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Abstract: Pure polyaniline and pure and copper, nitrogen-doped TiO2/Polyaniline nanocomposites
have been successfully synthesized by in-situ oxidative of aniline in aqueous media containing pure or
doped TiO2 nanoparticles. The as-prepared materials were characterized by TGA, XRD, FT-IR, BET,
and TEM. The samples obtained have been utilized as an adsorbent to remove methyl orange from an
aqueous solution. The effect of particular significant parameters such as pH, initial dye concentration,
and contact time on the elimination efficiency was examined in batch experiments. The equilibrium
sorption data on Ti/PANI composite were matched into Langmuir, Freundlich, and Temkin isotherms,
and their parameters were fixed of the three adsorption isotherms. It is found that the R 2 value of the
Langmuir isotherm model was the highest, with maximum removal of 94% was obtained at a pH of 7
for an adsorbent dose of 0.1 g/100 mL. The kinetic data corresponded to several models and closely
followed the pseudo-second-order model for both components. Results obtained indicate that PANI and
its TiO2 or (Cu or N)TiO2/polyaniline nanocomposites could be used as an effective adsorbent
significantly more than the PANI powder for dye deletion from water.
Keywords: nanocomposites; TiO2/polyaniline; dye removal; adsorption isotherm; kinetics.
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1. Introduction
Nowadays, the organic dyes used in many industries, such as papers, textile,
pharmaceutical, food industry dyestuffs, and plastic, represent one of the most important
sources of water pollution, as a result of its non-bio degradability and its high toxicity that
affects human life and living organisms [1]. The decomposition of dyes is very difficult due to
their resistance to heat, light, and oxidizing agents.
There are many dyes with different chemical compositions. Azo dyes are considered
one of the most important of these types due to their significant applications due to their low
price, stability, and variety of colors [2]. These dyes are characterized by economic cost, high
stability, and have many colors. Getting rid of many dyes from the wastewater is problematic
because of their good water solubility and non-biodegradable nature. There are several
chemicals, physical and biological methods for disposal of these dyes from wastewater, such
as photochemical decomposition, biodegradation, adsorption, chemical oxidation, and
coagulation [3-9]. Among these methods is the adsorption method, which gives excellent
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results due to its high ability to remove various colored materials, ease of design, low price,
and economic achievement.
In the adsorption process, many adsorbents are used to remove various dyes, such as
clays [10], activated charcoal [11], polymers, some agricultural residues, and metal oxides [12].
Newly conducting polymers such as polyaniline are good materials to adsorb many dyes and
heavy elements [13]. Recently, polyaniline nanocomposites with rare earth oxides are used as
effective adsorbents of dyes and heavy metals due to their exceptional chemical and physical
properties.
One of the most important oxides with important and different applications in dyestuffs
through catalysis and adsorption is titanium oxide. The importance of titanium oxide is due to
its good properties, such as its inflexibility, high thermal resistance, and good optical
properties. Many titanium oxide properties are improved by many processes such as doping
with metals and nonmetals and forming composites with some other oxides [14].
The current study attempts to subtract a basic methyl orange dye from water using
polyaniline and polyaniline composites with titanium oxide, titanium oxide doped with
nitrogen and copper. The physical properties of the prepared materials are studied. The
mechanism of adsorption employing adsorption isotherms and kinetic models is studied.
2. Materials and Methods
2.1. Materials.

All chemicals were used without any purification process, and all materials were
analytical grade. Titanium tetrabutoxide (Ti(OC4H9)4) (97%), copper nitrate Cu(NO3)2.3H2O
(99.999%) and hydrazine hydrate (80%) supplied from Sigma-Aldrich, Co., Ltd. Absolute
ethanol (99%) and methyl orange dye (MO) are supplied from Adwic.
2.2. Synthesis methods.
2.2.1. Synthesis of nano-TiO2.

Pure titanium oxide particles were synthesized using the sol-gel method [15, 16] by
taking 10 ml of titanium(IV) isopropoxide and gradually adding them to 200 ml of double
distilled water with violent stirring. The precipitate formed was filtered and washed several
times with water and then dried at 60 oC to form a white precipitate.
2.2.2. Preparation of N/TiO2.

Nitrogen-doped TiO2 was prepared by immersing the previously prepared nano-TiO2
powder in a hydrazine hydrate at 110oC [15, 16]. The white Nano –TiO2 powders were dipped
in in a definite amount hydrazine hydrate (80%) to prepare 100 wt% for 12 h under stirring,
then the precipitate filtered and dried at 110oC in the air for 3 h. Finally, the N-doped TiO2
powders were formed and denoted as N(100)/TiO2.
2.2.3. Preparation of Cu/TiO2.

Cu-doped TiO2 nanoparticles were synthesized using the conventional impregnation
method [17, 18]. A certain amount of copper nitrate (Cu(NO3)2·3H2O) was added to prepare
0.6 wt%to a solution containing the prepared titanium oxide dispersed in ethanol. The mixture
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is well stirred to form a homogeneous paste after the impregnation process. The sample was
dried at 80 oC overnight and finally calcined in air for 3 h at 500 oC.
2.2.4. Preparation of polyaniline.

In-situ oxidation polymerization method was used to prepare the polyaniline as the
following:1.8 ml of aniline dissolved in 100 ml of 1M HCl aqueous solution. Then 100 ml of
0.025 M of ammonium persulphate ((NH4)2S2O8) was added into the above solution drop by
drop for 2h with vigorous stirring for 4 hat temperature between 0–5ºC. Then the obtained dark
green precipitate was filtered. The precipitate was washed several times by 1M HCl followed
by distilled water, respectively, until the filtrate became colorless. Then it was re-filtered and
washed once again successively by distilled water. Then it was dried at 90 °C for 12 h. Thus,
finally, polyaniline was obtained.
2.2.5. Preparation of PANI nanocomposites.

The TiO2/PANI nanocomposites were synthesized by oxidative polymerization of
aniline in the presence of pure TiO2 nanoparticles in HCl solution. The weight of samples
(wt%) doped into aniline was settled at 25wt %, individually. Regularly, 100ml of 1.8 ml of
aniline in 1 M HCl containing TiO2powder was ultrasonicated for 1 h. Then 100 ml of 0.025
M of ammonium persulphate was added to the above solution under vigorous stirring for 4 h
at 0–5 ºC. The precipitate was filtered and washed several times with distilled water and
acetone until the filtrate got to be colorless. Finally, the obtained product was dried in the oven
at 90 °C for 12 h. and sieving. The resulting nanocomposite is denoted at Ti/PANI.
The other nanocomposites were prepared with the same previous procedures except for
the addition of certain amounts of N(100)/TiO2 and Cu(0.6)/TiO2 nanoparticles to prepare 15
wt% and 5 wt%, respectively of doped TiO2 to aniline solution. The obtained nanocomposites
were denoted as Ti(N)/PANI and Ti(Cu)/PANI for composites with (15%)N/TiO2 and
(5%)Cu/TiO2.
2.2. Characterization tools.

The XRD patterns were evaluated for all samples in the range of 2θ from 10° to 80° at
a scan rate of 5º min-1 using a Philips diffractometer 321/00 apparatus at room temperature.
The XRD patterns were recorded with Cu Kα radiation (λ= 1.541 Å) at 10 mA and 36 kV. The
morphologies of samples were investigated via an FEI; model Tecnai G20, Super twin, double
tilt 1010, at a power of 200 kV. The FT-IR spectra were monitored by double-beam Perkin
Elmer Spectrometerin the region 400-4000 cm–1. The samples were mixed with KBr (1:100)
to form tablets and thus confined into the sample holder. The surface properties, namely BET
surface area, mean pore radius (r), and total pore volume (Vp) were evaluated via adsorption of
N2 gas at 77 K using a conventional volumetric apparatus; (Quantachrome NOVA Automated).
BJH analysis is used to determine the pore size distribution. Thermogravimetric analysis of
pure PANI and their nanocomposites was performed in static air and a temperature range of
30-800 at a heating rate of 10 K/min using Dupont 2100 Thermal Analyzer.
2.3. Adsorption measurements.

The removal of methyl orange (MO) from an aqueous solution by the prepared
adsorbents was performed at 25ºC utilizing a batch equilibrium technique. To determine the
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samples' adsorption isotherms, 100 mg of the prepared materials were added to 100 ml of the
dye solution with a definite initial concentration under stirring at 25 °C and pH= 7. The initial
concentration of the dye was changed in the range from 60 to 120 mg/L. A portion of the
solution is taken at different times. The remaining dye concentration is recorded with Jasco V550 UV–Vis spectrophotometer (made in Japan) at λ = 463 nm.
Based on this data, the prepared materials' equilibrium adsorption capacity is calculated
using the following eq.
V
qe = (C0 − Ce ) (1)
W
where Co and Ce are the initial and equilibrium concentrations of dye in solution (mg/L),
respectively, qe is the adsorption capacity at equilibrium (mg/g), V is the solution volume (L),
and W is the weight of adsorbent (g). The impact of pH was examined by using dilute HCl and
NaOH solutions. Langmuir, Freundlich, and Temkin adsorption isotherm models were tested.
The adsorption kinetics was tested by pseudo-first-order and pseudo-second-order kinetic
models. All experiments were performed twice, and averaged values were calculated, where
the most extreme deviation was inside 5%.
3. Results and Discussion
3.1. Characterization.
3.1.1. Thermal stability of PANI and TiO2/PANI nanocomposite.

The thermogravimetric (TGA) analysis of PANI, Ti/PANI, Ti(Cu)/PANI, and
Ti(N)/PANI nanocomposites were studied under a heating rate of 10 °C min−1 and was shown
in Figure 1. The results show that the degradation style of nanocomposites is almost similar to
PANI.

Figure 1. TGA and DTG of all investigated samples.

The TG thermogram of the pure PANI demonstrates mass loss in three stages. The first
step shows a weight loss of 10.38% might be ascribed to the release of water, and the scorned
step shows a mass loss of 21.06% might be ascribed to the release of dopant anions from PANI
chains [19]. The third decomposition step starts at 400 °C and ends at 820°C with a mass loss
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of 36.72%, which corresponds to the polymer's decomposition. Ti(N)/PANI nanocomposites
show the same behavior as in the PANI sample. In contrast, Ti/PANI and Ti(Cu)/PANI
nanocomposites show four decomposition steps. It was found that there is a decrease in the
total weight loss of 68.37, 55.49, 53.10, and 50.84 for PANI, Ti(N)/PANI, Ti/PANI, and
Ti(Cu)/PANI nanocomposites, respectively (Table 1). These results suggest an enhancement
in the thermal stability of nanocomposites compared to PANI. This reduction in weight loss
was due to a strong interaction at the interface of TiO2, N/TiO2, and Cu/TiO2 and PANI, which
points to the presence of nanoparticles improve the thermal stability of the conductive polymer.
The results also show the highest thermal stability of Ti(Cu)/PANI nanocomposite.
Table 1. Thermal properties of all investigated samples.
Samples
PANI
Ti/PANI
Ti(N)/PANI
Ti(Cu)/PANI

Wt. loss (%)
Wt. loss (%)
Wt. loss (%)
Wt. loss (%)

Step (1)
10.38
10.36
8.326
8.574

Step (2)
21.06
23.45
12.78
26.14

Step (3)
36.72
10.13
34
7.257

Step (4)
9.160
8.494

Total loss
68.37
53.10
55.49
50.84

3.1.2. XRD.

The XRD patterns of the pure TiO2, PANI, Ti/PANI, Ti(Cu)/PANI, and Ti(N)/PANI
nanocomposites are shown in Figure 2. The XRD of TiO2 shows diffraction patterns of peaks
for TiO2 of anatase (tetragonal D4hI41/amd) structure with no evidence of the rutile phase
(JCPDS files No. 21-1272 or 84-1286). The XRD pattern of PANI shows amorphous nature
with some degree of crystallinity with the main diffraction peaks at about 2θ =15.2, 21.5, and
25.3◦, which is ascribed to the periodicity parallel and perpendicular to PANI chains,
respectively [20].

Figure 2. X-ray diffraction patterns of: (a) TiO2; (b) PANI; (c) Ti/PANI; (d) Ti(Cu)/PANI; (e) Ti(N)/PANI.

The XRD patterns of Ti/PANI, Ti(Cu)/PANI, and Ti(N)/PANI nanocomposites show
both the characteristic peaks of TiO2 and broad diffraction peaks of PANI, especially in
Ti(Cu)/PANI nanocomposite. The other composites decrease the peaks related to TiO2 in
PANI, which suggests well dispersion of them in the PANI matrix. The prepared samples
suggested having small particles due to the broad diffraction peaks of their XRD patterns.
The crystallite size (DXRD) is determined from the XRD peak broadening of the most intense
peak (2θ=28.5º) using the Debye–Scherrer equation [21]. The crystallites size of the TiO2
sample calculated using the Scherrer equation and is found to be 13.7 nm.
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3.1.3. FT-IR.

The FTIR spectra of TiO2, PANI and Ti/PANI, Ti(Cu)/PANI, and Ti(N)/PANI
nanocomposites specimens are given in Figure 3. The spectrum of TiO2, Figure 3a, displays
bands at 419 cm-1 attributed to the Ti-O-Ti framework, whereas that at 1049 cm-1 is associated
with Ti-O short stretching vibrations [22]. The band at 1620 cm−1 is a result of the Ti-OH group
[23]. These are attributed to Ti-O stretching (Table 3-A.2.3.1) ascribed to anatase structure
(114) as confirmed by XRD. The spectrum shows broad bands at 3418 cm-1, which
characteristic of the associated hydroxyl group that is weakly chemisorbed [24].
The FT-IR spectrum of PANI revealed a band at 3442 cm-1certified to stretching
vibration of N-H groups on the polymer chain. The bands at 2924 and 2859 cm-1specifies the
symmetric and asymmetric stretching vibrations of aliphatic C–H [25, 26]. The bands at 1570
are ascribed to C=C of quinonoid, and 1470 cm-1 are ascribed to stretching deformation of C=C
of benzenoid units of PANI [27]. The peaks observed at 1299 cm-1 and 1242 cm-1corresponds
to the stretching of C-N of secondary amine groups in PANI, and the band that appeared at
1116 cm-1 is ascribed to C-H in-plane bending vibration. The band at 799 cm-1 is assigned to
C–H deformation vibration. The stretching of C–C detects around 1570 and 587 cm-1 is owing
to the oxidation state of polyaniline [27]. The band at 500.4 cm-1 is attributed to C– N–C
bonding mode of the aromatic ring. All the detected peaks were like those of pure polyaniline
[28].

Figure 3. FTIR spectra of: (a) TiO2; (b) PANI; (c) Ti/PANI; (d) Ti(Cu)/PANI; (e) Ti(N)/PANI.

The spectrum of Ti/PANI nanocomposite (Figure 3c) displays bands at 3455, 1573
associated with the quinoid and benzenoid rings of polyaniline, besides peaks at1477, 1280,
1120, 802, and 598 cm−1 with a shift to a higher wavenumber compared to that of pure PANI
which indicates the interaction between TiO2 and PANI, Beside appearance of peaks at 480
cm−1 may be related to Ti-O stretching.
The FT-IR spectrum of the Ti(Cu)/PANI nanocomposite shows a peak at 3439.4cm-1
with a significant decrease in its intensity, suggesting the interaction of PANI and Cu/TiO2
nanoparticles. Also, it shows peaks at 1567 and 1479.1 cm-1 related to quinoid and benzenoid
rings of polyaniline with some shift compared to PANI. The spectrum shows other peaks at
1299.8, 1119.5, 804.2, 589.1 cm-1, same as that observed in pure PANI with shit to higher
wavenumber. Besides, the appearance of peaks at 480 cm−1 may be related to Ti-O stretching.
The FT-IR spectrum of the and Ti(N)/PANI nanocomposite shows a high decrease in
the intensity of peaks observed at 3417 cm-1 with a significant shift to lower wavenumber than
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PANI. Also, it shows the same other peaks 1564.9, 1479.1, 1299.8, 1131.1, 807.1, 586.3 and
503.3 cm-1.
The previous results showed that there is a connection between titanium oxide
nanoparticles with the polyaniline chain. This interaction is the π–σ interaction. The σ bond is
formed by the overlap of the π molecular orbital of PANI with the empty d-orbital of metal
ions. The π bond is formed by the overlap of the π∗ molecular orbital of polyaniline with the
metal's d-orbitals. Furthermore, the hydrogen bonding between the oxygen atoms on TiO2 and
polyaniline chains in the composites makes TiO2 particles be inserted into the polymer chain
of PANI [29].
3.1.4. TEM

The morphological structure was investigated by TEM, which approved the creation of
nanocomposite between their components. The TEM images of PANI and Ti/PANI,
Ti(Cu)/PANI, and Ti(N)/PANI nanocomposites specimens were presented in Figure 4. The
TEM image of PANI (Figure 4b) displays long rods with varied sizes with length 180 nm and
width 23.3 nm.

Figure 4. TEM images of: (a) PANI; (b) Ti/PANI; (c) Ti(Cu)/PANI; (d) Ti(N)/PANI.

Whereas, on doping with TiO2 in Ti/PANI nanocomposite, the TEM image of
Ti/PANI nanocomposite demonstrates well dispersion of spherical TiO2 particles on the
structure of the rod of PANI chains with particle size 20.6 nm. Figure 4c reveals the TEM
image of Ti(Cu)/PANI, which shows the growth of TiO2 spherical particles on polyaniline
layers with particle size 43.7 nm. TEM images of Ti(N)/PANI (Figure 4d) nanocomposites
show the well distribution of TiO2 nanoparticles on the rods of polyaniline with a particle size
of 17.3 nm. All samples show porous structure.
3.1.5. Surface properties.

Figure 5 reveals the complete adsorption isotherms of Ti/PANI, Ti(Cu)/PANI, and
Ti(N)/PANI nanocomposites compared to PANI. It was observed that all samples reveal type
IV with hysteresis loops of type H3, signifying mesoporous structures. The surface area of all
samples was calculated using BET (Brunauer–Emmett–Teller) [30] and given in Table 2. From
https://biointerfaceresearch.com/
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Table 2, It was found that the order of increase in surface area of the samples was as follows:
Ti/PANI <PANI<Ti(Cu)/PANI <Ti(N)/PANI. This might be due to the formation of the voids
between the polyaniline particles due to oxide particles incorporation. All samples had total
pore volumes, VP, in the range of 0.07‒0.119 ml/g. The pore radius of samples was found in
the range of6.19–16.31 nm indicating the creation of a narrow mesoporous structure, Table 2.

Figure 5. Adsorption-desorption isotherms and pore size distribution curves of: (a) PANI; (b) Ti/PANI; (c)
Ti(N)/PANI; (d) Ti(Cu)/PANI.
Table 2. Texturing properties of all investigated samples.
Samples
PANI
Ti/PANI
Ti(Cu)/PANI
Ti(N)/PANI

https://biointerfaceresearch.com/

SBET
(m2/g)
26.07
22.69
29.57
32.2

Pore volume VP
(cc/g)
0.106
0.07
0.103
0.119

Pore radius
(nm)
16.31
6.189
6.961
14.82
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3.2. Adsorption parametric studies.

The adsorptive removal of methyl orange (MO) on PANI, Ti/PANI, Ti(Cu)/PANI, and
Ti(N)/PANI nanocomposites from aqueous solutions was studied. Several factors affect the
dye's adsorption process, such as initial dye concentration, contact time, and pH.
3.2.1. Contact time effect.

Figure 6 displays the contact time effect on eliminating MO dye by each of pure PANI,
Ti/PANI, Ti(Cu)/PANI, and Ti(N)/PANI nanocomposites at pH 7 and 25ºC. The removal
percentage (%R) of dye in the supernatant solution is calculated using the following equation:
𝐶0 − 𝐶𝑡
%𝑅 =
× 100
(2)
𝐶0
where Co (mg/L) is the dye concentration at t= 0 min and Ct (mg/L) is the dye solution's
concentration at time t. It was found that the adsorption process was noticeably based on the
time such that most of the dye was removed in about 25 minutes. Also, under the same
experimental conditions utilized, the dye uptake over the studied nanocomposites occurs faster
than the pure PANI. It is remarked that as the Ti/PANI composite has the highest adsorption
uptake (94.3%), this might be attributed to an excess number of adsorption sites on its surface.
The elimination capabilities of dye in20 min were ordered as: Ti/PANI>Ti(Cu)/PANI >
Ti(N)/PANI >PANI>PANI. Figure 6 also shows that the dye adsorption starts fast and then
decreases gradually with time. The fast beginning of adsorption is attributed to the expansive
locality number of active sites on the nanocomposites' surface and the high dye concentration
gradient. According to the results obtained, we concentrated our adsorption study on the
Ti/PANI sample.

Figure 6. Removal% of MO dye onto PANI and their nanocomposites as a function of time. Where dye
concentration is 120 mg L-1 and adsorbent dose is 0.1 g in 100 mL.

3.2.3. effect of pH.

The adsorptive removal of MO dye was tested in the pH range 4‒9 at dye concentration
120 mg/L and Ti/PANI nanocomposite concentration 0.1 g/L at 298 K and given in Figure 7.
0.1M HNO3 or 0.1M NaOH solution was used to adjust pH. It was found that the dye removal
increases as the pH increase up to pH= 7 then decreases at pH= 9. It achieves the greatest value
at pH=7. The higher values of qt observed at acidic and neutral pH may be ascribed to the
electrostatic attraction between positively charged Ti/PANI and MO anions with negative
charges [31].
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Figure 7. Adsorption capacity of MO dye onto Ti/PANI nanocomposite as a function of time at different pH
values. Where dye concentration is 120 mg L-1 and adsorbent dose is 0.1 g in 100 mL.

3.2.4. Effect of initial concentration of dye.

The percentage of the dye's elimination was also studied at various dye concentrations
from 60 mg/L to 120 mg/L, at pH= 7 and adsorbent load = 0.1 g and given in Figure 8, as the
concentration increases as the dye adsorption increases. At low concentrations, the binding
sites on the adsorbent surface were accessible to all the dye molecules existing in the solution.
This results in increasing the adsorption capacity. At high concentrations, the adsorption
capacity was increased owing to the increasing the adsorbed dye molecules available.

Figure 8. Effect of initial concentration on the adsorption capacity of MO dye onto Ti/PANI nanocomposite.
The adsorbent dose is 0.1 g in 100 mL and T= 25 °C.

3.3. Equilibrium adsorption isotherm.

Different isotherm models can be used to analyze adsorption experimental data, such
as the Langmuir, Freundlich, and Temkin models [32, 33].
Freundlich and Langmuir equations are given by Eqs. (3) and (4), respectively:
lnqe = lnK F + (1⁄n)lnCe
(3)
Ce⁄
1
1
(4)
qe = ⁄qmaxKL + ⁄qmax Ce
where qmax is the theoretical maximum monolayer sorption capacity (mg/g), n, KF, and KL are
empirical constants. KL is the Langmuir adsorption constant and evaluates the affinity of the
https://biointerfaceresearch.com/
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sorbent for the solute. 1/n values reveal the isotherm type to be unfavorable (1/n >1), favorable
(0 ˂1/n ˂ 1) and irreversible (1/n = 0) [34].
Whether the adsorption process is preferable or not can be determined according to the
Langmuir model by RL's value. The value of RL is an indicator of adsorption capability, and it
can be calculated based on the following equation [35]:
𝑅𝐿 =

1
1 + 𝐾𝐿 𝐶0

(5)

where Co is the initial dye concentration. The values of RL show the states of isotherms to be
either irreversible (RL= 0), unfavorable (RL> 1), or favorable (0 ˂ RL˂ 1).
Temkin isotherm model was also utilized to analyze the adsorption data, and it can be
given by the following equation [36]:
𝑞𝑒 = 𝑅𝑇⁄𝑏 𝑙𝑛𝐴 𝑇 + 𝑅𝑇⁄𝑏 𝑙𝑛𝐶𝑒
𝑇

𝑇

(6)

where (𝑅𝑇/𝑏𝑇 ) = 𝐵 (J/mol) is the Temkin constant related to the heat of adsorption, AT is the
equilibrium binding constant (L/g), bT is the Temkin constant correlated to the adsorption heat
(kJ/mol), R is the universal gas constant (8.314 J/mol/K), and T is the absolute temperature
(K).
Freundlich, Langmuir, and Temkin models were applied to analyze the obtained
experimental adsorption data on Ti/PANI nanocomposite. Figure 9 shows the relevant data of
these three models.

Figure 9. (a) Freundlich; (b) Langmuir; (c) Temkin isotherm models plots for the adsorption of MO dye on
Ti/PANI, with optimum conditions: MO dye concentration (120 mg/L), amount of adsorbent= 0.1 g), contact
time 20 minutes and pH = 7 and T = 298 K.

Table 3 reveals the parameters evaluated from Freundlich and Langmuir and Temkin
models for the dye adsorption on Ti/PANI nanocomposite. It was observed from Table 3the
value of correlation coefficients (R2) of the Langmuir model is the highest one (R2 = 0.963)
compared to the other isotherms. Accordingly, the experimental equilibrium data can be better
https://biointerfaceresearch.com/
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described by Langmuir isotherm. RL's value is 0.029, which is (0 ˂ RL˂ 1), indicating that the
isotherm is favorable.
Table 3. Langmuir, Freundlich and Temkin isotherm constants for MO dye adsorption onto Ti/PANI samples.
Model
Langmuir isotherm model

Freundlich isotherm model

Temkin isotherm model

Parameters

Adsorbents
TiO2/PANI
136.9
116.5
0.36
0.963
0.029
42.9
2.25
0.444
0.873
2.76
73.74
33.59
0.915

qmax (mg/g)
qexp (mg/g)
KL (L/mg)
R2
RL
KF (mg/g)
N
1/n
R2
AT (L/g)
BT
B (kJ/mol)
R2

3.4. Kinetics of adsorption.

The adsorption mechanism can be detected from the adsorption kinetics. It is known
that any adsorption process takes place through three steps 1- the transfer of adsorbent
molecules from the solution to the vicinity of the adsorbent, 2- Migration of adsorbent
molecules from the vicinity of the adsorbent to the adsorbent surface, 3- Diffusion from the
surface to the adsorption sites in the adsorbent. The slowest step in the adsorption process
determines the rate of this process [37]. The pseudo-first-order [38], pseudo-second-order [39],
Elovich, and intraparticle diffusion [40] models were examined to assess the mechanism of the
adsorption process. A great relationship with the kinetic data clarifies the dye adsorption
mechanism on the polyaniline and their nanocomposites.
Pseudo-first order is given by the following equation [38]:
ln(𝑞𝑒 − 𝑞𝑡 ) = ln𝑞𝑒 − 𝑘1 𝑡

(7)

where qt and qe are the adsorbed amounts of dye (mg/g) at time t (min) and at equilibrium,
individually, and k1 (min−1) is the rate constant of pseudo-first-order. The ln (qe–qt) plots
versus t (Figure 10a) are used to determine the values of k1 for all specimens.
The pseudo-second-order reaction can describe the adsorption process when the
reaction rate depends on the adsorbed concentration at equilibrium and the adsorbed
concentration of the dye on the adsorbent surface. It is given by [39].
𝑡⁄𝑞𝑡 = 1⁄𝑘2 𝑞𝑒2 + 𝑡⁄𝑞𝑒

(8)

Figure 10b reveals the fitting plots of Equation 8 ((t/qt) vs. t). The values of qe, k2, and R2
were estimated and recorded in Table 4.
For numerous adsorption systems, Elovich’s empirical adsorption model has extensive
applicability. This model was constructed based on the heterogeneity energy of adsorption sites
in the form of a rectangular distribution [41]. The mathematical equation of the kinetic model
of Elovich can be expressed as follows:
qt = (1/β)ln(αβ)+(1/β)lnt

https://biointerfaceresearch.com/
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where β is the rate of initial adsorption of the Elovich equation (mg.g−1 min−1) and α is the
Elovich adsorption constant (g.mg−1) [42]; it is interrelated to the energy of adsorption [43].
The linear relation of the Elovich equation was obtained if αβt >> t and that q = qt for a time
t = t and q = 0 at t = 0 [44]. The values of β and α were determined from the relation between qt
and ln(t) (Figure 10c) and given in Table 3.
Several researchers have utilized this model to elucidate the kinetics of the adsorption
of pollutants on different adsorbents. Different mechanisms such as activation of surface, its
deactivation, interface phase, and diffusion in solution were explored using this model. It
suffices to explain the process with greater changes in the energy of activation [45].

Figure 10. (a) Pseudo-first-order; (b) Pseudo-second-order; (c) Elovich; (d) Intraparticle diffusion models plots
for the adsorption of MO dye on all samples, with optimum conditions: MO dye concentration (120 mg/L),
amount of adsorbent= 0.1 g), contact time 20 minutes and pH = 7 and T = 298 K.

The results display that the pseudo-second-order kinetic model exhibited the best
correlation coefficient for dye adsorption on the pure PANI, Ti/PANI, Ti(Cu)/PANI, and
Ti(N)/PANI nanocomposites compared to the other models. Moreover, the obtained values of
https://biointerfaceresearch.com/
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the calculated adsorbed amount (qe, cal) are in good matching with the practical adsorbed
amount values of (qe, exp), which specifies that the rate-determining step may be chemisorption.
Weber and Morris proposed an intraparticle diffusion model [37], and the adsorption
data are expressed by Equation 10:
𝑞𝑡 = 𝑘𝑑𝑖𝑓 √𝑡 + 𝐶

(10)

where kdif is the rate constant of intraparticle diffusion (mg/gmin1/2), and C is the constant
correlated to the boundary layer thickness. Figure 10d shows the relation between qt and t1/2,
which displays only one straight line. The values of kdif and C, which are determined from the
plots were listed in Table 4. The presence of only one straight line designates that only one
process is involved in the process of adsorption. This process is the mass exchange of dye
molecules from the mass reaction to the surface of the adsorbent.
Table 4. Comparison between the pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich
models and their parameters for all investigated samples.
Models
Pseudo-first-order
model

Pseudo-secondorder model
Intra-particle
diffusion
Elovich model

Parameters
qe,exp (mg/g)
qe,cal (mg/g)
k1 (L/mg)
R2
qe,cal (mg/g)
k2 (g/(mg min))
R2
kdif (mg/(g min½))
C
R2
β (g/mg)
α (mg/(g min))
R2

PANI
82.1
72.79
0.037
0.834
111
0.0018
0.989
13.02
28.32
0.874
0.046
0.017
0.932

Ti/PANI
103.1
79.45
0.083
0.958
119
0.0020
0.999
19.88
16.18
0.975
0.034
0.019
0.982

Adsorbents
Ti(N)/PANI
101.6
116.45
0.085
0.920
111.1
0.0015
0.9589
21.48
1.36
0.953
0.029
0.026
0.901

Ti(Cu)/PANI
102.5
92.97
0.086
0.973
114.9
0.0019
0.9978
19.88
16.18
0.975
0.031
0.024
0.975

4. Conclusions
The pure PANI, Ti/PANI, Ti(Cu)/PANI, and Ti(N)/PANI nanocomposites were
synthesized via in-situ polymerization of aniline in the absence and presence of pure and doped
TiO2. The adsorptive and surface properties of PANI were improved by incorporating pure or
doped TiO2 into the polymeric structure. The results show enhancement in the thermal stability
of nanocomposites compared to PANI. The dye's removal is reached to a maximum value at
pH 7 and increases with increasing contact time. The Adsorption efficiency of samples
increases in the following order: Ti/PANI>Ti(Cu)/PANI > Ti(N)/PANI >PANI. The pseudosecond-order kinetic model was found to be fitted to the adsorption data of all samples. The
Langmuir isotherm model was the best model for describing the equilibrium data. This study
suggests that a Ti/PANI nanocomposite can be used as a very good adsorbent to remove dyes
in neutral media.
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