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Abstract
A modified hydrophilic penta-bismuth hepta-oxide nitrate (Bi5O7NO3) surface was synthesized via a precipitation method using TiO2

and Ag as modified agents. The synthesized product was characterized by different analytical techniques. The removal efficiency was
evaluated using mono- and di-sulphonated azo dyes as model pollutants. Different kinetic, isotherm and diffusion models were chosen
to describe the adsorption process. X-ray photoelectron spectroscopy (XPS) results revealed no noticeable differences in the chemical
states of modified adsorbent when compared to pure Bi5O7NO3; however, the presence of hydrophilic centres such as TiO2 and Ag
developed positively charged surface groups and improved its adsorption performance to a wide range of azo dyes. Dyes removal
was found to be a function of adsorbent dosage, initial dye concentration, solution pH and temperature. The reduction of Langmuir
1,2-mixed order kinetics to the second or first-order kinetics could be successfully used to describe the adsorption of dyes onto the
modified adsorbent. Mass transfer can be described by intra-particle diffusion at a certain stage, but it was not the rate limiting step that
controlled the adsorption process. Homogenous behavior of adsorbent surface can be explored by applying Langmuir isotherm to fit
the adsorption data.

Key words: Bi5O7NO3; X-ray photoelectron spectroscopy; Langmuir 1,2-mixed order; azo dye; mass transfer
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Introduction

Colour as an indicator of visual pollution in wastewater
has drawn considerable attention among environmental
scientists in the last few decades (Anjaneyulu et al., 2005).
Paper, pharmaceutical, textile and food industries use large
quantities of water which result in the production of con-
siderable amounts of coloured compounds in wastewater
(Patel and Vashi, 2010). Among various visual pollutants,
dye wastes are the predominant colouring agents in the
food and textile industries (Andleeb et al., 2010).

Methyl Orange (MO) is not a carcinogenic dye; howev-
er, the aromatic reduction products of this dye are highly
carcinogenic (Zbaida et al., 1989). Synthetic azo dye,
Sunset Yellow (SY), is a colouring agent that is widely
used in the food and drug industries as additives (Poul
et al., 2009). The genotoxic effect of the SY dye has not
been reported (Combes and Haveland-Smith, 1982); even
though the discharge of these coloured wastes disturbs
ecological balance of the water and inhibits photosynthesis
(Guendy, 2010).

* Corresponding author. E-mail: yemenahmed2009@gmail.com

The decolourization of dye wastes is attracting growing
attention in the domain of adsorption science. Activated
carbon a commonly used adsorbent; however, due to high
cost, its application for coloured compound removal is
restricted. In addition, the low efficiency of low-cost ma-
terials towards the organic pollutants has emphasised the
need to synthesize and/or develop new suitable adsorbents
for organic contaminant removal.

In academic and industrial research, the control of
surface chemistry is a major technological driver in the
development of adsorptive materials. Several techniques
have been employed in an attempt to modify the surface
chemistry of an adsorbent (Afkhami et al., 2010; El-Qada
et al., 2008). The use of hydrophilic materials such as TiO2
and Ag-TiO2 to develop the surface chemistry and improve
selective removal has been reported (Enomoto et al., 2002;
Samokhvalov et al., 2010).

Penta-bismuth hepta-oxide nitrate, Bi5O7NO3 as a lay-
ered structure of bismuth oxide is well known as an anion
exchanger (Kodama, 1994a). The surface chemistry of
Bi5O7NO3 has been investigated in our previous research.
However, attempts to control surface charged groups and
clarify its relationship with the adsorption performance of

http://www.jesc.ac.cn
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Bi5O7NO3 have not been reported.
The present research attempts to modify Bi5O7NO3

using different hydrophilic agents such as TiO2 and/or Ag
particles. The structure and surface chemistry of modified
adsorbent were characterized. The potential use of the
modified adsorbent was evaluated using a wide range of
mono- and di-sulphonated azo dyes.

1 Materials and methods

1.1 Materials

The chemicals of different commercial brands were used
without further purification. Bismuth nitrate penta-hydrate,
Bi(NO3)3·5H2O (98%) (Acros Organic, USA), nitric acid
(65%) (Fisher Scientific, USA), and ammonium hy-
droxide, NH3·H2O (25%) (Merck, Germany) were used
to synthesize Bi5O7NO3 adsorbent. Titanium dioxide,
TiO2 (P25) (Evonik Degussa, Germany), and silver ni-
trate, AgNO3 (Gerchem, Germany) were used to modify
Bi5O7NO3. Methyl Orange dye (MO, Sigma Aldrich,
USA) and Sunset Yellow dye (SY, Aldrich, USA) were
used as model pollutants. Nitric acid and sodium hydroxide
were used to adjust the initial pH of the solution to
predetermined levels. Deionised water was used in all
experiments.

1.2 Synthesis of TiO2, Ag and TiO2-Ag modified
Bi5O7NO3 adsorbents

Modified Bi5O7NO3 adsorbents with different modifi-
cation systems including titanium dioxide and/or silver
nitrate, were synthesized via a precipitation method by
applying some modifications to the described method for
pure Bi5O7NO3 (Abdullah et al., 2012). Titanium dioxide,
TiO2 (0.125, 0.25 and 0.5 g), and/or silver nitrate, AgNO3
(0.175 g), were added to a 20 mL concentrated nitric
acid solution containing 10 g of Bi(NO3)3·5H2O. The
suspension was aged with vigorous stirring for 30 min.
Then, ammonium hydroxide (50%, V/V) was added to the
suspension with continuous stirring until the pH of the
solution reached 9. The mixture was aged again with vigor-
ous stirring for 1 hr. The precipitate obtained was filtered,
washed with distilled water and then dried overnight in an
oven at 110°C. The precipitate was calcined at 450°C for 1
hr in an open horizontal tube furnace.

1.3 Characterization

The powder diffraction pattern was recorded in the 2θ
range of 10◦–70◦ with a scan speed of 0.05◦/sec on a
X’PERT-PRO diffractometer using Cu-Kα radiation. The
thermal behavior and decomposition products were deter-
mined using thermogravimetric analysis (TGA). The TGA
curve was recorded on a TGA/SDTA 851 Perkin Elmer
thermal analyzer. The surface area and the pore size dis-
tribution were determined using Brunauer-Emmet-Teller
(BET) and Barret-Joyer-Haenda (BJH) methods. The pH
of the point of zero charge (pHpzc) was determined by the
batch equilibrium method described elsewhere (Fernandes
et al., 2007). The XPS spectra were acquired at room

temperature with an XPS AXIS ULTRA instrument using
an Al-Kα (1486.6 eV) monochromatic radiation source.
The TiO2 loading on modified adsorbents was determined
by an energy dispersive X-ray fluorescence spectrometer
(XRF) (Shimadzu EDX-720). The concentration of Ag
was determined by a Thermo Scientific S series atomic ab-
sorption spectrometer (AAS) using an air-acetylene flame
at a wavelength of 328.1 nm.

1.4 Batch adsorption studies

Experiments were conducted in a 1000 mL beaker as the
reaction vessel containing desired dye concentrations (10–
40 mg/L) to which specific amounts of prepared adsorbents
were added. The suspensions were mixed with a magnetic
stirrer for 3 hr at 298 K. After a pre-determined time, the
solution was separated by a 0.45 µm syringe filter, and the
dye concentration was analyzed through a UV-1650 PC
Shimadzu spectrophotometer at the maximum wavelength
after appropriate dilution. The adsorption capacities of the
adsorbent were reported as a function of the remaining dye
concentration in the solution as follows:

q = (Co −Ce)
V
ms

(1)

where, q (mg/g) is the amount of dye adsorbed onto a unit
amount of the adsorbent, Co (mg/L) and Ce (mg/L) are
the initial and equilibrium total concentration of dye in the
solution, respectively, V (L) is the volume of the solution,
and ms (g) is the dry weight of the adsorbent used. The
effect of experimental parameters were studied at different
adsorbent dosages (0.2–1.0 g), pH (3–10) and temperatures
(298, 313 and 333 K). Each experiment was performed
thrice for all parameters and average values were reported.

2 Results and discussion

2.1 Surface modification of Bi5O7NO3

Surface modification of Bi5O7NO3 adsorbent was per-
formed using TiO2 and/or AgNO3 as modification agents.
A comparison study between raw and modified Bi5O7NO3
was made as presented in Fig. 1. The introduction of
0.125 g of TiO2 particles (TB system) on the Bi5O7NO3
surface increased the adsorption capacity of MO dye
removal. However, further increase of TiO2 concentration
to 0.25 g and 0.5 g onto the Bi5O7NO3 surface decreased
the adsorption capacity of MO dye. No significant im-
provement was observed on Ag-modified Bi5O7NO3 (BA
system). Increased TiO2 concentration in the presence of
fixed amount of Ag particles (TBA system) resulted in
an increase in the adsorption capacity of MO dye onto
the TBA systems compared to pure Bi5O7NO3. The TiO2
loading was approximately double for all TB and TBA
modified adsorbents compared to their calculated values
(Table 1). This can be attributed to the different chemical
compositions of modified adsorbents and the raw materials
from which the adsorbents. Although XRF results imply
that TiO2 particles deposited only on Bi5O7NO3 surface, it
could not explain the higher adsorption capacity of TBA
adsorbents. Samokhvalov et al. (2010) reported that the
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Table 1 TiO2 and Ag loading on modified adsorbents

Sample BA TB0.125 TB0.25 TB0.5 TBA0.125 TBA0.25 TBA0.5

XRF analysis
TiO2 (wt.%) None 2.15 4.95 11.54 2.50 4.90 9.60
TiO2 (g/10 g) None 0.215 0.495 1.154 0.250 0.490 0.960

AAS analysis
Ag (mg/10 g) 1.51 None None None 3.75 5.13 4.55

wt.% is a mass fraction in g/100 g. BA: Ag-modified Bi5O7NO3; TB: introduction of TiO2 particles on Bi5O7NO3 (0.125 g of TB0.125, 0.25 g of
TB0.25 and 0.5 g of TB0.5.). TBA: introduction of TiO2 on Bi5O7NO3 in the presence of fixed amount of Ag particles (0.125 g TiO2 for TBA0.125,
0.25 g for TBA0.25, 0.5 g for TBA0.5).
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Fig. 1 Evaluation of adsorption performance of various modified
adsorbents in removing MO dye from aqueous solution. Experimen-
tal conditions: MO 20 mg/L, adsorbent 1.0 g, solution pH 5.7 and
(298 ± 1) K.

dispersion of silver particles on TiO2 surface improved
the selective removal of polycyclic aromatic sulphur from
liquid hydrocarbon fuels. The highest dispersion of sil-
ver particles on TiO2 adsorbent surface was achieved at
Ag/Ti atomic ratio of 0.35. This finding implied that the
presence of Ag particles was the main reason for higher
adsorption capacity of TBA adsorbents and the highest
adsorption capacity of TBA0.5 may be attributed to highly
dispersed Ag particles. However, only trace concentrations
of Ag were detected by AAS analysis (Table 1). The low
concentration of Ag in BA adsorbent compared to TBA
adsorbents indicates the low affinity of Bi5O7NO3 towards
Ag particles. This is in agreement with the observations by
Mihailovic et al. (2011), where hydrophilic TiO2 particles
made the Bi5O7NO3 surface more hydrophilic and thus
facilitating subsequent interaction with hydrophilic Ag
particles. However, the trend was independent on TiO2
concentration.

Due to the higher adsorption capacity of TBA0.5
adsorbent, an emphasis was focused on its structural
characteristics as well as on the evaluation of its adsorption
performance in the following subsections. The potential
use of TBA0.5 for a wide range of azo dyes was deter-
mined using SY dye as a model with di-sulphonated azo
dyes in aqueous solution.

2.2 Characterization

2.2.1 X-ray diffraction of TBA0.5 adsorbent
Figure 2 illustrates the X-ray diffraction pattern of TBA0.5
adsorbent. The major diffraction lines could be indexed

based on orthorhombic structure of Bi5O7NO3 (ICDD No.
00-051-0525). Additional peaks belonging to Bi2O3 mono-
clinic phase were discerned at 2θ = 23.18◦, 35.10◦, 48.40◦,
51.30◦, 63.95◦ and 65.16◦. Meanwhile, minute traces of
uncalcined samples were also detected. There were no
characteristic XRD patterns for any polycrystalline formed
between Bi5O7NO3 and TiO2. This implies that TiO2
cannot substitute the Bi3+ in the crystal lattice, which
is probably attributed to the low calcination temperature,
but was only deposited on the Bi5O7NO3 surface. TiO2
peaks were not clearly seen in the XRD pattern. How-
ever, with careful observation, the overlapping behaviour
can be detected. Anatase peak was observed at 2θ =
25.52◦ while the rutile peak overlapped with the main
peak of Bi5O7NO3 at 2θ = 27.67◦. Similar overlapping
behaviour was observed by Neppolian et al. (2010) with
ZrTiO4/Bi2O3. XRD pattern for silver was not observed
due to its low concentration (5% mol). The crystallite size
calculated from the diffraction line of 314 using Debye-
Scherer equation was about 35.6 nm.

The surface area, pore volume and radius were found to
be 3.9 m2/g, 0.119 cm3/g and 19.2 Å, respectively. The
increase in surface area of TBA0.5 adsorbent compared
to Bi5O7NO3 (1.6 m2/g) indicates the ability of TiO2-
Ag system to slow the thermal decomposition of TBA0.5
adsorbent and inhibit the formation of larger particles. The
bigger pore volume and diameter of TBA0.5 compared
to that of Bi5O7NO3 (0.033 cm3/g and 17.1 Å, respec-
tively) indicate a considerable amount of surface area
in the mesopore region (Long et al., 2005). However, a
direct comparison with synthesized carbons showed that
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Fig. 2 XRD pattern of TBA0.5 sample at 450°C (line a) and the ICDD-
00-051-0525 is included for comparison (line b).
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the TBA0.5 is a highly crystallized macro or nonporous
material.

2.2.2 Thermogravimetric analysis (TGA) of TBA0.5
adsorbent

The thermogravimetric curve of TBA0.5 showed two
major decomposition stages (Fig. 3). The weight loss of
2.8% at 452°C corresponding to the release of NO group
from thermal decomposition of Bi5O7NO3, indicating that
the modified sample may undergo the same decomposi-
tion mechanism as described on Reaction (2) (Kodama,
1994b). However, the weight loss arising from oxygen
evolution was not observed. The evolved oxygen may be
gained by Ag2+ species. This conclusion was supported
by the finding of Samokhvalov et al. (2010) who showed
the presence of minor concentration of Ag2+ species on
calcined TiO2 sample at 450°C in air. However, Wang and
Yeh (1989) reported that at higher temperature (> 250°C)
the oxygen desorption was enhanced by the interaction
between Ag2+O2− species and metallic silver surface. This
finding suggests that the evolved oxygen may be adsorbed
at the defects of TiO2 surface. The 0.87% weight loss at
354°C may be attributed to the presence of basic bismuth
nitrate impurities.

Bi5O7NO3 −→
5
2

Bi2O3 + NO +
3
4

O2 (2)

2.2.3 Surface chemistry
For a better understanding of the differences in the struc-
ture and surface chemistry of TBA0.5 compared to pure
Bi5O7NO3, a detailed study of the valence states of the
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Fig. 3 Thermogravimetric analysis of TBA0.5 adsorbent.

elements detected was performed using XPS. The Bi 4f
core level spectrum consisted of double components for Bi
4f5/2 and Bi 4f7/2 peaks (Fig. 4a). The corresponding peaks
located at binding energies of 164.1 and 158.8 eV could be
attributed to Bi 4f5/2 and Bi 4f7/2 in TBA0.5, respectively.
The shoulders appearing at binding energies of 165.9 and
160.6 eV were assigned to Bi 4f5/2 and Bi 4f7/2 orbital’s of
bismuth basic nitrate impurities, respectively. The binding
energies were consistent with those reported in Bi2O3 (Xu
et al., 2011), indicating the presence of trivalent oxidation
state of bismuth centre in TBA0.5 adsorbent.

The observed peak broadening of O 1s core level at
binding energy of 531.6 eV (Fig. 4b) indicates the presence
of high oxygen content on the TBA0.5 surface, which was
probably due to the existence of nitrate (NO3

−) groups
(Watkins et al., 2004).

The Ti 2p core level photoemission peak of TBA0.5
adsorbent overlapped with the Bi 4d3/2 core level peak
(Fig. 4c). By careful deconvolution, the binding energies of
Ti 2p1/2 and Ti 2p3/2 were observed at 463.8 and 457.6 eV,
respectively. The lower binding energy of Ti 2p3/2 suggests
the octahedral coordination of titanium ion on TBA0.5
and segregation of TiO2 particles on the adsorbent surface
(Nocun et al., 2005). In addition, the chain structure of
octahedral coordinated titanium ions implies the increase
of Ti content which enhances the hydrophilic properties
of the surface and creates more positive centres (Capel-
Sanchez et al., 2005). Compared to Bi5O7NO3, there were
no noticeable differences in the chemical states of TBA0.5
adsorbent after the modification process. However, pres-
ence of hydrophilic centres was confirmed.

To describe the ionization forms of surface functional
groups on the TBA0.5 surface and their interactions with
the dye structure, the pH at which the total surface charge is
zero (point of zero charge) was determined using the drift
equilibrium method. The point of zero charge (pHpzc) of
TBA0.5 was found to be 9.5. A comparative study on pHpzc
of TBA0.5 and Bi5O7NO3 (9.7) clearly showed that the
pHpzc value remained constant, implying that the acid/base
character of TBA0.5 did not change after the modification
process.

2.3 Adsorption study

2.3.1 Effect of experimental conditions
Adsorption of 20 mg/L MO and SY dyes on TBA0.5
was achieved by dosage 0.75 and 1.0 g, respectively (Fig.
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5a). The increase in dye removal with an increase of
adsorbent dose was due to rapid increase in the surface
area and the greater number of available binding sites on
TBA0.5. No significant difference in MO dye removal
was observed at the higher adsorbent doses. However, at
high concentration of TBA0.5, the inter-particle interaction
such as aggregation led to a decrease in the total surface
area available for SY dye removal (Kannan and Veemaraj,
2009).

To obtain maximum adsorption capacity of dye re-
moval on TBA0.5, the effect of initial dye concentration
in the range of 10–40 mg/L was studied (Fig. 5b). An
increase in initial dye concentration led to an increase in
the adsorption capacity until a maximum adsorption was
attained at around 25 and 30 mg/L for MO and SY dyes,
respectively. This may be due to the adsorbent surface
being fully covered by adsorbed dye molecules and also as
a result of limited number of available active sites to adsorb
highly concentrated dye solution (Abechi et al., 2006). The
low adsorption capacity of SY dye could be attributed to
the presence of two sulphonate groups on dye structure
that significantly enhance the dye’s solubility in water
and assist the flat orientation of dye molecules leading
to decrease in the surface area available for adsorption.
The ability of modified adsorbent to disaggregate SY dye
molecules was not confirmed, which make the aggregation
ability of SY dye molecules as another reason for the low
adsorption capacity of SY dye.

The adsorption of MO dye was highly dependent on so-
lution pH suggesting that the electrostatic interaction plays
an important role on dye removal (Fig. 5c). Considering
the pHpzc of TBA0.5 at 9.5, the lower adsorption capacity
at pH 3 can be attributed to the columbic repulsions
between protonated MO dye molecules and positively
charged surface TBA0.5. The high adsorption capacity
occurring at pH range of 6–8 can be attributed to the
existence of high electrostatic attraction between anionic
dye and the positively charged surface of TBA0.5. The
reduction in the adsorption capacity at pH above 8 was
due to the competitive adsorption between hydroxyl ions
and anionic dye and the electrostatic repulsion between
the anionic dye and negatively charged surface of TBA0.5
at pH 10. Similar behaviour was observed for SY dye
removal but with a little affinity.

The endothermic or exothermic nature of ongoing ad-
sorption process was studied at different solution temper-
atures. The adsorption capacities of MO dye onto TBA0.5
increased with an increase in the solution temperature
indicating that the adsorption process was endothermic
(Table 2). This can be attributed to the endothermic nature
of the diffusion process which arises from an increase in
dye molecule mobility and a decrease in diffusion resis-
tance forces (Wong et al., 2009). However, the efficiency
of SY dye uptake behaviour decreased when the tempera-
ture increased due to the decrease in adsorbent-adsorbate
interactions that increased the escaping tendency of dye
molecules into the solution phase (Fontecha-Camara et al.,
2006).

To describe the degree of freedom of the molecules in
the system, the thermodynamic parameters, ∆Go, ∆Ho and
∆S o of the adsorption process were calculated using Eqs.
(3) and (4) (Hanafiah et al., 2012):

∆Go = −RT lnKc (3)

ln Kc =
∆S o

R
− ∆Ho

RT
(4)

where, ∆Go is the change on Gibbs free energy, ∆Ho is
the enthalpy, ∆S o is the entropy, R (8.314 J/(mol·K)) is the
universal gas constant , T (K) is the reaction temperature
in, and Kc is the thermodynamic adsorption equilibrium
constant that can be calculated from Eq. (5):

Kc =
Csolid

Cliquid
(5)

where, Csolid (mg/L) and Cliquid (mg/L) are the equilibrium
concentration of solute on the surface of adsorbent and
solute in the solution.

The negative values of Gibbs energy of MO dye removal
increased with an increase in solution temperature strongly
suggest that the adsorption process was spontaneous and
more favourable at higher temperatures (Table 2). The
positive value of ∆Ho, indicates the endothermic nature of
dye removal. The positive value of ∆S o, indicates the lower
order of adsorption process at higher temperatures. How-
ever, the enthalpy change in case of SY dye was negative,
indicating that the adsorption process was exothermic and
may occur due to weak interactions. The negative value
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Table 2 Thermodynamic parameters of MO and SY dyes adsorption
onto TBA0.5 adsorbent

Temperature R (%) Q ∆Go ∆Ho ∆S o

(K) (mg/g) (kJ/mol) (kJ/mol) (J/(mol·K))

MO dye
298 59.95 24.25 –0.999
313 78.31 31.99 –3.34 44.7 153.3
333 90.88 36.67 –6.37

SY dye
298 84.32 24.99 –4.17
313 80.93 24.28 –3.76 –35.53 –9.74
333 57.02 17.11 –0.783

R is the percentage of dye removal, Q is the amount of dye adsorbed on
the adsorbent surface at equilibrium

of entropy shows the decrease in randomness at the solid-
liquid interface during the adsorption process.

2.3.2 Adsorption isotherm
The distribution of dye molecules between the liquid phase
and the adsorbent as a measure of the equilibrium of
adsorption process were modelled using Freundlich and
Langmuir isotherm (Eqs. (6) and (7)) (Pérez et al., 2007;
Zawani et al., 2009). The correlation coefficients were
used to clarify the applicability of the model to fit the
experimental data.

log Qe = log KF +
1
n

log Ce (6)

Ce

Qe
=

1
Qmax

Ce +
1

KLQmax
(7)

Freundlich parameters were calculated by plotting logQe
versus logCe which yields a straight line with a slope
of 1/n and an intercept of logKF. Langmuir constants
were calculated by plotting Ce/Qe versus Ce which yields
a straight line with a slope of 1/Qmax and an intercept
of 1/KLQmax. The shape of the adsorption isotherm was
described using a separation factor, RL (Eq. (8)):

RL =
1

1 + KLCo
(8)

where, Qe (mg/g) is the equilibrium loading on the adsor-
bent, KF (mg/g)(L/mg)1/n, is the adsorption capacity at unit
concentration 1/n is the adsorption intensity (heterogeneity
factor), Ce (mg/L) is the equilibrium concentration in the
dye solution, Qmax (mg/g) is the maximum adsorption
capacity for complete monolayer, KL is the Langmuir
isotherm constant, and Co (mg/L) is the initial concentra-
tion of the adsorbate.

The higher regression coefficients of Langmuir plots,
R2 = 0.999 and 0.998 for MO and SY dyes adsorption,
respectively, indicate the capability of this isotherm to fit
the experimental data and the possibility of monolayer
coverage of adsorbed dye molecules on the homogenised
surface of TBA0.5. The maximum adsorption capacities
were found to be 26.2 and 23.3 mg/g for MO and SY
dyes, respectively. The RL values were in range of 0–1,
indicating that the adsorption process was more favourable
with higher initial concentration of dyes.

2.3.3 Kinetic and diffusion studies
According to Langmuir, adsorption process is a reversible
process between adsorbent and adsorbate. The overall
adsorption rate is the combination of the first-order term
k1(1–F) and the second-order term k2Q(1–F)2 (Liu and
Shen, 2008). Hence, the Langmuir kinetic represents a
hybrid rate equation with a variable reaction order of 1–2.
The Langmuir rate equation expression can be written as:

dF
dt
= k1(1 − F) + k2Q(1 − F)2 (9)

where, k1 and k2 represent the rate coefficients of first-
and second- kinetic order, respectively, and F is the
dimensionless adsorption progress (fractional attainment
of equilibrium):

F =
Qt

Q
(10)

This hybrid order is dependent on the adsorption coverage
making the analysis more difficult. Thus a simplification
in the kinetic description was made by Marczewski (2010)
based on adsorption progress (Eq. (11)).

dF
dt
= (k1 + k2Q)[ f 1(1 − F) + f2(1 − F)2] (11)

The integrated form of the Langmuir equation can be
written as:

ln
(

1 − F
1 − feqF

)
= −kiat (12)

where, f 1 and f 2 represent the contribution coefficients
of first and second kinetic order, respectively, f eq is
Langmuir batch equilibrium factor and kia is the ap-
parent rate constant of adsorption process. The relative
weights of first-order and second-order terms govern the
approximation of Langmuir rate equation to first-order or
second-order kinetics. Liu and Shen (2008) described this
simplification by two parameters: first was the value of
the equilibrium coverage fraction θe which is given by the
following Eq. (12):

θe =
KL(QmaxX +Co) + 1 −

√
K2

L(Co − QmaxX)2 + 2KL(Co + QmaxX) + 1

2KLQmaxX
(13)

where, X is the adsorbent dosage, and Co is initial concen-
tration of dye.

The second parameter was the ratio between first-order
and second-order rate constants (Eq. (14)).

k1

k2
=

√
K2

L(Co − QmaxX)2 + 2KL(Co + QmaxX) + 1

KLQmaxX
(14)

At k1/k2> θe, the Langmuir equation can be reasonably
reduced to first-order rate equation, while if k1/k2 ≪ θe,
the adsorption kinetic can be described by a second-order
rate equation. In the case of k1/k2, it is neither close to zero
nor close to θe, the Langmuir kinetic cannot be simplified
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to the first-order or second-order and the adsorption needs
to be described by the Langmuir kinetics with a varying
reaction order of 1–2.

The Lagergren’s first-order and Ho and Mckay pseudo-
second rate equations are described in Eqs. (15) and (16).

ln(qe − qt) = ln qe − k1t (15)

t
qt
=

1
k2q2

e
+

1
qe

t (16)

The slope of the straight line in ln(qe – qt) versus t plots
was used to determine k1value. A linear plot of t/qt versus
t, with 1/qe and 1/k2qe

2 as slope and intercept, respectively,
was used to obtain the pseudo-second order rate constants
k2.

The correlation coefficient, R2, has been commonly used
to compare how good the kinetic model is for describing
the experimental data; however, the too small differences
may prevent any firm conclusion. Thus, the relative good-
ness of curve fitting, f , which is based on the prediction
error square, is used as statistical evidence of the suitability
of a kinetic model to fit the experimental data (Eq. (17)).

f =
(σ2)min

σ2 (17)

The term σ2 is given by Eq. (18):

σ2 =

∑
(Yk − Yk)2

ne − p
(18)

where, Yk and Yk are experimental data and regressed
values, and ne and p are numbers of the experimental
data and regressed coefficients, respectively, and (σ2)min
is the minimum value among all σ2 values determined by
different kinetic equations (Liu and Shen, 2008).

The kinetic behaviour of dye removal onto TBA0.5 is
described in Table 3. Higher correlation coefficients were
observed for the pseudo second-order kinetic model for
MO (R2 > 0.986). In addition, the equilibrium adsorption
capacities agreed well with the experimental data sug-
gesting the capability of this model to describe MO dye
adsorption onto TBA0.5. However, the f values showed
that the simplification of Langmuir mixed order kinetic

to second-order rate equation were only valid at a narrow
range of concentrations. For SY dye, it was clear that
the higher correlation coefficient values could be obtained
from pseudo-second kinetic model if the fitting analysis
was made at lower concentrations of SY dye, while at
higher concentrations of dye pseudo-first kinetic model
gave a better fit for the adsorption data. The experimental
adsorption capacities were in close agreement with that
obtained from pseudo-first kinetic model. However, the f
values calculated for all kinetic equations suggest that the
Langmuir 1,2-mixed order rate equation is the appropriate
kinetic model to describe the adsorption process. At higher
concentrations very close f values of the first order to
Langmuir mixed order provide statistical evidence for
simplification towards the first-order rate equation.

To determine the rate limiting step of adsorption pro-
cess, the experimental data was modelled by intra-particle
diffusion model (IPD) (Eq. (19)) (Weber and Morris,
1962):

qt = Kidt0.5 +Cboundary (19)

where, Kid (mg/(g·min0.5)) is the IPD rate constant and
Cboundary are constants proportional to the extent of the
boundary layer thickness.

As shown in Fig. 6, the uptake is low during the
first stage implying that the adsorption process mainly
occurred due to intra-particle diffusion as a rate limiting
step. However, the intra-particle diffusion model showed
multi-linearity plots representing different stages in the
adsorption process. This indicates that the rate limiting
step cannot be solely described by diffusion of adsorbate
along mesopore wall surfaces of the adsorbent in a whole
adsorption process. The diffusion of dye molecules across
the external surface of adsorbent (macropore walls) has
some contribution in the initial stage.

2.4 Comparison study

The adsorption performance and adsorption enhancement
of TBA0.5 adsorbent were compared with Bi5O7NO3
(Fig. 7). TBA0.5 showed higher adsorption capacity com-
pared to Bi5O7NO3. The adsorption capacities were in
the order of TBA0.5MO > TBA0.5SY > Bi5O7NO3MO >

Table 3 Kinetic parameters for MO and SY dyes removal onto TBA0.5 obtained at different concentrations

Pseudo first-order kinetic Pseudo second-order kinetic Langmuir 1,2-mixed order kinetic f value
Conc. QEpx QCalc k1 (1/min) R2 QCalc k2 (g/mg R2 θz k1/k2 Predicted First Second Langmuir
(mg/L) (mg /g) (mg/g) ×10−2 (mg/g) min)×10−2 kinetics

MO
10 12.3 11.6 11.0 0.996 13.3 18.2 0.999 0.5029 0.5051 First 0.01708 1.00000 0.10900
15 19.7 16.1 4.0 0.935 21.7 4.1 0.998 0.7485 0.2674 Second 0.06020 1.00000 0.04892
20 24.8 16.5 2.4 0.992 26.3 2.9 0.992 0.9451 0.1278 Second 0.31129 1.00000 0.29599
25 27.1 21.5 1.7 0.961 30.3 1.2 0.988 0.9860 0.2995 Second 1.00000 0.81748 0.99941
30 26.4 23.1 1.8 0.975 31.3 0.9 0.991 0.9925 0.5399 Langmuir 1.00000 0.81589 0.99137
40 26.1 20.8 1.8 0.935 29.4 1.2 0.986 0.9961 1.0396 First 0.92327 1.00000 0.81352

SY
10 10.1 9.5 5.7 0.994 12.3 0.059 0.998 0.4255 0.5832 Langmuir 0.25393 1.00000 0.92073
15 14.5 14.7 2.3 0.950 17.8 0.015 0.965 0.6351 0.3786 Langmuir 0.45433 0.36081 1.00000
20 19.3 23.2 2.0 0.919 27.0 0.50 0.958 0.8334 0.1966 Second 0.99983 0.39057 1.00000
25 23.4 26.9 1.5 0.899 38.5 0.20 0.844 0.9583 0.1614 Second 0.99998 0.15647 1.00000
30 24.3 25.8 1.2 0.904 38.5 0.19 0.779 0.9838 0.3249 Second 0.99970 0.06544 1.00000
40 22.8 23.9 1.0 0.891 37.0 0.18 0.657 0.9932 0.7354 Langmuir 0.99886 0.03473 1.00000

QEpx is the experimental value of amount of dye adsorbed at equilibrium time, QCalc is the calculated value from kinetic model of amount of dye
adsorbed at equilibrium time.

http://www.jesc.ac.cn


jes
c.a

c.c
n

No. 10 TiO2/Ag modified penta-bismuth hepta-oxide nitrate and its adsorption performance for azo dye removal 1883

40

30

20

10

0

q
t (

m
g
/g

)

0 3 6 9 12 15

t0.5 (min0.5)

MO 298 K

MO 313 K

MO 333 K

SY 298 K

SY 313 K

SY 333 K

Fig. 6 Intra-particle diffusion plots of MO and SY dyes removal onto
TBA0.5 adsorbent at different temperatures.

30

20

10

0

A
m

o
u
n

t 
o
f 

d
y

e 
ad

so
rb

ed
 (

m
g
/g

)

0 60 120 180 240 300 360
Time (min)

Bi5O7NO3MO

Bi5O7NO3SY

TBA0.5
MO

TBA0.5
SY
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Bi5O7NO3SY. The high adsorption capacities of TBA0.5
can be attributed to high surface area, diameter and
ultra pore volume as compared with that reported for
Bi5O7NO3, which indicates that the texture characteris-
tics of TBA0.5 plays an important role in determining
the adsorption capacity. The presence of octahedral TiO2
developed the hydrophilicity characteristic of TBA0.5 sur-
face due to the ability to produce a positively charged
surface (TiIV—OH2

+) (Asuha et al., 2010). Samokhvalov
et al. (2010) and Gan et al. (2004) had suggested that the
active species of silver on the calcined TiO2 sample at
450°C were Ag metal with a minor concentration of Ag2+,
which act as hydrophilic centres to develop the positive
charge on TBA0.5 surface and enhance the electrostatic
attraction with anionic dye molecules.

3 Conclusions

Bi5O7NO3 surface was successfully modified by three dif-
ferent modification agents including TiO2 and/or AgNO3
particles. Surface characterization results revealed that the
development of positively charged surface of TBA0.5 as
a result of the presence of the hydrophilic centres in

combination with the change in surface texture properties
of Bi5O7NO3 played a vital role in improving and facil-
itating the adsorbability of MO and SY dyes on TBA0.5
surface. The amount of dye adsorbed varied significantly
with adsorbent dosage, initial dye concentration, pH and
temperature. The linear regression isotherm of Langmuir
provided a better option for describing the experimental
data. Although the adsorption kinetic of MO dye could be
successfully described by pseudo-second order rate equa-
tion, the simplification towards pseudo-first order provides
a better understanding of the adsorption kinetic of SY dye
onto TBA0.5 adsorbent.
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