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a b s t r a c t 

The red mud (RM) has been used as an alternative low-cost adsorbent to remove trace elements, with the ad- 
sorption onto sodalite surface described as the main removal mechanism for trace elements. However, recent 
studies have shown that precipitation might be of great importance for some trace metals removal using natural 
and thermal activated RM. Therefore, the aim of this study was to identify the main mechanism responsible for 
Cd(II), Pb(II) and Zn(II) removal from aqueous solutions using natural and activated forms of RM, based on se- 
quential extractions and a precipitation kinetic model was developed. Results showed that the carbonate fraction 
was responsible for the highest trace elements removal (ca. 85%), with the minerals assemblages precipitated: 
otavite – CdCO 3 , cerussite - PbCO 3 , smithsonite - ZnCO 3 and anglesite - PbSO 4 . The kinetic model showed that the 
mineral precipitation was limit due to the HCO 3 

− consumption during the formation of new minerals. Hence, this 
study showed that precipitation was the central mechanism on trace elements removal, regardless the natural or 
activated forms of RM. This finding raise doubt about the effectiveness of the traditional adsorption isotherms and 
kinetics models to describe trace metals removal using RM, contributing with new insights for future researches 
involving these hazardous materials. 
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. Introduction 

Brazilian mining activities contribute significantly to global min-
ral production, including the third-largest global production of bauxite
 Brasil, 2018 ). Brazil benefited more than 35 megatons of bauxite via
he Bayer Process®, generating a residue known as bauxite residue or
ed mud – RM ( Hind et al., 1999 ). According to Fortes et al. (2016) ,
bout 10–25 million tons/year of RM are generated in Brazil. The Brazil-
an RM can be considered a hazardous material due to presence of
ifferent oxides and toxic trace elements mixed in a highly alkaline
atrix ( Antunes et al., 2012 ; Souza et al., 2013 ). The disposal of this

esidue usually occurs in tailing dams, producing a high financial and
nvironmental cost, leading to problems related to contamination of
oil, groundwater and surface water and damage to flora and fauna
 Silva Filho et al., 2007 ; Jones and Haynes, 2011 ). The main accident
nvolving the rupture of the RM tailing dam was in October 2010 in Ajka
Hungary), causing 10 deaths and more than 100 injuries ( Hua et al.,
∗ Corresponding author. 
E-mail address: fabiano.tomazini@unesp.br (F.T. da Conceição). 
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017 ). In Brazil, an environmental disaster caused by high rainfall oc-
urred in a RM tailing dam located in Barbacena (Pará State) in February
018, affecting thirteen riverside communities, which depends on the
atural resources of the Pará River basin in this municipality (Amazô-
ia Real, 2018 ). 

Cadmium – Cd(II), lead - Pb(II) and zinc – Zn(II) are commonly
sed in several human activities, such as mining, smelting, electro-
lating, dyes, ceramics, among others. These trace elements are not
ompatible with biological treatment processes, and adsorption is the
ain technique for these trace elements removal in the treatment of

ndustrial effluents ( Nadaroglu et al., 2010 ). The Cd(II) causes vom-
ting and lung and kidney diseases, with the Pb(II) affecting almost
ll organs, with the central nervous system being the most sensitive,
hile the Zn(II) can causes vomiting, anaemia and kidney and liver
amage ( São Paulo, 2012 ). RM has been used for Cd(II), Pb(II) and
n(II) removal, with application of the natural ( Vaclavikova et al. 2005 ;
antona et al. 2006 ; Pichinelli et al., 2017 ; Ayala and Fernández
019 ; Silva et al., 2019 ) or activated ( Apak et al. 1998a 1998b ;
21 
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

Studies of Cd(II), Pb(II) and Zn(II) removal (mmol g − 1 ) from aqueous solutions using 
natural red mud (RM) and with different activations procedures. 

Metal Natural and activated forms Removal Reference 

Cd(II) RM 0.26 Ayala and Fernández (2019) 

RM 0.87 Silva et al. (2019) 

RM 1.41 Vaclavikova et al. (2005) 

RM 1.35 Santona et al. (2006) 

RM - heated 1.04 Silva et al. (2019) 

RM - heated 0.27 Gupta and Sharma (2002) 

RM - heated 0.38 Yang et al. (2020) 

RM - HCl 0.95 Santona et al. (2006) 

RM –HCl 0.14 Silva et al. (2019) 

RM - HCl 2.24 Apak et al. (1998a) 

RM - CaSO 4 0.22 Lopez et al. (1998) 

RM - Ca(NO 3 ) 2 0.68 Silva et al. (2019) 

Pb(II) RM 2.13 Pichinelli et al. (2017) 

RM 1.88 Santona et al. (2006) 

RM - heated and H 2 O 2 0.35 Gupta et al. (2001) 

RM - carbonised 0.45 Pulford et al. (2012) 

RM - HCl 0.77 Santona et al. (2006) 

RM - HCl 0.84 Apak et al. (1998a) 

RM - Ca(NO 3 ) 2 2.23 Pichinelli et al. (2017) 

RM – colloidal silica and NaOH 2.66 Lyu et al. (2020) 

RM 0.18 Ayala and Fernández (2019) 

Zn(II) RM 1.14 Pichinelli et al. (2017) 

RM 2.47 Santona et al. (2006) 

RM 2.05 Vaclavikova et al. (2005) 

RM - heated 0.22 Gupta and Sharma (2002) 

RM - HCl 1.59 Santona et al. (2006) 

RM - CaSO 4 0.19 Lopez et al. (1998) 

RM - Ca(NO 3 ) 2 0.96 Pichinelli et al. (2017) 

RM - CO 2 0.23 Sahu et al. (2011) 
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a  
opez et al. 1998 ; Gupta et al. 2001 ; Gupta and Sharma 2002 ;
antona et al. 2006 ; Silva et al., 2019 ; Sahu et al. 2011 ; Pulford et al.,
012 ; Pichinelli et al., 2017 ; Silva et al., 2019 ; Lyu et al., 2020 ) forms
f RM. All studies present in Table 1 have been associated to the ad-
orption of these trace elements onto the RM surface, and the adsorp-
ion was modelled using Langmuir and Freundlich isotherms. Sodalite
ointed out as the main responsible for the Cd(II), Pb(II) and Zn(II) ad-
orption in natural and activated forms of RM ( Santona et al., 2006 ;
ichinelli et al., 2017 ; Silva et al., 2019 ). In addition, different kinetics
odels were applied to describe the adsorption processes, such as the
seudo-first-order, the pseudo-second-order, the Elovich and the intra-
article diffusion models. 

The trace elements adsorption onto sodalite is associated to ion ex-
hangeable and, consequently, the use of sequential extractions can be
 useful tool to confirm this mechanism. Tessier et al. (1979) proposed
 method for sequential extraction to identify the geochemical frac-
ions. This method assesses the potential mobility for trace elements,
howing the labile (ion exchangeable, bound to carbonates, bound
o Fe-Mn oxides and bound to organic matter/sulfide) and residual
hases. Recent studies using sequential extraction have reported that
he Cu(II) ( Qi et al., 2018 ) and Cr(II) ( Qi et al., 2020 ) removal in
M were preferably associated with bound to carbonate and bound

o Fe-Mn oxides, respectively, instead of adsorption in ion exchange-
ble. Yang et al. (2020) proposed the Cd(II) removal is associated
o adsorption in bound to Fe-Mn oxides rather than adsorption (in
on exchangeable) when thermal treated RM was studied. Lyu et al.
2020) applied adsorption isotherms to describe adsorption of Pb(II)
nto RM modified by colloidal silica and sodium hydroxide; however,
he authors have concluded that the precipitation processes was re-
ponsible for 78% of Pb(II) removal, as Pb-carbonates, even no specific
nalysis was performed. 

Taking into account the recent findings on trace elements removal
echanisms using RM, the role of precipitation should be thoroughly
eveloped and the use of adsorption models to describe trace elements
emoval reconsidered. The few studies using sequential extractions are
L  

2 
imited to Cu(II) and Cr(II) removal by natural RM ( Qi et al., 2018 ,
020 , respectively) and Cd(II) removal by thermal activated forms of
M ( Yang et al., 2020 ), and they have shown the removal precipitations
roducts only, with no precipitation kinetics model proposed. Thus, the
ain aim of this study was to determine the central mechanism respon-

ible for Cd(II), Pb(II) and Zn(II) removal using natural and activated
orms of RM (heated at 400°C - RM 400 and with chemical treatments
sing HCl - RM HCl and Ca(NO 3 ) 2 - RM Ca ), applying the sequential ex-
raction method. Secondary, a kinetic model was performed to describe
he time effect on the Cd(II), Pb(II) and Zn(II) removal and to deter-
ine the precipitation kinetic constants and the reaction order. There-

ore, this paper expands the understanding and provide new insight into
he interactions mechanisms among Cd(II), Pb(II) and Zn(II) and these
azardous materials, which can be used as low-cost material in the field
f environmental remediation and water industry. 

. Materials and methods 

.1. Sampling and activation procedures 

The municipality of Alumínio ( Fig. 1 a), São Paulo State, Brazil, hosts
he main aluminium plant in Brazil, where the natural RM was sampled
June – 2017) in a tailing dam ( Fig. 1 b). The RM was dried for 12 h
t 50 °C. Antunes et al. (2012) studied the thermal behavior and phys-
cal properties of RM from Brazil (from 400 to 800 °C) and concluded
hat the best temperature to produce RM with a large surface area is
00 °C due to phase transition of goethite to hematite and gibbsite to
lumina. Thus, the RM was heated in a muffle furnace oven at 400 °C for
wo hours (RM 400 ) to increase the removal capacity in relation to nat-
ral RM ( Antunes et al., 2012 ). The RM with chemical treatments (HCl
 RM HCl and Ca(NO 3 ) 2 - RM Ca ) were performed to promote the extrac-
ion of the exchangeable phase by means of the desorption on the RM
urface ( Santona et al., 2006 ; Pichinelli et al., 2017 ). For the chemical
ctivation, RM was mixed either with 0.05 mol L − 1 HCl or with 0.1 mol
 

− 1 Ca(NO 3 ) 2 (1 g:25 mL) and agitated for 2 h. The supernatant was re-
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Fig. 1. Location of Alumínio in the São Paulo 
State (a). The aluminium plant and tailing 
dam, with the image from Google Earth Pro - 
04/10/2020 (b). 
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oved and the RM HCl and RM Ca samples were washed three times, using
ltrapure water with electrical conductivity lower than 0.02 μS cm 

− 1 

nd, then, dried at 50 °C for 12 h. 

.2. Characterization of natural and activated forms of RM 

The pH values for RM, RM 400 , RM HCl and RM Ca in solution were
haracterized using 1 g:25 mL of ultrapure water, using YSI 556 Multi-
robe System calibrated with pure standards at pH 4 and 7. The specific
urface area (SSA) for the RM, RM 400 , RM HCl and RM Ca samples were
etermined by BET method, using a Micromeritics ASAP Tristar 3000
nalyser operated at -196 °C calibrated with nitrogen adsorption curves.

The pH PCZ is another important issue on Cd(II), Pb(II) and Zn(II)
emoval by RM, once it determines whether electrostatic attraction
r respulsion between the sorbents and sorbates ( Orfão et al., 2006 ;
esus et al., 2015 ). The point of zero charge (pH PZC ) value of RM, RM 400 ,
M HCl and RM Ca was characterized using a mixed of 0.1 g of these
aterials with 20 mL of 0.1 mol L − 1 NaCl at initial pH varying from
 to 11 ( Jesus et al., 2015 ). The solution was shaken at 250 1rpm at
5 °C for 24 h, and then the final pH was measured. Initial and final pH
alues were plotted and the pH PZC value was determined according to
rfão et al. (2006) . 

In order to identify the minerals in the RM, RM 400 , RM HCl , RM Ca and
ontrol samples, the X-ray diffractometry (XRD – PANalytical Empyrean
nstrument) was used on powdered samples from 2° to 90° with 0.02°
tep-sizes, operating at 40 kV and 40 mA, with CuK 𝛼 radiation. The min-
ralogical identification was performed by the software X’Pert Highscore
lus®, using ICDD PDF2 database. The morphology of all samples was
dentified using a Scanning Electron Microscope with an Energy Disper-
ive X-ray Spectrometer (SEM-EDS, JEOL JSM-6010LA). 
3 
.3. Removal experiment 

The Cd(II), Pb(II) and Zn(II) aqueous solutions (25 mL), with the
nitial concentration of 80 mmol L − 1 , were mixed with 1.0 g of RM,
M 400 , RM HCl and RM Ca . The solutions of Cd(II), Pb(II) and Zn(II) were
repared using analytical grade nitrate salts: Cd(NO 3 ) 2 .4H 2 O, Pb(NO 3 ) 2 
nd Zn(NO 3 ) 2 .6H 2 O. The samples were stirred at 145 rpm at 25 °C for
2 h and then centrifuged for 25 min at 3000 rpm. Afterwards, the
M, RM 400 , RM HCl and RM Ca samples were dried for 12 h at 50 °C.
ilva et al. (2019) and Pichinelli, et al. (2017) studied the influence of
H (2, 4, 7, 10 and 12) on the Cd(II) and Pb(II) and Zn(II) removal. The
uthors showed the pH 7 as the best value for removal of these trace el-
ments, although the pH raging between 5.0 and 5.5 have been widely
sed ( Santona et al., 2006 ; Nadaroglu et al., 2010 , Smiljamic et al., 2010 ,
miciklas et al., 2014 ; Conceição et al., 2016 ). Thus, all the experiments
or trace elements removal analysis were performed at initial pH of 7,
ith the final pH values characterized at 5. 

.4. Sequential extraction 

The sequential extraction in RM, RM 400 , RM HCl and RM Ca was
pplied as described by Tessier et al. (1979) and Leleyter and
robst (1999) . The detailed sequential extraction procedure is presented
n Table 2 , with two different geochemical fractions: labile (F1 – ion ex-
hangeable, F2 – bound to carbonate, F3 – bound to Fe-Mn oxides and F4
bound to organic matter/sulfide) and residual (F5). After each extrac-

ion step, the samples were centrifuged at 3000 rpm for 25 min. at 25 °C.
nce finished, the residual RM, RM 400 , RM HCl and RM Ca were dried at
5 °C and applied for the next steps. The percentage ( P ) of Cd(II), Pb(II)
nd Zn(II) due to sequential extraction in RM, RM 400 , RM HCl and RM Ca 
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4 
as calculated using the Eq. (1) . 

 𝑗 ( % ) = 

[
𝐹 𝑗 

]
∑5 

𝑖 = 1 [ 𝐹 𝑖 ] 
. 100 for 𝑗 = 1 , 2 .. 5 (1)

here: 
P = percentage of each geochemical fraction for Cd(II), Pb(II) or

n(II); [ F ] = Cd(II), Pb(II) and Zn(II) concentration in each geochemical
raction (mmol g − 1 ); Indexes j and i = geochemical fraction in which P
s calculated over all extracted forms, respectively. 

.5. Kinetics studies 

The kinetics studies were carried out using 1 g ( m ): 25 mL ( V ) of an
queous solution, with the Cd(II), Pb(II) and Zn(II) initial concentrations
f 80 mmol L − 1 ( C 0 ). The samples were stirred at 145 rpm, removed af-
er 15, 30, 60, 120, 420, 660 and 1440 min, centrifuged at 3000 rpm
or 25 min at 25 °C, with the supernatant separated and the residual
d(II), Pb(II) and Zn(II) measured ( C f ). The initial pH ( t = 0 min) was
djusted to 7 as explained above, with the final pH characterized at 5
fter 1440 min. The Eqs. (2 ) and (3) represent the amount of Cd(II),
b(II) and Zn(II) retained ( A S - mmol g − 1 ) and the removal efficiency
n all experiments ( RE - % ), respectively. After confirming the domi-
ant mechanism of Cd(II), Pb(II) and Zn (II) removal, the kinetic model
or trace metals precipitation was performed as described in detail at
ection 3.4 . 

 𝑠 = ( 𝐶 0 − 𝐶 𝑓 ) . 
𝑉 

𝑚 

(2)

𝐸 = 

𝐶 0 − 𝐶 𝑓 

𝐶 0 
. 100 (3)

.6. Analysis 

The supernatants associated to sequential extraction and kinetics
tudies were then transferred to a Teflon tube of 50 mL, made up to
olume with ultrapure water, for analysis of the Cd(II), Pb(II) and Zn(II)
oncentrations by inductively coupled plasma optical emission spec-
rometry (ICP OES), iCAP 6000 SERIES machine Thermo Scientific. The
etection limit was 0.006 mg L − 1 for all trace elements. All experiments
ere carried out in triplicate. 

. Results and discussion 

.1. Characterisation of RM, RM 400 , RM HCl and RM Ca 

The pH values for the RM, RM 400 , RM HCl and RM Ca in solution were
0.5, 10.7, 8.3 and 7.5, respectively. The thermal treatment did not
hange the pH values in relation to RM. However, the pH values after
he chemical treatment were lower than the RM due to CO 3 

2 − consump-
ion during the reactions of CO 3 

2 − present in the RM, water and HCl or
a(NO 3 ) 2 ( Santona et al., 2006 ; Pichinelli et al., 2017 ). The pH PCZ val-
es were for 8.8, 8.3, 9.1 and 9.9 for RM, RM 400 , RM HCl and RM Ca ,
espectively. The thermal treatment increased the specific surface area
SSA) in RM 400 in relation to RM (from 33 to 61 m 

2 g − 1 ), while the
hemical treatment decreased the SSA values (25 and 27 m 

2 g − 1 to
M HCl and RM Ca , respectively). 

Fig. 2 shows the XRD patterns with the minerals found in the
M, RM 400 , RM HCl and RM Ca samples. The RM is composed of kaoli-
ite (Al 2 Si 2 O 5 (OH) 4 ), gibbsite (Al(OH) 3 ), sodalite (Na 8 Al 6 Si 6 O 24 Cl 2 ),
oethite (FeO(OH)), quartz (SiO 2 ) and calcite (CaCO 3 ). However, after
he thermal treatment, the peaks caused by aluminum and iron hydrox-
des were not detected from the RM 400 XRD patterns. This can be ex-
lained by the conversion of goethite to hematite at 243 °C and also by
he fact that the gibbsite is transformed to transition aluminas ( 𝜒Al 2 O 3 )
t 272 °C ( Antunes et al., 2012 ). The RM HCl and RM Ca presents the same
inerals described for the RM. The morphology of RM, RM 400 , RM HCl 
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Fig. 2. XRD patterns of RM, RM 400 , RM HCl and RM Ca . 
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Fig. 3. SEM images of RM. 
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nd RM Ca particles was observed by SEM-EDS. Particles of different
ize, shape and texture were observed in RM sample, as illustrated in
ig. 3 . Heterogeneous materials with particle diameters between from
 1 μm to > 10 μm can be seen. It can be observed that the chemical
r thermal treatment did not alter the mineral morphology, with the
mallest particles corresponding to iron oxides and the largest ones to
ilicon. 

.2. Sequential extractions 

The percentages of labile and residual geochemical fractions of
d(II), Pb(II) and Zn(II) in the RM, RM 400 , RM HCl and RM Ca samples
re present in Fig. 4 . By the analysis of trace elements in the geochemi-
al fractions, it is possible to note that the labile geochemical fractions
ere responsible for ca. 95% of these trace elements, as 6.0 ± 0.3% for
d(II); 3.5 ± 0.3% for Pb(II) and 7.3 ± 0.4% for Zn(II) are associated to
esidual fraction. The lowest concentrations for Cd(II), Pb(II) and Zn(II)
ere measured in the ion exchangeable fraction ( < 0.4% for all trace
lements) in comparison to other labile geochemical fractions, with a
aximum removal of 0.04, 0.06 and 0.04 mmol g − 1 for Cd(II), Pb(II)

nd Zn(II), receptively. 
Sodalite is a tectosilicate considered as zeolite-type and it has been

onsidered the main responsible for the Cd(II), Pb(II) and Zn(II) adsorp-
ion in natural and activated RM ( Santona et al., 2006 ; Silva et al., 2019 ;
5 
ang et al., 2020 ). Unfortunately, the pH PCZ of sodalite has not been
haracterised yet, but it has been advised that the negatively-charged
urface can be neutralized by the adsorption of Cd(II), Pb(II) and Zn(II)
ithin the outer-sphere bonds and in the cages and channels of its frame-
ork ( Whittington et al., 1998 ; Mon et al., 2005 ). However, the low
d(II), Pb(II) and Zn(II) percentages in the ion exchangeable fraction
learly indicate that these trace elements removal by natural and acti-
ated forms of RM cannot be only explained by the trace metals adsorp-
ion onto sodalite. 

The Cd(II), Pb(II) and Zn(II) bound to Fe-Mn oxides and bound to
rganic matter/sulfide were 7.9 ± 0.3%, 4.3 ± 0.2% and 0.4 ± 0.1%,
.8 ± 0.2% and 0.6 ± 0.2%, respectively. Qi et al. (2020) , showed that
he main Cr(II) removal processes in the RM collected from Shanxi in
hina was the bound to Fe-Mn oxides. Yang et al. (2020) suggested that
he Fe-Mn oxides were responsible for Cd(II) removal from aqueous so-
ution, instead carbonate precipitation, due to low content of total inor-
anic carbon present in the RM with heat treatment ranging from 200
o 900°C sampled in the north of China. The Cd(II), Pb(II) and Zn(II)
emoval in the Fe-Mn oxides is due to adsorption onto goethites and
ematites present in the natural and activated RM, which have large
pecific surface area and reactive -OH and -OH 2 functional groups ex-
osed on their surface ( Liu and Huang, 2003 ). In addition, these trace el-
ments also can be adsorbed onto oxides and hydroxides of Al 3 + through
he formation of inner-sphere bounds ( Santona et al., 2006 ). 

The carbonate fraction was the labile fraction responsible for the
igher Cd(II), Pb(II) and Zn(II) removal percentages in the RM, RM 400 ,
M HCl and RM Ca , with average of 85.4 ± 0.6% for Cd(II), 88.0 ± 0.9% for
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Fig. 4. Percentages of labile and residual geochemical fractions of the Cd(II) 
(a), Pb(II) (b) and Zn(II) (c), using RM, RM 400 , RM HCl and RM Ca ( C 0 = 2 mmol 
25 mL − 1 ). The experiment was performed in triplicate; with the bars indicate 
standard deviation. 
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Fig. 5. The RM 400 XDR patterns after Cd(II) (a), Pb(II) (b) and Zn(II) (c) removal 
experiments. 
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b(II) and 87.7 ± 0.4% for Zn(II). Thus, the mechanism related to Cd(II),
b(II) and Zn(II) removal from aqueous solution in the natural and ac-
ivated RM can be truly associated with these trace elements bound to
arbonate. Similar results have also shown that carbonate is the main
abile fraction responsible for Cu(II) ( Qi et al., 2018 ) removal from aque-
us solution by natural RM collected from Shanxi in China, respectively.
ven without a sequential extraction study, Lyu et al. (2020) showed
hat the precipitation processes, as Pb-carbonates, was responsible for
8% of Pb(II) removal from aqueous solution by modified RM (colloidal
ilica and sodium hydroxide). 

.3. Mechanisms of Cd(II), Pb(II) and Zn(II) removal by mineral 

recipitation 

During the sequential extractions, the lower removal percentages for
d(II), Pb(II) and Zn(II) were detected in the ion exchangeable fractions
 < 0.4% for all trace elements), whereas the higher percentages were
ound to carbonate fraction. This suggest the mineral precipitation as
he main mechanisms of Cd(II), Pb(II) and Zn(II) removal instead of ad-
orption onto sodalite. Therewith, adsorption Langmuir and Freundlich
6 
sotherms are not valid to model the Cd(II), Pb(II) and Zn(II) removal
sing these hazardous materials. 

Mann and Deutscher (1980) studied the Pb(II) and Zn(II) mo-
ility in water containing carbonate, sulphate and chloride ions.
angameshwar and Barnes (1983) assessed thermodynamically the dis-
ribution and stabilities of mineral assemblages formed in system with
d(II), Pb (II) and Zn(II) + CO 2 + S + H 2 O at 25 °C and 1 atm, with Eh-pH
iagrams illustrating clearly that the mineral assemblages depends on
he Eh and pH conditions. At the pH values used in the experimental
rocedures (initial of 7 and final of 5), the natural and activated forms
f RM in solutions with pH values lower than the pH PCZ developed a
ositive charge on their surface, when pH values were lower than the
H PCZ . This result in the elestrostatic repulsion exists between the pos-
tively charged surface of the RM and the cationic ions, such as Cd(II),
b(II) and Zn(II). 

Considering the initial and final pH values, the Eh-pH diagrams pro-
osed by Sangameshwar and Barnes (1983) and the pH PCZ values in
he natural and activated forms of RM, the main mechanisms of Cd(II),
b(II) and Zn(II) removal by mineral precipitation, forming otavite,
erussite, smithsonite and anglesite. Fig. 5 illustrates the RM 400 XRD
atterns after Cd(II), Pb(II) and Zn(II) removal experiment, confirming
he mineral assemblages proposed. Fig. 6 presents the reaction products
uring the interaction bettwen Cd(II), Pb(II) and Zn(II) and RM Ca in the
queous solutions. The mineral precipitation processes can be described
s following: 

a) When RM, RM 400 , RM HCl and RM Ca are added in the aqueous so-
lution with Cd(II), Pb(II) and Zn(II) at pH 7, these trace elements
react with HCO 3 

− available in the natural and activated forms of
RM, producing Cd(II), Pb(II) and Zn(II) precipitates, such as otavite
( Eq. (4 )), cerussite ( Eq. (5 )) and smithsonite ( Eq. (6 )); 
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Fig. 6. Reaction products during the interaction bettwen Cd(II) (a), Pb(II) (b) 
and Zn(II) (c) in the aqueous solutions and RM. 
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Fig. 7. Removal efficiency ( RE ) of the Cd(II) (a), Pb(II) (b) and Zn(II) (c) versus 
time, using RM, RM 400 , RM HCl and RM Ca ( C 0 = 80 mmol L − 1 ). The experiment 
was performed in triplicate; with the bars indicate standard deviation. 
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Cd 2 + + HCO 3 
− → CdCO 3 (otavite) + H 

+ (4)

Pb 2 + + HCO 3 
− → PbCO 3 (cerussite) + H 

+ (5)

Zn 2 + + HCO 3 
− → ZnCO 3 (smithsonite) + H 

+ (6)

b) For natural and activated forms of RM, with the total consump-
tion of HCO 3 

− and production of H 

+ , the pH values decreased and
Pb(II) precipitates as anglesite ( Eq. (7 )) at pH values below 5.4
( Sangameshwar and Barnes, 1983 ; Marani et al., 1995 ). The an-
7 
glesite precipitation explains the Pb(II) removal percentages in the
bound to organic matter/sulfide (2.8 ± 0.2%); 

Pb 2 + + S 2 − + 4H 2 O → PbSO 4 (anglesite) + 8H 

+ (7)

c) Greenockite or hawleyite (CdS), galena (PbS) and sphalerite (ZnS)
are not precipitated due to oxidation conditions during the Cd(II),
Pb(II) and Zn(II) removal experiments. 

.4. Kinetics study of Cd(II), Pb(II) and Zn(II) removal 

Fig. 7 shows the A s values ( Eq. (2 )) over time for the Cd(II) Pb(II) and
n(II) removal onto RM, RM 400 , RM HCl and RM C . The Cd(II), Pb(II) and
n(II) removal depends on the reaction time and either natural and acti-
ated RM is used. In the first 15 min, ca. 70% of Cd(II), Pb(II) and Zn(II)
as removed. In addition, Cd(II), Pb(II) and Zn(II) removal trend to their
aximum after 120 min (2 h) for all tested RM variants. The maximum

mount of trace elements removed using RM, RM 400 , RM HCl and RM Ca 
ere 0.95, 0.99, 0.37 and 0.35 and mmol g − 1 for Cd(II), 1.27, 1.39, 0.51
nd 0.50 mmol g − 1 for Pb(II) and 0.90, 0.94, 0.28 and 0.30 mmol g − 1 

or Zn(II), respectively, after 1440 min (24 h). Different RM removal ca-
acities has been described in the literature for Cd(II), Pb(II) and Zn(II)
 Table 1 ), as a consequence of not only the large minerals variability,
ut also the specific surface area, chemical composition and activation
rocedures as well ( Wang et al. 2008 ). 

The thermal treatment promoted the transformation of goethite and
ibbsite into hematite and alumina and consequently, promoting the
ncrement in the SSA in the RM 400 (61 m 

2 g − 1 ) when compared to RM
33 m 

2 g − 1 ). Antunes et al. (2012) proposed that the thermal treatment
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Fig. 8. Kinetics of Cd(II) (a), Pb(II) (b) and Zn(II) (c) precipitation, using RM, 
RM 400 , RM HCl and RM Ca , considering C 0 = 80 mmmol L − 1 and Cd(II), Pb(II) and 
Zn(II) removal by carbonate precipitation in ca. 85%. Symbols are experimental 
data. 

Table 3 

Parameters obtained for the modelling Pb(II) and Zn(II) 
removal by precipitation. 

Element k ’ (mmol L − 1 min − 1 ) k c (mmol L − 1 ) R 2 

RM 

Cd(II) 0.32 35.6 0.99 

Pb(II) 0.44 24.8 0.98 

Zn(II) 0.32 37.6 0.98 

RM 400 

Cd(II) 0.32 34.4 0.99 

Pb(II) 0.48 20.4 0.96 

Zn(II) 0.32 32.0 0.99 

RM HCl 

Cd(II) 0.12 55.6 0.99 

Pb(II) 0.16 50.8 0.99 

Zn(II) 0.08 58.4 0.99 

RM Ca 

Cd(II) 0.12 56.0 0.99 

Pb(II) 0.16 51.2 0.98 

Zn(II) 0.12 57.6 0.99 

 

o  

r  

o  

i  

E
a  

l  

f  
t 400–500 °C would be the best temperature to increase the SSA and,
onsequently, the adsorption associated with new mineral phases gen-
rated (hematite and alumina). In addition, the pH values were practi-
ally the same for the RM (10.5) and RM 400 (10.7), indicating that the
hermal treatment did not remove the HCO 3 

− available in these mate-
ials. Thus, the increment in the SSA and, consequently, in the reactive
OH and -OH 2 functional groups exposed on the RM 400 surface ( Liu and
uang, 2003 ), increases the Cd(II), Pb(II) and Zn(II) removal onto the
e-Mn oxides compared to RM. 

On the other hand, the chemical treatment with HCl and Ca(NO 3 ) 2 
ecreased the Cd(II), Pb(II) and Zn(II) removal efficacy in ca. 60% in
elation to RM. This fact was also described by Santona et al. (2006) ,
ichinelli et al. (2017) and Silva et al. (2019) , who suggested that the
hemical treatments dissolved a portion of the zeolite-types minerals, re-
ucing the trace elements removal capacity. However, our study showed
learly the Cd(II), Pb(II) and Zn(II) removal on the activated forms of
M is associated to chemical treatment used to activate RM HCl and RM Ca 
amples. This cause the reduction of the amount HCO 3 

− available in so-
ution and the consequent limitation to a minimum residual fractions in
olution for Cd(II), Pb(II) and Zn(II). 

Kinetics models were made to describe the sorption of pollutants
n solid surfaces for liquid-solid phase sorption systems ( Ho and
cKay, 1998 ), such as the pseudo-first-order Lagergren, pseudo-second-

rder, Elovich and intraparticle diffusion models. These traditional ki-
etics models have been used to study the removal of several trace el-
ments using natural or activated RM ( López et al., 1998 ; Gupta et al.,
001 ; Gupta and Sharma, 2002 ; Sahu et al., 2011 ; Pichinelli et al., 2017 ;
ilva et al., 2019 ; Yang et al., 2020 ; Lyu et al., 2020 ). However, con-
idering the central role of mineral precipitation mechanism on trace
lements removal, the traditional kinetics models commonly associated
o trace elements adsorption by RM should applied carefully, once may
ot represent the mineral precipitation phenomenon. 

.5. Modelling Cd(II), Pb(II) and Zn(II) removal by carbonate 

recipitation 

Precipitation was the main responsible for removal of ca. 85% for
d(II), Pb(II) and Zn)II), as seen in sequential extractions experiment.
onsidering Greenberg and Tomson (1992) , we assumed the kinetic re-
ction of n th order as plausible to explain the behaviour of metals decay.
o perform the model, we used n of the n th order reaction as one of the
djusting parameters, along with the kinetic constant. According to the
H values using during the kinetics studies, the precipitation kinetic was
onsidered to depend upon the trace elements and RM concentrations,
nd the availability of HCO 3 

− in solution, for a given pH and PCO 2 . Eq.
8 ) shows a general derivative form for a second order reaction. 

𝑑 [ 𝐴 ] 
𝑑𝑡 

= − 𝑘 [ 𝐴 ] . [ 𝐵 ] .𝑃 𝐶 𝑂 2 (8)

here: 
k = precipitation rate constant for partial pressure of CO 2 at 25 °C

mmol L − 1 min − 1 ) (atm) − 1 ; [ A ] = concentration of the trace element
n solution at time ( t ) (mmol L − 1 ); [ B ] = concentration of HCO 3 

− de-
ived of the natural or activated RM in solution at time (t) (mmol L − 1 );
CO 2 = partial pressure of CO 2 due to pH at 25 °C (atm). 

Assuming [ B ] ≈ [ A ] and integrating from initial concentration to the
oncentration at time t , then Eq. (8 ) yields Eq. (9 ). 

 𝐴 ] = 

([
𝐴 0 

]− 𝑛 +1 + ( 𝑛 − 1 ) .𝑘 ′.𝑡 
)− 1 

𝑛 −1 + 𝑘 𝐶 (9)

here: 
[ A 0 ] = concentration of [ A ] in solution at time (t) zero (mmol L − 1 );

 = n th general reaction order; k ’ = precipitation rate constant (mmol L − 1 

in − 1 ), k c = constant applied to take into account the limited capacity
f HCO 3 

− transfer from natural or activated RM to solution (mmol L − 1 ),
escribing the asymptotic limit for the trace elements precipitation due
o HCO 3 

− availability in solution. 
8 
The Cd(II), Pb(II) and Zn(II) precipitation mechanisms using natural
r activated forms of RM was modelled using Eq. (9 ) ( Fig. 8 ). The pa-
ameters ( k ’ , kc and n ) of Eq. 9 were calculated by minimising the sum
f the squared difference between experimental and modelled data, us-
ng non-linear generalized reduced gradient algorithm of SOLVER - MS
xcell®. Table 3 shows results obtained for Eq. (9 ) parameters and R 

2 

s well. The results showed the second order reaction as the best trend
ine for Cd(II), Pb(II) and Zn(II) precipitation, with R 

2 higher than 0.96
or all trace elements. The second order reaction are in accordance with
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ata reported in literature (e.g., Gilmour et al., 1977 ; Kazmierczak et al.,
981 , Greenberg and Tomson, 1992 ). The proposed constant k c limit
recipitation accordingly, as HCO 3 

− concentration in solution decay
ver time. 

The average Cd(II), Pb(II) and Zn(II) precipitation rates constants
ere 0.36, 0.40, 0.12 and 0.13 (mmol L − 1 min − 1 ) for RM, RM 400 , RM HCl 
nd RM Ca , respectively. The kinetics of these trace elements precipita-
ion showed fast removal within the first 15 min, with little increment
f the Cd(II), Pb(II) and Zn(II) removal by precipitation as carbonates
y HCO 3 

− and H 2 CO 3 equilibrium. In addition, the Cd(II), Pb(II) and
n(II) removal by mineral precipitation is a typical biphasic precipita-
ion kinetics for all natural and activated forms RM, with a fast trace
lements precipitation within the first 120 min, followed by steady of
hese trace elements removal. In the fast precipitation kinetics, mainly
ue to Cd(II), Pb(II) and Zn(II) precipitation with HCO 3 

− available in
he aqueous solution, provides a rapid decrease in the HCO 3 

− concen-
ration. This fact limits the Cd(II), Pb(II) and Zn(II) removal by mineral
recipitation from 120 to 1440 min because the less HCO 3 

− available
or the formation of otavite, cerussite, smithsonite and anglesite in the
atural and activated forms of RM. 

Summarizing, under the experimental conditions herein presented,
oth selective extraction and kinetics study have shown that carbonate
recipitation is the most relevant mechanism for Cd(II), Pb(II) and Zn(II)
emoval using RM, RM 400 , RM HCl and RM Ca from aqueous solutions,
egardless the natural and activated forms of RM, and that the of HCO 3 

− 

lays a crucial role in kinetics by limiting the precipitate formation. 

. Conclusions 

The Cd(II), Pb(II) and Zn(II) removal mechanisms from aqueous
olution using natural and different chemical (HCl 0.05 mol L − 1 and
a(NO 3 ) 2 0.1 mol L − 1 ) and thermal (400 °C) RM were studied using se-
uential extraction. In addition, the kinetics of Cd(II), Pb(II) and Zn(II)
emoval by carbonate precipitations were modelled. Results showed
he carbonate fraction was the main labile fraction responsible for the
igher Cd(II), Pb(II) and Zn(II) removal percentages (ca. 85%), fol-
owed by bound Fe-Mn oxides, bound to organic matter/sulphide and
on exchangeable fractions. Irrespective of whether natural and acti-
ated forms of RM, the mineral precipitation was the main mechanism
or Cd(II), Pb(II) and Zn(II) removal, forming otavite – CdCO 3 , cerus-
ite - PbCO 3 , smithsonite - ZnCO 3 and anglesite - PbSO 4 . Kinetics stud-
es showed a maximum amount of trace elements removed using RM,
M 400 , RM HCl and RM Ca of 0.95, 0.99, 0.37 and 0.35 and mmol g − 1 for
d(II), 1.27, 1.39, 0.51 and 0.50 mmol g − 1 for Pb(II) and 0.90, 0.94,
.28 and 0.30 mmol g − 1 for Zn(II). These results clearly indicated that
he chemical treatments decreased the Cd(II), Pb(II) and Zn(II) removal
hilst the thermal treatments increased up to 10% the trace elements re-
oval in relation to RM. Therefore, chemical and thermal treatments do
ot bring a relevant improvement for trace elements removal and they
an be avoided, lowering the costs associated to these procedures. A fast
race elements precipitation occurred within the first 120 min, with lim-
tation in these trace elements removal due to HCO 3 

− consumption dur-
ng the mineral precipitation. Consequently, the traditional adsorption
sotherms and kinetics models commonly associated to trace elements
dsorption by RM should be considered carefully in future studies. As a
hole, the results provide new insights into the relative importance of

he Cd(II), Pb(II) and Zn (II) removal mechanisms from aqueous solu-
ion using natural and activated forms of RM. Furthermore, the results
ointed out to the use of these hazardous materials on environmental
ystems in the framework of environmental remediation and water in-
ustry in areas heavily impacted by anthropogenic activities. It should
e underscored that the residual RM should be properly stored, in or-
er to prevent the solubilization of the labile fraction of trace elements
o the environment, especially for the labile trace elements fractions.
uture studies applicable to use of RM on a larger scale and for reuse
9 
f Cd(II), Pb(II) and Zn(II) precipitated in the industrial activities are
dvised. 
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