
S
s

A
a

b

c

h

�
i
w
c
s
a
s

a

A
R
R
A
A

K
D
G
L
G
N

1

h
i
s
t
e
a
a

0
h

Colloids and Surfaces A: Physicochem. Eng. Aspects 405 (2012) 79– 87

Contents lists available at SciVerse ScienceDirect

Colloids  and  Surfaces  A:  Physicochemical  and
Engineering  Aspects

jo ur nal homep a ge: www.elsev ier .com/ locate /co lsur fa

urface  complexation  of  nickel  on  iron  and  aluminum  oxides:  A  comparative
tudy  with  single  and  dual  site  clays

nushka  Upamali  Rajapakshaa,  Meththika  Vithanagea,∗,  R.  Weerasooriyac, C.B.  Dissanayakeb

Chemical and Environmental Systems Modeling Research Group, Institute of Fundamental Studies, Hantana Road, Kandy 20000, Sri Lanka
Institute of Fundamental Studies, Hantana Road, Kandy 20000, Sri Lanka
Department of Soil Science, University of Peradeniya, Sri Lanka

 i  g  h  l  i g  h  t  s

Surface  complexation  model-
ng  of  Ni  on single/dual  site  clays

as  studied. � Ni  adsorption
apacity  varied  in  the  order  of  gibb-
ite  >  laterite  > NRE  >  goethite. � High
ffinity  of Ni  was  observed  to  AlOH
urface  sites  of  all  clays.
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a  b  s  t  r  a  c  t

Ni  adsorption  on  various  single  and  dual  site  clays  (gibbsite,  goethite,  natural  red earth  and  leterite)
was  determined  using  batch  experiments  as a  function  of  pH, background  electrolyte  concentration  and
adsorbate  loading.  The  experimental  data  was  quantified  by  2-pK  surface  complexation  modeling  using
monodentate  and  bidentate  surface  reactions.  Gibbsite  and  laterite  showed  higher  retention  of  Ni  com-
pared  to natural  red  earth  (NRE)  and  goethite  indicating  high  affinity  to AlOH  surface  sites of all  clays.  The
eywords:
iffuse double layer model
ibbsite
aterite

maximum  adsorption  density  of  9.0 × 10−5 mol  m−2 was  reported  for gibbsite.  All  four  sorbents  showed
a  negligible  variation  with  ionic  strength.  The  Ni adsorption  capacity,  i.e., �  Ni,  varied  with  the  type  of
sorbents  used  in  accordance  with  the  following  order:  � Gibbsite Ni  >  � Laterite Ni >  � NRE >  � Goethite Ni.  In  all
cases,  the estimated  Gibb’s  free  energy  parameter  showed  that  the  Ni(II)  adsorption  was spontaneous.
oethite
atural red earth

. Introduction

Natural substances, such as nickel and most of its compounds,
ave existed on the earth for billions of years and due to weather-

ng and other pedogenic processes, nickel occurs naturally in soils,
ediments and waters. However, their existence is not always eco-
oxic since weathering cannot supply enough bioavailable Ni to the

nvironment. In some cases, nickel rich soils such as serpentine
nd nickel laterite can release high concentrations of bioavailable
nd exchangeable Ni to the local environment [1–3]. Anthropogenic

∗ Corresponding author. Tel.: +94 812232002; fax: +94 812232131.
E-mail address: meththikavithanage@gmail.com (M.  Vithanage).

927-7757/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfa.2012.05.001
© 2012 Elsevier B.V. All rights reserved.

substances that are synthesized and released represent a far more
serious challenge for ecological systems as well as for human beings
than by natural substances merely because artificial substances are
new additions to the environment and organisms may  not have
developed managing mechanisms for them. Excessive Ni concen-
trations may  cause cancer. Nickel carcinogenicity has been reported
in animals and humans [4,5]. Since, Ni is a toxic metal widely used
in many common industries such as electroplating, zinc base cast-
ing and storage batteries [6,7] which can release bioavailable and
exchangeable Ni to the environment as Ni rich soils do, it is impor-

tant to find a better removal technology.

Several adsorbents such as kaolinite [8–10], montmorillonite
[8,9,11], iron oxide [12], goethite and hematite [13], peat [14], ben-
tonite [15], peanut hull ash [16], ZnO [17], charcoal [18] and rice

dx.doi.org/10.1016/j.colsurfa.2012.05.001
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:meththikavithanage@gmail.com
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Table 1
Surface area of sorbents and equilibrium speciation constants of Ni used in the DDLM
calculations.

Parameter/reaction log K Reference

Reactions
Ni2+ + H2O → NiOH+ + H+ −9.9 [23]
Ni2+ + 2H2O → Ni(OH)2

0 + 2H+ −19 [23]
4Ni2+ + 4H2O → Ni4(OH)4

4− + 4H+ −27.7 [23]

Surface area (m2/g)
Gibbsite 13 [44]
Goethite 95 [30]
0 A.U. Rajapaksha et al. / Colloids and Surface

usk ash [19] have been tested for Ni removal in different scales.
owever, only few studies have been carried out to compare the
dsorption efficiencies [13,18,20–22]. It has been reported that
ontmorillonite showed the greatest adsorption of Ni as compared

o kaolinite from pH 1 to 8 and adsorption increased with increase
f pH [8].  A similar behavior with pH was recorded for goethite and
ematite [13]. The best pH for Ni adsorption on natural iron oxide
oated sand has been reported as 7.0 [12]. However for bentonite
he maximum adsorption was recorded at pH 8–10 [15].

Most of these Ni sorption studies have been conducted on sin-
le site clay minerals such as montmorillonite or goethite. Only
ery few experiments have been reported on mixtures of sorbents
hich give dual sites for Ni adsorption [23]. However, when there

s a mixture of sites, metal sorption cannot be estimated by the
istribution coefficients of different single clay minerals [23,24]
nd hence, surface complexation modeling (SCM) plays an impor-
ant role in such cases. It has been previously demonstrated that

odeling alone cannot distinguish between plausible adsorption
omplexes [25,26] and that spectroscopic investigations play an
mportant role. To our knowledge there have been no direct spec-
roscopic investigations of Ni(II) adsorption on clay minerals such
s gibbsite. This knowledge gaps provide an excellent platform for
he calculation of interfacial properties of single and dual site clays
or Ni adsorption.

Previous researchers have used different models for speciation
nd sorption calculations of nickel adsorption on different mate-
ials [9,11,20,23] and many have used the diffuse double layer
odel (DDLM). However, not many studies compared Ni adsorp-

ion on minerals with single and dual site systems. In this study,
odeling sorption of Ni was carried out using the DDLM and 2-

K approach using non-linear least square fit, FITEQL32. The 2-pK
pproach is widely used for metal (hydroxyl) oxides where the
urface is hydroxylated in two steps, SOH + H+ → SOH2

+ and
SOH → SO− + H+. The DDLM was selected since it is simple,
apable of handling several surface sites simultaneously, easy to
ompare with data from other studies due to the frequent use and
ts ability to use Gouy–Chapman theory. Therefore, DDLM gives
he optimal conditions for the estimation of surface protolysis con-
tants [27].

Therefore, the present paper aims to examine (i) Ni sorption to
ingle as well as dual site clays (Al dominant, Fe dominant and both
l and Fe rich sorbents) as adsorbents for removal of Ni from aque-
us solutions and compare the capacities, (ii) study the effect of
olution pH, (iii) examine the effect of ionic strength on adsorption
iv) determine the adsorption capacity through isotherm mod-
ls (i.e., Langmuir, Freundlich, Hill, Redlich Peterson models and
heir regression analysis) and (v) to understand the mechanisms
f adsorption through surface complexation modeling and FT-IR.
ibbsite and goethite were selected as the single site sorbent for
l and Fe while Natural Red Earth (NRE) and laterite, were used as

he sorbents with dual sites for this study. Although many types of
lays have been tested for Ni adsorption these clay minerals have
ot been examined much for Ni adsorption, and for surface com-
lexation modeling [23]. Since the surface complexation models
re based on actual surface species, we believe our results will be
ore reliable when applied to modeling uptake of Ni in complex

atural systems.

. Materials and methods

.1. Adsorbents and chemicals
Gibbsite used was obtained from ALCOA (Australia) and goethite
ynthesis was carried out based on the literature [28]. Laterite and
RE was obtained from South-Western and North-Western parts
Laterite 24 [34]
NRE 350 [30]

of Sri Lanka from the deposits, respectively. The physicochemical
properties of all sorbents are given in Table 1. Synthetic goethite
was characterized by FT-IR.

Natural red earth is considered as an iron-coated quartz sand
with ilmenite and magnetite in minor amounts [29]. It is the direct
weathering product of limestone, which is mined for the cement
industry. X-ray diffraction (XRD) analysis indicated that the sand
mainly consists of silica, by exhibiting the characteristic peak of
3.340 for SiO2 phase [30]. However, X-ray fluorescence analy-
sis showed that other than silica, Al2O3 and Fe2O3 are present
in considerable amounts (20 and 12% respectively). Peaks in XRD
spectrum showed the presence of hematite, magnetite and gibb-
site, no any dominance observed. It may  be due to the amorphous
coating of Al and Fe in the composition [31].

Laterites are the common weathering products of rocks under
tropical climatic conditions. Their composition is based on the
nature of the parent rock, depth and climatic conditions. Laterites
show divergent chemical compositions [32] and mineralogically, it
is essentially a mixture of varying proportions of goethite, hematite,
kaolin and gibbsite due to chemical alterations in weathering
[32,33]. Laterite used in this study was characterized by XRF, XRD,
FTIR and consist of SiO2: 21.13, Al2O3: 29.21, Fe2O3: 40.90, CaO:
2.22, MgO: 0.21, SO3: 0.12, K2O: 0.02 and Na2O:  0.01% [34].

Similar grain size (<63 �m)  was  used for all the 4 adsorbents.
All the other chemicals used in this study were of analytical
reagent (AR) grade from Fluka (Switzerland). Stock solutions of
Ni(II) of 1000 mg  L−1 were made by dissolving the exact amount
of Ni(NO3)2·6H2O in distilled deionized water.

2.2. Adsorption edges and isotherm study

Unless otherwise mentioned, all adsorption experiments were
conducted at 25 ◦C under high purity (99.996%) N2 purged condi-
tions to minimize atmospheric contamination of CO2. The effect of
pH on the sorption was  studied by adjusting the pH in the range
of 4–9. In these experiments, the adsorbent concentration was
kept at 5 g/L of solution containing 1.709 × 10−4 M Ni(II) at 25 ◦C.
Altogether 12 experiments were carried out to describe Ni sorp-
tion to single and dual sorbents as a function of pH in the range
4.0–9.0 with the same initial Ni and sorbent concentrations. Con-
trol samples without the adsorbent and replicates were conducted
for each experiment. The pH was  adjusted with 0.1 M HNO3 or
NaOH. This experiment was carried out for 3 different electrolyte
concentrations, 0.1, 0.01 and 0.001 M.  Sodium nitrate was used as
the ionic strength adjuster. Sorption investigations were conducted
as batch experiments in 50 ml  polyethylene (PE) bottles at room
temperature. Preliminary experiments showed that Ni sorption to
most sorbents reached equilibrium within a few hours of agitation.

Therefore 24 h of shaking was used as contact time in all sorption
experiments. Scanning electron microscope (SEM) and energy dis-
persive X-ray analysis (EDAX) (EFI QUANTA-200) were carried out
for the materials with the highest adsorptive capacity.
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Table  2
Reactions stoichiometries of surface species, acidity constants and optimized best estimates of intrinsic surface complexation constants of four sorbents.

log K Reference

Gibbsite
AlOH + H+ → AlOH2

+ 4.70 [48]
AlOH → AlO− + H+ −8.7 [48]

Surface reactions – Gibbsite 0.1 M 0.01 M 0.001 M Weighted meana

AlOH + Ni+ → AlONi+ + H+ −12.85 −11.85 −10.06 −11.63
2AlOH + Ni+ → (AlO)2Ni −4.76 −4.31 −2.98 −4.26

Goethite
FeOH + H+ → FeOH2

+ 7.10 [49]
FeOH → FeO− + H+ −9.64 [49]

Surface reactions – Goethite 0.1 M 0.01 M 0.001 M Weighted meana

FeOH + Ni+ → FeONi+ + H+ −4.10 −4.50 −3.93 −4.38
2FeOH + Ni+ → (FeO)2Ni 7.88 7.29 7.45 7.52

Laterite
FeOH + H+ → FeOH2

+ 7.94 [34]
AlOH + H+ → AlOH2

+ 6.67 [34]
FeOH → FeO− + H+ −4.24 [34]
AlOH → AlO− + H+ −6.73 [34]

Surface reactions – Laterite 0.1 M 0.01 M 0.001 M Weighted meana

FeOH + Ni+ → FeONi+ + H+ −0.76 −0.72 −0.72 −0.74
2FeOH + Ni+ → (FeO)2Ni −0.24 −0.41 −0.53 −0.41
AlOH + Ni+ → AlONi+ + H+ −3.19 −3.09 −3.31 −3.21
2AlOH + Ni+ → (AlO)2Ni −2.56 −2.80 −2.51 −2.73

NRE
FeOH + H+ → FeOH2

+ 4.74 [30]
AlOH + H+ → AlOH2

+ 7.22 [30]
FeOH → FeO− + H+ −9.03 [30]
AlOH → AlO− + H+ −9.32 [30]

Surface reactions – NRE 0.1 M 0.01 M 0.001 M Weighted meana

FeOH + Ni+ → FeONi+ + H+ −0.55 −0.35 −0.41 −0.47
2FeOH + Ni+ → (FeO)2Ni 3.06 2.99 1.66 2.38
AlOH + Ni+ → AlONi+ + H+ −3.05 −2.90 −3.37 −3.10

+ −
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2AlOH + Ni → (AlO)2Ni −4.43 

a Weighted averages were calculated using log K =
∑

ωi(log K)i , where ωi = (1/
ions.

Nickel adsorption isotherms were conducted in 0.01 M NaNO3
olution, at pH ≈ 7.0 and at 25 ◦C based on the adsorption edge
xperiments. The pH adjustment was made with 0.1 M NaOH and
.1 M HNO3 solution. The initial Ni concentrations varied between
.709 × 10−5 and 1.709 × 10−3 M.  The 500 ml  of 5 g/L solid suspen-
ions were hydrated for 24 h, and thereafter 20 ml  aliquots were
ampled into polypropylene centrifuge tubes. Desired amounts of
i were spiked into the system, equilibrated for 24 h. The sorbed
ass of Ni was calculated as the difference between the initial

nd final Ni concentrations determined by atomic absorption spec-
rophotometry (AAS) (GBC 933A AAS) in the supernatant after
entrifugation at 2500 for 20 min.

.3. FTIR determination

FT-IR measurements were conducted using Nicolet 6700 spec-
rometer. The Fourier transform infrared spectrograms of vacuum
ried adsorbents samples pellets prepared with fused-KBr, were
btained with a resolution of 1 cm−1 between 4000 and 400 cm−1.
ellets were prepared with adsorbents with an equal amount of
Br for all samples at a 10:1 ratio. The spectra were analyzed using
MNIC version 7.3 software.

.4. Modeling sorption of Ni
The surface protolysis constants values for the sorbents were
xed at the reported values in the literature (Table 2). Cation
dsorption is analogous to metal hydrolysis in solution [35] and in
his study, Ni2+ ions form either monodentate surface complexes
3.02 −3.66 −3.88

i/˙(1/�log K )i , where �log K is the standard deviation obtained from FITEQL calcula-

(reaction (1)) or bidentate surface complexes (reaction (2))  result-
ing in the release of H+ from the surface.

〉XOH + Ni2+ ⇒〉ONi+ + H+ (1)

〉2XOH + Ni2+ ⇒ (〉XO)2Ni + 2H+ (2)

In our study, the constants for surface complexation of Ni to
the mineral surface sites (reactions (1) and (2))  were estimated
from sorption studies as a function of pH using FITEQL. Specific
adsorption of Ni(II) to gibbsite was assumed only to consist of com-
plexation to aluminol edge sites due to their higher affinity for
positively charged ion. Since the sorption batches were purged with
N2 during preparation, Ni carbonate speciation reactions and car-
bonate surface reactions were not accounted. Solution speciation
equilibrium applied in parameter estimation and model calcula-
tions are listed in Tables 1 and 2.

3. Results and discussion

Gibbsite and laterite showed the highest adsorption at pH 7.5
and their SEM-EDAX images are shown in Fig. 1. Elemental compo-
sition of the sorbent was determined from its EDAX spectra (Fig. 1c
and d). The EDAX spectrum showed the dominance of alumina in
both materials, iron oxides and titanium in the laterite composition
which can be attributed to the clayey nature of this sorbent. Ele-

mental mapping demonstrated the distribution of elements on the
grain including sorbed Ni. From the elemental dot mapping, it was
noted that Ni is prominently seen where Al sites are seen. These
results indicate that AlO− sites attract Ni better than FeO− sites.
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Fig. 1. SEM-EDAX elemental mapping and spect

.1. Sorption as a function of pH and ionic strength

.1.1. Experimental results and surface complexation modeling
Both single and dual site clay minerals have exhibited a sig-

oid adsorption pattern when compared to each other; however,
heir adsorption capacities are different (Figs. 2 and 3). Up to pH 6,
orption showed a weak adsorption for all adsorbents except NRE.
eyond pH 6, Ni adsorption increased with increasing pH exhibit-

ng the strong sorption on mineral surfaces of gibbsite, laterite and
oethite while NRE showed increasing adsorption from pH 4.0 in a
low rate up to pH 6.8. Adsorption increased 4–5-folds with the pH
ncrease from 6.0 to 8.0 with maximum adsorption at pH > 7.5. In

he pH range where the positively charged sites of the adsorbents
ecome negative (around the zero point charge of the sorbents
nd above), adsorption increased sharply. Negative surface charge

ig. 2. Variation of Ni adsorption density as a function of pH and electrolyte concentra
.709  × 10−4 M. Lines are FITEQL model calculations while symbols represent experiment
i loaded gibbsite (a and c) and laterite (b and d).

progressively adsorbs positive charged metal ions. The experimen-
tal results are shown in Figs. 2 and 3 (by symbols). Adsorption
capacities were in the order: gibbsite > laterite > NRE > goethite.

Considering the solution chemistry, the chemical species of
nickel was considered. The solubility product, Ksp of Ni(OH)2 is
about 5.48 × 10−16 at 298 K [36]. Ni(II) is removed by both adsorp-
tion as well as precipitation but in our studies, the total [Ni2+] is less
than the amount needed for the Ni(OH)2 precipitation up to pH 9.5
which shows the unsaturated condition with respect to Ni(OH)2
precipitation.

The effect of ionic strength on Ni adsorption was  determined
for the same Ni concentration used for pH dependency and shows

no dependence on ionic strength concentration although the ionic
strength varied to 100-fold. According to the results, the point of
inflection (pH50% – pH corresponds to 50% adsorption) in laterite

tion for single site clays; gibbsite (a) and goethite (b). Initial Ni concentration is
al data.
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ig. 3. Variation of Ni adsorption density as a function of pH and electrolyte concentr
ines  are FITEQL model calculations while symbols represent experimental data.

as found at pH 6.20 for 0.1 M NaNO3 and this point of inflec-
ion was slightly different from 0.01 M (pH 6.42) and 0.001 M (pH
.51) NaNO3. In physical adsorption, outer-sphere complexes show

 strong dependence on the ionic strength and yield distinctly sep-
rated adsorption edges for different ionic strengths, while such an
bservation cannot be made for inner-sphere complexes since the
dsorption is stronger compared to physisorption [37]. The pH50%
iffers only by about 0.2–0.4 pH units for the 100-fold variation
f ionic strength for all the adsorbents studied here. This gives a
trong indication with the surface, possibly an inner sphere com-
lex formation.

The best DDLM fit for Ni was specified by the parameters for
eactions given in Table 1. The intrinsic surface complexation con-
tants resulted by DDLM are given in Table 2. The inclusion of
onodentate or bidentate Ni surface complexes alone resulted

n underestimation and overestimation of the Ni sorption respec-
ively. A divalent ion can form both monodentate and bidentate
urface species [38]. In the light of the literature it was  tested if the
odel where Ni forms bidentate, and/or monodentate surface com-

lexes with the adsorbent surfaces could explain the experimental
ata. Hence, in this study we used both monodentate and biden-
ate Ni surface complex. This is in accordance to previous studies
39,40], that multinuclear Ni surface complexes are formed during
i adsorption.

The lines in Figs. 2 and 3 show the model fit to experimental data
or Ni sorption to different sorbents as a function of pH. The good
t achieved when Ni sorption is represented by reactions (1) and
2) supports the hypothesis that Ni sorption to all four sorbents is
ominated by non-specific sorption below pH 6.0, whereas specific
orption to amphoteric aluminol edge sites is the dominating sorp-
ion at higher pH values. The model fit for Ni sorption to different
orbents is very satisfactory (Figs. 2 and 3). Gibbsite showed strong
i adsorption characteristics. Model calculations show that Al sites
f gibbsite occupy more surface sites for Ni, than that for laterite,
RE and goethite. However, the decrease in Ni(II) complexation to

he goethite surface was possibly due to the less attraction of iron
ites on Ni(II) compared to aluminum. This was observed from the
odel calculations with relevant solution speciation reactions.

.1.2. FTIR results
Molecular vibrations and their changes before and after adsorp-

ion can be identified by interpreting the changes of peaks at

pecified frequencies in IR spectroscopy. Only gibbsite was  selected
or the IR data interpretation since it showed the highest adsorp-
ion compared to other sorbents. In FTIR spectra before and after
dsorption, there were clear band shifts and intensity decreases.
 for dual site clays; laterite (a) and NRE (b). Initial Ni concentration is 1.709 × 10−4 M.

For gibbsite, bands at 914, 970 and 1022 cm−1 (Fig. 4b) correspond
to the OH bending vibrations of surface hydroxyl sites [41,42].
Presumably the lower frequency band at 914 cm−1 is attributed
to the Al O H group with the least hydrogen bonding influence.
The bands in the 500–650 region are overlaps of out-of-plane OH
bending vibrations and Al O vibrations [43]. The peaks observed
at 1250–650 cm−1 are assigned to metal oxide bonds [30].

The deconvolution technique was  employed to spectral data
in the region of 3000–4000 cm−1 as the actual number of bands
cannot be counted due to lack of symmetry around band cen-
ters and consistency of shoulders. Deconvolution resulted in seven
bands (peak/full width at height maximum (FWHM)) at 3623/27,
3609/239, 3523/52, 3463/37, 3434/18, 3408/119 and 3287/186 for
bare gibbsite (Fig. 4b). Nickel adsorbed gibbsite was reported with
seven bands (Fig. 4c), with shifting the bands to lower wave num-
bers. The bands shaded in Fig. 4 shows shifting of bands to high
wave numbers in the metal oxide region of Ni loaded gibbsite, sug-
gesting Ni adsorption onto gibbsite is based on an inner-sphere
monodentate bonding mechanism.

3.2. Sorption isotherms

3.2.1. Isotherm models
The equilibrium relationship between different adsorbents and

adsorbate was  assessed by two  and three parameter isotherm
models (Langmuir, Freundlich, Redlich–Peterson, and Hill). The
Langmuir and Hill models assume a monolayer adsorption phe-
nomenon on a homogeneous surface [35] while other models
(Freundlich, Redlich and Peterson isotherm) represent solute
adsorption onto heterogeneous surfaces [19,44] (Fig. 5).

In the Langmuir equation the adsorption density, is expressed
as,

�ads = �maxKLCe

1 + KLCe
(1)

where � ads is the amount of adsorbate adsorbed per unit area
of surface (mol m−2), Ce is the equilibrium solution concentration
(mol dm−3) of adsorbate and KL is the equilibrium constant for the
overall adsorption process. The Langmuir model assumes that all
adsorption sites have equal affinity for the adsorbate and that only
monolayer adsorption occurs.

In the Hill model of adsorption, surface is also assumed to be

homogeneous and the model given is,

�ads = �max(KLCe)a

1 + (KLCe)a (2)
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ig. 4. (a) FTIR Spectra of aqueous suspension of bare gibbsite and Ni loaded gibbs
urve  decomposition for Ni loaded gibbsite. Ni was at a concentration of 1.709 × 10

here the term definitions shown in the Langmuir model are
alid; additionally parameter a assesses the degree of interac-
ions between adsorbent and adsorbate. For positive interactions,

 should be greater than 1. In this model, the adsorption is treated
s a cooperative process due to adsorbate–adsorbent interactions.

The characteristics of the Langmuir isotherm could be expressed
n terms of the separation factor or equilibrium parameter, KR,

 dimensionless constant that indicated whether the adsorption
eaction was favorable by the equation [45–47];  where KL is the
ffinity constant estimated by the Langmuir equation (Eq. (1)).
R = 1
1 + KLCe

(3)

Unlike the Langmuir isotherm, the Freundlich isotherm does
ot imply a maximum adsorption capacity of the sorbent and
pH 7 for the region 400–3000 cm−1; (b) curve decomposition for bare gibbsite; (c)
Suspension concentration of 5 g/L for 0.01 M NaNO3.

Freundlich constant (n) can be used to identify favorable adsorp-
tions. In the Freundlich equation, the adsorption density � ads
(mol m−2) is given as,

�ads = KFCn
e (4)

where KF ((mol m−2)/(mol dm−3)n) and n are Freundlich constants
related to adsorption capacity and adsorption intensity.

Redlich–Peterson isotherm is a three-parameter equation to

incorporate features of both Langmuir and Freundlich equations
and at low concentrations, it approximates to Henry’s law and at
high concentration its behavior approaches that of the Freundlich
isotherm [45].
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ig. 5. Langmuir, Freundlich and Hill isotherm Ni on four sorbents at 0.01 M NaNO
sing  non-linear least square fit.

The Redlich and Peterson isotherm can be expressed as,

ads = �maxCe

1 + aRCnR
e

(5)

here � ads, � max and Ce have the same definitions in Eq. (1),  aR
he Redlich–Peterson isotherm constant (dm3 mol−1), and nR is the
edlich–Peterson isotherm exponent.

The thermodynamic parameter, Gibb’s free energy change, �G◦,

as calculated using KL obtained from Langmuir equation (Eq. (1)).

G◦ = −RT ln KL;

able 3
onstants for different isotherms used in data modeling.

Langmuir isotherm

Adsorbate � max (mol m−2) KL (dm

Gibbsite 9.00 × 10−5 1.58 ×
Goethite 2.00 × 10−5 1.50 × 

Laterite 4.00 × 10−5 1.13 × 

NRE 6.01 × 10−6 4.13 × 

Freundlich isotherm

Adsorbate KF (mol m−2)/(dm3 mol−1)n

Gibbsite 1.81 × 10−2

Goethite 2.36 × 10−3

Laterite 5.01 × 10−3

NRE 9.40 × 10−4

Hill isotherm

Adsorbate � max (mol m−2) KL (dm3 mol−1) 

Gibbsite 5.00 × 10−5 3.81 × 103

Goethite 2.00 × 10−5 2.37 × 103

Redlich and Peterson isotherm

Adsorbate � max (mol m−2) aR (dm3 mol−1) 

Laterite 5.30 × 10−2 4.88 × 102

NRE 2.52 × 10−3 2.10 × 102

Adsorbate �G◦ (kJ mol−1)

Gibbsite −18.2
Goethite −18.1
Laterite −17.4
NRE −14.9

ote: r2 represents correlation coefficient and chi-square (�2) represents the goodness of
7.5. Symbols represent experimental results and line represents calculated results

where R is universal gas constant (8.314 J mol−1 K−1) and T is the
absolute temperature in K.

The isotherm parameters were estimated by fitting to non-linear
regression isotherm models and optimized values are detailed in
Table 3. For all the adsorbents, all four isotherm models studied,
such as the Langmuir, Freundlich, and Redlich–Peterson showed
high r2 values (more than 0.9). It indicates the possibility of
simultaneous validity of multiple isotherm models. The estimated

values were in agreement with the experimental values and both
Langmuir isotherm constant KL, and maximum adsorption den-
sity, qmax values for gibbsite are higher than those for goethite,
laterite and NRE. The optimized Freundlich constant values and

3 mol−1) r2 X2

103 0.992 1.44 × 10−12

103 0.970 4.07 × 10−13

103 0.978 9.02 × 10−13

102 0.984 3.91 × 10−15

n r2 X2

7.94 × 10−1 0.987 2.12 × 10−12

7.19 × 10−1 0.976 3.29 × 10−13

7.53 × 10−1 0.984 6.46 × 10−13

9.00 × 10−1 0.987 4.54 × 10−15

a r2 X2

1.27 0.993 1.61 × 10−12

1.05 0.984 2.26 × 10−13

nR r2 X2

8.47 × 10−1 0.979 8.70 × 10−13

9.02 × 10−1 0.983 3.97 × 10−15

 fit.
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alculated Langmuir separation factors show that the Ni adsorp-
ion is favorable for all adsorbents (0 < n < 1 and 0 < KR < 1) (Table 3).
he negative values of �G◦ confirm the feasibility of the process
nd the spontaneous nature of adsorption with all the sorbents.
mong all the adsorption isotherm models studied here, the Hill
dsorption isotherm present the best fit with the experimental
ata of the gibbsite and goethite systems suggesting the homoge-
eous adsorption behavior. Freundlich isotherm shows the best fit

or other two systems which have both Al and Fe sites (dual sites)
here sorption affinity varies as higher-affinity sites are filled and
ore abundant lower-affinity sites become dominant. Among all

he sorbents, gibbsite has the maximum adsorption capacity and
his finding corroborates with the SEM data which suggests the
reference of Ni to Al sites rather than Fe sites.

. Conclusion

Ni showed a strong affinity for gibbsite and laterite forming
nner-sphere surface complexes. The Ni adsorption was modeled
uccessfully using binding constants derived for single and dual
orbate systems. Given the relative concentration of the adsor-
ent and their affinity to nickel, the adsorption behavior of all four
dsorbents were successfully interpreted with a mechanistic model
ased on the parameters obtained from the sorption data of single
nd dual site clays. However, the highest affinity was shown by
ibbsite and thereafter laterite. Both Hill and Freundlich isotherms
ield good fits and the adsorption coefficients agree well with the
onditions supporting favorable adsorption. The results indicate
hat Ni has a better affinity to aluminum surface than to iron sur-
aces.
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