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ACID MINE DRAINAGE TREATMENT USING CHICKEN EGGSHELL WASTE
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ABSTRACT

Acid mine drainage (AMD) is a source of soil and water resources pollution. Cal-
cite is a mineral constituted of calcium carbonate (CaCO3). The AMD interaction
with calcite drives their natural neutralization. Calcite is the main component of the
chicken eggshell (ES). This work aimed to evaluate the use of ES waste as a material
to treat raw AMD. Five treatments (T1, T2, T3, T4, and T5) were carried out with
concentrations of 1, 2, 3, 4, and 5 ES g/L AMD, respectively. Each treatment was
performed for 3 h at room temperature without agitation. The response variables
analyzed were pH, redox potential (Eh), electrical conductivity (o), chlorides (CI"),
alkalinity, sulfates (SO4%"), nitrates (NO3~, and potentially toxic heavy metals and
metalloids (PTHMM). Also, the removal efficiencies of SO4°~, NO;~, and PTHMM
were analyzed. Additionally, the chemical and mineralogical composition of ES
and precipitates were determined. The initial pH for AMD was 2.50 and it reached a
final value of 5.50, 5.60, 5.80, 5.93,and 6.12 in T1, T2, T3, T4 and, TS5, respectively.
Moreover, the different treatments granted alkalinity to the treated effluents, reaching
a maximum value of 124 CaCO; mg/L in T5. Finally, Al and Fe were completely
removed from AMD, whereas Cu reached > 95 % removal, especially in T3, T4, and
T5. Ba, Cr, and Pb showed an average removal of ~65 %. The ES concentration that
showed the best results of neutralization and PTHMM removal efficiency was 5 ES
g/L. The results showed that ES is a biocompatible waste material with an added
value because it can be used as a sustainable material to treat raw AMD.
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valorizacion del cascaron de huevo.

RESUMEN

El drenaje acido de mina (DAM) es un efluente peligroso que representa una fuente de
contaminacion del recurso hidrico y el suelo. La calcita es un mineral formado a base de
carbonato de calcio (CaCO3) y su interaccion con el DAM conduce a la neutralizacion
natural de este peligroso efluente. La calcita es el principal mineral componente del
cascaron de huevo (CH). Por esta razon, el objetivo de este trabajo fue evaluar el uso
potencial de residuos de CH como material para tratar DAM crudo. Cinco tratamientos
T1, T2, T3, T4y TS5 fueron llevados a cabo, donde las concentraciones fueron 1, 2, 3,
4y 5 g CH/L de DAM, respectivamente. Cada tratamiento se realizé durante 3 horas
a temperatura ambiente y sin agitacion. Las variables de respuesta analizadas fueron
pH, potencial redox (Eh), conductividad eléctrica, cloruros, alcalinidad y eficiencia
de remocion de sulfatos, nitratos y metales pesados y metaloides potencialmente to-
xicos (MPMPT). Adicionalmente, la composicion quimica y mineraldgica del CH y
precipitados recuperados de los diferentes tratamientos fue determinada. El pH inicial
del DAM fue de 2.50 y alcanz6 un pH final de 5.50, 5.60, 5.80, 5.93 y 6.12 en T1, T2,
T3, T4 y T5, respectivamente. Adicionalmente, los diferentes tratamientos otorgaron
alcalinidad a los efluentes tratados alcanzando un valor maximo de 124 CaCO3; mg/L
en T5. Finalmente, Al y Fe fueron removidos completamente en el DAM mientras que
Cu alcanzo una remocion > 95 %, especialmente en los tratamientos T3, T4 y T5. Ba,
Cr y Pb mostraron una remocion promedio de ca. 65 %. La concentracion que mostro
los mejores resultados de neutralizacion y remocion de MPMPT fue ladel T5,5 g CH/L
de DAM. Los resultados sefialan que el CH es un residuo biocompatible que presenta
un valor agregado debido a su potencial para ser usado como material sostenible para

tratar DAM crudo.

INTRODUCTION

Mining is a worldwide industrial activity that plays
a transcendental role in the economic development
of nations with mineral resources (Abinandan et al.
2017). Latin America has the first position in min-
ing exploration projects, with approximately 30 %
of the worldwide investment in this area. Chile, Peru,
and Mexico are the outstanding Latin American coun-
tries with greatest inversion in mining exploration
projects (CEPAL 2006). On the other hand, China,
the USA, Russia, Australia, and India have the highest
percentages of active mineral extraction (Abinandan et
al. 2017). The Servicio Geologico Mexicano (Mexican
Geological Survey) reported that Mexico is within
the top 10 mineral-producing countries (SGM 2019).
Mexico is recognized for its worldwide production
of silver and fluorite; however, despite the economic
benefits produced by the mining industry, this activity
generates waste which deteriorates the quality of the
surrounding environment and natural resources, such
as water (Jiménez-Rodriguez et al. 2009, Sanchez-
Montoya et al. 2019, Vélez-Pérez et al. 2020).

Acid mine drainage (AMD) is one of the hazardous
wastes generated mainly from the interior of mines and
by the oxidation of residual pulverized rock (mining
tailings) deposited outdoors without any treatment.
However, some rocks with a sulfur composition in the
oxidation process generate an acid effluent with simi-
lar characteristics to AMD (Smith and Skema 2001,
Krauskopfand Bird 2003). The presence of sulfur min-
erals, mainly pyrite (FeS»), exposed to an atmosphere
rich in oxygen, water (such as humidity, rainwater,
surface or underground water), and microorganisms
favor oxidation. The oxidation of sulfur minerals by
anthropic activities is the primary source of AMD
generation (Kalyoncu-Ergiiler 2015). AMD has the
following characteristics: (i) pH values <4, (ii) high po-
tentially toxic heavy metals and metalloids (PTHMM)
concentrations, and (iii) high levels of sulfates. When
the AMD reaches the water reservoirs, water quality is
affected negatively as well as the health of the different
ecosystems that inhabit or consume it (Park et al. 2007,
Espinosa-Rodriguez et al. 2010, Kalyoncu-Ergiiler
2015, Vélez-Pérez et al. 2020). As a consequence of
AMD dispersion in mining areas, PTHMM are usually
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found in water reservoirs because they are soluble in
acid conditions and non-biodegradable. PTHMM
in drinking water can produce adverse effects on the
population’s health, and this situation can persist for
decades and even hundreds of years (Méndez-Ortiz et
al. 2012, Carreto-Morales et al. 2021).

Some rocks, such as limestone and dolomites,
have a high carbonates composition, such as calcite,
which is a mineral formed mainly by calcium car-
bonate (CaCO3) whose chemical compound has a
natural ability to neutralize acidic aqueous solutions
(e.g., AMD) (Krauskopfand Bird 2003, Ferral-Pérez
and Galicia Garcia 2020). However, this neutralizing
effect is inhibited during long interaction periods or
by the generation of large amounts of AMD (Bai et
al. 2009, Muliwa et al. 2018). Rice husks and green
algae (Dipak et al. 1993), shrimp shells (Cho 1994),
oak sawdust (Yu et al. 2000), basalt slag (Nugteren et
al. 2002), crab shells (Lee et al. 2004), coconut shell
(Amuda et al. 2007), and eggshell (ES) (Park et al.
2007, Kalyoncu-Ergiiler 2015, Zhang et al. 2017) are
some natural materials that have been evaluated to
treat AMD and prevent environmental deterioration.
Most of these materials are considered waste. ES is a
worldwide waste generated from one edible product
in the basic basket: the chicken egg (Kinoshita et al.
2002, Lesnierowski and Stangierski 2018).

In 2017, eight countries contributed to the global
production of chicken eggs. China ranked first with
39 % and Mexico fourth with 3 %, as well as Japan,
Russia, and Brazil. However, Mexico has been po-
sitioned as the leading egg consumer internationally,
with an annual per capita egg consumption of 23 kg
(UNA 2018), which makes it the largest producer of
ES waste. On the other hand, ES waste management
has become an environmental problem worldwide
(Muliwa et al. 2018). Nevertheless, due to its chemi-
cal composition (with a high content of of CaCO3),
ES can mitigate the environmental problems caused
by AMD. Therefore, ES could be valorized as a recy-
clable material with environmental benefits (Oliveira

et al. 2013). ES composition is a combination of
organic fibers and inorganic crystals of calcium
minerals distributed as follows: 95.1 % minerals
(93.6 % calcium carbonate/calcite, 0.8 % magnesium
carbonate, and 0.73 % tricalcium phosphate), 3.3 %
organic matter, and 1.6 % water (Ferndndez and Arias
2000). ES represents around 10 % of the egg’s total
weight, and its structure is permeable due to its high
porosity (7000-10 000 pores). Due to the ES physi-
cal and chemical characteristics, it has been used in
some studies to evaluate its potential as a PTHMM
scavenger and AMD neutralizer. Most studies have
used ES with diluted synthetic acid solutions, or
AMD that has undergone some pretreatment. The
techniques using synthetic acid solutions or AMD
previously treated are not practical to apply in real
situations. The complexity of an actual system, e.g.,
raw AMD, is greater than the synthetic acid solutions
previously evaluated (Muliwa et al. 2018). There-
fore, the objective of this work was to evaluate the
potential use of ES as a material to treat raw AMD.

MATERIALS AND METHODS

The experimental phase consisted of the AMD
treatment using different concentrations of ES. The
experiment was divided into three stages: (1) sam-
pling and characterization of AMD and ES, (2) AMD
treatment using ES, and (3) analysis of the AMD
treatment efficiency using ES.

Sampling and characterization of acid mine drai-
nage and eggshell

The sampling site is located in the municipality of
Taxco de Alarcon, northern zone of Guerrero State,
between coordinates 18°30-18°47° N, and 99°33°-99°
46’ W. The AMD used for this research was collected
from outside of a mine (437284 E-2049242 N) in the
Xochula community. The AMD was collected from
a deposit in the principal exit of the mine (Fig. 1).

Fig. 1. Acid mine drainage deposit outside the Guerrero mine.
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The samples were collected in Nalgene polypropyl-
ene bottles previously treated with diluted HNO3
(8 N) and deionized water. The bottles were condi-
tioned in situ with three AMD rinses. Subsequently,
2.5 L of AMD were collected, and temperature, pH,
redox potential (Eh), and electrical conductivity (o)
were determined. Temperature and pH were deter-
mined using an OAKTON pH/mV/°C Meter pH 11
Series potentiometer, while a Waterproof ORPTestr
10 (Oakton) was used for Eh. 6 was measured using
a Horiba model ES-14E conductivity meter. Subse-
quently, the AMD sample was transferred to the labo-
ratory, where sulfates (SO4%°), nitrates (NO3 ™ as N),
and chlorides (CI") were analyzed. The SO4>~ and
NOs3 ™ anions concentrations were determined by
colorimetry using a HACH model DR/890 portable
colorimeter (Sanchez-Montoya et al. 2019), while
the Cl” anion concentration was determined by the
argentometric method (ASTM 1999). Additionally,
500 mL of AMD were collected and acidified with
2.5 mL of ultrapure concentrated HNO3 (Ultrex II)
for cation analysis (PTHMM concentration). At the
laboratory, the acidified samples were filtered using
cellulose acetate filters of 0.45 um pore size. After-
ward, the cation analysis was performed by induc-
tively coupled plasma atomic emission spectroscopy
(ICP-AES) using a Perkin-Elmer optimal 3200 DV
equipment. The following certified standards were
used for calibration: CWW-TM-D; CWWTM-H;
CWW-TM-A, CWW-TM-E, in addition to the
Lg-Cal-A and Lg-Cal-C standards. The minimum
concentrations established as detection limit (DL)
were (in mg/L): Cd: 0.005; Ba, As, Pb, Se, Mo and
Sb: 0.010; Fe, Mn, Co and Cu: 0.025.

On the other hand, ES, a household waste, used
as raw material to carry out the AMD treatment was
collected for one month from different households
and self-service stores. Approximately 5 kg of ES
were collected. A first in situ washing of ES was car-
ried out using drinking water. Subsequently, it was
dehydrated at room temperature. The material was
transferred to the laboratory, where it was subjected
to pretreatment before being analyzed and used to
treat AMD. Manual grinding was carried out up to
reach a relatively homogeneous size (Fig. 2a, b).
Next, using a Sonicator ultrasonic test sieve cleaner
(Haver USC 200), a wash was carried out for 2 h,
placing 5 g of ES in 125 mL of deionized water in
a beaker (Fig. 2¢, d). During those 2 h, the volume
of deionized water was replaced with a new water
volume every 10 min. Then, ES was dehydrated using
an acrylic box adapted with an air filter to produce a
laminar flow. Also, the two lamps of the device were

used to warm the environment up to 63 + 1.91 °C
for 8 h (Fig. 2e). Finally, ES was crushed with a
mortar with pistil until a fine and homogeneous
powder (< 0.063 mm) was obtained (Fig. 2f).
It was possible to determine the mineralogical
composition of this sample by X-ray diffraction
(XRD) using a D8 Advance Bruker diffractometer.
The diffraction analysis was carried out for 1 h in
a range of 5-70° at the 2 theta angle. Furthermore,
a microanalysis was carried out through scanning
electron microscopy with energy dispersive x-ray
spectroscopy (SEM-EDS) using a Jeol IT300-LV
scanning electron microscope with a Bruker EDS
(Quantax: XFlash 6/30). The sample was coated
with graphite by thermal carbon evaporation using a
Denton Desk Carbon Accessor vacuum coater. The
SEM-EDS working conditions were as follows: the
escape angle was set at 35° and all analyses were
made at 20 keV, WD = 10 £+ 0.5 mm. The chemical
mapping of the samples was carried out for 50 min
in an area ~3.5 mm”. The elements considered rep-
resentative in the analyses are those that presented
an abundance higher than 0.5 %.

Acid mine drainage treatment using eggshell

Table I shows the conditions of the five treat-
ments. Each treatment was carried out in duplicate
using 200 mL of AMD (Fig. 3). All of them were
carried out at room temperature (25 °C) without shak-
ing for 3 h. During this time, pH was measured every
3 min during the first hour and in 10 min intervals
thereafter. After 3 h, the effluent was separated by
filtration for later analysis. A 10 mL sample of treated
and previously filtered AMD was acidified with
HNO3; Ultrex 11 for PTHMM analysis. On the other
hand, the precipitate was recovered and dehydrated.

In the case of the treatment used as duplicate
(Tx’), the interaction time among ES and AMD in
static conditions was extended to 261 h. Only the pH
was monitored every 24 h in each treatment.

Efficiency analysis of acid mine drainage treatment
using eggshell

The effect of the AMD treatment with ES was
measured as follows. The initially analyzed param-
eters were again determined following the procedure
described for raw AMD: pH, Eh, o, S04, NOs, CI,
and PTHMM concentration. The alkalinity value
was also analyzed based on the pH value reached
with each treatment. The alkalinity was determined
by titration using 0.02 N HCI as titrant and phenol-
phthalein, methyl red, and bromocresol green as
colorimetric indicators (SE 2001). In addition, the
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Fig. 2. Eggshell pretreatment. (a) Eggshell, (b) size of the manually crushed eggshell, (c)
Haver USC 200 Ultrasonic Test Sieve Cleaner sonicator, (d) eggshell wash using
a sonicator, (e) eggshell dehydration in a Cleanbox, (f) eggshell grinding in a por-
celain mortar.

TABLE I. DESCRIPTION OF TREATMENTS FOR THE
REMOVAL FROM ACID MINE DRAINAGE AND
NEUTRALIZATION OF POTENTIALLY TOXIC
HEAVY METALS AND METALLOIDS.

Treatment Concentration (g Es/L AMD)
T1 1
T2 2
T3 3
T4 4
TS5 5

Es: eggshell; AMD: acid mine drainage.

sulfates removal efficiency (nso42-), nitrates removal
efficiency (Mnos-), and PTHMM removal efficiency
(mprMmMm) for each treatment was determined using
equation 1 (Vélez-Pérez et al. 2020)

ﬂx(%) = [M]*IOO (1)
X;

where 7x represents the X component removal
efficiency expressed in %, X; the SO4>, NO3~ or
PTHMM initial concentration, as appropriate, and
X the final concentration of each component at the
end of the ES treatment.
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Fig. 3. Experimental design. “eggshell; ®acid mine drainage; “treatment X, where
X=1,2,3,4,and 5 g/L and Tx’ represent the duplicate of treatment X;
9X-ray diffraction; ®scanning electron microscopy with X-ray energy
dispersion spectroscopy; froom temperature; ®redox potential; "electrical
conductivity; 'inductively coupled plasma-atomic emission spectroscopy.

On the other hand, the generated and dehydrated
precipitate was characterized by determining its
chemical and mineralogical composition using
SEM-EDS and XRD, respectively, following the
methodology used for the ES.

RESULTS AND DISCUSSION

Acid mine drainage characteristics

The raw AMD presented extremely low pH and
high Eh values of 2.50 and +541 mV, respectively.
The World Health Organization (WHO 2011) and the
Mexican Secretariat of Health have established the
adequate physicochemical parameters for water used
for human consumption. Mexican Official Standard
NOM-127-SSA1-1994 (SSA 2000) sets the allowable
pH range values for drinking water between 6.5-8.5.
On the other hand, NOM-001-SEMARNAT-1996
(SEMARNAT 1996) establishes the maximum per-
missible limits of pollutants in wastewater discharges
into national waters and assets. In this standard, the
pH range allowed for the discharge of residual ef-
fluent into national waters and assets is between 5
and 10. The pH values shown by the raw AMD are
completely different to the permissible values. Also,
the raw AMD showed a 6 of 3.5 mS/cm, and concen-
trations of 2.6 g/L and 19 mg/L of SO4*~ and NOs~,
respectively. The maximum limits established for

SO4*" and NO;™ as N are 400 and 10 mg/L, respec-
tively, i.e., raw AMD has 6.5 times higher SO4>~ than
the maximum limit established, whereas NO3;™ as N
are ~2 times higher than the maximum limit estab-
lished (SSA 2000). NOM-001-SEMARNAT-1996
does not consider SO4>~ or conductivity as part of the
parameters to be evaluated, but it does consider total
nitrogen concentration. Depending on the receiving
water body, a maximum allowable concentration
for total nitrogen is established for this parameter.
Considering that raw AMD would be discharged
into a river or stream, the maximum permissible
concentrations (monthly average) would be 40, 40,
and 15 mg/L depending on whether the river water
is used for agricultural irrigation, urban public use,
or protection of the aquatic life, respectively. The
AMD concentration (19.6 mg/L of NO3") exceeds
the allowed value for this effluent to be discharged
into a river destined for the protection of aquatic
life. Furthermore, AMD collected from the Guerrero
mine showed several chemical elements such as Ba,
Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Sr, V, Zn,
Al, As, and Pb (Vélez-Pérez et al. 2020). NOM-127-
SSA1-1994 (SSA 2000) contemplates 11 PTHMM
within its regulation: Ba, Cd, Cr, Cu, Fe, Mn, Zn,
Al, As, Pb, and Hg, whereas NOM-001-SEMAR-
NAT-1996 contemplates eight PTHMM (As, Cd,
Cu, Cr, Hg, Pb, Ni, and Zn). Hg was not analyzed in
this work. Table II shows the identified PTHMMs,



ACID MINE DRAINAGE TREATMENT USING EGGSHELL

417

TABLE II. CONCENTRATIONS OF POTENTIALLY TOXIC HEAVY METALS AND MET-
ALLOIDS FROM ACID MINE DRAINAGE AND THEIR COMPARISON WITH
PERMISSIBLE LIMITS ESTABLISHED BY NOM-127-SSA1-1994 AND NOM-

001-SEMARNAT-1996.

Potentially toxic Concentration Permissible limits (mg/L)
heavy metals and (mg/L)
metalloids NOM-127- NOM-001-SEMARNAT-1996
SSA1-1994
A B C
Ba 0.14 0.70 NCS NCS NCS
Cd 291 0.005 0.2 0.1 0.1
Cr 0.04 0.05 1.0 0.5 0.5
Cu 1.34 2.00 4.0 4.0 4.0
Fe 42.53 0.30 NCS NCS NCS
Mn 36.48 0.15 NCS NCS NCS
Zn 412.38 5.00 10 10 10
Al 51.50 0.20 NCS NCS NCS
As 2.90 0.05 0.2 0.1 0.1
Pb 0.02 0.01 0.5 0.2 0.2
Ni 0.25 NCS 2.0 2.0 2.0
Sr 1.04 NCS NCS NCS NCS
Mg 248 NCS NCS NCS NCS
Co 0.11 NCS NCS NCS NCS
K 4.69 NCS NCS NCS NCS
Ca 352 NCS NCS NCS NCS
v <DL NCS NCS NCS NCS

NCS: not considered by the standard; DL: detection limit.
A: river for agricultural irrigation; B: river for urban public use; C: river for protection of the aquatic

life.

their determined concentrations, and the allowable
limits established by NOM-127-SSA1-1994 (SSA
2000) the NOM-001-SEMARNAT-1996 (SEMAR-
NAT 1996). The raw AMD analysis showed that Cd,
Fe, Mn, Zn, Al, As, and Pb exceeded the maximum
concentration established according to NOM-127-
SSA1-1994 (SSA 2000). On the other hand, consid-
ering NOM-001-SEMARNAT-1996, Cd, Zn, and
As concentrations exceed the permissible limits so
that this effluent can not be discharged into a river,
regardless of the water use.

Therefore, the raw AMD is a risk to the biological
environment at surroundings (Chapman et al. 2003,
Akcil and Koldas 2006, Lottermoser 2010). In the
case of Ba, Cr, and Cu, concentrations were found to
be lower than the permissible limits, therefore they do
not represent any risk to public health or environmen-
tal contamination (Table IT). Additionally, elements
such as Ni, Sr, Mg, K, and Ca were identified in raw
AMD, nevertheless these elements are not considered
in NOM-127-SSA1-1994 (SSA 2000). Although
treated AMD is not intended for human consumption,
the comparison with NOM-127-SSA1-1994 (SSA
2000) allows evaluating the treatment’s efficiency in

terms of the safety degree that can be achieved ac-
cording to the physical and chemical parameters eval-
uated in this work. In the case of Ni, this element is
considered in NOM-001-SEMARNAT-1996, but the
quantified concentration in the AMD is lower than
the maximum permissible limits set by regulations.

It is evident that due to the physical and chemi-
cal characteristics analyzed, the use or disposition
of AMD towards a recipient body without any prior
treatment represents a risk for the environment and
society. Additionally, it was observed that the raw
AMD used in this study had similar physical and
chemical characteristics as previously reported
AMDs (Table III).

Acid mine drainage alkalinization by eggshell
Even though AMD samples were treated with
different concentrations of ES, all of them showed a
significant neutralization effect after 3 h of interac-
tion between ES and raw AMD (Table 1V, Fig. 4a).
The pH values reached with treatments T1 and T2
were one unit below the limit established by WHO,
whereas treatment T5 (5 g ES/L of AMD) reached a
pH remarkably close to the WHO reference value.
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TABLE IV. EFFECT OF THE DIFFERENT TREATMENTS ON ACID MINE DRAINAGE.

Parameters AMD Treated AMD

Treatment 1 Treatment2 Treatment3  Treatment4 Treatment 5
pH 2.50+0.1 5.48+0.2 5.60+0.2 5.79+0.2 5.93+0.2 6.12+0.2
EH (mV) 541 £22 349 + 14 264 + 11 257+ 10 252+ 10 246 £ 10
6 (mS/cm) 3.50+0.1 3.17+0.1 3.26+0.1 3.26+0.1 3.30+0.1 3.33+0.1
Alkalinity (mg CaCOs/L) ND 244 +1 87.84+4 92.72 +4 112.24 + 4 12444 £ 5
Chlorides (mg/L) ND 40+2 44 +£2 46 +2 54+2 56+2
Sulfates (g/L) 2.60+0.1 2.60+0.1 2.60+0.1 2.70+0.1 270 £0.1 2.60+0.1
Nitrates (mg/L) 19+1 0 0 0 0 0
Temperature (°C) 25+ 1 25+1 25+1 25+1 25+1 25+1

AMD: acid mine drainage; EH: redox potential; o: electrical conductivity; ND: not determined. Data are presented as

mean + standard deviation (n = 2).
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Fig. 4. Modification of acid mine drainage pH as a function of different eggshell concentrations: (a) at the first 3 h and

(b) after 3 h..

However, despite a relatively short interaction time
(3 h) between ES and AMD, the pH levels reached
in the five treatments were low enough to comply
with this parameter according to NOM-001-SEMAR-
NAT-1996 (SEMARNAT 1996). Moreover, the initial
Eh in the AMD showed a highly oxidizing environ-
ment. The different treatments showed a significant
diminution of pH and Eh, which indicates that ES
can modify the environment to a less oxidizing level,
reaching a maximum value of +246 mV with T5.
In all treatments, ¢ remained practically un-
changed. In the case of alkalinity and CI, both pa-
rameters were not determined in raw AMD due to the
low pH measured. These parameters’ values began
to increase from T1 to TS. The maximum alkalin-
ity value and CI” concentration (124 mg CaCO3/L
and 56 mg Cl/L, respectively) were reached in
T5. Alkalinity is an important parameter because it
shows the buffering capacity of treated AMD. The
CI" value for treated AMD was within the limit of
250 mg/L established by NOM-127-SSA1-1994
(SSA 2000). The three parameters not considered in

NOM-001-SEMARNAT-1996 (SEMARNAT 1996)
are o, alkalinity, and CI".

Once the 3 h of the different treatments had
elapsed, the duplicate of each treatment (Tx’) was
submitted to an additional 261 h to evaluate the ef-
fect on pH. At this time (11 days), a slight increase
in the pH of the treated AMD was observed in each
treatment (Fig. 4b). Final pH values of 5.97, 6.02,
6.22,6.35, and 6.81 were reached for treatments T1,
T2, T3, T4, and TS, respectively. This means that a
longer interaction between ES and AMD increased
the pH in all treatments; however, only TS5 managed
to reach a value within the limits established by WHO
and NOM-127-SSA1-1994 (SSA 2000).

Removal efficiency of nitrates, sulfates, and poten-
tially toxic heavy metals and metalloids

The results showed that the AMD treatment car-
ried out with ES did not contribute to SO4>~ removal
(Table IV). On the other hand, NO3z as N detected
in the raw AMD (19 mg NO3 /L) was removed suc-
cessfully with a nnos-of 100 %. Thus, treated AMD



420 M. Martinez-Castrejon et al.

met the nitrates value (10 mg NO3 /L) established
by NOM-127-SSA1-1994 (SSA 2000) and NOM-
001-SEMARNAT-1996 (SEMARNAT 1996) regard-
less of the final disposal site or receiving water body.

Table V shows that the different treatments
with ES managed to decrease the concentration
of elements considered in NOM-127-SSA1-1994
(SSA 2000) and NOM-001-SEMARNAT-1996
(SEMARNAT, 1996), and also of those not consid-
ered (except Ca, Ni, and V), even for cations that
were initially within the permissible limits, such
as Ba, Cr, and Cu. This indicates that the treatment
with ES for effluents with concentrations higher
than those allowed by NOM-127-SSA1-1994 (SSA
2000) regarding Ba, Cr, and Cu can be considered
an option for removing these PTHMM. In the case
of elements that exceed the concentration established
by NOM-127-SSA1-1994 (SSA 2000), only Fe, Al,
and Pb reached a concentration lower or equal to the
limit established by the Official Mexican Standard
as an effect of treatment with ES. The concentration
of elements such as Cd, Mn, Zn, and As decreased;
however, the final concentration did not meet the limits
established by NOM-127-SSA1-1994 (SSA 2000).
On the other hand, for those PTHMM considered by
NOM-001-SEMARNAT-1996 (SEMARNAT 1996)
that exceed the permissible concentration (Cd, Zn, and
As), it was possible to reduce the final concentration in
most of the treatments. However, the effect of the dif-
ferent treatments was insufficient for the AMD to meet
with the maximum permissible limits established by
NOM-001-SEMARNAT-1996 for PTHMM (Table V).
On the contrary, Ca, Ni, and V concentrations in-
creased at the end of the treatment. The increase in the
Ca®" concentration was due to the composition of ES,
mainly calcite (CaCO3), and its dissociation into Ca*
and HCOj;™ ions in the presence of an acid medium
such as raw AMD (Krauskopf and Bird 2003).

The treatment with ES showed a decrease in the
PTHMM final concentration measured in the treated
AMD (Table V). However, nprmm was different for
each PTHMM. Al and Fe were the only PTHMM in
which a total removal was achieved (100 %), while
a reduction > 95 % was reached for Cu, especially
in T3, T4, and T5. On the other hand, an average
removal of ~65 % was reached for Ba, Cr, and Pb. In
the case of Sr, a removal > 50 % was achieved only
in T3 and T4. Overall, the other PTHMM showed a
7 in the range of 20-40 %, except for Ni and Ca, in
which no removal was observed. Unlike all the metal
cations reported, the Ca®" concentration increased in
treated AMD, from an initial 352 to 556.3 mg/L after
the treatment in TS5 (Table V).

Chemical composition of eggshell waste sludge

The ES and eggshell waste sludge (recovered after
the treatments) were analyzed by XRD to determine
their mineralogical composition. We observed a typi-
cal peak in calcite at angle 260 at 30° (Figure 5a), as
previously reported by Kalyoncu-Erguler (2015).
Other peaks were observed, but within the patterns
reported for calcite. No other important patterns were
present. The mineralogical data indicates that ES is
practically synthetized by calcite (CaCO3). On the
other hand, the eggshell waste sludge (precipitate
recovered after the AMD treatment) showed a similar
mineralogical composition (CaCO3), except for T1
and T2 (Fig. 5b, ¢), where the presence of gypsum
(CaSOg4 - 2H20) was observed. The source of this
mineral is attributed to the high concentration of
SO4* present in the raw AMD and the incorporation
of Ca®" cations into the aqueous medium by the dis-
sociation of CaCOs3 (Table V), favoring the formation
and precipitation of gypsum (equation 2):

SO g + Ca*¥uq)+2H,0()— CaS04+2H,0|  (2)

In addition to the XRD analysis, the SEM-EDS
analyses allow to determine semi-quantitatively the
presence of Ca in major proportions, and Al, Fe, Na,
S, and Zn in minor proportions as part of the composi-
tion of the materials. A chemical map showed that Ca
was found in abundance in the ES, whereas Al, Fe, Na,
S, and Zn were identified in trace amounts (Table VI,
Fig. 6). The presence of Ca in relative abundance is
mainly attributed to the presence of CaCOs as the
main mineral constituent of ES (Fig. 6). Ca, S, K, P,
I, Zn, Mg, and S are part of the chemical composition
of ES (Fernandez and Arias 2000, Valdés-Figueroa
2009); however, in addition to what was reported by
several authors, in this study, the presence of Al and
Fe was observed in trace amounts (Fig. 6).

On the other hand, the chemical analysis of the
precipitates formed after the five treatments with AMD
showed a similar chemical composition. The map cor-
responding to the precipitate of T1 showed a relative
increase in the concentrations of Al, Fe, Na, and Zn,
indicating that the ES had a removal effect from the
aqueous phase. In addition, an increase in the relative
concentration of S related to gypsum precipitation was
observed (Table VI, Fig. 7). Na and S showed higher
concentrations in the precipitates (Fig. 7).

The increase of Al and Fe in the precipitates is due
to the elimination of these cations from the aqueous
phase (raw AMD), where the removal reached 100 %,
while for Zn (initially present in high concentrations
in the AMD), the removal was in the range of 11-41 %.



421

ACID MINE DRAINAGE TREATMENT USING EGGSHELL

*9J11 oienbe oy Jo uonoejoid 10J 1AL 1)) fosn orjqnd ueqIn J0J IOALL i

‘UoNeSLLI [eIN)NOLISE J0J JOALL 1Y {PIEpUR)S ) AQ PAIIPISUOD JOU :SON W] UONOAIP [ ‘d5euUreIp dUIW PIoB IV SPIO[[elow pue sjejowr AAeay o1x0) A[jenudjod (NNH.LD

SON SON SON SON S€0'0 0£0°0 2200 9%0°0 pZ00 10> A
SON SON SON SON 95§ pLE pse 805 Spe Tse 5
SON SON SON SON 8LE L60 Ph'T 0s°s LSy 69t 3
SON SON SON SON 660°0 €800 1L00 601°0 L80°0 110 )
SON SON SON SON 81T Pl prl e Is1 85C AN
SON SON SON SON 8L9°0 LTT0 $81°0 A0 868°0 p0'l 13
0c 0c 0c SON 1260 8970 PTT0 TsE0 $87°0 ST IN
70 70 50 100 $00°0 500°0 0100 0100 0100 200 ad
1'0 1'0 0 500 LIET 690'C 9pL'1 o' PbS'T 06C sV
SON SON SON 0z'0 1a> 1a> 1a> 1a> 65°0 0S'1S v
01 01 01 00's 9g€ 55T SvT 59¢ 90¢ Ty uz
SON SON SON ST 1L'9€ S€'ST SSPT L1'9€ IT6T  8v9€ U
SON SON SON 0£°0 L00°0 800°0 L00°0 0£0°0 0200 €5Th o
v v oY 00 £90°0 2900 8£0°0 1210 P80 pET n
50 50 0l 500 S10'0 $10°0 1100 L10°0 2100 $0'0 D
1'0 1'0 0 $00°0 PIET SL0'C L £90°€ 55T 16 26)
SON SON SON 0L'0 1500 £50°0 LEO'O 950°0 Sb0°0 P10 eg
o) q A% G JusW)RAI],  JUSWIRAL], € JUBUNBALL, ZIudunedl]  [Jjudwgedl] (VY
P661-1VSS
966 1-LVNAVINES-100-WNON ~LTI-INON (1/5w) WINHLd
(7/3w) g d1qemolY HONRITIOHOY NINHLA
966T-IVN

“AVINAS-T00-INON ANV ¥661-1VSS-LZI-INON OL DNIAIODDV SAIOTIVLAN ANV STVLAN AAVAH DIXOL ATTVILNALOd 40 SNOILVILNIONOD ‘A A'TdV.L



422

Counts

Counts

Counts

M. Martinez-Castrejon et al.

.
g 2] I Calcite 100 % .%@ I Calcite 87.8 %
o ] I Gypsum 12.2 %
(=} o
< o]
-~ ©
o E
5 o
Ay &3
S ]
S £ g
c
g 3
@ o
o
o o
8 1
o
g &
< ]
S & l l
(3
s I lll“ et bty o I . | L. Jchﬂ—UrL———#——Lw“
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70
1 Calcite 75.8 % & 1 Calcite 100 %
ollc] &d]
N I Gypsum 24.2 % B
&
& e
K o
= &
[t} 4
S =
g ‘% -
(=)
8 ° &
o
& g
o l o
] l ) I
P N 1 N VA W 1 ,ll II..Jl'I N = A L I . l : Alalh.ul o
10 20 30 40 50 60 70 10 20 30 40 50 60 70
o o
(=3 (=3
& I Calcite 100 % <"% I Calcite 100 %
o =
5 &
o o
g =
aH aH
o] o
3] 8 3
i 5
= 3 g
e %
[=3 o]
(= o
o] S
o] l o]
o (=
<] <]
P I i ] l_l - LL[JL_A_LA P i ] 9| l l—l i J—“..AJ,L..‘M
10 20 30 40 50 60 70 10 20 30 40 50 60 70

2Theta (coupled Two Theta/Theta WL=1.54060

2Theta (coupled Two Theta/Theta WL=1.54060

Fig. 5. Mineralogical composition by X-ray diffraction of: (a) eggshell and precipitate formed in (b) treatment 1, (c) treatment 2,
(d) treatment 3, (e) treatment 4, and (f) treatment 5.

In the case of Ca, the relative concentration de-
creased considerably, as shown in figures 6 and 7a,
corresponding to ES and precipitates from T1, respec-
tively. This behavior is expected because the Ca**

ions were released from the CaCOj3 dissociation in an
acidic aqueous medium. Furthermore, it is consistent
with the increase in Ca>" concentration in the treated
AMD (Table V).
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TABLE VI. EGGSHELL AND PRECIPITATE ELEMENTAL COMPOSITION.

Elements Concentration (%)

Egshell ~ Treatment 1 Treatment2 Treatment3 Treatment4 Treatment 5

Ca 97 17 63 55 35 65
Al 0.7 35 12 16 25 11
Fe <DL 29 9 12 17 10
Na <DL 2 3 4 4 3
S 0.6 9 4 4 7 3
Zn <DL 5 7 8 8 7

DL. detection limit.

20pm

V: 20kV_WD:9.9 mm M x HV: 2 9.9 mm  —

20um

e —

Fig. 6. Eggshell chemical composition determined by scanning electron microscopy
with X-ray energy dispersion spectroscopy: (a) Ca, (b) Al, (c) Fe, (d) Na, (e) S,
and (f) Zn.
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Fig. 7. Chemical composition analysis of precipitate recovered from the treatment 1
determined by scanning electron microscopy with X-ray energy dispersion spec-
troscopy: (a) Ca, (b) AL, (c) Fe, (d) Na, (e) S, and (f) Zn.

CONCLUSION

The AMD neutralization treatment using ES was en-
couraging. The use of ES positively impacts the physi-
cal and chemical characteristics of the treated AMD
and decreases the concentration of some PTHMM. In
a relatively short time (3 h), using a concentration of
5 g of ES/L of AMD, it was possible to reach a final
pH of 6.12 in T5, a value close to that established
by NOM-127-SSA1-1994 (6.5-8.5). On the other
hand, the treatment of AMD with ES (3 h) showed
that this short time is enough for the treated AMD to
achieve a pH value within the range established by
NOM-001-SEMARNAT-1996. However, in a longer
treatment time (264 h) using a concentration of 5 g of

ES/L AMD, T5 improved the final pH value to 6.81,
which falls within the range established by NOM-127-
SSA1-1994. In terms of pH, the best treatment was
T5. This means that a longer interaction time between
ES and AMD favors a neutralizing effect on the latter.
Additionally, it was observed that the ES-AMD inter-
action grants alkalinity to the treated AMD and that the
maximum alkalinity (124 CaCOs; mg/L) was observed
in T5. Moreover, Eh in the treated AMD decreased
~50 % on average within 3 h in the five treatments.
In addition, it was possible to remove up to 100 %
of NO3~ with the use of ES; however, the removal of
SO4*~ was not observed with these treatments.

On the other hand, it was determined that of the
elements detected in raw AMD and considered by



ACID MINE DRAINAGE TREATMENT USING EGGSHELL 425

the standards as PTHMM (Ba, Cd, Cr, Cu, Fe, Mn,
Zn, Al, As, and Pb), Cd, Fe, Mn, Zn, Al, As, and Pb
still exceeded the limits established by NOM-127-
SSA1-1994 (SSA 2000) and NOM-001-SEMAR-
NAT-1996 (SEMARNAT 1996) after the different
treatments proposed in this work. This means that the
quality of the treated AMD considering the PTHMM
concentration is insufficient for this treated effluent
to be discharged into a receiving body without rep-
resenting an environmental risk. It is necessary to
further decrease the concentrations of Cd, Zn, and
As so that the AMD can be safely discharged into
a receptor body (e.g., a river). Through the differ-
ent treatments using ES, it was possible to decrease
the concentration of all the PTHMM contemplated
by the standards, including those that are already
within the limits (Ba, Cr, and Cu). However, the best
removal results could be observed in treatments T3
and T4. In the case of Fe and Al, their total removal
(100 %) form the AMD was achieved, while for Pb a
removal of 55-82 % was achieved, enough to comply
with the value established by the standard. The other
PTHMM that exceeded the allowable concentration
by the standard in the AMD (As, Cd, Mn, and Zn), it
was possible to decrease the concentration; however,
it was not enough to comply with the established
maximum limits. The mineralogical composition of
ES is calcite ~100 %; however, gypsum was formed
(12-24 %) after some treatments as part of the process.

ES is a domestic waste, and depending on its
possible use for remediation, it can be valued as a
useful material to prevent environmental deteriora-
tion through AMD treatment.
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ABBREVIATIONS

AMD ......... Acid mine drainage
CaCoOs....... Calcium carbonate

Clees Chloride anion
DL............ Detection limit

Eh ............ Redox potential
Esooevnennnn. Eggshell
FeSs........... Iron sulfide (pyrite)

ICP-AES ..Inductively coupled plasma-atomic
emission spectroscopy

NOs .......... Nitrate anion
PTHMM..... Potentially toxic heavy metals and metal-
loids

SEM-EDS . Scanning Electron Microscopy with
Energy Dispersive X-ray Spectroscopy

SGM ......... Servicio Geoldgico Mexicano
SO4* ......... Sulfate anion

Tx oo Duplicate of each treatment
WHO.......... World Health Organization
XRD.......... X-ray diffraction

D C T X final concentration

D CHRT X initial concentration

Greek characters

n Removal efficiency

nNNo3-..... Nitrates removal efficiency

Nso,2--...Sulfates removal efficiency

nermm..... Potentially toxic metals and metalloids
removal efficiency

G oeeereeenns Electrical conductivity
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