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A B S T R A C T

The main characteristics of coal acid mine drainage (AMD) are low pH and high concentrations of sulfate and
different metallic ions. The objective of this research was to study the sorption equilibrium of the removal of
metal ions and acids present in coal AMD using shrimp shell in natura (SS) as a biomaterial as well as the
behavior of the continuous-flow removal process. The isotherms assays were carried out with synthetic solutions
and natural AMD aiming to identify significant differences on metals ions removal by SS. Five isotherm models
were studied. R2 values and error statistical functions studies showed that the Freundlich isotherm model was
the most appropriate for fitting the experimental data with both synthetic solutions and natural AMD, indicating
a metallic removal via a physisorption mechanism. The removal of metal ions in continuous descendent flow was
up to 90% Fe and 88% Mn, and the pH increased from 3.49 to 6.77. The adsorption capacities of Fe and Mn
resulted in 17.43 and 3.87mg g−1 SS, respectively. Computing chemical modelling (Visual MINTEQ® software)
indicated the sorption was a predominant mechanism on AMD remediation with SS, but with high pH-depen-
dence. This study confirms the suitability of the proposed treatment and provides valuable information for
designing a low-cost remediation process for AMD.

1. Introduction

In the last century, mining practices have generated serious en-
vironmental changes, making it virtually impossible to maintain natural
ecosystems, causing environmental problems around the world [1–5].
Such is the case in the study area of Santa Catarina, Brazil [6–10].
Extraction and processing methods, and the use of coal generate highly
toxic effluents and acid mine drainage (AMD) with low pH values
(pH < 4.0) and significant high metal ion concentrations (Fe, Al, Mn,
Cu, Zn, Pb and others) and sulphides. These effluents contaminate the
superficial and natural ground waters, causing environmental problems
that can damage ecosystems and human health [11].

Generally, the pyrite (FeS2) contained in coal is described as re-
sponsible for acid generation and metal dissolution. When pyrite is
exposed to oxygen and water, it is oxidized, resulting in the release of
hydrogen ions, sulfate ions, and soluble metal cations. This oxidation
process occurs at a slow rate, and the environment is able to buffer the
acid generated. Mining increases the exposed surface area of these
sulfur-bearing rocks, allowing for excess acid generation beyond the
natural buffering capabilities of the environment [12–14].

Acid generation and metal dissolution are the primary problems
associated with pollution from mining activities. The chemistry of these
processes appears fairly straightforward, but it becomes complicated
quickly as geochemistry and physical characteristics can vary greatly
from site to site [15].

In general, traditional treatment of AMD involves chemical pro-
cesses and requires the three following processes: the addition of a
neutralizing agent, decreasing the SO4

2− concentration, and the re-
moval of other dissolved and/or particulate contaminants (metal and/
or metalloid ions) [16]. Due to limited water resources and the very
high cost of traditional treatment, alternative treatments and in-
novative technologies have been investigated to offer a viable solution
to the environmental threats created by closed mines. These treatments
include the use of natural biomaterials such as chitin. Crustacean shells
(such as shrimp) are composed of a complex solid matrix of chitin (poly-
N-acetylglucosamine), protein, and CaCO3, providing alkalinity, and
are capable of removing dissolved metals due to their sorbent char-
acteristics [17,18].

The hydric resources of the coal basin of Santa Catarina, Brazil, are
strongly impacted by coal AMD, and its water cannot be used [19]. This
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research has the final objective of transforming coal AMD to water
adequate for non-potable reuse, considering the preservation of the
limited water sources of high quality for potable use. Thus, shrimp
shells were used as an AMD treatment agent due to their low cost (it is a
very abundant reject in Santa Catarina) and high chitin content. Shrimp
shell is also used as a metal ion biosorbent, and calcium carbonate is
used as an acid neutralizing agent. Since it is a waste-product of the
seafood industry, provides the following twofold benefits: (a) it can
reduce the concerns related to waste material disposal and degradation
and (b) it can reduce the overall cost of remediation technologies.
Preliminary studies demonstrated that shrimp shells are a better AMD
treatment agent than processed chitin [17].

Thus, in continuity with kinetic studies [16], in this paper, experi-
mental tests were conducted to determine the sorption equilibrium of
Fe and Mn removal onto shrimp shell waste employing different iso-
therm models. To determine the adsorption characteristics for practical
application, metallic ion removal studies in a packed bed column in
continuous-flow conditions were also made.

2. Materials and methods

2.1. Biomaterial

Our previous studies explored the feasibility of utilizing shrimp
shells as an acidic and metal ions removal agent for AMD remediation
[16,17,20,21]. Shrimp shells (without the head) were processed ac-
cording to own methodology, where was meticulously washed with tap
water to eliminate the remains of organic matter; subsequently, the
shrimp shells were dried in an oven for 72 h (48 h at 100 °C and 24 h at
50 °C). Once dry, the shrimp shells were pulverized in a blender and
sieved to promote a greater homogeneity and contact surface area
[16,17,20,21]. Prepared shrimp shells will be referred to as “SS” in this
paper.

2.2. Equilibrium isotherms

Adsorption equilibrium experiments were carried out by varying the
initial concentrations of Fe ions (10, 40, 80 and 120mg L−1) and Mn
ions (4, 6, 8 and 12mg L−1) in separated synthetic solutions of
FeSO4.7H2O and MnSO4.H2O, respectively. For all the tests, 100mL of
the solutions were placed in non-sterile, polypropylene Erlenmeyer
flasks with a 250mL total capacity. The required amount of the ad-
sorbent (11.46 g L−1 of SS) was added and the flasks were capped with
plastic wrap to prevent the entry of environmental dirt and/or water
from the thermostatic bath. The solutions were agitated for 24 h at
136 rpm (Dubnoff 252) at constant temperature (25 ± 2 °C). At the
end of the given contact time, the mixture was rapidly filtered. The SS
amount and agitation speed were previously determined using factorial
experimental planning [20,21]. The samples were filtered (0.22 μm
cellulose acetate membrane), and the residual metallic ion content was
determined by atomic absorption spectroscopy (AAS) following USEPA
Method 3005 A [22]. A parallel control experiment without SS was also
carried out. The pH of the solution was measured during all processes.

In addition, isotherm tests with natural AMD were carried out in
order to verify the interference/synergies with other AMD pollutants
species as well as their coexistence in the same AMD solution and
corresponding dilutions. AMD samples were collected from a 33-year-
old inactive coal mine in southern Santa Catarina. The samples were
collected, transported and maintained by following the specific meth-
odology of the Standard Methods for the Examination of Water and
Wastewater [23]. Metal ion concentrations were determined by atomic
absorption spectroscopy (AAS) following USEPA Method 3005 A [22].
Different AMD dilutions (0%, 25%, 50%, 75% and 90%) were per-
formed for adsorption equilibrium experiments. The initial character-
ization of the AMD dilutions used in the isotherm assays, as well as the
nomenclature for each tested condition, are showed in Table 1. For all

the tests, the initial pH (2.79) was constant. The other experimental
conditions (SS content, agitation, contact time, etc.) were the same as
those for the synthetic solutions.

The amounts of metal ions adsorbed by the adsorbent were taken as
the difference between the initial and final ion solution concentrations.
The amounts of adsorbed metal ions at equilibrium, qe (mg g−1), were
calculated by Eq. (1) [24]:

q C C v
w

( )
e

e0= (1)

where Co and Ce (mg L−1) are the initial and equilibrium concentrations
of the metal ions in water, respectively, v is the volume of the solution
(L), and w is the mass of dry adsorbent used (g).

Analysis of equilibrium data is important for the industrial appli-
cation of biosorption, since it gives comparison information among
different biomaterials under various operating procedures. Adsorption
isotherm models are widely employed to examine the relationship be-
tween sorbed (qe) and aqueous concentrations (Ce). Although a range of
isotherm models are available to study the equilibrium data, only the
Langmuir, Freundlich, Temkin, Dubinin-Radushkevich and Sips iso-
therms models were used to study the sorption of metal ions onto SS.

2.3. Error functions study

In order to investigate the mechanism of sorption and the potential
controlling steps, several error calculation functions have been used
(Table 2). The parameters were determined using Solver add-in of
Microsoft® Excel 2016.

2.4. Column studies on AMD remediation

In addition, continuous-flow sorption experiments were conducted
in a glass column at room temperature (23 ± 4 °C) (Fig. 1). The
column was designed with an internal diameter of 1.2 cm and a length
of 80 cm. The bed height was kept at 34.5 cm. The experimental con-
ditions are summarized in Table 3. A peristaltic pump (mark Milan
BP600/1) was used to feed the AMD into the column.

Table 1
Initial characterization of Fe and Mn ions concentration for natural AMD di-
lutions used in isothermal tests and their respective nomenclature. Initial pH
was 2.79. Where ¯ is the average and σ is the standard deviation.

Dilution Nomenclature [Fe] (mg L−1) ( ¯ )± [Mn] (mg L−1) ( ¯ )±

0% AMD0 74.22 ± 0.03 4.68 ± 0.08
25% AMD25 62.36 ± 0.05 3.82 ± 0.02
50% AMD50 50.54 ± 0.02 2.64 ± 0.04
75% AMD75 15.34 ± 0.03 1.38 ± 0.02
90% AMD90 5.23 ± 0.06 1.02 ± 0.04

Table 2
Statistical functions used to estimate the error deviations between experimental
and theoretical predicted isotherm model values for Mn in a synthetic solution.

Error functions Equation Where:

Average relative
error ARE 100N

qc qe
qe

1=
N: number of

experimental data
points;

qc: theorical calculated
adsorption capacity at
equilibrium (mg g−1);

qe: experimental
adsorption capacity at
equilibrium (mg g−1)

P: number of
parameters in each
isotherm model

Sum of the squares of
the errors

ERRSQ q q( )c e
2=

Marquardt’s
percentage
standard
deviation

MPSD

qe qc
qe

N P

( ) 2

=

Hybrid fractional
error function HYBRID N P

qe qc
qe

1= 100
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During the adsorption process, effluent samples were collected at
predetermined times. The column was operated for 900min, in which
the SS was saturated. The metallic ion concentrations were determined
by AAS [22]. The pH of the samples was also measured (ThermoFisher
Orion 3Stars pH meter). The breakthrough curves were drawn as a
function of the AMD volume passed through the column. Control ex-
periments without sorbent but maintaining the same flux were carried
out to ascertain that the removal was by the sorbent and not by other
mechanisms.

The total quantity of metal ion mass biosorbed in the column (Mad)
was calculated from the area above the breakthrough curve (outlet
metal ion concentration vs time) multiplied by the flow rate. Dividing
the metal ion mass (Mad) by the biosorbent mass (M) leads to de-
termination of the uptake capacity (Q) of the biomass. The total amount
of metal ions sent to the column was calculated from the following
equation [25]:

M C Ft
1000total

e0= (2)

where C0 is the inlet metal ion concentration (mg L−1), F the volumetric
flow rate (mL h−1) and te is the exhaustion time (h). Total metal ion
removal (%) can be calculated from the ratio of metal ion mass ad-
sorbed (Mad) to the total amount of metal ions sent to the column
(Mtotal) as follows [25]:

Total metal removal M
M

(%) 100ad

total
=

(3)

2.5. Acid mine drainage (AMD)

For column studies, AMD from a closed mine within the coalfield
area of Santa Catarina was collected. Samples were taken in non-sterile
polypropylene containers and capped with minimal headspace. All the
sample materials and containers were prewashed with detergents and

acid and deionized water rinsed. The samples were transported and
stored in a refrigerator at constant temperature of 4 °C [23] and char-
acterized on the same day of collection for determination of the pH (pH
meter ThermoFisher, Scientiphic Orion 3Stars) and metallic and me-
talloid species (ICP-MS, Perkin Elmer, Nexlon 300D).

2.6. Analytical methods

The concentration of the Fe and Mn ions were analyzed using AAS
according to the procedure described in the USEPA Method (3005 A)
[22]. Liquid samples were filtered through a 0.22 μm membrane filter
(Sartorius Company) to remove solids and acidified with concentrated
HNO3 solution, to avoid precipitation of metals due to changes in pH
[22]. A digital pH meter was used to monitor solution pH during the
tests. Although previous tests [17,20,21] showed that, under these ex-
perimental conditions, SS is not an effective agent to eliminate sulfate,
it was monitored by ion chromatography (Dionex ICS – 1000) during all
experiments.

2.7. Visual MINTEQ modeling

The model of Visual MINTEQ [26,27] was commonly applied to
describe heavy metal in soil, wastewater, and solid waste. A visual
MINTEQ model was first used in geochemical study, and then it was
gradually introduced in the research of environmental science and en-
gineering. It can be used to calculate various chemical equilibrium
processes including acid-base balance, dissolution-precipitation bal-
ance, redox balance, and adsorption balance. The software contains
powerful equilibrium constants database, which can be modified.

In our case, the model was applied to simulate and predict the
chemical equilibrium for the calculation of AMD metallic speciation to
identify the principal species responsible for remediation (precipitates
and/or adsorbed ions). AMD composite, before and after continuous-
flow treatment with SS, was run with Visual MINTEQ 3.1 for predicting
pH dependent metal speciation processes.

3. Results and discussion

3.1. Adsorption isotherm models

Adsorption isotherm models describe the distribution of the ad-
sorbate species between liquid and adsorbent through plotted graphs
based on a set of assumptions and related to the heterogeneity or
homogeneity of adsorbents, the type of coverage, and the possibility of
interaction between the adsorbates [28].

In this study, two different isothermal tests were performed. The
first test, according to the traditional view, was carried out with a
synthetic solution for each interest metal ion (Fe and Mn) (Fig. 2) in
order to study the specific adsorption, avoiding competition for the
active sites of the adsorbent by other species. For all the tests, an in-
crease of the pH caused by the addition of SS to the synthetic solutions
was observed. In both cases, for Fe and Mn isothermal tests, the final
pH, after 24 h of contact time, was above to neutrality (pH > 7) con-
firming the influence and suitability of SS as a neutralizing agent due,
mainly, to the calcium carbonate content. High metal ions removals
were evidenced (> 99% for Fe and>75% for Mn). In the case of Mn,
the removal could be attributed to the process of adsorption onto SS,
since pH values for its hydroxides precipitation (between 9 and 10)
were not reached (Fig. 2b).

The second isotherm test was performed with natural AMD (Fig. 3)
to identify the real adsorption behavior with the coexistence of several
other metallic ions. As with the synthetic solutions, the addition of SS to
the AMD samples caused the pH increase between 2 and 4 net points. In
the more dilute samples (AMD75 and AMD90) pH values higher than
neutrality was reached. Predictably, the addition of higher SS contents
could guarantee the effective neutralization in the more concentrated

Fig. 1. Column experiment setup, where (Ia) and (Ib) are the initial and final
reservoir, respectively; (II) peristaltic pump; (III) sorption column; (IVa) and
(IVb) valves.

Table 3
Conditions for adsorption experiments in SS fixed bed column.

Parameters

Average flow (Q) 7.8 cm3min−1

Hydraulic Retention Time (HRT) 5min
SS Volume 39 cm3

SS Mass 47.22 g
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samples. Different behaviors were elucidated for metal ions removal as
a function of the initial concentrations of the samples. While for the Fe
ion removal lower initial concentrations showed higher percentual re-
movals, for Mn ion the behavior was inverted. This can be explained by
both the possible saturation of SS in high concentrations of Fe ions and
the possible co-precipitation of the Mn ion in the presence of a high
concentration of iron ions [29,30]. In natural AMD (without dilution -
AMD0), a 77–79% ion removal range was observed for both monitored

metal ions. Mn ion removal percentage from natural AMD (Fig. 3) is
lower than from synthetic solution (Fig. 2b), indicating a higher affinity
of Fe ion with respect to the Mn ion for SS.

Based on the results, the inhibitory effect of the SS adsorption ca-
pacity in a multi-metal system when compared with mono-metal sys-
tems was confirmed. This effect could be due to the affinity and com-
petition of ions for active sites on the adsorbent [31].

The most important multisite adsorption isotherm for

Fig. 2. Fe (a) and Mn (b) ions removal percentages and standard deviation from isothermal assays with synthetic solutions of FeSO4.7H2O and MnSO4.H2O,
respectively, and the pH variations in the tests versus the initial concentration (mg L−1) of metal ion in the synthetic solutions; where the arrows indicate the
respective ordinate axis of each parameter considered.

Fig. 3. Fe and Mn ions removal percentages
and standard deviation from isothermal assays
with natural acid mine drainage (AMD) and
the pH variation in the tests versus different
AMD dilutions; where AMD0 and AMD90 are,
respectively, the non-diluted and the most di-
luted samples. The initial Fe and Mn ions
concentrations in AMD samples were described
in Table 1. The arrows indicate the respective
ordinate axis of each parameter considered.
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heterogeneous surfaces is the Freundlich model. This empirical model
can be applied to non-ideal sorption on heterogeneous surfaces as well
as multilayer sorption. The linearized form of the Freundlich equation
was used for analysis, and it is given as Eq. (4) [32].

q K Clog log 1 loge F e= +
(4)

where Ce is the equilibrium liquid phase ion concentration (mg L−1),
and qe is the equilibrium solid phase ion concentration (mg g−1); KF is a
Freundlich isotherm constant (mg g−1), ɳ the adsorption intensity. KF

and ɳ−1 values can be calculated from intercept and slope of the linear
plot between log Ce.

Data plots of log qe versus log Ce (Fig. 4a) showed that the ion
adsorption from synthetic solution onto SS follows the Freundlich iso-
therm model well with high correlation coefficients, R2= 0.9998 for Fe
ions and R2= 0.9831 for Mn ions (Table 4). This indicates that the
biosorption of the Fe and Mn onto SS fitted well for the Freundlich
model. Large KF values indicate greater adsorption capacity. ɳ is a
function of the strength contrariwise of the used adsorbent material. A
value of ɳ>1, as in the iron sorption (ɳ=1.01), indicates that the
adsorption coefficient increases with increasing solution concentration.
Otherwise, when the value of ɳ<1, (Mn ɳ=0.81), KF decreases with
concentration [33]. Similar isotherm results were observed for Fe re-
moval onto different adsorbents [34].

The Langmuir equation was chosen for the estimation of the max-
imum adsorption capacity corresponding to the complete monolayer
coverage on the adsorbent surface [35]. The equation can be linearized
into Eq. (5):

Ce
q q K

Ce
q

1
e m L m

= +
(5)

where qm is the maximum amount of adsorption with complete
monolayer coverage on the adsorbent surface (mg g−1), and KL is the
Langmuir constant related to the energy of adsorption (L mg−1). The
Langmuir constants KL and qm can be determined from the linear plot of
Ce/qe versus Ce.

The essential characteristics of the Langmuir isotherm can be ex-
pressed in terms of RL, and a dimensionless separation factor of equi-
librium parameter is defined as Eq. (6) [36].

R
K C
1

1L
L 0

=
+ (6)

where C0 (mg L−1) is the initial adsorbate concentration. The value of
RL indicates the shape of the isotherms to be unfavorable (RL> 1),
linear (RL= 1), favorable (0 < RL< 1) or irreversible (RL= 0) [32].

The plot of (Ce/qe versus Ce) results of the Fe and Mn ion adsorption
onto SS (Fig. 1a of Supplementary material) showed low R2 value
(< 0.6121) proved that the sorption data did not fit well to the

Fig. 4. The experimental adsorption data fit to (a) Freundlich and (b) Dubinin-Radushkevich isothermal models for Fe and Mn removal by SS in synthetic solutions.
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Langmuir Isotherm model. The equation, coefficient of correlation (R2)
generated and Langmuir constants are shown in Table 1 of
Supplementary material.

However, the Temkin isotherm assumes that the heat of adsorption
decreases linearly with the coverage due to adsorbent-adsorbate inter-
action [37]. The Temkin isotherm has generally been applied in the
following linear form [38]:

q B K B Cln lne T e= + (7)

B RT
b

= (8)

where KT (L mg−1) is the Temkin isotherm constant, b (J mol−1) is a
constant related to heat of sorption, R is the gas constant (8.314 J
mol−1 K−1) and T is the absolute temperature (K). Based on the plot of
qe versus ln Ce (Fig. 1b of Supplementary material), a high R2 (> 0.84)
was determined, but minor when compared with other models like
Freundlich for Fe ion and Dubinin-Radushkevich for Mn ion. The data
are listed in Table 1 of Supplementary material.

The Dubinin-Radushkevich isotherm model was chosen to estimate
the characteristic porosity of the biomass and the apparent adsorption
energy. The linear form of the model is represented by the following
equation:

q K B RT
C

ln ln 2 ln 1 1
e D D

e
= +

(9)

where BD is related to the free energy of sorption per mole of the sor-
bate as it migrates to the surface of the biomass from an infinite dis-
tance in the solution, and KD is the Dubinin-Radushkevich isotherm
constant related to the degree of sorbate sorption by the sorbent surface
[39]. The apparent energy (E) of adsorption from the Dubinin-Ra-
dushkevich isotherm model can be computed using the relation given
below [39].

E
B

1
2 D

=
(10)

The observed relationship of plot Ln qe versus ( )RTln 1 C
1 2

e
+ for

Mn ion removal onto SS (Fig. 4b) was statistically significant as evi-
denced by the R2 value close to the unit (0.9903). The information
obtained with the Dubinin-Radushkevich's isotherm model permitted
distinguish the type of adsorption that occurs between the adsorbent
and the adsorbate; thus, in this case, and only for Mn ion, the adsorp-
tion energy determined that adsorption could be chemical [40]. In the
other hand, for Fe ion, a smaller R2 value (0.8724) when comparing
with the Freundlich model (0.9998) indicated the not satisfactory cor-
relation of this model. The calculated Dubinin-Radushkevich constants
and mean free energy for adsorption are shown in Table 4.

Due to the close R2 values, and in order to evaluate the fit of the
Freundlich and Dubinin-Radushkevich isotherm equations to the ex-
perimental data, different statistical error functions were examined for
the Mn-SS adsorption system in synthetic solution (Table 2). Among the
two studied isothermal model, and according to Table 5, it seems that
Freundlich model was the most suitable model to satisfactorily describe
the Mn-SS adsorption phenomenon. Indeed, the lowest ARE, ERRSQ,
MPSD and HYBRID values were found when modeling the isothermal
data using Freundlich model, indicating sorption mechanisms via
physisorption for Mn on SS. Such trend was previously proven by other
researchers [41,42].

Finally, the Sips isotherm is derived from the limiting behavior of
the Langmuir and Freundlich isotherms. The model is valid for localized
adsorption without adsorbate-adsorbate interactions [28]. When the
sorbent content approaches a low value, the Sips isotherm effectively
reduces to the Freundlich isotherm; however, at high values, it predicts
the Langmuir monolayer sorption characteristics. The Sips linear
equation model is expressed as Eq. (11) [28].

q q K C q
1 1 ( 1 ) 1

e S emax

1/

max
= +

(11)

where KS (mg L−1) and qmax (mg L−1) are the Sips equilibrium constant
and maximum adsorption capacity values obtained from the slope and
the intercept of the plot (Fig. 1c of Supplementary material) [43]. The
poor coefficient of determination values (R2=0.6344 for Fe and
R2=0.3159 for Mn) suggests that it is not applicable to this model to
represent the equilibrium sorption of Fe and Mn ions by SS (Table 1 of
Supplementary material).

Comparing the correlation coefficients values obtained for each of
the considered isotherms for synthetic solutions, the fitting degree
follows the sequence: Freundlich > Dubinin-Radushkevich >
Temkin > Langmuir > Sips. The Freundlich equation for Fe and Mn
represented the best fits to the experimental data, with R2=0.9998
and R2=0.9831, respectively. These results are better than the results
from the other isotherm models, indicating sorption mechanisms via
physisorption. These results were confirmed by the statistical study of
errors.

As mentioned above, adsorption equilibrium studies with natural
AMD were performed. The adsorption results for Fe and Mn ions were
different when compared to each other. While for Fe ions, the

Table 4
Linear regression equations and isothermal constants for Freundlich and Dubinin-Radushkevich models for Fe and Mn adsorption onto SS in synthetic solutions.

Isotherm model Parameter Fe Mn

Freundlich LR logqe =0.99031 -1.0332 logqe =1.2391 -1.2881

R2 0.9998 0.9831
KF (Lmg−1) 0.093 0.059
ɳ 1.01 0.81

Dubinin-Radushkevich LR ln qe=-4E-05( )1 Ce
1+ -+1.9416 ln qe=-4E-06( )1 Ce

1+ -+0.0291

R2 0.8724 0.9903
BD 8.07×10−09 8.06× 10−10

ℰ 7872.13 24893.87
KD (Lmg−1) 6.97 1.03

LR: Linear regression.

Table 5
Isothermal error deviation data related to the adsorption of Mn onto SS in
synthetic solutions.

R2 ARE ERSSQ MPSD HYBRID

Freundlich 0.9831 31.87768 2.52027 11.28674 5.14503
Dubinin-Radushkevich 0.9903 78.26267 4.73788 17.26686 9.56871

Bold the lowest values of error functions. Where ARE is the average relative
error; ERRSQ es the sum of squares of the errors; MPSD is the Marquardt's
percentage standard deviation; and HYBRID is the hybrid fractional error
function.
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Freundlich isothermal model remains the best model that describes the
experimental data (R2= 0.9929), for Mn ions, the higher correlation
coefficient changed from the Dubinin-Radushkevich model with syn-
thetic solution to the Freundlich model as well (R2= 0.9663). This
result indicates that the biosorptions of Fe and Mn onto SS in natural
AMD were fit well by the Freundlich model. A large KF value indicates
greater adsorption capacity. ɳ is a function of the strength of the used
adsorbent material. A value of ɳ> 1, as in the iron sorption
(ɳ=1.062), indicates that the adsorption coefficient increases with
increasing solution concentration. Conversely, when the value of ɳ<1,
(Mn ɳ=0.575), indicated that KF decreases with concentration [33].
The results are consistent with the description of SS with a hetero-
geneous surface. The weak R2 values obtained for the Temkin, Dubinin-
Radushkevich, Langmuir and Sips models indicate that the sorption
data did not fit well with these. No bibliographic references were found
for isothermal assays with AMD natural, so no comparison was possible.
The linear regression equation and coefficient of determination (R2)
generated for Freundlich model are shown on Table 6. Complementary
details from others isothermal models are presented in Table 2 of
Supplementary material.

3.2. Characterization of AMD

AMD samples were characterized to define the target chemical
species because of its high concentration and/or its dangerousness.
Fetotal and Mntotal were the metal ions selected for monitoring during
treatment with SS due to its high concentrations, well above the
Brazilian legal limits (Table 7). The SO4

2− content was monitored
during all experiments but did not change greatly after treatment
(3630.8mg L-1), indicating that the SS under the conditions tested was
not adequate for the removal of this contaminant, which is in line with
previous research [16,17,20,21]. Complementary tests, under a ni-
trogen atmosphere, are being carried out to verify the potential of SS as
a substrate for the development of sulphate-reducing bacteria (SRB)
and thus promote the sulfate elimination.

3.3. Column test

The results obtained from batch studies are important in providing
information on the effectiveness of the sorbent system. However, this
process is usually limited to the treatment of small effluent volumes
under equilibrium conditions that do not give accurate scale-up data for
industrial treatment systems where a continuous-flow regime is nor-
mally employed. Furthermore, uneven flow patterns throughout the
column and the problems of regeneration cannot be meaningfully stu-
died in a batch experiment. Therefore, it is necessary to carry out flow
tests using columns to obtain design models, which would be applicable
to commercial systems.

In this case, during the initial 60min of continuous-flow operation,
a rapid increase in pH was observed in the column effluent. Until
114min, the pH remained relatively neutral and reached the maximum
value of 6.79 (Fig. 5). A significant decrease in metal ion concentrations
(90% Fe and 88% Mn) was observed during this initial stage of op-
eration, possibly promoted by the coexistence of two simultaneous
processes, adsorption onto SS and precipitation such as hydroxides
(high pH values). After this, the removal was lowered until
t= 762min, when the SS was metal saturated. In these experimental
conditions, the continuous-flow experiment showed that the Brazilian
standard parameters for reusing non-potable water could be provided
until t= 60min (pH between 6–9; Fe ≤ 5mg L−1 and Mn≤0.5mg
L−1) [45], and those for effluent launching could be provided until t ≈
180min (pH between 5–9; Fe ≤ 15mg L−1 and Mn≤1mg L−1) [44].

Through the analysis of the Fe and Mn breakthrough curves (Fig. 6),
the capacities of adsorption (q) of SS for Fe and Mn were determined.
The capacities of adsorption (q, mg g−1) were calculated using Eq. (12),
where Q is the flow (mLmin−1), C0 is the initial metal ion concentra-
tion (mgmL−1) and w is the SS mass (g). In our case, q resulted in
17.43mg Fe per gram of SS and 3.87mg Mn per gram of SS, values in
consonance or higher than those found in the literature for other ad-
sorbents [46–50]. This result is consonant with studies that evaluated
the potential of chitin and chitosan (its deacetylated derivative) as
biosorptive agents for the removal of industrial-relevant metal ions
such as zinc, copper, chromium, cadmium, uranium, lead and others
[51–54].

q
t f t dt QC

w
( ( ) )e t

t
0b

e

= (12)

The findings of this study demonstrate that shrimp shells can be
used as a low-cost substrate to support the remediation of acidic and
metal-laden waters. The obtained results indicate that this material can
play a major role in the neutralization of acidic streams and the removal
of metal contaminants. Additional tests are currently underway to
evaluate the use of SS as an appropriate biomaterial in large-scale
continuous-flow systems.

3.4. Chemical equilibrium modeling

pH dependent AMD remediation by sorption was investigated using
chemical equilibrium modeling. AMD parameters, before and after
continuous-flow column test (Table 8), were plotted and evaluated with
Visual MINTEQ version 3.1. Input mass concentration for each com-
ponent and Visual MINTEQ was run for predicting chemical equili-
brium. The thermodynamic parameter was not modified in the data-
base. The main production simulated with the software is shown in
Table 9.

Meanwhile, the results on the percentage of ions indicated that
52.5% of Fe ion was identified as FeSO4 (aq), 55.8% of Mn ion as Mn2+

and 93.9% of S such as SO4
2−. The results showed almost the same

species percentage before and after treatment with pH increase close to
neutrality. Thus, though AMD remediation is a pH dependent process,
the modeling indicated the sorption mechanisms as a predominant

Table 6
Linear regression equations and isothermal constants for Freundlich model for
Fe and Mn adsorption onto SS in natural AMD.

Isotherm
model

Parameter Fe Mn

Freundlich LR logqe =0.94151 -0,9899 logqe =1.7401 -1.6627

R2 0.9929 0.9663
KF (Lmg−1) 0.102 0.0217
ɳ 1.062 0.575

LR: Linear regression.

Table 7
Initial characterization of AMD used in the tests.

Variable Unit Value CONAMA
430/2011a

CONAMA
357/2005b

pH – 3.49 5-9 6-9
Sulfate mg L−1 3630.8 NA 250
Fetotal mg L−1 83.24 15.0 5.0
Mntotal mg L−1 5.94 1.0 0.5
Al mg L−1 0.020 NA 0.2
Nd mg L−1 27.67×10−3 NA NA
Cd mg L−1 0.001 0.2 0.01
Co mg L−1 0.078 NA 0.2
Cu mg L−1 0.012 1.0 0.013
Ni mg L−1 71.04×10−3 2.0 0.025

NA: Not applied.
a Brazilian legal limits for effluent discharge [44].
b Brazilian legal limits for reuse water such as non-potable secondary use

[45].
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process in Fe and Mn remediation.

4. Conclusions

The Freundlich isotherm model was the best fitted for Fe and Mn
ions removal, both in synthetic solutions and in natural AMD, in-
dicating a physisorption mechanism. The model that best fitted the
experimental data was determined by the correlation coefficients of the
linearized equations and the study of the error non-linear statistical
functions. The influence of the coexistence of metallic species in the
sorption equilibrium processes was confirmed. The continuous-flow

experiment showed that the effluent was according to Brazilian law
parameters for water secondary non-potable reuse (until t= 60min)
and for no risk effluent launching (until t ≈ 180min). The capacities of
SS adsorption (q) resulted in 17.43mg g−1 and 3.87mg g−1. The suit-
ability of the proposed treatment was confirmed, and the information is
valuable for designing a low-cost remediation process for AMD. The
chemical modeling indicated the sorption mechanism as a predominant
process in the Fe and Mn remediation onto SS and confirmed the de-
pendence of pH for AMD remediation. The findings of this study de-
monstrate that shrimp shells can be used as a low-cost substrate to
support the remediation of acidic and metal-laden waters.

Fig. 5. Fe and Mn ion relative concentration (Ct /C0) and pH variation versus contact time (min) in a continuous-flow fixed bed column test with an emphasis on the
first 200min of operation. Where Ct and C0 are the ion concentration (both in mg L−1) at time t and initial time, respectively. The arrows indicate the respective
ordinate axis of each parameter considered.

Fig. 6. Experimental breakthrough curves for the sorption of Fe and Mn ions onto SS fixed bed column. Where Ct/C0 is the relative ion concentration (both in mg
L−1) and collected volume (mL) represents the total volume of AMD treated in the fixed bed column as a function of the operating time and the flow. AMD flow rate
through the column was 7.8 cm3min−1. Effluent was collected at regular time intervals for residual metal ion estimation.
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