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a b s t r a c t
In this work, TiO2 nanoparticles (TNPs) were used as an absorbent to remove Pb(II) and Ni(II) from 
aqueous solution. The effect of pH, ionic strength (IS), humic acid (HA), contact time, foreign ions 
and temperature on the adsorption of Pb(II) and Ni(II) onto TNPs were examined by batch technique. 
The results showed that the adsorption of Pb(II) and Ni(II) was dominated by outer-sphere surface 
complexation at pH < 6.0, whereas, inner-sphere surface complexation was the main absorption 
mechanism at pH > 6.0. The maximum absorption capacity of Pb(II) and Ni(II) onto TNPs calculated 
from a Langmuir model was 40.00 and 26.32 mg g–1, respectively at 303 K, exhibiting higher efficiency 
for Pb(II) absorption than Ni(II). The thermodynamic parameters (∆H°, ∆S° and ∆G°) of Pb(II) and 
Ni(II) onto TNPs were calculated from the temperature dependent absorption, and their results 
demonstrated that absorption was endothermic and spontaneous. This analysis demonstrates that 
the TNPs can be utilized as an appropriate absorbent for the absorption of metal ions from solutions.
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1. Introduction

Due to rapid growth of industrialization in the last 
centuries, an increase of heavy metal concentration in 
the environment has been observed. Among these heavy 
metals, Pb(II) and Ni(II) are some of the most widespread 
contaminants in the environment. They can be introduced 
to soil and water systems through mining, non-ferrous 
metal industry, metalworking and finishing processes, 
electroplating, electrical and electronics, printing and 
photographic [1–5]. Therefore, it is essential to find techniques 
to successfully remove heavy metals from wastewater or 
different industrial effluents before their release to the 
environment. Strict environmental protection regulations 
on the disposal of heavy metals and increasing demands for 
clean water with low levels of heavy metals make it deeply 

important to develop a variety of suitable techniques for 
heavy metals removal [6,7].

In order to remove effectively the heavy metal ions 
from water, several methods have been applied, including 
filtration, surface complexation, chemical precipitation, ion 
exchange, electrodeposition, absorption and membrane 
processing [8–11]. Considering the available techniques for 
the removal of metal ions from a solution, adsorption is one 
of the most widely used effective, efficient, and economic 
technique [3]. As a result, many researchers have observed 
the use of various types of adsorbent materials such as Nickel 
ferrite bearing nitrogen-doped mesoporous carbon [12], 
Ti(IV) iodovanadate cation exchanger [13], agricultural waste 
[14], Lycopersicumesculentum (tomato) leaf powder [15], 
ethylene diamine tetra acetic acid-Zr(IV) iodate composite 
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cation exchange [16], tea waste [17], microorganism [18], 
yeast [19], sludge ash [20], date pits [21], and red mud 
[22]. Recently, TNP nanoparticles have also demonstrated 
high absorption efficiency for metal ion removal [3]. TNPs 
has large surface areas, well-defined pore sizes, high pore 
volume and high sorption ability, ease of modification, and 
diversity in surface modification [6]. Absorption into TNPs 
can give extraordinary chances for the removal of heavy 
metals in highly efficient and cost-effective approaches. 
TNPs are widely studied for its potential application in 
booming degradation and absorption of organic pollutants 
in the aqueous solution [23–25]. TNPs have been investigated 
as absorbent due to very favorable ligand adsorption 
behavior by inner-sphere complex formation [26]; whereas, 
Xu et al. [27] proposed it because of electrostatic interaction 
and H bonding between TNPs and organic polar groups. 
It was observed that py orbital of the oxygen atoms had the 
capacity to absorb the gaseous NO2 on the TNPs surface [28]. 
The Na(I) within the TNP structure dominates the sorption 
potential of TNPs during the sorption of organic dyes on 
TNPs [29]. It was reported that TNPs demonstrated high 
absorption efficiency for metal ions due to the strengthening 
O–H bond and the intercalation of H(I) in TNP structure 
[30,31]. It was also observed, that the maximum absorption 
of Reactive Red 195 was 86.96 mg g–1 onto TNPs [32]. Janus 
et al. [33] reported that Direct Green 99 absorption increased 
to 96.77 mg g–1 into modified TiO2 with carbon, which was 
greater than that of the bare TiO2. Vu et al. [34] examined that 
the absorption ability of Cu(II) on TNPs prepared through 
electrospinning was about 12.8 mg g–1. However, little 
consideration has been paid to the chemistry of Pb(II) and 
Ni(II) absorption mechanism onto TNPs.

Therefore, the objectives the present study are (1) to 
examine the absorption of Pb(II) and Ni(II) from aqueous 
solution onto TNPs with respect to various environmental 
parameters; (2) to assume the underlying mechanism of 
metal binding; (3) to estimate the thermodynamic parameters 
from temperature dependent adsorption isotherms and 
to intensely identify the absorption processes, and thus to 
examine the possible applications of TNPs as an absorbent in 
heavy metal contamination management.

2. Materials and methods

2.1. Materials

The analyzed TiO2 nanoparticles (anatase form) 
and humic acid in this study were obtained from 

Sigma-Aldrich (Ankara, Turkey). The characteristics of the 
TiO2 nanoparticles provided by the supplier are presented 
in Table 1. Humic acid (>99%) is black crystalline powder, 
which is selected as a NOM model molecular used in this 
study. The stock solutions of Pb(II) and Ni(II) were prepared 
by dissolving Pb(NO3)2 and Ni(NO3)2 in distilled water and 
then diluted to 60 mg L–1, respectively. All other materials 
utilized in the experiments were obtained in analytical 
purity and used directly without any further purification. 
All the glassware was prewashed with 5% HNO3 for 24 h, 
systematically rinsed with distilled water three times and 
dried at 60°C before use.

2.2. Materials characterization

The surface morphology of TNPs, before and after 
metal absorption, was determined by scanning electron 
microscope (Stereoscan 440, Leica). FTIR spectra of samples 
before and after absorption of Pb(II)/Ni(II) onto TiO2 were 
recorded at room temperature (FTIR, Bruker Vertex 70). The 
pHZPC (zero point of charge) of TNPs is approximately 4.2 
found by Zeta-sizer Nano S Instrument (Malvern Instrument 
Ltd, Malvern) as illustrated in detail in our earlier study [35] 
and Total Organic Carbon analyzer (Apollo 9000, Teledyne 
Tekmar), was used to determine the TOC content of HA 
(54.8 mg TOC L–1), after centrifuging and filtering through 
disposable 0.45-μm membranes as illustrated in our 
previous work [3].

2.3. Absorption procedures

The absorption of Pb(II) and Ni(II) onto TNPs was 
carried out under ambient conditions by the batch method. 
The mixtures of the TNPs and NaClO4 solutions were pre 
equilibrated for 24 h and then desired concentration of 
various components Pb(II) and Ni(II) were added. The pH 
of each solution was adjusted to the required value by the 
addition of HClO4 or NaOH. After absorption experiments, 
the suspensions were centrifuged at 9,000 rpm for 30 min. 
The supernatant was hereafter used to determine the metal 
ion concentration in solution using a graphic furnace atomic 
absorption spectrometry (AA-600, Perkin- Elmer, USA).
The absorption of Pb(II) and Ni(II) was determined by the 
following equation:

Absorption eq% �
�

�
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C
0

0

100  (1)

The absorption capacity, qe (mg g–1) was calculated 
according to the following equation: 

q
C C V
me

e�
�� �0  (2)

where C0 and Ce (mg L–1) are the respective initial and final 
concentration of heavy metals in the solution phase; V is 
the volume of solution (L) and m (g) represents weight of 
adsorbent. All the experiments were repeated three times 
and average values were reported. The standard deviation 
was found less than 5%.

Table 1 
Physiochemical properties of the studied TiO2 nanoparticles 
(TNPs) adsorbent

Parameters Value

Particle size <25 nm
Appearance White powder
Density 3.9 g cm−3

Bulk density 0.04–0.06 g cm−3

BET surface area 45–55 m2 g–1

Crystal form Anatase
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3. Results and discussion

3.1. Characterizations of TNPs

The FTIR analysis of TNPs, TNPs/Pb and TNPs/Ni was 
performed using a FTIR spectrometer as shown in Fig. 1(a). 
The FTIR spectra of heavy metal loaded TiO2 revealed rather 
similar spectra to that of the unloaded TiO2, all the samples 
displayed a broad band at around 460–700 cm−1. This was 
due to the vibrational mode of the Ti-O-Ti and stretching 
mode of Ti-O [36]. The peak at approximately 3,422 cm−1 was 
attributed to the stretching vibrations of the O–H group and 
bands appearing at 1,635 cm−1 were the flexion vibrations of 
the O–H bond of absorbed water molecules [37]. The FTIR 
bands of all the samples at 1,384 cm−1 were attributed to NO3, 
indicating that nitrogen atoms were incorporated in the TNPs 
[38]. The peaks at 1,051 and 1,124 cm−1 in the TiO2-dispersion 
vanished or shifted to another position after the heavy metal 
absorption, resulted from the interactions between the 
hydroxyl groups and Pb(II)/Ni(II) existed.

Fig. 1(b)–(d) demonstrates the SEM micrographs of the 
sample TNPs before and after metal absorption, respectively. 
The images expose that TNPs powered consist of 0.2–1.0 μm 
spherical large particles. TNPs form the large particles due to 
their tendency towards aggregation or agglomeration. Similar 
results were illustrated in the work of Bakardijieva et al. [39], 
in which the large (1–2) spherical particles shown in the 

SEM images shown to consist of 4–5 nm TiO2 nanoparticles 
interlayered by small fractions of amorphous materials in the 
TEM analysis. However, the TNPs (Fig. 1(b)) had a rough 
surface with heterogeneous holes and pores that generate a 
large surface area which showed that metals can be absorbed 
into its surface. Figs. 1(c) and (d) demonstrate micrographs of 
the TNPs surface after absorbed Pb(II) and Ni(II), the surface 
of TNPs was relatively less porous because of the formation 
of a layer over the absorbent surface after absorption of Pb(II) 
and Ni(II).

3.2. Influence of solution pH and ionic strength

The pH value of the solution plays a significant role 
on the sorption of Pb(II) and Ni(II) onto TNPs and is 
illustrated in Figs. 2(a) and (b). The absorption of Pb(II), 
gradually increases with an increase in pH ranging 
from 2.4–5.0, then maintains a high level at pH 5.0–10.0. 
About 98% of Pb(II) is absorbed at pH 6.0, whereas the 
considerably decreased absorption of Pb(II) onto TNPs is 
recorded at pH above 10.0. Absorption of Ni(II), slowly 
increases with pH ranging from 2.0–4.0, then pH range 
abruptly increase, from 4.0 to 6.0, and finally sustains with 
a level of higher than 6.0 pH. Approximately, 60% of Ni(II), 
is absorbed onto TNPs at pH higher than 6.0. The point 
of zero charge (pHpzc), value of TNPs is about 4.2 [35]. 

 

 

(b) 

(c)  

(a)

(d)

Fig. 1. FTIR spectra of (a): TNPs (A) TNPs-Pb(II) (B) TNPs-Ni(II) (C) and SEM images of TNPs (b); TNPs-Pb(II) (c); TNPs-Ni(II) (d).
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At pH < pHpzc, the surface charge of the TNPs is positive, 
whereas the surface of TNPs is negatively charged at pH > 
pHpzc. It is recognized that the Pb(II) and Ni(II) species are 
significant to Pb(II) and Ni(II) absorption. Figs. 2(c) and 
(d) illustrate the distribution of Pb(II) and Ni(II), species 
as a function of pH by using the hydrolysis constants of 
Pb(II) and Ni(II), given in Table 2 [40,41].

Fig. 2(c) illustrates that Pb(II) exists in the species of 
Pb2+, Pb(OH)+ Pb (OH)2

0 and Pb(OH)3
− at various pH values. 

The predominant lead species are Pb2+ at pH < 6.0, Pb(OH)+ 
at pH 7.0–9.0, Pb(OH)2

0 at pH 9.0–11.0 and Pb(OH)3
– at 

pH > 11.0, respectively. While the predominant nickel 

species are Ni2+ at pH < 8.0, Ni(OH)+ at pH 9.0–10.0, Ni(OH)2
0 

at pH 10.0–11.0 and Ni(OH)3
– at pH > 11.0, respectively 

(Fig.1(d)). As a result, the Pb(II) and Ni(II) absorption at 
low pH can result in protonation reaction on the surface of 
TNPs and the concentration of protonated sites (≡TiOH2

+) 
decreases with increasing pH. The expression can be 
express as follows:

TiOH H TiOH� �� �
2  (3)

TiOH TiO� �� �H  (4)

(a)

(c)

(b)

(d)

(e)

Fig. 2. Effect of ionic strength on Pb(II) and Ni(II) adsorption onto TNPs as a function of pH (a and b); relative proportion of Pb(II) 
and Ni(II) species as a function of pH (c and d); Possible adsorption scheme for metal ions onto TNPs (e). [Adsorption conditions: 
adsorbent dosage = 300 mg L–1, pH = 5.4, initial concentration of Pb(II)/Ni(II) = 10 mg L–1 and temperature = 303 K]. 
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where TiOH2
+, TiOH and TiO– are positive, neutral, and 

negative hydroxyl groups surface, respectively. It was 
observed that cationic soluble TNPs complexes in acid 
solutions are in the form of TiOH2

+

 
[42]. The binding of Pb(II) 

and Ni(II) by surface functional groups starts at pHpzc and 
increases sharply with increasing pH. The reaction of Pb(II) 
and Ni(II) (referred as M2+) ions with TNPs involves bond 
configuration of surface complexes with metal ions (M2+) are 
given in the following chemical equations:

TiOH M TiOM H� � �� � �2  (5)

Ti OH OH M Ti OH O M H� � �( ) ( )2
2

2� � �� � �  (6)

Therefore, the Pb2+ and Ni2+absorption is difficult 
because of coulombic repulsion below the pHzpc (4.2). Thus, 
the formation of complex between Pb(II)/Ni(II) and the 
TNPs surface proposes an inner-sphere. However, at high 
pH range 4.2–6.0, the concentration of deprotonated sites 
(≡TiO−) increases with an increase in pH due to the surface 
deprotonation reaction as shown in Eq. 6. The deprotonated 
sites are more accessible to maintain Pb(II) and Ni(II) ions 
and surface complexation between Pb2+, Ni2+, Pb(OH)+, 
Ni(OH)+ and TNPs is facilitated, therefore resulting in 
accurate increase of Pb(II) and Ni(II) absorption at pH 4.2–
6.0. However, absorption of Pb(II) onto TNPs is reduced 
because of opposite charges between the TNPs surface and 
Pb(II) species such as Pb(OH)3

– species at higher pH (pH > 
10.0). The formation of surface metal complexes can also be 
shown conceptually by the following scheme (Fig. 2(e)). The 
sorption of species on the surface of OH– such as TNPs occurs 
through the formation of O–M bonding [43]. The absorbed 
metal species can go through hydrolysis reaction as pH 
increases. This gives a series of metal surface complexes such 
as TiO– MOH+, TiO–M(OH)2 and TiO–M(OH)3

−species.
Figs. 2(a) and (b) show the absorption of Pb(II) and Ni(II) 

onto TNPs as a function of pH in 0.001, 0.01 and 0.1 mol L−1 
NaClO4 solutions, respectively. From the figures it is observed 
that the Pb(II) and Ni(II) absorption onto TNPs is affected by 
IS at pH < 6.0. No significant difference of Pb(II) and Ni(II) 
absorption is observed in the three various concentrations of 
NaClO4 at pH > 6.0. The influence of IS on Pb(II) and Ni(II) 
absorption is similar with those reported in the literatures 
[44,45]. The result of the present study illustrates that Pb(II) 
and Ni(II) can form a β-plane complex reaction at low pH 
values, as the absorption is significantly influenced by the 
β-plane complex reaction of the electrolyte on the view of 
modified triple-layer complex model as explained by Wu 
et al.[46]. Meanwhile, Pb(II) and Ni(II) can form an o-plane 
complex reaction at high pH values without being influenced 
by the β-plane complex reaction of the electrolyte. Therefore, 

in this view, the pH and ionic strength-dependent Pb(II) 
and Ni(II) absorption proposes that the Pb(II) and Ni(II) 
absorption onto TNPs is predominated by outer-sphere 
surface complexation at pH < 6.0. While the absorption of 
Pb(II) and Ni(II) is generally due to inner-sphere surface 
complexation at a range of pH 6–10 and pH > 6.0, respectively.

3.3. Influence of cation

In order to estimate the effect of cations on Pb(II) and 
Ni(II) absorption, the pH-dependent absorption of Pb(II) and 
Ni(II) onto TNPs is examined in 0.01 mol L–1 LiClO4, NaClO4 
and KClO4 solutions, respectively (Fig. 3). The influence of 
cations on the absorption of Pb(II) and Ni(II) onto TNPs at 
lower pH (pH < 6.0) shows that the effect of K+ on Pb(II) 
and Ni(II) absorption is larger than the Li+ and Na+. Thus, 
the absorption of Pb(II) and Ni(II) is highest in LiClO4 and 
is lowest in KClO4, illustrating that cations can modify the 
surface properties of TNPs and thus influence the absorption 
of Pb(II) and Ni(II) onto TNPs. The impact of cations on Pb(II) 
and Ni(II) absorption can also be verified by the radius 2.32 
A˚, 2.76 A˚ and 3.40 A˚ of the K+, Na+ and Li+, respectively [47]. 
The smaller the radius of K+ is larger the effect on the Pb(II) 
and Ni(II) absorption than those of Na+ and Li+. At pH > 6.0, 
no significant distinction of Pb(II) and Ni(II) absorption to 
TNPs in LiClO4, NaClO4 and KClO4 solutions is found, which 
may be ascribed to the inner-sphere surface complexation or 
surface precipitates at high pH values as mentioned in the 
previous section. Li et al. [48] studied the influence of Li+, 
Na+ and K+ on the absorption of Cu(II) on GMZ bentonite, 
and observed that at pH < 7, the absorption of Cu(II) on GMZ 
bentonite was the highest in Li+ cation solution and the lowest 
in K+ cation solution. Hu et al. [49] also achieved the similar 
results by the influence of cation ions (Li+, Na+ and K+) on the 
absorption of Ni(II) in goethite and illite, respectively.

3.4. Influence of anion

In order to investigate the influence of anions on the 
absorption of Pb(II) and Ni(II), the absorption of Pb(II) and 
Ni(II) onto TNPs was examined in 0.01 mol L–1 NaClO4, 
NaNO3 and NaCl solutions, respectively. The influence of 
anion ions (ClO4

–, NO3
–, and Cl–) on the absorption of Pb(II) 

and Ni(II) onto TNPs is shown in Fig. 4. At pH < 6.0, the 
anions clearly affect Pb(II) and Ni(II) absorption onto TNPs. It 
was observed under the same pH ranges that the absorption 
of Pb(II) and Ni(II) onto TNPs in a NaCl solution is lower 
than in a NaNO3 solution and highest in a NaClO4 solution. 
This process could be explained by two aspects: (i) Pb(II) and 
Ni(II) can form soluble complex with inorganic acid radicals, 
because the inorganic acid radius of Cl− is smaller than that 
of NO3

− [47,50], Pb(II)/Ni(II) has higher attraction to Cl− and a 

Table 2
Equilibrium constants of Pb(II) and Ni hydrolysis reactions

Hydrolysis reactions of Pb(II) logK Hydrolysis reactions of Ni(II) logK
Pb2+ + H2O ⇔ Pb(OH)+ + H+

Pb2+ + 2H2O ⇔ Pb(OH)2
0 + 2H+

Pb2+ + 3H2O ⇔ Pb(OH)3
– + 3H+

−7.68
−17.12
−28.03

Ni2+ + H2O ⇔ Ni(OH)+ + H+

Ni2+ + 2H2O ⇔ Ni (OH)2
0 + 2H+

Ni2+ + 3H2O ⇔ Ni(OH)3
– + 3H+

–9.90
–19.00
–30.00
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higher inclination for complexation with Cl− relative to NO3
−, 

leading to a stronger reduction of Pb(II)/Ni(II) concentration 
(ii) Cl–1 absorbed on the surface of TNP through idiocratic 
absorption which is a little bit easier absorption than that 
of other anions (NO3

− and ClO4
−), and Cl− absorption into 

TNP surface changes the surface characterizes of TNPs and 
reduces the accessibility of binding sites for Pb(II) and Ni(II). 
The smaller inorganic acid radicals (Cl− < NO3

− < ClO4
−) can 

take up more ionic exchange sites and lead to decrease the 
Pb(II) and Ni(II) sorption onto TNPs [47,50].

3.5. Influence of humic acid

Humic acid (HA) has been commonly used as a 
representative of NOM that simulates the effect of NOM 
on numerous heavy metals absorption [51,52]. Fig. 5 shows 
pH dependent Pb(II) and Ni(II) absorption onto TNPs in the 
presence of HA. From the figure the absorption of Pb(II) and 
Ni(II) onto TNPs is observed to increase with the presence 
of HA at pH < 5.0 and pH < 6.0, respectively, whereas the 
absorption is reduced at pH > 6.0 and pH > 7.0, respectively. 
Zeta potential of HA is negatively charged in the pH range of 
3.0–10.0 as determined by Ghosh et al. [53] and Yang et al. [54]. 

Thus the HA negative charged can be mostly absorbed by the 
TNPs at low pH range, consequently the strong complexation 
capacity of surface absorbed HA with Pb(II) and Ni(II) 
should consequence in the sorption of Pb(II) and Ni(II) onto 
TNP surface increasing at pH < 5.0 and pH < 6.0, respectively. 
Conversely, the negatively charged HA absorption of the on 
surfaces of negatively TNPs becomes complicated due to the 
electrostatic repulsion at high pH ranges. Therefore, the HA 
in solution forms soluble complexes of HA–Pb(II)/Ni(II) in 
solution, and thus decreases Pb(II) and Ni(II) absorption to 
TNPs.

3.6. Absorption kinetics

Kinetic behavior was significant to the sorption process 
because it illustrated the sorption rate of Pb(II) and Ni(II), and 
controlled the residual time of the entire sorption process. The 
absorption of Pb(II) and Ni(II) onto TNPs increases abruptly 
in the first 6 h, then high level absorptions are observed. 
About 73% and 60% of Pb(II) and Ni(II) is absorbed by 
TNPs, respectively, demonstrates that Pb(II) shows a higher 
absorption performance than Ni(II) absorption. It is found 
that 24 h is sufficient to achieve the absorption equilibrium. 

(a)

(b)

Fig. 3. Effect of cations on Pb(II) and Ni(II) adsorption onto TNPs 
as a function of pH (a and b). [Adsorption conditions: adsorbent 
dosage = 300 mg L–1, pH 5.4, initial concentration of Pb(II)/
Ni(II) = 10 mg L–1 and temperature = 303 K].

(a)

(b)

Fig. 4. Effect of anions on Pb(II) and Ni(II) adsorption onto TNPs 
as a function of pH (a and b). [Adsorption conditions: adsorbent 
dosage = 300 mg L–1, pH 5.4, initial concentration of Pb(II)/
Ni(II) = 10 mg L–1 and temperature = 303 K].
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In order to investigate the mechanisms of Pb(II) and Ni(II) 
absorption process, two kinetic models pseudo-first-order 
and pseudo-second-order were applied. These models are 
illustrated using the following equation:

log  logq q q
k

te t e� �� � � 1

2 303.  (7)

t
q k q q

t
t e e

� �
1 1

2
2  (8)

where qt (mg g–1) is the absorption at time t (min); qe (mg g–1) 
is the absorption capacity at absorption equilibrium; and 
k1 (min–1) and k2 (g (mg min)–1) are the rate constants for the 
pseudo-first-order and the pseudo-second-order models, 
respectively. 

The calculated parameters of the two kinetic models are 
presented in Table 3. It was examined that the correlation 
coefficients (r2) values for the pseudo-first-order kinetics are 
not satisfactory and the absorption capacities calculated by the 
model did not match the results from the experiments. This 
explains, that the pseudo-first-order kinetics is insufficient 
to show the absorption of Pb(II) and Ni(II) onto TNPs 
(Figs. 6(a) and (b)). For the pseudo second-order kinetics, 
the determined correlation coefficient (r2) was high (>0.98), 
and the absorption capacities calculated by the model are in 
accordance to those determined by experiments. It verified 
that the Pb(II) and Ni(II) absorption ability was proportional 
to the number of active sites occupied onto TNPs. As the 
absorption process continued, active absorption sites would 
decrease. Thus, the rate of the Pb(II) and Ni(II) absorption 
onto TNPs normally depended on the accessible absorption 
sites on TNPs for Pb(II) and Ni(II) at any time.

3.7. Adsorption isotherms

The absorption isotherms of Pb(II) and Ni(II) onto TNPs 
at different temperatures are demonstrated in Figs. 6(c) and 
(d). The absorption of Pb(II) and Ni(II) are the highest at 333 K 
and lowest at 303 K, which shows that high temperature is 
favorable for Pb(II) and Ni(II) absorption onto TNPs. The 
Pb(II) and Ni(II), absorption at different temperatures were 
examined by the Langmuir model and the Freundlich model, 
which are given in the following equations:

log  log logq k C
ne F e� �
1

 (9)

C
q

C
q q K

e

e

e

m m

� �
1

l
 (10)

where qm is the amount absorbed in (mg g–1), Ce is the 
equilibrium concentration (mg L–1), KF is the Freundlich 
constant indicating sorption ability and 1/n is the empirical 
constant representing sorption intensity. The absorption 

(a)

(b)

Fig. 5. Effect of HA on Pb(II) and Ni(II) adsorption onto TNPs 
as a function of pH (a and b). [Adsorption conditions: adsorbent 
dosage = 300 mg L–1, pH 5.4, initial concentration of Pb(II)/
Ni(II) = 10 mg L–1, 0.01 mol L–1 NaClO4 and temperature = 303 K].

Table 3 
Pseudo-first-order and pseudo-second-order kinetic model constants of Pb(II) and Ni(II) adsorption onto TNPs

Fitting model Metal qe (mg g–1), exp qe (mg g–1), cal K1(h–1) r2

Pseudo-1st-order model Pb(II)
Ni(II)

24.408
19.317

7.853
2.173

0.334
0.256

0.788
0.564

Pseudo-2nd-order model
Pb(II)
Ni(II)

qe (mg g–1), exp
24.408
19.317

25.00
20.00

K2 (g(mg h)–1)
0.062
0.076

r2

0.999
0.998
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isotherms are exposed in Figs. 6(c) and (d) and the relative 
values achieved from the model are provided in Table 4. It is 
observed that the Langmuir model fits well for the Pb(II) and 
Ni(II), absorption isotherm as it gives the highest correlation 
coefficient value than the other isotherm model, indicating 
that monolayer surface absorption mechanism may exist.

Based on the Langmuir isotherm model, the calculated 
maximum absorption ability of absorbent (qm) was observed 
to be 40.00, 45.45, 47.62 and 52.63 mg g–1 for Pb(II) and 26.32, 
30.30, 34.48, and 38.46 mg g–1 for Ni(II) at 303, 313, 323 and 
333 K, respectively. The high absorption ability of Pb(II), 
shown by TNPs may be elucidated by strong inclination of 
specific absorption due to electronegativity and electrostatics 
differences. Such similar results were found by Poursani et 
al. [55], they narrated that the sorption ability of heavy metals 
for nano- γ-Al2O3 nanoparticles on basis of Langmuir model 
followed such a sequence: Cr (13.89 mg g–1) > Pb (7.39 mg g–1) 
> Ni (0.04 mg g–1). To estimate the absorption capacity of 
the TNPs absorbent, a comparative assessment (Table 5) 
was conducted between TNPs and several other absorbent 
materials reported in the literature. It was observed, that the 

TNPs used in this study possessed a higher Pb(II) and Ni(II), 
absorption capacity than most of the absorbents reported in 
the literature which can be due to its high active surface area 
of TNPs absorbent in the absorption of Pb(II) and Ni(II).

3.8. Adsorption thermodynamics

The thermodynamic parameters for the absorption 
of Pb(II) and Ni(II), onto TNPs can be calculated from the 
temperature-dependent absorption isotherms, which were 
performed at temperatures ranging from 303 to 333 K 
(Figs. 5(c) and (d)). The absorption of metal ions onto TNPs, 
increased as the temperature rose from 303 to 333 K as 
shown in Figs. 5(c) and (d). This shows, that the process is 
endothermic in nature. The thermodynamic parameters, 
(ΔH°, ΔS° and ΔG°) for the Pb(II) and Ni(II),absorption of 
onto TNPs can be calculated from the temperature-dependent 
absorption isotherms, (Fig. S1). The value of standard free 
energy change (ΔG°) is calculated from the relationship [66]:

∆G° = −RTlnK0 (11)

(a) (b)

(c) (d)

Fig. 6. Adsorption capacity of Pb(II) and Ni(II) onto TNPs; the fitting of different kinetic models for Pb(II) and Ni(II) adsorption onto 
TNPs; pseudo-first-order and pseudo-second-order of Pb(II) and Ni(II) (a and b); Adsorption isotherms of Pb(II) and Ni(II) on TNPs 
under the different temperature (c and d). [Adsorption conditions: adsorbent dosage = 300 mg L–1, pH 5.4 and temperature = 303 K].
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where T(K) is the absolute temperature, R (8.314 J mol–1 K–1) is 
the gas constant and K0 is absorption distribution coefficient 
and was calculated from the slope of the plot ln qe/ Ce vs. qe at 
different temperatures and extrapolating to zero qe according 
to the technique recommended by Khan and Singh [67]. The 
values of ∆S° and ∆H° were determined from the slope and 
intercept of the plot of ∆G° vs. T by the following expression:

∆G° =∆H° −T∆S° (12)

where ∆S° is the standard entropy change (J (mol K)–1) and 
∆H° is the standard enthalpy change (kJmol–1). The positive 
ΔH° values for both metal ions shows that the absorption 
is endothermic in nature. The positive value of ∆S° reveals 
an irregular increase in the randomness in the system solic/
solution interface throughout the absorption process while 

low values of ∆S° demonstrates that no notable changes occur 
to entropy. The negative ∆G° value confirms that the absorption 
process is spontaneous in nature (Table 6). The value of ∆G° 
becomes more negative with increase of temperature, which 
indicates more capable absorption at higher temperature. The 
value of ∆H° provides information about the type of Pb(II) and 
Ni(II), absorption onto TNPs as follows [66]:

∆H° = 2.1–20.9 kJ mol–1 (Physisorption) (13)

∆H° = 80–200 kJ mol–1 (Chemisorption) (14)

The values of ∆H° are 9.012 and 12.772 kJ mol–1 for Pb(II) 
and Ni(II), respectively as shown in Table 6. This represents 
that that absorption of Pb(II) and Ni(II) ions onto TNPs, may 
be physical absorption process.

Table 5 
Comparison of maximum Pb(II) and Ni(II) monolayer adsorption capacities of various adsorbents

Adsorbent Pb(II) adsorption 
capacity (mg g–1)

Ni(II) adsorption 
capacity (mg g–1)

References

TiO2 nanoparticles 40.00 26.32 This study
Al2O3 modified with NOM 15.38 [3]
Ti(IV) iodovanadate cation exchange 18.80 [13]
Fe nanoparticles loaded ash (nFe-A) 833.33 [14]
Lycopersicum esculentum leaves powder 47.61 [15]
EDTA-Zr(IV) iodate composite cation exchanger 26.04 [16]
Polyaniline Sn(IV) tungstomolybdate nanocomposite 44.64 [56]
Sawdust activated carbon (FSAC) 80.64 [57]
Nano-composite adsorbent 173.6 [58]
Sodium dodecyl sulfate acrylamide Zr(IV) selenite (SDS-AZS) 18.38 [59]
Iron oxide modified with sewage sludge 7.80 [60]
Lignin 6.00 [61]
Activated sludge 8.80 [62]
Waste tea 18.40 [63]
Thuja orientalis (cone) 12.40 [64]
Al2O3 modified with walnut shells 6.80 [65]

Table 4
Predicted isothermal constants of Pb(II) and Ni(II) by Freundlich and Langmuir isotherms at different temperatures

Model type Metal Temperature (K) KF (mg g–1.(L mg–1)–1) 1/n r2

Freundlich adsorption Pb(II) 303 0.591 11.429 0.860
Ni(II) 303 7.211 0.553 0.900

qm (mg g–1) KL (L mg–1) r2

Langmuir adsorption Pb(II) 303 40.00 0.5435 0.984
313 45.454 0.564 0.972
323 47.619 0.875 0.998
333 52.632 1.267 0.998

Ni(II) 303 26.316 0.535 0.994
313 30.303 0.589 0.993
323 34.483 0.580 0.993
333 38.461 0.591 0.995
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3.9. Desorption and reusability

Desorption of metal ions from loaded absorbent and 
regeneration of the absorbent is a significant issue in view 
of reusability of the absorbent. For desorption studies, 
desorption experiments performed with Pb(II) and Ni(II), 
laden TNPs in 0.5 mol L–1 H2SO4 illustrated, that about 
81.72% and 85.00% of the absorbed Pb(II) and Ni(II) was 
desorbed, respectively. Our findings also demonstrated that 
respective desorption of 84.24% and 86.60% for Pb(II) and 
Ni(II), occurred in the first round, respectively (Table 7). The 
removal of Pb(II) and Ni(II) did not reduce extraordinarily 
in the four consecutive cycles. The respective metal ions 
desorption efficiency of Pb(II) and Ni(II), onto TNPs was 
determined to be 84.24% and 86.60% in the first round, while 
in the second round demonstrated reduction difference of 
2.30% and 1.20%, respectively. After the second round, a 
small reduction in the absorption ability of TNPs was found 
but the reduction was not much significant. This result 
suggests that the TNPs can be recycled for at least four times 
without losing much of its initial property.

4. Conclusions

In this study, a batch technique was used to examine the 
absorption of Pb(II) and Ni(II) from aqueous solutions onto 
TNPs as a function of different environment factors such as 
pH, IS, HA, contact time and temperature. The respective 

absorption of Pb(II) and Ni(II), increases with increasing pH 
values at pH < 5 and pH < 6, then sustains high level at pH 
5.0–10.0 and pH > 6, respectively. The absorption of Pb(II) 
and Ni(II), dependents on ionic strength and foreign ions at 
pH < 6.0, whereas, no effect is observed at pH > 6.0. The presence 
of HA increases the Pb(II) and Ni(II), absorption into the TNPs 
at pH < 5.0 and pH < 6.0, whereas, the absorption reduced at 
pH > 6.0 and pH > 7.0, respectively. Furthermore, our results 
shows that ion exchange or outer-sphere surface complexation 
take place through the absorption of Pb(II) and Ni(II), onto 
TNPs at low pH values and inner-sphere surface complexation 
at high pH values. The thermodynamic parameters based on 
Langmuir model shows that the Pb(II) and Ni(II), absorption 
onto TNPs is spontaneous and endothermic in nature. The 
maximum absorption ability for Pb(II) and Ni(II), on the basis 
of Langmuir absorption equation was determined to be 40.00, 
26.32 mg g–1, respectively at 303 K, exhibiting higher efficiency 
for Pb(II) absorption than Ni(II) due to electronegativity 
and electrostatics differences. The values of enthalpy (∆H°) 
demonstrate that the absorption process is physical sorption. 
These findings indicates that TNPs is an appropriate absorbent 
for the absorption of Pb(II) and Ni(II), from aqueous solutions.
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Table 6 
Thermodynamic parameters of Pb(II) and Ni(II) adsorption onto TNPs at different temperatures.

Temperature (K) Metal lnK0 ∆G° (KJ mol–1) ∆H° (KJ mol–1) ∆S° (KJ mol–1 K–1)

303 Pb(II) 3.986 –10.041 9.012 0.063
313 4.074 –10.601
323 4.228 –11.355
333 4.292 –11.884

303 Ni(II) 3.438 –8.661 12.772 0.071
313 3.612 –9.401
323 3.758 –10.092
333 3.897 –10.789

Table 7
Desorption of Pb(II) and Ni(II) and from TNPs

Cycle Metal Adsorption Desorption
Ci (mg L–1) qe (mg g–1) Cf (mg L–1) % desorption

1 Pb(II) 10 24.408 8.424 84.240
2 8.424 21.358 6.903 81.940
3 6.903 18.449 5.576 80.780
4 5.576 15.197 4.457 79.940

1 Ni(II) 10.00 19.317 8.660 86.60
2 8.660 17.900 7.396 85.400
3 7.396 16.711 6.234 84.300
4 6.234 14.088 5.218 83.700
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Appendix A (Supplementary data)

Supplementary data associated with this article can 
be found, in the online version, at https://doi.org/10.5004/
dwt.2019.23933
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Supplementary data

Fig. S1. Polt of standard free energy change (∆G°) vs. temperature (K) for thermodynamic parameters of Pb(II) and Ni(II) adsorption 
onto TNPs.


