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Abstract
Adsorption methods are widely employed for the removal of metals from aqueous medium, being an efficient and envi-
ronmentally friendly technique for wastewater treatment. From the several adsorptive materials that are being employed 
by the specialized literature in removal processes,  TiO2 continues to be a wise choice. In this work, we have prepared a 
phosphate-modified  TiO2 (TiPh) and tested their adsorptive behavior toward different metallic species. TiPh synthesis was 
carried out from a titanium (IV) isopropoxide in aqueous phosphoric acid solution. The adsorption of  Co+2,  Cu+2, and  Ni+2 
in a TiPh matrix was investigated in different media: water, 42% ethanol aqueous solution, and pure ethanol. The kinetic 
assays results indicated that the adsorption equilibrium occurs after 10–40 min, being higher for alcoholic solutions. 
The higher capacity values were obtained in the 42% ethanol aqueous solution, in which Nf values of 9.1 × 10−4 mol g−1, 
5.9 × 10−4 mol g−1, and 5.1 × 10−4 mol g−1 were obtained for  Cu+2,  Co+2, and  Ni+2, respectively.
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1 Introduction

Transferring substances of particular interest from a liquid 
or gaseous phase to a solid material is a widespread con-
cept that can be quite useful for analytical and environ-
mental purposes [1]. The use of adsorption methodology 
is especially interesting for the removal of metallic species 
from aqueous solution once they are very hazardous to the 
environment [2]. Compared to other methods, adsorption 
processes show high efficiency with the convenience of 
easy operation, simplicity of design, and economic viabil-
ity [3, 4]. In the past decades, various materials have been 
proposed for the achievement of efficient metal removal 
from different samples, focusing on both the treatment of 
wastewater and their quantification in industrial processes. 
Clays [5], chitosan [6], zeolites [7], different carbon materi-
als [8], among others, are generally focused by research 

teams worldwide [3]. Another important material in the 
context of adsorption processes is the multifunctional tita-
nium oxide  (TiO2) [9–11].

Titanium oxide is one of the most used amphoteric 
inorganic material in a wide variety of fields, such as ana-
lytical, electrochemistry, catalysis, environmental, and 
material science.  TiO2 can be obtained in many forms, such 
as sol–gels [12], nanoparticles [13], nanofibers [14], and 
nanotubes [15]. Thanks to their biocompatibility, stability, 
and environmental safety, titanium oxide has been applied 
in different manners such as solar energy conversion 
devices [16], photocatalysis [17], sensors [18], and pho-
tochromic devices [19]. In addition, because of their high 
ion exchange capacity, another promising aspect of this 
inorganic material is to act as an inorganic ion exchanger 
and sorbent, thus being useful for solid-phase extractions 
[20]. Considering the use of titanium oxide for adsorption 
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purposes, there are numerous works on the specialized 
literature, mainly for the removal of dyes and metallic spe-
cies. In the first situation, dyes can be removed from aque-
ous solution directly via adsorption as well as by simulta-
neous adsorption and photocatalysis. Duta and Visa have 
shown the preparation of a fly-ash–TiO2 composite for the 
simultaneous removal of two commercial dyes (bemacid 
red and bemacid blue) via adsorption and photocataly-
sis [21]. Considering the use of titanium oxide for metal 
removal, literature has covered a wide range of species. 
Yu and co-workers have shown the arsenite removal from 
aqueous solutions using γ-Fe2O3–TiO2 magnetic nano-
particles with simultaneous photocatalytic oxidation and 
adsorption [22]. Nanostructured  TiO2 particles are also 
shown to be quite efficient for the removal of Cd(II) from 
wastewater in engineering practices [23].  TiO2 nanotube 
is another form of the inorganic material that can be quite 
efficient for metal removal. Besides displaying a large BET 
surface area, such material can be employed for simulta-
neous hydrogen production and copper removal from 
water samples [24]. Another example is the synthesis of a 
nanocomposite material containing  TiO2/poly(acrylamide-
styrene sodium sulfonate) for the removal of radioactive 
cesium, cobalt and europium ions [25].

Recently, different functionalized mesoporous conju-
gate nanomaterials were prepared for harmful organic 
compound adsorption and then used for diverse uses in 
metal ion removal and detection [26–34].

In previous investigation, we have prepared a titanium 
(IV) phosphate copper hexacyanoferrate composite from 
aqueous phosphoric acid and titanium (IV) isopropoxide 
(TiPh). The obtained hybrid material was fully character-
ized and displayed electrochemical stability with good 
reproducibility for the determination of N-acetylcysteine 
[35]. In this paper, the focus is placed on the synthesis of 
phosphate-modified  TiO2 and their adsorptive behavior 
toward different metallic species:  Co+2,  Cu+2, and  Ni+2. The 
goal was to evaluate the adsorption ability of this material 
in different media: water, 42% ethanol aqueous solution, 
and pure ethanol. Such evaluation is based on the fact that 
the presence of metals in many alcoholic beverages such 
as Brazilian Cachaça can be a significant parameter affect-
ing their consumption, conservation, and their exporta-
tion [36].

2  Materials and methods

2.1  Chemicals

Titanium (IV) isopropoxide, phosphoric acid (85%), copper 
(II) chloride, cobalt (II) chloride, and nickel (II) chloride were 
of analytical grade (p.a Merck) and used without further 

purification. All solutions were prepared with high-purity 
water from a Millipore Milli-Q system immediately before 
use.

2.2  Synthesis of phosphate‑modified  TiO2 (TiPh)

Synthesis of the proposed adsorbent material was per-
formed as described below. Titanium isopropoxide was 
employed as the precursor material for binding of the 
phosphate groups. Thirty-five milliliters of phosphoric 
acid was transferred to a 100-mL beaker along with 20 mL 
titanium (IV) isopropoxide and 10 mL water. After homog-
enization, the mixture was allowed to stand in the dark for 
24 h. After that period, the formed solid phase was filtered 
and dried at room temperature for another day. The final 
powder material, named TiPh, was stored in a low-humid-
ity environment glass recipient before use.

2.3  Metal adsorption studies using TiPh

The metal adsorption studies employing the modified 
titanium oxide were performed using a batchwise tech-
nique in thermostatic flasks at 25.0 ± 0.1 °C. The goal was 
to evaluate the adsorption ability of this material in dif-
ferent media: water, 42% ethanol aqueous solution, and 
pure ethanol. After equilibria, the samples were filtered 
to remove the adsorbent material followed by titration of 
each supernatant.

2.3.1  Determination of adsorption equilibrium time

In this step, adsorption experiments as a function time 
were performed using the modified titanium oxide and 
each metal species proposed in this work  (Co+2,  Cu+2, and 
 Ni+2). The protocol employed consisted of transferring 
50 mg of the functionalized material to the thermostatic 
flasks, followed by addition of 5 mL aliquots of each metal 
solution (5.0 × 10−3 mol L−1). The final volume in each flask 
was kept constant at 50 mL. The mixtures were shaken 
and collected at different intervals of time (5, 10, 20, 30, 40 
and 50 min). After filtration, the nonadsorbed metal ions 
contained in the supernatant were quantified by titration. 
For determination of  Cu+2 and  Ni+2 ions, titrations were 
performed using 1.0 × 10−3 mol L−1 ethylenediaminetet-
raacetic acid (EDTA) solution as titrant at pH 10, which was 
maintained by an ammonia/ammonium chloride buffer. 
Murexide (ammonium purpurate) was employed as indica-
tor in both titrations performed. For determination of  Co+2 
species, the same procedure using EDTA was employed; 
however, in this case, 1% hexamethylenetetramine and 
xylenol orange were employed as indicators.
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2.3.2  Adsorbent capacity: adsorption curves

In this study, the same batchwise technique using ther-
mostatic flasks at 25.0 ± 0.1 °C was employed. The amount 
of adsorbent was kept constant at 50 mg, and different 
aliquots (2.5, 5.0, 7.5, 10, 12.5, 15, 20, 25 and 30 mL) of the 
metal standard solutions (5 × 10−3 mol L−1) were added in 
each vial, keeping the final volume in 50 mL. The solutions 
were stirred for the same time period previously described, 
followed by filtration. The nonadsorbed metal ions con-
tained in the supernatant were quantified by titration 
through complexometric titrations as described in the 
previous item.

3  Results and discussion

3.1  Characterization of TipH

In a previous work [35], we report a complete characteri-
zation of TiPh and their use as an electrochemical sensor 
for the detection of n-acetylcysteine. Herein, we report its 
potential as an adsorbent composite for some transition 
metals such as copper  (Cu+2), cobalt  (Co+2) and nickel  (Ni+2) 
in different media.

3.2  Adsorption kinetic studies

Adsorption kinetic studies were carried out through typical 
adsorption curves, which are here expressed by the num-
ber of mol of solute adsorbed per unit of mass of adsor-
bent (Nf, mol g−1) as a function of time (minutes). Adsorp-
tion kinetic assays were performed by evaluating the time 
needed for the metal species  (Cu+2,  Co+2 and  Ni+2) to reach 
equilibrium with the phosphate-modified  TiO2 matrix at 
constant temperature (25 °C). For each metal evaluated, 
adsorption assays were performed in water, 42% etha-
nol aqueous solution, and pure ethanol. Such solutions 
aim to simulate real alcoholic samples such as alcoholic 
beverages and vehicle fuels. By varying the adsorption 
time from 5 to 50 min, we have observed that in aqueous 
medium the time required to reach the saturation of TiPh 
with  Cu+2,  Co+2 and  Ni+2 ions was about 30, 10 and 20 min, 
respectively, as shown in Fig. 1a. We must also mention 
that after approximately 20 min, a desorption process 
of  Ni+2 species takes place, reaching a maximum around 
30 min with a plateau formation after 40-min experiment. 
Considering the values obtained in a 42% ethanol aque-
ous solution, the adsorption times for the  Cu+2,  Co+2, and 
 Ni+2 ions were of about 40, 20, and 30 min, respectively 
(Fig. 1b). For the test performed in a pure ethanol solution, 
saturation occurs only after 30 min for all the evaluated 
metal ions, as shown in Fig. 1c. Overall, the adsorption 

kinetic studies showed that saturation time varies quite a 
lot (from 10 to 40 min) depending on the metallic specie as 
well as on the solution in which the experiment was per-
formed. The terminal phosphate groups anchored in the 
TiPh structure strongly interact with the metal ions con-
tained in the solution through electrostatic interactions, 
thus making the  TiO2 matrix quite efficient binding agent 
for the metallic cations. It is also noteworthy to mention 
that in all three evaluated solutions, the amount of solute 
adsorbed per unit of mass of adsorbent was always higher 
for  Cu+2 species, followed by  Co+2 and  Ni+2 ions. Such 
behavior can be understood considering that the maxi-
mum adsorption of metallic species is intrinsically related 
to the pH of the solution. Literature has shown that  Cu+2 
ions should adsorb on solid material more easily in lower 
pH values, due to their partial hydrolysis that results in the 
formation of hydrolyzed species, and  Ni+2 species should 
have higher maximum adsorption in alkaline media due to 
formation of both  [NiOH]+ and Ni(OH)2 at these pHs [37]. 
Another  TiO2-based adsorption material has provided 
similar kinetic behavior [38].

3.3  TiPh adsorption capacity

In order to evaluate the adsorption capacity of the modi-
fied  TiO2 for each metal ion, sorption isotherms were per-
formed and expressed by the Nf/C ratio. The maximum 
amount of adsorbed metal ions (Nf

max), also named specific 
sorption capacity, is equal to the quantity of metal ions 
adsorbed when the concentration (C) tends to saturation. 
As stated in Eq. 1, the Nf values are calculated by the dif-
ference between the amount of each metallic ion added 
before equilibrium (Nb) and the amount of each metallic 
ions contained in the solution not adsorbed after equilib-
rium (Ns), divided by the adsorbent matrix mass (W) [39]:

In all the obtained isotherms, we have observed a simi-
lar adsorption behavior, where all the evaluated metal ions 
display low Nf and concentration at the beginning of the 
experiment. As the experiment proceeds, the concentra-
tion of the metal ion increases and the Nf value becomes 
independent until active site saturation occurs and Nf 
reaches a constant value. Figure 2 shows representative 
adsorption isotherms obtained with the TiPh adsorbent 
matrix for each metal evaluated. Adsorption capacity 
assays were performed in water, 42% ethanol aqueous 
solution, and pure ethanol. Considering the experiments 
performed in purified water (Fig. 2a), the results obtained 
with  Cu+2 ions indicate a partial saturation of the TiPh 
active sites with 13 × 10−4 mol L−1 that still increase up to 

(1)Nf =

(

Nb − Ns

)

W
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Fig. 1  Adsorption kinetic 
assays performed with the 
metal species  Cu+2,  Co+2, and 
 Ni+2 using the TiPh matrix at 
25° C: a water, b 42% etha-
nol aqueous solution, c pure 
ethanol
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23 × 10−4 mol L−1, thus leading to an adsorptive capacity 
of Nf of 7.1 × 10−4 mol g−1. As for the assay employing the 
other two metal ions, the isotherms indicate the satura-
tion of TiPh active sites around 18.0 × 10−4 mol L−1 (Nf of 

4.97 × 10−4 mol g−1) and 22 × 10−4 mol L−1 (Nf of 4.1 × 10−4) 
for  Co+2 and  Ni+2 ions, respectively. Again, as noticed in 
the previous section, the adsorption experiments indicate 
higher adsorption of  Cu+2 ions in the TiPh structure, when 
compared to the other metallic species  (Co+2 and  Ni+2).

The probable adsorption mechanism could be repre-
sented by Eq. 2:

where M = Cu+2,  Co+2, and  Ni+2

This matrix is chemically stable and easily reactivated, 
and does not leach and can be several times reused after 
percolation of 0.1 mol L−1 hydrochloric acid.

Figure 2b shows the isotherms obtained in the adsorp-
tion capacity experiments performed in a 42% ethanol 
aqueous solution containing  Co+2, or  Cu+2, or  Ni+2 ions. 
Considering the results obtained with  Cu+2 ions, we can 
observe a partial saturation of the TiPh active sites at 
11 × 10−4 mol L−1, followed by an increase in the adsorp-
tive capacity, reaching values as high as 15 × 10−4 mol L−1 
with a Nf of 9.1 × 10−4  mol  g−1. For  Co+2 species, the 
obtained isotherm indicates the saturation of TiPh at 
4.1 × 10−4 mol L−1 with a Nf of 5.9 × 10−4 mol g−1. As for 
 Ni+2 ions, saturation occurs at 5.8 × 10−4 mol L−1 with Nf of 
5.1 × 10−4 mol g−1. Finally, the adsorptive capacity results 
registered in pure ethanol are presented in Fig. 2 c. From 
the obtained  Cu+2 isotherm, we could not observe TiPh 
active sites saturation in the concentration range evalu-
ated. In fact, the maximum Nf recorded in  Cu+2 solution 
was of 5.2 × 10−4 mol g−1. Considering the assay performed 
in a solution containing  Co+2 ions, saturation is observed 
at 16 × 10−4 mol L−1 with Nf of 3.0 × 10−4 mol g−1. In the 
experiments performed in a pure ethanol solution con-
taining  Ni+2 species, TiPh active sites saturation is reached 
at 25 × 10−4 mol L−1 with a Nf of 2.4 × 10−4 mol g−1.

Additionally, the TiPH is chemically stable and can be 
reused after 7 months of preparation (+ 60 cycles), simply 
by desorbing the metal ion washing the material (TiPHM 
where M = Cu+2,  Ni+2 and  Co+2 with HCl 0.1 M and then 
with KOH 0.1 M to pH neutral (~ 7.0).

Comparing all six isotherms obtained in both alco-
holic solutions tested, the absorption values achieved 
for  Cu+2 species remain higher than both  Co+2 and  Ni+2. 
Such behavior is justified by the previously mentioned pH 
effect, where  Cu+2 species should adsorb more easily in 
TiPh at lower pH when compared to the other two met-
als due to the formation of Cu-hydrolyzed species. Higher 
adsorption values would be achieved for Ni species, for 
example, if such experiments were performed in more 
alkaline regions; however, considering the final goal of this 
work—preparing a material suitable to be employed for 
metal quantification and removal in beverage production 
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Fig. 2  Adsorption isotherms obtained with the TiPh matrix in differ-
ent metal ions solutions  (Cu+2,  Co+2, and  Ni+2) at 25° C: a water, b 
42% ethanol aqueous solution, c pure ethanol
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processes—such aspect was not focused on in this work. 
The adsorption behavior observed in all isotherms is 
understood considering that removal efficiencies of metal 
ions are affected by an increase in the ions concentration. 
At low concentrations, the adsorption process involves the 
higher energy surface sites, and as the metal species con-
centration increases, such sites are saturated and adsorp-
tion starts to happen on the lower energy surface sites, 
thus resulting in a decrease in the adsorption efficiency 
[40, 41].

3.4  Stability studies of the complexes formed 
on TiPh surface

The adsorption process of a solute to a solid matrix at 
constant temperature and volume involves a continu-
ous competition between such species and the solvent 
molecules that are in contact with the adsorptive material 
surface. The complete sorption process can be obtained 
quantitatively from the sorption isotherms, in which the 
adsorbed amount data are determined after equilibrium. 
Assuming the formation of monolayers, the Langmuir 
equation (Eq. 3) can be applied to linearize the sorption 
isotherms and to estimate important parameters related 
to equilibrium:

In such equation, Cs represents the solution concentra-
tion at equilibrium (in mol  L−1); Nf is the adsorbent adsorp-
tion capacity (in mol g−1); Ns is the maximum amount of 
solute adsorbed (in mol g−1); and k is the measure of sorp-
tion intensity, which is related to the equilibrium constant. 
The linear regression from the plot of Cs/Nf as a function 
of Cs gives us 1/Ns and 1/(kNs), which are the slope and the 
linear coefficients, respectively, allowing us to determine 
both k and Ns values [42]. Figure 3 shows the linearization 
isotherm plots of Cs/Nf as a function of Cs for each metal 
ion  (Cu+2,  Ni+2, and  Co+2) evaluated in adsorption assays 
in water, 42% ethanol aqueous solution, and pure ethanol.

Table 1 shows all the determined parameters after the 
adsorption tests employing the TiPh matrix in each solu-
tion containing  Cu+2, or  Ni+2, or  Co+2. The Nf maximum val-
ues are also presented for comparison purposes.

According to the Langmuir model, Nf values approach 
Ns at the surface saturation point. From the data pre-
sented in Table 1, we have observed that both Nf and Ns 
values determined in all the metallic solutions are quite 
close to the ones determined for each solvent studied, 
thus being in agreement with the Langmuir model. In 
particular, the absorption experiment with  Ni+2 ions 
performed in pure ethanol showed some discrepancy 

(3)
Cs

Nf

=
Cs

Ns

+
1

Nsk

between the Nf and Ns values, which is probably related 
to the low correlation coefficient value obtained in this 
case or even to possible nonsaturation of the matrix sur-
face in the concentration range studied and evaluated. 

0 5 10 15 20 25 30

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0
 Water
 42% Ethanol aqueous solution
 Ethanol

C s/N
f
(g

 L
-1
)

Cs / 10-4 (mol L-1)

A

0 5 10 15 20 25 30

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

 Water
 42% Ethanol aqueous solution
 Pure Ethanol

C s/N
f
(g

 L
-1
)

Cs / 10-4 (mol L-1)

B

0 5 10 15 20 25 30

0

1

2

3

4

5

6

7

8

9

10

 Water
 42% Ethanol aqueous solution
 Pure ethanol

C s/N
f
(g

 L
-1
)

Cs / 10-4 (mol L-1)

C

Fig. 3  Linearization isotherms plots of Cs/Nf as a function of Cs for 
each metal ion evaluated in adsorption assays. a  Cu+2. b  Ni+2, c 
 Co+2. Adsorption assays were performed in water, 42% ethanol 
aqueous solution, and pure ethanol
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Finally, the isotherms linearization allowed us to calcu-
late the sorption intensity of each complex, represented 
by the constant k. Based on the high values obtained, 
the complexes formed at the surface of the adsorbent 
should be thermodynamically stable. In summary, the 
obtained data are quite satisfactory compared to recent 
literature displaying a high level of applicability poten-
tial [43–50]. For comparison, Table 2 lists the maximum 
adsorption capacity obtained from this material with 
that reported in the literature. Clearly, the adsorption 
capacity of copper(II), cobalt(II) and nickel(II) ions was 
satisfactory.

4  Conclusions

The synthesis of phosphate-modified  TiO2 was achieved 
from their isopropoxide form in an efficient one-pot meth-
odology. The adsorption kinetic assays performed in differ-
ent solutions containing  Cu+2,  Co+2, or  Ni+2 indicated that 
the adsorption equilibrium between the metal species 
and the TiPh matrix occurs after 10–40 min, being higher 
in the alcoholic solutions. The amount of metal species 
adsorbed onto the TiPh surface followed the sequence 
 Cu+2 > Co+2 > Ni+2, which is mainly related to the solution 
pH that, once  Cu+2 ions should adsorb more easily in the 
TiPh structure at lower pH when compared to the other 
two metals due to the formation of Cu-hydrolyzed spe-
cies. In the adsorption capacity experiments, the obtained 
isotherms indicated similar adsorption behavior for all the 
metal species evaluated, with higher capacity values being 
achieved in the 42% ethanol aqueous solution. In such sit-
uation, Nf values of 9.1 × 10−4 mol g−1, 5.9 × 10−4 mol g−1 
and 5.1 × 10−4 mol g−1 were obtained for  Cu+2,  Co+2 and 
 Ni+2, respectively. Finally, linearization isotherms showed 
that all the adsorption experiments performed follow the 
Langmuir model. Moreover, based on the high value of 
k obtained, the complexes formed at the surface of the 
adsorbent should be thermodynamically stable. Overall, 
from all the adsorption experiments in TiPh performed 
for  Co+2,  Cu+2 and  Ni+2 in different media, we observed 
that such material displays high potential applicability for 
metal quantification and removal, especially for alcoholic 
solutions such as beverages and vehicle fuels that must 
have their quantity of metal continuously evaluated dur-
ing the production process due to the high environmental 
control that is necessary in such samples.
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Nickel Hybrid membrane 10.29 [58]
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