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ABSTRACT

We present a feasibility study of different adsorbent materials, namely residual

fish scales biosorbent (FS), mineral dolomite (DL) and commercial resin (CR) in

the heavy metals removal in multicomponent solution based on the properties

of a real effluent from automotive battery recycling industry. Considering the

effluent complex characteristics, the materials were assessed aiming to provide

not only the heavy metals removal, but also the effluent neutralization and

lower sludge generation. For this, all the studied materials were physicochem-

ically and morphologically characterized with the aim of understanding the

mechanisms involved in the process. Further, the elemental compositions of the

solid and liquid phases generated from each treatment process were assessed by

X-ray fluorescence spectrometry. The effluent presented highly acidic charac-

teristics and heavy metals above the legislated limits for discharge (Fe, Zn and

Pb). Each adsorbent material followed different mechanisms which led to dis-

similar removal and neutralization capacities. The CR showed remarkable

heavy metals removal capacity governed by an ion exchange mechanism; con-

versely, it did not show a neutralization effect. In contrast, FS and DL presented

lower removal capacities by complex simultaneous phenomena (ion exchange,

precipitation and/or complexation), but a great neutralization potential related

to leaching of alkaline constituents. When sludge generation is considered as a

key factor, mitigation and enhancement of treated effluent quality could
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alternatively be addressed by employing the materials in hybrid processes.

Hence, the associated use of such materials could be viable yet very challenging

for both neutralization and removal of heavy metals from the battery effluent.

Introduction

Lead–acid automotive batteries are the most wide-

spread battery system in the world scenario. Because

of their extensive use, the destination of lead–acid

batteries is a major environmental concern due to the

high metal toxicity [1] and extreme acidic character-

istics. Long-term exposure of humans to these metals

can cause nephropathy or a decrease in the perfor-

mance of nervous systems, and it can significantly

affect brain development in children [2–4].

Although the traditional recycling technologies of

scrap metals through foundries are relatively con-

solidated, the pollution caused by such materials is

still relevant [5]. However, deficiencies in the man-

agement infrastructure and logistics of these materi-

als and inefficient treatment processes can be

commonly perceived, which cause secondary pollu-

tion during the recycling process.

Though not limited to but taking the case of Brazil

as an example, the environmental monitoring and

regulatory agencies have a limited capacity to control

the polluting activities. In this context, different

studies report that lead–acid battery recycling pro-

cesses are commonly performed in an environmen-

tally inadequate or inefficient way. In many cases, the

companies that carry out these activities have pre-

carious facilities without pollution control equipment

[6, 7]. In 2010 the National Solid Waste Policy

(PNRS—Polı́tica Nacional de Resı́duos Sólidos [in Por-

tuguese]) was implemented in Brazil. Throughout the

regulations, reverse logistics and shared responsibil-

ity were some of the highlights of this regulatory

framework, in which manufacturers, importers, dis-

tributors and dealers of batteries and accumulators

are required to structure and to implement reverse

logistics systems. Thus, the product, after its use by

the consumer, must be returned, independent of the

public service of urban cleaning and solid waste

management (according to Art. 33—PNRS).

Among the most popular technologies that prevail

in the treatment of these effluents, methods such as

chemical precipitation, ion exchange, filtration,

decantation, neutralization, electrochemical treat-

ment and evaporative recovery can be highlighted

[5]. However, depending on the wastewater charac-

teristics, these processes may have significant draw-

backs such as incomplete metal removal, demand for

expensive equipment and energy-intensive monitor-

ing systems and the generation of secondary resi-

dues, namely toxic sludge and other waste released

into the air and soil that require further treatment

steps. Chemical precipitation stands out as one of the

most widely used treatment methods in industrial

effluents due to its low cost and simplicity. Never-

theless, chemical precipitation has the disadvantages

of generating large volumes of complex sludge and

having low efficiency for treatment of highly diluted

metal solutions [1, 8].

Given the background, more effective technologies

that can reduce concentrations of heavy metals to

environmentally acceptable levels at affordable prices

are needed [1, 5, 9, 10]. Sorption processes have been

extensively used as alternative methods in the treat-

ment of heavy metals, aiming for high adsorption

capacity and cost-effective materials [11, 12]. Several

adsorbent materials have been studied as reported

elsewhere, especially abundant and locally available

ones such as rock minerals [13–17], agricultural and

industrial wastes [8, 18] or even commercial materials

such as silica gel, resins and zeolites [19–21].

Despite the large number of heavy metals adsorp-

tion studies reported in the literature, there is a lack

of investigations of the species released from the

adsorbent materials to the liquid phase as well as a

comprehensive evaluation of the water quality and

the sludge generated during the process. In addition,

a comparison of different sources for the same

effluent may contribute in the comprehension of the

mechanisms involved in the treatment of such a

complex system using each material, since several

phenomena may take place simultaneously in the

process.

In view of the above-highlighted drawbacks in the

analyzed research area, in this paper we present a

feasibility study of three types of adsorbent materials

(i.e., biosorbent, mineral and commercial resin) in the
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removal of heavy metals from a multicomponent

solution based on the properties of a real effluent

from automotive battery recycling industry. For this,

a characterization of the effluent from an industrial

complex was performed. In addition, an evaluation of

the composition and quality of both the treated

effluent and the generated sludge was conducted,

wherein all the materials, as well as the solid and

liquid phases of the process, were physicochemically

and morphologically characterized aiming at a better

understanding of the mechanisms involved in the

process.

Materials and methods

Adsorbent materials

In this work, adsorbent materials from different

sources with different characteristics were investi-

gated as heavy metals-removing agents, as follows:

(1) Biomaterial The biomaterial used was the Ore-

ochromis niloticus fish scale (FS), which is an

abundant residue of the fish slaughterhouse

industry. In rare situations, this type of residue

is adequately destined and/or is used in noble

applications, which remains a persistent and

significant issue in the segment. The FS was

kindly supplied by a company located in the

western region of Paraná.

(2) Mineral material The mineral material employed

was dolomitic lime (DL), which is the main

alkaline agent used on a large scale for the

treatment of water and effluents. The DL

presents excellent physicochemical characteris-

tics combined with its cost-effectiveness and

ease of acquisition. In this study, dolomitic lime

was generically treated as ‘‘mineral’’ material

because, due to its extensive use in effluent

treatment, it may change in composition and

degree of purity depending on the source.

(3) Commercial material The commercial material

investigated in this study was the Amberlite

IR120� resin, manufactured by Rohm and Haas

Company, which is a microporous cationic

resin (CR). The CR consists of a divinylbenzene

styrene copolymer matrix with sulfonic acids as

functional groups (R-SO3H) with Na? as the

counterion. The resin particles are of spherical

shape, with an average size of 0.5 mm, and

have high physical, chemical and thermal

stability.

The three studied materials (i.e., mineral, fish scale

and resin) were characterized in terms of physico-

chemical properties by applying the following ana-

lytical techniques: elemental analysis, point of zero

charge—pHpzc, Fourier transform infrared spec-

troscopy (FTIR) analysis and scanning electron

microscopy with energy-dispersive X-ray analysis

(SEM–EDX). The material characterization was per-

formed to evaluate physicochemical and morpho-

logical properties of the materials, according to its

specificity, before and after the process.

Note It must be highlighted that the term ‘‘adsor-

bent materials’’ must be cautiously addressed since

other physicochemical phenomena other than strictly

surface adsorption may take place concomitantly,

such as adsorption, ion exchange, surface complexa-

tion and precipitation [22, 23]. Thus, a much more

complex mechanism is generally responsible for such

processes.

Characterization of the industrial
wastewater

Initially, aiming to investigate the characteristics of

the battery recycling industrial wastewater and to

assess its possible oscillations in the process, a total of

16 samples were collected from the industrial com-

plex during a 50-day period, according to the com-

pany’s determination. The collected samples were

analyzed in terms of the elemental composition and

pH value, as both the heavy metals concentrations

and the extreme acidity values lead to the harmful

character of such effluents.

Elemental characterization and pH evaluation

of the industrial wastewater

The pH values of the collected samples from the

industrial site were measured by GEHAKA pH meter

model PG1800, with a glass electrode. For the quan-

tification of the heavy metals in the industrial

wastewater, an elemental characterization was per-

formed by applying total reflection X-ray fluores-

cence spectrometry (TXRF) analysis using a benchtop

portable spectrometer (S2 PICOFOX, Bruker AXS

Microanalysis GmbH).
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The samples were prepared according to the

methodology proposed by Espinoza-Quinõnes et al.

[24] in which before sample preparation, the quartz

glass disks (30 mm diameter and 3 mm thickness)

were subject to a specific cleaning which was done to

avoid contamination. Aiming to obtain a thin dried

spot of the residue on the surface of the quartz disks

for the TXRF analysis, the samples were prepared in

Eppendorf microtubes with a capacity of 2 mL, in

which were added 660 lL real effluent sample, 330 lL
solution of 6 mol L-1 NaOH, for the sample’s neu-

tralization, and a 10-lL aliquot of a Gallium standard

solution as an internal standard. Hence, 5 lL of each

sample was pipetted onto the center of the quartz

glass disks and dried on the disks in a laminar flow

hood at room temperature. The used micropipettes

were carefully calibrated. For the solid samples (post-

treatment sludge), 30 mg of the sample (granulome-

try\ 50 lm) was added to Eppendorf microtubes

along with 2.5 mL of TritonTM X-100 (Sigma-

Aldrich) at 1% (v/v) and 100 lL of the Gallium

standard solution.

Point of zero charge (pHpzc)

The point of zero charge (pHpzc) of the three adsor-

bent materials was determined by the ‘‘drift method’’

[25], wherein 50 mL solutions containing 0.01 mol

L-1 NaCl were prepared in Erlenmeyer flasks in a pH

range from 1 to 12 by adjusting with 0.01 mol L-1

NaOH and 0.01 mol L-1 HCl. In each test, 100 mg of

the adsorbent material was added and kept for 24 h

at which time the equilibrium pH value of the sam-

ples was measured. According to the methodology,

the graphical interpretation of the pHinitial vs. pHfinal

indicates the point of zero charge, which corresponds

to the point where the pH variation is zero.

Fourier transform infrared (FTIR) spectroscopy

The surface functional groups of the adsorbent were

analyzed by FTIR spectroscopy (model—FTIR/NIR

spectrum, PerkinElmer, Frontier). The same analysis

was performed for the adsorbent materials after the

process, aiming to identify possible interactions

between the heavy metals and the sites of the

adsorbent. FTIR spectra were obtained by diffuse

reflectance in the mid-infrared region (between 4000

and 650 cm-1) at a resolution of 1 cm-1 by accumu-

lating 16 scans. The infrared spectra were baseline-

corrected and normalized based on each respective

spectrum area.

X-ray diffraction (XRD) analysis

In order to complement the FTIR technique and to

characterize the crystalline structure of the materials

as well as to identify any possible changes after the

process, XRD analyses were performed in the mate-

rials before and after the treatment process. For this,

the XRD patterns were obtained by using a Bruker

diffractometer (D2-PHASER) operating in the con-

tinuous scanning mode with Cu-Ka radiation (1.5418

Å) and nickel filter at a voltage of 30 kV and current

of 10 mA. A scanning speed in 2h of 0.02� min-1 and

step time of 1.0 s were used in the range of 5� up to

80�. The solid samples were ground in order to

achieve a fine powder with granulometry under 270

mesh (& 50 lm).

Scanning electron microscopy–energy-dispersive X-ray

spectroscopy (SEM–EDX)

SEM micrographs from the materials before and after

the treatment process were obtained by a scanning

electron microscope, Tescan Vega 3, and further, the

morphological modifications in the solid materials

were investigated. The samples were previously

covered with a thin layer of gold by a metallizer and

then fixed in a sample holder by a carbon tape. In

addition to the images, the equipment contained a

energy-dispersive X-ray spectroscopy (EDS) system

(Penta FET Precision—Oxford) which allowed a

semiquantitative evaluation of the chemical

composition.

Kinetic tests

In order to compare the removal capacity of each

evaluated material, kinetic adsorption tests were

performed. The metal solutions were prepared by

diluting each heavy metal salt (i.e., iron, zinc and

lead) with a deionized water solution, previously

adjusted to a pH equal to 1, according to the typical

concentration and pH values observed in the char-

acterization of the industrial effluent. All the used

salts were of analytical reagent grade. The kinetic

assays consisted of adding 20 g of each adsorbent

material to 1 L of the heavy metal multicomponent

solution. The experiments were conducted in batch
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mode by using a stirred tank with controlled tem-

perature and stirring speed (25 �C and 90 rpm) for

24 h of process time. The temperature and pH values

of the system were monitored throughout the time of

the experiment, and periodic aliquots were collected.

Further, the samples were vacuum-filtered with 0.45-

lm cellulose acetate membranes, and the remaining

metal concentrations in solution were determined by

TXRF according to the methodology described in

‘‘Elemental characterization and pH evaluation of the

industrial wastewater’’ section. In addition, the

adsorbent materials after the removal tests (i.e., solid

phase) were collected, dried and appropriately stored

for subsequent characterizations. The percentage of

removal (% R) was determined by applying Eq. (1).

%R ¼ 1� Cf

Ci

; ð1Þ

where Ci stands for the initial concentration of the

metal species (mg L-1) and Cf is the concentration of

the metal species in the solution after the process (mg

L-1).

Results and discussion

Characterization of the industrial
wastewater

Periodic sampling of the industrial wastewaters was

performed for a 50-day period, and then the samples

were characterized in terms of their elemental con-

centration, mainly for heavy metals (TXRF analysis).

The pH value of the samples was measured as well.

Table 1 shows the quantitative elemental characteri-

zation of crude effluent. In the crude effluent, heavy

metal concentrations in ppm magnitude were

observed, wherein the highest concentration values

were determined to be for Fe, Zn and Pb followed by

other heavy metals with much lower concentrations

(Cr, Cu and Ni\ 2 mg L-1). The values of the stan-

dard deviation for the metal concentrations were

elevated, most probably associated with the common

oscillations from the process entrance. These varia-

tions can also be observed in the inferior and superior

limits (IL and SL values) (see Fig. 1).

The pH profile of the battery recycling industrial

wastewater, which presented an average value of

1 ± 0.2, is shown in Fig. 1a. The Brazilian entity that

controls and regulates the discharge of wastewater

(CONAMA) [26] demands that the pH of an indus-

trial effluent discharge must be between 5 and 9. In

addition, the concentration profiles of the heavy

metals (Fe, Zn and Pb) observed in higher concen-

trations in the crude effluent, according to Table 1,

are shown in Fig. 1b. A great variability during the

sampling period was observed, due to the above-

mentioned intrinsic oscillations of the process, espe-

cially for Fe. Based on the values presented in Table 1

for the limits on concentrations of heavy metals

(CONAMA) [26], one may notice that the values

observed in the effluent characterization are above

the release standards.

From the characterization results, an effluent that is

extremely acidic and highly contaminated with

heavy metals was verified. Hence, an efficient and

adequate treatment is required in order to achieve the

reuse and/or disposal standards required by legis-

lation. Several conventional methods are commonly

employed, for instance, chemical precipitation or

coagulation (e.g., aluminum sulfate); however, these

methods may present some drawbacks, such as

substantial sludge generation, which can increase the

overall treatment process costs related to disposal. In

addition, these methods are generally not suitable for

the treatment of effluent with low metals

concentration.

Characterization of the adsorbent materials

In order to evaluate the chemical and physical sta-

bility of the adsorbent materials as well as to clarify

our understanding of the phenomena involved in the

process, a comprehensive characterization of the

studied materials in terms of pHpzc, SEM–EDX, FTIR

and XRD was performed.

pHpzc: point of zero charge

The results of pHpzc for each adsorbent material are

presented in Fig. 2, wherein for the FS material

(Fig. 2a), a slightly alkaline character can be observed

(pHpzc = 7.5), as previously reported by the authors

[27]. This result indicated a probable capability of

removal of cations such as the observed heavy metals

in the battery recycling industrial effluent. In addi-

tion, by observing the results for the DL mineral, a

much more pronounced alkalinity was verified,

achieving a pHpzc = 12.1. This basic characteristic of

the dolomite was already reported elsewhere [14, 28].
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In turn, for the commercial resin, a pHpzc = 5.7 value

was found, indicating its acidic characteristics which

can be related to the presence of sulfonic acid func-

tional groups. Based on the above, in this study, the

potential of heavy metals removal by materials with

different acid–base characteristics was investigated.

Scanning electron microscopy–energy-dispersive X-ray

spectroscopy (SEM–EDX)

In Fig. 3a, b the SEM micrographs obtained for the FS

before and after the process are shown, wherein one

may notice ordered sets of fibers in the FS in natura

(Fig. 3a). After the process, the FS (Fig. 3b) presented

the formation of a rough layer on its surface, which

may be ascribed to a microprecipitation process of

Table 1 Elemental

characterization of the battery

recycling industrial effluent

Element Industrial wastewater Legislated content

limits (mg L-1)

CONAMA
IL �C� SD SL

(mg L-1)

S 5053 7613 ± 2273 9420 –

Cl 4 22 ± 22 40 –

K 5 7 ± 2 10 –

Ca 142 200 ± 87 326 –

Ti 1.0 1.2 ± 0.2 1.5 –

Cr 1 2 ± 1 3 1

Mn 0.5 1 ± 1 2 1

Fe 255 344 ± 96 480 15

Ni 2 1 ± 1 1 2

Cu 1 2 ± 1 3 1

Zn 45 60 ± 17 78 5

As 0.03 0.06 ± 0.05 0.09 0.5

Br 1 3 ± 1 4 1

Ba 1.1 1.1 ± 0.02 1.2 5

Pb 5 22 ± 15 33 0.5

CONAMA Conselho Nacional do Meio Ambiente (National Council for the Environment) [26]; �C is

the average element concentration (mg L-1); SD is the standard deviation (mg L-1); and IL and SL are

the inferior and superior concentration limits (mg L-1), respectively
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Figure 1 a pH values and b concentration of Fe, Zn and Pb metals of the industrial wastewaters during the 50-day period.
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the metals on its surface. Furthermore, after the

treatment process, the FS presented a gelatinous

character and no longer exhibited the characteristic

growth rings. Such behavior can be attributed to

leaching of the inorganic phase (i.e., apatites)

immersed within the organic phase (i.e., mostly

composed of collagen), because of the strong acidity

of the solution. The inorganic phase leaching from

fish scales structure by acidic media was already

reported elsewhere [27].

Regarding the mineral material, the DL micro-

graphs (Fig. 3c) exhibited a fine powder together

with agglomerates of particles of heterogeneous sizes

and shapes. After the process (Fig. 3d), the DL pre-

sented an ordered structure. This may be due to the

formation of a crystalline lattice, in which in the liq-

uid phase formed this novel structure between the

DL and the heavy metals in solution. Such crystalline

structure can be related to the possibility of replace-

ment of the original species in the DL constitution (Ca

or Mg), which can be leached during the process, by

the available metals from the aqueous phase (Fe, Zn,

Pb) (see EDX and XRD results—Table 2 and ‘‘X-ray

diffraction (XRD) analysis’’ section, respectively).

The micrographs for the CR showed its spherical

shape and an extremely smooth surface (see Fig. 3e).

The CR material presented a particle size distribu-

tion, in the range of 0.6 mm\dp\ 0.8 mm, which

can be observed for a Mag. 639 in Sup. Fig. S1. The

CR surface indicated the absence of pores in its

structure, confirmed by the textural parameters

(specific surface area of 1.532 m2 g-1 and a total pore

volume equal to 0.011 cm3 g-1; data provided by the

resin fabricant) which were low values when com-

pared to most of the adsorbents. One may see that

after the treatment process (Fig. 3f), the resin beads

have been ‘‘cracked,’’ probably by the action of the

strongly acidic media on the polymeric matrix of the

CR material.

Table 2 shows the elemental composition of the

three studied materials before and after the removal

process. For the FS, the presence of C and O that may

be related to both the organic phase (i.e., collagen)

and inorganic phase (e.g., ascribed to the carbonated

apatite [Ca10(PO4)6CO3]) of the scale can be observed.

It is noteworthy that the percentage of inorganic

species such as Mg and Ca decreased, most probably

due to the action of acid pH and agreeing with the

SEM results. The decrease in C, from carbonated

apatite, was also indicative of leaching of the inor-

ganic phase.

By analyzing the DL composition values, a high

percentage of Ca, Mg and O from the dolomite

structure was observed, which can be confirmed by

FTIR and XRD techniques (‘‘Fourier transform infra-

red (FTIR) spectroscopy’’ and ‘‘X-ray diffraction

(XRD) analysis’’ sections). The same Mg and Ca

leaching behavior can be observed for the mineral. In

addition, a small amount of Si was found which was

related to the impurities present in the mineral, in

this case possibly silicates (e.g., SiO2, SiO4) [16].

For the CR, a decrease in the Na cation after the

treatment can be observed (see Table 2). This

behavior can be ascribed to the ion exchange of the

Na cation with the metallic ions in solution. The

heavy metals were identified in the solid phase by the

EDX analysis after the process for all investigated

materials except for the Pb, which was not quantified.

However, it must be highlighted that the EDX is a

semiquantitative technique.

Fourier transform infrared (FTIR) spectroscopy

Infrared spectroscopy was performed on the fish

scale, mineral and resin before and after their use in

the process in order to identify possible changes in

the structure of the materials, as shown in Fig. 4.

Table 3 presents the summary of the observed IR

absorption bands and the associated functional

groups for the FS, DL and CR materials; also, the

0 1 2 3 4 5 6 7 8 9 10 11 12
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(b) DL
(c) CR

pH
fin

al
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Figure 2 Point of zero charge (pHpzc) of: a fish scales (FS), b

mineral (DL) and c commercial resin (CR).
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modifications on the IR bands after the process are

presented in Table 4.

The IR spectra of fish scales in natura were reported

in previous studies [27], wherein bands of amides (I,

II and III) from collagen and PO4
3- and CO3

2- from

the apatites were mainly observed. Similar bands

were found by Marrakchi et al. [36]. By observing the

IR spectra for the FS after the removal of the metals in

acidic medium (Fig. 4b), overall the C–N bands of

amide II and C–O of carboxylic acid can be observed

due to the acid hydrolysis reaction of the collagen.

The positive displacements in the bands corre-

sponding to amides I and II (see Table 4) indicate the

interaction of metals with the collagen structure.

Since the decrease in the wavenumber is a conse-

quence of the increase in the reduced mass [37], it can

Figure 3 SEM images for a FS before (magnification 92000) and b FS after the process (mag. 95000); c DL before (mag. 95000) and

d DL after the process (mag. 95000); e CR before (mag. 9750) and f CR after the process (mag. 9750).

Table 2 Overall chemical composition (%w/w) obtained by EDX

spectrometry

Element FS FSAT DL DLAT CR CRAT

C 31.7 27.5 0.0 0.0 46.6 49.4

O 35.9 49.0 57.7 63.1 27.8 25.7

P 9.7 8.6 0.0 0.0 0 0

Si 0 0.0 2.1 0.0 0 0

Na 0.3 0.0 0.0 0.0 9.7 2.9

Mg 0.3 0.0 13.7 0.7 0 0

Ca 22.2 5.1 26.5 21.3 0 0

S 0 0.0 0.0 14.6 16.0 17.8

Fe 0 9.0 0.0 0.3 0 3.7

Zn 0 0.7 0.0 0.1 0 0.3
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be stated that the exchange of lighter species (i.e., H?)

by larger mass ones, such as the heavy metals in

solution (Fe3?, Zn2? or Pb2?), may have occurred.

By observing the FS spectra after the process

(Fig. 4b; Table 4), a wide band between 3000 and

3600 cm-1 with a maximum intensity of 3280 cm-1

can be observed. Such a band can be attributed to the

vibrations of amide stretching, from the scale struc-

ture, also to the water molecules adsorbed on the

material after the process [30, 38]. After the process

(see Fig. 4b), an arising band at 3080 cm-1 can be

observed, which is probably associated with the Me?

ion exchange by the proton from amide groups [29].

One may notice a band shifting from 1424 cm-1,

related to the CO3
2- stretching, to 1402 cm-1 [27].

The modification in such a carbonate band was in

accordance with the previously discussed EDX and

SEM results, indicating the leaching of the inorganic

phase in the acidic media. In addition, the band

formed at 1230 cm-1 also occurred due to the pH of

the medium being very acidic [27], due to the colla-

gen hydrolysis.

Moreover, several band shifts from 1646 to 1627,

1545 to 1540 and 1454 to 1451 cm-1 were observed,

indicating that the amide and carbonate groups may

act in the retention of the metal ions [39, 40]. The

appearance of the 1337 cm-1 band probably indicates

heavy metal interactions with the amino in the

biosorption process, due to the acid hydrolysis of the

collagen structure [33, 41].

The 1017 cm-1 band in the FS before the process

was related to the phosphate groups (Fig. 5a). After

contact with the acidic solution (Fig. 5b), this band

was modified generating several bands: the shifting

of bands to 1080 and 1037 cm-1, and also the shifting

to 975 and 936 cm-1 (duplet), which can be ascribed

to the influence of phosphate in the retention of metal

ions. The bands’ displacements toward to lower

wavenumber (975 and 936 cm-1—positive shifting—

see Table 4) can be associated with the higher

reduced mass of the system due to the heavy metals

retention onto the phosphate groups. On the other

hand, the bands’ displacements to higher

wavenumber (1080 and 1037 cm-1—negative shift-

ing—see Table 4) are an indicative of the decrease in

the reduced mass of the system, which can be ascri-

bed to the phosphate leaching due to the acidic effect.

It must be highlighted that the evaluated system

was a multicomponent one (i.e., Fe, Zn and Pb); thus,

the three observed bands can be expected because

4000 3500 3000 2500 2000 1500 1000

30
80

93
8

14
02 13
37

32
99(b)

Wavenumber (cm-1)

(a)

16
46

32
80

14
54

15
45

14
24

87
1

10
17

16
27

15
40

14
51 12
42

10
80 10

37
97

5

4000 3500 3000 2500 2000 1500 1000

10
81

11
15

14
28

18
00

14
71

(c)

16
35

82
6

14
23

13
85

36
95

87
5

18
00

25
24

34
25

36
44 34
14

Wavenumber (cm-1)

(d)

4000 3500 3000 2500 2000 1500 1000

16
00

77
4

11
50

13
50

29
23

10
08

10
35

83
3

67
1

11
26

11
72

14
12

14
52

14
96

16
36

29
27

(f)

Wavenumber (cm-1)

(e)

33
91
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each metal interaction may result in a different

wavenumber. According to Nadeem et al. [41],

phosphate groups commonly present a wide

absorption range between 950 and 1100 cm-1,

wherein such shifting behavior was probably asso-

ciated with the complexation of phosphate groups by

coordination with metal ions. In addition, an ion

exchange mechanism also may have occurred.

According to Michalak et al. [42], in a biosorption

process several groups might participate in the metal

ion binding depending on the solution’s pH value

(e.g., carboxyl—pH = 2 to 5; carboxyl and phos-

phate—pH = 5–9). Hence, in a biosorption process,

protons or light metal cations (e.g., Na?, K?, Mg2?,

Ca2?) which are naturally bound to these functional

groups on the surface of the biosorbent may act as

cation exchangers with the heavy metals available in

solution.

Considering the pHpzc value of the FS

(pHpzc,FS = 7.5—see Fig. 2a) and the acidic condi-

tions of the studied system, one may notice that the

FS surface will remain positively charged due to the

proton’s excess. At these pH conditions the ion

exchange between the H? and the Men? will be

propitious. The ion exchange hypothesis is in accor-

dance with the results of Al Lafi and Abdullah [29].

The authors suggest that ion exchange reaction

occurs during the metal ion uptake process (i.e.,

n �H
þ þMenþ $ Me

nþ þ nHþ), where �H
þ
refers to an

exchangeable proton in the solid surface. Therefore,

Table 3 Summary of IR absorption bands and the associated functional groups observed in the FS, DL and CR materials [29–35]

Sample Wavenumber

(cm-1)

Vibration Functional group Structure

FS 3299 N–H stretching Amides I and II Collagen

1646 C–O bending Amide I Collagen

1545 N–H bending and C–N stretching Amide II Collagen

1454 C–N stretching and N–H bending Pyrrole ring Collagen

1424 CO3
2- stretching Carbonate Carbonated apatite

1017 PO4
3- stretching Phosphate Hydroxy, carbonated apatite

871 CO3
2- stretching Carbonate Carbonated apatite

DL 3695 and 3644 O–H strong sharp Hydroxyl Water of hydration

3425 O–H and CO3
2- stretching Hydroxyl, carbonate Water, magnesium carbonate

2524 CO3
2- stretching Carbonate Calcium carbonate

1800 CO3
2- stretching Carbonate Calcium carbonate

1471 and 1428 HCO3
- stretching Ionic carbonate

bicarbonate

Magnesium carbonate

1115 and 875 CO3
2- stretching Carbonate Calcium and Magnesium

carbonate

1081 Si–OH bond Silicate Silicate (impurities)

CR 3391 O–H bond Sulfonate Sulfonate

2927 C–H Alkanes Polymeric matrix

1636 C–C stretching Phenyl ring Divinylbenzene styrene

polymeric matrix

1035 C–C skeletal cis conformation Alkanes Polymeric matrix

1496, 1452 and

1412

C=C stretching Phenyl ring Divinylbenzene styrene

polymeric matrix

1412 and 1126 S=O asymmetrical and symmetrical vibration Sulfonate Ion exchange sulfonate

1350 S=O axial vibration Sulfonate Ion exchange sulfonate

1172 and 671 C–S bending Sulfonate Ion exchange sulfonate

1035, 1008 and

833

CHa,a’ out-of-plane bending and Ca = Ca’ torsion;

ring CH deformation

Phenyl ring Divinylbenzene styrene

polymeric matrix

774 C–H out-of-plane bending vibrations Phenyl ring Divinylbenzene styrene

polymeric matrix
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both the organic (collagen—i.e., amino, amide,

hydroxylic and carboxylic functional groups) and

inorganic phase (apatites—i.e., carbonate and phos-

phate) (see Table 4) may be involved in the biosorp-

tion process since these groups may act as ion

exchangers, since pH\pHpzc [43].

In addition, the substantial Ca decrease (see EDX

results—Table 2) along with the phosphate group IR

band displacements suggest that ion exchange

between Ca2? and the metals (Fe, Zn and Pb) was

also involved in the complex mechanism of heavy

metals removal for the FS.

In general, the IR analysis before and after the

process indicated several modifications between the

spectra; those results indicated a complex mechanism

involving both ion exchange between amide, phos-

phate and carbonate groups of FS and the heavy

metals. A similar complex mechanism was observed

for biosorption of heavy metals by fish scales in the

literature, namely for Cu(II) ions by Uzunoglu et al.

[44] and for Pb(II) by Nadeem et al. [41]. In addition,

after the process the FS presented a gelatinous char-

acter and a reddish color, which can be ascribed to

the apatites’ leaching, collagen hydrolysis and Fe

species assimilation in the FS structure. Therefore, the

FS process is ruled by a very complex mechanism in

the heavy metals adsorption including ion exchange,

adsorption, microprecipitation and complexation.

Such behavior is typical for biosorption processes

[22, 23] due to the heterogeneity of functional groups

on the surface.

In general, the DL spectra (Fig. 4c) present bands of

calcium and magnesium hydroxide, hydroxyl (bound

water), carbonate and bicarbonate characteristics of

the dolomite structure, and impurities such as sili-

cates can be observed.

By analyzing the DL spectra (Fig. 4c), two fine and

intense bands at 3695 and 3644 cm-1 corresponding

to calcium and magnesium hydroxide can be

observed [45]. A band at 3425 cm-1 is related to the

presence of hydroxyl groups (–OH) of bound water

[28]. IR band is also observed at 2524 cm-1 due to the

presence of CaCO3. The 1800 and 875 cm-1 bands are

assigned to the carbonate groups (CO3
-2) [46, 47]. In

addition, at 1471 cm-1 we see an absorption band

corresponding to the C–O bond also from carbonates

Table 4 Modifications of the IR spectra bands of FS, DL and CR materials after the process [29–35]

Sample Modifications (cm-1) Functional group

FS 3080 ? arising band N–H—amides I and II

1646 ! 1627 (D ¼ 19—shifting) C–O—amide I

1545 ! 1540 (D ¼ 5—shifting) N–H and C–N—amide II

1454 ! 1451 ðD ¼ 4—shifting) C–N and N–H—pyrrole ring

1424 ! 1402 ðD ¼ 21—shifting) CO3
2-—ionic carbonate

1337 ! arising band C–N amine II—hydrolysis

1230 ! arising band C–O carboxylic acid—hydrolysis

1017 ! 1080 (D ¼ � 63Þ; and
1017 ! 1037 (D ¼ � 20)—negative shifting

PO4
3-—ionic phosphate

1017 ! 975 (D ¼ 42Þ; and
1017 ! 936ðD ¼ 81)—positive shifting

PO4
3-—ionic phosphate

DL 3425 ! 3414 ðD ¼ 11—shifting and bands’ increase) O–H—ion exchange in the H? group protonated by the metal

1635 ! bands’ increase C–O—carbonate

1471 ! 1423 ðD ¼ 48—shifting) HCO3
-—ionic carbonate

1428 ! 1385 (D ¼ 43—shifting) HCO3
-

826 ! arising band Me?CO3
2-—ionic carbonate

CR 3391 ! bands’ decrease O–H—sulfonate

2927 ! 2923 ðD ¼ 5—shifting) C–C—alkanes

1600 ! arising bands C–C—phenyl ring

1126, 1035 and 1008 ! bands’ increase S=O—sulfonate; C–C—alkanes

833 and 671—bands’ increase C=C—phenyl ring; C–S—sulfonate

1172 ! 1150 (D ¼ 22—shifting) C–S—sulfonate
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[48]. The 1428 cm-1 band can be attributed to HCO3
-,

and the calcium and magnesium carbonate band was

observed at 1115 cm-1 [49]. At 1081 cm-1 is a band

corresponding to Si–OH binding [28].

In comparison, for the IR spectra of DL after the

removal process (Fig. 4d), changes in some bands

that can indicate the interaction between the metals

and the functional groups acting as active sites in the

mineral were observed, due to the ion exchange or

the chemical precipitation of the heavy metals. This

mineral material is a double salt; when in contact

with water, a phenomenon of dissolution and

hydration may occur. The charge of the surface is

therefore the consequence of the formation of the

ionic system for the solid–liquid interface, which is a

function of pH. Below the pHpcz, the mineral surface

remains positively charged caused by a high con-

centration of the positively charged species [50].

These changes are reflected in the band stretching at

3414 cm-1, which can be attributed to the interaction

of the heavy metals with the hydroxyl group (OH),

which can be involved in ion exchange process as

well as observed for the FS; besides, this band mod-

ification may be an indicator of the formation of

hydroxides with the available heavy metals (i.e.,

Me(OH)x—where Me = Fe, Zn or Pb; as well as

coordination complexes Me(H2O)x(OH)y). A red-

brown color of the precipitates formed in the solution

after the treatment process was observed, which is

related to the Fe(III) complex. Hence, the observed

shifting may suggest that the hydroxyl functional

groups are directly involved in interactions with the

metals to form surface complexes [51]. Considering

the highly alkaline characteristic of the DL

(pHpzc = 12.1—see Fig. 2) and the consequent

expressive pH change during the process (pH from 1

to 8—see Table 2), precipitation of the metals is most

likely [52]. The intensities of the bands representing

the CO3
2- group increased to 1635, 1385, 1423 and

1385 cm-1, which could be attributed to the insertion

of metal ions that may have substituted for the

HCO3
- ions [28, 53], via ion exchange process [29].

In general, the observed changes of DL after the

process (positive displacements and the intensity

increase of the bands) indicate the influence of the
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bFigure 5 XRD pattern of the: (a) FS before and (b) FS after the

process; (c) DL before and (d) DL after the process; (e) CR before

and (f) CR after the process.
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carbonate groups in the metal uptake, wherein the

ion exchange between the cations from the original

structure of the dolomite (i.e., Ca2?, Mg2?) by the

heavy metals (Fe3?, Zn2? and Pb2?) take place.

Figure 4e shows the IR spectra for the CR where

bands ascribed to sulfonate, alkanes and phenyl ring

were mainly observed, characteristic of the functional

groups (sulfonic acids) and the polymeric matrix of

the resin (divinylbenzene styrene).

By analyzing Fig. 4e, the band at 3391 cm-1 is

related to the hydroxyls groups, 2927 cm-1 the C–H

bond from alkanes, 1636 cm-1 the ring C–C stretch of

phenyl derived from the divinylbenzene styrene

polymeric matrix of the resin and 1035 cm-1 to C–O

bonds [33, 54–56]. In addition, the IR band 1008 cm-1

can be ascribed to CHa,a, out-of-plane bending and

Ca = Ca’ torsion, and the absorption band in

833 cm-1 is related to the ring CH deformation, both

associated with the phenyl ring, from the divinyl-

benzene styrene polymeric matrix of the resin

[30, 33]. The aromatic ring structure C=C bonds of the

resin polymer backbone can be also observed in three

other bands at 1496, 1452 and 1412 [33, 55] as well as

the out-of-plane bending vibrations at 774 cm-1 [33].

The bands at 1172 and 671 cm-1 were observed due

to the C–S bond [30, 33], together with the 1126 and

1412 cm-1 bands related to asymmetrical and sym-

metrical S=O vibration and a 1350 cm-1 band related

to the S–O axial vibration [56], which all confirm the

presence of sulfonate groups in the resin.

After the removal process (Fig. 4f), one may notice

mainly changes in the sulfonate group (see Table 4).

The positive shifting (from 2927 to 2923 cm-1, and

from 1172 to 1150 cm-1) as well as the intensity

increase of the bands (at 1126, 1035, 1008, 833 and

631 cm-1) related to S=O, C–S, C=C e C–C can be all

consequence of the heavy metals interaction with the

sulfonic groups, thus affecting the whole bond chain.

These modifications point out the interactions in the

sulfonate groups that can be related to ion exchange

between the Na? in this functional group and the

heavy metals in solution [29]. The substantial

decrease in the Na concentrations in the CR after the

process with the concomitant increase in the heavy

metals concentrations (see Table 5) is in accordance

with these results and evidences the ion exchange

between such cations.

X-ray diffraction (XRD) analysis

The FS, DL and CR material diffractograms before

and after the process are shown in Fig. 5. Regarding

the FS (Fig. 5a), results similar to those reported by

Ribeiro et al. [27] were obtained, indicating the

presence of a characteristic halo from amorphous

structures of organic phases, corresponding to the

collagen, and also a peak at 32� relative to the inor-

ganic phase of apatites, thereby confirming both

phases as previously discussed in the FTIR and SEM–

EDX results. After its use in the process (Fig. 5b), a

significant increase in the halo in the region from

2h = 15� to 25� related to the amorphous organic

phase [57] was observed due to the contact with the

acidic medium. This result confirms the leaching of

the inorganic phase that led to enhanced collagen

phase exposure. In addition, the disappearance of the

inorganic phase peak (32�) is corroborated with the

inorganic species removal from the FS structure [40].

Finally, the new intense peak at 27� may be related to

the presence of heavy metals after the removal pro-

cess. Since Fe presented the highest concentrations in

the effluent (CFe = 344 ± 96 mg L-1), the presence of

this peak can probably be attributed to iron struc-

tures. According to Parga et al. [58], the peak at 27� is
related to the iron (III) oxide–hydroxide (i.e., anhy-

drous—Fe(OH)3; and its hydrated form—Fe(H2O)3
(OH)3), which is much more likely for pH values

higher than 4. This result as well as the reddish

precipitate observed after the treatment process rati-

fies the FTIR results.

For the DL mineral before the process (Fig. 5c),

characteristic peaks of Ca(OH)2 were observed at 18�,
28�, 34�, 47�, 51� and 55� [46]. Moreover, the peaks at

38� and 58� correspond to Mg(OH)2 and at 29� and

40� to CaCO3 [14, 45]; the hydroxides appearance in

the dolomite structure is related to its hygroscopicity.

At last, the peaks at 21� and 26� indicated the pres-

ence of SiO2 (JCPDS database No: 36-0426 dolomite).

In general, the observed peaks confirm that this

mineral material consisted of dolomitic lime as the

main composition along with other impurities, con-

firming the FTIR and SEM–EDX results. After its use

in the process (Fig. 5d), few peaks remained in the

diffractogram, indicating changes in its crystalline

structure. The appearance of an intense peak at 27�
may indicate the interaction of the material with the

metal ions, resulting in novel structures, such as

carbonates [17]. It must be highlighted that the same
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peak was observed for FS and DL, which can prob-

ably be related to the precipitation of heavy metals

for these two alkaline materials [59]. The peak at 29�
is associated with calcium oxide, indicating that this

compound remained in the DL structure after the

process. This result was probably related to the lower

solubility of Ca (0.013 g L-1 at 25 �C) when compared

to Mg (0.139 g L-1 at 25 �C) [60]. The XRD results

were in accordance with the decrease in magnesium

content after the process by EDX (Table 2), indicating

that magnesium was leached to the solution, while

calcium remained in the solid phase while interacting

with cations in solution. In general, the changes in the

diffractograms indicated the disappearance of the

majority of the peaks corresponding to the hydrox-

ides, following the formation of new complexes with

the entrance of the metals.

The XRD analysis for the CR showed typical

diffractograms of polymer samples (see Fig. 5e–f),

wherein a characteristic halo of amorphous polymer

material is identified between 20� and 30�
[19, 20, 61, 62]. After the metal removal process, a

peak appeared at 17� indicating the metal ion entry,

probably related to the ion exchange of Na? in the

sulfonate groups with the heavy metals in solution.

Therefore, by analyzing the XRD along with the

FTIR and SEM–EDX results for all the three evaluated

materials, it can be concluded that different mecha-

nisms (e.g., precipitation, complexation, adsorption,

ion exchange) may rule the heavy metals removal

depending on its physicochemical characteristics. In

addition, one may notice that for all evaluated

materials, leaching and loss of mass were observed,

indicating a chemical and physical instability due to

the extremely acidic characteristic of the effluent,

which is commonly a key factor regarding the

adsorption processes as the solution’s pH signifi-

cantly influences its performance.

Kinetic experiments

In order to evaluate the efficiency of the adsorbent

materials of different characteristics in the removal of

metals from solution, laboratory-scale experiments

were conducted. The tests were carried out by using

the mineral adsorbent (DL), the tilapia fish scales

(Oreochromis niloticus) (FS) and the Amberlite IR120

ion exchange resin (CR) with a synthetic effluent

based on the pH and the concentrations of the heavy

metals observed at higher concentrations (Fe, Zn, Pb)

in the industrial effluent. Thus, the synthetic effluent

used in these tests was prepared with the following

characteristics: CFe,0 = 400 mg L-1, CZn,0 = 60 mg

L-1, CPb,0 = 30 mg L-1 and pH = 1.

The kinetics of heavy metals removal (Fe, Zn, Pb)

employing the different adsorbents are shown in

Fig. 6. All the assessed materials were capable of

removing the heavy metals from the liquid phase,

Table 5 Elemental

characterization of the

synthetic effluent (SEF) before

the treatment and the synthetic

effluent treated by the different

adsorbent materials (SEFT)

Element SEF (mg L-1) SEFT

FS (mg L-1) DL (mg L-1) RC (mg L-1)

Na 374 734 711 19343

Mg 8 15 116 3

P 2 124 0 0

S 7 0 4 21

Cl 4 91 9 6

K 8 17 3 11

Ca 0.2 149 3721 4

Cr 1 0 0.1 0.1

Mn 1 4 0.4 0.09

Fe 390 183 196 1

Cu 2 1 0.02 0.5

Zn 54 21 26 2

Ag 2 1 3 2

Ba 2 3 0.5 1

Pb 27 8 9 0.02

pH value 1 5 8 1
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especially the CR which reached values almost equal

to zero. The percentage of removal achieved by the

end of the process was as follows for the same initial

mass of each adsorbent material: %RFe = 55%,

%RZn = 67% and %RPb = 69% for the FS;

%RFe = 48%, %RZn = 43% and %RPb = 67% for the

DL; and %RFe = 99%, %RZn = 96% and %RPb = 99%

for the CR. In addition, by analyzing Fig. 6a–c, one

may observe that the CR showed the most favorable

kinetics among the evaluated materials, achieving an

equilibrium time within 2.5 h, followed by DL (10 h)

and FS (12 h).

A comprehensive elemental characterization of the

liquid phase (before and after the treatment—i.e.,

24 h) was performed by applying each adsorbent

material in order to investigate the phase migration

of the species (see Table 5) and in an attempt to

clarify the mechanisms involved for each material as

well as to assess the quality of the generated water

after the process. All materials removed some of the

heavy metals, but the CR was the only one that

achieved levels below the legislated limits for the

heavy metals focused on in this study (i.e., 15, 5 and

0.5 mg L-1 for Fe, Zn and Pb, respectively—CON-

AMA [26], Norm 357/2005). In addition, for other

potentially harmful species (e.g., Cr and Cu), low

values were also achieved for the adsorbents. The

elemental characterization also showed leaching of

elements for each adsorbent. For instance, for the fish

scales, an increase in the Ca, P, Na and Cl, related to

the mineral phase leaching (e.g., hydroxyapatites,

carbonated apatite and chlorapatite) was also

observed in SEM–EDX and FTIR analyses. For the DL

material, an increase was observed for Ca, Mg and

Na, also characteristic of the dolomite material. In

other words, the increase in Ca and Mg in the final

solution is justified because these cations are rela-

tively soluble in aqueous medium. Finally, for the

CR, an intense increase in Na was observed related to

the ion exchange of Na? with the metals in solution,

as previously discussed. These results are in accor-

dance with the characterization techniques (i.e., FTIR

and XRD). Hence, the Na? released by the CR was

ascribed to the fact that this material is an acidic ion

exchanger. It must be highlighted that the TXRF

technique presents restrictions in the quantification of

species with atomic number below Al (Z\ 13); thus,

the observed Na? values are only an estimate (i.e.,

semiquantitative).
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Figure 6 Kinetics of Fe, Zn and Pb metal removal from synthetic

effluent by using: a FS; b DL; and c CR. Experimental conditions:

pHinitial = 1, T = 30 �C and mads = 20 g.
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In addition, in Table 5 the values of the pH in the

aqueous medium are presented, in which a neutral-

ization was observed by using FS and DL materials,

achieving final pH values of 5 and 8, respectively. For

both fish scales and mineral adsorbents, the observed

increase in the pH values after the removal process

was associated with the release of the species in

solution, making the medium more basic. For FS

material, a release of P was observed during the

treatment process due to the presence of PO4
3- in the

inorganic structure of the apatites. It must be noted

that elevated levels of P in a discharging effluent

could led to eutrophication of aquatic systems [63].

However, for the resin the pH values of the solution

remained the same as the initial value (pH = 1). In

this way, although the CR presented the best heavy

metals removal capacity, this material did not pro-

vide a neutral effluent and could demand further

neutralization. Hence, the pH stability observed for

the treatment process with the CR was most probably

associated with ion exchange between the exchanger

cation (Na?) and the heavy metals, keeping the pH of

the medium stable. However, this was the cause of

the high removal yields observed, since even for

extremely acidic pH values, as in this case, the

functional groups (i.e., sulfonic acids) of the resin

have been mostly in their dissociated form (conju-

gated base—sulfonate—SO3
-) taking into account the

pKa value of sulfonic acid (pKa = 2.7) [64]. Hence,

the high adsorption capacity for the cations in solu-

tion can be explained by intense electrostatic inter-

actions with the resin functional groups. Another

piece of evidence was the intense release of Na? ions

to the solution during the process, indicating the

exchange between such ions and the heavy metals of

the effluent.

In general, the CR presented an excellent capacity

for heavy metals removal; however, it was inefficient

for neutralization of the effluent compared to the FS

and DL, which were capable of achieving values of

pH within the legislated limits.

In addition to the elemental characterization in the

liquid phase the remaining solid phase (sludge) after

the process was also characterized in terms of its

elemental composition as shown in Table 6.

By analyzing the composition of chemical elements

in the solid phase, it was possible to identify the

heavy metals (Fe, Zn and Pb) transferred from the

solution to the adsorbent during the treatment pro-

cesses for all the FS, DL and CR adsorbent materials.

Regarding the sludge mass remaining at the end of

the process, DL generated the largest amount of

sludge, namely 14 g (70%). In turn, the FS reduced its

mass by half resulting in 10 g (50%); the reduction in

mass can be associated with the observed leaching of

the inorganic phase (as already discussed in the

previous sections). This result is in accordance with

the organic/inorganic phase composition in fish

scales, generally around 50/50 (%w/w), as reported

elsewhere [65, 66]. In this sense, it must be concluded

that the 50% mass reduction relates to the complete

leaching of the inorganic phase from the FS compo-

sition. Finally, for the CR, a final sludge mass of 11 g

(55%) was observed, which was related to the extre-

mely acidic pH of the medium causing significant

resin mass decrease (as observed in the SEM images

by its cracked aspect—Fig. 3f) and was justified by

the appearance of S and Na in large amounts in the

liquid phase after the process. The great amounts of

sludge generated remain a significant problem since

it leads to disposal costs. Therefore, minimization of

the sludge must be considered as a key factor.

On the basis of the results obtained from this study

it was possible to verify the following: (1) the

Table 6 Elemental characterization of the different adsorbent

materials before treatment and of the sludge generated after the

treatment processes

Element Concentration (mg g-1)

FS FSAT DL DLAT CR CRAT

Na 4082 1349 0 564 17019 2150

Mg 46 24 692 563 2 3

P 935 140 11 1 33 34

S 1294 340 0 6 110 95

Cl 62 99 0 3 4 2

K 4 22 8 10 51 1

Ca 10 39 2742 799 12 4

Cr 1 1 0 1 1 1

Mn 1 6 1 2 0 1

Fe 13 212 13 284 15 319

Cu 0 2 0 0 1 1

Zn 0 45 0 21 2 47

Ag 11 0 19 0 2 3

Ba 3 4 1 0 6 2

Pb 0 16 0 18 0 29

Sludge mass (g) 20 10 20 14 20 11

AT—after the treatment process (e.g., FSAT—fish scales after the

treatment)
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adsorbents tested were capable of removing the Fe,

Zn and Pb heavy metals from a synthetic effluent,

even in a multicomponent and complex system pre-

pared on the basis of the characteristics of an indus-

trial effluent; (2) the CR showed the highest capacity

to remove metals from the liquid phase; (3) leaching

of the mineral adsorbent and inorganic phase of the

fish scales took place in the process, which led to the

medium neutralization; (4) the process of heavy

metals removal by using the fish scales and the

mineral adsorbent was not solely phenomenologi-

cally described by an adsorption phenomenon, but

by a much more complex process involving other

simultaneous mechanisms in the neutralization and

heavy metals removal (e.g., ion exchange, surface

complexation and precipitation).

In the present study, the kinetic data along with the

physical, chemical and morphological characteriza-

tion of the adsorbents (before and after the process)

indicate that the materials present a great potential as

agents in the removal of heavy metals loading and

neutralization, except for the resin which did not

change the pH values of automotive battery effluents.

At last, since each adsorbent material presented

different characteristics in terms of neutralization and

heavy metals removal capacity, the possibility of a

hybrid process could be a likely adequate alternative.

In other words, a pre-neutralization by applying the

fish scales or the dolomite could be followed by

heavy metals removal using the ion exchange resin

because of its great capacity for removal including

the possibility of regeneration.

Conclusions

The physicochemical and elemental characterization

of the automotive battery recycling industry effluent

revealed it to be a complex and strongly acidic

effluent mainly constituted of a variety of heavy

metals above the legislated limits for discharge (e.g.,

Fe, Zn, Pb). Regarding the feasibility of the adsorbent

materials studied (fish scales, mineral dolomite and

commercial resin), different capacities in the removal

of the heavy metals were observed for each material,

namely CR[ FS[DL. In addition, different neu-

tralization capacities of the effluent were observed, in

which the DL and FS materials achieved the pH

standards for discharge (5\pH\ 9), but the CR did

not change the pH value of the effluent, despite an

excellent heavy metals removal capacity. The differ-

ing characteristics of each material were assessed

through a comprehensive physicochemical and

morphological characterization, which was helpful in

the elucidation of the phenomena involved in the

process (i.e., for CR, mainly, ion exchange, whereas

for FS and DL, a much more complex mechanism was

observed including leaching of species from the

adsorbent materials with concomitant ion exchange,

surface complexation and precipitation of the heavy

metals). The characterization also allowed us to

observe a chemical and physical instability for all

materials due to the highly acidic values of the bat-

tery effluent. The leaching and sludge generation

were quantified, in which the DL presented the

highest sludge generation. Thus, despite the tradi-

tional use of dolomite in the chemical precipitation of

the effluent in the industry, the excessive sludge

generation would lead to additional costs for dis-

posal. In this sense, the results of this work indicate

that the use of hybrid processes by applying combi-

nations of these adsorbent materials (e.g., DL and FS;

DL and CR) can provide a higher-quality treated

effluent in conjunction with a lower sludge genera-

tion. Therefore, the associated use of the materials,

targeting both an effective removal of the heavy

metals in solution and the effluent neutralization,

could be a simple and cost-effective alternative.
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