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Abstract: Kaolinite and montmorillonite were treated with 0.25M H,SO, and
the acid activated clays along with the parent clays were tested for their uptake
capacity for Ni(Il) ions from aqueous solution. The batch adsorption experiments
were conducted under a set of variables (concentration of Ni(Il) ion, amount of
clay, pH, time and temperature of interaction). Increasing pH favored Ni(II)
uptake till the ions were precipitated as the insoluble hydroxides at pH > 8.0.
The uptake was rapid up to 40min and equilibrium was obtained within
180 min. The kinetics of the process was evaluated by subjecting the results to a
number of models like the pseudo-first order, second order, Elovich equation,
liquid film diffusion, and intra-particle diffusion and it was found that the data
more closely resembled a second order process. The experimental data conformed
to both Langmuir and Freundlich isotherms showing that the interactions were
mostly chemical in nature. The clays had reasonable monolayer adsorption
capacity of 10.4, 11.9, 28.4, and 29.5 mg g’1 for kaolinite, acid activated kaolinite,
montmorillonite, and acid-activated montmorillonite respectively. Montmorillon-
ite had much better adsorption capacity than kaolinite and the acid activation
boosted the adsorption capacity of both kaolinite and montmorillonite. The inter-
actions were exothermic in nature, accompanied by decrease in both entropy and
Gibbs energy. The results have established good potentiality for kaolinite, mont-
morillonite and their acid-activated forms to take up and separate Ni(Il) from
aqueous medium through adsorption-mediated immobilization.
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INTRODCUTION

Ni(II) is one of the most toxic contaminants found in the environment.
It is released into the aqueous system from industries that make or use
nickel, nickel alloys, or nickel compounds, oil-burning power plants,
coal-burning power plants, and trash incinerators, mineral processing,
paint formulation, electroplating, porcelain enamelling, etc. The respir-
atory tract and immune systems are sensitive targets of Ni(Il) toxicity.
Chronic bronchitis, emphysema, and impaired lung function have been
observed in nickel welders and foundry workers. The immune response
to nickel is elicited as allergic contact dermatitis, a rash that develops
shortly after exposure to metallic nickel or nickel compounds. More-
over, it has been established that the male reproductive system might
be a sensitive target of ingested nickel toxicity. The carcinogenic effect
of nickel has been well documented in occupationally exposed indivi-
duals as long-term exposure to less-soluble nickel compounds resulted
in lung cancer (1). USEPA recommends that drinking water levels for
nickel should not be more than 0.7 mg/L.

Adsorption has been in use for accumulative separation of toxic
metal ions in aqueous medium on a suitable substrate and is one of
the most effective and economical techniques (2) for decontami-
nation. It is preferred over processes like reverse osmosis, chemical
precipitation, ion exchange, solvent extraction, etc., for its ease of
operation and insensitivity towards toxic substances (3). A large num-
ber of novel adsorbents have been tested, viz, red mud for Cd(II),
Zn(II) (4), activated carbon for Zn(II) (5), coconut coirpith for Cd(II)
(6), sawdust for Cr(VI) (7), coconut husk for Ag(I) (8), fly ash for
Pb(Il) and Cr(VI) (9), low-grade phosphate for Zn(I) and Cd(II)
(10), chitosan for Cu(II) (11), modified zeolites for Pb(II) and Cd(II)
(12), powdered marble wastes for AI(III) (13), rice bran for Zn(II)
(14), etc.

In the natural environment, the clay minerals in soil always help in
filtering out the contaminants from water as the runoff infiltrates
through the soil. The large specific surface area, chemical and mechan-
ical stability, layered structure, high cation exchange capacity (CEC),
tendency to hold water in the interlayer sites, presence of Bronsted
and Lewis acidity, etc., have made the clays excellent adsorbent materi-
als (15,16).

Treatment of clay minerals with inorganic acids at high tempera-
ture is generally referred to as acid activation, which serves to replace
exchangeable cations with H" ions. The process is accompanied by
dealumination from both tetrahedral and octahedral sites, leaving
SiO4 groups largely intact (17). This process generally increases the
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surface areca and acidity of the clay minerals (18). The surface area
and the porosity changes depend on the clay minerals, their chemical
composition, the type of cations occupying the interlayer space, the
type of the acid, the process temperature and duration, etc. (19).
The crystalline structure of kaolinite is transformed into amorphous
metakaolin by the action of the acid and additional Al-OH and Si-OH
bonds are formed without much deforming the original mineral
structure (20). The depopulation of the octahedral layer of montmor-
illonite may lead to structural decomposition depending on how best
the clay can resist the acid attack (21). Acid activation followed
by thermal treatment has been known to increase the adsorption
capacity (22).

The clays have long been known for efficient removal of metal ions
from water. Mellah and Chegrouche (23) have shown that natural ben-
tonite has excellent uptake capacity for Zn(II) from aqueous solution
with a maximum Langmuir monolayer capacity of 52.9mg/g (initial
Zn(IT) concentration 300mg/L) at 293 K. Similarly, natural and Na-
exchanged bentonites could remove Cr(III), Ni(Il), Zn(II), Cu(II),
and Cd(II) from aqueous solution with Langmuir monolayer capacity
of 49.8, 24.2, 23.1, 30.0, and 26.2mg/g respectively (24). Kara et al.
(25) used sepiolite as an adsorbent for Co(II) with the results indicating
spontaneous, physical, and entropically driven interactions. Illite was
used as an adsorbent for Cd(II) (26) and the process was found to
be dependent on ionic strength, initial concentration of Cd(II) and
pH, and it was found that 100% Cd(II) removal was possible at pH
8.0. Acid activated kaolinite and montmorillonite have been shown
to be good adsorbents for removal of Pb(II) (27), Fe(IIIl) (28), Cd(I)
(29), and Co(1I) (30).

The present work has been undertaken to make a comparative
study of acid activation on kaolinite and montmorillonite for the
removal of Ni(Il) from aqueous solution in various environmental
conditions.

MATERIALS AND METHODS
Chemicals

Reagent grade H,SO,4 (E. Merck, India) was used for acid activation
of clays. A stock solution containing 1000 mg of Ni(II) per liter was
prepared by dissolving Ni(NO3), - 6H,O (Qualigens, Mumbai, India) in
double distilled water and was used to prepare the adsorbate solutions
by appropriate dilution.



09: 10 25 January 2011

Downl oaded At:

3224 K. G. Bhattacharyya and S. S. Gupta

Clay Adsorbents

Kaolinite, KGa-1b (K1) and Montmorillonite, SWy —2 (M1) were
obtained from the University of Missouri-Columbia, Source Clay Mine-
rals Repository, USA.

Acid-activated kaolinite (K2) and acid-activated montmorillonite
(M2) were prepared by the procedure of Espantaleon et al. (31). 20 g of
clay (kaolinite and montmorillonite) was refluxed with 200ml of
0.25M H,SOy for 3h and the resulting activated clay was separated by
centrifugation, washed repeatedly with water till it was free of SOz~
and dried at 383K in an air oven till it reached constant weight. The
parent clays and the acid activated clays were calcined at 773K for
10 h before using them as adsorbents.

Characterization

The adsorbents were characterized with XRD (Phillips Analytical PW
1710, Cu Ka radiations), FTIR (Perkin-Elmer Spectrum RXI, range
4400-440 cm "), surface area (Sears’ method; (32)) and cation exchange
capacity (CEC, copper bisethylenediamine complex method; (33))
measurements.

Adsorption Experiments

Before the actual adsorption experiments, blank runs were carried out by
taking Ni(II) solutions in the same concentration range (as used in the
adsorption experiments) in Erlenmeyer flasks without the clay adsorbents
and shaking the same as in the actual experiments. The walls of the flask
did not show any measurable adsorption of metal ions. The adsorption
experiments were carried out in the same flasks by mixing together
0.1g of clay (except when effect of clay amount was studied) with
50 ml of aqueous Ni(II) solution. The mixture was agitated in a thermo-
static water bath (NSW, Mumbai, India) for a pre-determined time inter-
val. The mixture was centrifuged (Remi R 24, 15000 rpm) and Ni(II)
remaining unadsorbed in the supernatant liquid was determined with
Atomic Absorption Spectrometry (Varian SpectrAA 220 with air-
acetylene oxidizing flame). The pH of the adsorptive solution was
adjusted by adding aqueous NaOH or HNOj of appropriate concen-
tration in drops.

The standard experimental conditions followed in this work are given
in Table 1.
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Table 1. Experimental conditions for the adsorption measurements

Clay Ni(I) Temperature Interaction
Type of study (g/L) (mg/L) pH (K) time (min)
Effect of pH 2 50 1,2, 3,4,5, 303 180
6,7,8,9,1
Effect of clay 2,3, 4, 50 5.7 303 180
amount 5,6
Effect of Ni(IT) 2 10, 20, 30, 5.7 303 180
concentration 40, 50
Kinetics 2 50 5.7 303 20, 40, 60,
90, 120, 150,
180, 240,
300, 360
Isotherm 2 10, 20, 30, 5.7 303 180
40, 50, 75,
100,150,
200, 250
Thermodynamics 2 10, 20, 30, 5.7 303, 308, 180
40, 50 313

RESULTS AND DISCUSSION
Adsorbent Characterization
XRD Measurement

Acid treatment and calcination introduces some changes into the crystal
structure of clay minerals. The intensities of the characteristic XRD
peaks of the clay minerals were reduced on acidification and also the
peaks became widened (34). This implies changes in the regular pattern
of the clay structure along with partial destruction compared to the orig-
inal. The dispersion and amorphization of the acid treated clay minerals
are known to give rise to an increase in the very low angle diffraction
intensities (35) and a reduction in the corresponding tip widths (36).
The following observations can be drawn from the XRD measurements:

1. For the calcined, acid activated montmorillonite, the basal spacing
expanded from 4.44 to 4.47 A (20 = 19.98°), which was accompanied
by a decrease in intensity from 43.06 to 29.09%. In case of the cal-
cined, acid activated kaolinite, widening of the basal spacing was
comparatively less prominent (from 4.45 to 4.46 A; 20= 19.92°)
and the peak intensity changed from 23.14 to 21.32% only.
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2. The intensity of most of the XRD peaks of montmorillonite
decreased sharply on acid treatment such that both octahedral
and tetrahedral sites might have been affected drastically.

3. The relative intensity of a low angle peak occurring at 20 = 5.70°
increased from 1.28 (kaolinite) to 4.44% (acid activated kaolinite).
Similar effects were however not very prominent in montmorillonite.

4. Acid activation of montmorillonite yielded two new peaks at 22.91
A (20 = 3.85°) and 12.49 A peak (20 = 7.06°), which were absent in
the untreated montmorillonite. Appearance of new peaks indicated
the formation of expansible phases and interlamellar expansion (37).

5. The tip width of the 19.98° peak (20) in montmorillonite reduced
from 0.32 to 0.30 (acid activated montmorillonite); but this feature
has not been observed in acid activated kaolinite.

The XRD measurements showed that the activation with 0.25M
H,S0O, influenced the structural properties of both kaolinite and mont-
morillonite, the latter being affected much more. Similar results have
been found earlier with vermiculite, illite, and kaolinite treated with
hydrochloric acid (35).

FTIR Measurement

The changes brought about by acid treatment of kaolinite and montmor-
illonite as observed from XRD measurements were further supported by
FTIR measurements. The assignment of FTIR bands to different struc-
tural features (38) is summarized below:

Effects of acid-activation on kaolinite

1. All the major OH-stretching bands had reduced intensities after acid
treatment with some amount of shift in the frequencies. For
example, the 3620cm™' band had shifted to 3623cm™' with
reduction in intensity from 67.0 to 58.0%, the 3692cm ! band
shifted to 3696cm™' with reduction in intensity from 76.5 to
57.3%, the 3651 cm ™' band shifted to 3653 cm ! with reduction in
intensity from 69.1 to 63.6%, etc.

2. Instead of two SiO-stretching bands (1010, 1033 cm ') as found in
the parent kaolinite (K1), acid-activated kaolinite (K2) had only
one band at 1033cm ™! with a decrease in intensity from 44.3 to
39.3%.

3. The intensity of OH-bending band (915cm ") decreased from 62.7
to 53.8% after acid activation with no shift in frequency.
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4. The SiO-bending band at 541 cm ™' had shown intensity decrease
from 62.2 to 54.5% in acid-activated kaolinite (K2). The band at
471cm ™' had shifted to 469 cm ™' with decrease in intensity from
63.6 to 54.8%.

5. The band at 722cm ™! due to the presence of quartz impurity in K1,
did not change its position in K2, but the intensity decreased from
63.8 to 56.7%.

Effects of acid-activation on montmorillonite

1. The number of OH-stretching bands was the same for both mont-
morillonite (M1) and acid-activated montmorillonite (M2) with very
little deviation of the band positions. However, all the OH-
stretching bands had reduced intensities after acid treatment
(3512cm™": 76.5 to 65.4%, 3554cm™": 77.3 to 66.6%; 3620cm
74.8 to 64.8% with the band shifting to 3621 cm '), etc.

2. SiO-stretching band (1033 cm™") for M2 occurred at the same pos-
ition as that of M1, but the intensity decreased from 59.3 to 49.6%.

3. The SiO-bending band at 464cm™' decreased in intensity from
72.1% (M1) to 61.1% after acid-activation. The band at 420 cm '
(71.4%) shifted to 428 cm ' with a decrease in intensity to 64.0%.

4. The band at 722cm ™" due to the presence of quartz in M1, did not
change its position in M2; however the band showed a decrease in
intensity from 69.8 (M1) to 60.5% (M2).

Farmer (38) designated four bands at 3619, 3653, 3669, and
3695cm ™! (due to OH stretching) as the fingerprint bands of kaolinite.
In addition, Farmer (38) had also assigned 1011, 1034, 1105, and
1117cm ™! bands to SiO-stretching frequencies, bands in 912-915cm ™!
and 935-940cm™' to OH bending frequencies and bands in 470—
472cm ™" and 540-542cm ™! to SiO bending frequencies. Kaolinite and
the modified kaolinites had shown IR absorption bands in all the ranges
mentioned above. Acid-activated kaolinite (K2) showed new IR bands at
3643cm " and 3665cm ! (39).

Montmorillonite had two characteristic FTIR regions (18,40), viz.,

1. 3500-3750 cm ' (due to the surface structural OH groups of layered
aluminosilicates and adsorbed water) and
2. 400-1150cm ™" (due to lattice vibrations).

Ravichandran and Sivasankar (18) have demonstrated that the IR
bands of montmorillonite and vermiculite activated with HCI did not
exhibit any significant change from those of the parent clays. Similar
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results are seen in the present work when activation is carried out with
0.25M H,SO,.

The shifts in the principal IR frequencies and modification of their
intensities following acid treatment have proven beyond doubt that there
is considerable interaction between H™ ions and the clay surface (both
kaolinite and montmorillonite). The results indicate that the acid acti-
vation affected those surface groups whose IR frequencies exhibited
maximum shift. Thus, with kaolinite, the OH-stretching bands were the
ones most affected by acid treatment and the interaction was therefore
at the sites of surface OH groups. For montmorillonite, the SiO-bending
frequencies showed maximum shifts (~8 cm™') while the OH-stretching,
OH-bending and SiO-stretching bands had not shifted much due to
acid treatment. Therefore, acid activation affected the SiO-stretching
bands most.

Surface Area

The specific surface areas of kaolinite (K1), acid-activated kaolinite (K2),
montmorillonite (M1) and acid-activated montmorillonite (M2) were
found to be 3.8, 15.6, 19.8 and 52.3m?/g respectively. Ravichandran
and Sivasankar (18) reported a specific surface area of 19.0 mz/ g for
montmorillonite, which on treatment with HCI (0.1 to 0.7 M) increased
up to188.3m?/g. Such high values of specific surface area were not
achieved in the present work by treatment with 0.25 M H,SOy. The litera-
ture describing the effects of acid treatment on the specific surface area of
kaolinite is scarce, but the untreated kaolinite was reported to have a
specific surface area of 5 to 25 mz/ g (41).

The acid treatment opens up the edges of the platelets resulting in
expansion of the surface area and increase in the pore diameter (36). Acid
treatment replaces exchangeable cations with H™ ions with the simul-
taneous loss of some AI*" and other cations from both tetrahedral and
octahedral layers leaving the SiO4 groups intact (17). This process
increases the surface area (18) and the results of the present work are
in conformity with this.

Cation Exchange Capacity (CEC)

The CEC measurements showed that kaolinite and montmorillonite had
CEC of 0.113 and 1.530meq/g respectively in agreement with the
reported values (42). On acid treatment, the CEC of kaolinite increased
by about 8% to 0.122meq/g while that of montmorillonite increased
by 12.0% to 3.410 meq/g. Montmorillonite had thus a significant
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enhancement in the number of exchange sites following treatment with
the acid.

Bronsted and Lewis acid sites are associated with the interlamellar
region and the edge sites of clays respectively. The ion exchange capacity
of clay minerals is attributed to structural defects, broken bonds, and
structural hydroxyl transfers (22). The treatment of the clay with
0.25M H,SO, results in replacement of a number of different cations
with H" ions and on subsequent heating and calcination, dehydroxyla-
tion occurs leaving behind a number of Lewis acid sites. Much of the
increase in CEC in the present work is likely to be due to increase in
Lewis acidity as the acid treated clay was calcined at 773K before
CEC measurement.

Adsorption of Ni(I)
Influence of pH

Adsorption of Ni(Il) increased almost linearly up to pH 8.0 after which a
sudden, sharp increase was observed up to pH 10.0 ( Fig. 1). In strongly
acidic medium, the number of H;O ' ions is much more than the number
of hydroxylated Ni(II) ions which can hardly meet the competition and as
a result, adsorption was low. Under such conditions, the clay surface is
likely to be completely covered with H;O™ ions and Ni(Il) ions can
hardly compete with them for the adsorption sites. With the increase in
pH, the number of H;O * ions decrease and the positively charged Ni(II)
ions adsorb on the free binding sites of the adsorbents. This is a common
observation for all cases of adsorption of metal cations on solid surfaces
in media of different acidity-basicity (43).

The rapid increase in adsorption of Ni(II) at pH > 8.0 was most
likely to be due to onset of precipitation of the hydroxide with Ni*"
and NiOH™ being the dominating species (44,45). This was again
confirmed by a blank experiment (Fig. 2).

The results of variation of amount adsorbed with pH (Fig. 1) showed
that the net effect of acid activation was to increase the number of adsorp-
tion sites for Ni(IT) and at any pH, the acid activated clay (both kaolinite
and montmorillonite) had a higher adsorption capacity compared to the
non-activated clay. Under the experimental conditions, montmorillonite
and acid-activated montmorillonite, could remove Ni(II) to the extent of
17.8 and 19.4mg g~ ' from a solution of concentration 50 mg/L (pH 8.0).
For kaolinites, the respective values were 6.8mg g~ ' (kaolinite) and
8.3mg g ! (acid-activated kaolinite). The two curves in each set (Fig. 1)
(kaolinite or montmorillonite) were nearly parallel to one another implying
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Figure 1. Influence of pH on Ni(II) uptake (mg/g) by (a) kaolinite, K1 and acid-
activated kaolinite, K2 (b) montmorillonite, M1 and acid-activated montmoril-
lonite, M2 at 303K (clay 2 g/L, initial Ni(II) 50 mg/L, time 180 min).

that acid activation enhanced the adsorption capacity uniformly inde-
pendent of the influence of increasing pH. At any pH, the order of adsorp-
tion was acid-activated montmorillonite (M2) > montmorillonite (M1) >
acid-activated kaolinite (K2) > kaolinite (K1).

Influence of Interaction Time and Kinetics of Ni(II) Adsorption

Ni(II) uptake continuously increased with time till 180 min after which
the increase was insignificant (Fig. 3). The uptake was rapid up to 40
minutes and then, it slowed down as equilibrium was approached
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Figure 2. Change of concentration of Ni(II) with increase in pH without clays
(Initial Ni(IT) 50 mg/L).

(pH = 5.7). During the experiment, initial and final pH values were mea-
sured which do not change much. At the onset of the adsorption process,
i.e., at low coverage, removal of Ni(II) was very rapid, but as the cover-
age increased, the number of available surface sites came down, and the
rate decreased till equilibrium was attained. At equilibrium, the uptake
was controlled by the rate at which the metal ions were transported from
the external surface to the interior sites of clay (46).
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Figure 3. Influence of interaction time on Ni(II) uptake (mg/g) by (a) kaolinite,
K1 and acid-activated kaolinite, K2 (b) montmorillonite, M1 and acid-activated
montmorillonite, M2 at 303K (clay 2 g/L, initial Ni(II) 50mg/L, pH 5.7).

Different models had been used to test the kinetics of clay-Ni(II)
interactions. The Lagergren curves were obtained by plotting log (q. — q)
vs. time according to the pseudo first order kinetic model (47,48),

In(g. — g;) =1n g, — kit (1)

where g, and q, were the amounts adsorbed per unit mass at equilibrium
and at any time t, and k; was the first order adsorption rate coefficient.
The curves were linear (r ~ —0.96 to —0.98) and the first order rate
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coefficient (obtained from the slopes) varied between 2.6 x 1072 to
3.1 x 10?>min~" for the four adsorbents (Table 2). However, linearity
of the Lagergren plots does not necessarily assure a first order mechanism
(49), which is mainly due to the inherent disadvantage of correctly esti-
mating the equilibrium adsorption capacity, .. The . values obtained
from the Lagergren plots differed from the experimental g, values from
—25.4% to +82.8% (Table 3). With such huge margins of error, the first
order kinetics is not the mechanism to explain the rate processes.
The second order rate equation (50), given by

t/qr = 1/(kaqg) + (1/qe)t (2)

where k,qZ is described as the initial adsorption rate as t — 0. The plots
of t/q, vs. t (Fig. 4), which allowed computation of q. and k,, were linear
(r ~ +0.99) and the rate constant, k,, varied from 2.2x 1072 to
55%10?g mg 'min~! (Table 2). A comparison of q. values (experi-
mental and those obtained from the slopes of the second order plots)
now showed a better agreement (Table 3) and the maximum deviation
between the two sets of values varied from +4.6% to +30.7%. Deviations
still remaining have to be explained on the basis of the rate not following
simple second order kinetics.

Table 2. Rate coefficients for Lagergren first order, second order, Elovich equa-
tion, intra-particle and liquid film diffusion models for adsorption of Ni(Il) on
clays at 303K (clay 2 g/L, initial Ni(Il) 50 mg/L, pH 5.7; units for k;, kj, o, S,
k; and kg are min ', g mg 'min !, g mg 'min%, mg g 'min "', mg g !

min~%% and min !, respectively)

Clay adsorbent

Parameters
K1 K2 Ml M2
Lagergren first order ky x 10° 2.6 3.1 3.1 3.1
r —0.98 -0.97 -0.97 —0.96
Second order ky x 10? 2.2 2.5 5.3 5.5
r +0.99 +0.99 +0.99 +0.99
Elovich coefficient ax 10* 23.8 85.1 382.8 2267.5
p 1.8 1.9 1.9 2.0
r +0.99 +0.99 +0.99 +0.99
Intra-particle diffusion k; x 10 3.9 4.0 4.2 4.2
Intercepts —0.1 +0.9 +10.0 +11.6
r +0.95 +0.94 +0.95 +0.95
Liquid film diffusion kg % 107 2.6 3.0 3.1 2.5
Intercepts -0.6 —0.6 +0.3 +0.7

r +0.98 +0.97 +0.97 +0.97
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Table 3. Experimental and computed q. values from Lagergren and second order
plots for adsorption of Ni(I) on clays at 303K (clay 2 g/L, initial Ni(I[) 50 mg/L,
pH 5.7)

qe (mg/g)
Deviation (%)
Clay Lagergren Second Lagergren Second
adsorbent  Experimental plots order plots plots order plots
Kl 5.2 9.4 6.8 +80.7 +30.7
K2 6.4 11.7 8.0 +82.8 +25.0
Ml 15.7 12.7 16.5 -19.1 +5.1
M2 17.3 12.9 18.1 —254 +4.6

Since second order kinetics in case of chemisorption on energetically
heterogeneous solid surfaces also follow the Elovich equation (51,52),
given by,

q = f In(af) + plnz 3)

the same was applied to the data in the present work. The Elovich plots
of g, vs. In t were linear (r ~ + 0.99). The Elovich coefficients, o and f,
the initial adsorption rate (g mg~ ' min?) and the desorption coefficient
(mg g 'min~"') respectively had values in the ranges a: 23.8 x 10~* to
2267.5x 10 *gmg 'min? and f: 1.8 to 2.0mg g 'min~' (Table 2).
The acid activated forms had higher o values than that that of the non-
activated ones, indicating the formation of comparatively larger number
of chemisorptive bonds between acid-activated clays and Ni(II) ions than
in case of non-activated clays and Ni(II). The other coefficient, 8, did not
show any variation among the non activated and acid activated clay
adsorbents.

In order to establish whether the rate processes were influenced by
diffusion into the pores or diffusion from the bulk solution to the clay
surface, two other models were tested for their validity:

1. the intra-particle diffusion plots (q, vs. t*°) according to the equa-
tion (53),

G, = ki 12 @)

yielded linear curves of r~+40.94 to +0.95 with the rate

coefficient, k;, having values from 0.39 to 0.42mg g ' min %°

(Table 2). The plots, however, did not have zero intercept as
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Figure 4. Second order plots for adsorption of Ni(II) on kaolinite K1, acid-
activated kaolinite K2, montmorillonite M1 and acid-activated montmorillonite
M2 at 303K (clay 2 g/L, initial Ni(I[) 50 mg/L, pH 5.7).

required by the equation (values —0.1 to +11.6) indicating that
intra-particle diffusion, although could not be ruled out completely,
may not be the rate determining factor of the rate processes.

2. The plots as per the liquid film diffusion model (54),

In(1 —q¢/qe) = —kpa t (5)
were also linear (r ~ +0.97 to +0.98) with intercepts of —0.6 to +0.7

(Table 2). The curves did not pass through the origin as required by
the model, but the intercepts were close to zero and therefore, diffusion



09: 10 25 January 2011

Downl oaded At:

3236 K. G. Bhattacharyya and S. S. Gupta

from the liquid phase might have a more significant role than intra-
particle diffusion in the kinetics of the adsorption processes. The film
diffusion rate coefficient, kg, had values in the range of 2.5 x 1072
to 3.1 x 1072 min~ ' (Table 2).

The kinetics of Ni(II) adsorption on kaolinite, montmorillonite, and
their acid-activated forms, as expected is not a simple process and no
definite kinetic mechanism could be proposed. The rates are very close
to second order kinetics, but other processes may also be operating
simultaneously.

Influence of Clay Amount

As the amount of clay was varied from 2 to 6 g/L, Ni(Il) adsorption
increased from 20.5 to 38.4% for kaolinite, 25.4 to 41.0% for acid-
activated kaolinite, 62.8 to 78.4% for montmorillonite, and 69.2 to
85.5% for acid-activated montmorillonite (Ni(I) 50mg/L). The
uptake of Ni(II) per unit mass of the clays (q.) decreased (Fig. 5) with
increase in clay amount. Such results are not uncommon e.g., Cu(II)
on sawdust (46); Ni(II) and Cu(Il) on natural and acid treated algae
(55). The factors, which may be responsible for such behavior,
include:

1. When the adsorbent amount is small, the metal ions can easily
access the adsorption sites and g, is high. With increasing adsorbent
content, there may be a kind of solid concentration effect when
there will be overcrowding of the adsorption sites and although
the overall adsorption rises, adsorption per unit mass comes down
as the increase is not proportional to the increase in mass.

2. Higher adsorbent amount creates particle aggregation, resulting in a
decrease in the total surface area and an increase in the diffusional
path length both of which contribute to decrease in amount
adsorbed per unit mass (56).

Influence of Initial Concentration of Ni(Il)

When the initial concentration of Ni(IT) was increased, Ni(II) adsorption
came down, and significantly, the uptake per unit mass, q. increased
(Fig. 6).

When the initial metal ion concentration was not high, the ratio of
the number of Ni(II) ions to the number of available adsorption sites is
small and consequently the adsorption was independent of the initial
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Figure 5. Influence of clay amount on Ni(II) uptake (mg/g) by (a) kaolinite, K1
and acid-activated kaolinite, K2 (b) montmorillonite, M1 and acid-activated
montmorillonite, M2 at 303 K (initial Ni(II) 50mg/L, pH 5.7, time 180 min).

concentration. As the concentration of Ni(Il) ions was increased, the
competition for adsorption sites became fierce (57) and now, the unit
mass of the adsorbent was exposed to a very large number of metal ions.
Consequently, the numbers of metal ions taken up by the clays increased
as the appropriate binding sites were gradually filled up. This gives rise
to an increase in .. Similar results have been reported for the removal
of other metals on various adsorbents (e.g., Cr(VI) on maple sawdust
(7); Ni(II) on almond husk activated carbon (58), etc.).
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Figure 6. Influence of Ni(Il) concentration for adsorption on (a) kaolinite, K1
and acid-activated kaolinite, K2 (b) montmorillonite, M1 and acid-activated
montmorillonite, M2 at 303K (clay 2g/L, pH 5.7, time 180 min).

As the initial concentration of Ni(II) was varied from 10 to 50 mg/L,
the net adsorption of Ni(II) decreased from 40.3 to 20.6%, 46.1 to 25.4%,
84.3 to 62.7%, and 91.5 to 69.2% for kaolinite (K1), acid-activated
kaolinite (K2), montmorillonite (M1), and acid-activated montmorillonite
(M2), respectively. However, the q. values increased from 2.0 to 5.2mg/g
for K1, 2.3 to 6.4mg/g for K2, 4.2 to 15.7mg/g for Ml and 4.6
to 17.3mg/g for M2. The order of adsorption among the four clay
adsorbents was M2 (acid-activated montmorillonite) > M1 (mon-
tmorillonite) > K2 (acid activated kaolinite) > K1 (kaolinite).
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Adsorption Isotherm
Freundlich plots, based on the well-known isotherm (59),
e = KeCe (6)

were linear (r ~ +0.97 to +0.98) (Fig. 7). This isotherm is generally con-
sidered to be applicable to non-specific adsorption on heterogencous
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Figure 7. Freundlich plots for Ni(II) adsorbed on kaolinite K1, acid-activated
kaolinite K2, montmorillonite M1 and acid-activated montmorillonite M2 at
303K (clay 2 g/L, initial Ni (IT) 10, 20, 30, 40, 50, 75, 100, 150, 200, 250 mg/L,
pH 5.7, time 180 min).
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solid surfaces. The values of the adsorption coefficients obtained from
the plots were given in Table 4. The coefficient, n, varies from 0.3 to
0.4, while the coefficient, K was from 1.1mg' /" L/"g~! (kaolinite,
K1) to 6.0mg' " 1/"LY"g~! (acid-activated montmorillonite, M2). By
definition, the adsorption intensity, n, is less than unity and the values
obtained in this study conform to the same. The Freundlich adsorption
capacity, Ky, was the highest for the acid-activated montmorillonite
and the lowest for the non-activated kaolinite. The order of adsorption
among the four clay adsorbents was M2 (acid-activated mon-
tmorillonite) > M1 (montmorillonite) > K2 (acid activated kaolinite) >
K1 (kaolinite).
The Langmuir plots (Fig. 8) obtained from the isotherm (60),

Ce/qe = 1/(qu) + (l/qm)ce (7)

were linear with the regression coefficient, r ~ +0.99 (Table 4). Values of
b (30.6Lg ! to 100.2 Lg ") showed that the equilibrium:

Clay (solid phase) + Ni(Il) (aqueous phase)=Clay Ni(II)

was overwhelmingly shifted to the right, i.e. towards the formation of the
adsorbate-adsorbent complex. Acid activation resulted in an increase in
the Langmuir monolayer capacity, q.,, for both kaolinite and montmor-
illonite. (q,, for kaolinite and acid-activated kaolinite was 10.4 and
11.9mg g, g, for montmorillonite and acid-activated montmorillonite
was 28.4 and 29.5mg g '). The gy, values followed the same order as the
Freundlich adsorption capacity, i.e. M2 > M1 > K2 > K1. Kaolinite
(1:1 clay) is known to have little isomorphous substitution and conse-
quently, it has lower cation exchange capacity. Isomorphous substitution
in both tetrahedral and octahedral layers of montmorillonite (2:1 clay)
gives it more surface charge, higher cation exchange capacity and an
increased capacity to take up cations (61).

Acid activation enhances Langmuir capacity of kaolinite by ~14.4%
(10.4 to 11.9mg/g), but montmorillonite has only small enhancement
(28.4 t0 29.5 mg/g). Acid treatment thus generates a considerable number
of additional adsorption sites in case of kaolinite, but this influence is not
much in case of montmorillonite. It is to be noted that kaolinite, mont-
morillonite, and their acid-activated forms are calcined at 773 K before
carrying out the adsorption of Cd(II) and this might have unequal effects
on the adsorption capacities of kaolinite, montmorillonite and their acid-
activated forms. Further, acid activation has been known to eliminate
mineral impurities from the surface (18) (which might have acted as
additional adsorption sites) with partial dissolution of the external layers.
This might also be a contributing factor in less-than-expected increase in
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Figure 8. Langmuir plots for Ni(II) adsorbed on kaolinite K1, acid-activated
kaolinite K2, montmorillonite M1 and acid-activated montmorillonite M2 at
303K (clay 2 g/L, initial Ni(II) 10, 20, 30, 40, 50, 75, 100, 150, 200, 250 mg/L,
pH 5.7, time 180 min).

adsorption capacity after acid activation. This is also supported by the
conclusions already drawn from the FTIR measurements which show
that the OH-stretching bands are the ones most affected by acid treat-
ment in kaolinite. The interaction is likely to take place at the sites
of these surface OH groups. For montmorillonite, the SiO-bending
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Table 4. Freundlich and Langmuir coefficients for adsorption of Ni(II) on clays
at 303K (clay 2 g/L, initial Ni(Il) 10, 20, 30, 40, 50, 75, 100, 150, 200, 250 mg/L,
pH 5.7, time 180 min; units for K¢, gm and baremg' = /"L g~ ! mgg~'and L
g~ !, respectively).

Freundlich coefficient Langmuir coefficient
Clay
adsorbents K¢ n r Im b R
Kl 1.1 0.4 +0.98 10.4 30.6 +0.99
K2 1.5 0.4 +0.97 11.9 38.7 +0.99
Ml 4.5 0.4 +0.97 28.4 71.5 +0.99
M2 6.0 0.3 +0.98 29.5 100.2 +0.99

frequencies show maximum shifts (~8cm ') while the OH-stretching,
OH-bending and SiO-stretching bands have not shifted much due to acid
treatment. Because of this difference in which kaolinite and montmoril-
lonite respond to acid treatment, it is likely that acid treatment does
not enhance their adsorption capacity to the same extent.

Values of the adsorption coefficients of Ni(II) on different adsor-
bents in similar ranges have been reported. The maximum adsorption
capacity of Mg-Al-CO3; hydrotalcite for Ni(I) was reported as 18.0 mg
g~ ! (62). The Langmuir capacity for Ni(II) adsorption on fly ash and
two impregnated fly ash samples (impregnated with 0.1 M Al(NO3)3 or
0.1 M Fe(Cl);) were reported as 14.0, 15.8, and 14.9mg g™, respectively
(63). Kumar et al. (64) reported the Freundlich and Langmuir adsorption
capacities for Ni(II) on electron beam grafted polymer as 4.3 L g~ ' and
14.24mg g~', respectively.

Influence of Temperature and Adsorption Thermodynamics

The interactions of the metal ions with clay adsorbents in the temperature
range of 303 to 313K were exothermic in nature (Table 5) with the
amount of Ni(II) adsorbed on unit mass decreasing from 5.2 to 3.3 mg/g,
15.7 to 12.8 mg/g, 6.4 to 3.7mg/g and 17.3 to 13.9 mg/g, respectively for
kaolinite, montmorillonite, acid-activated kaolinite, and acid-activated
montmorillonite. The extent of adsorption (%) showed similar trends. This
indicates a tendency of the metal ions to escape from the solid phase to
the bulk solution with rise in temperature (65,66) promoting desorption.

The thermodynamic adsorption parameters, AH, AS, and AG
(Table 6), were computed from the plots of In Ky vs. 1/T with the help
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Table 5. Effect of temperature on extent of adsorption (%) and amount adsorbed
per unit mass (q., mg/g) for adsorption Ni(II) on clays (clay 2 g/L, initial Ni(IT)
50mg/L, pH 5.7, time 180 min)

Clay adsorbents

K1 K2 Ml M2
Temperature
X) Qe % Qe % Qe % Qe %
303 5.2 20.6 6.4 254 15.7 62.7 17.3 69.2
308 4.2 16.9 4.6 18.5 14.2 56.8 15.4 61.5
313 33 13.0 3.7 14.7 12.8 51.3 13.9 55.5}

of the equations (67),
In K4 = AS/R — AH/RT (8)

AG = AH — TAS 9)

where Ky(=q./C.) is the distribution coefficient of the adsorbate
between the solid and the liquid phases (in L/g), T the temperature
(K), and R = 8.314 x 10*kJ K~ 'mol~". The mean adsorption enthalpy,
AH, had values of —37.9 and —56.9kJmol~! for Ni(I) at equilibrium
conditions and at the pH of the solutions as prepared. Although not very
high, these values of AH can be interpreted on the basis of considerably
strong interaction between metal ions and the clays. The adsorption
enthalpy increased for both the clays after acid activation, but the
increase was much more for montmorillonite, implying that acid acti-
vation changed the adsorption sites in such a manner that Ni(II) was held
much more strongly to montmorillonite.

Table 6. Thermodynamic data for adsorption Ni(II) on clays (clay 2 g/L, initial
Ni(II) 10, 20, 30, 40, S0mg/L, pH 5.7, time 180 min; units of AH, AS and AG
are kJ mol™!, J K~ ! mol~! and kJ mol ™!, respectively)

Clay adsorbents

Parameters K1 K2 M1 M2
—AH 379 43.1 45.1 56.9
—AS 118.2 160.3 146.4 181.9
—-AG 303 K 41.9 48.1 44.4 55.0
308 K 42.6 49.4 45.1 55.8

313K 433 50.3 45.9 56.9
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Ni(Il)-adsorption on clays was accompanied by an entropy decrease
and the mean values varied from —118.2 to —181.9J K~' mol™".
Entropy decrease indicated a positive affinity of the clay minerals
towards Ni(II) ions (68) representing a thermodynamically favorable pro-
cess. As decrease in entropy leads to a stable configuration, the values
showed that the adsorption complex between Ni(II) and acid-activated
montmorillonite was much more stable when compared with the adsorp-
tion complexes between Ni(II) and the other adsorbents. Since stability is
associated with an ordered arrangement, it is obvious that the Ni(II) ions
in aqueous solution were in a much more chaotic distribution than the
Ni(II) ions adsorbed on clays.

All the interactions between clays and Ni(II) led to Gibbs energy
decrease, an indication of the spontaneity of the interactions. AG
values varied from —41.9 to —43.3kJmol~! for kaolinite, —48.1 to
—50.3kJmol~! for acid activated kaolinite, —44.4 to —45.9kJmol™!
for montmorillonite and —55.0 to —56.9kJmol~' for acid activated
montmorillonite.

The thermodynamic data for clay-metal interactions, particularly on
acid activated clays are comparatively limited. AH, AS, and AG for
adsorption of Ni(II) on illite were of +16.8 Kjmol™', +58 Jmol 'K ™"
and —1.04kJmol ! respectively (66). Yavuz et al. (69) had determined
AH and AS values of +39.52kJmol ' and +11.7J K=" mol~" for Cu(Il),
+37.27kImol ! and +10.7J K 'mol™' for Ni(Il), +21.52kJmol !
and +5.4J K "mol™! for Co(II) for adsorption on Turkish kaolinite.
The AH values for Pb(II) interactions on kaolinite, acid-activated
kaolinite, montmorillonite, and acid-activated montmorillonite were
reported as —33.9, —28.7, —27.6, and —42.2k]J mol ™!, respectively. The
corresponding AS values were —123.7, —104.5, —86.6, and —131.8 JK !
mol !, respectively (27). All these values compared well with the values
obtained in the present work.

CONCLUSIONS

Kaolinite, montmorillonite, and their acid-activated forms are capable of
removing Ni(I) from an aqueous solution. Acid activation of the clays
enhances their adsorption capacity due to the increased surface area
and pore volume. The uptake of Ni(II) by the clay adsorbents increases
continuously with pH till precipitation takes over at pH above 8.0.
Ni(I) uptake is very fast initially, but the process slows down later
taking time to approach the equilibrium as the diffusion into the interior
takes over. The clay-Ni(II) interactions do not follow simple kinetics and
although, the second order mechanism gives better compliance with the
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experimental results, a definite mechanism could not be proposed. The
adsorption data agree well with both Langmuir and Freundlich isotherms
and the adsorption coefficients support the conditions of favorable
adsorption. The interactions are exothermic in nature supported by
decreases in both entropy and Gibbs energy.
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GLOSSARY
Symbol Definition Units
C, initial concentration of the Ni(II) mg/L
C. equilibrium concentration of Ni(II) in mg/L
liquid phase
de equilibrium concentration of Ni(II) in solid phase mg/g
(i.e. amount of Ni(IT) adsorbed per unit mass at
equilibrium)
qt amount of Ni(II) adsorbed per unit mass at mg/g
any time, t
K¢ Freundlich coefficients for adsorption capacity mg! ~V/rL/ng!
n Freundlich coefficient for adsorption intensity
b Langmuir coefficient for adsorbate-adsorbent Lg!
equilibrium
Jdm Langmuir monolayer adsorption capacity mgg™!
k, pseudo first order adsorption rate coefficient min~'
k, second order rate coefficient g mg 'min!
ki intraparticle diffusion rate coefficient mg g ' min—*°
keq film diffusion rate coefficient min~
AH enthalpy of adsorption kJmol™!
AS entropy of adsorption T K 'mol™!
AG Gibbs free energy kJmol™!
K4 distribution coefficient of the adsorbate Lg!
T temperature K
R Gas constant kJ K" mol™!
r Regression coefficient
CEC Cation exchange capacity meq/g

K1 Kaolinite
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K2 Acid-activated kaolinite

Ml Montmorillonite

M2 Acid-activated montmorillonite
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