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ABSTRACT

The synthetic oxide was characterized as hydrated and agglomerated nanocrystallite (11-13 nm) tita-
nium(IV) oxide (NHTO), which was used for Ni(Il) adsorption from aqueous solution. The variable
parameters investigated were the effects of pH, contact time, metal concentration and temperature
on reaction. The optimum pH fixed was 5.0 (£0.1) for Ni(Il) adsorption. The kinetic data described the
pseudo-first order equation well and, film diffusion governed the reaction. The Redlich-Peterson equation
described well the equilibrium isotherm data of all temperatures. The Fe(Ill) showed negative influence
on Ni(II) adsorption. The negative Gibbs free energy (— AG° =13.90-16.30 k] mol~') and positive enthalpy
change (+AH°=6.15k] mol~!) indicated spontaneous and endothermic nature of the reaction, respec-
tively, and took place with increasing entropy (AS° =+0.07 kj mol~! K-1). The mean energy of adsorption
(Epr=13.25-16.35 k] mol~! at T=288-328 K) predicted physisorption nature of Ni(Il) on NHTO. The dilute

Thermodynamics

(0.1 M) mineral acids desorbed 95-98% of adsorbed metal from the NHTO surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Titanium(IV) oxide (TiO,) has wide applications and investi-
gated in solar energy conversion [1], photocatalyst [2], sensors [3],
photochromic devices [4]. Carp et al. [5] and Li et al. [6] had applied
TiO, for polluted air and wastewater purifications. Hydrated TiO,
had been studied for arsenic [7], lead [8] and chromium [9,10]
removal from natural and industrial wastewater. Some nanos-
tructure materials had been used for investigating the quality
upgradation of contaminated water [11-13]. Nanostructured TiO,
has gained special attention for photocatalytic property for the
treatment of wastewater contaminated with phenolic compound
[14] and organic dye [15-19]. However, the use of nano-TiO, for
heavy metal contaminated water treatment is found not frequent
in the literature. Heavy metal ions, if present in high level in water,
cause the adverse effect on the health of animals, aquatic lives,
microorganisms and human beings. They are readily accumulated
by the marine biomass and enter into the human food chains, pre-
senting a high health risk to the consumers [20]. Ni(Il) is one of
the heavy metal ion which is non-biodegradable and that causes
dermatitis and allergic sensitization [21]. It may be conducive for
the cancer of lungs, nose and bones. The sources of Ni(Il) con-
tamination to water are mainly the industrial processes such as
electroplating, batteries manufacturing, mining, metal finishing
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and forging. In 1984, United State Environmental Protection Agency
(USEPA) [22] fixed up that the maximum permissible concentra-
tion level (MACL) of Ni(Il) is 4.1 and 0.1 mg L~1, respectively, for the
wastewater discharge and drinking water. Thus, researchers had
paid their attention in reducing Ni(II) below MACL from the contam-
inated water using adsorbents, viz., sea weeds [23], crab shell [24],
dried aerobic activated sludge [25], activated carbon prepared from
almond husk[26], spent animal bones [27], waste of tea factory [28],
raw kaolinite [29], sodium and calcium bentonite [30], kaolinite and
montmorillonite with their modified forms [31,32], bagasse fly ash
[33], peat [34] and granular activated carbon with modified form
[35]. Despite less costing of the materials, low adsorption capacities
or efficiencies of many of the materials limited their application.
Recent trends show the use of synthetic nanostructured material
for environmental remediation. This encouraged us to synthesize
nanoparticle agglomerate of TiO, for application as the scavenger
of toxic metal ions from the contaminated water.

The methods available in literatures for nano-TiO, synthesis are
generalized as the (i) alkoxide based sol-gel method [15,36-38],
(ii) thermal hydrolysis of TiCl4 in n-propanol and water mixed sol-
vent [39], (iii) thermal hydrolysis of Ti(SO4), in n-propanol and
water mixed solvent [40], (iv) hydrolysis of TiCl4 with NH4OH in ice-
water bath in the presence of (NH4),SO4 +HCI [41] and (v) thermo
hydrolysis of TiCl4 [42]. The methods noted above for the nano-TiO,
synthesis were to apply the products as photooxidation catalyst,
photoluminescence, sensors, etc. The products did not used for the
treatment of metal contaminated water presumably due to poor
adsorption capacity.
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The present communication herein reports (i) the synthesis and
characterization of nanostructured hydrous TiO, (NHTO), and (ii)
the adsorption of Ni(Il) by NHTO for removal from the aqueous
solution.

2. Materials and methods
2.1. Reagents

Titanium(IV) tetrachloride used for the synthesis of NHTO was
of reagent grade (Spectrochem, India). Nickel (II) chloride used for
the preparation of stock (1000 mg Ni(II)L-1) solution was guaran-
teed reagent (G.R.) of E. Merck (India). The metal solution of desired
concentrations for working was prepared from the measured
stock by appropriate dilution with distilled water. Dimethylgly-
oxime (DMG) (analytical reagent, BDH, England) and liquid Br;
(G.R., E. Merck, India) were used for the colorimetric analysis of
Ni(II). Other reagents used were of guaranteed/laboratory reagent
grade.

2.2. Analytical instruments

The analytical instruments availed for collections of data were (i)
ELICO pH meter (model: LI 127, India) for pH analysis, (ii) Phillips
X-ray diffractometer for the X-ray diffraction (XRD) pattern, (iii)
Setaram analyzer for thermogravimetric (TG) and differential ther-
mal (DT) analyses in an argon atmosphere at a heating rate of
20°C/min over a range of temperature 30-1000°C, (iv) Fourier
transform infra red (FTIR) spectrophotometer (Jasco 680 plus) for
FTIR spectra, (v) FEI high resolution transmission electron micro-
scope (HRTEM) (model: Tecnai S Twin) for the image of the material
for the particle size, (vi) scanning electron microscope (SEM) (Tes-
can Vega, UK) for the surface morphology of the material and (vii)
UV-vis spectrophotometer (Hitachi model: U 3210) for colorimetric
analysis of nickel(II).

2.3. Analysis of Ni(II)

The metal ion in solution was analyzed by a color developing
method using a spectrophotometer [43]. An aliquot of the test solu-
tion was taken with 10mL of 0.5M HCl into a 25-mL volumetric
flask. Diluting to about 20 mL with distilled water, 1 mL saturated
Bry-water, 2 mL ammonia solution (1:1) and 1mL DMG (1% in
ethanol) reagent were added and mixed well. The volume was filled
in with distilled water up to the mark of the flask. The absorbance of
developed red to orange solution was measured at 445 nm against
reagent blank after 5 min of reagent mixing. The Ni(Il) concentra-
tion was calculated from the Beer’s law curve. While the effect of
diverse ions is observed, the nickel was initially precipitated using
DMG in ammonia solution and extracted in 10 mL chloroform. The
chloroform extract was returned back to ionic state using 0.5 M HCl,
and the absorbance was determined for nickel concentration.

2.4. Preparation of NHTO

Liquid titanium(IV) chloride was injected (30 mL TiCl4 per L)
slowly into the distilled water with constant mechanical agitation
(1000 rpm). The curd-like precipitate including liquid was treated
with ammonia (0.1 M) with agitation till the pH of supernatant
was 7.5 (£0.1). The precipitate, being aged with the mother liquid
for 6 days, was filtered and washed thrice with deionised water.
The white product was dried in an air-oven 70 (£5)°C, and treated
with cold water. This material after drying in air was ground and
screened through a set of sieves for the particles agglomerate of size
ranged in 0.29-0.36 mm for conducting adsorption experiments.

2.5. Specific surface area of NHTO

Specific surface area was analyzed by the Sear’s method [44]. To
the suspension of powdered NHTO (1.50 g) in water, dilute HCl was
added to adjust pH between 3.0 and 3.5. To this sol, 30 g of sodium
chloride were added and, diluted to 150 mL with distilled water. The
titration was carried out slowly using 0.1N NaOH with continuous
monitoring of pH. The volume (V) of 0.IN NaOH solution required
to increase pH of the suspension from 4.0 to a steady value of 9.0
was recorded. The specific surface area (S) was calculated by the
formulation, S=32V — 25 [44].

2.6. Determination of point of zero charge (pzc) of NHTO

The pzc of the material was analyzed according to the method
described by Babic et al. [45]. Here, a series of 0.1N NacCl solutions
were prepared at separate initial pH (pH;) 1.0-10.0. 50 mL aliquot of
each solution was added with 0.1 g NHTO into 10 separate 250 mL
PET bottles and agitated (300 + 10 rpm) using an orbital shaker till
the pH reading was same of two successive measurements. The
equilibrium solution pH (pHy) was noted, and plotted against initial
pH (pH;). The horizontal portion of the pH; versus pHy plot with the
pH; axis is the pzc range of the adsorbent [45].

2.7. Adsorption experiments

The adsorbent material of amount 0.1 g was placed in a 250-mL
PET bottle in which 50 mL solution of Ni(Il) of desired initial con-
centration (Cp, mgL~1) was added and, the mixture was shaken by
a thermostat rotary shaker using agitation speed of 300 + 5 rpm for
the required contact time at some definite temperatures, T (+1)°C.
The mixture was then centrifuged, and the concentration at time,
t (C, mgL~1) or at equilibrium (Ce, mgL~1) of Ni(Il) in centrifuged
solution was analyzed [43].

The amount of Ni(Il) adsorbed per unit mass of the adsorbent
(qaq) was calculated by Eq. (1).

_4i—ar
m

(1)

qad

where q,q (mgg~') becomes ge or g; at equilibrium or at time t. g;
and q; are the initial and the residual amount (mg) of Ni(II), respec-
tively, added and remained in solution. ‘m’ is the mass (g) of the
adsorbent added for the experiments.

The effect of pH; on Ni(Il) adsorption was carried out in pH;
ranged between 2.0 and 10.0 at T=30 °C by the procedure described
above taking Ni(Il) solution of Cy=10.0mgL-1, and agitation time
for a duration of 1h. The same set of experiments was also
conducted at identical pH condition without putting NHTO. The
centrifuged solutions were analyzed for Ni(Il) concentrations [43]
and pHy.

The kinetic experiments were carried out taking the Ni(Il) solu-
tion of desired Cy at pH; 5.0 + 0.1 and at separate T=15,30and 45 °C.
To the 500 mL of metal solution (C =10.0, 30.0 and 50.0mgL-!)in
1.0L beaker in a thermostat, 1.0g NHTO was placed and agitated
at a speed of 300 (+5) rpm. The reaction mixture was sampled
(1.0 mL) at an interval of pre-fixed time from t=0, and centrifuged.
The concentration of Ni(II) at a time t (C;, mgL~1) was analyzed in
centrifuged solution for the calculation of adsorption capacity, gt
(mgg1).

The batch equilibrium experiments were conducted by the
procedure described earlier using Ni(Il) solution of Cy ranged in
10.0-150.0mg L. The agitation (300+5 rpm) was continued for
45 min in a thermostat shaker separately at T=15, 30 and 45°C.
The centrifuged solutions were analyzed for the residual Ni(II) con-
centration (Ce, mg L) by the standard method [43] and, the ge was
calculated.
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Fig. 1. The thermo gravimetric (TG) spectrum of NHTO in the temperature ranged
in 30-1000°C.

2.8. Desorption experiment

For the desorption experiments, 2.0g NHTO was taken with
200mL of 1000mgL-1 Ni(II) solution at pH; 5.0+0.1 into a said
PET bottle. The reaction mixture was agitated (300+5rpm) at
T=30°C for 45 min. The solid (Ni-NHTO, ge =26.90 mg Ni g~!) mate-
rial was separated from the solution by centrifugation, and washed
with distilled water. One-half portion of Ni-NHTO was dried at
60 (£5)°C (sample: T-1) and remaining half portion was dried at
150 (£5)°C(sample: T-2). Desorption experiments were conducted
using the samples T-1 and T-2 separately. Here, 0.1 g of each sample
(26.9mgNig-1) was taken separately with 50 mL of regenerating
solution (dilute mineral acids/some salts solutions) in PET bottles,
and agitated (3004 5rpm) for 45 min at T=30°C. The liquid was
separated from the solid by centrifugation and analyzed for Ni(Il)
for calculating the desorption percentage of Ni(II).

3. Results and discussion
3.1. Physicochemical characterization

The TG spectrum (Fig. 1) of NHTO showed that the loss of weight
by 8.29% took place at a temperature below 100 °C. The endother-
mic peak of DT spectrum at 68.4°C (Fig. 2) supported the loss of
weight. This weight loss is due to the loss of physically attached
water molecules. The additional 12.25% weight loss was found in
TG spectrum which corresponds to the broad exothermic DT peak
between 68.4 and 200°C. This has been attributed to the chemi-
cal change of synthetic oxide due to polymerization with loss of
water from the hydroxyl groups. The broad exothermic DT peak
at the drying temperature between 600 and 800°C had indicated
the transition of phase of the material. Thus, the synthetic mate-
rial was hydrated, and stable up to the temperature below 600 °C.
The absorbance band at wave number ranged between 3100 and
3500cm~! in the FTIR spectrum (Fig. 3) had also confirmed the
hydrated nature of synthetic oxide. The powder XRD pattern (Fig. 4)
of the material taken at the start and the end diffraction angle (°260)
values between 10 and 80 showed eight peaks at 12.64°, 25.36°,
30.48°, 38.13°, 47.95°, 54.19°, 63.15° and 75.64°. The mineralogical
analysis suggested that the synthetic material was of mixed phases,
viz., brookite, anatase and rutile with predominance of anatase
phase. It was found to be similar to the result that had been reported
by Paola et al. [42] but different from Zhang et al. [41] and Kanna
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Fig. 2. The differential thermal (DT) spectrum of NHTO in the temperature ranged
in 30-1000°C.

Transmittance

40 " | s 1 L |

4000 3000 2000 1000
Wave number (cm™)

Fig. 3. The Fourier transform infra red (FTIR) spectrum of NHTO.
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Fig. 4. The powder X-ray diffraction (XRD) pattern of NHTO.
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Fig. 5. High resolution transmission electron microscopic (HR-TEM) images at (a)
40 x 10* times magnification (10 nm scale) and (b) 71 x 10? times magnification
(50 nm scale) of NHTO.

and Wongnawa [15]. Additionally, the XRD peak pattern (Fig. 4)
suggested that the synthetic material was crystalline in nature. The
crystallite size of the sample as calculated by the Scherer’s equation
[46] using the XRD peak data was ranged in ~19-23 nm while that
was 11-13 nm from the analysis of TEM image (Fig. 5) of NHTO. The
fingerprint like appearance in TEM image had also supported the
presence of crystalline phase in the material. The SEM image (figure
omitted) suggested irregular surface morphology of agglomerated
particles of the material. The specific surface area and pHp,c of
NHTO as analyzed were found tobe 663.0+5.5m2? g~ ! and 6.5+ 0.3,
respectively. Table 1 summaries the parameters analyzed for the
characterization of the synthetic oxide.

Table 1

Some parameters analyzed for the characterization of the synthetic oxide.
Physicochemical parameters Values
Nature Crystalline
Titanium content (%) 53.4(+0.2)
Thermal water loss (%) 20.6 (£0.2)
Bulk density (gcm~3) 1.21 (+0.05)
Dimension (nm) of particle (TEM) 11-13
Specific surface area (m2g-1) 663 (£5.5)
PHzpe 6.5 (+0.3)
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Fig. 6. The plot of initial solution pH (pH;) vs. percentage adsorption of Ni(II) from
the aqueous solution (Co=10.0mgL~') by NHTO at 30°C.

3.2. Effect of pH

Fig. 6 demonstrates the variation of adsorption percentage of
Ni(II) against pH; from the aqueous solution (Cp=10.0mgL-1) in
the presence and absence of NHTO. It was found that the adsorp-
tion percentages of Ni(Il) enhanced with increasing pH; from 1.0 to
5.0 and, remained nearly constant up to pH; 10.0. The disappearance
of Ni(Il) from solution in the absence of NHTO at pH; > 6.0 is pre-
sumed to be for the precipitation of metal ion as hydroxide. Thus,
the removal of Ni(II) at pH; > 6.0 is due to the combined effect of (i)
precipitation as Ni(OH), and (ii) adsorption on the surface of NHTO.
Thus, the optimum pH; for the removal of Ni(II) by adsorption was
fixed up at 5.0 (£0.1) for the next steps of experiments, which has
been found to be similar to that used by Hasar [26] on adsorption
of Ni(II) from aqueous solution onto activated carbon.

The change of equilibrium solution pH (pHs) from pH; was also
noted and demonstrated (inset of Fig. 6). The pH¢ was found to be
higher than pH; ranged in 1.0-6.0, and that was lower than pH;
ranged in 7.0-10.0. The pHp. of NHTO was ranged between 6.0 and
7.0. The mechanism of Ni(Il) adsorption can thus be described as

TiO2-(OH™ )y + H' 4+ 0.5Ni2* — 0.5Ni2*--~OH-TiO2(OH )y_5 + H,0

(atpH; < pHzpc)

2[TiO5(OH™)x] + 20H~ +0.5Ni?* + NiOH*
— 0.5Ni**---"OH-TiO5(OH ™ ) + NiOH*---"HO-TiO»(OH )
(atpH; > pHzpc)

The NHTO surface was negative (confirmed from the mobiliza-
tion in electrical field) as the material used for adsorption reaction
was precipitated at pH 7.5 + 0.1. Thus, the variation of pHs from pH;
described the reaction mechanism.

3.3. Effect of initial concentration (Cy) and temperature (T) on
Ni(ll) adsorption reaction

The effects of Cy (=10.0, 30.0 and 50.0mgL-1!) and T (=15°, 30°,
45° and 55 °C) on the adsorption reaction of Ni(Il) with NHTO at pH;
5.0 (£0.1) were investigated. Fig. 7 demonstrates the results. It was
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Fig. 7. The effect of temperature and concentration on Ni(Il) adsorption by NHTO.

found that that the differences of removal percentage of Ni(Il) were
found to be small for the metal ion solution of Cy between 10.0 and
30.0mgL~! at any reaction temperature. The removal percentage of
Ni(II) increased from 95.0 (£1.0) to 98.0 (+1.0) when Cj increased
from 10.0 to 30.0 mgL~!, while that was 91.0 (+1.0) to 96.0 (+1.0)
for Co=50.0mgL~! with increasing T from 15 to 55°C. In general,
the removal percentage increased with rising T on the reaction. The
increase of Ni(Il) removal percentage with rising Tindicated that the
reaction of Ni(II) adsorption with NHTO was endothermic. This is
the general feature of the endothermic reaction as per Le-Chatelier
principle of equilibrium reaction.

3.4. Kinetic analysis

Fig. 8 demonstrates the variation of g; (mg g~ 1) with increasing
reaction time, t (min) at pH; 5.0 (£0.1) by NHTO at T=15, 30 and
45°C. It was found that ~94.0 (£1.0)% of qe (mgg~1) of Ni(II) took
place at a t ~20 min of the reaction, and the time required in reach-
ing plateau of g was 30 min giving ge for the reaction at T=30 and
45°C while that was 40 min when T is 15°C. The time (in minute)
required in reaching equilibrium (te) was found to be much less

25 -
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—— 15C, 30mg/L
—%— 30C, 30mg/L
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Fig. 8. The plot of Ni(Il) adsorption capacity (gr, mgg~') vs. contact time (¢, min) at
different temperatures and pH; 5.0 (+0.1).

than that reported with kaolinite and montmorillonite [31,32]. The
gr-values of Fig. 8, taking up to the point of te assuming the data
beyond te. will have no/little influence on the reaction rate, were
analyzed using Eqs. (2)-(4) by the non-linear method of analysis
on the origin software spread sheet.

Pseudo-first order [47]:

gt = qe{1 — exp(—k;t)} (2)

Pseudo-second order [48]:

1= {1/1:2(;3 * (qte)} 3)

Elovich [49]:

g = (%) In(af) + (%) In(t) (4)

where k; (min—!) and k, (mgg~! min—!) are the pseudo-first order
and pseudo-second order rate constants, respectively; the g and ge
have the significance mentioned elsewhere; o and f are the Elovich
constants of Eq. (4).

Table 2
The kinetic parameters of Ni(Il) adsorption on NHTO at pH; 5.0 (+0.1) at different temperatures and concentrations.
Model Parameters 10mgL-! 30mgL! 50mgL-!
15°C 30°C 45°C 15°C 30°C 45°C 15°C 30°C 45°C
ki (min=1) (x10-1) 1.46 1.98 3.81 1.15 2.31 4.02 1.13 1.93 3.63
Iy— ge (mgg™) 464 492 5.05 13.48 14.79 15.15 22.03 22.75 23.47
S-S e R? 0.99 1.00 1.00 1.00 1.00 0.99 1.00 0.99 0.99
%2 (x1072) 0.02 0.91 0.72 0.58 41.95 8.12 21.27 33.65 41.18
ks (mgL-! min—1) (x10-2) 0.28 0.43 0.78 542 13.56 22.78 25.55 4236 84.95
d dord ge (mgg) 5.35 5.56 5.76 16.02 16.56 16.78 25.10 25.76 26.10
T -SRI @i R? 0.98 0.97 0.98 0.99 0.98 0.98 0.99 0.99 0.99
%2 (x1072) 3.87 7.17 3.06 226 47.94 23.65 5833 39.76 42.16
o 2.45 3.35 13.35 4.89 12.45 4927 7.84 16.20 59.15
N B(x1072) 95.35 92.99 125.47 30.11 3230 4323 17.54 2039 25.59
QNI R? 0.95 0.91 0.86 0.79 0.90 0.86 0.96 0.95 0.88
%2 (x1072) 121 23.48 21.24 67.28 207.68 184.62 133.61 265.94 413.73
kig1(mgg~" min=05) 1.02 1.32 1.81 2.73 412 495 4.44 5.72 7.67
kigz (mgg~" min—5) (x10-2) 2.04 5.92 5.15 27.3 13.34 5.69 35.62 41.52 14.38
- - C(mgg) 448 450 458 11.47 13.95 14.40 20.24 20.26 22.80
ntra-particie R2, 0.99 0.96 0.99 0.97 0.95 0.89 0.96 0.98 0.94
R%, 0.97 0.50 0.69 0.91 0.67 0.71 1.00 0.94 0.85
SSE 2.65 6.05 3.50 18.99 55.56 29.74 81.07 93.59 97.10
Pore diffusion Dy (cm?s51) (x10-8) 0.62 0.87 11.73 0.58 1.10 128 0.59 0.71 1.92
Film diffusion Dp (cm?s1) (x1077) 226 3.03 6.10 1.97 3.89 452 1.96 2.35 6.54
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Fig.9. The Weber-Morris plot of the kinetic data for Ni(Il) adsorption by NHTO from
aqueous solution at pH; 5.0 (+0.1).

Table 2 shows the estimated kinetic parameters. Based on the
values of statistical error x2 (chi square) and the linear regression
coefficient (R?), it could be suggested that the present g¢-values
described the pseudo-first order Eq. (2) well (R?=0.99-1.00),
and better than the pseudo-second order Eq. (3) (R? =0.97-0.99).
However, the difference of goodness of data fit between the pseudo-
first order and the pseudo-second order equations was small.
Besides these, the g; of Fig. 8 described the Elovich Eq. (4) poorly
(R?2=0.79-0.96). Thus, the order of data fit, in general, is pseudo-
first order > pseudo-second order > Elovich equation. The g had
increased with increasing Cg at a particular T on the reaction. How-
ever, the increase of ge was found to be less with increasing T on the
reaction at any particular Cy of the solute. Thus, it can be concluded
that the T has small positive influence on the present adsorption
reaction. The rate constant (k; or k;) values had increased with
increasing T on the reaction at any particular Cy of Ni(Il). The
observed dependence of rate constant on the Cy and T has indi-
cated that the Ni(Il) adsorption performance for removal by NHTO
is increasingly well with lowering of Cy and increase of T on the
reaction.

3.5. Diffusion kinetics

The overall solute adsorption onto the solid surface may be
controlled by one or more steps, e.g., boundary layer (film) or exter-
nal diffusion, pore diffusion, surface diffusion and adsorption onto
the pore surface or in combination of several steps. Generally, an
adsorption process is diffusion controlled if the rate is dependent
upon the rate of diffusion of the components towards one another.
According to Weber and Morris [50], if the rate-limiting step (RLS)
is intra-particle diffusion, then the value of q; shown in Fig. 8 as a
function of t should be directly proportional to the square root of
contact time t, which is defined mathematically as (Eq. (5)),

g = kigt®> +C (5)

where C (mgg~!) is the boundary layer thickness and kig
(mgg~! min—'/2), the intra-particle diffusion rate constant. Greater
is the value of C greater is the effect of the boundary layer on the
adsorption process. The plot of g; with respect to t%° will yield a
straight line with intercept equal to C. If the Weber-Morris plot of
q¢ versus t9° gives a single straight line with C=0, the sorption rate
should be controlled by intra-particle diffusion only. But, if the plot
of the data produces multi-linear portions, then two or more steps
influence the sorption process.

Fig. 9 demonstrates the plots q; versus t%5. It was found that
two straight lines relate the points—the sharp first linear portion
is due to the boundary layer (film) diffusion and the second linear
one is for the pore diffusion [51]. The non-linearity of plots over
a range of t9° had indicated the multistage adsorption of Ni(II) by
NHTO. Extrapolation of the linear portions of the plots back to the
y-axis gave the intercept, providing the measure of the boundary
layer thickness (C). The deviation of the straight line from the origin
might be due to the difference in rate of mass transfer at t=0 and
t=t. stages of adsorption. Further, the deviation of straight line from
the origin indicated that the RLS was not pore diffusion. The initial
curvature in the plots has attributed to the boundary layer effect or
external mass transfer effect. The slope of the first portion of the
plot has indicated the boundary layer (film) diffusion characteris-
tics of the adsorption while that of the second linear portion is for
the pore diffusion. The values for k;q; and k;4q, were computed from
the slope of each plot. Table 2 shows the values of these parame-
ters (kiq1, kigx and C). The values of k;q; were about hundred times
greater than that of k;qp, and suggested that the boundary layer
(film) diffusion had controlled the present adsorption process. As
the present reaction was very fast and the t. values were 30 min at
30 and 45°C and 45 min at 15°C, the reaction obviously depends
upon the active sites on outer surface of solid indicating the first
order kinetics and boundary-layer (film) diffusion model. In order
to confirm the above, the intra-particle diffusion (pore) coefficients
(Dp, cm? s~1) were calculated by Eq. (6) [51,52]:

~0.0312
) =

tos ®
where ‘ro’ (cm) is the average radius of the adsorbent particle, and
to.s (min), the time required to complete the half of the adsorp-
tion. According to Michelsen et al. [52], if the calculated values of
Dp be ranged in 10~ to 10~13 cm?s~1, the RLS will be the intra-
particle diffusion and, if the calculated film diffusion co-efficient
(Df, cm? s~1) value be ranged in 106 to 108, then the RLS will
be controlled by the boundary-layer (film) diffusion. But in this
study, the calculated values of D, were in no cases the order of
10~ ecm?s~1. The calculated values of Dp were in the order of
10-8 cm? s~! (Table 2), and at least thousand times more than the
10~ cm?2 s—1. This had indicated that the RLS for the Ni(Il) adsorp-
tion by NHTO is not the intra-particle diffusion. The values of Dg
were also calculated by Eq. (7) [52,53]:

~0.23198Cs

Dr = Citos @

where rg and tg 5 have the same meaning as above, § the film thick-
ness (10~3 cm) [53], Cs and C are the concentrations (mgg~1) of
adsorbate in solid and liquid phases at t=t and t=0, respectively.
The values of Dy calculated were found in the order of 10~7 cm? 5!
(Table 2), which is in between 10-6 and 108 cm?s~1. This had
implied that the Ni(Il) adsorption reaction with NHTO is a film
(boundary-layer) diffusion phenomenon.

3.6. Determination of diffusivity

The Boyd kinetic model [53,54] has been used to analyze the data
of Fig. 8, which is valid under the conditions of experiments. With
diffusion rate controlling in the adsorption on particles of spheri-
cal shape, the solution of the simultaneous set of differential and
algebraic equation lead to Eq. (8).

oo

6 1 —Z272Det

F(t)=1- = E =) exp {R%e] (8)
z=1

where F(t) = g¢/qe is the fractional attainment of equilibrium at time
t, De the effective diffusion coefficient of adsorbate in the adsorbent
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Fig. 10. The Boyd Kinetic plots for the Ni(II) adsorption with variation of temperature and concentration (Cp, mgL~') (a) 10.0, (b) 30.0, and (c) 50.0.

phase (cm?s~1), R, the radius of the adsorbent particles assumed
to be spherical (cm) and z is an integer. Eq. (8) on simplification
attains the form (9)

Felo 2 exp(-B) 9
B is simplified as Eq. (10)

B = —0.4985 — In [1 - (ﬂﬂ . (10)
e

Taking the determined q; and ge values, the B; were calculated
using Eq. (10) and plotted against t. Fig. 10 shows non-linearity over
the range of adsorption time, which had indicated that the adsorp-
tion reaction is not controlled by the intra-particle diffusion. This
supported the result that had been described earlier. The results
obtained had been found to be similar with those reported on
adsorption of (i) chromium on crystalline hydrated titanium oxide
[10] and (ii) dye on unburned carbon [55].

3.7. Isotherm modeling

Fig. 11 demonstrates the equilibrium data as points obtained on
the adsorption of Ni(Il) by NHTO at temperatures T (£1°C)=15°C
(a), 30°C (b), 45°C (c) and 55°C (d). To evaluate the nature of the
adsorption reaction, the data shown in Fig. 11 were analyzed with
the non-linear fit method on the origin-spread sheet of computer
using Eqgs. (11)-(13) [56]:

qmKaCe

Langmuir model : ge = T+RC
aL-e

(11)

Freundlich model : ge = KpC{!/™ (12)

ACe
14 BCE

Redlich-Peterson model : ge = (13)

where g has usual significance and given elsewhere, g, the mono-
layer adsorption capacity (mgg-1), Ce is the equilibrium solute
concentration (mgL~1), K, (Lmg~1), Kr (mgg~1), n, A and B are
the Langmuir, Freundlich and Redlich-Peterson (R-P) isotherm
constants, respectively. Fig. 11 demonstrates the non-linear line
fits of the adsorption data of Ni(Il) on NHTO. Table 3 shows the
estimated parameters related with isotherm Eqs. (11)-(13) includ-
ing statistical error chi-square (x2) and standard square error
(SSE). Based on the regression coefficient (R?), standard square
error (SSE) and the statistical error chi-square (x?2) values, it was
concluded that the experimental data fits were best with the three-
parameter R-P isotherm Eq. (13) (0.97 < RZ <0.99, SSE =2.10-10.74,
and x2=0.30-1.53) and, the goodness of data fits was fairly well
with the models, viz., the Langmuir Eq. (11) (R2 =0.96; SSE =16.57,
21.34 and x%=2.07, 2.67) at 45 and 55°C, and the Freundlich Eq.
(12) (R2=0.96, 0.97; SSE=10.74, 11.97 and x2 =1.34, 1.50) at 15 and
30°C, respectively. The goodness of data fit with the R-P Eq. (13)
was closer to the Langmuir Eq. (11) than the Freundlich Eq. (12) at
two higher temperatures (T=45 and 55 °C), while that was slightly
nearer to the Freundlich than that of the Langmuir at two lower
temperatures (T=15 and 30°C). The R-P model Eq. (13) converts
to (i) the Langmuir type (Eq. (11)) when g=1.0 and (ii) the Fre-
undlich type (Eq. (12)) when g=0. The values for g of the R-P model
Eq. (13) had increased from 0.82 to 0.93 with increasing T from 15
to 55°C, respectively. The values of g (Table 3) of the R-P model
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Fig. 11. The equilibrium data (points) on Ni(II) adsorption from aqueous solution at pH; 5.0 (£0.1) by NHTO at (a) 15°C, (b) 30°C, (c) 45°C, and (d) 55 °C with non-linear fits

of isotherm model equations.

isotherm had suggested the presence of slight less Langmuir char-
acteristics at T=15 and 30°C than at T=45 and 55 °C on the Ni(Il)
adsorption reaction with NHTO. Thus, this has indicated that the
surface sites of heterogeneous type transforms to more homoge-
neous with increasing T from 15 to 55 °C, and the reaction becomes
increasingly monolayer type with rising T on the reaction. To access
the performance of Ni(Il) adsorption by NHTO, the g, (mgg~1) had
been compared with some reported data (Table 4) [26,28,57-67].
It has been seen that the Ni(Il) removal efficiency of the present

Table 3
Analyzed isotherm parameters on Ni(Il) adsorption by NHTO at pH; 5.0 (£0.1) at
different temperatures.

Isotherm equations Parameters Temperature (£+1°C)
15° 30° 45° 55°
K, (Lmg')(x10%) 34.68 3047 103.61 119.08
gm (mgg') 19.18  22.07 2324 2647
Langmuir R? 0.85 0.92 0.96 0.96
SSE 37.23 27.76 16.57 21.34
x> 4.65 3.47 2.07 2.67
Kr(mgg!) 7.69 8.34 11.93 13.06
n 460 4.32 5.79 5.61
Freundlich R? 0.96 0.97 0.92 0.90
SSE 10.74 1197 31.09 57.26
Ve 1.34 1.50 3.89 7.16
A(Lg™) 34.84 2481 43.97 47.24
B(Lmg') 4.32 230 2.61 230
. g 0.82 0.83 0.91 0.93
Redlich-Peterson R? 0.97 0.98 0.99 0.98
SSE 8.64 533 2.10 10.74
Ve 1.23 0.76 0.30 1.53

material is either better or comparable with many other adsorbents
investigated.

3.8. Adsorbate coverage

Comparisons of adsorption characteristics for adsorbent of vari-
ous surface areas or void structures on various adsorbates by surface
coverage are helpful in understanding the interaction between
adsorbates and the surfaces of adsorbents, thus facilitates the
designing and preparing of adsorbents which meets the particular
need.

Taking the monolayer coverage of Ni(Il) on the surface of NHTO
particle, and the covered mass (qm) of 30°C (estimated from the
Langmuir equation), the projected area of adsorbate molecule (Ap,
m?2) (here, hydrated Ni(Il) ion), the adsorbate coverage per unit
gram of NHTO (Sc, m? g~1) could be calculated using Eq. (14) [68]:

s _ 6.023x 10?3 x Am X qm
€ 1000

(14)

The value of S obtained was 812.83 m? g~!. This indicated that
the Ni(Il) ions were very well attracted by the NHTO surface and
the specific surface area increased due to Ni(Il) adsorption from 663
(£5.5) to 812.83 m? g~!. The increase of surface area has indicated
that the NHTO can be used as an adsorbent for scavenging the Ni(Il)
ion from aqueous solution.

3.9. Effect of diverse ions during adsorption

The ions (with concentration range used), which are found com-
monly in waste/ground water, had been used to investigate the
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Table 4

Comparison of Langmuir capacity (qm) with some reported data on Ni(Il) adsorption by adsorbents from aqueous solution.

Adsorbent pH Co (mgL-1) gm (mgg1) Ref.
Modified activated carbon from almond husk 5.0 25.0-250.0 37175 [26]
Tea waste 4.0 50.0-300.0 15.26 [28]
0il palm ash 5.0 472.1-629.5 pmol L-! 168.8 wmol g~! [57]
Powdered egg shell - - 0.007 [58]
Ecklonia Biomass 4.0 50.0-500.0 234 [59]
Grape stalks waste 6.0 2.4x 104 to 2.4 x 10-3 mol L-! 1.82 x 10~ mol g~! [60]
Dye loaded jute fibre 6.58 82.3-456.6 5.26 [61]
Oxidised jute fibre 6.58 82.3-456.6 5.57 [61]
Unmodified jute fibre 6.58 82.3-456.6 3.37 [61]
Montmorillonite 6.5-7.0 10.0-250.0 28.4 [62]
Acid-activated montmorillonite: 6.5-7.0 10.0-250.0 29.5 [62]
Bagasse fly ash (BFA) 6.0 50.0-500.0 mmol L~ 0.4316 mmol g~! [63]
Rice husk ash (RHA) 6.0 50.0-500.0 mmol L-! 0.2839 mmol g—! [63]
Sphagnum moss peat 5.0 25.0-300.0 8.52 [64]
Solid humic acid 3.7 4.0-100.0 0.469 mmol g! [65]
Water insoluble magnetic calcium-alginate microcapsules 5.3+0.13 2.0-150.0 mmol L-! 0.52mmol g-! [66]
Natural iron-oxide coated sand 7.0 30.0-90.0 1.26 [67]
NHTO 5.0+0.1 10.0-150.0 22.07 Present work
Table 5

The adverse effect of some ions on the removal of Ni(II) by NHTO at pH; 5.0 (+ 0.1) and 30°C.

Competing ion (C.I) Mole ratio C.I:Ni(II) Percentage of adsorption Competing ion (C.I) Mole ratio C.I:Ni(II) Percentage of adsorption
5.01 93.26 0.03 45.82
a- 10.02 91.26 Fe(ll) 0.16 34.14
15.03 89.69 € 0.32 25.23
20.04 88.23 0.63 15.42
0.46 91.65 0.73 92.25
0.93 89.26 1.47 90.23
-2
S04 1.85 87.23 catny 220 88.23
3.70 84.35 293 87.36
0.31 91.56 1.22 92.91
0.62 89.56 244 89.27
cr(vl) 0.94 88.56 Me(Ih 3.67 88.81
1.25 87.14 4.89 87.56
Removal percentage of Ni(Il)in the absence of any competing ion 95.27
adverse influence, if any, on the adsorption reaction of Ni(Il) with ¢ —RTIn (1 " l) (16)
NHTO. The results (Table 5) show that the removal percentages of Ce

Ni(I) by NHTO were ranged in 84.0-93.0 compared to that obtained
(95.0%) in the absence of any diverse ion. This had indicated that the
Ni(Il) removal by NHTO reduced slightly in the presence of the used
diverse ions, excepting Fe(Ill). The chloride which has commonly
found to be present at high concentration in water showed insignif-
icant adverse effect on Ni(II) adsorption. The percentage of removal
was ~95.0 in the presence of zero Cl~:Ni(Il) mole ratio, and that
reduced to 88.0 when the mole ratio enhanced from 5.01 to 20.04.
The removal percentages were also found to be >84.0 to <93.0 in
the presence of otherions (Table 4). However, the substantial reduc-
tion in the removal percentage of Ni(Il) was found in the presence
of Fe(III). It was found that the percentage of removal reduced from
~95.0 to ~46.0 with increasing Fe(III):Ni(II) mole ratio from 0 to
0.03, and that became ~15.0 when the mole ratio enhanced to 0.63.
This has indicated that the Fe(Ill) competes strongly with Ni(II) for
the binding sites on NHTO surfaces for adsorption at the conditions
of experiment. It might be due to the higher positive charge on
Fe(Ill) and chemical closeness with Ni(II).

3.10. Evaluation of adsorption energy

The equilibrium data shown (as points) in Fig. 11 were analyzed
by Dubinin-Radushkevick (D-R) Eq. (15) [69,70] for evaluating the
adsorption energy.

In ge = Ingp, — Kpre?, (15)

where ¢ is the Polanyi potential, g, the D-R adsorption capac-
ity (molkg~1), and Kpg is a constant related to adsorption energy
(mol? kJ=2). The ¢, and Kpg parameters were evaluated from the
intercepts and slopes of the plots of In ge versus &2 (plots omitted).
The mean free energy of adsorption (Epgr) is the free energy change
when 1 mol of ion is transferred to the surface of the adsorbent from
infinity in the solution [69,70] and, it was calculated using Eq. (17):

Epg = (—2Kpg) ™' (17)

Table 6 demonstrates the estimated parameters of the D-R equa-
tion with Epg. The magnitude of Epg is useful for estimating the type
of adsorption reaction and, if it be ranged in 8.0-16.0k] mol~!, the
adsorption reaction should be taken place by electrostatic mech-
anism [69,70]. The Epg values obtained for the present case were
ranged between 8.0 and 16.0kJmol-! for 15 and 30°C, and that
were very close to 16 k] mol~! for the 45 and 55°C. The Epg val-

Table 6
The Dubinin-Radushkevick (D-R) isotherm equation parameters on Ni(Il) adsorp-
tion by NHTO at pH; 5.0 (+0.1).

T(£1.6K) Kpr (mol? kJ—2) q,, (molkg1) Epg (k] mol~1) R?
(x10-9) (x10-%)

288 2.85 7.31 13.25 1.00

303 2.51 8.08 14.11 0.99

318 1.92 9.21 16.14 0.98

328 1.87 10.25 16.35 0.98
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Fig. 12. The plot of Ink; vs. 1/T (K1) for the activation parameters with variation of
Ni(Il) concentration in solution.

ues thus indicated that the Ni(Il) adsorption on NHTO had taken
place mainly by electrostatic mechanism with some other inherent
mechanisms lying within for the reactions especially at higher two
temperatures.

3.11. Activation parameters

The relation between the rates constant (k) with reaction tem-
perature may be described by the Arrhenius Eq. (18):

k1 =Aexp (—%) (18)

The rate constant, ki is considered here as the pseudo-first
order rate constant (min~1). A is a temperature independent factor
(gmg~! min~1), E, the activation energy of adsorption (k] mol-1), R
the molar gas constant (8.314] mol~1 K1) and T the absolute tem-
perature (K). Taking logarithmic of Eq. (18), the following Arrhenius
type linear Eq. (19) is obtained.

Ink; =InA+ (7%) % (19)

The plot of Ink; against 1/T shows a linear (Fig. 12) variation
with high value of regression coefficient (R% =0.95-1.00).

The intercept and slope of the plots gave the temper-
ature independent parameter, A (3.33 x 103, 6.81 x10* and
2.54x10*gmg~1s71) and the activation energy, E; (24.13, 31.79
and 29.57 kjmol~1), respectively. The results obtained had been
found to be similar to that had been reported by Daifullah et al.
[71] and Ozcan et al. [72].

3.12. Thermodynamic parameters

The thermodynamic parameters such as change in Gibbs free
energy (AG°, kjmol~1), enthalpy (AH°, kmol~1), and entropy
(AS°, kymol~1K-1) of the adsorption reaction are used to deter-
mine spontaneity of the process and whether it is endothermic
or exothermic. The AG° is related to the equilibrium constant,
(Kc =qe/Ce) by the following Eq. (20):

AG® = —RTInK. (20)

The terms present have their usual significance and given else-
where.

According to thermodynamics, the AG®° is also related to AH°
and AS° at constant temperature by the following Eq. (21):

1n1<c=(ASO)—<AHO) (21)

R RT
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Fig. 13. The Vant Hoff's plot for thermodynamic parameters.

The values of AH° and AS° were calculated from the slope and
intercept of the linear plots (R2 =0.98) of In K. versus T-! (Fig. 13).
Table 7 shows the estimated values of thermodynamic parameters.
It was found that the — AG° values increased with increasing T and
indicated the enhancement of feasibility and spontaneity of Ni(II)
adsorption reaction with NHTO. The positive AH° value (Table 6)
suggested the endothermic nature of the reaction, which is opposite
to that reported by Bhattacharyya and Sen Gupta [31,32]. The posi-
tive AS° value (Table 6) indicated also that this reaction took place
with the increase in number of species at the solid-liquid interface
and, hence the randomness at the (solid +liquid) interface. This is
presumably due to the release of aqua molecules at interface when
the aquated Ni(II) is adsorbed on the surface of the adsorbent. The
low positive value of AH° (much less than 40 k] mol~1) indicates
the physisorption of Ni(II) on NHTO.

3.13. Confirmation of the favorability of the adsorption process

To confirm the favorability of the Ni(II) adsorption by NHTO, the
separation factor (R ) was calculated using the following Eq. (22)
[33,48,49]:

1
T 1+K.G

where R; is a dimensionless separation factor indicating the shape
of the isotherm, K; and Cy have their usual significance as speci-
fied earlier. The isotherm is (i) unfavorable when Ry > 1, (ii) linear
when Ry =1, (iii) favorable when R <1 and (iv) irreversible when
Ry =0. The values of R were calculated by taking Kj, obtained from
the non-linear analysis of Langmuir isotherm and the lowest Cy
(10.0mgL-1) that used for the equilibrium isotherm studies were
found to be 0.224, 0.247, 0.088 and 0.078 at T=15, 30, 45 and 55 °C,
respectively. The R, values were laid above zero and much below
1.0 indicating the favorable adsorption of Ni(Il) by NHTO, and that
should be true for the other higher Cy used for equilibrium stud-
ies. The Ry values, in general, had revealed that the NHTO is a good

RL (22)

Table 7
Thermodynamic parameters evaluated on Ni(Il) adsorption by NHTO at pH; 5.0
(£0.1).

Adsorbate  Temperature —-AG° +AH° (kfmol~')  +AS° (kJmol~ 1K)
species (£1°C) (kJmol-1)
15 13.90
. 30 15.05
Ni(II) 45 16.22 6.15 0.07
55 16.30
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Fig. 14. Desorption of adsorbed Ni(II) from the Ni-NHTO using different eluants. A:
0.01 M HCl, B: 0.1 M HCl, C: 0.01 M HNOs, D: 0.1 M HNOs, E: 0.01 M H,S04, F: 0.1 M
H,S04 G: 0.1 M NaCl, H: 0.1 M NaNOs, I: 0.1 M Na;S0y4, J: 1M NaCl, K: 1 M NaNO3, L:
1M Na,S04, M: 2M NaCl, N: 2 M NaNOs, and O: 2M Na;S04.

adsorbent for scavenging Ni(Il) from the aqueous solution of any
particular concentration.

3.14. Desorption study

The results on desorption of Ni(ll) from the solid Ni-NHTO
(ge=26.90mgNig~1) by used different eluants at 30+ 1°C are
shown in Fig. 14. It was found that the percentages of Ni(Il) released
by 0.1 M HCl were ~98.0 and ~73.0, respectively, from the sam-
ples T-1 and T-2. The lower percentage of desorptions from the T-2
material than the T-1 had indicated stabilization of Ni(Il) on NHTO
surface with increasing drying temperature. Amongst the mineral
acids used, HCI was found to be the most effective for this purpose.
The percentage of Ni(Il)-desorption from the sample T-1 with 0.1 M
HCl was ~98.0 while that with 0.1 MHNO3 and 0.1 M H,SO4, respec-
tively, were ~ 96.0 and ~95.0. Again, the 0.1 M HCl was found to be
slightly more efficient than the 0.01 M HCl to release the metal ion
from the solid surfaces. This is due to the (a) greater H* concen-
tration available from 0.1 M HCI than 0.01 M HCIl, which compete
well for the active sites where Ni(Il) hosted on the solid and, (b)
lower solution pH (<pHzpc) converts the solid surface positive. The
solutions of sodium salts of used corresponding acids were found
to be much less efficient. The desorbed percentage from the Ni(Il)-
NHTO was ~75.0 by 1.0 M Na;SO4 which has been found much less
compared to that of the acids tested, but higher than the other salt
solutions used. The lower percentage of Ni(Il) release by the salt
solutions compared to the acids is due to the neutral solution pH.
The higher percentage of release by Na,SO4 than the other used
salts is presumably due to the available double Na* concentration in
solution, which competes well for active sites where Ni(Il) hosted on
the solid. Thus, the best eluant found is 0.1 M HCl for the desorption
of adsorbed Ni(II) from NHTO surfaces.

4. Conclusion

The synthetic titanium(IV) oxide (NHTO) was agglomerates of
nanocrystallite particles of dimension 11-13 nm, hydrated and, the
composite of brookite, anatase and rutile phases with irregular
surface morphology. The specific surface area and pHp, of the syn-
thetic oxide were 663.0 (£5.5)m?2 g~! and 6.5 (+0.3), respectively.
The optimum pH (pH;) was 5.0 (£0.1) for the Ni(Il) adsorption. The
time required in reaching equilibrium was ~30 min indicating very
fast reaction. The pseudo-first order rate equation described the
adsorption kinetics very well. The film (boundary-layer) diffusion

phenomenon influenced the adsorption rate. The Redlich-Peterson
isotherm described the equilibrium data very well. The Fe(lIl) ion
showed a strong negative influence on adsorption of Ni(Il) by NHTO.
The mean free energy of reaction indicated the columbic binding of
the metal ion with the solid. The adsorption of Ni(Il) by NHTO was
spontaneous and endothermic and that took place with increasing
entropy. The 0.1 M HCI desorbed 98% of adsorbed Ni(Il) from the
Ni-NHTO.
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