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Abstract
The adsorption is widely used to remove certain classes of pollutants from water, especially those that are hardly biodegrada-
ble and dyes represent one of these problematic groups. The removal of bromothymol blue (BTB) from wastewater using TiO2 
was studied in batch system. The adsorbent TiO2 has a specific surface area of 400 m2/g, a mean crystallites sizes (5–10 nm), 
and pHpzc equal to 6.5. TiO2 is stable over the whole pH range and constitutes a good compromise between efficiency and 
stability (in both acidic and basic media), therefore, the use of other additives is not necessary. Its non-toxicity and low energy 
required for its activation (E ~ 3 eV) as well as its low cost for most of the applications envisaged make it advantageous. The 
influence of effective variables such as solution pH (1–10), contact time (0–60 min), initial BTB concentration (5–40 mg/l), 
adsorbent dose of TiO2 (0.2–2 g/l), and temperature (20–60 °C) on the adsorption efficiency was examined, while the BTB 
content was determined by UV–Vis spectrophotometry. The optimal pH, adsorbent dose, and contact time for the efficient 
removal were found to be 10, 0.2 g/l, and 30 min, respectively, and the adsorbent was characterized by the BET analysis and 
point of zero charge (pHpzc). Among the different kinetic models, the experimental data of the BTB removal are well fitted 
with the pseudo-first-order kinetic model with a high determination coefficient. The evaluation of the fitness of equilibrium 
data by various conventional isotherm models, based on the R2 value as criterion, show the successful applicability of the 
Langmuir model for the interpretation of experimental data with a maximum adsorption capacity (qmax) of 27.02 mg/g at 
20 °C and R2 of 0.997. The adsorption isotherms at different temperatures have been used for the determination of the free 
energy (ΔGo = 2.1808 to—1.0981 kJ/mol), enthalpy (ΔHo = 20.74 kJ/mol), and entropy (ΔSo = 65.58 J/mol/K) indicate that 
the overall adsorption is spontaneous and endothermic in nature.

Keywords  Adsorption · Kinetics · Modeling · Diffusion · Thermodynamic · Bromothymol blue (BTB) · Titanium dioxide · 
Isotherm

1  Introduction

The discoloration of residual dyes in industrial wastewaters 
has received considerable attention due to aesthetic reasons, 
decreased photosynthesis activity of the aquatic flora and 

recalcitrance and hazardous nature of many dyes. In this 
respect, Bromothymol blue (BTB), a triphenylmethane dye, 
frequently used for dyeing in the textile industry, is con-
sidered to be harmful as it may cause damage to lungs and 
mucous membranes, if ingested, and skin/eye irritation when 
in contact. Prolonged exposure may also lead to target organ 
damage. Water contamination by organic pollutants is a seri-
ous issue because of their acute toxicity and carcinogenic 
nature. They present a serious threat to the living beings [1], 
mainly because most organic pollutants contain aromatic 
rings with mesomeric effects, known to enhance the accu-
mulation and in this way the difficulty to remove from water 
bodies [2]. Usually, agricultural organic pollutants, such as 
pesticides and fertilizers, contaminate the aquatic medium 
by watering plants. Likewise, the hydrocarbons, phenols, 
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plasticizers, biphenyls, detergents, and dyes were discharged 
anarchically in the water bodies as industrial effluents. 
Apparently, the dyes present a particular source of organic 
water contamination, because they are highly consumed in 
coloring textiles and fabrics [3].

Typically, they have relatively a high solubility in water as 
a result of the ionic or hydrophilic nature, where even very 
low concentrations in water could be highly hazardous to 
plant and marine organisms [4]. Unfortunately, these dyes 
are stable to light, heat, biodegradation or aerobic diges-
tion [5]. Moreover, they also added color to the water body 
that screened the sunlight from passing through, and conse-
quently subsiding the photochemical and biological activi-
ties of the aquatic life [6].

Most dyes are applied in aqueous solutions, and may 
require a mordant to improve their fastness on fibers [7]. 
Direct skin contact of dyes can also result in various types 
of health problems like hypersensitivity, mutagenic and 
carcinogenic effects, allergy and asthma, skin eczema, and 
immune suppressive effects. This leads us to worry about 
their use as well as their removal from aqueous solutions 
[8]. Currently, numerous water treatments  [9], such as 
electrocoagulation [10], membrane separation, advanced 
oxidation processes (AOPs) [11], photocatalytic degrada-
tion [12–25] and adsorption [26–34] are in use. However, 
most of them have inherent drawbacks like economic viabil-
ity, incomplete partial removal of recalcitrant and non-bio-
degradable dyes, and formation of undesirable by products. 
On the contrary, the adsorption remains an attractive process 
for the water treatment due to its ease of use, simplicity of 
design, and cost effectiveness. The objectives of this study 
are as follows:

•	 To contribute to the reduction of environmental pollu-
tion, which remains a major international problem

•	 To carry out tests on an industrial scale.
•	 Application of non-toxic TiO2 as semiconductor without 

treatment in the field of water treatment. TiO2 can be 
regenerated for other various applications.

•	 The elimination of pollutants by the heterogeneous solar 
photodegradation in the presence of TiO2 is the next step 
in this work.

2 � Experimental

2.1 � Materials

2.1.1 � Adsorbate BTB

Bromothymol blue (BTB), also called 3′,3″-dibromothy-
molsulfonphthalein (chemical formula C27H28Br2O5S) 
is a pH-sensitive synthetic dye (Fig. 1) used as indicator 

[35–37]. It is negatively charged in alkaline solution and 
its physical and chemical properties are summarized in 
Table 1. BTB is a colorful pH indicator, with a pale yellow 
below pH 6, and blue above pH > 7.6 and can be used as 
a blue dye in a neutral environment; its turning zone is in 
the range (6 < pH < 7.6) with a green color. BTB is also 
used as a colored marker to verify the progress of the elec-
trophoresis on polyacrylamide gel or an electrophoresis. 
A quantity of BTB powder was accurately weighed and 
diluted with ultra-pure water in a volumetric flask of vol-
ume relative to the concentration which one wishes to pre-
pare 100 mg/l; this preparation was followed by homog-
enization on a magnetic stir plate. The initial pH of BBT 
solutions was modified in order to study the effect of this 
parameter on the discoloration rate by adding few drops of 
H2SO4 or NaOH. The pH was accurately measured with a 
digital HANNA pH meter (Model HI 8521).

At pH 6.3, the absorption spectrum of BTB (Fig. 2) 
shows a single band in the visible region (λmax = 432 nm), 
and two bands in the UV region (272 and 332 nm). An 
acidic pH (= 3) does not affect significantly the absorp-
tion spectrum of BTB. Conversely, in a basic medium 
(pH = 10), a bathochromic shift was observed from the 
main band at 612 nm with a significant increase in the 
molar absorption and two bands in the UV region are 
shifted toward 300 and 388 nm.

Fig. 1   Structure of bromothymol blue (BTB)

Table 1   Properties of the dye BTB

Brute formula C27H28Br2O5S

Molecular weight (g/mol) 624.38 
Composition (%) C: 51.74, Br: 25.59, H: 

4.52, O: 12.52, S: 5.14
Name: Bromothymol blue (BTB)
Wavenumber λmax ( nm) 432
Solubility in water (g/l) 10 at T = 25 °C
Relative volumic mass 1.25
Melting temperature (°C)
pKa 

204
7.1
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2.1.2 � Adsorbent TiO2

TiO2 was purchased from Ahlstrom firm and consists of 
PC25 Titania by Millennium Inorganic Chemicals with a 
specific surface area 55 m2/g and an average crystallites size 
of 20 nm. The physicochemical characteristics are given in 
Table 2. The pH determines the surface properties of sol-
ids and the state of the pollutant as a function of its pKa 
and characterizes the water to be treated. Generally, when 
a compound is partially ionized or carrying charged func-
tions, it is imperative to consider the electrostatic interac-
tions that occur with TiO2. Indeed, according to the zero 
charge point (pHpzc), the surface charge of the oxide depends 
on pH. Thus, for TiO2, the surface is positively charged 
below pHpzc (= 6.5) related to the fixation of protons, and 
negatively charged above pHpzc [38]. Therefore, the surface 
charge influences the dye adsorption and can promote or 
limit the adsorption.

2.2 � UV–Visible Spectrophotometry

The spectrophotometry is a useful method which owes its 
development to progress in the quantum mechanics. It allows 

us to identify a chemical substance and to determine the 
concentration of a solute in a solution by the interaction of 
the electrons of the molecules of the solute (chromophore) 
with incident light. The Lambert–Beer law gives the absorb-
ance (A):

where L is the optical path (cm), C is the molar concen-
tration of BTB and ελ is the extinction coefficient of the 
chromophore, which is wavelength (λ) dependent. 10 mm 
quartz cell was used and the results were reproducible at 
0.1 nm, while the scanning rate was set at 1200 nm/min. 
Two light sources were used: a visible tungsten halogen 
lamp and a UV deuterium lamp. The blanks were carried 
out in a quartz cell identical to the previous one with ultra-
pure water. Measurements of residual concentrations were 
obtained by linear interpolation from a previously calibrated 
graph.

2.3 � pH Measurement

The pH was reliably measured using a microprocessor-based 
pH meter of the HANNA HI 8521 type. The instrument was 
calibrated with commercial buffers of pH 4, pH 7, and pH 
10. The pH was adjusted to different values for acidic media 
using H2SO4 and NaOH for basic solutions.

2.4 � Adsorption Experiments

The BTB adsorption studies on TiO2 were realized in a 
50 ml reactor homogeneously stirred by a magnetic stirrer. 
The temperature was controlled by water circulation in the 
jacket of the reactor by using a thermostated bath. The BTB 
solution (50 ml) at a desired concentration was introduced 
into the reactor with a given mass of TiO2 as catalyst. The 
adsorption kinetics began at the initial instant (t = 0 min) 
where the sample was immediately withdrawn. Then, the 
suspensions were taken with a syringe at regular contact 
times and immediately filtered through 0.45 μm Millipore 
filters; the BTB concentrations were analyzed by UV–Visi-
ble spectrometry in a the λ-range (200–800 nm). The adsorp-
tion capacity of TiO2 is defined as the quantity of substrate 
(mass or volume) adsorbed per unit weight of adsorbent at 
a given temperature. It takes into account many parameters 
for the adsorbate (size of the molecules, solubility in water, 
etc.) as well as for the adsorbent (specific surface, structure 
and type of particles, the constituent, etc.).

The effects of the experimental parameters namely the 
initial BTB concentration C0 (5–40 mg/l), pH (2–12), adsor-
bent dosage (0.2–2 g/l), agitation speed (100–300 rpm), 
and temperature (20–60 °C) on the BTB removal is studied 
in batch mode for a specific contact time (0–60 min). The 

(1)A = �� ⋅ C ⋅ L,

Fig. 2   UV–Visible absorption spectra of BTB (10  mg/l) in aqueous 
solution at different pHs

Table 2   Physicochemical properties of TiO2

Composition 80% Anatase 20% Rutile

Eg (eV) 3.1 3.2
ρ (g/cm3) 4.25 3.85
ΔGf (kcal/mol) − 212.8 − 211.5
pHzpc 6.3
Surface area (m2/g) 400
Crystal size (nm) 21
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stock solution was daily prepared by dissolving the accurate 
amount BTB (99%) in distilled water, the working solutions 
were made up by dilution. The amount qt (mg/g) and yield 
R (%) of adsorbed BTB onto TiO2 (qt) were calculated from 
the relations:

where C0 is the initial BTB concentration and Ct is the con-
centrations (mg/l) at time t, V is the volume of solution (l), 
and m is the mass of TiO2 (g).

3 � Results and Discussion

Bromothymol blue has been widely used in fuel cells, paints, 
cleaning products, detergents, and textiles. It is considered 
dangerous and causes serious eye damage that can impair 
fertility, with genetic abnormalities, in case of prolonged 
exposure. It also causes damage to the ecosystem due to its 
high stability [39]. As a result, an environmentally benign 
removal of bromothymol blue from industrial effluents is 
of crucial importance. The natural, non-toxic, hydrophilic, 
biocompatible, and biodegradable sphagnum peat moss solid 
provided a useful substance for the environmentally friendly 
adsorption removal of bromothymol from water. Here in the 
dye removal was thoroughly inspected at different condi-
tions of pH, contact time, adsorbate initial concentration and 
adsorbent dose.

3.1 � Determination of the Adsorption Equilibrium 
Time

The knowledge of the time after which the adsorption/des-
orption equilibrium is reached is necessary to determine 
the various points constituting the isotherm as well as its 
nature. Since the adsorption transfers the pollutant from the 
liquid to the solid phase, the time between the two phases 
acts as a limiting factor. The study consists of bringing into 
contact, in a reactor (200 ml capacity), a volume of 50 ml 
of BTB solution (10 mg/l) and 1 g/l of the catalyst (TiO2); 
the suspension is stirred at 300 rpm at 20 °C. The results 
of the change in the adsorbed amount of BTB on the cat-
alyst against the contact time are shown in Fig. 3. It can 
be seen that the equilibrium is reached after only 30 min. 
The adsorption rate is rapid at the start of the process after 
15 min and slows down over the course of the stirring 
time, reaching equilibrium at 30 min. This is related to the 
availability of free active support sites at the beginning of 

(2)qt =
(C0 − Ct) ∙ V

m

(3)R(%) =

(

C0 − Ct

)

C0

× 100,

the experiment, which becomes weak as time passes. The 
adsorption capacity of the substrate on TiO2 is dependent 
on the surface and structural properties of the catalyst such 
as the crystallographic composition, the surface area, the 
particle size distribution, and the porosity.

3.2 � Factors Influencing the Adsorption Efficiency 
of the Dye on the Catalyst

The adsorption of an organic compound on a solid depends 
on physicochemical parameters, in particular the tempera-
ture, the pH, and the dye concentration. The thermodynamic 
equilibrium between the free species and those adsorbed by 
the solid is achieved with a more or less slow rate, depend-
ing on the nature of both the adsorbent and adsorbate. Other 
factors (solubility, structure, molecular mass, pKa, charge, 
polarity) and the experimental conditions of the analytical 
system also influence the dye adsorption to a less extent.

3.2.1 � Influence of Catalyst Concentration

In order to evaluate the optimum TiO2 content for the BTB 
adsorption, experiments were carried out in solutions of 
10 mg/l, to which catalysts amounts were added in the inter-
val (0.2–2 g/l).The change in the adsorbed BTB amount over 
the contact time, as a function of the TiO2 dose, is shown in 
Fig. 4. It is found that the adsorbed amount decreases with 
the addition of TiO2 of 1.2 g/l, beyond which the amount no 
longer changes. This may be due to the number of adsorption 
sites which increases with raising the quantity of adsorbent 
up to 1.2 g/l at which the number of sites becomes stable 
[40, 41] such behavior can be explained by the following 
points:

Fig. 3   Evolution of the adsorbed quantity of BBT over the time on 
TiO2-P25: ([BTB] = 10 mg/l, pH = 6.3, [TiO2] = 1 g/l, and T = 20 °C)
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	 i.	 As long as the TiO2 amount added to the solution is 
small, the BTB molecules can easily access to adsorp-
tion sites. The addition of adsorbent increases the 
number of adsorption sites but the charges of the dye 
(according to its functional groups) have more diffi-
culty approaching these sites because of the bulk (the 
electrical state of the surface semiconductor with dye);

	 ii.	 A large amount of TiO2 creates agglomerations of 
particles, resulting in a reduction in the total adsorp-
tion area and, therefore, a decrease in the amount of 
adsorbate per unit mass of adsorbent.

3.2.2 � Influence of the Initial Dye Concentration

Figure 5 shows the influence of the initial BTB concentra-
tion C0 on the adsorption capacity on the TiO2 surface. We 
notice a rapid adsorption, where the saturation is reached 
after only 30 min with the formation of a monolayer. Note 
that the adsorption capacity increases with augmenting the 
BTB concentration; this is due to the fact that the diffusion 
of BTB molecules from the solution toward the adsorbent 
surface is accelerated at high BTB concentration C0 [42]. 
With raising the initial concentration C0 (5–40 mg/l), the 
adsorption increases from 2 to 11 mg/g, and we can deduce 
that the adsorption of BTB onto TiO2 occurs in three stages:

a)	 Fast BTB adsorption due to the presence of free sites 
on the adsorbent surface, which translates the linear 
increase of the adsorption capacity over time.

b)	 Reduction of the adsorption rate, evidenced by a small 
increase in the adsorption capacity attributed to the 
decrease in the quantity of BTB in solution and the num-
ber of available unoccupied sites.

c)	 Stability of the adsorption capacity is observed, presum-
ably due to the total occupation of adsorption sites: the 
establishment of the level, therefore, reflects this stage. 
The adsorption capacity of BTB increases over time 
reaches a maximum after 30 min and thereafter tends 
toward a constant value indicating that no more BTB 
ions are removed from the solution.

3.2.3 � Influence of pH

The adsorption is a surface phenomenon and, therefore, 
depends strongly on the characteristics of the adsorbent 
surface, which are related to both the morphology and the 
charge. The net surface charge is conditioned by the nature 
of the functional groups present therein, which are a combi-
nation of positively and negatively charged groups. In fact, 
at low pH, the predominance of H3O+ in solution favors the 
neutralization of negative surface charges and the net surface 
charge becomes positive. Conversely, the net surface charge 
at high OH− is negative. Monitoring the evolution of the 
surface load shows that it goes through a state of neutral-
ity, known as the zero point charge (pHpzc). Indeed, pHpzc 
represents the border where the surface charge is zero and 
changes sign.

pHpzc of TiO2 is equal to pH 6.5 [43]. The pH is linked to 
the ionization state of the catalyst surface according to the 
following reactions [44]:

The charge of TiO2 surface is positive in acidic solu-
tion, due to the fixation of protons and negatively in basic 

���� + �
+
⟶ ����

+
�

pH < 6.5

���� + ��
−
⟶ ���

− + �
�
� pH > 6.5

Fig. 4   Influence of the concentration of the TiO2-P25 catalyst on the 
adsorption of BTB: ([BTB] = 10 mg/l, pH = 6.3, and T = 20 °C)

Fig. 5   Influence of the initial BTB concentration on the adsorption by 
the catalyst TiO2-P25: ([TiO2] = 1 g/l, pH = 6.3, and T = 20 °C)
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medium. Therefore, the surface charge influences the BTB 
adsorption and can limit the adsorption.

The influence of the pH on the BTB adsorption was stud-
ied in the pH range (1–12), by adjusting the solutions to 
the desired values, by H2SO4 or NaOH, while maintaining 
constant the initial BTB concentration C0 at 10 mg/l in the 
presence TiO2 (1 g/l), a temperature of 20 °C, and a stir-
ring speed of 300 rpm. Figure 6 reports the change of the 
adsorbed quantity (qads) of BTB on TiO2 as a function of the 
pH. The adsorbed BTB quantity is proportional to the pH in 
the region (2–10) and a total discoloration is observed at pH 
12. The optimal adsorption capacity is obtained at pH 10. 
BTB shows that the adsorption capacity on TiO2 increases 
with raising pH until reaching a maximum in the pH region 
(8–10), beyond which a sharp decrease is observed in the 
adsorbed amount. This behavior should give relatively high 
pKa value (= 7.1) of BTB compared to other studied dyes. In 
alkaline medium, there is similarly a repulsion between the 
negatively charged molecules of BTB and TiO2. Therefore, 
the adsorption maxima was obtained for a pH lying between 

8 and 10 range (8–10), the exact value of which differs from 
one catalyst to another depending on the nature of the inter-
actions with the adsorbent molecules.

3.3 � Adsorption Kinetic Study

Several models were proposed to study the mechanisms con-
trolling the adsorption. In this study, the experimental data 
of BTB adsorption are examined using the pseudo-first and 
pseudo-second-order kinetic model given respect, respec-
tively, by [45, 46]:

where qt is (mg/g) is the amount of adsorbed BTB on TiO2 
at the time t (min); K1(min−1) and K2 (g/mg/min) are the 
pseudo-first order and pseudo-second-order kinetics con-
stants, respectively. The slope and intercept of the lines 
log

(

qe − qt
)

 vs. t and t/qt vs. t were used to compute the con-
stants K1, K2, and qe . The rate constant of the dye adsorption, 
the predicted dye uptakes, the corresponding determination 
coefficients R2, and relative error Δq (%) for TiO2 are sum-
marized in Table 3. However, for the pseudo-second-order 
kinetic (Fig. 7), the experimental data deviate from linearity, 
as evidenced from the small values of qe and C0 , and there-
fore, the model is inapplicable for the present system. Con-
versely, the determination coefficient and qe,cal determined 
from the pseudo-first order kinetic model agree perfectly 
with the experimental data (Fig. 7) and its applicability sug-
gests that the adsorption of BTB onto TiO2 is based on a 
chemical reaction (chemisorption), involving an exchange 
of electrons between adsorbent and adsorbate.

The Elovich kinetic equation is related to the chem-
isorption and is often applied for systems where the 

(4)log
(

qe − qt
)

= logqe −
K1

2.303
∙ t

(5)
t

qt
=

1

K2 ∙ q
2
e

+
1

qe
∙ t,

Fig. 6   Evolution of the adsorbed BTB amount on TiO2-P25 as a func-
tion of pH: ([BTB] = 10 mg/l, [TiO2] = 1 g/l, and T = 20 °C)

Table 3   Constants of the kinetic models

Δq (%) = [(qcal—qexp
)/qcal] × 100

qcal (mg/g): Calculated adsorbed quantity
qexp (mg/g): Experimental adsorbed quantity

Pseudo-second order Pseudo-first order

C
0
(mg/l) qexp (mg/g) qcal(mg/g) R2 Δq (%) K2 (g/mg/min) qcal (mg/g) R2 Δq (%) K1 (min−1)

10 3.5 3.93 0.998 10.09 0.046 3.76 0.96 6.90 1.326

Elovich Intra-particle diffusion

C
0
(mg/l) R2 β (mg/g) α (mg/g/min) C0 (mg/l) Kid(mg/g/min1/2) R2 C (mg/g)

10 0.905 1.185 1.425 10 1.262 0.9991 0.146
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adsorbent surface is heterogeneous [47]; the linear form 
is expressed by:

where � (mg/g/min) is the initial adsorption rate constant 
and � (mg/g) is the constant associated with the relationship 
between the degree of surface coverage and the activation 
energy involved in the chemisorption.

3.4 � Intra‑particle Diffusion Equation

The intra-particle diffusion model [48] during the trans-
portation of adsorbate from solution to the surface was 
also investigated:

where Kid is the intra-particle diffusion rate constant (mg/g/
min1/2), qt is the amount of BTB adsorbed at time t, and C 
(mg/g) is the intercept. The plot of qt against 

√

t enables 
us to calculate both Kid and C. It presents a multi-linearity 
correlation, which indicates that two steps occur during the 
BTB adsorption.

–	 The mechanism of adsorption is complex, but the intra-
particle diffusion is important in the early stages.

–	 The first linear portions could be due to intra-particle 
diffusion effects.

–	 The slopes of the linear parts are defined as rate 
parameters, characteristic of the adsorption rate in the 
region where the intra-particle diffusion is successfully 
applied.

(6)qt =

(

1

�

)

ln(� ∙ �) +

(

1

�

)

lnt,

(7)qt = Kid

√

t + C,

After saturation of the surface, the BTB molecules 
enter inside the adsorbent by intra-particle diffusion in 
the pores and internal surface diffusion until the equi-
librium is reached, represented by the second lines. The 
constants of the different models deduced after mod-
eling, determination coefficient R2 and relative error Δq 
(%) = [(qcal—qexp)/qcal] × 100 are gathered in Table 3.

3.5 � Adsorption Equilibrium Isotherms

To assess the TiO2 performance, different isotherms, which 
were defined by Langmuir [49], Temkin [50], Freundlich 
[51], and Elovich [52], were tested in the present case 
(Fig. 8). Besides, the models were applied at optimal condi-
tions of the parameters.

The Langmuir model remains the most popular and 
widely applied. It is represented by the non-linear (Eq. (8a)) 
and linear (Eq. (8b)) forms:

where qe is the amount of absorbate adsorbed per gram of 
the adsorbent at equilibrium (mg/g),Ce is the equilibrium 
concentration of absorbate (mg/l), qmax the maximum mon-
olayer adsorption capacity (mg/g), and KLis the Langmuir 
isotherm constant (l/mg) related to the free adsorption 
energy. The values of qmax and KL are obtained from the 
slope and intercept of the plot of 1∕qe vs. 1∕Ce , respectively.

(8a)qe =
qmax ∙ KL ∙ Ce

1 + KL ∙ Ce

(8b)
1

qe
=

1

qmax

+
1

qmax ∙ KL ∙ Ce

,

Fig. 7   Modeling of the pseudo-first and second-order kinetics
Fig. 8   Adsorption isotherms under optimal conditions for the differ-
ent applied models: ([BTB] = 5–40 mg/l, pH = 6.3, [TiO2] = 1 g/l, and 
T = 20 °C)
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The Temkin isotherm describes the adsorption on hetero-
geneous surfaces, and is expressed in the following form:

where AT is Temkin isotherm equilibrium binding constant 
(l/mg),  bT is the Temkin isotherm constant, R universal gas 
constant (8.314 J/mol/K), and T temperature (293 K). The 
data are analyzed according to Eq. (9) and the plot of qe 
vs.lnCe allows to determine the constants AT and bT.

The Freundlich isotherm is valid for non-ideal adsorption 
on heterogeneous surfaces as well as multilayer sorption.

The Freundlich constant KF characterizes the adsorp-
tion capacity of the adsorbent (l/g) while n is an empirical 
constant related to the magnitude of the adsorption driving 
force. Therefore, the plot lnqe vs.lnCe enables the determina-
tion of both the constant KF and n.

The Elovich isotherm assumes that the number of adsorp-
tion sites augments exponentially with the adsorption and 
this implies a multilayer adsorption described by:

where KE(l/mg) is the Elovich constant at equilibrium, qmax

(mg/g) the maximum adsorption capacity, qe(mg/g) the 
adsorption capacity at equilibrium, and Ce (g/l) the concen-
tration of the adsorbate at equilibrium. Both the equilibrium 
constant and maximum capacity are computed from the plot 
of ln qe

Ce

 vs. qe . The constants of all models deduced after 
modelling are listed in Table 4.

3.6 � Influence of Temperature

The temperature is an important parameter that influences the 
adsorption of solutes such as the dyes to the surface of oxides. 
Its importance is not limited only to the need to understand 
how it affects adsorption and desorption, but also to the use of 

(9)
qe =

(

RT∕bT
)

∙ ln
(

ATCe

)

=
(

RT∕bT
)

lnAT +
(

RT∕bT
)

lnCe,

(10)qe = KFC
1∕n
e

.

(11a)
qe

qmax

= KECeexp(−
qe

qmax

)

(11b)ln
qe

Ce

= ln
(

KEqmax

)

−
qe

qmax

,

experimental results, allowing access to useful thermodynamic 
information, namely the enthalpy and entropy. They can be 
evaluated from the modeling of the experimental results with 
adequate theoretical models. The variation of the adsorbed 
BTB amount at equilibrium ( qe ) as a function of temperature 
is illustrated in Fig. 9. Note that qe increases when the tempera-
ture increases, indicating that the adsorption has an endother-
mic nature (chemisorption).

3.7 � Thermodynamic Characterization of Adsorption

The adsorption capacity of BTB augments with raising tem-
perature over the range (20–60 °C), above which the vapori-
zation becomes an increasing handicap. The insights of the 
adsorption mechanism are highlighted from the thermody-
namic study through the calculation of the free energy (ΔG°), 
enthalpy (ΔH°), and entropy (ΔS°).

The thermodynamic equilibrium constant ( Kd ) is deter-
mined by plotting ln qe

Ce

 vs.qe and extrapolating to zero qe[53]:

(13)ΔG◦ = ΔH◦ − TΔS◦

(14)ΔG◦ = −RT ∙ lnKd

Table 4   Constants of the 
isotherms models

R2 Determination coefficient, ΔQ Temkin Energy

20 °C Langmuir Freundlich Temkin Elovich

KL : 0.021 l/mg
q
max

 : 27.02 mg/g
1/n: 0.803
n: 1.24
KF : 0.706 mg/g

bT : 4.029
AT : 0.383 l/mg
ΔQ: 16.616 kJ/mol

KE : 0.024 l/mg
q
max

 : 24.408 mg/g

R2: 0.997 R2: 0.995 R2: 0.938 R2: 0.987

Fig. 9   Influence of temperature on adsorption capacity: 
([BTB] = 10 mg/l, [TiO2] = 1 g/l, and pH = 6.3)
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The plot of lnKd vs.1/T (Fig. 10) is linear; the values of 
ΔHo and ΔSo are obtained from the slope and intercept of 
the Van’t Hoff equation Eq. (15), while the free enthalpy 
(ΔGo) at various temperatures are reported in Table 5. The 
negative ΔGo value indicates a non-spontaneous adsorption, 
while the negative values of ΔH° and ΔS° show that the 
BTB adsorption on TiO2 is endothermic with an increased 
randomness at the solid-solution interface.

3.8 � Performance of the TiO2

It is instructive for a comparative purpose to report the 
adsorption capacity of some adsorbents available in the lit-
erature. The different values of the maximum adsorption 
capacity ( qmax ) of various adsorbents cited in previous works 
(Table 6). We can see that the BTB adsorption observed in 
our study is well positioned compared to other researches 
with a maximum capacity qmax of 27.07 mg/g, relatively 
interesting. The differences of the dye uptakes are due to 
the properties of each adsorbent like the structure, func-
tional groups, and surface area. TiO2 could be an attractive 
adsorbent for dyes owing to the isoelectric point (pHpzc).The 
desorption is an unavoidable process and is an intermedi-
ate stage toward the adsorbent regeneration. The latter is 
an essential tool to evaluate the reutilization of any adsor-
bent for large scales applications, owing to the ecological 
concerns and needs for sustainable development. This study 
has given encouraging results. We wish to carry out column 
adsorption tests under the conditions applicable to the treat-
ment of industrial effluents and to test the photodegradation 
of BTB on the semiconductor is our main objective in the 

(15)lnKd =
ΔH◦

R
∙
1

T
−

ΔS◦

R
.

future. The undertaken preliminary tests were satisfactory; 
the detailed tests are currently under way and will be con-
secutively published very soon in a next paper.

4 � Conclusion

This contribution has shown that TiO2 can be successfully 
employed as efficient adsorbent for the elimination of the 
bromothymol blue from aqueous solution. The Langmuir 
models provided the best fit of the equilibrium adsorption 
data with a maximum adsorption capacity of 27.02 mg/g at 
20 °C.

The pseudo-second-order model gave the best description 
of the kinetic data. The negative free enthalpy (ΔG°) and 
positive enthalpy (ΔH°) indicated that the BTB adsorption 
onto TiO2 is spontaneous and endothermic over the studied 
temperature range. The positive entropy (ΔS°) states clearly 
that the randomness increases at the solid-solution interface 
during the BTB adsorption, indicating that some structural 
exchange may occur among the active sites of the TiO2 
adsorbent and BTB ions.

The BTB adsorption by TiO2 follows a pseudo-first-
order kinetic model, which relies on the assumption that the 
chemisorption is the rate-limiting step. The BTB molecules 
are chemically linked to the adsorbent surface and tend to 

Fig. 10   Linear form of ln Kd as a function of 1/T for BTB in the pres-
ence of TiO2-P25: ([BTB] = 10 mg/l, [TiO2] = 1 g/l, and pH = 6.3)

Table 5   Determination of thermodynamic parameters

T (K) 1/T (K−1) ln Kd ΔHo (kJ/
mol)

ΔSo (J/K/
mol)

ΔGo (kJ/mol)

283 0.00353 − 0.92 20.74 65.58 2.1809
293 0.00341 − 0.63 1.5251
303 0.0033 − 0.34 0.8693
313 0.0032 − 0.08 0.2135
323 0.0031 0.16 -0.4423
333 0.003 0.39 -1.0981

Table 6   Comparative study of the maximum adsorption capacity of 
BTB with literature

Adsorbent qmax (mg/g) References

TiO2 adsorbent 27.02 This Study
Carbon nanotubes 55 [54]
Polyvinyl alcohol 276.2 [55]
Chitosan-bamboo sawdust composites 217.39 [56]
Au-NP loaded on activated carbon 95.24 [57]
Raw Maiz Cob R (%) = 94.39 [58]
Sawdust treated by polyaniline R (%) = 99 [59]
Latvian Sphagnum Peat Moss R (%) = 88.2 [60]
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find sites that maximize their coordination number with the 
surface.

The capacity qmax is in agreement with those of previous 
works, suggesting that BTB is easily adsorbed on TiO2. The 
present research showed that TiO2 is potentially an attrac-
tive adsorbent for the basic dyes. The study in tiny batch 
gave rise to encouraging results, and we hope to achieve 
the adsorption tests in column mode under the conditions 
applicable to the treatment of industrial effluents.
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