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ABSTRACT 

In present communication we report on the kinetic and isotherm studies on Hg(II) removal using our recently reported material, 
the millimeter sized hollow titania spheres (TSP). The mesoporous spheres with high surface area (11.75 m

2
/g) and bimodal 

pore size distribution were fabricated by a facile sol-gel approach using alginate-guar gum hybrid beads as the structure 
directing agent. In order to investigate the utility of TSP for Hg(II) adsorption, the batch adsorption experiments were 
conducted at various pH values (2–7), initial Hg(II) concentrations (50–300 mg/L), and TSP doses (20-100 mg) at 150 rpm, and 
30 °C temperature. The spheres exhibited good capacity to adsorb Hg(II) in wide pH range (pH 3 to pH 7). It was possible to 
remove >95 % Hg(II) from 100 mg/L synthetic Hg(II) solution at pH 5, and 50 mg TSP dose in 10 h. The adsorption 
equilibrium data were better fitted to Langmuir model at low temperatures while Freundlich model become favored as the 
temperature was increased to 40 ºC. Langmuir adsorption isotherm study indicated that the monolayer adsorption capacity of 
TSP was 62.5 mg/g

 
62.5 mg/g

 
78.7 mg/g

 
and 100 mg/g at 10, 20, 30, and 40 ºC respectively, which suggested good Hg(II) 

adsorption capacity of TSP. The calculated RL values evidenced the feasibility of the adsorption. Adsorption kinetic data well 
accorded with pseudo-second order kinetic model with the rate constant k, equal to 2.5 x 10

-4
 g/mg.min

 
1.99  x 10

-4
 g/mg.min

 

and 0.28 x 10
-4

 g/mg.min
 
at 100, 150 and 200 mg/mL initial Hg (II) concentrations, indicating chemisorption taking place in the 

rate determining step. At high initial Hg(II) concentration (200 mg/mL), the adsorption was exclusively controlled by 
intraparticle diffusion. The study revealed the suitability of TSP for the mercury removal from waste water. Copyright © 2015 
VBRI press.  
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Introduction  

The strict regulations for water pollution prevention have 
attracted the development of newer methods/materials for 

improving water quality [1-4]. Among the heavy metal 
pollutants, mercury is one of the most hazardous metals as 

it bioaccumulates within living systems [5]. High solubility 
of Hg(II) in the hydro-system allows the entry of Hg(II) in 
the food chain to cause serious health hazards in the living 
systems.  

In the dissolved phase mercury can exist in the form 
elemental mercury (Hg°), ionic [Hg(II)], and organic 

mercury (MeHg and Me2Hg) [6]. Mercury contaminated 
water has many detrimental effects on aquatic environment 
and on the human health. In human, mercury poisoning is 
known to cause rheumatoid arthritis, minamata disease, 
diseases of the kidneys, circulatory system, nervous system, 
damaging of the fetal brain, paralysis and chromosome 

breakage etc. [7, 8]. Thus mercury toxicity has become a 
major apprehension at regional, national, and international 

platforms. Many processes such as adsorption, coagulation, 
ion exchange, membrane technology, and chemical 
precipitation are known for Hg(II) removal from the 

aquatic environment [9]. Adsorption is popular technique in 
water treatment because of its low cost, simplicity of 

design, high efficiency and easy operation [10].  
TiO2 based materials are attractive due to their unique 

electronic and optical properties. They find application in 
photocatalytic degradation of organic pollutants, photolysis 
of water, solar cells, biomaterials, environmental catalysts, 

photovoltaics and energy storage [11-13]. Highly porous 
inorganic TiO2 beads are endowed with excellent chemical 
and thermal stability, abundance, low cost, low density and 

low toxicity [14, 15]. Owing to uniqueness of their 
characteristics, they have been used as adsorbents for the 

removal of NO and acetone vapors [16], for fluoride 

removal [17], and for the removal of heavy metal ions [18].   
Adsorbents consisting of hollow inorganic spheres can 

be easily recycled because of their easy separation from the 

reactor tanks [19-21] which is otherwise difficult for the 
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adsorbents of fine particle morphology. The column 
clogging problems in column studies can also be minimized 
by the use of hollow inorganic spheres as adsorbent. For 
enhancing the properties of such materials, the process 
parameters of their sol−gel synthesis and calcination 
temperature can be varied besides controlling the 
templating bead properties such as bead diameter, 
morphology, monodispersity, surface properties and 

porosity [13]. 

We recently reported [22] the sol gel synthesis and 
characterization of sodium alginate-guar gum hybrid bead 
templated millimeter sized titania spheres (TSP) where the 
mixed biopolymeric beads consisting of alginate and guar 
gum were used as templating scaffolds for titanium(IV) 
isopropoxide polymerization. The hybrid beads so obtained 
were calcined in air to obtain hollow spheres (TSP) which 
were shown to have good ability to capture Hg(II) ions 
from aqueous solution in a preliminary investigation.  To 
understand the adsorption behavior of TSP, in the present 
study we have under taken a detailed kinetic and isotherm 
study on Hg(II) adsorption at TSP for the first time. The 
influence of pH, adsorbent dose, initial Hg (II) 
concentration, and temperature on Hg(II) adsorption by 
TSP was also studied to find out possibility of its 
exploitation for mercury removal in waste water 
remediation. 

 

 

Fig.  1. Determination of pHzpc of TSP using pH drift method. 

 

Experimental 

Materials 

Titanium (IV) isopropoxide (97%) and 2-propanol (99 %) 
were obtained from Aldrich and Merck, India respectively. 
Absolute ethanol (99.9%) A.R was from Changshu 
Yangyuan Chemical, China. Sodium alginate (Food grade; 
Assay 91-106%) and Rhodamine 6G were purchased from 
Loba Chemie Pvt Ltd., Mumbai, India. Guar gum calcium 
chloride (fused) (Assay 98 %), mercury (II) chloride (G.R) 
(99.5 %), potassium iodide (G.R) Assay 99.8 %),, 
potassium hydrogen phthalate (G.R) (99.9-100 %), were all 
purchased from Merck, India. Sodium thiosulphate (A.R) 
and gelatin (bacteriological) were from central drug house 
(P) Ltd., India and Qualigens fine chemicals, 
Thermoelectron LLS India Pvt. Ltd., Mumbai respectively. 
Double distilled water was used in all the procedures. The 

pH values were adjusted by the addition of 5 M HCl (G.R, 
Merck, India, 35%); or 1 M NaOH (Merck, India).  
 
Methods 

pH measurements were done using EUTECH pH meter 
(model 510). Temperature treatment was done in 
microprocessor controlled electric muffle furnace, Metrex 
Scientific Instruments (P) Ltd., New Delhi, India. Orbital 
shaker incubator, Metrex Scientific Instruments (P) Ltd., 
New Delhi was used. All experiments were done in three 
sets and readings reported are the average of three reading.  
 
Synthesis and characterization of TSP  

The adsorbent (TSP) was synthesized and extensively 

characterized as described elsewhere [22]. In brief, a 
solution of guar gum (0.25 g) and alginate (0.25 g) in H2O 
(25 mL) was dropped through 2 mm diameter nozzle into 
aqueous Ca

2+
 bath (100 mL of 0.2 M CaCl2 solution) to 

obtain mixed polysaccharide beads which were cured in 0.2 
M calcium chloride solution for 2.5 h and thereafter washed 
well with water to remove the adhered Ca

2+
. The swollen 

beads were dehydrated by equilibration using solvent 
exchange from water (75 mL) to ethanol and finally in 
isopropanol for 3 h in each and then were soaked in the 7:3 
v/v mixture of titanium isopropoxide and isopropanol for 
16 h at room temperature and were finally hydrolyzed with 
water/isopropanol solution 1:1(v/v) (5 mL each). The 
hybrid titania beads so obtained were washed well with 
water and were dried in an oven for 8 h at 35-40◦ C. The 
dried beads were calcined at 450°C for 2 h under air flow 
to obtain the adsorbent (TSP). 
 
Determination of pHZPC   

pHzpc of TSP was determined by pH drift method for which 
a solution of 0.005M CaCl2 was boiled to remove the 
dissolved CO2 and then cooled down to room temperature. 
The pH of the solution was adjusted to a value between 2 
and 10 using 2.5 M HCl or 5 M NaOH. The TSP (50 mg) 
was added into 20 mL of the pH adjusted solution in a 
capped vial and equilibrated for 48 h. The final pH was 
measured and plotted against the initial pH. The pH at 
which the curve crosses the pHinitial = pHfinal line was taken 

as pHZPC [23] (Fig. 1).  
 
Hg(II) removal 

Hg(II) adsorption was monitored using batch adsorption 
study. Hg(II) stock solution (1000 mg/L) was prepared by 
dissolving an appropriate amount of HgCl2 in deionized 
double-distilled water. Batch adsorption experiments were 
carried out using TSP as adsorbent on a temperature-
controlled incubator shaker set at 150 rpm (the rpm 
variation showed optimum result at 150 rpm; rpm 
optimization is not shown) and maintained at 30 °C. The 
adsorbent (50 mg) was left in an incubator shaker with 
Hg(II) solution (20 mL of 100 mg/L) for a desired time 
period, and then filtered through a Whatman 0.45 mm filter 
paper. After suitable dilution, the remaining Hg(II) was 
estimated spectrophotometrically at λ575 nm using 

Rhodamine 6G dye in the presence of iodine buffer [24]. 
The amount of metal ions adsorbed per gram of the TSP 
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was calculated by the difference between the initial and 
final Hg(II) concentrations using the Eq. (1) 
 

 
where qe is the amount of the metal adsorbed (mg/g) onto 
the adsorbent, C0 is the initial concentration of the metal 
(mg/L), Ce the equilibrium concentration of the metal in 
solution (in mg/L), V the volume of the solution used (L), 
and W the weight of the TSP used as adsorbent. All the 
adsorption experiments were performed in triplicates and 
the results presented are the average of three readings. 

For optimization study, pH variation was done in the pH 
range of 4–10 at 100 mg/L initial Hg(II) concentration, 50 
mg TSP dose, 10 h contact time, and 150 rpm at 30°C, 
while adsorbent (TSP) doses of 20-100 mg were contacted 
for 10 h with 20 mL of 100 mg/L Hg(II) solution at 30

 ◦
C 

and 150 rpm. Adsorption of Hg(II) at various initial 
concentrations, ranging from 25 to 350 mg/L was studied at 
pH5, 50 mg TSP dose, 10 h contact time, and 150 rpm at 
temperatures ranging from 10 to 40 ºC. The kinetic study 
was performed at 150, 200 and 250 mg/L initial Hg(II) 
concentrations, using 50 mg of TSP dose, pH 5, rpm 150 
and temperature 30 °C. 

 

 

 

Fig.  2. Pseudo second order kinetic models for adsorption at (A) 150, (B) 

200 and (C) 250 mg/L Hg(II) concentrations, at 50 mg of adsorbent dose, 

150 rpm, pH 5 and temperature 30 °C. 

 

Results and discussion 

Mn TSP and mercury loaded TSP were characterized by 
IR, XRD, SEM and TEM studies as described elsewhere 

[22]. The hybrid Titania spheres are nanoporous material 
with interconnected bimodal pores. The material has a 

surface area of 11m
2
/g [22] with pore distribution ranging 

from 1.2 to 9 width. The size of the void between the ridges 
of the spheres is ~50 μm. As characterized in our previous 

study [22], TSP spheres consist of aggregated TiO2 
nanoparticles of 10-12 nm size. pH drifts experiments 
indicated that TSP has pHzpc of 6.2 and its surface has zero 
surface charge at this pH. The material characteristics and 

our previous preliminary investigations [22] revealed that 
TSP can be exploited as an effective Hg(II) adsorbent. To 
understand its adsorption behavior and to work out the 
feasibility of its use in Hg(II) removal from wastewater, in 
the present study  we undertake a detailed study on the 

adsorption isotherms and kinetics at our recently 

synthesized and characterized material “TSP” [22]. 
 
Sorption kinetics  

The kinetic study revealed that the rate of the adsorption 

was initially fast which attained equilibrium in 10 h [24, 

25]. In first 8 h about 89% of the initial Hg(II) was 
adsorbed and then the adsorption slowly tapered off. The 
initial high adsorption rate is due to the availability of free 
adsorption site at the beginning of the adsorption, which 
declined slowly with the passage of the time. The kinetic 
data were modeled by the first order Lagergren equation 
and pseudo-second-order equations. The linear expressions 
for the above models are given in Eq. (2) to Eq. (3) 
respectively. 
 
 
log(qe-qt) = log qe

2.303
t

t

qt

=
1

k2qe
2

+
t

qe

(2)

(3)

k1

 
 

Where, k1 and k2  are constants for pseudo first order 
and pseudo second order models respectively. The kinetic 

data (Table 1) of the present study accorded well with 
pseudo second order kinetic equation indicating 
chemisorption taking place in the rate determining step 
involving various forces through sharing or exchange of 
electrons between sorbent and sorbate. Linear plot of t/qt vs 

t (Fig. 2) had a correlation coefficient (R
2
) of 0.9986 which 

indicated this model is best suited for the adsorption. At 
150 mg/L initial Hg(II) concentration, the pseudo second 
order rate constant was calculated to be 2.5 × 10

-4
. The 

parameters calculated using various kinetic models at 
various initial Hg(II) concentrations are presented in the 

Table 1, from which it is evident that the sorption data 
satisfy the pseudo second order kinetic model. The 
theoretically predicted q values increased with increasing 
initial Hg(II) concentration which is explainable as the 
amount of Hg(II) adsorbed should increase with increasing 

initial Hg(II) concentration [26] being adsorption a surface 
phenomenon.  

Table 1. Constants derived for various kinetic models for Hg(II) sorption 

at TSP. 

 

[Hg(II)]

Mg L-1

Pseudo second order Lagergren’s Weber moris

qe 

mg g-1

k2 g./mg 

/min

R2 qe mg/g k1/min R2 kid

mg/g 

min0.5

R2

100  

150 

200 

43.4

58.8

84.7

2.5 x 10-4

1.99 x 10-4

2.8 x 10-5

0.9986

0.9985

0.9604

40.2

29.3

84.5

4.606x10-3

4.606x 10-3

2.303x 10-3

0.964

0.998

0.896

1.48                                                                                           

2.01

1.96

0.9997

0.9889

0.974  

Since neither pseudo first order nor pseudo second 
order model can identify the diffusion mechanism, it was 
necessary to model the kinetic data by intraparticle 
diffusion model using Eq. (4). The rate cannot be decided 
only by the mass transfer from the bulk liquid to particle’s 
external surface as the particles were rapidly agitated 
during the sorption period. It may be assumed that the rate 
determining step may be film or intraparticle diffusion. 
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Weber and Morris intraparticle diffusion model is 
expressed as eq-4  

 qt = kid x t0.5
(4)+ C

 

Where qt (mg/g) is amount of mercury adsorbed at time 
t, C is (mg/g) intercept and kid (mg/g min

0.5
) is the 

intraparticle diffusion rate constant. Some degree of 
boundary layer control was indicated at 100 and 150 mg/L 
initial Hg(II) concentration at as the plots of qt vs t

0.5
 did  

not pass through origin and plot has intercept 7.2 mg/g and 
5.1 mg/g respectively, indicating that intraparticle diffusion 
is not only the rate determining step but other kinetic 
mechanism may be controlling the rate of sorption and all 
of them may be operating simultaneously. High intercept at 
these Hg(II) concentrations is the indicative of the 
abundance of the solute in the boundary layer. According to 

McKay and Allen [27], three linear sections on the plot qt 
vs t

0.5
 can be identified. The first portion represents external 

surface adsorption or an instantaneous adsorption stage 
while the second portion is a gradual adsorption stage, 
where the intra-particle diffusion is the controlling factor 
and final equilibrium stage where the intra-particle 
diffusion starts to decelerate due to extremely low solute 
concentrations in the solution. At 100 and 150 mg/L

 
intial 

Hg(II) concentrations first two sections are visible while the 
third section is not visible in the present study. 

A linear plot passing through origin was obtained for 
200 mg/L initial Hg(II) concentration, indicating 
intraparticle diffusion is the only rate determining step at 

this high initial Hg(II) concentration (Fig. 3). 
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Fig. 3. Weber and Morris intraparticle diffusion model for the adsorption 
kinetic data at 100, 150 and 200 mg/L initial Hg(II) concentrations, pH 5, 
30 ºC, rpm 150, 50 mg TSP dose, 20 mL contact volume. 
 
Optimization of adsorption 

Adsorption pH 

The pH is a controlling factor while assessing the sorption 
capacity of an adsorbent for determining the adsorption 
between the adsorbent and aqueous interface. The uptake of 
Hg(II), onto TSP for 100 mg/L initial Hg(II) concentration 
and 50 mg TSP dose has been examined in the pH range of 

pH 2–10. Fig. 4(a) shows the uptake of metal ions by TSP 
as a function of pH where a sharp increase in the adsorption 
is visible on increasing the pH from pH 2 to pH 3, 
thereafter it did not change much up to pH 6 (~95% 
uptake). The adsorption decreased to 93% when pH was 
increased to pH 7. Thus it is evident that the adsorbent 
could perform very well in wide pH range (pH 3 to pH 7). 

The availability of surface hydroxyl groups at TiO2 is 
dependent on the solution pH. TSP surface charge will be 
zero at pH 6.2, it will be negative at pH >pHzpc and 
positive at pH <6.2. At measurement pH, pH 5, the TSP has 

Ti-OH and/or Ti-OH2
+
 however surface hydroxyl groups of 

TiO2 will be dissociated to form TiO− at pH > 6.2 [7]. 
Many mercury species such as (HgCl2, HgCl

+
, HgClOH, 

and Hg(OH)2 are present  in the pH range 3.0 -7.0. Thus 
electrostatic interaction does not seem to be reason for the 
adsorption in the present study; rather it appears to be 
surface phenomenon where mercury species is physically 
adsorbed at TiO2 nanoparticle surface of the spheres. 
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Fig. 4. Effect of (a) pH (b) initial Hg(II) concentration (c) adsorbent dose 
on Hg(II) adsorption by TSP. The adsorption conditions: initial Hg(II) 
concentration 100 mg/L, TSP dose 50 mg, contact time 10 h, rpm 150, 
temperature 30 ºC. 
 

Initial Hg(II) concentration  

Adsorption of Hg(II) at various initial Hg(II) 
concentrations ranging from 25 to 350 mg/L is 
demonstrated at optimum pH (pH5), 10 h contact time, 150 

rpm and temperature 30 ºC (Fig. 4(b)). It was found that 
with the increase in the initial Hg(II) concentration from 50 
to 350 mg/L the removal of Hg(II) declined from 97 % to 
65%. This is explainable as at higher initial Hg(II) 
concentrations more Hg

2+
 ions are available for the fixed 

available adsorbing sites at the sorbent. 
 
Adsorbent dose  

In order to investigate the effect of adsorbent (TSP) dose 
on Hg(II) adsorption, various doses of adsorbent (20-100 
mg) were contacted with 20 mL of 100 mg/L Hg(II) 
solution for 10 h at 30

 ◦
C, and 150 rpm. It is apparent that 

the % adsorption increased with the increase in the 

adsorbent dose. Fig. 4(c) shows that adsorption capacity 
increased from 64% to 93 % with the increase in adsorbent 
dose from 10 to 50 mg. This can be attributed to the 
availability of additional binding sites at higher doses.  It 
was observed that the amount of Hg (II) adsorbed on TSP 
increased with increase in the adsorbent dose up to 50 mg 
and further increase in dose did not affect the removal 
much, indicating exhaustion of Hg(II) for further 
adsorption.   
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Adsorption isotherm study 

Equilibrium relationships between adsorbent and adsorbate 
are important in designing a sorption system.  The 
adsorption isotherms describe the maximum capacity of 
adsorption of an adsorbent. In the present study two 

adsorption isotherm models, Langmuir and Freundlich [28] 
have been considered to describe the adsorption 
equilibrium. Langmuir isotherm may be represented in the 
linear form by the eq-5.   
 
 Ce

qe

=
1

Qob
+

Ce

Qo

(5)

 
 

Where, Ce is equilibrium concentration (mg/L), qe the 
amount of mercury ions sorbed (mg/g) at equilibrium, Qo 
and b are Langmuir constants related to adsorption capacity 
(mg/g) and energy of adsorption (mg/L) respectively. The 
constants values were calculated from the slope and 
intercept of the linear plot. The essential features of 
Langmuir adsorption isotherm can be explained in terms of 
a dimensionless constant ‘separation factor’ or equilibrium 
parameter RL which can be calculated using the eq. 6.  

 
 
RL =

1

(1+ bCe)
(6)

 
 

Where, Co is the initial concentration of metal ions. The 
value of RL reveals that the Langmuir isotherm to be either 
unfavorable (RL >1), linear (RL <1), favorable (0<RL <1) or 
irreversible (RL =0). The correlation coefficient value R

2
 

nearer to one suggests that the isotherm equation better fits 

the experimental data [14]. 
The Freundlich isotherm model is an empirical model 

that describes the multilayer sorption and intensity of the 
sorption onto adsorbent. 

The linear form of Freundlich isotherm model is 
expressed by the following equation: 

 

 log qe = Log KF + 1/n log Ce (6)
 

 
Where Qe= the amount adsorbed (mg/g) at equilibrium 
time, Ce = concentration of the Hg(II) at equilibrium (g/L), 
Freundlich constants KF shows adsorption capacity of the 
adsorbent  and “ n” shows the adsorption intensity.  

The adsorption equilibrium data better fitted to 
Langmuir isotherm in the temperature range of 10 to 30 ºC, 
however, as the temperature was increased to 40 ºC, the 
equilibrium data could be successfully fitted to both the 
models, indicating the adsorption phenomenon at high 
temperature was complex which involved more than one 

mechanism. The adsorption isotherms are shown in Fig. 5. 
The maximum monolayer adsorption capacity (Qo) and b 
for TSP were calculated to be 78.7 mg/g and 0.1467 L/mg 
respectively (at 30 ºC). At this temperature RL value was 
calculated to be 0.0638, which is <1, hence the adsorption 
is favorable nature. A favorable adsorption was indicated 
by Kf (adsorption capacity (mg/g)) and n (an empirical 
parameter related to the intensity of adsorption) values 
which were calculated to be 25.06 and 3.60 respectively 

from the Freundlich isotherm derived at 30 ºC. The linear 

form of Freundlich isotherm is shown in Fig. 5. The value 
of n is greater than one is an indication that significant 
adsorption takes place.  The high value of KF is indicative 

of good adsorption intensity [14].  
 

(A) y = 0.0127x + 0.0866
R2 = 0.99

(B) y = 0.2776x + 1.3398
R2 = 0.9177

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

00.511.522.5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80 100 120

L
o

g
 q

e

Log Ce

C
e
/q

e

Ce

A

B

 

Fig. 5.  Langmuir and Freundlich adsorption isotherms at 100 mg/mL 
initial Hg(II) concentration, pH 5, 30 ºC, rpm 150, 50 mg adsorbent dose, 
20 mL contact volume. 
 

Table 2 Summarizes Langmuir and Freundlich constants calculated from 

isotherms derived at various temperatures. 

 

Temperature  
(ºC) 

       Langmuir Constants Freundlich Constants 

Q0(mgg-1) b (L mg-1) R2 Kf (mgg-1) n R2 

10 62.6 1.3333 0.971 31.41 5.68 0.531 

20 62.5 1.2307 0.971 38.64 12.5 0.071 

30 78.7  0.1467 0.99 25.06   3.60 0.917 

40 100 0.1111 0.948 22.49 3.07 0.984 

 
 

 

Conclusion 

TSP showed pretty good (62-100 mg/g) Qmax (equilibrium 
mercury adsorption capacity) in a temperature range of 10-
40 °C and the adsorption equilibrium could be established 
within 10 h. The adsorbent is usable in wide pH range (pH3 
to pH 7). At lower temperatures (10-20°C) the adsorption 
equilibrium data could be explained by Langmuir model, 
while > 20°C, the data could be modeled well by both the 
isotherms, indicating that the adsorption was complex at 
high temperatures and involved more than one mechanism. 
The adsorption equilibrium data confirmed to the pseudo 
second order kinetic model which indicated that 
chemisorption is involved in the rate determining step. It 
was indicated that at lower initial Hg(II) concentrations,  
intraparticle diffusion is not only the rate determining step 
while at 200 mg/L initial Hg(II) concentration, rate was 
exclusively controlled by intraparticle diffusion. TSP 
derived from guar-alginate hybrid beads and titanium (IV) 
isopropoxide proved to be an efficient adsorbent for Hg(II) 
ions from synthetic Hg(II) solutions and the adsorbent can 
be useful for waste water remediation.   
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