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Abstract

The main characteristics of coal acid mine drainage (AMD) are a low pH and high concentrations of sulfate and different
metallic ions. Response surface methodology using the central composite rotatable design (CCRD) model was used to opti-
mize the parameters for AMD remediation with aquaculture farming waste [shrimp shell (SS) and mussel byssus (MB)].
SS was chosen due to its high chitin (a metal sorbent) and calcium carbonate (an acidity neutralizing agent) content, and
MB because of its potential synergistic effect for the treatment. The coefficient of determination and standard error results
from the analysis of variance have shown the model to be adequate. The predicted values were in good agreement with the
experimental values. The best experimental conditions established from the statistical study were 136 rpm, 11.46 g L' SS
and 71.6 g L~! MB. CCRD can efficiently be applied for modeling the AMD remediation with biomaterials and is an eco-
nomical way of obtaining the maximum amount of information in a short period of time with the fewest number of experi-
ments. Additionally, five kinetic models, i.e., pseudo-first-order, pseudo-second-order, intraparticle diffusion, Bangham and
Elovich equation, were tested to investigate the adsorption mechanisms. The kinetic studies revealed that a 200 min contact
time is sufficient to transform AMD into water suitable for non-potable reuse. The pseudo-second-order model provided the
best fitting of the experimental data, indicating a chemical adsorption mechanism. This research shows the suitability of the
proposed treatment, and the information is valuable for designing a low-cost remediation process for AMD.
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Statement of Novelty

The research goal is to transform acid mine drainage
(AMD), an extremely toxic effluent from coal mining, into
water suitable for non-potable reuse. With the aim of remov-
ing the acidity, iron and manganese, AMD was treated with
shrimp shell (SS), a waste from the fish processing indus-
try. SS contains chitin, a metal sorbent, and calcium car-
bonate, an acidity neutralizing agent. A statistical planning
method, the central composite rotatable design (CCRD), was
used to determine the optimal agitation rate and relative SS
amount. CCRD allowed the best treatment conditions to
be established with a low number of assays compared to
that required with a conventional method of varying one
parameter at a time while holding the others constant. The
sustainable nature of this innovative and low-cost technol-
ogy is notable.

Introduction

Mining practices have caused serious environmental changes
over the last century and have made it virtually impossible
to maintain aquatic life in affected water bodies. Mines are
associated with important environmental problems, such as
hindered plant growth and siltation of rivers close to mining
activity, all around the world [1-4] and specifically in the
study area in Santa Catarina State in southern Brazil [5, 6].

Coal extraction, processing and use generate highly toxic
effluents due to the degree of acidity (pH <4.0), significant
metal ion concentrations (Fe, Al, Mn, Cu, Zn, Pb and others)
and high sulfate levels. These effluents, known as acid mine
drainage (AMD), cause serious environmental problems and
can damage ecosystems and human health [7]. Heavy met-
als are highly harmful because of their non-biodegradable
nature, long biological half-lives and potential for toxicity
and accumulation in different body parts [8—10].

AMD is generated from chemical and biological pro-
cesses in which sulfidic minerals, such as pyrite (FeS,), are
oxidized to sulfates with the formation of metallic hydrox-
ides (Eq. 1) [11, 12]. The amount and toxicity of the gener-
ated AMD depends on several factors such as the mineralogy
of the rock material, surface area, crystallography, tempera-
ture, oxygen concentration, and amount of water contact-
ing the material [13]. Remediation of abandoned mining
sites is challenging due to the continuous generation of toxic
AMD, remote locations of many sites, and extreme mountain
weather conditions often present at the contaminated areas.

4FeS, (s) + 150, + 14H,0 — 4Fe(OH); (s) + 8SO;™ + 16H*
M
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Currently, there are two main approaches for AMD reme-
diation: active and passive treatments. Active treatments
require continuous resource input to sustain the process (e.g.,
water treatment plants and chemical precipitation systems),
whereas passive treatments (e.g., constructed wetlands, bio-
chemical reactors, and permeable reactive barriers) require
minimal resource input and maintenance once in operation
[12, 13]. Both types of treatments use either sorption or
another form of chemical/biological treatment to reduce the
concentration of metal ions and associated toxicity in AMD.

Due to increasingly limited water resources, innovative
technologies can offer a plausible solution to the environ-
mental threats created by closed mines. Traditional water
treatments are modeled after wastewater treatment plants,
which are machine-intensive and chemical-dependent pro-
cesses that require continuous operation and maintenance
staff. The innovative technology that will be discussed in
this paper is largely based on passive treatment systems, has
minimal operations and maintenance costs and requires few
chemical applications and few, if any, mechanical devices
[14].

Biosorption is currently considered a promising tech-
nique for heavy metal removal. Biosorption is the process
of removing compounds, metal ions or other materials using
a sorbent with a biological origin by means of the attractive
forces between the removed material and the biosorbent on
a cellular structure [7, 15]. Biosorption involves physical
and chemical mechanisms such as: physical adsorption, ion
exchange, complexation, precipitation, coprecipitation and
transport across a cell membrane.

Biosorption by biological materials for removing heavy
metals has drawn more and more attention, largely due to
the unique properties of these biomaterials, such as environ-
mentally friendly characteristics, low cost, effectiveness at
low metal ion concentrations and ease reuse. In recent years,
the use of chitinous materials as biosorbents and organic
substrates has gained prominence. Chitin (CgH,305N),
(Fig. 1) has attracted particular consideration because of its
capability to chemically or physically adsorb various heavy
metal ions [16—19]. The nitrogen in the amino group of the
chitin molecule acts as an electron donor and is presumably
responsible for selective chelation with metal ions [20, 21].
Chitin, i.e., poly-p-(1,4)-N-acetyl-p-glucosamine (Fig. 1), is
the most common polysaccharide after cellulose found in
nature and can be extracted from crustacean shells, such as
shrimp shells [22-25].

Hydric resources in southern Brazil are strongly impacted
by coal mine effluents. Most rivers in the coal basin of the
Santa Catarina State are contaminated by AMD, rendering the
waters unusable. One of the objectives of this research group
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Fig. 1 General exoskeleton
structure of shrimp shells [26]

Calcite

is to transform coal AMD into water that is adequate for non-
potable reuse, especially considering the need for preserving
limited, high-quality water sources in this region for potable
use. Shrimp shell (SS) and mussel byssus (MB) were selected
as the AMD treatment agents due to their negligible toxicity
and low cost. They are very abundant as refuse in Santa Cata-
rina State without economic value. SS contain high chitin,
which is a metal biosorbent, and calcium carbonate, an acidity
neutralization agent, contents (Fig. 1). Mussel byssus was cho-
sen to investigate its potential synergic effect on the treatment
effectiveness by comparing the results of the treatment with SS
alone and with SS and MB. Preliminary studies demonstrated
that SS is a better AMD and mine impacted water (MIW)
treatment agent than processed chitin [27].

It was hypothesized that SS can serve as a remediation
agent at rates competitive with those of other substrates. Since
SSs are a waste-product from the seafood industry, the use
provides a two-fold benefit: (a) reducing concerns related to
waste material disposal and degradation and (b) reducing the
overall cost of AMD remediation technologies.

The aim of the research study reported herein was to find
the best conditions for an alternative and low-cost solution to
the coal AMD problem by producing a neutral pH and metal-
free effluent. The specific objective was to apply statistical
factorial planning like a central composite rotatable design
(CCRD) model to study the best remediation conditions. In
addition, a kinetic study was used to investigate the optimum
contact time for the sorbent/AMD and the adsorption mecha-
nisms to evaluate the SS efficiency as an alternative to lime, a
low-cost biomaterial, for AMD remediation to obtain a neutral
pH and metal-free effluent.

Chitin-Calcite Material System
(from Shrimp Exoskele

a-Chitin Chain
Long chain polymer of
N-Acetylglucosamine

Organic (a-chitin) — Inorganic (calcite)
Interfacial System

Materials and Methods
Biomaterials

SS in natura flakes were used as the acidity and metal-ion
removal agent. The SS (without the head) was meticu-
lously washed with water to eliminate the remains of
organic matter and other coarse materials; subsequently,
the shells were dried in an oven for 72 h at 100 °C for the
first 48 h and at 50 °C for the last 24 h. After this process,
the SS were pulverized in a blender and sieved to promote
a greater homogeneity and contact surface area. To prevent
moisture absorption, they were kept in a glass desiccator
until use [27, 28].

Dry mussel byssus (MB) was used as a low-cost sup-
port material for SS to predict the operation of a continu-
ous-flow remediation system in future research. MB was
obtained from Blocaus Pré Fabricados Ltda, a Brazilian
company specializing in the manufacturing of concrete
blocks through the use of mariculture residues (oysters
and mussels). MB was washed with pressurized water and
sun-dried for a minimum of 14 days.

Acid Mine Drainage (AMD) Samples

The AMD samples for the tests were obtained from a
33-year-old inactive coal mine in Urussanga City located
within the Carboniferous Santa Catarina Region in the
southern Santa Catarina State, Brazil. Samples were
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collected at points of easy access in 5 L polypropylene
bottles (non-sterile), transported and maintained at a
constant temperature of 4 °C, and characterized on the
same day as the collection to determine the pH (pH meter
ThermoFisher, Scientiphic Orion 3Stars) and metal and
metalloid species using an (ICP-MS) inductively coupled
plasma mass spectrometer (ICP-MS, Perkin Elmer, Nexlon
300D) following the EPA Method 3005 A [29]. Anions
were measured at room temperature using an ion chroma-
tograph (Dionex ICS—1000).

Liquid samples were filtered through a 0.22-pm mem-
brane filter (Sartorius Company) to remove solids and acidi-
fied with a concentrated HNOj; solution to avoid precipita-
tion of metals due to changes in pH [30].

Preliminary Tests

To identify the remediation process and establish the mini-
mum operating parameters, different batch microcosms were
prepared to analyze the influence of the pH, relative amount
of substratum/water volume (0 and 10 g L~! for MB; 10, 14
and 18 g L™ for SS), and synergy/behavior of the biomateri-
als in the remediation of AMD [27].

Batch microcosms were maintained at a constant tem-
perature (25 +2 °C) and agitated (150 rpm) for 24 h. Con-
trol experiments without biopolymers were also carried out.
The metals ions were monitored during the experiment by
atomic absorption spectrophotometry (AAS) analyses [31]
in a Hitachi Z-8230 model spectrophotometer. The pH was
monitored during the whole process.

Central Composite Rotatable Design (CCRD)

Factorial design was employed to reduce the total number
of experiments needed to determine the best overall optimi-
zation of the system. The design determines which factors
have important effects on a response and how the effect of
one factor varies with the level of the other factors. The
determination of factor interactions can only be determined
using statistical designs of experiments since the system
optimization cannot be performed by varying one factor at
a time while fixing the other factors [32].

For this study, a central composite rotatable design
(CCRD) was created with three factorial variables (2°) and
applied to optimize the remediation process and identify the
ideal parameters for the experiment. Agitation and the SS
and MB contents were chosen as the independent variables,
and the final concentrations of the metal species, Fe and
Mn, were the dependent variables (responses). The contact
time was not considered an independent variable because the
ideal time was identified experimentally in kinetic experi-
ments. Subsequently, the ideal amounts of SS and MB and
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agitation speed were determined in this factorial experimen-
tal planning.

The factor scores (+ 1 and — 1) that indicate the minimum
and maximum levels to test for each of the variables, the
center point (0) and axial points (+ 1.68 and — 1.68), were
calculated by Eq. 2, where a is the axial distance from the
point and n is the number of independent variables (n=3)
used in the experiment. The experiments consisted of eight
assays (— 1 and + 1) plus three center points and six axial
points (— 1.68 and + 1.68), resulting in an orthogonal dis-
tribution, and a total of 17 experiments were carried out by
using the rotatable central composite design, as shown in
Table 1. Based on the preliminary experimental results, the
levels chosen for the independent variables, agitation (X,),
MB (X,) and SS (X;) are listed in Table 2. The experimental
data were analyzed using statistical methods appropriate for
the experimental design used.

a=(2"i )

The experiments were performed in a thermostatic bath
(Dubnoff 252), and when more precise agitation was neces-
sary [axial points — 1.68a (16 rpm) and + 1.68a (184 rpm)],
magnetic agitation was used (mark Dist). In all cases,
100 mL of the liquid samples was placed in non-sterile,
polypropylene Erlenmeyer flasks with a 250-mL total capac-
ity, and the flasks were capped with plastic wrap to prevent
the entry of environmental dirt and/or water from the ther-
mostatic bath.

All experiments were performed with a 24 h contact time,
AMD/biopolymer and a controlled temperature (25 °C +2).
For sample filtration, cellulose acetate membranes with a

Table 1 Matrix for CCRD

Run X X, X5

1 0 0 0

2 0 0 +1.68
3 -1 +1 +1

4 -1.68 0 0

5 +1 -1 +1

6 +1 +1 -1

7 0 0 0

8 -1 -1 -1

9 +1 -1 -1
10 +1 +1 +1
11 0 +1.68 0

12 -1 -1 +1
13 -1 +1 -1
14 +168 0 0

15 0 0 0

16 0 0 —-1.68
17 0 -1.68 0
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Table2 Independent variables Variable Symbol —1.68 _1 0 +1 +1.68«
and their levels for CCRD
Agitation (rpm) X, 16 50 100 150 184
Mussel byssus (g L™ X, 0.72 2.0 6.0 10.0 13.26
Shrimp shell (g L") X, 7.28 10.0 14.0 18.0 20.72

0.45-um porosity were employed. To monitor the possible
changes in the intrinsic conditions, a blank was tested (no
biopolymer liquid sample).

The residual heavy metal ion concentrations were deter-
mined by atomic absorption spectrophotometry (AAS) as in
the preliminary tests [31]. The pH was also monitored during
the entire process.

The mathematical models were evaluated for each response
by means of multiple linear regression analyses. The signifi-
cant terms in the model were found by analysis of variance
(ANOVA) for each response with STATISTICA 13.1 StatSoft
software. The value of the model is that it identifies statistically
different significant factors, allows a confidence performance
prediction by interpolation over a range of data, and facili-
tates the construction of response surface (3D and 2D) graphs,
which help to understand the process under investigation.

Adsorption Kinetics in Batch Experiments

Batch adsorption tests were performed to determine the
adsorption kinetics. For this purpose, an orbital shaker ther-
mostatic bath (Dubnoff 252) and a set of 20 non-sterile poly-
propylene Erlenmeyer flasks were used. The Erlenmeyer flasks
were filled with 200 mL of AMD and 11.46 g of SS for a total
contact time of 4320 min at a constant temperature (25 +2 °C)
using an agitation speed of 105 rpm. In all cases, the Erlen-
meyer flasks were capped with plastic wrap. The SS amount
and agitation speed were previously determined using factorial
experimental planning.

To monitor the adsorption process, each Erlenmeyer flask
was opened at different times, and samples were taken and
analyzed to determine the removal of the metal ions. A parallel
control experiment without SS was also carried out. The pH
of the solution was measured during the process. The samples
were filtered (0.22 um), and the residual metallic ion content
was determined by atomic absorption spectroscopy (AAS).
The percentage of Fe and Mn removal (% removal) was cal-
culated using Eq. 3. To evaluate the kinetic mechanism of the
adsorption process, pseudo-first-order, pseudo-second-order,
intraparticle diffusion, Elovich and Bangham models were
used to fit the experimental data.

S =G 5100 (3)
C()

% Removal =

where C, is the initial metal ion concentration, and C, is the
metal ion concentration (mg L) at time 7.

Sorption Kinetic Models

To analyze the predominant sorption process mechanism,
such as chemical reaction, diffusion control and mass
transfer, five kinetic models were used to test the experi-
mental data.

Pseudo-First-Order Equation The  pseudo-first-order
equation in its linear form is expressed in Eq. (4) [33].

ky
1 -q,) =1 - —t 4
og(q; —q,) =logq, 3303 4
where q, and q, refer to the metal amounts sorbed at equilib-
rium and at time t (mg g~"), respectively, and k, is the rate
constant of pseudo-first-order sorption (L min~').

Pseudo-Second-Order Equation The pseudo-second-
order chemisorption kinetic rate equation in a linear form
is expressed in Eq. (5) [34].

t 11
- =1 )

q; kz‘]% q>

where q, is the amount of metal ion sorbed at equilibrium
(mg g™"), and k, is the equilibrium rate constant of pseudo-
second-order sorption (g mg~! min~!). This model also
can be used to obtain the value of an important parameter,
the initial sorption rate [h, (mg g~' min~!)], as indicated in
Eq. 6.

Intraparticle Diffusion Equation This is a fractional
approach to equilibrium changes according to the function
(Dt/r%)'2, where r is the particle radius and D the diffusiv-
ity of a solute within the particle [35]. The rate parameter
(k) for intraparticle diffusion can be defined as Eq. 7:

q, =k @)

nt

where k;,, is the intraparticle diffusion rate constant
(mg g~ min'’?).
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Elovich Equation The Elovich equation is given as Eq. 8
[36]:

q,= %ln(aﬂ) + %ln t 8)

where « is the initial sorption rate (mg g~! min~!), and the
parameter f is related to the extent of surface coverage and
activation energy for chemisorption (g mg~!).

Bangham Equation The Bangham equation was used to
evaluate whether the adsorption was pore-diffusion con-
trolled [37].

1 € —1og | M 11 logs
V| c—mq, | f T %2303V | X8 ©)

where C; is the initial metal ion concentration (mg L™,V
is the volume of the solution (mL), M is the mass of the
adsorbent (g L_l), q, is the amount of adsorbate retained at
time t, and « (< 1) and K, are constants that can be obtained
from slope and intercept, respectively.

Results and Discussions

The pH of the raw AMD was 3.04. The total metal concen-
trations found in the raw AMD are reported in Table 3, and
they are within the ranges found in the literature [38—40]. In
this case, only the pH, Fe,,; and Mn,,,; concentrations were
monitored because other pollutants were below the Brazilian
legal limits for effluent discharge [41]. Henceforth, Fe,,,
and Mn,;,, will be used to indicate the Fe and Mn concentra-
tions, respectively.

Table 3 Initial characterization of the AMD used in the tests

Variable Unit Value CONAMA CONAMA
430/2011*  357/2005°

pH - 3.04 59 6-9

Sulfate mgL™t 36308 250

Fe oral mg L™ 83.24 15.0 5.0

Mn,g, mg L™! 5.94 1.0 0.5

Al mg L™! 0.020 0.2

Nd mg L™ 27.67 x 1072

Cd mg L! 0.001 0.2 0.01

K mg L™! 8.880

Co mg L™ 0.078 0.2

Cu mg L™ 0.012 1.0 0.013

Ni mg L™ 71.04 x 1072 2.0 0.025

“Brazilian legal limits for effluent discharge

®Brazilian legal limits for reuse of water for non-potable secondary
uses

@ Springer
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10gSSL' and10gMBL'
14gSSL' and 10 gMB L'
18gSSL and10gMBL

Fig.2 Preliminary results for pH

Preliminary Tests

The addition of biomaterials to the AMD samples caused
a rapid increase in the pH in all the microcosms. In bottles
with SS and MB, the pH increased from pH 3.04 to 8.22
(with 10 g L™! each of the biomaterials) and to pH 8.42 with
18 g L7! of SS and 10 g L™! of MB, while in the other micro-
cosms, the pH reached 7 (Fig. 2). The increase in the pH was
higher in the batch tests with a higher SS content (18 g L)
than those with other SS contents (10 and 14 g LY, which
is possibly due to the larger amount of calcium carbonate.
This indicated the suitability of SS as a low-cost neutralizing

Ere
100 ‘ . , 5 w1

% removal

10gssL
14gssL"
18gSSL

10g5SL " and 10 gMBL
14gSSL"and 10 g MEL"
18955L" and 10 g MBL

Fig.3 Preliminary metal removal results
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agent and its influence on the process of AMD remediation
and neutralization.

Metallic ion removal was extremely dependent on the
pH. For both metals, the best results were observed with
the combination biomaterial microcosms. The best removal
rates for Fe (96%) and Mn (78%) were obtained with SS and
MB (with 18 g L™! SS and 10 g L™! MB) (Fig. 3) due to the
combined action of the sorption mechanisms on the bioma-
terials and precipitation as hydroxides. In the control bot-
tles, the pH and metal concentrations remained unchanged
throughout the experiment.

The experiments indicated the synergy of biomaterials
in the overall treatment effectiveness in terms of the metal
ion removal. The SO42_ content, as expected, almost did not
change after the treatment (3630.8 mg LY, which indicated
that under the conditions tested, the biomaterials (SS and
MB) were not adequate for the removal of this contaminant
and agreed with previous research results [27, 28]. There-
fore, the next experiments were carried out with SS and MB
simultaneously.

Factorial Design

For Fe, all conditions tested had a high removal percent-
age (between 70 and 90%) of species, and for Mn, 41% of
the tests showed a high removal percentage (> 70%), which
confirmed the validation of the factorial design for AMD

Table 4 Factorial design (2°) results for AMD remediation by treat-
ment with SS and MB

Run Independent variables Dependent
variables (%
removal)

X X, X3 Fe Mn

1 0 0 0 96.9 90.0

2 0 0 +1.68 77.9 38.1

3 -1 +1 +1 83.5 40.3

4 —1.68 0 0 84.9 78.0

5 +1 -1 +1 96.9 89.0

6 +1 +1 -1 934 73.3

7 0 0 0 85.7 76.3

8 -1 -1 -1 96.1 25.2

9 +1 -1 -1 96.3 39.6

10 +1 +1 +1 75.1 21.8

11 0 +1.68 0 91.8 5.9

12 -1 -1 +1 95.3 44.0

13 -1 +1 -1 80.8 10.3

14 +1.68 0 0 82.8 4.2

15 0 0 0 81.8 95.4

16 0 0 —1.68 72.3 49.9

17 0 —1.68 0 82.6 73.6

remediation through treatment with a combination of SS
and MB (Table 4).

Central Composite Rotatable Design (CCRD)

Brasil et al. [42] showed that metallic ion uptake by a
biosorbent in a batch system usually depends on several fac-
tors, such as the pH, metallic ion concentration, biomaterial
content, shaking, and contact time. The optimization of all
those variables using a univariate procedure is very complex
because a variable or factor is only optimized by varying just
one factor at a time and fixing the others. The disadvantage
of this univariate procedure is that the best conditions may
not be attained because the interactions among all the factors
are neglected. It cannot be known if the other fixed variables
were kept at other levels, if the results would lead to the
same optimization. In addition, the total number of experi-
ments to be carried out in a univariate procedure is much
higher than that with a statistical design of experiments [42].

The best performance of a factorial design depends on
some knowledge about the system being optimized. The
definitions of the factors and levels in the CCRD are pre-
sented in Tables 1 and 2.

For the calculated effects to be statistically significant,
the p value should be less than 0.05 at a significance level
of 95%. Thus, by using this estimation, the variables tested,
when considered individually, have different behaviors for
each particular species. In this regard, while the removal
of Fe (Table 5) showed a single variable, agitation (L), had
a significant influence (p <0.05), Mn (Table 6) had three
significant variables, the biomaterial contents (SS and MB,
both in the quadratic form) and agitation (linear and quad-
ratic forms). A similar performance was observed in other
studies [28]. To facilitate viewing in the tables in which

Table 5 Estimated effects on the Fe removal variable

Coefficient Effect SE*  t(2) p value
SS (L) Q 0.85 13.60 006  0.95
SS (Q) Q, 285 1474 019 085
Agitation (L)° Q, 66.67 14.21 4.69  0.002
Agitation (Q) Qy 861 1474 058 057
MB (L) Q3 —3.27 1446 v0.23 0.82
MB (Q) Qs —-934 1722 0.60 —50.06
SS (L) by Agitation Q,vsQ, 1.48 17.76 0.08 0.93

@)

SS(L)byMB (L) Q,vsQs - 11.87 1776 - 0.67 0.52
Agitation (L) by Q, vs Q4 -941 1776 -0.52 0.61

MB (L)

#Standard error
bSignificant variables (p < 0.05) are in bold
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Table 6 Estimated effects on the Mn removal variable

Coefficient ~ Effect SE* t(2) p value

SS (L) Q,; —-299 6.05 -049 0.67
SS (Q)° Q2 —-32.32 656 —4.92 0.03
Agitation (L)° Q, —28.11 6.05 —4.65 0.04
Agitation (Q)° Qy —33.60 656 —5.12 0.03
MB (L) Q; 9.37 6.43 1.46 0.28
MB (Q)® Qs —37.34 7.66 —4.87 0.03
SS (L) by agitation Q, versus Q, —7.62 790 —0.96 0.43

@
SS@L)byMB (L) Q;versusQ; —17.90 790 -2.26 0.15
Agitation (L) by Q, versus Q; —22.09 790 —-2.79 0.10

MB (L)

Standard error
bSignificant variables (p < 0.05) are in bold.

the estimated effects are shown, the significant variables
(p<0.05) are highlighted.

The positive values of effects mean that an increase in
their levels leads to an increase in the metallic ion uptake
by the biomaterial; on the other hand, the negative values
of the effects lead to a diminution in the response as their
levels increase [42].

Then, using the significant variables, analysis of variance
(ANOVA) was performed, and for the removal of Fe and
Mn (Table 7), F_,icutaied > Frabulaea- Therefore, the ANOVA
analysis regarding the removal of these species showed that
the model for Fe and Mn removal is valid at the 95 and
99% confidence intervals, respectively, and no adjustment
is needed within the range evaluated, resulting in excellent
reproduction in the experimental samples.

The fit of the attained regression model was checked by
the coefficient of determination, R2. The values of R? for Fe
(R?=0.88) and Mn (R?>=0.94) were close to 1, which indi-
cated a high degree of correlation between the response and
the independent variables for the two responses (experimen-
tal and predicted values) [43]. The value of the Mn determi-
nation coefficient, R? (0.94), suggested that approximately

6% of the total variation is not explained by the model. For
Fe, the percentage increased to 12%. Since there were rep-
licated center points, the software obtained a lack-of-fit, but
the insignificant lack-of-fit test (Mn F value=13.51 and Fe
F value =2.013) indicated that the model was suitable to
represent the experimental data.

As a complement, the validation of the model was also
performed by the distribution of residuals graphical observa-
tions for each case, i.e., the model-established values ver-
sus the experimentally observed values (Fig. 4). The values
predicted by the model are represented by a line, while the
observed values are represented by points. The experimen-
tally observed values are relatively close to the line with
positive and negative variances of approximately the same
proportion. Thus, Fig. 4 shows a strong correlation between
the predicted and experimental values, which indicates the
goodness of fit.

The first goal of the response surface method is to find
the optimum response. The second goal is to understand
how the response changes in a given direction by adjusting
the design variables. In general, the response surface can be
visualized graphically. The graph is helpful to see the shape
of a response surface. Hence, the function f(X,, X,, X3) can
be plotted vs the levels of X, X, and X3, as indicated in
Fig. 5a—d. The curvatures in the 3D plots arise due to the
quadratic dependency on the responses and parameters.

The results indicate that 94-100% of Fe removal was
observed with low agitation speeds (0—40 rpm) and was
independent of the SS (Fig. 5a) and MB contents (Fig. 5b),
which confirmed the relationship and dependence on agi-
tation as a significant variable of the process. High iron
removal was also observed with 190-200 rpm agitation
speeds and 0—40 g L™! MB (Figs. 5b, 6b). On the other hand,
the best result for Mn removal (> 80%) was with high SS
(Fig. 5¢) and MB contents (Fig. 5d) in the transversal region
(between 14 and 18 g L™' SS and 60-80 g L™' MB) and
between 100 and 140 rpm, which was in accordance with
the factorial design.

Sometimes, it is easier to observe the response surface in
2D graphs. The contour plots can show the contour lines of

Table 7 Analysis of variance

Parameter Variation source Seq. SS df MS F. )4
for the Fe and Mn removal -
variables in 2° factorial designs Cal Tab?
Fe removal Regression 1501.41 9 1501.41 4.10 3.68 <0.05
Sediments 4417.96 7 631.13
Total 6089.12 16
Mn removal Regression 14002.18 9 14002.18 11.29 6.72 <0.01
Sediments 8682.51 7 1240.35
Total 19400.38 16

Seq SS sum of square, df degree of freedom, MS mean square, F factor F, p probability

2Tabulated values [32]
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the independent variables that have the same response value,
y. From the response surface contour plots, it is very easy to
understand the interactions between two independent variables
and to locate their optimum levels. Figure 6 presents the contour
plots for metal ion removal (Fe and Mn) for each pair of param-
eters as the other factors were held constant at their middle level.
An elliptical contour plot indicates that the interactions between
them are significant. Figure 6a—d show that there were a few
interactions among the independent variables since the range
of the response surface is wide for each of these parameters.

With these results, it was possible calculate the statistical
optimal points with a maximal removal efficiency. A high
biomaterial content (>11.0 g L™! of SS and > 54.0 g L~! of
MB) and mechanical agitation in the range of 75-137 rpm
were needed for high metal removal (Table 8).

These data show the significant effect of the SS content
in the metal ion removal process, which is possibly because

the metal species adsorb on the chitin biopolymer and SS
increases the liquid sample pH, enhancing the removal of
species via precipitation as hydroxides.

Based on the individual optimal values and percentage for
the initial metal concentrations considered, STATISTICA
13.1 StatSoft software determined that 136 rpm, 11.46 g L™
SS and 71.6 g L~! MB were the best experimental conditions
for the highest simultaneous removal efficiency of iron and
manganese. The results were in agreement with other work
focused on statistical planning for AMD remediation [28],
but the specificity of the statistical study, i.e., the choice of
the biomaterials and the composition of the effluent, makes
it difficult to compare this study with other works.

Adsorption Kinetics in Batch Experiments

Metal sorption kinetics is influenced by the sorption mecha-
nism and the mass transfer steps that govern the transfer of
metal ions from the bulk of the solution to the sorption sites
on the surface and inside adsorbent particles, i.e., external and
intra-particle diffusion. In turn, these mechanisms depend on
the physical form of the sorbent (flake size), which was chitin
in our case, the intrinsic structure of chitin (purity, crystal-
linity, and molecular weight), the nature of the metal and the
solution, and the process conditions (temperature and pH).
Simplified models can be used to test batch experimental data
and identify the rate-controlling mechanisms for the adsorp-
tion process [44]. In this case, five different models were used
to predict the sorption kinetics of Fe and Mn onto SS.

pH Variation

The solution pH plays an important role in the adsorption of
metal ions on various adsorbents, and the pH affects both the
dissociation degree of the functional groups on the adsor-
bent surface and the speciation/solubility of metal ions. In
this study, the initial pH was 3.04, and at that pH, according
to the iron and manganese speciation diagrams [45], Mn
is predominantly present in a divalent form and Fe is pre-
sent as divalent and trivalent free ions. Other species can be
involved in chemical processes during sorption on SS.

Figure 7 shows the shift in the pH of the solution caused
by the addition of SS. The initial pH increased (from 3.04
to 6.65) in the first 5 min, which was probably due to the
calcium carbonate constituent of the SS. A moderate pH
increase was observed until 4320 min, and the maximal
value of 8.78 was reached. After that time, no further signifi-
cant pH modifications occurred. This could be because the
SS carbonate was completely consumed, and the biomaterial
was saturated (Eq. 10).
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CaCO; (s) + H,0O < CaCO; (aq) + H,0 & Ca’t + HCO;™ + OH™;M** +20H™ — M(OH), (s)

(10)

where M?* represents a divalent metal ion.

Contact Time

The relationship between the contact time and Fe and Mn
sorption onto SS was analyzed under the following condi-
tions: 83.24 mg Fe,,; L' and 5.94 mg Mn,,,; L™! initial
solution concentration, initial pH=3.04, 11.46 g SS L~'and
71.6 ¢ MB L~! biomaterial content and 136 rpm agitation
speed. The results presented in Fig. 8 show the very fast
sorption of Fe and Mn in the first 80 min, which was fol-
lowed by a slower process until approximately 150 min.

@ Springer

At that point, equilibrium was attained for both metals
(90% Mn removal and 93% Fe removal). At this time, the
residual Fe and Mn concentrations were 5.83 and 0.59 mg
L respectively, and these values are below the maximum
values allowed by the Brazilian normative for effluent dis-
charge (15.0 and 1.0 mg L™, respectively) [41]. The fast
uptake at the beginning suggested the occurrence of a rapid
external mass transfer that involved rapid attachment of the
metal ions to the surface of the sorbent with a pH influence.
A similar trend was observed for the sorption of ions using
a commercial chitin complex [46]. After 200 min of con-
tact time, both the Fe (4.32 mg L~!) and Mn (0.4 mg LY
residual contents were below the limiting value for water
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reuse allowed by the Brazilian normative (Fe, 5.0 mg L
Mn, 0.5 mg L") [47], which indicated that the treated efflu-
ent is suitable for use as non-potable reuse water.

The maximum Fe (100%) and Mn (98%, 0.12 mg L")
removals from AMD were observed at 3240 and 2880 min,
respectively (Fig. 8). In addition to the adsorption mech-
anism, the elevated pH of the sample (pH > 8) can help
remove dissolved metallic ions by precipitation of hydrox-
ides. In the pH range of 7.80-8.76, the removal capacity
remains approximately constant. The obtained results show

Table 8 Ideal optimal values of maximum efficiency in the Fe and
Mn removal processes

Element Agitation (rpm) SS(gL™h MB (g L7}
Fe 137 11.46 54.33
Mn 75 13.73 71.66

that the pH is an important parameter in the metal ion sorp-
tion mechanism [36]. This dependence between the solution
pH and biosorption suggested that SS can be developed as a
multi-use, low-cost sorption material.

Kinetics Models

The sorption kinetic data can provide valuable insight
into the reaction pathways and mechanism of a sorption
process. To obtain some insight into the kinetics of the
removal of Fe and Mn by SS, the experimental data were
fitted by five common models, which included the pseudo-
first-order model, pseudo-second-order model, intraparti-
cle diffusion model, and Elovich and Bangham equations
(Eq. 4-8) (Fig. 1 supplementary material). These models
were assessed based on their regression parameters, RZ,
to determine if they were applicable to the adsorption
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process. The rate constants and correlation coefficients of
the kinetics models are shown in Table 9.

For both metal ions, the correlation coefficients were
lower than 0.85 for the pseudo-first-order model, intra-
particle diffusion, Elovich equation, and Bangham equa-
tion, which indicated that these models have a limited

@ Springer

applicability for the interpretation of the experimental
results. Thus, these kinetics models were not suitable to
describe the kinetics of Fe and Mn sorption onto SS.
Moreover, the experimental data for Fe and Mn sorption
onto SS were well fit by the pseudo-second-order kinetic
model with high correlation coefficients, higher than 0.96,
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Table 9 Kinetic parameters for Fe and Mn removal onto SS

Fe Mn

Pseudo-first-order

R? 0.83 0.61

K, (L min~!) 0.86 0.03

q. cal (mg g™ 1.03 0.01
Pseudo-second-order

R? 0.99 0.96

K, (g mg~! min~!) 0.26 0.21

q. cal (mg g™ 1.38 0.65

h (mg g~ min™") 0.50 91.35x 1073
Intraparticle diffusion

R? 0.58 0.75

K;, (g mg~! min~1?) 0.07 0.04
Elovich equation

R? 0.50 0.83

o (mg g~ min™") 4.12 0.45

B (gmg™h 3.07 2.96
Bangham equation

R? 0.55 0.85

K, () 46.85 12.38

« 0.077 0.14

which suggested that the rate limiting step may be chemical
sorption or chemisorption involving valence forces through
sharing or exchange of electrons between the sorbent and
sorbate [48—50]. Similar results were reported for adsorption
in dye-chitosan systems [49], the sorption of zinc on solids
[51] and the sorption of iron, cobalt, nickel, copper and zinc
on solvent-impregnated resins [52, 53].

Consequently, a chemisorption kinetic model, such as
the pseudo-second-order model, is likely the most appro-
priate model for the sorption of Mn and Fe ions onto SS
under the tested conditions.

The kinetics of sorption by SS of the Fe and Mn ions
dissolved in AMD were fast (K, (Fe)=0.26 g mg~' min~!
and K, (Mn)=0.21 g mg™' min~") when compared with
other studies, like remediation of coal acid mine impacted
water (MIW) onto SS too (K, (Fe)=0.106 g mg~! min~!
and K, (Mn)=0.48 107> g mg~! min™"), with lower metal
ions concentrations [54]. Due to the higher levels of
heavy metals in DAM that in MIW, these facts showed
that the process is probably dependent on the metal spe-
cies content.

Initial adsorption rate of iron (h=0.5 mg g~' min~')
was significantly higher than that of manganese
(h=0.091 mg g~! min~"), presumably influenced by pH
values close to precipitation of Fe ions as hydroxides, in
addition to the chemisorption phenomena. pH values for
precipitation of Mn hydroxide (between 9 and 10) were

not attained in the tested conditions. A higher sorption of
metals onto the SS was observed in relation with different
biosorbents, this being 1.38 mg Fe g=! SS versus 0.15 mg
Fe g~! keratine [55], 0.35 mg Fe g~! olive stone waste
[56] and 0.65 mg Mn g~! SS versus 0.36-0.41 mg Mn
g~ ! keratine [55]. Chitin polymer showed similar rates of
sorption capacities for heavy metal removal when com-
pared to SS [lead (up to 1.24 mg g~!), cadmium (up to
1.81 mg g7"), and cobalt (up to 0.93 mg g~ 1] [57].

Conclusions

The experiments showed the significant effect of the biomate-
rial content on the remediation of AMD. Possibly, both the
sorption process on the biomaterials and the influence of SS
on the pH of the AMD to enhance the precipitation of metal
hydroxides influence the removal of metals.

The effects of various experimental parameters on the
AMD remediation were statistically investigated. By means
of CCRD, an experimental program for modeling the effects
of the agitation (X;), MB content (X,) and SS content (X;) on
metal removal (Fe and Mn) was designed.

Mathematical model equations were derived for the AMD
removal by using the experimental data and the mathematical
software package Statistica 13.1 Statsoft. A predictive model
for Fe removal and Mn removal was established as a function
of agitation for Fe and biomaterial contents (SS and MB) and
agitation for Mn.

The adequacy of the predictive model was effectively veri-
fied by the validation data. It has been shown that the math-
ematical model CCRD (23) for Fe and Mn removal is valid by
ANOVA at the 95% confidence interval. The predicted values
were found to be in good agreement with the experimental
values.

The optimum process parameters for the AMD remedia-
tion were determined to be: 136 rpm, 11.46 g L™' SS and
71.6 g L~! MB. The values of R? were close to 1, which indi-
cated a high degree of correlation between the response and
the independent variables for the two responses (experimental
and predicted values).

The kinetic studies revealed that after a treatment time of
200 min, AMD was transformed in an effluent suitable for
non-potable reuse with respect to the Fe and Mn contents. The
pseudo-second-order model provided the best fitting of the
experimental data, which confirmed that the process occurs
via a chemical adsorption mechanism.

The sustainable nature of the proposed treatment should
be noted. Highly contaminated water was transformed into
water suitable for non-potable secondary use through the use
of a low-cost technology that adds value to worthless wastes,
i.e., SS and MB.
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