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ABSTRACT: The adsorption/desorption behavior of Cd2þ and Cu2þ on/from nanostructured hydrous titanium(IV) oxide (NHTO)
surfaces was studied at 30 �C and pH 5.0 (( 0.1). The pseudosecond-order kinetics model described the metal ion adsorption reactions
withNHTOvery well (R2 = 1.00). The isotherm equilibria were of a Langmuir type (R2Cd = 1.00,R

2
Cu = 0.95). Themonolayer capacities

evaluatedwere (0.15 and 0.46) mmol 3 g
�1 for Cd2þ andCu2þ, respectively. Investigations on the desorption of adsorbedmetal ions from

NHTO surfaces with a variation of complexions, ionic strength (I), and solution pH showed that ethylenediaminetetraacetic acid (EDTA;
0.01 M) and the HCl (0.1 M) solutions were the most efficient. Kinetic data of the desorption reactions between M2þ-NHTO (M2þ =
Cd2þ or Cu2þ) and EDTA (0.01M) orHCl (0.1M) were described by the first-order equationwell (R2 = 0.96�1.00), except the kinetic
data for the Cu2þ desorption by 0.01 M EDTA, which were described by the Elovich equation well (R2 = 0.96). The kinetics of the
desorption reactions indicated that the 0.1MHCl could desorbmetal ions fromNHTO surface withmore efficiency than 0.01MEDTA.
The desorption of metal ions with 0.1 M HCl could be described by an ion-exchange reaction type.

1. INTRODUCTION

Many small and large scale industries produce significant
amounts of heavy metal-laden wastewater, often discharged into
the environment without any prior treatment, which often is a
major source of pollution and a health hazard.However, because of
stringent legislation, the levels of heavy metal ions must be
controlled before release to the environment,1 as they are classified
as poisons since they accumulate in living species with permanent
toxic and carcinogenic effects. They are characterized by their
persistence in ecosystems because of their nonbiodeterioration
and their bioaccumulation along the food chain.2 For these
reasons, the presence of the heavy metal ions in the environment
with concentrations not complying with pollution legislation is
unacceptable, which indicates the requirement for the proper
pretreatment of wastewater with recovery of metals for recycling.

Numerous technologies3�8 have been investigated for the
effective removal of toxic metals from contaminated water, such
as flocculation-coagulation, precipitation, membrane-filtration,
reverse osmosis, ion-exchange, and surface adsorption, and so
forth. Among these, the simplest recyclable and cost-effective
method is surface adsorption, because the surface can be
regenerated and reused. Additionally, it requires less space for
installation and produces low sludge volume. An inconvenience
of the remaining processes is the production of large volumes of
toxic waste or sludge that can be difficult to dispose. Therefore,
an essential need is the recovery of the metal ions from the
enriched waste or sludge before disposal, to prevent re-entrance
of the heavy metal ions into the environment.

Therefore, recovery of metal ions from the enriched solid
waste surface by desorption might be an alternative option of
remediation. Again, the regenerated solid can be reused after
reactivation, which should minimize the technological cost and
disposal of the waste. Some workers9�17 have made substantial
efforts for the recovery of adsorbed metal ions from enriched

solid surfaces by desorption. This has been carried out by the
workers9�17 mainly with the help of counter adsorption techni-
ques and the use of some chemicals, which can replace the
adsorbed substances. The use of ultrasonic sound waves has also
been reported18 for the recovery of phenol from an adsorbent
surface. Desorption phenomena are now being redefined by
analyzing them quantitatively using some tools to take a deeper
insight into the process.19

The enhanced surface activity and area of nanostructuredmaterials
encouraged us to make an attempt to use these materials for
scavenging undesired chemicals from contaminated water. Conse-
quently, we synthesized nanostructured hydrous titanium(IV) oxide
(NHTO) for toxic metal removal20�22 and some mixed metal
oxides23�26 for investigating the efficiency of arsenic elimination
from aqueous solution. The objectives of this present work are the
optimization of reagents for the desorption of adsorbed metal ions
from adsorbent surfaces to minimize the waste disposal problem.
Thus, the present work reports herein the desorption behavior of
adsorbed cadmium(II) and copper(II) from the agglomerated
nanostructured hydrous titanium(IV) oxide (NHTO) surface.

2. MATERIALS AND METHODS

2.1. Chemicals. In this study, cadmium and copper metals
(purity: 0.999) used for the preparation of stock solutions were
analytical grade (A.R., BDH, England). Titanium(IV) tetrachlor-
ide (0.9950) used for the preparation of NHTO was procured
from Spectrochem, India. Citric acid (CA) (0.999) and tartaric
acid (TA) (0.9995) were of guaranteed reagents (G.R.) grade
(Merck, India). Sodium nitrate (0.9995) and the disodium salt of
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ethylenediaminetetraacetic acid (EDTA; 0.9995) were G.R. grade
(Merck, India). All other reagents used were G.R. grade (Merck,
India).
2.2. Instruments.AnELICOmade pHmeter (model: LI-127,

India) was used for the pH analysis. An atomic absorption
spectrophotometer (model: AAnalyst 200, Perkin-Elmer) was
used for the analysis ofmetal ion concentrations in the samples. A
transmission electron microscopic (TEM) (FEI, Tecnai S Twin)
image was taken on a copper grid at an accelerating voltage of
200 kV with attachment of a digital micrograph processor for
crystallite size. A scanning electron microscope (SEM) (Tescan
Vega, U.K.; model LSUþ) was used for recording an image of the
sample sprayed on carbon tape for surface morphology. A
Quatachrome Autosorb-1C surface analyzer was used for infer-
ring the Brunauer�Emmett�Teller (BET) surface area and pore
size distribution of the material by degassing at 300 �C for 3.0 h
and N2 physisorption data at 77 K.
2.3. Metal Solution. A requisite amount of each metal was

dissolved separately by treatment with 0.05 dm3 concentrated
nitric acid and diluted to 1.0 dm3 with double-distilled water for
the stock solution of metal ions (500 mg 3 dm

�3). For the
experiments, each metal solution at any desired level of concen-
tration was made by diluting the stock solutions with double-
distilled water.
2.4. Preparation of NHTO. The method used for the NHTO

preparation has been described previously.20 An outline of the
procedure is given here: 0.03 dm3 of liquid TiCl4 was injected
slowly into 1.0 dm3 of well-stirred distilled water. To the milky
white suspension, NH4OH was added slowly until the pH
increased to 6.4 (( 0.1). The milky white precipitate formed
was aged for six days. It was filtered and washed with distilled
water to make the white mass chloride-free. The white jelly mass
was dried at∼80 �C in an air-oven and ground, then sieved to get
the desired level of agglomerate size of the nanoparticles. The
agglomerated particles ranging from (0.29 to 0.36) μm size
fraction were used for the experiments.
2.5. Adsorption Experiment. For the kinetics of the adsorp-

tion reactions, 0.5 dm3 of Cd2þ [initial concentration,C0 = (2.22,
4.44, and 8.88) μmol 3 dm

�3 or Cu2þC0 = (0.39, 7.86, and 15.72)
μmol 3 dm

�3] solutions at pH 5.0 (( 0.1) were mixed with 1.0 g

of NHTO in 1.0 dm3 glass beakers and agitated at (300 (
10) rpm at 30 �C. At regular intervals of time, the reaction
mixture was sampled (1.0 cm3) and centrifuged. The centrifuged
samples were analyzed for metal concentration. The adsorbed
amount (qad, mmol 3 g

�1) of the metal ion per gram of NHTO
was calculated by eq 1.

qad ¼ wi � wt

m
ð1Þ

where wi and wt are the amount (mmol) of metal ion added at the
beginning (t = 0) and found at any time (t) of the reaction,
respectively; m is the mass (g) of NHTO added for the
experiment.
For equilibrium isotherms of the adsorption reaction, to 0.05 dm3

solution at pH = 5.0 (( 0.1) of Cd2þ [C0 = (0.22 to 2.67)
mmol 3 dm

�3] or Cu2þ [C0 = (0.39 to 4.72) mmol 3 dm
�3] was

added 0.1 g ofNHTO in 0.25 dm3 polyethylene bottles and agitated
at a speed of (300 ( 10) rpm for an hour at temperature (T) =
30 �C. Immediately after 1.0 h of agitation, the suspended NHTO
particles were separated by centrifugation, and the centrifuged
solution was analyzed for metal concentrations. The adsorption
capacity (qe, mmol 3 g

�1) of NHTO at equilibrium was calculated
using eq 1, where wt becomes we, the amount (mmol) of metal ion
adsorbed at equilibrium.
For the preparation of metal adsorbed NHTO (M2þ�NHTO,

where M2þ = Cd2þ/Cu2þ), 0.25 dm3 of 18.0 mmol 3 dm
�3 Cd2þ

or 31.0 mmol 3 dm
�3 Cu2þ solution (pH 5.0 ( 0.1) were taken

with 5.0 g of NHTO into a 1.0 dm3 beaker and placed in a
thermostatic water bath atT = 30 �C and agitated (300( 10) rpm
using a mechanical stirrer for 2.0 h. Once the agitation time was
complete,M2þ-NHTOparticles were separated from the liquid by
filtration using a 0.45 μM membrane filter and washed with
distilled water adjusted to pH 6.0 (( 0.1). Analyzing the filtrates
for the Cd2þ or Cu2þ amount (qe, mmol 3 g

�1) adsorbed by
NHTOwas calculated by taking difference between the amount of
metal ion taken in solution initially and found in solution at
equilibrium. The metal-adsorbed NHTO (M2þ-NHTO) was
dried overnight in an air oven at ∼60 �C, which was used for
the desorption experiments.

Figure 1. Scanning electron microscopic (SEM) and the transmission electron microscopic (TEM) images of NHTO.
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2.6. Desorption Experiment. For the selection of appropriate
reagent for the metal ion desorption, 0.1 g of dried M2þ-NHTO
was mixed with 0.05 dm3 of reagent solution in the 0.25 dm3

polyethylene bottles and agitated at (300 ( 10) rpm for 5 h.
Immediately after the agitation period, the solid particles were
separated using a 0.22 μM syringe filter, and the metal concen-
tration remained in solution was analyzed by atomic absorption
spectrophotometry.
For the desorption kinetics, 0.50 g of M2þ-NHTO was mixed

with 0.50 dm3 of the reagent solution and agitated at (300 (
10) rpm. The sampling (1.0 cm3) from the reaction mixture was
made with variation of time from the start and analyzed for the
metal ion.

3. RESULTS AND DISCUSSION

3.1. Characterization of NHTO andMetal AdsorbedNHTO.
Results of the characterizations of NHTO have been reported.20

Figure 1 shows the micrographs of the SEM and TEM images of
NHTO. The SEM image showed that NHTO had irregular
surface morphology. The TEM image demonstrated that NHTO

was crystalline and the crystallite size was (11 to 13) nm. The
X-ray diffraction pattern of NHTO20 showed that the NHTO
was crystalline with nanostructured particles. Figure 2 demon-
strates the SEM images of M2þ-NHTO. It can be seen that the
smoothness of the NHTO surface is enhanced only, which may
be due to the occurrence of metal ions and the frictional effect
when agitated. The parameters reported20 were titanium content
(53.4( 0.2) %, thermal weight loss (20.6( 0.2) %, bulk density
(1.21( 0.05) g 3 cm

�3, and zero surface charge pH (pHzpc) (6.5(
0.3). Figure 3 presents the nitrogen gas adsorption isotherm for
the BET surface area analysis and the pore width distribution in
NHTO. The BET surface area (m2

3 g
�1) and the average pore

width (nm) were 270 (( 1.5) and 5.28, respectively. The high
BET surface area of NHTO agrees well with that generally
expected for nanostructured materials.
3.2. Kinetics of Cd2þ and Cu2þ Adsorption Reactions. The

kinetic data (qt, mmol 3 g
�1) (not shown) for the adsorption

reactions of Cd2þ (C0/μmol 3 dm
�3 = 22.2, 44.4, 88.8) and

Cu2þ (C0/μmol 3 dm
�3 = 39.3, 7.86, 15.72) withNHTOobtained

at T = 30 �C and pH = 5.0 (( 0.1) were analyzed by the well-
knownmodel equations27 such as the pseudofirst-order (eq 2) and

Figure 2. SEM images of (A) Cd(II)-NHTO and (B) Cu(II)-NHTO.

Figure 3. (A) N2 adsorption/desorption isotherm profile and (B) pore size distribution profile of NHTO.



3024 dx.doi.org/10.1021/je200222y |J. Chem. Eng. Data 2011, 56, 3021–3028

Journal of Chemical & Engineering Data ARTICLE

the pseudosecond-order (eq 3) kinetic model using nonlinear
statistical fit methods.

Pseudofirst-order equation : logðqe � qtÞ ¼ log qe � tðk1=2:303Þ
ð2Þ

Pseudosecond-order equation : t=qt ¼ 1=k2qe
2 þ t=qe ð3Þ

where qe and qt are the adsorption capacities (mmol 3 g
�1) of

adsorbent, respectively, at equilibrium and time, t (min). k1
(min�1) and k2 (g 3mmol�1

3min�1) are the pseudofirst-order
and the pseudosecond-order rate constants, respectively.
The kinetic parameters estimated from the nonlinear statistical fit

method of analysis of the kinetic data using the pseudofirst-order
and the pseudosecond-order equations are shown in Table 1. It was
found that the pseudosecond-order described the metal ion adsorp-
tion kinetic data very well (R2 = 1.00). Again, the lowering of the k2
value with increasing concentration of the metal solution indicated
that the uptake of either metal ion by NHTO was increasingly
favorable with lowering of the concentration. This is due to the fact
that the positive charge on the NHTO surface has an initial rapid
uptake of metal ion from the solution of high metal load, but the
metal ion uptake is hindered in the later stages by the Columbic
forces or lowering of the accessible active sites on the solid surface.
3.3. Equilibrium of Cd2þ and Cu2þ Adsorption Reactions.

Variations of the equilibrium capacity (qe, mmol 3 g
�1) against

the equilibrium concentration (Ce/mmol 3 dm
�3) of Cd2þ

(C0/mmol 3 dm
�3 = 0.22 to 2.67) and that of Cu2þ (C0/mmol 3

dm�3 = 0.39 to 4.72) were analyzed separately by the most familiar
isotherm equations6,20,22 such as the Langmuir and the Freundlich
isotherm models (eqs 4 and 5) (plots omitted) using a nonlinear
statistical fit method to understand the nature of the active sites of
the solid.

Langmuir equation : qe ¼ ðqmKaCeÞ=ð1þ KaCeÞ ð4Þ

Freundlich equation : qe ¼ KFC
1=n
e ð5Þ

where qe and qm are the equilibrium and the Langmuir mono-
layer adsorption capacities (mmol 3 g

�1), Ka (dm3
3mmol�1)

the Langmuir equilibrium constant; Ce is the equilibrium
concentration (mmol 3 dm

�3), and KF (mmol 3 g
�1) and n are

the Freundlich constants.
The isotherm parameters estimated by analyzing the equilib-

rium data using eqs 4 and 5 are presented in Table 2. It was found
that the Langmuir equation described the equilibrium data better
(R2 = 1.00 for Cd2þ; 0.95 for Cu2þ) than the Freundlich
equation (R2 = 0.91 for Cd2þ, 0.85 for Cu2þ), indicating active
sites of NHTO were homogeneous and accessible equally by the
metal ions. The monolayer saturation capacity (qm, mmol 3 g

�1)
of NHTO was found to be higher for Cu2þ (0.46 mmol 3 g

�1)
than for Cd2þ (0.15 mmol 3 g

�1), indicating that NHTO had a
higher affinity for Cu2þ than for Cd2þ.
Both divalent ions should exist in aqueous solution as hydrous

species28,29 at the working solution pH 5.0 (( 0.1). The smaller
Cu2þ (0.146 nm) ion could penetrate into the interlayer space of
the adsorbent more easily than the larger Cd2þ (0.194 nm).30

The dimensionless parameter, RL [= (1 þ C0Ka)
�1],31 where

Ka = the Langmuir constant (dm3
3mmol�1) and C0 = initial

concentration (mmol 3 dm
�3) is an essential feature for predict-

ing the isotherm type. According to Hall et al.,31 the isotherm is
(i) unfavorable forRL > 1.0, (ii) linear for RL = 1.0, (iii) favorable for
0 < RL < 1.0, and (iv) irreversible for RL = 1.0. The calculation
of the RL values for adsorption of either Cd2þ or Cu2þ ions
with NHTO at pH = 5.0 (( 0.1) and T = 30 �C and the C0 range
of themetal ions investigated showed theRL values laid between zero
and unity indicating the adsorption reactions were favorable.
3.4. Desorption ofMetals.Desorption of either the metal ion

from M2þ�NHTO was investigated by varying (i) complex
formation ability of the metal ions with chelating reagents such as
citric acid (CA), tartaric acid (TA), and the disodium salt of
EDTA; (ii) concentration of Hþ derived from hydrochloric acid
(HCl); (iii) influence of ionic strength of Naþ derived from
NaNO3; and (iv) eluent solution pH.

Table 1. Kinetic Model Parameters for Cd2þ and Cu2þ Adsorption by NHTO at pH 5.0 (( 0.1) at T = 30 �C and (300( 10) rpm

kinetic model kinetic parameters

C0 3 10
2/(mmol 3 dm

�3)

Cd(II) Cu(II)

2.22 4.44 8.88 3.93 7.86 15.72

pseudofirst-order model k1/(min
�1) 11.15( 0.05 8.96( 0.04 8.68( 0.03 7.73( 0.05 5.81( 0.01 4.07( 0.02

qe ( 3 10
2)/(mmol 3 g

�1) 1.09( 0.002 2.17 ( 0.005 4.22( 0.003 1.94( 0.001 3.91( 0.002 7.46( 0.005

R2 0.93 0.96 0.99 0.99 0.99 0.96

pseudosecond - order model k2/(g 3mmol
�1

3min
�1) 12.76 ( 0.05 2.37( 0.06 0.35( 0.02 6.35( 0.01 3.55( 0.03 0.57( 0.006

qe ( 3 10
2)/(mmol 3 g

�1) 1.10( 0.005 2.19( 0.003 4.18( 0.002 1.89( 0.001 3.87( 0.005 7.65( 0.004

R2 1.00 1.00 1.00 1.00 1.00 1.00

Table 2. Isotherm Model Parameters Estimated for the Cd2þ and Cu2þ Adsorption Reaction with NHTO at pH 5.0 (( 0.1) at
30 �C, (300 ( 10) rpm, and 2.0 h

isotherm models Cd(II) Cu(II)

Langmuir Ka/(dm
3
3mmol

�1) qm/(mmol 3 g
�1) R2 Ka/(dm

3
3mmol�1) qm/(mmol 3 g

�1) R2

35.97 ( 0.06 0.15 ( 0.003 1.00 20.3 ( 0.04 0.46 ( 0.005 0.95

Freundlich KF/(mmol 3 g
�1) n R2 KF/(mmol 3 g

�1) n R2

0.18 ( 0.003 4.36 ( 0.01 0.91 0.39 ( 0.01 5.94 ( 0.05 0.85
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3.4.1. Effect of CA and TA Concentrations. Figure 4 parts A and B
show the concentration effects of CA and TA, respectively, on the
metal ion desorption from theM2þ-NHTOsurface. It was found that
the concentration of desorbed metal ions increased with increasing
reagent concentration from (0.01 to 0.05) M and remained nearly
constant up to 0.2 M. It was also found that the concentrations of
desorbedmetal ions byCAweremuch higher than byTA at any level
of reagent concentration. This is presumably due to the fact that the
solution of CA (basicity: 3) contributed a Hþ concentration higher
than that of TA (basicity: 2) at a given molar concentration, which
competes well for the sites ofNHTOattachedwithmetal ions. Again,
the complex formation ability of CA with metal ions is greater than
that of TA. Thus, the CA solution had greater metal ion desorption
capability from the solid surface than TA. The concentration of CA
optimized was 0.05 M for desorption of either Cd2þ or Cu2þ.
However, the desorption of Cu2þ reduced slightly with increasing
molar concentration of CA from (0.1 to 0.2) M, which might be due
to the lowering of carboxylic acid group dissociation for intermole-
cular hydrogen bonding. Additionally, Cu2þ prefers to form com-
plexeswith a coordinationnumberof four,whileCd2þ prefers to form
complexes with a coordination number of six, indicating a lower
requirement ofmetal-to-ligandmole ratio for complex formationwith
Cu2þ than Cd2þ. Thus CA could be used more efficiently than TA
for desorbing metal ions from the NHTO surface.

3.4.2. Effect of EDTA Concentration. Figure 5 shows the effect
of EDTA concentration on the desorption of the metal ions from
M2þ-NHTO. It was found that the increase of molar concentra-
tion increased the concentration of the desorbed metal ions.
However, the desorbed concentration of Cu2þ was higher than
that of Cd2þ. This could be attributed to the fact that the smaller
Cu2þ ion has a better ability to form complexes than the larger
Cd2þ with EDTA because the ionic potential (charge/radius)
value of Cu2þ is greater than that of Cd2þ. An increase of EDTA
concentration increases the available ligand ion in solution for
the abstraction ofmetal ions by complex formation from the solid
surface, which explains the increase in desorbed metal concen-
tration with increasing reagent solution concentration. However,
the desorbed concentrations of Cu2þ were about twice than that
of Cd2þ, which is again due to the higher complex formation
ability of former species than the latter.
3.4.3. Effect of Ionic Strength (NaNO3 as Background Salt).

Figure 6 shows the effects of ionic strength of NaNO3 on releasing
Cd2þ and Cu2þ from M2þ �NHTO at a final solution of pH 5.5

Figure 4. Effect of citric acid (CA) and tartaric acid (TA) concentrations
on the (A) Cd2þ desorption fromCd2þ-NHTO (0.15 mmol Cd2þ 3 g

�1)
and (B) Cu2þ desorption from Cu2þ-NHTO (0.46 mmol Cu2þ 3 g

�1) at
T = 30 �C, (300 ( 10) rpm, and 2.0 h. Black bar: CA; striped bar: TA.

Figure 5. Effect of EDTA concentration on the desorption of Cd2þ and
Cu2þ from the NHTO surface (0.15 mmol Cd2þ 3 g

�1 NHTO and
0.46 mmol Cu2þ 3 g

�1 NHTO) at T = 30 �C, (300( 10) rpm and 2.0 h.
Black bar: Cu(II); striped bar: Cd(II).

Figure 6. Effect of ionic strength (NaNO3 as background salt) on the
desorption of Cd2þ and Cu2þ from the NHTO surface (0.15 mmol
Cd2þ 3 g

�1 NHTO and 0.46 mmol Cu2þ 3 g
�1 NHTO) at T = 30 �C,

(300 ( 10) rpm, and 2.0 h. Black bar: Cu(II); striped bar: Cd(II).
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(( 0.2). It was found that the concentration of desorbed metal
ions increasedwith increasing ionic strength. Itmight be due to the

(i) increase of Naþ ion activity, which appears from the dissocia-
tion of NaNO3 solution and competes well for the sites occupied
by Cu2þ or Cd2þ on the NHTO surface; (ii) the reduction of
activities of Cu2þ or Cd2þ with increasing ionic strength; and (iii)
the formation of ion-pairs or chelating compounds.32 This results
in the decrease of exchangeable adsorption.33 Additionally, the
presence of background electrolytes may compress the electrical
double layer surrounding the negatively charged surfaces,34,35

which contributes to the release of adsorbed Cu2þ or Cd2þ. Most
research has focused on the effect of ionic strength on the
adsorption behavior of heavy metals on soils, but very little have
been concerned with the desorption behavior.36 It could be
concluded that a high ionic strength is beneficial to desorption
of Cu2þ and/Cd2þ from soils and to the electrokinetic removal of
metal ions from contaminated soils.
3.4.4. Effect of pH on Desorption. Figure 7 shows the effect of

pH on desorption of the metal ions from M2þ-NHTO. It was
found that the desorption ofmetal ions increased with decreasing
pH, which was found to be similar to the results that had been
reported by other workers. 33�38 It might be due to the fact that
(i) the high Hþ ion activity at low pH competes well for the
adsorption sites that were occupied by either Cd2þ or Cu2þ ion
or (ii) a change of the nature of the surface charge of NHTO at
lower pH, favoring desorption of the cations. These cumulative
effects facilitated the desorption of Cd2þ and Cu2þ at lower pH
(e 4.0). The nature of solid surface becomes favorable for the
adsorption at pHg 5.0, and the desorption of the metal ions was
very low or negligible from the M2þ-NHTO surface. Moreover,
the precipitation of insoluble metal hydroxide might occur at
higher pH values, making adsorption or desorption studies
impossible. The results obtained were found to be similar with
the desorption of Cd2þ and Cu2þ from soil. 39

3.5. Kinetic Modeling of Desorption Reactions. Figure 8
parts A and B show the kinetic data of desorption reactions with
0.1 M HCl and 0.01 M EDTA, respectively. To investigate the
metal ion desorption reaction rates, the data were analyzed by
some standard equations33,40�43 shown in Table 3 using the
nonlinear fit method. The kinetic parameters and constants
related to eqs 6 to 9 are presented in Table 4. The correlation
coefficient of the kinetic parameters revealed that the metal ion
desorption reaction kinetics could be described well by a first-
ordermodel (eq 6), except for the case with EDTA. It can be seen
from the plots that the maximum desorption of metal ions by
HCl took place in the first 10 min of each reaction. However, the
desorption of the metal ions by EDTA needed a longer time to

Figure 7. Effect of pH on the desorption of Cd2þ and Cu2þ from the
NHTOsurface (0.15mmolCd2þ 3 g

�1NHTOand 0.46mmolCu2þ 3 g
�1

NHTO) at T = 30 �C, (300 ( 10) rpm, and 2.0 h. Black bar: Cu(II);
striped bar: Cd(II).

Figure 8. Kinetics of (A) Cd2þ desorption fromCd2þ-NHTO(0.15mmol
Cd2þ 3 g

�1 NHTO) and (B) Cu2þ desorption from Cu2þ-NHTO (0.46
mmol Cu2þ 3 g

�1 NHTO) using 0.01M EDTA and 0.1 MHCl atT = 30
�C and (300 ( 10) rpm. 0, EDTA; 2, HCl.

Table 3. Kinetic Models Used for Modeling for the Desorp-
tion of Adsorbed Cd2þ and Cu2þ from the NHTO Surface at
30 �Ca

model formula eq no.

first order ln(qt) = ln(q¥) � k1t 6

second order 1/qt = 1/q¥ þ k2t 7

Elovich qt = (1/β) ln(Rβ) þ (1/β) ln(t) 8

parabolic diffusion qt = B þ kdt
1/2 9

a qt = amount of pre-adsorbed Cd2þ or Cu2þ desorbed after the
desorption period (mmol 3 g

�1); k1 = first-order desorption rate con-
stant (min�1); k2 = second-order desorption rate constant
(g 3mmol�1

3min�1); kd = parabolic diffusion coefficient
(mmol 3min1/2), t = time (min); q¥ = amount of Cd2þ or Cu2þ

remaining adsorbed after the desorption period (mmol 3 g
�1), R, β,

B = constants of respective models.
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complete. It had been seen that the desorption of Cd2þ and Cu2þ

from M2þ-NHTO took about (50 and 30) min, respectively, to
reach the maximum value. The faster desorption of Cu2þ than
Cd2þ by EDTA could be attributed to the better complexion
ability of Cu2þ than Cd2þ, which is due to the greater charge/
radius (ionic potential) value for the former species than the latter.
Thus, the abstraction of Cu2þ as [Cu-EDTA]2� was faster than
Cd2þ as [Cd-EDTA]2� from M2þ-NHTO and increased the
desorption quantity. This is evident from the higher rate constant
value for the first-order process of Cu2þ than Cd2þ.
3.6. ProposedMechanisms for theDesorptionofAdsorbed

Metal Ion. The results obtained best for the desorption of the
metal ions were with HCl and EDTA solution. Therefore, the
mechanisms proposed for the adsorption and desorption of the
metal ions on and from the solid surface can be described as
given below.
Adsorption at pH ∼ 5.0:

NHTO-OHþM2þ f NHTO-OMþ þHþ

Desorption with HCl:

NHTO-OMþ þHþ f NHTO-OHþM2þ

Desorption with H2EDTA
2�:

NHTO-OMþ þH2EDTA
2� f NHTO-OHþ ½M-EDTA�2� þHþ

Inhibition of desorption:

NHTO-OMþ þ Cl� f NHTO-OMCl ðpH > 4:0Þ
where M2þ stands for the Cu2þ or Cd2þ present on the NHTO
surface or in aqueous solution.
Desorption by the HCl solution (pHe 4.0) took place with an

ion-exchange mechanism. The presence of excess Hþ ions at low
pH competes well for the active sites, and desorption takes place.
The Cl� present in HCl solution at pH > 4.0 facilitated the chloro
complex formation with the metal ion that exists on the NHTO
surface as NHTO-OMCl, inhibiting metal ion desorption.
The H2EDTA

2� forms the [M-EDTA]2� (M = Cd/Cu)
complex, and the metal ions being adsorbed on the surface are
desorbed from the sites. Desorption with HCl is an acid�base
exchange type reaction, and thus it was very fast, which is
reflected in the values of the desorption rate constants.

4. CONCLUSION

Adsorption�desorption behaviors of Cu2þ and Cd2þ were
investigated separately using NHTO. The kinetics of the adsorp-
tion reactions at optimized pH (5.0 ( 0.1) was described by a
pseudosecond-order equation well. The equilibrium of metal ion
adsorption reactions with NHTO at 30 �C obeyed the Langmuir
isotherm. Desorption investigations of the metal ions from the
solid surface separately by CA, TA, EDTA, ionic strength, and
solution pH showed that 0.01 M EDTA and 0.1 MHCl were the
best possible reagents. Desorption kinetics investigated using
EDTA and HCl were described well by a first-order kinetic
equation except for Cu2þ desorption by 0.01 M EDTA. The
desorption of Cu2þ by 0.01 M EDTA was explained by the
Elovich model. The highest ionic strength and lowest solution
pH showed good desorption capability of metal ions from M2þ-
NHTO. Again, the efficiency of HCl (0.1 M) is greater than that
of EDTA (0.01 M). The desorption of metal ions by HCl took
place with an ion-exchange mechanism. The reaction of Hþ with
M2þ-NHTO is an acid�base type and very fast, which is
reflected from the high desorption rate. The desorption of metal
ions with EDTA by complex formation was slow for the
heterogeneous phase reaction.
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