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Abstract In this study, TiO, functionalized with organic
groups were prepared to study the effect of carboxyl and
amino groups on the adsorption behavior of TiO, for the
removal of acid red G (ARG) as an anionic dye from
aqueous solution. TiO, was successfully modified with
carboxyl and amino groups by using the hydrolysis method
with oxalic acid (OAD, with two carboxyl groups),
ethylenediamine (EDA, with two amino groups) and DL-
alanine (DLA, with one carboxyl group and one amino
group) at low temperature (65 °C) and labeled as OAD-
TiO,, EDA-TiO, and DLA-TiO,, respectively. The ARG
uptake by the functionalized TiO, samples was largely
dependent on the functional groups. The interaction
between ARG and the functional organic groups on the
TiO, samples plays an important role in the adsorption
process, which leads to the excellent adsorption perfor-
mance (higher capacity and faster adsorption rate) of the
functionalized TiO, samples than that of P25 (commercial
TiO, without modification). Furthermore, there is no
obvious loss of the adsorption capacity for the functiona-
lized TiO, even after 5 adsorption-desorption cycles,
which indicated the good reusability of the modified TiO,
samples for anionic dye removal from aqueous solution.

Keywords amino group, carboxylic group, titanium
dioxide, ARG, adsorption

1 Introduction

TiO, is a remarkable photocatalyst and numerous
researches about heterogeneous photocatalysis related to
TiO, have been published [1-4]. Due to the excellent
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photochemical property, TiO, is also employed as a
catalyst for the pollution removal from air or water [5—
7]. Moreover, the adsorption ability of TiO, plays an
important role in the effective photo degradation of organic
matters, although TiO, is usually used as the photocatalyst
[8]. The pristine TiO, has a limited adsorption capacity due
to its intrinsic defects, such as low specific surface area and
few surface active sites [9]. Meanwhile, the surface active
sites are considered to be one of the most significant factors
for the adsorption process [10]. Nowadays, an increasing
number of studies focused on the approaches to enhance
the adsorption property of TiO,. Introducing the functional
groups onto the TiO, surface, such as hydroxyl, carboxyl
or amino groups, has been considered as one of the
effective methods. In addition, the functional groups bring
TiO, not only the enhanced adsorption capacity, but also
an increased adsorption rate [11].

The introduction of hydroxyl, carboxyl or amino groups
can change the surface charge and electron distribution of
TiO, and influence the interactions between the adsorbates
and the modified TiO,. Therefore, the enhanced adsorption
capacity of TiO, for organic and inorganic adsorbates
could probably be achieved by the functionalization of the
hydroxyl, carboxyl or amino groups [12,13]. It was
reported that the carboxyl modification could be in favor
of the cations adsorption [12]. On the contrary, the amino
functionalization was propitious to the adsorption of the
anions contaminants [13]. The surface functional groups
like carboxyl and amino were usually introduced onto
TiO, by two approaches. One is anchoring the relevant
organic groups onto the surface of the as-prepared TiO,
particles [14]. In this method, the modified TiO, was
obtained at higher temperature to strengthen the binding
force between the functional groups and TiO, structure.
The other way is the in-situ synthesis [15], which is a
reaction of titanium source (usually tetrabutyl titanate,
isopropyl titanate or titanium chloride) and chemicals
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containing functional groups [16]. The preferable functio-
nalized TiO, is obtained by the latter facile method in one
step hydrothermal process at lower temperature.

The carboxyl groups can be linked to TiO, with the bond
formation of bridging, chelating and ester-like linkage
[17,18]. Nguyen-Phan et al. [15] found that the carboxylate
groups of succinic acid could be coordinated to TiO, in the
form of bridging and chelating structure after calcined at
400 °C for 5 h. The maximum capacity of the modified
TiO, for methylene blue (MB) was reported as 32.15 mg/g.
The amino groups could be grafted on TiO, by the
hydrogen bonding between NH, group and hydroxyl or
carboxyl group on TiO, surface [19,20]. For instance,
Sugita et al. [13] synthesized an amino functionalized TiO,
with 3-[2-(2-aminoethylamino) ethylamino] propyl-tri-
methoxysilane and the modified sample exhibited more
excellent adsorption capacity for indigo carmine than that
of pristine TiO,.

Based on the above information, we focus on the
influence of carboxyl and amino groups on adsorption
performance of TiO,. The TiO, samples modified by the
organic chemicals with carboxyl and/or amino groups were
prepared at low temperature. ARG, one of the typical
anionic dyes in wastewater which could cause severe
pollution [21], was employed as the target contaminant to
examine the effect of functional groups in the adsorption
process. It is found that the carboxyl and amino
functionalization significantly affect the adsorption beha-
vior of the TiO, samples for anionic dye ARG.

2 Experimental
2.1 Materials

Tetrabutyl titanate (TBT, 340.36 g/mol, 98%), n-propanol
(60.10 g/mol, 99%), oxalic acid (OAD, 90.04 g/mol,
99.5%), ethylenediamine (EDA, 60.10 g/mol, 99.0%) and
DL-alanine (DLA, 89.09 g/mol, 98.5%) were of analytical
grade and got from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. Anionic dye ARG (509.42 g/mol,
99.0%) was purchased from Beijing Chemical Reagent Co.
of China and used as received. The deionized water used in
this study was obtained from the EPED-40TF Superpure
Water System (EPED, China).

2.2 Synthesis of functional TiO, samples

The functional TiO, samples were prepared by the one-
step hydrolysis approach at a low temperature. A typical
pathway was as follows: firstly, the organic compound
(OAD, EDA or DLA) was dissolved into deionized water
to form the 0.16 mol/L solution which was labeled as
solution A. The mixture solution containing TBT and
n-propanol (the volume ratio is 5:2) was also prepared and
named solution B. Then, 14 mL solution B was slowly
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added into 200 mL solution A with magnetic stirring
(300 r/min) for 2 h at 65 °C, the white suspension solution
was formed. And the suspension was stirred for another
12 h at the ambient temperature. After that, the white solid
was collected by filtration and rinsed with water until the
pH value of the filtrate was neutral. The collected white
solid was dried at 60 °C for 24 h. the as-prepared samples
were labeled as OAD-TiO,, EDA-TiO, or DLA-TiO,
according to the organic compound added in the prepara-
tion process. The P25 from the Degussa was employed as
the no-functional group comparator.

2.3 Analysis and characterization methods

Fourier Transform Infrared spectra (FTIR) of the samples
were carried out on BRUKER TENSOR 37 FT-IR
spectrophotometer in the range of 4000400 cm™ by the
KBr pellet method. The morphology and elemental
information were obtained on a scanning electron micro-
scopy (SEM, JSM-6700F, Japan) with an energy dispersive
X-ray spectroscopy (EDX). The thermogravimetric analy-
sis (TG) was performed on a Setaram Labsys Evo in N,
flow with the heating rate of 10 °C/min over a temperature
within 30-800 °C. Zeta potentials were tested with
NanoBrook 90Plus Analyzer. Samples for zeta potential
measurement were prepared by adding 1 mg of TiO, into
10 mL NaCl solution (0.1 mmol/L) at different pH values
from 2 to 12 (adjusted with 0.1 mol/L HNO;3; or NaOH
solution). N, adsorption and desorption isotherms were
recorded on a Builder SSA-4200 at 77 K. The specific
surface area is calculated using the multiple point Brunner-
Emmett-Teller (BET) method, and total pore volume and
average pore radius were calculated based on the BJH
(Barrett-Joyner-Halenda) method (using the desorption
branch).

2.4 Adsorption experiments

The adsorption of ARG was carried out by shaking
the mixture of solution with the modified TiO, samples
(2.0 g/L) at 25 °C. Then the suspension was centrifuged at
4000 r/min for 5 min. The supernatant was analyzed by the
UV-Vis spectrophotometer (Agilent 8453) and the absor-
bance value was read at the wavelength of 531 nm, in order
to evaluate the adsorption capacity of ARG onto TiO,
samples. The amount of ARG molecules adsorbed onto the
TiO, samples Q, (mg/g) at a certain time ¢ was calculated
from Eq. (1):

0=y, 1)

m

where Cy (mg/L) and C; (mg/L) are the initial concentra-
tion and residual concentration at time ¢ (min) of the ARG
solution, respectively; ¥ (L) is the ARG solution volume,
and m (g) is TiO, sample mass.
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Adsorption kinetic experiments were carried out in a
conical flask by contacting 0.1 g of the TiO, samples and
50 mL solution with certain concentration (100, 200, 300
mg/L in this study) of ARG solution at 25 °C. In various
contact time from 0 to 120 min, 2 mL samples were
withdrawn and filtered to evaluate the adsorption capacity
of the TiO, samples. The pseudo-first order and pseudo-
second order models (Egs. (2) and (3)) were employed to
fit the kinetic experiment data.

0, = 0. (1-e7 5", 2)
o ‘Kb£2ezt
O T K0 ©

where ¢ is the adsorption time (min); K; (min™") and K,
(g/(mg-min)) are the rate constants for the pseudo-first-
order and pseudo-second-order models, respectively; O,
and Q. (mg/g) are the adsorption capacity at ¢ min and
equilibrium time, respectively.

The adsorption isotherms of ARG onto the TiO, samples
were obtained by mixing different initial concentrations
(10-500 mg/L) of ARG solution with 2 g/L of the TiO,
samples, and then the solution was shaken for 120 min in
dark at 25 °C. The Langmuir and Freundlich isotherm
models were described according to Eqs. (4) and (5),
respectively:

gznmx](L(%
= 4
o 1+K,.C,’ @
0. = K:C.'/", (5)

where Opn.x (mg/g) is the maximum monolayer molecular
adsorption capacity onto the adsorbent in Langmuir
isotherm model; Ky (L/mg) and K ((mg/g)/(mg/L)") are
the constant of Langmuir and Freundlich isotherm model,
respectively. 1/n represents the degree of adsorption
dependence on equilibrium concentration in Freundlich
isotherm model. In addition, the dimensionless separation
factor Ry, an essential characteristic of the Langmuir model
to reflect the favorability of an adsorption process, is
expressed as:

1

Ro=—
LTk Cy

(6)
where Cy, (mg/L) is the maximum initial concentration of
ARG in solution.

In the regeneration study, 200 mg/L. ARG solution was
being contacted with the TiO, sample for 120 min. Then,
the exhausted TiO, sample was immersed in 0.1 mol/L
NaOH solution for 20 min to release ARG from the TiO,
sample, and further immersed in 0.1 mol/L HNOj5 solution
to activate. The regenerated TiO, sample was again used as
the adsorbent to remove ARG from the aqueous solution.
And the adsorption capacity of the regenerated TiO, was
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recorded to evaluate the regeneration property of the
functional TiO, samples and P25.

3 Results and discussion
3.1 Characterizations of TiO, samples

The FTIR spectra (Fig. 1) of P25 and the modified TiO,
samples were analyzed to examine the existence of the
functional groups. For P25, the wide peak between 900—
400 cm ' belongs to the Ti—O-Ti stretching vibration [22].
The other wide peak at 3600-3200 cm™ is very weak and
ascribed to the stretch of hydroxyl groups on the surface of
TiO, (P25). The peaks for the copious groups in the
functionalized TiO, samples appear in the FTIR spectra.
The broad peak in the range of 3600-2500 cm™' is
attributed to the vibration of —OH in carboxylic group. The
peaks for -NH, stretching vibration (3450-3220 cm™) and
strong peak of —OH group are overlapped in this broad
range of the spectra of EDA-TiO, and DLA-TiO,. A broad
and strong peak at 1690 cm™ in the spectrum of OAD-
TiO, is ascribed to the C=0O stretching vibration of
saturated dicarboxylic acid. The peaks at 1620 and
1430 cm! are related to the asymmetric and symmetric
bending vibrations of COO™ group, respectively. The value
of Av (COQO") for the OAD-TiO, sample is approximate
190 cm™', which illustrates a bridging structure between
OAD and TiO, [23-25]. The peak at 1288 cm™
corresponds to the stretching vibration of C-O bond.
While for the EDA-TiO, and DLA-TiO, samples, N-H
bending vibration of primary amine are observed at around
1620 cm™'. The peak at 1510 cm™ (only for EDA-TIO,,
which is not found in the spectrum of DLA-TiO,)is
ascribed to the deformation vibration of N-H in the
secondary amine, which indicates there is hydrogen
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Fig. 1 FTIR spectra of (a) P25, (b) DLA-TiIO,, (c) EDA-TiO,

and (d) OAD-TiO».
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bonding between the amino group and TiO, [19]. The
bond at 1326 cm™ (for EDA-TiO,) is assigned to the
stretching vibration of C—N [26]. At the spectrum of DLA-
TiO,, the peak belonging to C = O disappears, which might
be caused by the binding of the carboxyl in the DLA and
the TiO, with chelation [23]. The analysis of FTIR results
demonstrates the existence of carboxyl and amino groups
and success of TiO, functionalization.

The morphologies of the TiO, samples are observed by
SEM (Fig. S1 with EDX results, cf. Electronic Supple-
mentary Material, ESM). The particle size of P25 is so
small that the image is not so clear even the magnification
is 10000 times. The functional TiO, samples are composed
of the micro-particles. And the particle size of OAD-TiO,
is significantly larger than that of EDA-TiO, and DLA-
TiO,. In addition, it is obvious that there are certain
amounts of pore existing in the structure of EDA-TiO, and
DLA-TiO,. These results suggested that the difference of
amino acid used in functional synthesis could cause effect
on the morphology of the prepared materials. Furthermore,
the group species and number contained in amino acid
might be the main factor and amino groups are probably
more beneficial to the porous and granular morphology
than carboxy groups.

The surface content of each element was also obtained
by EDX and listed in Table 1. The functionalization degree
may be described by the atom molar C/Ti because C is
primarily associated with organic matter in the samples.
The C/Ti ratio for the functional TiO, samples (C/Ti=
0.137, 0.207 and 0.547 for OAD-TiO,, EDA-TiO, and
DLA-TiO,, respectively) was much higher than that of
P25 (C/Ti= 0.065), which suggests that these samples
contain a great amount of organic residues. The above
result indicates certain original organic structures were
successfully introduced to these functional TiO,, which is
consistent with the results of FTIR spectra.

The TG results were also analyzed to prove the organic
groups existence in the functional TiO, samples (Fig. 2).
For the P25, there is no weight lost at all TG test
temperature except for very little loss of adsorbed water.
For all the functional TiO, samples, the first thermal
degradation step losing of around 15.0 wt-% below 200 °C
is attributed to the loss of adsorbed water. The second
thermal degradation step after 200 °C is possibly ascribed
to the decomposition of the organic groups on the TiO,
samples [15]. For the OAD-TiO, and DLA-TiO,, the

Table 1 The surface molar ratio of different atoms for the TiO, samples
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second step is a simple and similar weight loss about
5.0 wt-%, however, the EDA-TiO, exhibits different
weight loss (9.0 wt-%) at the same range of temperature
(200-540 °C). The above results are attributed to the
thermal decomposition of the organics from the hydrolysis
of titanium (IV) butoxide precursor, carboxylic and
hydroxyl groups on the functional TiO, surface. The
weight loss results reveal the different organic contents in
different samples. The weight loss step over 540 °C is
considered as the loss of amino groups on the surface of
EDA-TiO,. The TG result indicates that there are several
functional groups on the modified TiO, surface and the
interaction between organic groups and TiO, in EDA-TiO,
is different from that of OAD-TiO, and DLA-TiO,, which
is similar with the result of FTIR test.

The zeta potential of the modified TiO, samples under
different solution pH is shown in Fig. 3. The isoelectric
point (pHi¢p,) is the pH value of the solution when the zeta
potential is zero. The pH;e, values of the functional TiO,
samples decreased intensely after modified by carboxyl
and amino groups. The OAD-TiO, sample exhibited lower
pHiep, value than others. This can be deduced that the
carboxyl group in OAD make its surface negatively
charged easily. The TiO, samples are gradually more
positively charged while the increasing number of amino
groups were introduced into the functional TiO, samples
like DLA-TiO, and EDA-TiO,. In addition, the pH;e, of
functionalized samples are all less than that of P25. The
value of zeta potential of adsorbents materials should be
focused on because this parameter could affect the
interaction between TiO, samples and contaminants [27].
In fact, lower pHje,, for sample is not favorable to enhance
the adsorption efficiency of anions such as ARG. There-
fore, the adsorption capacity of modified TiO, will be
compared with that of P25 in the “adsorption mechanism”
to find the role of electrostatic attraction in the adsorption
process.

The BET surface area (Sggt), pore volume (V},) and pore
diameter parameters of the TiO, samples are listed in
Table 2. The Szt and pore diameter were calculated from
the corresponding nitrogen adsorption-desorption iso-
therms and the desorption branch of the nitrogen isotherms
by the BJH (Fig. S2, cf. ESM). It can be seen from the data
that the Sgpt of the OAD-TiO, and EDA-TiO, are smaller
than that of the P25, while the Sggt of the DLA-TIO, is
larger than the value of P25. The phenomenon can be

Sample C/atom % Ti/atom % O/atom % C/Ti
P25 4.19 63.69 32.12 0.065
OAD-TiO,” 8.18 59.90 28.57 0.137
EDA-TiO,® 11.93 57.61 30.47 0.207
DLA-TiO,¥ 24.68 45.09 30.23 0.547

a) P25: commercial bare TiO,; b) OAD-TiO;: oxalic acid modified TiO,; ¢) EDA-TiO,: ethylenediamine modified TiO,; d) DLA-TiO,: DL-alanine modified TiO,.



Wenlong Zhang et al. Effect of surface groups on titanium dioxide

— P25
—— OAD-TIO,
—— EDA-TIO,
—— DLA-TIO,

Weight loss/wt-%
O
T

30 L 1 1 1 L 1 L 1 L 1 I 1 I 1 1
0 100 200 300 400 500 600 700 800

Temperature/°C

Fig. 2 TG spectra of the TiO, samples.
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Fig. 3 Zeta potential of the TiO, samples. The numbers in blue
mean isoelectronic point.

Table 2 Textural properties of the TiO, samples

Sample Sper/(m*-g 1) Vp/(cm3 g R/mm
P25% 48.48 0.258 1.07
OAD-TiO,” 30.47 0.043 2.88
EDA-TiO,” 25.56 0.188 8.92
DLA-TiO,? 401.26 0.366 1.83

a) P25: commercial bare TiO,; b) OAD-TiO,: oxalic acid modified TiO,; c)
EDA-TiO,: ethylenediamine modified TiO,; d) DLA-TiO,: DL-alanine modified
TiO,.

explained by the fact that the Sggr of the TiO, samples
greatly depends on the size of the aggregated TiO,
particles, which is consistent with the result of SEM
(Fig. S1). The ¥}, value also exhibits the similar variation
tendency. The agglomeration of the organic components
might cause the collapse of the porous structure and then
led to the decrease of pore volume [28]. Furthermore, the
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hysteresis between the adsorption and desorption curves
for OAD-TiO, illustrates the diffusion bottleneck in its
tissue, probably owing to heterogeneous pore size. The
pore radius of the samples calculated by the BJH method
was in a narrow range of 1.0-9.0 nm, which indicates that
all the TiO, samples have mesoporous and microporous
structures. Such structures are attributed to the pores which
are formed between TiO, particles [29]. From the result, it
can be seen that the specific surface area of DLA-TiO, is
much larger than that of OAD-TiO, and EDA-TiO,, which
is probably relative to the microporous structure [30].
These results indicate that the functional groups dramati-
cally influence the surface texture of the functional TiO,
samples.

3.2 Effect of pH

The initial solution pH is one of the most important factors
for the adsorption process. The interaction between
adsorbent and adsorbate could be effectively affected by
the solution pH variation due to the change of surface
characteristics for the adsorbent or the change of the form
of adsorbates [31]. In this study, the ARG adsorption
capacity onto the TiO, samples is dramatically influenced
by the initial solution pH value (Fig. 4). The adsorption
capacity is higher at low pH value and exhibits a sharp
decline when the pH value is over the pH;c,. The positively
charged surface of the samples and anionic nature of ARG
indicate that the electrostatic interaction between ARG and
the TiO, samples might play a meaningful role in
adsorption process. However, it is obvious that P25
exhibits much lower adsorption capacity than other
functional samples even it possesses a higher pHie,
value. This result suggests that electrostatic attraction is
an important factor for the adsorption capacity of the
modified samples but not the decisive reason for the
enhanced adsorption performance.

100
- P25
—~@- OAD-TIO,
80 —a— EDA-TIO,
= ~~ DLA-TIiO,
2 60
on
)
Syl
20
O 1 1 1 L 1 1
0 2 4 6 8 10 12
pH
Fig. 4 Influence of the solution pH on the ARG adsorption

onto the TiO, samples. Experimental conditions: initial ARG C,
200 mg/L, dosage 2 g/L.
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3.3 Adsorption kinetics

The adsorption kinetics of ARG onto the TiO, samples
were studied by employing the initial ARG concentrations
in the range of 100, 200 and 300 mg/L. The correlation
between adsorption time and adsorption capacity of ARG
at different initial concentrations are shown in the Fig. 5.
As expected, the adsorption capacity increases as the time
goes on and finally reaches a plateau, which indicates that
the dynamic equilibrium between the adsorption and
desorption was reached and no more molecules would be
adsorbed even though the contact time prolonged. A very
interesting result can be announced that the functional
TiO, samples have a shorter equilibrium time than that of
P25. The adsorption equilibrium of the functional TiO,
samples can be reached within 20 min in all the used
concentrations while the value for P25 is more than
40 min. This phenomenon indicates that the functional
carboxyl and amino groups on the surface of the TiO,
samples possesses a very obvious effect on the adsorption
kinetics of ARG, which is consistent with the result of ‘the
reports’ [32—-34]. The adsorption kinetics of ARG onto P25
and the functional TiO, samples are also displayed in
Fig. 5 and the corresponding parameters fitted by the

25
| (@)
20
~ 15F
‘Oﬂ
2
\Q)\/ 10[ W 100 mg/L
3 ® 200 mg/L
5k A 300mg/L
Pseudo-second-order model
0 = =Pseudo-first-order model
1 1 1 1 1 I 1 1 1 I 1 1 1
0 20 40 60 80 100 120
#/min
80F (©)
70F
60F = e
= 30p = - -
% 40F
E W 100 mg/L
= 30+
Ql | ® 200mg/L
201 A 300 mg/L
10 L Pseudo-second-order model
0 F = = Pscudo-first-order model
— 1 0 I 1 1 1 I 1 1 1 I 1

I 1 1 1
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#/min
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pseudo-first-order and pseudo-second-order model are
listed in Table 3. The adsorption behavior of ARG onto
the four TiO, samples can be well described by the pseudo-
second-order model (R* = 0.9919-0.9997). Furthermore,
the calculated values of Q. from the pseudo-second-order
model are approximately equal to the experimental values
(Qexp)- This indicates that the adsorption kinetics of ARG
onto the TiO, samples corresponds well with the pseudo-
second-order model and the adsorption process is mainly
dominated by chemical reaction [35].

3.4 Adsorption isotherms

The adsorption isotherm study plays an important role in
understanding the adsorption mechanism. The surface
stacking of the adsorbates onto the adsorbent could be
considered as a monolayer or multilayer state due to the
isotherm models [36]. Herein, two common adsorption
isotherm models, Freundlich and Langmuir models, were
used to fit the experimental data at 25 °C. The
corresponding experimental data and fitting curves of
Langmuir and Freundlich models are shown in Fig. 6 (the
isotherm fitting models at different temperature are shown
in Fig. S3 (cf. ESM)), the fitting parameters are listed in

70
60
50+
40
=11]
o L
£ 3or W 100mgL
Qi 20 I @® 200 mg/L
i A 300mg/L
10k = Pseudo-second-order model
L = = Pseudo-first-order model
0 -
1 1 1 1 1 1 1 1 1 I 1 1 1
0 20 40 60 80 100 120
#/min
50
401
~ 30
1
iiﬁ B 100 mg/L
£ 20t ® 200 mg/L
Q A 300mgL
10k = Pscudo-second-order model
— = Pseudo-first-order model
0 -
1 1 1 1 1 1 1 1 1

I 1 1 1
0 20 40 60 80 100 120
#/min

Fig. 5 Kinetics plots of ARG adsorbed onto (a) P25, (b) DLA-TiO,, (¢) EDA-TiO, and (d) OAD-TiO,. Experimental conditions: initial

Cy 100, 200, 300 mg/L, solution pH 3.0, dosage 2 g/L.
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Table 3 Kinetics parameters for ARG adsorption at different initial concentrations

Pseudo-first-order model

Pseudo-second-order model

Sample gl e R . ® ko o ®
(L-min™) /(mg-g™) Ag-min™" -mg) Amg-g™)

P25Y 100 15.83 0.208 15.04 0.9894 0.018 16.22 0.9919
200 18.82 0.273 18.53 0.9926 0.020 19.09 0.9947
300 22.72 0.229 21.86 0.9714 0.014 23.15 0.9953

OAD-TiO,” 100 39.24 0.605 38.07 0.9832 0.024 39.78 0.9989
200 4217 0.640 40.81 0.9766 0.023 4270 0.9975
300 45.55 0.905 44.62 0.9904 0.036 46.08 0.9992

EDA-TIO,® 100 48.71 1.791 47.46 0.9923 0.101 4828 0.9986
200 61.78 1.195 60.93 0.9773 0.042 62.40 0.9996
300 74.77 1.430 71.42 0.9810 0.043 73.21 0.9997

DLA-Ti0,? 100 44.98 1.511 43.59 0.9952 0.084 44.45 0.9983
200 53.93 1.610 53.33 0.9963 0.079 54.24 0.9994
300 60.69 0.923 58.71 0.9637 0.027 60.77 0.9929

a) P25: commercial bare TiO,; b) OAD-TiO,: oxalic acid modified TiO,; ¢) EDA-TiO,: ethylenediamine modified TiO,; d) DLA-TiO,: DL-alanine modified TiO,.

80F
701
601
50+
240
< 30f
201
10

-10

100

W P25 @® OAD-TiO,
A EDA-TIO, W DLA-TIiO,
= Langmuir = = Freundlich
1 L 1 L I
200 300 400
Cc/(mg~L")

500

Fig. 6 Adsorption isotherms for ARG adsorbed onto the TiO,
samples at 25 °C. Experimental conditions: initial ARG Cy = 10—
500 mg/L, solution pH 3.0, contact time 120 min.

Table 4 (the isotherm fitting parameters at different
temperature are list in Table S1 (cf. ESM)). It is obvious
that Langmuir model is more reasonable to describe the
adsorption process of ARG onto P25 and the functional
TiO, samples than Freundlich model according to the
value of correlation coefficient (R?), which significantly
indicates that the adsorption sites on the surface of the TiO,
samples are uniform and the adsorption of ARG onto the
surface of the TiO, samples is monolayer [37]. The
adsorption capacity of the functionalized TiO, samples for
ARG obtained from the Langmuir model is larger than that
of P25. Meanwhile, the adsorption capacity of DLA-TiO,
is not higher than that of EDA-TiO,, although DLA-TiO,
has the larger specific surface area. The above result could
be explained as follows: the partial specific surface area of
DLA-TiO, comes from the microporous structure, while
the ARG molecule is too large to enter the nanoscale pore
structure for adsorption [38]. Moreover, the values of Ry
are from 0.0143-0.1538 (in the range of 0—1.0), the values
of 1/n are 0.122-0.323, which suggests that the adsorption

Table 4 Langmuir and Freundlich isotherm parameters for ARG adsorbed onto the TiO, samples

Langmuir model parameters

Freundlich model parameters

emples e Opvealmgg ") KL mg ') R Klmg £ ) Un R

p25Y 0.1538 28.78 0.011 0.9903 3.42 0.323 0.9293
OAD-TiO,” 0.0392 48.11 0.049 0.9969 18.86 0.153 0.9036
EDA-TiO," 0.0143 78.15 0.138 0.9840 35.79 0.139 0.9078
DLA-TiO,¥ 0.0180 59.07 0.109 0.9567 29.01 0.122 0.9484

a) P25: commercial bare TiO,; b) OAD-TiO,: oxalic acid modified TiO,; ¢) EDA-TiO,: ethylenediamine modified TiO,; d) DLA-TiO,: DL-alanine modified TiO,.
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of ARG onto the functional TiO, surface is favorable.
Furthermore, the values of R; and 1/n for the functional
TiO, samples are smaller than that of P25, indicating that
the modified TiO, samples are prone to be the adsorption
of ARG.

3.5 Regeneration performance of TiO, samples

To study the regeneration performance of the functional
TiO, samples, NaOH solution (0.1 mol/L) and HNO;
solution (0.1 mol/L) were employed as the desorption
agent and the regeneration agent respectively because the
adsorption capacity of ARG onto the TiO, samples is
strongly pH dependent. The regenerated adsorbent (2 g/L)
was reused to adsorb ARG (200 mg/L) at 25 °C, and the
results of the adsorption capacity change versus the
recycles are presented in Fig. 7. It is obvious that there is
little loss of the adsorption capacity of the functional TiO,
samples for ARG after five adsorption-desorption cycles. It
is illustrated that the interactions between the fuanctional
TiO, samples and ARG can be destroyed by dilute NaOH
solution and the adsorption ability of the functional TiO,
samples can be easily regenerated. The above results of the
regeneration suggest functional TiO, is a promising
adsorbent in the removal of ARG dye.

100
- P25 B OAD-TiO,
90T MM EDA-TiO, [l DLA-TiO,

80
70 -
60 -
Qi 50 -
40 -

30

20

Cycle/times

Fig. 7 Recycle performance of the TiO, samples with the initial
concentrations of 200 mg/L of ARG, contact time of 120 min, at
the temperature of 25 °C.

3.6 Adsorption mechanism

The result of the isotherm and kinetics experiments reveals
the adsorption capacity of three functionalized TiO,
samples were at the order of EDA (with two amino
groups)-TiO, >DLA (with one amino group and one
carboxyl group)-TiO, > OAD (with two carboxyl
groups)-TiO,, which is consistent with the result of the
pHiep test. OAD with two carboxyl groups in the molecule
structure makes the TiO, negatively charged easily. With

Front. Chem. Sci. Eng. 2021, 15(5): 1147-1157

the amino group introduced, the pH;e, of samples is much
larger than that of OAD-TiO, because the amino group is
easy to protonate so that it carries more positive charges on
the surface of TiO,. Meanwhile, ARG is a typical anionic
dye, which is easily adsorbed by the adsorbent with more
positive charge. Therefore, the adsorption capacity of the
functional TiO, samples is in accordance with the above
order. However, it is also obvious that the adsorption
capacity of P25 is less than all of the functional samples
though the pH;e, of P25 is largest in the samples. This
result illustrate that though electrostatic attraction makes
contribution to the impact for the adsorption capacity, there
are also some more important factors for the adsorption
mechanisms. Therefore, the FTIR analysis were used to
find more precise conclusion.

The FTIR spectra of the three TiO, samples before and
after the adsorption of ARG are presented in Fig. 8. It is
illustrated that the obvious shifting of peaks occurred, and
some new peaks related to ARG appeared after adsorption
process. In detail, the peaks of 1496 (1 - ¢ for benzenoid
rings in ARG molecule), 1218 (v—n_c connect with
phenyl), and 1045 cm™ (v_g—o for the —SO5 in ARG
molecule) [39,40] appeared after adsorbed by all the three
functional TiO, samples, respectively. These peaks
illustrate that ARG was successfully adsorbed onto the
functional TiO, samples. Meanwhile, the peak 1690 cm™
(ve = o) in OAD-TiO, and the peak 1510 cm™ (vn_y in the
secondary amino) in DLA-TiO, and EDA-TiO, disap-
peared, which indicates that there are interactions between
ARG and the carboxyl or amino groups in the TiO,
samples during the adsorption. In addition, the adsorption
performance of EDA-TiO; is better than DLA-TiO, and
OAD-TiO, according to the experimental data. The above
results demonstrate that functional groups, especially
amino groups play an important role in the adsorption of
ARG, which could also account for the poor adsorption
capacity of P25.

According to the previous analysis and literatures
[41,42], the interaction between ARG and functional
groups especially amino group made the main contribution
to the adsorption of organic dye onto the modified TiO,
samples, and electrostatic interaction is also involved in
this process. In the desorption process, these interactions
could be destroyed easily in the alkaline solution, which
results in the desorption of ARG from the modified TiO,
samples.

4 Conclusions

The interfacial functionalized TiO, samples with carboxyl
and amino groups were successfully prepared at lower
temperature by using hydrolysis method and exhibited an
enhanced adsorption performance for removal of anionic
dye ARG from aqueous solution. The carboxyl group
combined into the TiO, with bridging and chelating
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Fig. 8 FTIR spectra of (a) OAD-TiO,, (b) EDA-TIO,, and (c) DLA-TiO, before and after adsorption of ARG. The data before and after
adsorption of ARG are represented by black and red curves, respectively.

structure, while the amino group anchored into the TiO,
with hydrogen bonding. The introduction of carboxyl and
amino groups had a significant effect on the physicochem-
ical properties of the functional TiO,, such as surface
charge, thermal stability, surface texture, and further
influenced the adsorption performance of the functiona-
lized TiO, samples for anionic dye ARG. The functiona-
lized TiO, displays a higher adsorption capacity, faster
adsorption rate and better regeneration than that of P25.
The EDA modified TiO, has the maximum adsorption
capacity for ARG as 78.15 mg/g, while that of DLA-TiO,
is 59.07 mg/g, and the OAD-TiO, is 48.11 mg/g. We find
that the main adsorption mechanism is the interaction
between ARG and amino groups or carboxyl groups and
the surface charge is also related to this process. In
summary, the carboxyl and amino groups in the functional
TiO, have dramatic influence on the physicochemical
properties of TiO,, and further impact the adsorption
performance. This discovery could provide a powerful
proof for the design of some specific adsorbent for organic
dyes removal.
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