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bstract

Effluents from coal mining operations are not only highly acid but also depict elevated concentrations of metals which may contaminate the
nvironment. Due to the polybasic characteristic of chitosan, this biopolymer is capable of both neutralizing and removing iron, aluminum and
opper ions from such effluents. The present study aimed at evaluating the use of chitosan microspheres for their importance in continuous systems.
he microspheres were prepared by the phase inversion method. Their average diameter and morphology were determined. Water samples from

ecantation pool (DP) and acidic mine drainage (AMD) effluents were treated using different amounts of microspheres. The pH and concentration
f Fe, Al and Cu ions were evaluated both before and after treatment of effluent samples. The results revealed that the microspheres were capable
f increasing the pH of DP and AMD samples from 2.34 and 2.58, respectively, to 6.20, i.e., close to neutrality. The treatment also resulted in full
emoval of the metals investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The extraction, beneficiation and use of mineral coal produce
ffluents of elevated acidity (pH ∼3.0) and significant concen-
ration of metals, such as Fe, Al, Mn, Cu, Zn and Pb. These
ffluents are hazardous to the environment and may contam-
nate hydro resources, thus threatening the integrity of living
rganisms [1–3].

The recovery of aquatic environments contaminated by met-
ls and/or chemical compounds is rather complex. It often
equires a thorough evaluation of contaminant sources and toxic
gents so the most appropriate remediation strategy can be
elected. Among other options, chemical remediation meth-
ds can be employed to that end. These processes commonly
onsist of an initial step to correct the pH of the water fol-

owed by treatment measurements involving ionic resins and
ltration columns in addition to adsorption and flocculation
ethods [4].
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Chitosan is a natural copolymer consisting of 2-amine-
(1-4)-2-desoxy-d-glycopyranose and 2-acetamide-�(1-4)-2-
esoxy-d-glycopyranose. It is prepared by the deacetylation
f chitin, commonly found in shellfish exoskeletons and fungi
5]. The presence of a significant number of amine groups dis-
ributed along its polymeric chain grants chitosan characteristics
f a polybase capable of neutralizing and removing various
etallic ions from acid effluents [6,7]. As a result, no previ-

us neutralization treatment is necessary to adjust the pH of
ffluents, thus reducing costs and shortening the remediation
ime.

Chitosan has also drawn special attention as it can be pro-
uced in a variety of morphologies including fibers, films, gels,
embranes, nanoparticles and microspheres. Moreover, this

iopolymer is also an efficient adsorbent to pollutants such as
etallic ions [8–10], dyes [11–14] and phenols [15]. The adsorp-

ion capacity of chitosan is mainly controlled by its degree
f deacetylation, which determines the fraction of free amine

roups available to interact with the metallic ions in solution.
n this scenario, the aim of the present study was to test chi-
osan microspheres as adsorbent to both neutralize the acidity
nd remove metallic ions from coal mining effluents.

mailto:favere@qmc.ufsc.br
dx.doi.org/10.1016/j.jhazmat.2007.04.012
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. Materials and methods

.1. Reagents and solutions

Chitosan with deacetylation degree of 90% was purchased
rom Purifarma Company (São Paulo, Brazil). Standard solu-
ions 1000 mg L−1 for each metallic ion were prepared from
itrisol® ampoules (Merck). All glassware used in the prepara-

ion of solutions were washed with neutral detergent, rinsed with
itric acid 10% (v/v) for 24 h and rewashed with distilled water.
ll solutions were prepared using distilled water and analytical
rade reagents.

.2. Preparation of chitosan microspheres

For the preparation of the microspheres, 25 g of chitosan were
issolved in 1000 mL of acetic acid 5% (v/v). A viscous solution
as obtained and poured drop by drop using a peristaltic pump

oupled to a NaOH 2.0 mol L−1 bath. The resulting gel micro-
pheres were washed with distilled water to neutralize their pH
nd oven dried at 60 ◦C [16].

The average diameter and morphology of the microspheres
ere analyzed by scanning electron microscopy (SEM) using
Philips-XL 30 system. The samples were placed onto stabes

nd coated with Au films using a P-S2 Diode Sputtering System
o prevent charging. The average diameter of the microspheres
as determined by measuring both vertical and horizontal axes
f each sphere from a micrograph depicting 20 microspheres.

.3. Effluent sampling and treatment

Both decantation pool (DP) and acidic mine drainage (AMD)
ffluent samples were collected from the intense coal mining
perations held in Siderópolis, Southern Brazil. The samples
ere placed in polyethylene flasks with total volume of 5 L

nd stored in a cooler at 5 ◦C. They were then filtered using an

dvantec MFS vacuum filter system coupled to a 0.45 �m Schle-

cher and Schuell membrane to remove particulate material.
ext, the pH of the samples was measured using a Corning-
H/ion analyzer 350 pH-meter. The initial concentration of Fe,

b
l
t
d

Fig. 1. SEM images of (a) outer and (
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l and Cu ions was determined by flame atomic absorption
pectroscopy (FAAS) using a Varian-SpectrAA 50 system and
ollow cathode lamps specific for each metallic ion.

Different amounts of chitosan microspheres, varying from
.2 to 3.0 g, were poured in sealed Erlenmeyer flasks containing
00 mL of effluent samples. The flasks were constantly stirred
t 25 ◦C in a mini-shaker Marconi-MA 832 thermostatic bath
or 24 h. After that, the pH and remaining concentration of Fe,
l and Cu ions were measured.

. Results and discussion

.1. Characterization of chitosan microspheres

The average diameter of the microspheres was 1.00 ±
.05 mm, as determined by SEM. Their morphology was nearly
pherical with few pores (Fig. 1).

.2. Characterization of effluent samples

The values of the pH and concentration of metal ions in
ntreated samples are summarized in Table 1. As it can be seen,
oth samples were highly acid and contained significant levels
f metal ions, especially Fe (III). These results are similar data
eported in Ref. [17].

The characteristic acidity of effluents is typically a result of
he percolation of aquifers in sulfide minerals, especially pyrite
FeS2). When in contact with air and water, pyrite oxidizes and
issociates. Consequently, Fe2+ is released and rapidly oxidizes
o Fe3+, which precipitates as hydroxides. After the onset of
he reaction, a cyclic series of events takes place starting with
he oxidation of Fe2+ to Fe3+ which is subsequently reduced by
yrite, releasing Fe2+ which increases the acidity of the solution
18].

In addition to iron, other metals, such as aluminum, man-
anese and copper, present in minerals associated to coal, can

e solubilized and lixiviated as a consequence of the typically
ow values of the pH of effluents. Hence, the concentration of
hese elements is often high [19]. Therefore, the results obtained
uring sample characterization suggested that the effluents were

b) inner region of microspheres.
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Table 1
pH and metal concentration in untreated coal mining effluents

Parameter DP AMD

pH 2.34 2.58
Fe (III) (mg L−1) 446 112
A −1

C

E
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E

Y

Y

l (III) (mg L ) 136 66
u (II) (mg L−1) 0.6 0.2

valuation of decantation pool (DP) and acidic mine drainage (AMD) samples.

otentially toxic and could endanger the ecosystem where they
re disposed with no previous treatment.

.3. Effluent treatment using microspheres

The variation of the pH as a function of the amount of chitosan
icrospheres used to neutralize the acidity of effluent samples

s shown in Fig. 2. As it can be seen, the pH increased as the
mount of microspheres increased. To raise the pH to 6.20, 0.5
nd 2.0 g of microspheres were used for the AMD and DP sam-
les, respectively. This difference can be attributed to the higher
oncentration of both iron and aluminum ions in DP effluents.

The isotherm of hydronium ions adsorbed by chitosan micro-
pheres is shown in Fig. 3. The adsorption process is ruled by
q. (1), where qe is the amount adsorbed (mol g−1), C0 the

nitial concentration of solute, Ce its equilibrium concentration
mol L−1), V the volume of the solution (L) and m is the mass
f adsorbent (g) [20]:

e = C0 − Ce

m
V. (1)

Experimental adsorption results suggested a typical Lang-
uir isotherm, with NH2 groups as the main adsorption sites
f the polymer. The protonation of such groups was responsible
or reducing the acidity of the solution.

An analysis of the linear Langmuir isotherm yields the
dsorption parameters characteristic of the system, i.e., the max-

ig. 2. Reduction of acidity of AMD and DP samples treated with different
mounts of microspheres.
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Fig. 3. Adsorption isotherm of H3O+ ions by microspheres.

mum adsorption capacity is determined from the slope of the
sotherm (qm) whereas the Langmuir constant (KL) is calculated
rom its intercept [21,22]:

Ce

qe
= 1

KLqm
+ Ce

qm
. (2)

A linearization of the isotherm resulted in Eq. (3) for DP and
q. (4) for AMD effluents, respectively:

= 7.22 × 10−6 + 1.78X (R = 0.997) (3)

= 2.65 × 10−6 + 0.807X (R = 0.994). (4)

The slopes of these equations correspond to 1/qm and their
ntercept to 1/KLqm. The maximum surface saturation capacity
f the adsorbent revealed that 1 kg of microspheres adsorbed
62 and 1239 mmol of H3O+ for DP and AMD effluents,
espectively. From the environmental standpoint, these results
ndicate significant neutralization of effluent acidity. The value
f the Langmuir constant was 2.46 × 105 L kg−1 for DP and
.04 × 105 L kg−1 for AMD, suggesting high affinity of the
dsorbent for H3O+ ions. These results are quite relevant
ince, contrary to conventional effluent treatments, no pre-
eutralization of the pH was carried out. Therefore the use of
hitosan microspheres lowers the costs associated to coal min-
ng effluent treatment by reducing the number of steps of the
rocess.

The removal of metals from DP samples treated with differ-
nt amounts of chitosan microspheres is illustrated in Fig. 4.
s it can be seen, 1.5 g of microspheres were necessary to

ully remove Fe, Al and Cu ions from those samples. On the
ther hand, the total removal of these ions from AMD sam-
les required 0.2, 0.5 and 0.7 g of microspheres, respectively.
igher amounts of chitosan microspheres were necessary to
ully remove these metallic ions from DP samples, due to their
levated acidity compared to AMD samples.

The removal of metals from effluents can be associated to
he formation of insoluble hydroxides and/or oxides as a result
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Fig. 4. %Removal of metal ions from DP and AMD effluents.

f the increase in pH. It can also be explained by the forma-
ion of a polymer–metal complex once the amine groups act as
helation sites for metallic ions [23,24]. Finally, it should be
ointed out that the method presented herein is a relevant step
owards reducing the effects of an important source of environ-

ental contamination, since few other alternatives are currently
vailable to treat coal mining effluents.

. Conclusions

The results obtained in this study revealed that the chitosan
icrospheres is an alternative for the removal of acidity, Fe(III),
l(III) and Cu(II) from coal mining wastewater. The adsorbent

an be regenerated by using sulfuric acid followed by sodium
ydroxide, and therefore can be reused. Besides, recycled chi-
osan microspheres can be disposed in soil, since this biopolymer
s rich in nitrogen and carbon with no damage to environment.
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