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ABSTRACT: For the first time, the present study removes ions of mercury, in the form
of Hg (1) and Hg (ll) ions, from aqueous solutions by adsorbing them onto titanium
dioxide nanoparticles. The effects of various parameters, such as solution's initial pH,
temperature, sorbent dosage, initial mercury concentration, and contact time have been
examined on the adsorption process. The experimental results have been compared with
Langmuir, Freundlich, and Temkin adsorption isotherms. The maximum adsorption,
obtained for Hg (1) and Hg (Il) ions, have been 97.5% and 98.6%, respectively. Also, it
has been shown that the Langmuir isotherm has better fitting with the equilibrium data
than the Freundlich and Temkin isotherms. Thermodynamic parameters of the adsorption,
such as AH? and AS° have been calculated, the negative values of which show that the
mercury ions adsorption is an exothermic process and that randomness is decreased,
respectively. The study of adsorption kinetics shows that the adsorption of Hg (1) and (1)
ions with TiO, nanoparticles is pseudo-second order.

Keywords: adsorption, adsorption isotherms, heavy metals, maximum adsorption

capacity, nano-adsorbents.

INTRODUCTION

As a result of industrial development,
increasing urban sewage and industrial
pollution with toxic compounds has become
a main concern. Among the toxic substances,
released by industrial activities, heavy metals
threaten aquatic life the most, owing to their
non-degradable nature, severe toxicity, and
carcinogenicity and aggregation capabilities
(Ok et al., 2007). Mercury is one of the
heavy metals and very toxic. Mercury
compounds are toxic and incomposible
contaminations in environment (Farooq et
al., 2010). Mercury is classified into three
main groups: elemental, inorganic, and
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organic mercury (Bernhoft, 2012). Elemental
mercury is used in thermometer, metallurgy,
mining, gold extraction, and dentistry
(Nriagu et al., 1992; Pestana & Formoso,
2003). It is poorly absorbed, presenting little
health risk, yet in the vapor form, metallic
mercury is readily absorbed through the
lungs and can cause body damage (Houston,
2007). Inorganic mercury compounds, such
as mercury salts, result from the combination
of mercury with chlorine, sulfur, or oxygen.
Mercuric chloride (HgCl,), used as a
preservative for photographic development,
is highly toxic and corrosive; mercury sulfide
(HgS) is often used as a pigment in paints
due to its red color; and mercury fulminate
(Hg(CNO),) is wused as an explosive
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detonator (Azevedo et al., 2012; Geier &
Geier, 2003). Like elemental mercury, the
inorganic one in the blood stream binds to
erythrocytes and amino acids, disrupting
their activities, causing glutathione or
metallothionein, or it is transported
suspended in plasma (Ballatori & Clarkson,
1985; Grandjean et al., 1997). Organic
mercury compounds result from a covalent
bond between mercury and carbon atoms of
an organic functional group such as a methyl,
ethyl, or phenyl group. Methyl mercury is
often formed by methylation of inorganic
mercuric ions by soil and water micro-
organisms (Zalups, 2000; Clarkson &
Magos, 2006; Rooney, 2007). The highest
amount of a mercury compound to exist in
human body is in the form of methyl
mercury, which usually enters human body
by eating fish (Namasivayam & Kadirvelu,
1999; Bae et al., 2001).

High exposure to mercury induces
changes in the central nervous system,
potentially resulting in irritability, fatigue,
behavioral changes, tremors, headaches,
hearing and cognitive loss, dysarthria,
incoordination, and hallucinations
(Azevedo et al., 2012). Also, the mercury
compounds harm the liver and kidneys,
causing some disorder in enzymic activity,
resulting in illness and death (Wagner-
Dobler et al., 2000; Boening, 2000).

Several methods have been proposed to
remove mercury from water (Saglam et al.,
1999; Hunsom et al., 2005; El-Samrani et al.,
2008; Yun et al., 1993; Dabrowski, 2001;
Ozaki et al., 2002; Yaghmaeian et al., 2015;
Rahmanzadeh et al.,, 2016; Wang et al.,
2016). These methods must be considered in
terms of their feasibility and cost, in addition
to the acceptable impact of the removing the
mentioned material. Adsorption is a useful
method to remove mercury ions from
aqueous solutions (Fu & Wang, 2011). In
this study, mercury ions, in the form of Hg
(1) and Hg (1) ions, in aqueous solutions are
adsorbed by titanium dioxide nanoparticles,
for the first time.
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MATERIALS AND METHODS

Mercry (1) nitrate (Hgo(NOs3)..2H,0O) and
Mercury (II) nitrate (Hg(NO3),.H,O) were
purchased from Merck, Germay. Titanium
dioxide nanoparticles (Rutile/Anatase: 85/15,
Purity: >99%, Average Particle Size (APS):
20 nm, Spechfic Surface Area (SSA): >30
m?/g) were prepared from Degussa. In the
experiment, 50 ml of Hg (1) and Hg (1) ions
solution with a certain concentration,
determined via dilution of the stock solution,
was poured into a 100 ml flask. In order to
adjust the solution' pH, we used optimum
amount of NaOH or HCI 1, i.e. 0.50r 0.01 M
solution. Then, a given mass of TiO;
nanoparticles was added to each flask and
the resultant suspension was shaken in a
thermostatic orbit incubator shaker for 45
min. Once completed, a sample of the
suspension was removed from the flask and
filtered with a filter paper to separate
adsorbent particles. The filtrate was analyzed
for residual Hg(l) and Hg(ll) ions. The
adsorption percentage (% adsorption) was
determined as:

C,-C,

%Adsorption = x100

4 1)

where C; (mg/L) is the initial concentration
of Hg(l) and Hg(ll) ions and C; (mg/L),
the final concentration of Hg(l) and Hg(ll)
ions in the solution. The quantity of
mercury ions adsorbed per unit mass of

adsorbent (qe) was obtained, using
Equation (2) (Fakhri, 2015).

%
qe m ( i e) ( )

where C; is the initial concentration of
Hg(l) and Hg(Il) ions and C. (mg/L), the
equilibrium concentration of Hg(l) and
Hg(ll) ions in the solution. The solution's
volume is represented with v (L) while m
(g) stands for the adsorbent's mass.

RESULTS AND DISCUSSION

One of the most important parameters in
adsorption process is the initial pH of the
solution. For mercury ions (1) and (I1), this
value altered between 1 and 11. Figure 1
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shows the results, based on which,
adsorption percentage of Hg (I) and Hg (1)
ions ascends as the initial pH of the
solution rises, hence at pH=1, the lowest
adsorption percentage and at pH=9 and 7,
the highest adsorption percentage were
obtained for mercury ions (1) and (Il),
respectively. The reason can be expressed
based on the percentages of hydronium
ions in the solution. In other words, when
pH is low, the concentration of H* ions is
high and the competition between H*, Hg",
and Hg?* ions for adsorption onto the
adsorbent surface causes the adsorption,
itself, be decreased. But when pH is high,
because of reduced H® ions, these ions
cannot compete with Hg* and Hg®* ions,
hence the adsorption increases.
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For the purpose of studying nanoparticles
size's effect on adsorption percentage, we
utilized titanium dioxide nanoparticles, 20,
100, and 400 nm in size. The highest
adsorption percentage was obtained for both
mercury ions (1) and (II), with the adsorbent
size of 20 nm (Fig. 2). The larger the size of
TiO, nanoparticles, the smaller the ratio of
surface to volume and thus, the fewer the
available  sites for  adsorption and
subsequently the lower the adsorption.
Available places for adsorption and contact
region area of particles with absorbent
surface of 20 nm nanoparticles are more than
100 and 400 nm, hence more iones are
probable to be absorbed on the surface and
will have maximum adsorption percentage.
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Fig. 1. The effect of initial pH of the solution on the adsorption percentage (constant conditions: initial
concentration of the solution 50 mg/L for Hg(l) and 40 mg/L for Hg(l1) , with particle size of 20 nm,
temperature of 22+1°C, contact time of 45 min, and adsorbent dosage of 0.05g)
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Fig. 2. The effect of particle size on adsorption percentage (constant conditions: initial concentration of the
solution = 50 mg/L for Hg(l) and 40 mg/L for Hg(ll), pH=9 for Hg(l) and pH=7 for Hg(ll),
temperature=22+1°C, contact time=45 min, and adsorbent dosage=0.05g)
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Figure 3 illustrates the impact of TiO,
nanoparticles' quantity on the adsorption of
mercury (1) and (1) ions. Results show that
the amount of 0.05 g of titanium dioxide
nanoparticles is optimal value for
maximum adsorption of mercury (I) and
(1) ions from the aqueous solution. The
adsorption percentage ascends as the
adsorbent quantity grows, which is due to
the increase in effective collisions between
mercury ions and TiO, nanoparticles.

—a— Harll)
Lo | —a— [l

% Adsorption

Figure 4 shows the impact of contact
time on adsorption percentage of mercury
() and (1) ions onto titanium dioxide
nanoparticles, examined at 15, 30, 45, 60,
75, 90, and 105 minutes.

As seen, by increasing the contact time,
the adsorption percentages of mercury (1)
and (I1) ions in the solution will ascend
respectively, up to 75 minutes and 45
minutes, because mercury ions have more
times for adsorption onto the absorbent.
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Fig. 3. The effect of adsorbent dosage on the adsorption percentage (constant conditions: initial
concentration of the solution 50 mg/L for Hg(l) and 40 mg/L for Hg(ll), pH 9 for Hga(l) and pH 7 for
Hg(ll), particle size 20 nm, contact time 45 min and temperature 22+1 C)
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Fig. 4. The effect of contact time on the adsorption percentage (constant conditions: initial concentration
of the solution 50 mg/L for Hg(l) and 40 mg/L for Hg(I1), pH 9 for Hg(l) and pH 7 for Hg(l1), particle size
20 nm, temperature 22+1 C and adsorbent dosage 0.05g)
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To evaluate the effect of temperature, the
adsorption experiments were performed at
different temperatures of 22°C, 35°C, 45°C,
and 55°C. Figure 5 demonstrates the results.
As it can be seen, the highest adsorption
percentage was obtained for both mercury
ions at temperature of 22°C. Adsorption
percentage is reduced as the temperature
increases, because adsorption process of
mercury ions (I) and (I1) on titanium dioxide
nanoparticles is exothermic, similar to the
most of adsorption processes.
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BeAdsorption

The initial concentration of adsorbate is
a factor that can affect the adsorption. As
the data in Figure 6 show, the adsorption
percentage is decreased by increasing
initial concentration of Hg (I) and Hg (II)
ions so that initial concentration of 50 and
40 mg/L is more satisfactory, respectively.
The reason for this is that by increasing the
adsorbate on absorbent, the adsorption sites
saturate quickly and the adsorption is
reduced.

Temperanme

Fig. 5. The effect of temperature on the adsorption percentage (constant conditions: initial concentration
of the solution 50 mg/L for Hg(l) and 40 mg/L for Hg(ll), pH 9 for Hg(l) and pH 7 for Hg(ll), particle size
20 nm, contact time 75 min for Hg(l) and 45 min for Hg(ll) and adsorbent dosage 0.05g)
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Fig. 6. The effect of initial concentration of Hg (I) and Hg(Il) ions on the adsorption percentage (constant
conditions: pH=9 for Hg(l) and pH=7 for Hg(ll), particle size=20 nm, temperature=22+1 C, contact
time=75 min for Hg(l) and 45 min for Hg(l1), and adsorbent dosage=0.05g)
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When studying adsorption, in order to
have fitting experimental results with
theoretical models, adsorption isotherms
have been used. Here, the used isotherms
were Langmuir, Freundlich, and Temkin
isotherms. This linear equations are (He et
al., 2015; Mihaly-Cozmuta et al., 2014):

. . 1 1 1 1
Langmuir equation:— = —+[—J— 3
qe qm quL Ce ( )
Freundlich equation: logq, =log K +%IogCe 4)
Temkin equation:q, = B|InC, +B/In K (5)

where C. (mg/L) is the equilibrium
concentration of adsorbate in solution; Qe
(mg/g), the amount of adsorbate per unit
mass of adsorbent; K_ (L/mg), the
Langmuir isotherm constant; gn (mg/g),
the maximum adsorption capacit}/ of
Langmuir isotherm; Ke (mg~®™ L™ /g),
the Freundlich constant; and n, the
intensity of adsorption.  Furthermore,

B, % is a constant, depending on the

adsorption heat and Kt (L/g) is the Temkin
isotherm constant.

For Langmuir isotherm, the plot of 1/q
versus 1/C. gives a straight line, in which

0,12 ¢

L Hailly
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Hail)

L =

/g,

0.0 =
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Y=0,0200x+0L0]1 1

Y=, 02603 +0,0087

K\ is determined by a slope (qLK) and gm
m~i_L

by an intercept (1/qm) (Fig. 7). For
Freundlich isotherm, the plot of log qe
versus log Ce gives a straight line in which
n is determined by a slope (1/n) and K¢ by
an intercept (logKg) (Fig. 8). Also, for
Temkin isotherm, the plot of ge versus InC,
gives a straight line where B; is determined
by a slope (B1) and Kt by an intercept
(B1InKy) (Fig. 9). Table 1 and 2 show the
results.

The essential characteristic of Langmuir
isotherm is represented by using an
equilibrium parameter, separation factor
(RL), which is a dimensionless constant,
according to Equation (6) (Sheela et al.,
2012):

1
R 1+ K. C, ©)

where K is the Langmuir constant and C;,
the initial concentration of the adsorbate in
the solution. This parameter is used to
study Langmuir isotherm ability. Table 3
gives information about this equilibrium
parameter.

Fig. 7. Langmuir adsorption isotherm for Hg (1) and Hg (I1) ions onto TiO, nanoparticles
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Fig. 8. Freundlich adsorption isotherm for Hg (1) and Hg (I1) ions onto TiO, nanoparticles
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Fig. 9. Temkin adsorption isotherm for Hg (I) and Hg (I1) ions onto TiO, nanoparticles

Table 1. Parameters of isotherms for Hg(l) ion, using TiO, nanoparticles

Langmuir Freundlich Temkin
KL Om 2 Ke 2 2
R -(/n)y 1n n R Ky (L/ B R
(Umg) _(my/g) (mg* L "g) 9 B
0.32 114.9 0.9626 26.4 2 0.8401 6.9 16.7  0.9266
Table 2. Parameters of isotherms for Hg(l1) ion, using TiO, nanoparticles
Langmuir Freundlich Temkin
KL Om 2 Ke 2 2
R ) n R Ky (L/ B R
(Umg) (mylg) (mg* L "g) 9 B
0.55 90.9 0.8639 27.3 3.2 0.6997 27.6 9.7 0.8546
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Table 3. R, values and nature of the process

R, value Nature of the process
R, >1 Unfavorable
R, =1 Linear
0<R <1 Favorable
R, >0 irreversible
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Fig. 10. Separation factor for the adsorption of Hg (I) and Hg (Il) ions onto TiO, nanoparticles

Figure 10 illustrates the values of this
parameter against the initial concentration
of mercury ions in the solution. Obtained
values of R are within the range of 0-1,
thus Langmuir-isotherm-based adsorption
is favorable.

Studying a reaction usually starts with
thermodynamic studies that can predict
feasibility or infeasibility of a reaction. By
using thermodynamic equilibrium constant,
changes in standard Gibbs free energy
(AG°) for adsorption at a given temperature
can be determined from the following
equation (Dashti Khavidaki & Aghaie,
2013; Dashti Khavidaki et al., 2013):

AG® =—RTInK, (7)

q

K,=—%
°7 T, 8
where T is the absolute temperature; R
(kd/mol K), the gas constant; and
K, (L/mol), the thermodynamic
equilibrium  constant.  According to

negative values of AG® in Table 4,it is
understood that adsorption process is
spontaneous in experiment conditions.
When the temperature rises, the tendency
for adsorption  decreases.  Standard
enthalpy (AH®) and entropy (AS®) are
defined by the following equation (Arshadi
etal., 2014):

_ 0
InK, = AR (1 +
R \T

AS°
R

(9)

Table 4. Thermodynamic parameters for the adsorption of Hg(l) and Hg (11) ions onto TiO, nanoparticles

AG° (kJ/mol) AH® (kd/mol) AS° (J/mol K)
T(K) Ha(l) Ho(l1) Ho(l)  Hg(l) | Hg(l) Ha(l1)
295 -8.97 -10.42 -32.15 -43.81 -78.35 -113.16
308 -7.81 -8.73
318 -7.35 -7.56
328 -6.29 -6.76
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Standard enthalpy and entropy is
obtained from plot of InK,, versus % (Fig.

11). The slope of this line is %HO and its

intercept, A%o, in which AH® and AS° can
be calculated. As shown in Table 4,
according to negative values of standard
enthalpy and entropy, it can be concluded
that firstly, adsorption processes of both
mercury (I) and mercury (1) ions onto
TiO, nanoparticles is exothermic and
secondly, these adsorption processes are
associated with reduced disorder.

One of the most important studies
concerning the adsorption process are

effect of contact time with the adsorption
percentage. Adsorption Kkinetics model is
presented based on the reaction of the
pseudo-first order by Lagergern (El-
Halwany, 2010).

In(qe_qt)zlnqe_Klt (10)
where K (/h) is the Lagergern rate constant
and g, and g, are the amounts of mercury
ions adsorbed per unit mass of the
adsorbent at equilibrium and time t,
respectively. In these experiments, plot of
In(q, — q;) versus t, shown in Figure 12,
is not a straight line; thus, the adsorption of
mercury (I) and (Il) ions onto titanium
dioxide nanoparticles are not the pseudo-

known as kinetics studies, which check the first order.
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Fig. 12. Pseudo-first order kinetics for the adsorption of Hg(l) and Hg (1) ions onto TiO, nanoparticles
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The pseudo-second order mechanism by
Ho et al. is presented (El-Halwany, 2010):

t_ 11,

d ko g

where K, is a constant rate for pseudo-
second order equation, obtained from plot
of t/g; versus t (min). The slope of this

straight line isi and its intercept, ;22, in
which k, and g, can be calculated (Fig.
13). In accordance to the plot, the
adsorption of mercury (I) and (11) ions onto
titanium dioxide nanoparticles are pseudo-
second order with the results, shown in

Table 5.

(11)

30 -

A few nano-adsorbents have been used
to remove mercury ions from aqueous
solutions. Efficiency of these adsorbents
can be compared by the maximum
adsorption capacity (qm), obtained from the
related Langmuir isotherm. This parameter
shows the maximum value of the adsorbate
(mg) onto unit mass of adsorbent (g). The
comparison results in Table 6 show that the
highest values of g, are related to titanium
dioxide nanoparticles. Therefore, in our
opinion, among these nano-adsorbents,
titanium dioxide nanoparticles is a more
suitable adsorbent for removing mercury
ions from aqueous solutions.

A Hg(1l)
Y=0.0224X 40,1387
2zl R*=0,9772
* ° Hetl) S
Y=0.0198N+0. 0743 A7 A
R*=0,000] -
20— — —  Hg(l) -

Hgtl)

tq
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tirmim)

Fig. 13. Pseudo-second order kinetics for the adsorption of Hg(l) and Hg (1) ions onto TiO, nanoparticles

Table 5. Parameters of kinetics for Hg(l) and Hg (I1) ions onto TiO, nanoparticles

K (mg/g min) 9. (Mg/g) R®
Hg(l) Hg(ll) Hg(1)  Hg(h | Hg() Hg(ll)
0.0053 0.0037 50.5 44.6 0.999 0.977

Table 6. Comparison of the maximum adsorption capacity for mercury ions adsorption onto a few nano-

adsorbents
nano-adsorbents de (Mg/g) Reference
multi-walled carbon nanotubes 25.6 Yaghmaeian et al. (2015)
magnetite-polyrhodanine core-shell 36.6 Rahmanzadeh et al. (2016)
nanoparticles
Fe;0,4@Si0,-SH nanoparticles 90.0 Wang et al. (2016)
titanium dioxide nanoparticles 90.9 Current Work
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CONCLUSION

The results show that TiO, nanoparticle is a
good adsorbent for removing Hg (1) and Hg
(I) ions from aqueous solutions. The
optimum conditions for the adsorption of Hg
(I) ion onto TiO, nanoparticles are as the
following: contact time= 75 min; adsorbent
dosage= 0.05 g; initial concentration of Hg
(I) ion= 50 mg/L; temperature= 22 "C, and
pH= 9. In contrast, the optimum conditions
for the adsorption of Hg (lI) ion onto TiO,
nanoparticles are: contact time= 45 min;
adsorbent  dosage= 0.05 g; initial
concentration of Hg (Il) ions= 40 mg/L;
temperature= 22°C, and pH= 7. Maximum
adsorption of Hg (I) and Hg (Il) ions onto
TiO, nanoparticles under the optimum
conditions are 97.5% and 98.6%,
respectively. Comparison of experimental
results with adsorption isotherms of
Langmuir, Freundlich and Temkin shows
that adsorption of Hg (1) and Hg (I1) ions by
titanium dioxide nanoparticles corresponds
fairly to the Langmuir adsorption isotherm
model. The kinetics study of the adsorption
process demonstrate that the model of
kinetics for adsorption of Hg (I) and Hg (I1)
ions from aqueous solutions onto TiO,
nanoparticles corresponds to a pseudo-
second order model.
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