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ABSTRACT

In this work, TiO2 nanopowder (TIP600) was prepared by a sol–gel method and titanium
isopropoxide, glacial acetic acid, and deionized water were used as the starting materials.
Adsorption of congo red (CR) on Degussa-P25 (P25), commercial TiO2 (C-TiO2), and TIP600
was investigated. But, photochemical and photocatalytic event were not used for this adsorp-
tion process. Adsorption of CR onto the adsorbents was studied at different temperatures
(25.0, 40.0, and 50.0˚C) and various adsorbent doses (0.1, 0.05, and 0.025 g). The kinetics of dye
adsorption has been investigated in terms of pseudo-first order, pseudo-second order, and
intra-particle diffusion rate. The results indicate that pseudo-second order plays a significant
role in the adsorption mechanism. The adsorptive capacity of TIP600 is much higher than that
of other adsorbents. The value of ΔH# was obtained as positive, therefore the nature of adsorp-
tion was found endothermic. Equilibrium isotherm of CR was fitted to the Freundlich and
Langmuir models. The equilibrium data of adsorbate were found to best fit the Langmuir
model. For CR, TIP-600 was demonstrated as the best adsorption capacity (qmax 112 mg g−1).
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1. Introduction

Dyes and pigments are common constituents of
effluents discharged by various industries, particularly
in the textile industries. Low concentration of the dye
solutions can be highly toxic for water and soil sys-
tems. A number of technologies have been developed
and used for the removal of the dye pollutants from
wastewater such as adsorption, coagulation, ozonation,
membrane filtration, and photocatalytic decolorization
[1–5]. Especially, azo dyes have the largest group of

synthetic colorants and these colorants are released into
the environment. Congo red (CR) (3,3´-[[1,1´ biphenyl]-
4,4´diylbis-(azo)] bis [4-amino-1-naphthalene-sulfonic
acid] disodium salt) is a sulfonated azo dye. It is a
water-soluble secondary azo dye and contains an azo
(–N=N–) chromophore and an acidic auxochrome (sul-
fanate-SO3H) associated with the benzene structure. It
is used to dye textiles. Yet, CR is reported to be carcino-
genic and highly toxic to living beings. Therefore, this
pollutant has to be removed from textile wastewater
[6]. Activated carbon was generally used for removal
of dyes, because of its excellent adsorption ability [7,8].
However, regeneration process of activated carbon is
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highly difficult and uneconomic. Therefore, researchers
have attempted to find inexpensive alternative
adsorbents. Some natural low-cost adsorbents have
been tested for the removal of CR as clay materials,
pine [9–11]. Clay minerals are natural hydrophilic
compounds, therefore, they are unsuitable and are
regarded as adsorbents for organic compounds. How-
ever, exchange of inorganic cations of clay minerals
with organic cations renders organophilic adsorbents
known as organoclay. In addition, modifications are
used to increase the surface area [12,13]. However, this
procedure is time consuming and it is not economical
Also, adsorption of CR was investigated on natural
adsorbents such as seeds [14,15].

On the other hand, mesoporous films of a semicon-
ductor oxide can be constituted by a network of
nanocrystalline particles such as titanium dioxide and
zinc oxide. The choice of oxide material mesoporous
films has generally been TiO2. Its properties are linked
to the material content, chemical composition, struc-
ture, surface morphology, non-toxicity, and low cost.

In recent years, degradation of CR under UV–light
has been examined using photocatalyst or photoactive.
Generally, in these studies, nano-TiO2, ZnO, and
nanocomposites are used [16–20]. The sol–gel method
[21,22] is widely employed for the preparation of
nanoparticles, due to the inexpensive equipment
required and the low temperatures involved. How-
ever, because of increasing interest in the application
of nanosize TiO2 in different fields, the vast body of
literature on titanium deal with the synthesis, proper-
ties, and applications of different nanosize titanium
crystalline forms; anatase, rutile, and brookite [23–25].
Recently, various nanostructured TiO2 catalysts have
been prepared by hydrolysis of titanium isopropoxide
or titanium tetrachloride [26]. The samples derived
from TiCl4 were the most active and neither filtration
nor calcination was needed to obtain a highly efficient
anatase phase. The preparation of nanostructured
TiO2 photocatalysts using TiCl4 as the precursor
appears worthy of attention since this compound does
not give rise to formation of organic impurities in the
final products. The reported other synthesis methods
for preparation of titanium nanoparticles, like
hydrothermal, solvothermal, and emulsion precipita-
tion [27–29], all face the problem of either poor crys-
talline form of anatase or broad size distribution [30].

In this study, anastase TiO2 nanoparticle (TIP600)
was synthesized by sol–gel method in short time.
Degussa P-25 (P25), commercial TiO2 (C-TiO2), and
titanium isopropoxide 600˚C (TIP600) were character-
ized with a number of methods including BET, SEM,
XRD, and FTIR. In this paper, adsorption of CR from
aqueous solution on Degussa P-25 (P25), C-TiO2, and

TIP600 was especially investigated without any photo-
chemical and photocatalytic event and was not used
UV-visible light. The influence of the experimental
parameters was studied in terms of contact time and
adsorbent dose. For kinetic evaluation, the adsorption
process was studied at 25.0, 40.0, and 50.0˚C and the
thermodynamic parameters were determined. In addi-
tion, adsorption isotherm data were interpreted by the
Freundlich and Langmuir equations. The constants of
equations were determined and isotherm types were
found at constant temperature.

2. Materials and methods

2.1. Adsorbate

CR (C32H22N6Na2O6S2 FW = 696.7 g mol−1,
λmax = 510 nm) used in this study as an anionic diazo
direct dye was purchased by Sigma Chemical
Company. Its chemical structure is shown in Fig. 1.
First, the stock solution of CR was prepared in the
concentration of 100 mg L−1. Then, this solution was
diluted from 1 to 75 mg L−1.

2.2. Adsorbent

Titanium isopropoxide (≥99%, Fluka), Degussa P-25
(consisting of 70% anatase and 30% rutile with a speci-
fic BET surface area of 50 m2/g and primary particle
size of 32 nm), and anatase TiO2 (purity > 99.99%,
Aldrich), were purchased and used in their commercial
form without any purification.

2.2.1. Preparation of TIP600

TiO2 nanopowder (TIP600) was prepared by a
sol–gel method and titanium isopropoxide, glacial
acetic acid, and deionized water were used as the
starting materials. The titanium isopropoxide, glacial
acetic acid, and water were maintained at the molar
ratio of 1:10:350. During the experimental process, tita-
nium isopropoxide was added in glacial acetic acid by
vigorous stirring. After obtaining a transparent sol, the

Fig. 1. Structure of congo red (CR).
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mixture was aged for 1 h at room temperature and
dried at 70˚C for one day. Finally, the dried gel was
calcined in air at 600˚C for 4 h.

2.3. Characterization

Phase identification of the products was carried
out by X-ray diffraction (Rigaku D/Max-2200/PC
diffractometer with the CuKα (λ = 1.540) radiation).
Samples were scanned from 10˚ to 80˚ at a rate of
2˚/min. The sizes of the crystalline domains were
calculated by using the Scherrer equation,

t ¼ Ck=B cosH

where λ is the X-ray wavelength (Å), B is the full
width at half maximum, Θ is Bragg angle, C is a factor
depending on crystallite shape (taken to be one), and t
is the crystallite size (Å). Spectroscopic analysis of
the nanoparticle TiO2 samples was performed using
a Fourier transform infrared (FT-IR) spectrometer
(Perkin Elmer Precisely Spectrum One), and

UV–visible spectrophotometer (CHE-BIOS Optimum).
The morphology of the products was examined by
scanning electron microscopy (JEOL/JSM-6335F).

The specific surface area of the samples was deter-
mined through nitrogen adsorption using a surface
area analyzer (Quantachrome Inst. 3.12). The samples
were degassed at 200˚C prior to measurements.

2.4. Experimental procedure

Batch adsorption experiments were carried out
using P25, C-TiO2, and TIP600 as the adsorbent. CR
stock solution 100 mg L−1 was used and a predeter-
mined doses of the adsorbents (0.1, 0.05, and 0.025 g)
were placed in the thermostat at predetermined
temperature (25, 40, and 50˚C). Samples were taken
from this adsorption system after 30 min and were
centrifuged for 10 min at constant string speed of
4,000 rpm. The pH value of CR solution on
TiO2 nanoparticles was measured as 8.72 and the
concentrations of CR solution at this pH were deter-
mined by UV–visible spectrophotometer. All the

Fig. 2. Adsorption of congo red (100 mg L−1) UV–visible absorption spectra change at different time intervals.
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spectrophotometric measurements were made with a
CHE-BIOS Optimum UV–visible spectrophotometer.
For P25, C-TiO2, TIP600, UV–visible absorption spectra
of aqueous solution of CR (100 mg L−1) were shown in
Fig. 2. The maximum absorbance value of CR was
measured at 510 nm. The calibration graph of absor-
bance vs. concentration followed a linear Lambert–
Beer relationship [31]. The color removal efficiency of
the dye was calculated as the following Eq. (1),

Removal efficiency ð%Þ ¼ ðC0 � CtÞ=C0 � 100 (1)

where C0 and Ct are the initial concentration and the
concentrations of the dye at any time (mg L−1), respec-
tively. The amount of dye adsorbed per gram of TiO2

(mg g−1) at any time qt was calculated by a mass bal-
ance relationship Eq. (2).

qt ¼ ðC0�CtÞV=W (2)

where V indicates the volume of dye solution (L) and
W is the weight of the adsorbent (g).

For each temperature, equilibrium of adsorption
has been reached at 180 min as shown in Fig. 3. Rapid

process has been occurred until 60 min and then this
process has been slowly followed until 130 min. For
C-TiO2 and P25, value concentration of CR has not
changed with different adsorbent doses at 50.0˚C as
seen in Fig. 3. Plots of concentration of congo vs. time
have been the same at 25.0 and 40.0˚C. For TIP 600, the
concentration of CR has decreased. Its value has chan-
ged with increase in the amount of TIP600 at 50.0˚C as
seen in Fig. 3. Plots of concentration of congo vs. time
have been the same at 25.0 and 40.0˚C. Kinetics of
adsorption was determined by measuring adsorptive
uptake of dye from aqueous solution at different time
intervals every 15 min. The amount of dye adsorbed at
any time was calculated from the concentration
changes during adsorption process according to Eq. (2).

3. Results and discussion

3.1. Effect of adsorbent dose

The effect of the adsorbent dose was studied by
keeping the ratio (W/V) 2.5–10 g L−1 in Eq. (2) at
different temperatures. For all experiments, initial con-
centration of CR was fixed at 100 mg L−1. For C-TiO2

and P25, the values removal percentages have not

Fig. 3. Plots of concentration of CR vs. time using different adsorbents and doses at 50˚C.
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changed much with the effect of adsorbent doses at
50˚C, as seen in Fig. 4. For each adsorbent, plots of
percent of removal vs. adsorbent doses were similar at
25.0 and 40.0˚C. However, the values removal percent-
ages of CR were increased rapidly with increase in the
doses of TIP600 at 50.0˚C as shown in Fig. 4. Plots of
percent of removal vs. adsorbent doses were similar at
25.0 and 40.0˚C. Also, values of effect of adsorbent
doses are compatible with Fig. 3.

During the adsorption process, the changing of
color of CR depending on time and dose is shown in
Fig. 5(a) and (b). Except for TIP600, the color of CR is
removed using the same proportion for the dose of
each adsorbent P25 and C-TiO2. For TIP600, the
maximum amount of CR removal was obtained at the
adsorbent dose of 0.1 g. In addition, the color change
of the dye onto TIP600 adsorbent is obtained together
with other adsorbents.Fig. 4. Effect of adsorbent dose at 50˚C.

(b) (a) 

TIP600/10 TIP600/2.5TIP600/5

TIP600/2.5TIP600/5TIP600/10

C-TiO2/10C-TiO2/10 C-TiO2/5 C-TiO2/2.5 C-TiO2/2.5C-TiO2/5

P25/10 P25/5 P25/2.5 P25/10 P25/5 P25/2.5

Fig. 5. Color change of congo red (100 mg L−1) by depending adsorbent dose (a) before adsorption and (b) after
adsorption.
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3.2. Effect of contact time

For three adsorbent doses, the adsorption studies
were carried out at different time intervals (from 10
to 180 min) and at different temperatures (25.0, 40.0,
and 50.0˚C). For each temperatures and adsorbent
doses, the maximum efficiency of P25 and C-TiO2

was found at 60 and 130 min. The values removal
percentages of CR were similar at different tempera-
tures and different adsorbent doses, as seen in
Figs. 6A and 6B. The removal percentage of CR was
arrived up to 20% within 60 min and this value was
not changed in 130 min. Therefore, it can be con-
cluded that the rate of CR binding with adsorbent
was great in the initial stages, then gradually
decreased and remained almost constant after period.
For TIP600 at 0.1 g, the values removal percentages
of CR were determined at different temperatures
within 60 and 130 min as 85–95%, respectively, as
shown in Fig. 7. These values changed at different
temperatures for 0.05 and 0.025 g adsorbent doses as
40 and 20%, respectively, as seen in Fig. 7. As shown
in Fig. 7, both the instant utilization of the most
readily available adsorbing sites on the adsorbent
surface and migration of CR from the liquid phase
on the TiO2 nanoparticles surface occured [32]. As a

result, adsorption amount of percentage of CR on
TIP600 at 50.0˚C is greater than other temperatures.

3.3. BET surface area

The BET surface areas of the adsorbents are mea-
sured and the results are listed in Table 1. BET surface
areas of adsorbents were measured and found to be as
follows: Degussa P-25 (50 m2 g−1) > TiO2 (TIP600)
(45 m2 g−1) > C-TiO2 (12 m2 g−1). Although surface
area of Degussa P-25 was slightly higher than TiO2

(TIP600), it did not show higher adsorption capacity
as shown in Table 1. Particularly, after adsorption,
BET surface area of TiO2 (TIP600) was decreased to
13 m2 g−1. The large decrease in surface area was
observed for TIP600 companying to Degussa P-25.
This suggests that large CR dye molecules have been
adsorbed on the surface of TiO2 nanoparticles.
Adsorbing larger molecules on small particle sizes,
adsorbents allow them to be thermally desorbed more
easily. This effect may be attributed to the presence of
CR molecules in the pore mouths of the TiO2 channels
and pores [33]. The profound effect of adsorbents for
CR adsorption is generally considered due to the
small crystallite sizes and high anatase phase content.

Fig. 6A. Effect of contact time by C-TiO2 (a) 25.0˚C, (b) 40.0˚C, and (c) 50.0˚C.
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Fig. 6B. Effect of contact time by P25 (a) 25.0˚C, (b) 40.0˚C, and (c) 50.0˚C.

Fig. 7. Effect of contact time by TIP-600 (a) 25.0˚C, (b) 40.0˚C, and (c) 50.0˚C.

13324 T. Şişmanoğlu and G.S. Pozan / Desalination and Water Treatment 57 (2016) 13318–13333



3.4. FTIR measurements

CR has specific peaks in fingerprint region, such as
naphthalene and benzene rings. For FTIR spectra of
CR, the peaks observed aromatic rings, C=C vibration
symmetric stretching of S=O, and asymmetric stretch-
ing of S=O, respectively, at the 1,630, 1,280, and
1,155 cm−1. 1,046 and 1,180 cm−1 indicate the forma-
tion of linkage between SO3 Na+ groups and amino
groups on the CR molecule. For adsorbents,
3,400 cm−1 indicates the stretching modes of O–H
bonds of surface-absorbed water. 1,600 cm−1 shows
that the peaks are the bending vibration of H–O–H
bonds from the chemisorbed water, as seen in Fig. 8.
It indicates the existence of water on the surface of
TiO2 nanoparticle. After the adsorption of dye, the IR
spectra between 1,650 and 1,000 cm−1 have been
changed for P25, TIP600 and C-TiO2 nanoparticles.
Intensity of adsorption band at 1,600 cm−1 increases
after adsorption of CR on P25, while the intensity of
this band is especially reduced at TIP600 nanoparticle.
It clearly indicates that the presence of the water
content in the P25 is more than TIP600. So, the
amount of adsorption of CR on TIP600 is very high
compared to other adsorbents, as seen in Table 2. For
C-TiO2, the bending vibration of H–O–H bonds at
1,600 cm−1 is smaller than the bending vibration of
H–O–H bonds for P25 but the amount of adsorption
of CR on C-TiO2 is quite low compared to TIP600
adsorbent as seen in Table 2.

3.5. XRD measurements

The X-ray diffractograms of Degussa P-25, C-TiO2,
and TIP600 powders are shown in (Fig. 9). XRD pat-
terns exhibit broad reflections of adsorbents at 25.10,
37.30, 48.10, 53.58, 55.60, and 63.90 Å. In XRD pat-
terns, the diffraction pattern of anatase TiO2 (JCPDS
21-1272) and rutile TiO2 (JCPDS 21-1276) was
detected. The peaks of the C-TiO2 are narrow and at
low intensity indicates little degree of crystallinity

with an anatase phase (2θ = 25.10˚). For TIP600, the
crystallinity of the anatase phase increased, as shown
by the narrower peaks and higher peak intensity
Fig. 9. Also, intensity of degree of crystallinity with
anatase phases (2θ = 37.30˚ and 48.10˚) was increased
for TIP600. The rutile peak at 2θ = 27.6˚, 42.15˚, and
56.10˚ were analyzed for P25. The crystallite sizes
(particle size) of the adsorbents are calculated accord-
ing to the Scherrer formula and the results were
listed in Table 1. As shown in Table 1, small particles
were formed in the structure of TIP600. It can be
concluded that the active site is higher with smaller
particles.

3.6. SEM measurements

The SEM photomicrographs of adsorbents (before
and after adsorption with CR) are shown in Figs. 10–12,
respectively. The TiO2 spherical nanoparticles are well
distributed and it has a porous structure in which the
nanoparticles are all bonded together through a sinter-
ing process, as seen in Figs. 10(a)–12(a). It was observed
in the SEM images that CR molecules were entered into
the TiO2 particles after adsorption of P25 and C-TiO2.
In addition, the particle size was increased, but the sur-
face area was decreased as seen in Table 1. However,
after dye adsorption, a significant change was observed
in the structure of TIP600 (Fig. 11(b)). Unlike other
adsorbents, the surface of TIP600 was completely
covered by the CR molecules which entered the spaces
between the pores. These are in good agreement with
XRD and BET results.

3.7. Kinetic study

In order to investigate the controlling mechanism
of adsorption processes such as the pseudo-first order,
pseudo-second order, and intra-particle diffusion
equations were applied to model the kinetic models of
CR adsorption onto nanoparticle P25, TIP600, and
C-TiO2 at three temperatures.

Table 1
The crystallite sizes and specific surface areas of adsorbents

Adsorbents Crystallite size (nm) SBET (m2g−1) Morphology

TiO2 (TIP600) 23 45 (before adsorption) 100% anatase
13 (after adsorption)

C-TiO2 41 12 (before adsorption) 100% anatase
7 (after adsorption)

Degussa P-25 32 50 (before adsorption) 70% anatase + 30% rutile
38 (after adsorption)
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The pseudo-first-order rate equation is given as
Eq. (3),

ln qe � qtð Þ ¼ ln qe � k1t (3)

where qe and qt are the amounts of dye adsorbed on
adsorbent at equilibrium and at any time t, respec-
tively (mg g−1), k1 is the rate constant of pseudo-
first-order model (min−1) [34]. The slope of ln(qe – qt)
vs. t was used to determine the rate constant, k1 and
correlation coefficients, R2.

The pseudo-second-order equation is expressed as
Eq. (4) [35],

t

qt
¼ 1

k2q2e
þ t

qe
(4)

h ¼ k2q
2
e

where h is the initial adsorption rate (mg g−1 min−1).
The plot t/qt vs. t should give a straight line if

pseudo-second-order kinetics is applicable and qe, k2,
and h can be determined from the slope and intercept
of the plot, respectively.

The intra-particle diffusion is estimated by the
following Eq. (5) [36],

qt ¼ kit
1=2 þ c (5)

where ki is the initial rate of sorption controlled by
intra-particle diffusion (mg g−1 min−1/2). The plot of qt
vs.t1/2 should give a linear relationship and ki can be
determined from the slope of the plot.

The data obtained from adsorption of CR does
not fit with the pseudo-first-order equation because
the values of correlation coefficients of this equation
are less R2 < 0.98 as given in Table 2. The best fit
was found on the pseudo-second-order model. Both
the rate constants of pseudo-first order and intra-
particle diffusion changed irregularly with increasing
temperature, but the rate constant of pseudo-second
order increased with increasing temperature, as seen
in Table 2. It was observed that both the calculation
(qe,cal) and experimental (qe,exp.) findings were com-
patible with each other. For adsorbent dose 0.1 g of
TIP600 at 50˚C temperature, the amount of dye
adsorbed at equilibrium (qe) was calculated as the
highest value compared to qe values of other
adsorbents.

From the plots of qt vs. t
1/2 of CR, two-step linear

lines were observed in Table 2. While the first step
shows the diffusion of CR through the solution to the
external surface of TiO2 nanoparticles, the second step
suggests the gradual adsorption. [37]. The regression
coefficient values suggest that the adsorption of adsor-
bate varies almost linearly with the half power of time
(t1/2) as given in Table 2.
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after adsorption
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Fig. 8. FTIR spectra of TiO2 nanoparticles and congo red.
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3.8. Thermodynamic parameters

From the rate constant k2 (Table 2), the activation
energy Ea for the adsorption of CR on P25, TIP600, and
C-TiO2 was determined using the Arrhenius Eq. (6).

ln k ¼ lnA� Ea

RT
(6)

where Ea, R, and A refer to the Arrhenius activation
energy, the gas constant, and Arrhenius factor,
respectively.

The enthalpy ΔH#, entropy ΔS# were calculated
using the Eyring Eq. (7).

ln
k

T
¼ ln

kb
h
þ DS#

R
� DH#

RT
(7)

where kb and h refer to Boltzmann’s constant and
Planck’s constant, respectively [38]. The free energy of
activation ΔG# was obtained from equation
(ΔG# = ΔH# − ΔS#). The calculated values obtained
from pseudo-second-order model are listed in Table 3.
Because the value of the activation energy Ea was
between 5.8 and 79 kJ mol−1, the adsorption mecha-
nism was physical adsorption as seen in Table 3. The
negative value of the activation entropy ΔS# has

shown the interaction between CR and the adsorbents.
The positive values of ΔG# and ΔH# indicate that the
adsorption process is non-spontaneous in nature and
support an endothermic reaction.

3.9. Adsorption isotherms

According to the classification of Giles et al. [39],
the shape of isotherms was obtained for CR on the
adsorbents C-TiO2, P25, and TIP600 L-type (n ≤ 1) at
50 ˚C. When longitudinal axis of adsorbed molecules
is parallel to the adsorbent surface, L-shaped iso-
therms are obtained as seen in Fig. 13 [40].

The adsorption data fitted both Langmuir and
Freundlich isotherms for CR adsorbed on the titanium
oxide nanoparticle adsorbents.

20 30 40 50 60 70 80

20 30 40 50 60 70 80

20 30 40 50 60 70 80

TIP600

In
te

ns
ity

 (
a.

u.
)

C-TiO2

rutile TiO2*

***

anatase TiO2

Degussa P-25 

*

2  (degree)

Fig. 9. Powder X-ray diffraction patterns of adsorbents.

Fig. 10. SEM images of P25 (a) before adsorption of dye
and (b) after adsorption of dye.
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The Langmuir isotherm is shown in Eq. (8) as
follows:

1

qe
¼ 1

qmax
þ 1

qmax b ce
(8)

where qmax is the maximum adsorption capacity that
corresponds to complete monolayer coverage
(mg g−1), b is the adsorption equilibrium constant
(L mg−1). When 1/qe is plotted against 1/ce, a straight
line with slope b and intercept 1/qmax is obtained. This
graph shows that the adsorption obeys Langmuir
isotherm model for TIP600 as seen in Fig. 14.

The Freundlich model is shown in Eq. (9) as
follows:

qe ¼ Kf c
n
e (9)

where Kf and n are the Freundlich constants that
quantify the adsorption capacity and adsorption
intensity, respectively. The values of Kf and n are
determined from the intercept and slope of the linear
regressions. The slope n should have values in the
range of 0 to1 for favorable adsorption [41]. As indi-
cated in Table 4, the dye is favorable adsorption on
the magnitude of Freundlich constant for each
adsorbent, as seen in Fig. 15.

The isotherm constants obtained from linearized
Langmuir and Freundlich isotherm equations are

Fig. 11. SEM images of TIP600 (a) before adsorption of dye
and (b) after adsorption of dye.

Fig. 12. SEM images of C-TiO2 (a) before adsorption of dye
and (b) after adsorption of dye.
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given in Table 4. The correlation coefficient for CR
adsorbent on TIP600 obtained from Langmuir iso-
therm were found R = 0.99, 0.99, 0.98 for the adsorbent
of 0.1–0.05–0.025 g, respectively, and for Freundlich

expression these values were found R = 0.80, 0.87,
0.86, respectively. However, for 0.1–0.05–0.025 g
Degussa P-25 and C-TiO2 the correlation coefficient

Table 3
Thermodynamic parameters for the adsorption of congo red onto the nanoparticle TiO2

Adsorbent/dose (g)
Ea (kj mol−1) ΔH# (kj mol−1) ΔS# (j mol−1 K−1) ΔG# (kj mol−1)
(25–50˚C) (25–50˚C) (25–50˚C) (25˚C)

P25/0.1 72 69 −62.3 88
P25/0.05 78 76 −43.5 89
P25/0.025 69 67 −71 88
TIP600/0.1 5.8 3.2 −286 89
TIP600/0.05 46 43 −152 88
TIP600/0.025 36 33 −192 90
C-TiO2/0.1 38 36 −173 88
C-TiO2/0.05 59 56 −108 88
C-TiO2/0.025 79 77 −44 90

Fig. 13. Isotherm type of congo red on adsorbents at
50.0˚C. Fig. 14. Langmuir isotherm of congo red on adsorbents at

50.0˚C.
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were calculated from Langmuir R = 0.91, 0.95, 0.97,
and R = 0.92, 0.76, 0.85, respectively, and from
Freundlich expression these were R = 0.98, 0.94, 0.95,
and R = 0.81, 0.83, 0.87, respectively.

The values indicate that Langmuir expression pro-
vides better fit with the experimental data of the
adsorption of CR on TIP600 than P25 and C-TiO2. For
each adsorbate dose of P25 and C-TiO2, the values of
qmax were changed from 18.9 to 22.7 mg g−1as seen in
Table 4. Especially, qmax value of adsorbate dose 0.1 g
for TIP600 is maximum (112 mg g−1) and this value is
compatible with qe value of TIP600 at 50˚C as seen in
Table 2. All the adsorbents have formed L-type iso-
therm for adsorption of CR. The curvature shows a
fairly rapid rise up to saturation and then it becomes
increasingly difficult for a solute molecule to find a
vacant site available.

4. Conclusions

The results of this study show that TIP600 pre-
pared by sol–gel method have been very effective for
the adsorption of CR when compared to other adsor-
bents. At the wavelength 510 nm, the destruction of
chromophore group was disappeared at 120 min dur-
ing adsorption of CR on TIP 600. For P25 and C-TiO2,
this chromophore group was still seen after 120 min.
This indicates that the CR molecule had entered into
C-TiO2 and P25. For this reason, CR adsorption capac-
ity has been due to the blocking effect of the P25 and
C-TiO2 pore system.

For the adsorption process of CR, kinetic studies
were conducted and thermodynamic parameters were
also calculated. The best fit was obtained for theT
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pseudo-second-order model. For the adsorbent dose of
0.1 g, the values of the amounts of dye on the adsor-
bents at equilibrium at 50˚C temperature were calcu-
lated to be as TIP600 (100 mg g−1) > P25 (21 mg g−1)
> C-TiO2 (14.3 mg g−1). The adsorption mechanism
was physical adsorption, because of the value of Ea

between 5.8 and 79 kJ mol−1. The negative value of the
activation entropy ΔS# has shown the interaction
between CR and the adsorbents used in this study. The
highest negative value of the activation entropy was
obtained with 0.1 g adsorbent dose of TIP600. There-
fore, adsorption capacity of TIP600 for CR removal
shows a promise for the potential applications.

The adsorption isotherm for the CR adsorbed on
the titanium oxide nanoparticle adsorbents was fitted
to the Langmuir and Freundlich isotherms. The results
indicate that Langmuir expression provided better fit
for the experimental data of CR on TIP600 than on
P25 and C-TiO2. The value of qmax at the adsorbate
dose of 0.1 g is maximum (112 mg g−1) for TIP600 and
this value is compatible with qe value of TIP600 at
50˚C.

As a result, TIP600 nanoparticle was synthesized
via sol–gel method in short time and the adsorption
capacity was found to be higher than other adsorbents
used in this study.
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