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a b s t r a c t

Bentonite clays have been showing good adsorbing characteristics and are used as an alternative material
in the removal of heavy metals. The purpose of this study is to evaluate the removal of nickel on Bofe
bentonite calcined clay in porous bed. Firstly, a study was conducted to define the operation outflow,
based on the minimum mass transfer zone (MTZ) obtained, useful (qU) and total adsorbed (qT) removal
amounts and total nickel removal percentage (Rem (%)). Assays of nickel adsorption on clay were con-
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ducted according to a 2 factorial design with three central points to evaluate the effect of the particle
diameter and initial adsorbate concentration on variables qU, qT and Rem (%). Tests to obtain the adsorbent
physical and chemical characteristics were performed on samples of Bofe clay in natura, calcined, and cal-
cined submitted to nickel adsorption. This clay was characterized according to the following techniques:
Energy Dispersive Spectroscopy (EDS), Thermogravimetry (TG), Differential Scanning Calorimetry (DSC),
X-ray Diffraction (XRD), Fourier Transformed Infrared Spectroscopy (FTIR), Physisorption of N2 (BET),

cann
Helium Picnometry and S

. Introduction

Water contamination by heavy metals in industrial effluents is a
erious environmental problem. This situation has led to the devel-
pment of research aiming at its reduction or elimination and at
he appreciation of residues obtained through physical, chemical,
hermal, biological or mixed ways.

Among heavy metals, nickel is one of the most utilized by west-
rn society in the manufacturing process of stainless steel, super
lloys, metallic alloys, coins, batteries etc. Direct exposition to
ickel causes dermatitis. Some nickel compounds, as carbonyl, are
arcinogenic and easily absorbed by skin. The exposure to this com-
ound at an atmospheric concentration of 30 ppm for half an hour

s lethal [1].
The existing literature reports many studies on removal of

eavy metals from water and effluents, including chemical pre-
ipitation, physical treatment such as ion exchange, solvents

xtraction and adsorption. However, considering the high costs
or the maintenance and the importation of chemical prod-
cts or conventional adsorbents, some methods have become
nsustainable.
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ing Electron Microscope (SEM) with metal mapping.
© 2009 Elsevier B.V. All rights reserved.

Several studies have demonstrated that the selectivity and effi-
ciency in the removal of pollution agents, such as heavy metals from
effluents through an adsorption process, depend highly on physical
properties and chemical composition of the adsorbents.

Recently, the use of clay for sorption or elimination of heavy
metals in effluents has been object of study in a great deal of
research due to its several economic advantages [2–4]. The cost
of these adsorbents is relatively low when compared to other
alternative adsorbents, including activated coal, natural and syn-
thetic zeolites, ion-exchange resins and other adsorbent materials.
Clay and minerals as montmorillonite, vermiculite, illite, cauli-
nite and bentonite are some natural materials that are being
studied as heavy metal adsorbents [5,6]. Another advantage of
using clay as an adsorbent is related to its intrinsic properties
such as: great specific surface area, excellent physical and chem-
ical stability and several other structural and surface properties
[7].

Some types of clay (especially montmorillonite and bentonite)
are also widely utilized as barriers in order to avoid contamina-
tion of underground water and soil in embankments as a result of
lixiviation with heavy metals.

Abollino et al. [8] have observed that Na-montmorillonite
adsorbs Cd, Cr, Cu, Mn, Ni, Pb or Zn even when organic substances

(bonds) are present. In Covelo et al. [9] Cd, Cr, Cu, Ni, Pb and Zn
were adsorbed in mineral clays simultaneously from solutions with
several concentrations.

Although the results related to removal of metal in clay are sig-
nificant and promising, a better understanding of them is needed

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:meuris@feq.unicamp.br
dx.doi.org/10.1016/j.jhazmat.2009.10.128
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Nomenclature

C metal concentration in a solution in the column out-
let (ppm)

C0 initial metal concentration in the liquid state (ppm)
m dry clay mass (g)
mads amount of adsorbed metal per unity of adsorbent

mass (mg of adsorbed metal)
qT amount of adsorbed metal per unity of adsorbent

mass (mg of metal/g of adsorbent)
qU amount of adsorbed metal per unity of adsorbent

mass up to the breakthrough point (mg of metal/g
of adsorbent)

t time for process (min)
tb time until breakthrough point (min)
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of total adsorbed metal on clay (qT) and the total metal removal
ttot time for total removal (min)
V volumetric outflow of the metal solution (cm3/min)

egarding adsorbent properties for the optimization of the process
onditions.

This study has the purpose of evaluating the removal of nickel
n Bofe bentonite calcined clay in porous bed. Initially, a study was
onducted to define the operation outflow, based on the minimum
ass transfer zone (MTZ) obtained, considering the useful (qU) and

otal adsorption (qT) removal amounts and the total nickel removal
ercentage (Rem (%)). Assays of nickel adsorption on clay were con-
ucted according to a 22 factorial design with three central points
o evaluate the effect of the particle diameter and the initial adsor-
ate concentration on variables qU, qT and Rem (%). The adsorbent
as characterized in its in natura and calcined conditions (before

nd after the nickel adsorption process).

. Materials and methods

.1. Adsorbent clay

In this paper, a Bofe-type bentonite clay from Boa Vista, Paraíba,
ocated in the northeastern region of Brazil, was used. The clay

as prepared by size classification, calcined at 500 ◦C for 24 h in
rder to increase its mechanical resistance and to eliminate some
mpurities.

.2. Metal adsorbate

The adsorption tests were performed using a Ni(II) aqueous
olution, generated from Ni(NO3)2·6H2O with different concen-
rations. The Ni(II) solution pH was maintained at a level below

inimal precipitation in order to assure the occurrence of the
dsorption process only and not the chemical precipitation of nickel
ons in the hydroxide form (Ni(OH)2). The study on pH was carried
ut with HYDRA and by determining the pHZPC, which corresponds
o the zero-point load of solid elements in suspension, using the
otentiometrical titration methodology described by Davranche
10] described by Davranche [10]. The pH of the solutions was

easured in pH-meters, with automatic temperature compensa-
ion and maintaining it at the proper value using nitric acid and
mmonium hydroxide.

The concentration of the existing metal in aqueous state of

he prepared solutions that were submitted to nickel adsorption
ssays was determined in the PerkinElmer ANALYST-100 Atomic
bsorption Spectrophotometer. The samples were collected using
continued system (Automated Fraction Collector FC 203-Gilson).
s Materials 176 (2010) 109–118

2.3. Adsorption experiments

Adsorption experiments were performed in a bed porous sys-
tem, consisting of an acrylic column 14-cm long and 1.4 cm of
internal diameter.

The assays were performed using a mono-compound nickel
solution with different concentrations using Bofe calcined clay at
500 ◦C as adsorbent. The conditions for these assays were defined
based on the experimental design, considering the study conducted
in batch and preliminary fixed-bed tests.

2.4. Calculation of MTZ, qU, qT and removal percentage

In order to determine the mass transfer zone, the amount of
useful and total removal were calculated, which correspond to the
capacity of metal removal until the breakthrough point (qU) and
saturation point (qT), respectively. Eqs. (1) and (2) were obtained
through mass balance in the column using its saturation data
based on its breakthrough curves, where the area below the curve
(1 − C/C0) until the breakthrough point is proportional to qU, and
until the bed exhaustion is proportional to qT:

qU = C0V

1000m

∫ tb

0

(
1 −

C
∣∣
z=L

C0

)
dt (1)

qT = C0V

1000m

∫ ttot

0

(
1 −

C
∣∣
z=L

C0

)
dt (2)

MTZ can then be calculated based on the qU/qT ratio according
to Eq. (3).

MTZ = HL

(
1 − qU

qT

)
(3)

MTZ has a maximum value which corresponds to the bed height
(HL) and, as the efficacy of mass transference increases, this value
decreases until reaching the ideal condition where MTZ is zero and
the breakthrough curve is a step function.

The percentage of total removal during adsorption was obtained
considering the metal fraction in solution was retained in the adsor-
bent solid, from total effluent used in the adsorption process until
bed saturation.

The amount of adsorbed metal is calculated by considering the
curve area (1 − C/C0) versus t [11]. The integral of metal adsorption
curves was determined through the Origin version 6.0 software.

2.5. Study of outflow and 22 factorial design

A preliminary study was conducted with different outflows of
4, 5, 6 and 8 mL/min in order to analyze nickel removal in Bofe
calcined clay. The most adequate outflow for this metal removal
on clay was determined with basis on results from the analysis on
the minimum mass transfer zone, the amount of useful adsorbed
metal (qU), total amount of adsorbed metal (qT) and the percentage
of total metal removal in clay (qT). Following the outflow definition,
the 22 factorial design was performed.

A factorial design was proposed with two factors aiming to ana-
lyze the influence of clay average particle diameter (dp) and initial
metal concentration (Ni) in aqueous solution (C0) on nickel adsorp-
tion process on Bofe calcined clay. The variables obtained from this
study were: useful amount of metal adsorbed on clay (qU), amount
percentage (Rem (%)).
The design included four assays at the coordinates points xi = ±1

for both factors (corresponding to the factorial part), besides three
repeated tests at the central point (xi = 0), corresponding to average
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Table 1
Real and codified values for 22 factorial design variables.

Variables Levels
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ation.
Fig. 2 shows breakthrough curves in the different outflows stud-

ied. It can be noticed that these curves present distinct behaviors
indicating the outflow influence on diffusional resistances. The
adsorption process presents strong resistance to bed saturation
dp (mm) 0.46 0.65 0.855
C0 (ppm) 50.0 100.0 150.0
C0 (mmol/L) 0.85 1.70 2.55

alues between the variables’ inferior and superior levels, totaliz-
ng seven tests. Repetitions at the central point have the purpose
f supplying a value of pure error and stabilizing the variance of
orecasted results.

The diagrams on normal probability as well as the analysis of
ariance were originated by the STATISTICA® version 7.0 software
nd it was used as a basis for the interpretation of results obtained
xperimentally.

Adsorption assays were conducted randomly to avoid system-
tic error. The assays matrix, its codification and real level of each
ariable of the fixed-bed adsorption system for nickel on Bofe clay
re presented in Table 1.

The inferior level (−1) of the particle diameter of clay was the
inimum value obtained that did not cross the contention bar-

ier in the fixed-bed projected column. The superior level (+1) was
efined according to the internal column diameter which would
ot allow the formation of preferential ways during the process.

The superior level of the metal initial concentration in a solu-
ion was selected from equilibrium isotherm curves conducted in
nite bath. The inferior level of this variable was established accord-

ng to the legal level required by the Brazilian law (357/2005 –
ONAMA), which establishes a 2-ppm concentration of total nickel
s the total allowed for standard effluents outflow. Assuming that
fter removal in porous bed the metal concentration in the out-
et is up to 5% of the initial concentration (breakthrough curve
oint), an initial concentration value around 50 ppm (0.85 mM) can
e considered.

.6. Clay characterization

The physical–chemical characterization of Bofe clay required its
hemical analysis by energy dispersive X-ray spectroscopy (EDX),
hich allows to identify and quantify the total chemical compo-

ition of a solid, to determine the surface area by physisorption
f N2 (BET method), real density by helium picnometry, morpho-
ogical analysis by scanning electron microscopy, identification
f particular clay peaks and maintenance of its properties by X-
ay diffraction, besides thermal analysis such as thermogravimetry
nd Differential Scanning Calorimetry (DSC). The above mentioned
nalyses were performed for samples of Bofe clay in natura, cal-
ined and after nickel adsorption. Table 2 shows the analyses types
nd their respective equipment.

. Results and discussion

.1. Nickel speciation and pHZPC

Supplementary Figure 1 shows the ions Ni2+ speciation curve
n aqueous solution with nitrate ions at a 0.85 mM (50 ppm) con-
entration determined by HYDRA. Within the pH range of 6.5–8,
he Ni2+ ions fraction in aqueous solution decreases and the nickel
ydroxide formation, which precipitates, is started. In order to

ssure the adsorption process only, the pH should be inferior to the
inimum precipitation, which, for this concentration (0.85 mM)

nd ion energy, corresponds to 6.5.
The obtained pHZPC values for Bofe clay in natura and calcined

hown in the potentiometric titration curve (Fig. 1) were 6.1 and
Fig. 1. Potentiometric titration of Bofe clay in natura and calcined.

5.3, respectively. The pH for the adsorbate solution was maintained
below 5.3 in order to assure zero or negative charge on clay sur-
face as to allow a better adsorption of metal ions with positive
charge.

The pH of the dispersions formed by the clays Bofe in natura
and calcined was measured directly, where one gram of the clay
was dispersed in 100 mL of deionized water. The results of this
study were 7.78 ± 0.01 and 4.27 ± 0.01 for in natura and calcined
clay, respectively. The pH of a clay results in part from the nature
of exchangeable ions. According to the chemical composition, the
exchangeable ions of the in natura Bofe clay are cations of alkali
metals and alkaline earth metals, which give an alkaline pH to dis-
persions formed by natural clays. With the calcination, there is no
loss of cations, but it occurs the dehydroxylation, which gives an
acid pH to the dispersion formed with this state of the Bofe clay.

3.2. Study of outflow for fixed-bed adsorption

In the study carried out based on mass transfer zone, the con-
centration of nickel adsorbate solution was maintained constant
(50 ppm), while the feeding outflow had a 4–6 and 8 mL/min vari-
Fig. 2. Breakthrough curves for Ni2+/Bofe calcined clay in different outflows and
50 ppm nickel in solution.
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Table 2
Characterization analysis of Bofe clay.

Analysis Equipment Parameters/observations

Chemical composition by EDX EDX, Oxford, 7060 model Samples received carbon topping
Thermogravimetric analysis (TGA) TGA-50, Shimadzu Nitrogen outflow: 50 mL/min; heating rate:

10 ◦C/min; T: 25–1000 ◦C
Differential scanning calorimetry (DSC) DSC-50, Shimadzu Synthetic air outflow: 50 mL/min; heating rate:

10 ◦C/min; T: 25 to 500 ◦C
X-ray diffraction (XRD) DRX, Philips, model X’PERT Cu K� radiation; voltage: 40 kV; current: 40 mA;

step size: 0.020 2�; time per step: 1.000 s; angle of
incidence: 3–50◦

Fourier transformed infrared spectroscopy (FTIR) Spectrum One—FT-IR, PerkinElmer Adsorption spectra on IR were obtained as KBR
pastille form and in the 4000–400 cm−1 region

N2 physisorption (BET) BET Gemini III 2375 Surface Area
Analyser, Micromeritics

N2 physisorption (BET method) at 77 K

He picnometry Accupyc 1330, Microm ◦

Scanning electron microscopy (SEM) SEM, model LEO 440i

Table 3
Values for MTZ, qU, qT and removal for nickel adsorption on Bofe clay.

Outflow (mL/min) MTZ (cm) qU (mg/g) qT (mg/g) Rem (%)

4 10.04 1.65 5.84 65.75
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variance is possible. There is also good consonance of replication

T
M

5 8.64 2.30 6.00 51.28
6 8.77 2.32 6.20 52.96
8 9.83 2.35 7.90 42.00

or the total outflow range studied, shown by the more extended
upture curves and broader mass transfer zones.

Table 3 shows MTZ values, qU, qT and nickel removal percentage
n Bofe clay. In the 5 mL/min outflow, the least MTZ value (8.64 cm),
s well as satisfactory figures for the amount of adsorbed useful
etal (qU), total (qT) and total removal percentage were obtained.

hen, considering the most adequate outflow, a factorial design for
onducting the metal adsorption assays was carried out.

.3. Removal of nickel from Bofe clay on fixed-bed

The experiments on adsorption of nickel on Bofe clay were
onducted randomly according to the 22 factorial design shown
n Table 1. The effects of the initial metal concentration in aque-
us solution and the particle diameter of the used adsorbent on
dsorption were evaluated, where the resulting variables were the
mount of useful removal quantity (qU), total removal quantity
qT) and the total removal percentage. The matrix for the depen-
ent/independent variables and respective results are shown in
able 4.
.3.1. Effect of the initial metal concentration and particle
iameter

The initial concentration of nickel in the effluent varied from
0 ppm (0.85 mM) to 150 ppm (2.55 mM) at a 5 mL/min constant

able 4
atrix of variables and results obtained from nickel adsorption assays on calcined Bofe c

Assay Independent variables Dependent variables

dp (mm) (X1) qU (mg/g) (R1) qT

(1)a (2)a (1

1 (+1; +1) 0.855 150 2.68 2.18 8.
2 (+1; −1) 0.855 50 2.30 2.18 6.
3 (−1; +1) 0.46 150 3.54 3.20 8.
4 (−1; −1) 0.46 50 3.48 3.20 7.
5 (0; 0) 0.65 100 2.52 2.69 7.
6 (0; 0) 0.65 100 2.25 2.69 7.
7 (0; 0) 0.65 100 2.10 2.69 6.

a (1) Experimental value; (2) model predicted value.
eritics T: 28 C; equilibrium rate: 0.0010 psig/min
Vacuum drying (12 h); metallization of samples
with gold, utilizing 1 V voltage and 3 nA current for
180 s, in argon atmosphere

outflow. The effect of the initial metal concentration and particle
diameter can be seen in Fig. 3 for particles with 0.855 mm (Fig. 3a)
and 0.46 mm (Fig. 3b) diameters and for initial metal concentration
of 150 ppm (2.55 mM) (Fig. 3c) and 50 ppm (0.85 mM) (Fig. 3d).

According to the breakthrough curves in Fig. 3, the most concen-
trated adsorbate nickel solutions (C0 = 150 ppm) showed a shorter
period of time for useful removal and less resistance to saturation
when compared to the curves of a less concentrated nickel solu-
tion (C0 = 50 ppm) for the two particle diameters studied. Under
higher concentrations the adsorption sites are quickly filled, so
useful removal is lower and the solid presents less resistance to
saturation. Clay pores were saturated faster when submitted to a
greater number of Ni2+ ions crossing the fixed-bed.

The influence of particle diameter of the utilized adsorbent,
shown in Fig. 3c and d, was evaluated by maintaining a constant
concentration and a diameter variation of 0.855 mm to 0.46 mm.
The particle diameter does not show a significant effect on the
adsorption of nickel in Bofe calcined clay, which could mean that
the diffusion in the macropores is not a controlling step in this pro-
cess. This behavior has also occurred in preliminary assays in finite
bath, where the second-order kinetic model was the one which
offered the best representation of experimental data, while the
intra-particle diffusion model did not show a satisfactory adjust-
ment.

Reproducibility of adsorption assays can be seen in Fig. 4, which
shows breakthrough curves resulting from three performed tests
at the central point (dp = 0.65 mm; C0 = 100 ppm). Based on these
tests, a pure error value can be deducted and stabilization of results
curves, which confirms the good reproducibility in the obtained
results, with a 2.3% average deviation among them. The curves vari-
ation is basically due to axial bed dispersion, not considered in this
study.

lay.

Results

(mg/g) (R2) Rem (%) (R3) εbed MTZ (cm)

)a (2)a (1)a (2)a

90 8.59 31.43 32.15 0.65 9.78
00 5.03 51.28 52.00 0.70 8.64
86 8.59 31.63 32.35 0.71 8.40
88 5.03 32.96 33.68 0.73 7.82
46 7.62 37.71 37.55 0.72 9.26
32 7.62 40.74 37.55 0.66 9.69
92 7.62 37.13 37.55 0.67 9.76
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ig. 3. Effect of the initial metal concentration and of the adsorbent particle diam
0 = 150 ppm; (d) C0 = 50 ppm.

.3.2. Statistical analysis of the resulting variables
Considering the statistical analysis results shown in Table 4, the

ffect of the adsorbing particle diameter and the initial metal con-
entration in the solution was forecasted for the three response
ariables (qU, qT and Rem (%)).

The statistical significance of individual effects and interac-

ion of the independent variables are confirmed by Pareto’s chart,
upplementary Figure 6, where the statistically significant effects
re shown on the right of the vertical line that indicates the 95%
onfidence limit.

ig. 4. Reproducibility of breakthrough curves for nickel adsorption on calcined Bofe
lay (dp = 0.65 mm; C0 = 100 ppm).
n nickel adsorption on calcined Bofe clay: (a) dp = 0.855 mm; (b) dp = 0.46 mm; (c)

Supplementary Figure 6 shows the strong negative influence of
particle diameter on the amount of useful removal, while the initial
metal concentration presented a positive effect, more expressive
in the amount of total metal removal. The removal percentage
was influenced by both independent variables, as well as by their
interaction, the initial concentration being the most statistically
significant. Thus, particles with shorter diameter (dp = 0.46 mm)
showed a greater amount of useful removal, while more concen-
trated solutions (C0 = 150 ppm) showed higher values regarding the
amount of total removal. As for the total removal percentage, higher
values were obtained for less concentrated solutions (C0 = 50 ppm)
and using clay particles with longer diameters (dp = 0.855 mm) as
adsorbent. The interaction of both independent variables had a neg-
ative effect on the total removal percentage, since both variables
presented opposite effects.

Supplementary Table 5 and Table 5 show results obtained from
the analysis of regression coefficients in the codified empiric math-
ematic models, based on pure error for qU, qT and Rem (%) results.

Based on data from Supplementary Table 5 and Table 5 and on
Pareto’s charts from Figure 6, provided the confidence value is 95%,
the empiric codified models, excluding the statistically insignifi-
cant ones, were obtained in order to correlate variables with the
analyzed results (Eqs. (4) and (6)):

qU = 2.69 − 0.51 · dp (4)

qT = 7.62 + 0.97 · C0 (5)
Rem (%) = 37.55 + 4.53 · dp − 5.295 · C0 − 4.63 · dp · C0 (6)

With the F test (Table 5), it is possible to verify when the obtained
regression is significant and if the model lacks fit, since for a good fit,
the Fcalculated for MSR/MSr (Mean Square of Regression/Mean Square
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Table 5
Analysis of variance for obtained qU (R1), qT (R2) and Rem (%) (R3).

Response 1: qU (R2 = 0.5387, R2 Adj = 0.7715)

Model: qU = 2.69 − 0.51dp

Source Sum of squares (SS) df Mean square (MS) F-Value p-Value Fcalculated value Ftable value

dp 1.0404 1 1.0404 22.96689 0.040889 – –
C0 0.0484 1 0.0484 1.068433 0.409914 – –
dpC0 0.0256 1 0.0256 0.565121 0.530628 – –
Regression (R) 1.1144 3 0.371467 – – MSR/MSr F3.3(˛ = 95%)

Residual (r) 0.954771 3 0.318257 – – 1.17 9.28
Lack of fit (fit) 0.864171 1 0.864171 19.07663 0.048628 MSfit/MSpe F1,2(˛ = 95%)

Pure error (pe) 0.090600 2 0.045300 – – 19.07 18.51
Cor. total 2.069171 6 – – – – –

Response 2: qT (R2 = 0.8545, R2 Adj = 0.70897)
Model: qT = 7.62 + 0.97C0

dp 0.8464 1 0.8464 10.77759 0.081591 – –
C0 3.7636 1 3.7636 47.9236 0.020235 – –
dpC0 0.9216 1 0.9216 11.73514 0.075669 – –
Regression (R) 5.5316 3 1.8438 – – MSR/MSr F3,3(˛ = 95%)

Residual (r) 0.942 3 0.314 – – 5.87 9.28
Lack of fit (fit) 0.784933 1 0.784933 9.994907 0.087168 MSfit/MSpe F1,2(˛ = 95%)

Pure error (pe) 0.157067 2 0.078533 – – 9.99 18.51
Cor. total 6.473600 6 – – – – –

Response 3: Rem (%) (R2 = 0.9573, R2 Adj = 0.91465)
Model: Rem (%) = 37.55 + 4.53dp − 5.295C0 − 4.63dpC0

dp 82.0836 1 82.0836 21.84101 0.042863 – –
C0 112.1481 1 112.1481 29.84064 0.031916 – –
dpC0 85.7476 1 85.7476 22.81593 0.041143 – –
Regression (R) 279.9793 3 93.32643 – – MSR/MSr F3,3(˛ = 95%)

Residual (r) 12.4805 3 4.160167 – – 22.43 9.28
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The molecular composition of compounds on Bofe clay in natura,
calcined and calcined with adsorbed nickel is found in Table 6.
The values represent an average of three readings evaluated only
qualitatively.

Table 6
Molecular percentage of Bofe in natura, calcined and calcined + Ni clay compounds.

Element % Molecular

Bofe clay in natura Calcined Bofe clay Calcined Bofe clay + Ni

Na 0.54 0.50 –
Mg 1.34 1.19 1.12
Al 7.43 6.84 6.75
Si 46.86 46.17 37.32
K 0.12a – –
Ca 0.44 0.58 0.29
Lack of fit (fit) 4.9640 1 4.9640
Pure error (pe) 7.5165 2 3.75825
Cor. total 292.4598 6 –

f Residual) should be at least twice as great as the Ftable, while the
calculated for MSfit/MQpe (Mean Square of Lack of Fit/Mean Square
f Pure Error) should be inferior to the respective Ftable so that the
odel does not lack fit within the determined confidence interval.
It can also be noticed that the codified model obtained for

U (Eq. (4)) is not predictable (MSR/MSr = 0.12F3,3(˛ = 95%)) and
acks fit (MSfit/MQpe > F1,2(˛ = 95%)). On the other hand, the regres-
ion obtained for qT (Eq. (5)) is not significant (MSR/MSr =
.63F3,3(˛ = 95%)), although the model does not lack fit (MSfit/MQpe <
1,2(˛ = 95%)). Finally, the obtained model for the Rem (%) result
hown in Eq. (6) is predictable (MSR/MSr = 2.42F3,3(˛ = 95%)) and there
s no evidence of lack of fit (MSfit/MQpe < F1,2(˛ = 95%)). The corre-
ation coefficient for Rem (%) was R2 = 0.9573 in relation to the

aximum explainable value of 97.43%.
Since the lack of fit of the model expressed by Eq. (4) (qU) is

ignificant and the regression of the model expressed by Eq. (5)
qT) is not predictable, only the empiric model expressed by Eq.
6) (Rem (%)) is significant to represent the experimental data. This
an be justified because the response Rem (%) is obtained through
global mass balance, i.e., from values at the beginning and at the
nd of the breakthrough curve. On the other hand, the responses
U and qT are determined from a sum of areas, i.e., are subject to
ariations (experimental deviations) point to point. Therefore, the
rediction of these responses by empirical models becomes more
ifficult when compared to the prediction of the percentage of total
emoval (Rem (%)).

The effects of independent parameters, dp and C0 on the depen-
ent variables qU, qT and Rem (%) can be seen on Supplementary
igure 7. Higher values of qU and qT were obtained by higher value

f C0 and lower value of dp, whereas the maximum value of Rem
%) was obtained by lower value of C0 and higher value of dp.

The comparison between the experimental and calculated val-
es through the empiric models for qT and Rem (%) results is shown

n Supplementary Figure 8a and b. There is a satisfactory distribu-
1.320835 0.369332 MSfit/MSpe F1,2(˛ = 95%)

– – 1.32 18.51
– – – –

tion of points around the ideal line for the qT model and a good
distribution of points for the Rem (%) result, confirming, together
with the variance analysis, a satisfactory fit between the observed
and forecasted values.

Supplementary Figure 8c and d relate forecasted values with
their respective residues according to the models, showing that
the obtained models (Eqs. (5) and (6)) appropriately represent the
variations within these values ranges, since no tendentious distri-
butions of residues can be observed.

3.4. Adsorbent characterization

3.4.1. Chemical composition by EDX
Ti 0.42 0.53 0.43
Fe 3.58 3.32 3.83
Ni – – 0.72
Total 60.85 59.13 49.46

a ≤2 sigma.
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ig. 5. Thermogravimetric curve up to 1000 ◦C for Bofe clay: (a) in natura; (b) cal-
ined + adsorbed Ni.

All present elements in the average composition, except for
ickel, show values similar to those of this clay class, according
o Souza Santos’ data [12].

When considering the analysis of its chemical composition, Bofe
lay can be named polycation bentonite due to the presence of Ca2+,
g2+ and Na+ cations in the calcined and in natura clays samples.

his type of clay is the most found in Brazil.
The quantitative C.E.C. values obtained for Bofe clay “in natura”

nd calcined are, respectively, 93.333 ± 5.739 and 55.652 ± 4.260.
he smectite clays of Paraíba generally have CEC values between 50
nd 90 meq/100 g of clay [12]. The comparatively high CEC value of
he “in natura” clay indicates that the minerals have a high level of
somorphic substitutions. Moreover the smectite calcined at 500 ◦C
as the ability to exchange cations drastically reduced in relation
o the natural clay.

The percentages of elements obtained by EDX demonstrate that
ractically there was no change in the chemical composition of Bofe
lay after its calcination, and the main elements are preserved, such
s silicium and aluminium, as well as the exchangeable cations. As
consequence of nickel adsorption, there was a reduction in the
umber of Ca2+ and Mg2+ cations and disappearance of Na+ cations
hich may indicate the ionic interchange in the process, mainly

or Na+, as it is more easily exchangeable due to its monovalent
haracteristic.
.4.2. Thermogravimetric analysis
Fig. 5 shows TG and DTG curves for samples of Bofe clay in

atura before the adsorption process, calcined and submitted to
ickel adsorption. The three samples showed two peaks of mass

oss in DTG. The first, around 50–65 ◦C, refers to the loss of water,
Fig. 6. DSC of Bofe in natura and calcined + Ni clays.

volatile compounds, microorganisms and organic material, that is,
elements that do not change clay structure. Mass losses occurred for
the two samples within this temperature range and are 2.2, 2.7 and
3.0% of initial mass. The second peak, occurring around 480–500 ◦C,
results from hydroxyl loss, which starts to change the clay struc-
ture. This loss corresponds to 5.3, 2.6 and 2.2% of initial mass. So,
calcination of clay was made at the temperature of 500 ◦C in order
to increase clay stability for its application in fixed-bed adsorption
columns.

3.4.3. Differential scanning calorimetry (DSC)
DSC curves regarding samples of Bofe clay in natura before the

adsorption process, and calcined clay submitted to nickel adsorp-
tion are shown in Fig. 6. The curves show energy bands referring to
points of heat absorption due to dehydration and loss of volatiles
(first endotherm) and clay dehydroxylation after the calcination
process (second endotherm).

If the DSC curves are compared, there is a reduction in the
endothermic band at 109.6 ◦C in the Bofe clay in natura sample,
which is subdivided into two small endothermic peaks (at 89.1 ◦C
and at 108.4 ◦C) for the calcined clay with adsorbed nickel sample.
A small endotherm can be observed on both curves, occurring for
both Bofe clay in natura and calcined + Ni samples at temperatures
of 497 and 481 ◦C, respectively.

3.4.4. X-ray diffraction
The XRD analysis for clay samples of Bofe in natura, before

adsorption, calcination and submission to nickel adsorption are
shown in Fig. 7.

In each diffractogram, for the considered band, there are two
characteristic peaks for montmorillonite and the others are related
to quartz. To easily identify them, the peaks referring to montmo-
rillonite are marked with letter ‘M’ and the others related to quartz
with letter ‘Q’.

Considering the angles that correspond to the montmorillonite
peaks and applying Bragg’s law (n� = 2d sen �), for the � of 1542 Å
value, d is obtained, which represents the basal interlayer distances
of Bofe clay, whose results are shown in Table 7.
It can be observed that the Bofe clay samples analysed are not
characterized by a highly crystalline structure, as it is found, for
example, in zeolites, since the peaks detected in these samples are
well defined. The difficulty in identifying peaks is explained by non-
diffraction of X-ray, which had a deviation throughout the process,
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Table 8
Adsorption bands identified on the FTIR spectrum.

Bofe clay Wave number (cm−1): transmittance Groups (bond)

in natura 3637 cm−1: 41.5; 3441 cm−1: 31.7 and
1637 cm−1: 53.8

OH– and water

1098 cm−1: 1.6 and 479 cm−1: 8.8 SiO–
793 cm−1: 42.6 Quartz

Calcined 3635 cm−1: 56.8; 3428 cm−1: 53.2 and
1637 cm−1: 53.8

OH– and water

1065 cm−1: 28.7 and 470 cm−1: 33.2 SiO–
790 cm−1: 62.5 Quartz

Calcined + Ni 3640 cm−1: 63.3436 cm−1: 58.2 and OH– and water

desorption isotherms and pore diameter based on the increment of
intrusion presented in Fig. 9.

This method was chosen as it presents better data adjustment
when compared to Langmuir’s method, besides having a simi-
ig. 7. Diffractogram of Bofe in natura, calcined at 500 ◦C and calcined + Ni adsorbed
lays.

hat could characterize the formation of an inter-crystalline joint
f clays.

Through the diffractograms, there is a significant deviation of
he particular montmorillonite peak (Bofe in natura) (2� = 5.66◦)
or an angle 2� higher (8.76◦ < 2� < 8.80◦) obtained for the other
amples, which indicates shorter plane interlayer distances (d0 0 1),
esides a reduction in the peaks intensity in the region 2� ≈ 20◦

f Bofe calcined clay with adsorbed nickel, in relation to the Bofe
alcined clay without this metal.

In Table 7, all samples in the angles of incidence (2�) between
9.6◦ and 19.9◦ regarding the second montmorillonite peak,
howed practically the same interlayer basal distances (around
.5 Å). In the angles of incidence (2�) between 5.66◦ and 8.88◦,
egarding the first montmorillonite peak, the Bofe clay in natura
ample showed a longer interlayer spacing (d0 0 1 = 15.6 Å) than that
f the calcined clay samples (with or without adsorbed Ni), whose
alues ranged around 10 Å.

.4.5. Fourier transform infrared spectroscopy
The FTIR spectra for clay samples of Bofe in natura calcined,

alcined with adsorbed nickel and after four nickel adsorb-
ng/desorbing cycles with various eluents are shown in Fig. 8. The
dsorption bands with the corresponding groups and/or bonds for
ach spectrum are found in Table 8.

FTIR values help to identify possible structural changes occurred
n clay after calcination, nickel adsorption and desorption. Accord-
ng to FTIR spectra, it is shown that the band figures that correspond
o the OH–stretching remain the same for all samples, in spite

f a small deviation in band positions. However, all OH– stretch-
ng bands and water molecules existing in in natura clay showed
educed intensity after the calcination process. This indicates the
ccurrence of dehydroxylation and dehydration caused by the

able 7
dentification of montimorillonite peaks and interlayer distance found by Bragg’s

ethod.

Bofe clay Corresponding angle
(2�-grades)

Basal interlayer
distance (Å)

in natura 5.66 15.61
19.8 4.48

Calcined 8.80 10.05
19.8 4.48

Calcined + Ni 8.76 10.09
19.6 4.53
1636 cm−1: 64.6
1054 cm−1: 40 and 476 cm−1: 49 SiO–
794 cm−1: 65.2 Quartz

thermal treatment of clay at 500 ◦C [13]. The presence of H2O is
confirmed by the adsorption in approximately 1630 cm−1 corre-
sponding to the HOH deformation.

Bands referring to SiO– bond of in natura clay also have their
intensity reduced after calcination. The band in 793 cm−1 origi-
nated by the existence of quartz in Bofe clay did not practically
change position after calcination, but showed reduced intensity.
Peaks on the 920 cm−1 and 800 cm−1 bends, like those shown in
the spectra, are particular to octahedral layers [14].

The �1 and �2 bands corresponding to the (Ni)–O bonds occur
around 585 and 410 cm−1. The �1 adsorption band is caused by
metal–oxygen stretching vibration in the tetrahedral regions, while
the �2 adsorption band is caused by metal–oxygen stretching vibra-
tion in the octahedral regions [15]. According to the FTIR spectra
obtained for clay samples that contain nickel, no bending band for
metal–oxygen bond was observed. Consequently, it may be con-
cluded that nickel removal by calcined Bofe clay was mainly caused
by ion exchange between the structures that contain clay tetrahe-
dral and octahedral layers in the clay.

3.4.6. Physisorption of N2
The obtained values for the surface area by the BET method for

clay samples of Bofe in natura, calcined and calcined with adsorbed
nickel are shown in Table 9, with their respective N2 adsorption and
Fig. 8. Spectra for FTIR of Bofe in natura; calcined and calcined + Ni clays.
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Table 9
Samples surface area calculated by the BET method and real density of Bofe clay, in natura, calcined and calcined + Ni.

Bofe clay BET Real density (g/cm3)

Surface area (m2/g) R2 Vmi (cm3/g) Vmes (cm3/g)

* 78.8909 0.9996 19.725 24.560 2.5024 ± 0.0038
Calcined 89.0191 0.9997 21.660 31.945 2.4866 ± 0.0031
Calcined + Ni 92.5897 0.9997 23.356 31.755 2.5316 ± 0.0021

F t adsorption and the blank ones, desorption. (b) Increase in intrusion (cm3/g) versus pore
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ig. 9. (a) Adsorption isotherms and N2 desorption at 77 K. The filled dots represen
iameter (nm) on Bofe clay.

ar behavior in the obtained curves with BET isotherms. This is
xplainable by the fact that Langmuir’s model is more suitable for
hemisorption, due to its adsorption restriction in mono-layered
rocesses, while the analysis of nitrogen considers the occurrence
f multi-layered adsorption.

Considering BET adsorption isotherms, the micropores (Vmi) and
he mesopores (Vmes) volumes are obtained through the reading of
dsorbed volume (Vads) in P/P0 = 0.10 and 0.95 expressed by Eqs.
7) and (8) [16].

mi = Vads(P/P0=0.10) (7)

mes = Vads(P/P0=0.95) − Vads(P/P0=0.10) (8)

A surface area increase (12.8%) as well as a volume of microp-
res (9.8%) and mesopores increase (30.1%) in clay after calcinations
an be noticed, as a result of loss by dehydration and dehydroxyla-
ion. It is possible to consider that calcination may have increased
lay microporosity by expanding the micropores upon bond water
elease, originating pores as mesopores type.

When nickel was adsorbed in clay, there was a slight increase
f clay surface area and the development of microporosity (7.8%
ncrease), while the mesopores volume was slightly reduced (0.6%).
he replacement of Na+ Ni2+ cations caused an increase of inter-
lanar distance in clay layers, what could justify the surface area

ncrease in clay after the nickel adsorption process.
By analyzing the obtained isotherms, they can be classified

ccording to Brunauer et al. [17] as type II or BET isotherms, char-
cteristic of the multi-layered formation of adsorbed molecules on
he solid surface. This type of sigmoidal isotherm (or ‘S’ shape) is
requently found in non-porous solids or with pores greater than

icropores. Bofe clay presented very favorable surface areas for all
tudied samples.

In Fig. 9a, it is clearly seen that the N2 desorption isotherm

osition practically coincides with the adsorption one, i.e., the hys-
eresis phenomenon which characterizes the irreversibility in the
dsorption process can be disregarded for all samples. This indi-
ates that nickel adsorption and desorption in Bofe clay pores is
ractically reversible [18].

Fig. 10. Metal mapping on Bofe calcined clay (dp = 0.855 mm) with 1000×-
amplified: (a) with black background; (b) on image captured by SEM. The dots
represent adsorbed nickel on Bofe clay.
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[17] S. Brunauer, P.H. Emmet, E. Teller, Adsorption of gases in multimolecular layers,
18 M.G.A. Vieira et al. / Journal of Ha

According to the classification of pores diameter size [18], pores
arger than 50 nm are named macropores, those between 2 and
0 nm are called mesopores and pores with a diameter shorter
han 2 nm are named micropores. In Table 9 and Fig. 9b, there are

icro and mesopores in all Bofe clay samples with predominant
esoporosity.

.4.7. Helium picnometry
The real density values regarding Bofe clay in natura, calcined

efore adsorption and calcined submitted to nickel adsorption are
ound in Table 9. Based on the results, calcination reduces real clay
ensity compared to the in natura state. Dehydration and dehy-
roxilation presented by clay during calcination result in mass loss
er volume unit. Nickel adsorption on clay pores causes a slight

ncrease of real density.

.4.8. Scanning electron microscope with metal mapping
The morphologic analysis of Bofe clay particles by scanning elec-

ron microscopy provided the micrograph shown in Fig. 10, whose
ots indicate the mapping of the adsorbed nickel on Bofe clay. It
an be noticed a homogeneous distribution of the adsorbed nickel
hroughout the whole surface of clay particle.

. Conclusions

The most concentrated nickel adsorbate solutions
C0 = 150 ppm) showed a shorter period of time for the useful
emoval and less resistance to saturation when compared to the
urves of less concentrated nickel solutions (C0 = 50 ppm) for both
article diameter sizes. The particle diameter did not show a very
ignificant effect in the nickel adsorption on Bofe calcined clay.

A strong negative influence of particle diameter on the useful
emoval amount was found, while the initial metal concentration
howed a more significant positive effect on the amount of total
etal removal. The removal percentage was influenced by both

ndependent variables, as well as by their interaction, and the initial
oncentration was considered the most statistically significant one.
nly the empiric model for the Rem (%) result showed to be pre-
ictable and did not present lack of fit; in addition, no tendentious
istributions of residues were found.

Based on the physical and chemical analysis of Bofe clay, it
an be considered poly-cationic and it is not characterized by a
ighly crystalline structure. The adsorption spectra in the infrared
egion showed adsorption bands corresponding to the OH– stretch-
ng band and water molecules, to the SiO– bonds, as well as to the
resence of quartz in clay. Metal–oxygen stretching vibrations in
he octahedral and tetrahedral regions were not found, an evidence
f ion exchange in the nickel removal process in the interlayer clay
tructures.

The N2 physisorption isotherms obtained can be classified as
ype II or BET, characteristic of multilayered formation composed

f adsorbed molecules on the solid surface, typical of non-porous
olids or pores greater than the micropores.

Calcination caused the increase of the surface area and the
evelopment of clay micro and mesoporosity due to bond water
elease and dehydroxylation, besides the reduction of real density

[

s Materials 176 (2010) 109–118

in relation to the in natura state, as a result of the dehydration and
dehydroxylation occurred. Nickel adsorption in clay pores caused
a slight increase of real density.
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