, was
selected. In this assay, because the DWTP water
showed a lower Al3+ concentration (0.14 mg Al3+ L−1),
only 0.15 g chitin L−1 was used, to keep the chitin/
Al3+ ratio consistent with respect to the well water
experiment. This amount of chitin did not satisfacto-
rily remove Al3+ from the solutions, with an average
removal percentage of 25%. In contrast, 99% of the Fet
was removed. This result shows a competition
between aluminum and iron with respect to chitin,
which can be explained by either a higher affinity of
chitin for iron or by the presence of interfering sub-
stances in the water (e.g. humic substances). Conse-
quently, the iron content of natural waters must be
considered to determine the optimal amount of chitin
for total aluminum removal.

The average Mnt removal was lower than 70% in
all cases, showing a lower affinity of chitin to this
metal ion, which is most likely due to its larger size
with respect to iron and aluminum. The average
removal of silica was lower than 40% in all experi-
ments. The concentration of sulfate was higher in
DWTP than in well water because of the use of alum
as a coagulant. However, the average sulfate removal
by chitin in DWTP water was negligible and lower
than 20% in well water, showing that chitin is not an
adequate removal agent for this ion. Thereby, the
removal experiments indicate that chitin is a promis-
ing agent for removing aluminum and iron ions from
aqueous solutions. The results and standard devia-
tions of the removal experiments are shown in Fig. 2.

3.2. Isothermal studies

Isothermal experiments were carried out in
synthetic solutions with 0.15 g L−1 chitin, based on the
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Fig. 1. Al3+ removal (%) and pH variation during synthetic
solution removal experiments.

Table 1
Measured concentrations of Al3+, Fet, Mnt, SiO2, and SO2�

4

in well and DWTP water

Sample

Species (mg L−1) Well water DWTP water

Al3+ 0.83 0.14
Fet 0.04 0.06
Mnt 0.025 0.125
SiO2 8.75 9.23
SO4

2− 26.0 90.5
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Al3+ removal results, to obtain measurable residual
Al3+ concentrations at equilibrium after the assays. In
our previous paper [15], the Freundlich, Langmuir,
and Sips models were applied to the experimental
data, and a better agreement with the Sips model was
determined, which is consistent with physisorption
(Freundlich) and chemisorption (Langmuir) mecha-
nisms at very low and at higher Al3+ concentrations,
respectively. However, the R2 and error values for the
different models were close, and, consequently, we
include one more model in this study (the Tóth
model) and five error functions. The Tóth model is
consistent with a chemisorption mechanism with
weaker adsorbent/adsorbate interactions than the
Langmuir model.

The model’s equations and their respective lineari-
zations are summarized in Table 2. The adsorption
capacity for each concentration at equilibrium is given
by qe (in mg Al3+ g−1 of chitin), C0 and Ct are the initial

and at time t (in min) Al3+ concentrations (in mg Al3+

L−1), respectively. KL (L mg−1), KF (L g−1), KS (L mg−1)
and KT (mg g−1) are the constants of each model. The
term 1/n is the Freundlich isotherm exponent, m the
Sips isotherm exponent, αT the Tóth isotherm constant,
and 1/t the Tóth isotherm exponent. The isotherm
model that best fits the experimental data was chosen
by comparing the coefficient of correlation (R2) for the
models’ linearized forms (higher values) and by com-
paring five different error functions between the exper-
imental data and each model (lower values).The error
functions analyzed were the sum of the square errors
(ERRSQ), sum of absolute errors (EABS), average rela-
tive errors (ARE), hybrid fractional error function
(HYBRID), and Marquardt‘s percent standard devia-
tion (MPSD).The functions are shown in Table 3. The
ERRSQ error function was used to apply the Microsoft
Excel Solver add-in program to the Sips and Tóth mod-
els [16].

Fig. 3 shows the experimental data and the Lang-
muir, Freundlich, Sips, and Tóth curves for the data. It
can be clearly observed that the Freundlich model
does not fit the experimental data, while the Lang-
muir, Sips, and Tóth models are more likely to
describe the data. This indicates that the removal is
more prone to chemisorptive processes. The final
parameters for all isothermal models, coefficients of
correlation, and error values are listed in Table 4.

The coefficient of correlation had a slightly higher
value for the Langmuir model (R2 = 0.9803, compared
to R2 = 0.9755 for the other models). However, the
error values for EABS, ERRSQ, and ARE showed
lower values for the Tóth model (5.71256, 7.11845, and
16.14859, respectively), while HYBRID and MPSD
were lower for the Freundlich model (47.51512 and
41.91367, respectively), which was previously
discarded (Fig. 3). In addition, it has been shown that
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Table 2
Isothermal model equations and respective linearizations

Isothermal models

Model Equation Linearization

Langmuir qe ¼ qmaxKLCe

1þKLCe

Ce
qe
¼ 1

qmaxKL
þ Ce

qmax

Freundlich qe ¼ KFC
1=n
e log qe ¼ logKF þ 1

n logCe

Sips qe ¼ qmaxKsCm
e

1þKSCm
e

m lnCe ¼ � ln KS=qe
� �þ lnðKSÞ

Tóth qe ¼ KTCe

ðaTþCeÞ1=t
ðlnðqe=KTÞ ¼ lnðCeÞ � 1

t lnðaT þ CeÞ

Table 3
Error functions applied in the isothermal studies

Error functions

ERRSQ Pp
i¼1

qe; exp: � qe; cal:
� �2

i

ARE 100
p

Pp
i¼1

jqe; exp:�qe; cal: j
qe; exp:

� �
i

EABS
Pp
i¼1

qe; exp: � qe; cal:
�� ��

i

HYBRID 100
p�n

Pp
i¼1

ðqe; exp:�qe; cal:Þ2
qe; exp:

h i
i

MPSD 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n�p

Pp
i¼1

ðqe; exp:�qe; cal:
qe; exp:

Þ2i
s" #
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the reliability of these errors decreases as their values
increase [16,17].

It was therefore concluded that chitin is best repre-
sented by the Tóth model’s premises. According to
this model, the maximum removal capacity of the chi-
tin is 20.14mgAl3+ g−1. The model assumes chemi-
sorption processes between Al3+ and chitin, but
chemical interactions of lower energy than those pre-
sented by the Langmuir model. Infrared spectroscopic
analyses of chitin samples before and after the adsorp-
tion experiments given below are in agreement with
this study. This adsorption is comparable to those
found for chitosan, 21.3 mg g−1 [18], and for refused
beach cast seaweed, of 22.5 mg g−1 [9]. On the other
hand, chitin showed an adsorption capacity approxi-
mately two times higher than that found for rice husk
char (9.78mg Al3+ g−1) [12]. The results confirm then
that chitin is a very suitable Al3+ removal agent, with
very promising applications for this purpose.

3.3. Kinetic studies

As chemisorption processes are credited as being
the main removal process of Al3+ by chitin, it should
be possible to rapidly remove Al3+ from solution. This
fact was confirmed by kinetic experiments.

Kinetic experiments were carried out with 0.80 and
0.15 g chitin L−1 in synthetic solution (C0 = 0.30 and 0.69
mg Al3+ L−1, respectively) and with 0.80 and 2.00 g
chitin L−1 in well water (C0 = 0.83 mg Al3+ L−1). Fig. 4
shows the Al3+ concentration variation (Ct/C0) in all
experiments plotted against the time of contact with the
biopolymer. In synthetic solutions containing an initial
concentration of 0.69 mg Al3+ L−1, an amount of 0.15 g
chitin L−1 was able to remove all aluminum ions in the
solution in approximately 250min in the analyzed
conditions. With an initial concentration of 0.30 mg Al3+

L−1and 0.80 g L−1 of chitin, complete Al3+ removal was
reached in 10min. In well water containing 0.83mg
Al3+ L−1, complete Al3+ removal occurred in 40 and 150
min with 2.00 and 0.80 g chitin L−1, respectively. The
WHO allowed Al3+ level was reached in this water after
10 and 20min with 2.00 and 0.80 g chitin L−1, respec-
tively. These results demonstrate that chitin is a highly
efficient agent for the removal of Al3+, efficiently
removing relatively high amounts in short time periods.

Kinetic models were tested in this study to identify
the predominant adsorption mechanism and evaluate
its compatibility with the isothermal findings. Three
different kinetic models have been used extensively in
literature: pseudo-first-order, pseudo-second-order
and intra-particle diffusion [19,20]; their equations and
respective linearizations are shown in Table 5.

Data analysis for the pseudo-first-order model
showed that the coefficient of correlation for the line-
arization resulted in values below 0.9723, while for the
pseudo-second-order model, values equal to or higher
than 0.9998 were obtained (Table 6), indicating that
the pseudo-second-order model is more compatible
with the experimental data in the synthetic solution
and well water. The coefficient of correlation for the
intraparticle diffusion model showed the lowest
values, all below 0.5731, which demonstrates that
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Fig. 3. Plot of experimental data and isothermal models for
chitin.

Table 4
Error results for isothermal models and respective parameters

Coefficient of correlation and error function results

R2 EABS ERRSQ ARE HYBRID MPSD Parameters

Langmuir 0.9803 8.31190 12.29622 19.90408 52.08302 43.09792 qmax (mg g−1) = 18.05 KL (Lmg−1) = 17.31 –
Freundlich 0.9755 7.51211 11.71648 17.24182 47.51512 41.91367 n = 2.45 KF (L g−1) = 23.66 –
Sips 0.9755 7.23333 9.02040 17.84152 54.91230 46.31642 qmax (mg g-1) = 18.25 KS (Lmg−1) = 11.46 m = 0.922
Tóth 0.9755 5.71256 7.11845 16.14859 50.81097 45.50032 at = 0.02 KT (mg g−1) = 20.14 t = 1.319
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intraparticle diffusion does not take place in the
adsorption process on the chitin biopolymer.

An excellent agreement between the pseudo-sec-
ond-order model and the experimental data can be
visualized in the graphical comparison shown in
Fig. 5. The kinetic parameters and correlation

coefficients for the pseudo-second-order models are
shown in Table 6. One parameter of interest for com-
parison in the pseudo-second-order model is the ini-
tial rate of adsorption h. This initial rate was 0.1809
mg g−1 L−1 with 0.15 g chitin L−1 in synthetic solution
(C0 = 0.69mg Al3+ L−1), and it was 37 times higher
when 0.80 g chitin L−1 was employed with an initial
concentration of 0.30 mg Al3+ L−1. In well water, a
small increase in the initial rate was observed with an
increase in chitin content, and an h value of 0.6328 mg
g−1 L−1 was obtained for 2.00 g chitin L−1. This fact
can be explained by the presence in well water of sub-
stances that interfere with the Al3+ adsorption process,
as discussed above.

The pseudo-second-order kinetic model indicates
that the adsorption of Al3+ by the biopolymers is
dependent on the ion’s concentration in the adsorbent
and on the equilibrium concentration of the adsorbate.
This model is consistent with a controlling kinetic
mechanism via chemical adsorption, confirming the
previous isothermal study results.

3.4. Continuous regime studies

Experiments in descending flow columns were
performed with well water, aiming to find the best
contact time between chitin and the water, the optimal
flow rate for removal and the saturation of the
adsorbent. The parameters applied for all column
experiments can be observed in Table 7.
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Fig. 4. Kinetic experiment results in synthetic solution and
well water.

Table 5
Kinetic equations and respective linearizations

Kinetic models

Model Equation Linearization

Pseudo first-order qt ¼ qe � qe

10
K1t=2:303

logðqe � qtÞ ¼ log qe � K1t

Pseudo second-order qt ¼ qe
qeK2t

1þqeK2t
t
qt
¼ 1

K2q2e
þ t

qe

Intra-particle diffusion qt ¼ KDt
1=2 –

Table 6
Kinetic parameters and correlation coefficients for the pseudo-second-order model

0.80 g chitin L−1 0.15 g chitin L−1 0.80 g chitin L−1 2.00 g chitin L−1

C0 = 0.30mg Al3+ L−1 C0 = 0.69mg Al3+ L−1 C0 = 0.83mg Al3+ L−1 C0 = 0.83mg Al3+ L−1

synthetic solution synthetic solution well water well water

Final kinetic parameters t/qt = 1.1631t + 0.1404 t/qt = 0.2126t + 5.5264 t/qt = 0.9602t + 5.0828 t/qt = 0.4083t + 1.5804

R2 0.9999 0.9998 ~1 ~1
K2 (gmg−1 min−1) 9.6353 0.0082 0.1814 3.6699
h (mg g−1 min−1) 7.1225 0.1809 0.1967 0.6328
qe, exp (mg g−1) 0.8625 4.6000 1.0375 0.4150
qe, calc (mg g−1) 0.8698 4.7000 1.0414 0.4152
ERRSQ 0.14254 0.14514 0.00938 0.00452

R.R.Z. Tarpani et al. / Desalination and Water Treatment 53 (2015) 3531–3542 3537



It was established, from the kinetic experiments,
that the minimum chitin/well water contact time for
reaching the WHO-allowed Al3+ level is approxi-
mately 20min. For this purpose, the column was first
filled with 5.00 g of chitin, and a flow rate of 2.50mL
min−1 was applied, resulting in a contact time of
approximately 28min. At these conditions, complete
Al3+ removal was achieved after 24 h of completion of
the experiment. Due to high aluminum removal in the
previous experiment, the following assay was con-
ducted with a sharply decreased amount of chitin
(1.40 g), and the flow rate was increased (to 14.2mL
min−1), resulting in a contact time of 1.40 min. This
experiment completely removed Al3+ after 2 h, and
kept it below the maximum WHO-allowed value for
at least 12 h of the experiment.

One last experiment, aiming to saturate chitin with
aluminum, was prepared with 0.55 g of chitin and a

flux approximately 30% higher (19.8 mLmin−1) than in
the previous experiment. These parameters allowed a
contact time of 0.40min (24 s) and a hydraulic applica-
tion rate of 6.71 m3 m−2 h−1. These conditions main-
tained the effluent Al3+ concentration below the
WHO-allowed level for 35min, and chitin saturation
(Ct =C0) was reached in 780min.

The maximum quantity of Al3+ that could be
absorbed by the chitin in a continuous descending
flow column was calculated from the last experiment’s
data in which the saturation of chitin was attained.
The adsorption capacity of Al3+ by chitin q (mg g−1) in
the experiment can be calculated according to Eq. 1
[21], where Q is the flow (mLmin−1), Co the affluent
Al3+ concentration (mg L−1), and w the dry chitin mass
(g). The function f(t) is the curve obtained from plot-
ting the experimental data Ct/C0 over time (Fig. 6). Its
equation, f(t) = 10−9t3 – 2.10−6t2 + 0.001t + 0.11, was
obtained from the Microsoft Excel computer program.
The term tb is the time to breakthrough and te is the
time to exhaustion (both in min). The tb and te times
from the experiment were 1 and 780min, respectively
(Fig. 6). The adsorbed Al3+ quantity in the experiment
is represented by the shaded area of Fig. 6, corre-
sponding to the term ðte �

R te
tb
fðtÞdtÞ in Eq. 1. The

result of this equation is the maximum adsorption
capacity, 9.53mg Al3+ g−1 of chitin.
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Fig. 5. Comparison between experimental data and
pseudo-second-order kinetic models.

Table 7
Parameters in the column experiments

Experiments 1 2 3

Chitin amount (g) 5.00 1.40 0.55
Flux (mLmin−1) 2.50 14.20 19.80
Hydraulic application rate

(m3m−2 h−1)
0.84 2.75 6.71

Reactor volume (cm3) 70 19.8 7.8
Experiment time (min) 1,440 720 780
Hydraulic retention time (min) 28 1.4 0.4

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500 600 700 800 900

C
t /

 C
 o

time (min)

te

f(t)

tb

Fig. 6. Plot of the Al3+ experimental data Ct/C0 over time
for the experiment 3 (0.55 g of chitin; well water: 0.83mg
Al3+ L−1, flux 19.80mLmin−1).

3538 R.R.Z. Tarpani et al. / Desalination and Water Treatment 53 (2015) 3531–3542



q ¼ ðte �
R te
tb
fðtÞdtÞQC0

w
(1)

The Fet, Mnt, silica, and sulfate concentrations from last
experiment were also evaluated. The Fet concentration
in the well water was initially 0.009mg L−1, which was
then reduced to 0.004mg L−1 after 780min (~56%
removal). The Mnt concentration was reduced from
0.013 to 0.011mg L−1 (~15% removal). The
concentrations of sulfate (25 mg L−1) and silica (~10mg
L−1) did not significantly decrease during the test
period.

The column experiments showed that chitin has a
high and fast Al3+ removal ability in continuous
experiment conditions. The calculated chitin removal
capacity in the column experiment was less than that
calculated in the study of isotherms in the batch sys-
tem (qmax = 20.14mg g−1, Table 4) because well water
contains other substances that compete or interfere
with chitin’s adsorption sites, such as iron, manga-
nese, humic substances, etc. A comparison of chitin’s
removal capacity under continuous flux experiments
with other sorbents related to the Al3+ removal ability
is difficult, due to the different experimental condi-
tions applied in other works. However, column stud-
ies with seaweed algae as an adsorbent [9] and
wastewater containing aluminum showed maximum
adsorption values of 12mg Al3+ per gram of adsorbent
in column studies.

3.5. SEM/EDX analysis

SEM/EDX analysis was performed to study the
surface of chitin and identify the elements present in
the surface of the analyzed samples before and after
saturation with Al3+ from a concentrated synthetic
solution. The following figures show the results, with
magnifications varying from 50 to 4,000 times.

It can be observed that the chitin surface is quite
smooth, as observed in Fig. 7(a) (magnification 50×).

However, in Fig. 7(b) (magnification 4,000×), crystal-
line incrustations were observed, and EDX analysis
demonstrated high concentrations of calcium and
phosphorus on the surface of the sample. This demon-
strates that the chitin used in the experiments is not
pure, and still contains phosphate and calcium resi-
dues from the shrimp shells. However, after contact of
the chitin with the solution containing Al3+, a sharp
decrease in the number of incrustations was observed,
which is most likely due to a dissolution process pro-
moted by the slightly acidic Al3+ solution.

The chitin surface after saturation with Al3+ is
shown in Fig. 8. The formation of needle-shaped crystal
structures on the surface can be observed in Fig. 8(a)
(magnification 500×); these were not previously
observed in the prepared chitin before contact with
Al3+ solution. EDX analysis revealed the presence of
sulfur in this area, due to the use of alum in the prepa-
ration of the synthetic solution. At a greater magnifica-
tion of 4,000×, crystalline structures forming distinct
shapes can be observed, as shown in Fig. 8(b). The EDX
analysis of these incrustations revealed a peak of alumi-
num, demonstrating that this element is present in con-
siderable quantities on those structures, suggesting the
presence of adsorption sites along the surface [18].

3.6. Infrared analysis

Infrared spectra were collected for chitin and Al3+-
saturated chitin from synthetic solution and well
water. FTIR and dispersive techniques showed the
same results, and the spectra are shown in Fig. 9.
Infrared spectroscopy enables the visualization of the
presence of covalent bonds between substances in the
sample. Modifications in the chitin spectrum bands
after saturation with aluminum or the appearance of
new bands would demonstrate whether the formation
of strong chemical bonds occurred between aluminum
and chitin, facilitating the identification of coordina-
tion compounds.

In the free chitin spectrum, bands can be observed
in the region 3,600–2,800 cm−1, which is characteristic

Fig. 7. SEM micrographs of: (a) chitin surface (50x); and (b) calcium and phosphorus structures on chitin surface (4000x).
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of υ(O–H), υ(N–H), and υ(C–H) stretching; these bands
are broad and somewhat reduced compared to other
chitin spectra [22]. This fact is indicative of the pres-
ence of impurities in the chitin used, as observed in
the previous SEM/EDX analysis. Stretching vibrations
υ(OH) of the hydroxyl groups appear in a wide band
centered at 3,480 cm−1, indicating several types of
hydroxyl groups in the molecule.

The spectrum shows the characteristic bands of the
secondary amide group; tension and deformation
bands of the group N–H at υ(NH) = 3,259 cm−1 and
δ(NH) = 1,621 cm−1, respectively; stretching bands of
the carbonyl group at υa(CO) = 1,656 and υs(CO) =
1,556 cm−1; and the stretching vibration υ(CN) at 1,203
cm−1 are also evident; the band at 1,379 cm−1 is
assigned to the deformation δa(CH) of the methyl
group of the acetamide group. The band at 1,070 cm−1

is related to the stretching of the C–O–C bond, corre-
sponding to the bonds between monomers in the poly-
mer. The position of the bands υa(CO) and δ(NH)
suggests that the chitin used corresponds to the
polymorphous form β [22].

The spectra of samples containing aluminum were
consistent with the free chitin spectrum, showing no
significant changes in intensity or position in any
band. It can therefore be concluded that there are no
strong chemical bonds between chitin and aluminum,
and the possibility of the formation of coordination
compounds between Al3+ and the functional groups of
chitin can be discarded. This result is in agreement
with the isothermal studies, from which the chemi-
sorption mechanism via the Tóth model, with chemi-
cal interactions weaker than those corresponding to
covalent bonds was proposed.

Fig. 8. SEM micrographs of chitin saturated with Al3+: (a) crystal needles on chitin surface (500x); (b) crystal structures

containing high Al3+ concentration on chitin surface (4000x).
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Fig. 9. Infrared spectra of the prepared chitin and Al3+-saturated chitin with synthetic solution and well water.
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4. Conclusions

Chitin was capable of removing Al3+ from
synthetic solutions and well water, in both batch and
continuous regimes, in short times and with a high
adsorption capacity.

The isothermal studies revealed that Al3+ removal
by chitin best fits the Tóth model, which is consistent
with a chemisorption mechanism with weak interac-
tions between the sorbent and sorbate. A maximum
removal capacity of 20.14mg Al3+ g−1 of chitin was
calculated, a value comparable to or higher than val-
ues reported for other adsorbents. The presence of
chemical interactions between Al3+ and chitin was
confirmed by the kinetic studies, from which a
pseudo-second-order model with a high initial adsorp-
tion rate was deduced.

SEM/EDX analysis revealed impurities on the uti-
lized chitin and adsorption sites along the surface
after contact with aluminum. Infrared spectroscopy
demonstrated that there are no covalent bonds
between aluminum and chitin, negating the formation
of Al–chitin coordination compounds and confirming
the isothermal findings.

The competition of some species present in natural
waters, such as iron and manganese, with aluminum in
the adsorption sites of chitin was demonstrated.
Descendent flow column experiments yielded a calcu-
lated removal capacity of 9.53 mgAl3+ per g of chitin in
the analyzed well water (0.83mgAl3+L−1), a lower
amount than in batch experiments with synthetic solu-
tion, confirming that species interfering with aluminum
must be considered to attain total aluminum removal
from natural waters. This removal capacity means that
1 kg of chitin could treat approximately 12m3 of this
well water, a sufficient amount to supply aluminum-
free water for drinking and cooking to a family of four
members for approximately 10months with a low cost.
Thus, this research can contribute to a solution for the
serious problem of direct well water consumption con-
taining high levels of aluminum, which is very com-
mon in southern Brazil.

From the above results, it can be concluded that chi-
tin is a very suitable agent for Al3+ removal from syn-
thetic solutions and well water. Hence, large-scale
applications, as well as chitin regeneration experiments,
will be carried out in the next stage of this research.
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Symbols

C0 — initial concentration (mg L−1)
Ce — concentration at equilibrium (mg L−1)
Ct — concentration at time t (mg L−1)
qe — adsorption capacity at equilibrium

(mg g−1)
qt — amount adsorbed at time t (mg g−1)
KL — Langmuir constant (L mg−1)
KF — Freundlich constant (L g−1)
KS — Sips constant (L mg−1)
KT — Tóth constant (mg g−1)
K1 — pseudo-first-order model constant (min−1)
K2 — pseudo-second-order model constant

(gmg−1 min−1)
Kd — intra-particle constant (gmg min−1/2)
h — initial adsorption rate (mg g−1 min−1)
1/n — Freundlich isotherm exponent
m — Sips isotherm exponent
αT — Tóth isotherm constant
1/t — Tóth isotherm exponent
Q — flow (mLmin−1)
w — dry chitin mass (g)
tb — time to breakthrough (min)
te — time to exhaustion (min)
WHO — World Health Organization
DWTP — drinking water treatment plant
FTIR — Fourier transform infrared
SEM/

EDX
— scanning electron microscopy/energy

dispersive X-ray spectroscopy
ERRSQ — sum of the square errors
EABS — sum of absolute errors
ARE — average relative errors
HYBRID — hybrid fractional error function
MPSD — Marquardt‘s percent standard deviation
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