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� Three types of surfactants were used
to modify titanate-based materials.

� The versatile adsorption performance
of modified materials was highly
enhanced.

� Ion exchange is the main route for
cationic contaminants removal.

� CeNþ from cationic surfactant is
responsible for anionic contaminants
adsorption.
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The new challenges to adsorption are imposed for the diversity of contaminants in wastewater in recent
years. Herein, titanate-based materials (peroxide sodium titanate, PST) were modified by three different
kinds of surface charged surfactant: dodecyl dimethyl betaine (BS-PST), sodium dodecyl sulphate (SDS-
PST) and dodecyltrimethyl ammonium chloride (DTAC-PST) to enhance the versatile adsorption per-
formance for four typical contaminants including ammonia nitrogen (NH4

þ, inorganic and cationic),
phosphate (H2PO4

�, inorganic and anionic), methylene blue (MB, organic and cationic) and Acid Red G
(ARG, organic and anionic). The batch adsorption experiments showed that the DTAC-PST exhibited
better in the removal of MB, ARG and H2PO4

� than that of other adsorbents. The theoretical maximum
adsorption capacity of DTAC-PST is 49.28 mg g�1 for NH4

þ, 34.74 mg g�1 for TP, 81.87 mg g�1 for MB and
545.81 mg g�1 for ARG. The simultaneous adsorption results showed that the concentration (10 mg L�1 of
NH4

þ, 3 mg L�1 of TP, 50 mg L�1 of MB and 50 mg L�1 of ARG) of all the four chemicals in simulated
wastewater could be controlled to be below the discharge levels in China (GB, 18918e2002) by DTAC-PST
at the pH of 3.0. The FT-IR spectra demonstrated that ion exchange was the main way for NH4

þ removal,
however, electrostatic attraction and ligand exchange were the reason for MB adsorption. In addition, C
eNþ from DTAC modification made main contribution to the excellent adsorption performance for ARG
and H2PO4

�. The saturated DTAC-PST could be conveniently regenerated by 0.5 mol L�1 NaOH solution
and maintained about 80% of adsorption capacity after five cycles.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

It is being witnessed that the human civilization in industriali-
zation and urbanization progress greatly in the new century. The
ever-increasing requirement for sustainable development has
drawn intensive attention to the worldwide environmental issues
like water pollution which can cause a direct risk to human health
and ecological balance (Zhuang et al., 2019; Xu et al., 2020).
Adsorption, one of the main physicochemical techniques for elim-
ination of contaminants, has been frequently studied in research
and used in engineering especially in advanced treatment of
wastewater due to its high efficiency, cost effective and easy
operation (Ye et al., 2019). However, the newly strict discharge
levels and increasing complexity of effluent still call for the advance
of existing adsorption technology (Schwarzenbach et al., 2010; Fu
and Wang, 2011).

The various contaminants in industrial effluent contain organic
and inorganic matters, the majority of which are cationic or anionic
in nature (Wang and Peng, 2010). As a rule, the adsorption mech-
anism and performance of the same adsorbent for these contami-
nants is structure or surface chemistry dependent. Therefore, the
increasing complicated components in wastewater undoubtedly
affected the feasibility and efficiency of adsorption technique,
which limited the future application of this method in water
treatment (Crini et al., 2018). In order to strengthen the practica-
bility of adsorption process, developing a versatile adsorbent for
different kinds of contaminants in solution is one of the significant
strategies. Nonetheless, the research about versatile adsorbent
synthesis and evaluation is still short (Shen and Chen, 2015; Yu
et al., 2017). For instance, Ammonia nitrogen (NH4

þ) and phos-
phate (H2PO4

�, one of the phosphorus forms in water) are typical
inorganic matters in effluent with opposite surface ionization
property, both of which make contribution to the eutrophication
(Schindler et al., 2016; Wang et al., 2020). Methylene blue (MB) and
Acid Red G (ARG), which are also inversely charged in solution, are
typical organic compounds in industrial sewage (Shi et al., 2020).
The adsorption of these four different kinds of typical contaminants
(especially inorganic and organic together) onto one same adsor-
bent material was rarely focused on (Wang et al., 2016, 2020; Li
et al., 2019; Xu et al., 2019).

It is necessary and significant to choose an optimal adsorbent
material or modification method that can be applied in the
simultaneously removal of cationic and anionic chemicals from
water. There are few materials exhibiting well adsorption for more
than two kinds of ammonia nitrogen, phosphate and dyes though
several materials have excellent ability to adsorb single of above
contaminants well, respectively (Wang et al., 2016; Wan et al.,
2017b; Si et al., 2018). As a rule, the surface chemistry of adsor-
bent could play an important role in determining the adsorption
interaction and adsorption capacity (Hokkanen et al., 2016). The
negatively charged surface will tend to adsorb cationic matter in
solution instead of the anionic one, and vice versa. Therefore,
several modification methods have been used for adsorbent ma-
terial to enhance the adsorption performance for some kind of
contaminants (Wang et al., 2018b). Titanate-based material has
been proved to be effective in the removal of most cationic chem-
icals (such as NH4

þ and heavy metals) in aqueous phase due to its
excellent ion exchange ability (Zhang et al., 2019; Zhao et al., 2019).
In addition, the modification on titanate can be suitable and eco-
friendly according to its facile preparation process and inorganic
nature (Tan et al., 2018). The ion exchange property of titanate gives
it potential in versatile adsorption because most modification
methods have little effect on the ion exchange process (He et al.,
2016; Wan et al., 2017a). Therefore, titanate was chosen as the
primary material and served as adsorbent for different kinds of
2

contaminants after the modification.
Among the many modification methods for improvement of

adsorption capacity, such as acid/base treatment, grafting of amine
groups and impregnation of metals, the surfactant modification has
gradually attracted considerable attention because of its facile
operation and diversification (Rajapaksha et al., 2016; Li et al.,
2018b; El Hanache et al., 2019). All the surfactants can be divided
into non-ionic surfactant and ionic surfactant, and the latter one
(cationic, anionic or ampholytic form) is more appropriate for the
modification according to their ionization state in solution. Lots of
ionic surfactants have been used for modification and proved
effective in adsorption for various contaminants (Li et al., 2018a).
The enhanced adsorption capacity was observed in adsorption of
Cd2þ on amphoteric surfactant activated montmorillonite, the
adsorption of methylene blue on anionic surfactant modified
ZnFe2O4, the adsorption of congo red on cationic surfactant modi-
fied pumice and so on (Liu et al., 2016; Shayesteh et al., 2016; Zhang
et al., 2017). However, the effect of surfactant kind on the modifi-
cation and versatile adsorption performance for different contam-
inant was rarely focused on. Therefore, three different kinds of
typical surfactants were chosen as the modification regent to
improve the versatile adsorption capacity of titanate materials:
ampholytic surfactant dodecyl dimethyl betaine (BS), anionic sur-
factant sodium dodecyl sulphate (SDS) and cationic surfactant
dodecyltrimethyl ammonium chloride (DTAC). The pathway of how
the adsorbent material is modified by surfactant and the relation-
ship between the surfactant species and the adsorption capacity
were focused on. The similar dodecyl structure and different ionic
form of these surfactants can be conducive to study the modifica-
tion and adsorption mechanism.

Based on the above discussions, the major purpose of this work
is to: 1) facilely synthesize the modified titanate materials with the
three different kinds of surfactants and reveal the modification
mechanism, respectively; 2) investigate their adsorption perfor-
mance for individual chemical (NH4

þ, H2PO4
�, ARG and MB) and

evaluate the versatile adsorption ability for mixed contaminants
through simultaneous adsorption experiments; 3) figure out the
possible adsorption mechanism to understand the relationship
between the surfactants property and adsorption performance.

2. Experimental

2.1. Chemicals

The titanium isopropoxide (TIPT, Ti(OC3H7)4), hydrogen
peroxide (H2O2, 30 wt%), sodium hydroxide (NaOH), hydrochloric
acid (HCl), dodecyl dimethyl betaine (BS), sodium dodecyl sulphate
(SDS), dodecyltrimethyl ammonium chloride (DTAC) and iso-
propanol were of analytical grade. The simulated wastewater used
in this study were obtained by dissolving ammonium chloride
(NH4Cl, GR), sodium dihydrogen phosphate (NaH2PO4$2H2O, AR),
methylene blue (MB, AR) and acid red G (ARG, AR) into distilled
water, respectively. All the chemicals and reagents were purchased
from Sinopharm Chemical Reagent Co. Ltd, China and used as
received. The deionized water used for all the experiments was
prepared by an EPED-40TF Super pure Water System, China. The
chemical structure of SDS, DTAC and BS are shown in Fig. S1 and
chemical structure of MB and ARG are shown in Fig. S2.

2.2. Preparation of materials

Preparation of titanate-based materials. The titanate-based
materials was synthesized according to the previous study (Zhang
et al., 2019), and the typical way is as follows: a mixture of TIPT
(10 mL) and isopropanol with the volume ratio of 5:2 was dropped
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into 200 mL NaOH solution (0.1 mol L�1) with magnetic stirring at
60 �C for 30 min. Subsequently, 10 mL of H2O2 (30 wt%) was added
into the white suspension dropwise in 60 min. The solution grad-
ually became yellow and then the suspension was stirred for
another 30 min at 25 �C. After that, the resulting mixture was fil-
trated with the rinsing of deionized water until the pH value of the
washing liquid reached about 7.0 and then dried in an oven at 60 �C
for 12 h. The final obtained powder product was named as PST
(peroxo sodium titanate) and used in the subsequent modification
procedure.

Preparation of surfactant modified PSTs. The modification of
PST was conducted in a 500 mL beaker: three surfactant solution
with different concentration (1, 5 and 10 g L�1) was prepared by
dissolving one of the three surfactants into deionized water,
respectively. A certain amount of PST powderwas impregnated into
the above nine as-prepared solutionwithmagnetic stirring for 24 h,
respectively. Afterward, the products were obtained through
filtration and the rinse process was conducted with deionized
water and alcohol sequentially. All the samples were then dried at
60 �C for 12 h and donated as BS-PST-1, BS-PST-5, BS-PST-10, SDS-
PST-1, SDS-PST-5, SDS- PST-10, DTAC- PST-1, DTAC-PST-5 and DTAC-
PST-10, respectively.

2.3. Characterizations

Themorphology of the as-prepared samples was investigated by
a scanning electron microscopy (SEM, MAIA3 LMH, USA) with the
ancillary energy dispersive spectrometry (EDS). The element dis-
tribution and state of the materials were determined by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB Xiþ,
USA). The surface functional groups of the samples were identified
by a fourier transform infrared spectrometer (FT-IR, Bruker, Ger-
many). The zeta potential of the samples was measured with
Brookhaven 90plus Zeta, samples of which (1.0 mg) were added
into 10 mL NaCl solution (10�3 mol L�1) at different pH values
(adjusted by 0.5 M HCl or NaOH solution). Thermogravimetric
analysis (TGA) was conducted at a heating rate of 10 �C$min�1 to
quantify the amount of surfactant loading on materials surface. The
samples were heated from room temperature to 600 �C under ni-
trogen atmosphere and carried out on the SHIMADZU TA-60WS
Thermal Analyzer.

The total NH4
þ concentration in the aqueous solution was

determined by the conventional salicylate spectrophotometric
method; the phosphate concentration was showed through the
value of total phosphorus (TP) and measured by molybdenum
antimony anti-colorimetric method; the concentration of MB and
ARG in the solution was tested through the ultravioletevisible
spectrophotometry (UV2600, Shimadzu) directly.

2.4. Adsorption experiments

Unless otherwise stated, adsorption experiments were per-
formed at 25 �C in a temperature-controlled shaker with a 200 rpm
rate. The mixture after adsorption were separated by filtration
through 0.45 mm filters.

The effect of surfactant dosage used in synthesis on the
adsorption performance was investigated as follows: 0.04 g of
surfactant modified sample (BS-PST-1、BS- PST-5、BS- PST-10、
SDS- PST-1、SDS- PST-5、SDS- PST-10、DTAC- PST-1、DTAC- PST-
5、DTAC- PST-10) and 20 mL of the simulant contaminant solution
with pH of 7 was mixed in a 50 mL tube and shaken for 12 h,
respectively. The adsorption experiment of PST was also conducted
for comparison.

In order to know the effect of solution pH on the adsorption
performance of the samples and find the influence of surfactant
3

modification, the initial pH value of the simulant contaminant so-
lution was adjusted to the range of 2e10 by 0.5 mol L�1 HCl or
NaOH solution. The initial concentration of solution is 300 mg L�1

for MB, 200 mg L�1 for ARG, 40 mg NH4
þ$L�1 for NH4

þ-N and
20 mg TP$L�1 for phosphate. Only the samples modified by 5 g L�1

surfactant (BS-PST-5, SDS-PST-5, DTAC- PST-5) were used in the
batch experiments according to their comprehensive adsorption
performance. The choice of optimal samples also alleviated the
workload in adsorption experiment and kept the conditions con-
stant. In addition, the adsorption performance of PST was also
evaluated at the same condition for comparison.

Experiments to determine kinetics were carried out in a conical
flask by adding 0.2 g of sample into 100 mL solution containing one
of the contaminants with optimal solution pH according to the
result of pH experiment. The initial concentration of solution is
300 mg L�1 for MB, 200 mg L�1 for ARG, 40 mg NH4

þ$L�1 for NH4
þ-N

and 20 mg TP$L�1 for phosphate. About 1.5 mL mixed solution was
collected at certain time intervals and filtered for the determination
of the residual contaminant.

The isotherm adsorption experiments were conducted as fol-
lows: 0.04 g of adsorbent samplewas added into a 50mL centrifuge
tube containing 20 mL individual adsorbate solution. The initial
concentration for each contaminant was set as 10e120 mg L�1 for
NH4

þ, 3e50mg L�1 for total phosphorus, 50e400mg L�1 for MB and
50e400 mg L�1 for ARG, respectively. The mixture was shaken for
120 min in a temperature controlled shaker.

Simultaneous adsorption experimentwas conducted to evaluate
the adsorption performance of adsorbent for complex wastewater.
The optimal samples were chosen as adsorbents according to batch
adsorption experiment. The adsorption process was finished in
mixed solution with different initial pH from 2.0 to 10.0. The initial
concentration of contaminants was set as NH4

þ of 10 mg L�1, TP of
3 mg L�1, MB of 50 mg L�1 and ARG of 50 mg L�1 according to the
actual condition before advanced treatment in wastewater treat-
ment plant.

The stability or long-term performance of optimal adsorbent
was determined by TGA after washing with deionized water or
ionic solution (0.15 mol L�1 NaCl solution) for 72 h. Desorption and
regeneration of adsorbent was conducted by 0.5 mol L�1 NaOH
solution. The adsorption reusability experiment was carried out
with the mixed solution containing 10 mg L�1 NH4

þ, 3 mg L�1 TP,
50 mg L�1 MB and 50 mg L�1 ARG for five cycles.

There are some parameters and models used to evaluate and
reveal the adsorption performance in this study. The adsorption
efficiency h (%), the amount of matter adsorbed on the as-prepared
adsorbents (adsorption capacity) at certain time Qt (mg$g�1) and at
equilibrium Qe (mg$g�1) were calculated by Eqs. (1)e(3), respec-
tively. Where C0 (mg$L�1), Ct (mg$L�1) and Ce (mg$L�1) are the
initial concentration, residual concentration at time t (min) and
residual concentration at equilibrium in the solution; m(g) is the
adsorbent mass and V (L) is the solution volume. As shown in Eqs.
(S1)-(S5), three kinetic models (pseudo-first order, pseudo-second
order and elovich models) and two isotherm models (Langmuir
model and Freundlich model) were used to analyze the adsorption
data and reveal the adsorption process.

h¼ C0 � Ct
C0

� 100 (1)

Qt ¼C0 � Ct
m

� V (2)



W. Zhang, X. Yang, C. Lin et al. Chemosphere 269 (2021) 129383
Qe ¼ C0 � Ce
m

� V (3)
Fig. 1. Effect of surfactants usage dosage on the adsorption behavior of four kinds of
representative contaminants at pH ¼ 7.
3. Results and discussion

3.1. Characterization

The facilely synthesized samples were observed under a scan-
ning electron microscope. The SEM images (Fig. S3) illustrate that
morphology of all the samples are particle-dominated and the
diameter vary with experimental conditions. It is indicated that the
particles of PST are in large scale with a smooth surface (Fig. S3a).
The surfactant modification makes some of these particles fracture
(Fig. S3b-j). The dispersed granules in modified samples could
endow more active sites for adsorption than PST. The particles
diameter of all the as-prepared samples are in the order of DTAC-
PSTs < SDS-PSTs < BS-PSTs < PST. The change of morphology
demonstrates that surfactant modification could affect the struc-
ture directing process of materials. Furthermore, the change degree
of morphology varied with surfactant species and concentration
also indicate the different combination form between PST substrate
and the different surfactants.

The EDS and XPS results (Fig. S4-5) show that Ti, O and Na el-
ements maintained in all the modified samples and indicate the
stable structure. The content of C in DTAC-PST increases dramati-
cally accompanies with the reduction of Na compares with the bare
PST. The content of Na in BS-PSTs decreases lightly and the amount
of Ti, O, Na in SDS-PSTs keep constant. In addition, the high reso-
lution XPS results (Fig. S4c-d) show that there is S in SDS-PST-5 and
N in BS-PST-5, respectively. The above results demonstrate that
surfactant modification is successfully conducted. It is also found
that DTAC surfactant impacts element content of PST more signif-
icantly than that of SDS and BS. Furthermore, the reduction of Naþ

also indicates that the modification process might be associated
with the existence or movement of Naþ. The XPS high resolution of
C1s and O1s for PST and the modified samples (Fig. S6) show that
element valence state keep constant during the modification pro-
cedure. However, some shifts in C1s and O1s high resolution
spectra of modified samples mean the change of surface charge in C
and O and indicate that the electrostatic interaction probably oc-
curs between PST and the surfactants.

Zeta potential of PST and the modified samples were tested to
find the surface charge distribution and the results are shown in
Fig. S7. It is observable that the surface of PST could be negatively
charged at a wide pH range (pH > 1.52) and the isoelectric point
(pHiep) of PST slightly increases after modification. During the
modification process, cationic groups would be attracted to the
surface of PST more easily than anionic groups due to the electro-
static interaction. The relative cationic side of surfactant could
move closer or attach to the PST particles. Therefore, it is more
difficult for SDS and BS to attach on the surface of PST during
modification than cationic DTAC.

The functional groups of PST and modified samples were
investigated by FTIR, the spectra are showed in Fig. S8 and the
attribution of peaks are listed in Table S1-S5. It is obvious that the
modification by cationic DATC is more effective than that by BS or
SDS. The peaks at 900 cm�1and 1340 cm�1 representing TieO
stretching mode appeared in all samples and demonstrate that
the main structure of PST remained (Kiatkittipong et al., 2010; Turki
et al., 2013). For SDS modified samples, the modification only had
slight effect on PST according to the result that the spectra of SDS-
PST-1, SDS-PST-5 and SDS-PST-10 are nearly consistent with that of
4

PST (Fig. S8b). The electrostatic repulsion between negatively
charged PST and anionic SDS might cause the weak modification.
The peaks in BS-PST samples are also similar with PST except that
the peak attributed to CeO stretching vibration appeared at
1150 cm�1 (Fig. S8a) (Wang et al., 2018c). The CeO bond is origi-
nated from the COO� group in BS and its intensity increases with
the amount of BS. However, the relative weak intensity of this peak
also indicates that the modification by BS is limited. In the spectra
of DTAC-PST samples (Fig. S8c), the peaks at 2930 cm�1 (antisym-
metric stretching vibration of CH2), 2850 cm�1 (symmetric
stretching vibration of CH2), 1470 cm�1 (-C-H vibration of quater-
nary ammonium moiety), 720 cm�1 (deformation vibration of CH2
in long-chain alkanes (-(CH2)n-, n � 4)) and 970 cm�1 (stretching
mode of CeNþ) illustrate that DTAC has been successfully loaded
into PST (Tang et al., 2016;Wang and Cao, 2018;Wang et al., 2018a).
It is also observable that relative peak intensity at about 1340 cm�1

corresponding to TieO bond decreases gradually along with the
increase of DTAC amount. The TieO bond is demonstrated to
interact with Naþ (Zhang et al., 2019). Therefore, the load of DTAC in
PST would break this relationship and reduce the amount of Naþ as
shown in EDS results (please see Fig. S4 and Fig. S5). In a word,
DTAC probably moves close to PST through the electrostatic
attraction and attaches in PST through occupying the sites of Naþ.
3.2. Effect of surfactant dosage

The adsorption of four typical contaminants on PST and all the
modified samples were conducted to find the effect of surfactants
dosage on the adsorption performance, respectively. It is illustrated
from Fig. 1 that the adsorption efficiency of these materials is
generally in the order of DTAC-PSTs > BS-PSTs z SDS-PSTs z PST.
The surfactant type and dosage could both make impacts on the
adsorption performance of these contaminants. For inorganic NH4

þ,
the adsorption capacity of modified samples is nearly consistent
with the bare PST at solution pH ¼ 7. Among all the adsorbents, the
BS-PSTs performed slightly better than that of others for the
removal of NH4

þ. The adsorption capacity is in the order of BS-PST-
10> BS-PST-5> BS-PST-1, which indicates an increase of adsorption
performance along with BS usage. The ampholytic nature of loaded
BS and the additional COO� might be in favor of the adsorption
process for NH4

þ (Zheng et al., 2012). Among all the three SDS
modified samples, only SDS-PST-10 possesses enhanced adsorption
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capacity for NH4
þ compared with pure PST. The additional Naþ from

10 g L�1 SDS in the modified PST might be beneficial to the ion-
exchange with NH4

þ. The dosage of DTAC makes the greatest in-
fluence on the adsorption of NH4

þ. The adsorption efficiency of NH4
þ

bymodified PSTs decreases with the increase of DTAC dosage and is
in the order of DTAC-PST-1> DTAC-PST-5> DTAC-PST-10. The
electrostatic repulsion between NH4

þ and cationic group (R4-Nþ) in
DTAC and the reduction of Naþ probably make an explanation for
this result.

For the same cationic but organic contaminant MB, the
adsorption performance of the modified samples is different from
that of NH4

þ. It is observable that the adsorption capacity of BS-PSTs
or SDS-PSTs for MB are worse than that of bare PST. The different
adsorption performance of the same modified PST for NH4

þ and MB
demonstrates that the adsorption sites for these two matters are
different though they are both cationic contaminants. The DTAC-
PSTs performed better than PST in the adsorption of MB whether
the dosage is 1, 5 or 10 g L�1, which is probably resulted from the
functional groups on the adsorbent surface.

The adsorption capacity of anionic contaminant ARG or phos-
phate onto PST is low at pH ¼ 7 because of the electrostatic
repulsion. After modification, a dramatic increase in adsorption
capacity for ARG or phosphate is only observed in DTAC-PSTs. In
addition, the adsorption capacity of TP onto DTAC-PSTs increases
with the increase of surfactant dosage. The above adsorption re-
sults and analysis demonstrate that surfactant modification could
affect the adsorption performance of PSTs and DTAC modification
could significantly enhance the adsorption capacity for anionic
contaminant.

3.3. Effect of pH

The adsorption capacity of four contaminants onto the as-
prepared samples at different solution pH were conducted and
the results are showed in Fig. S9. It is observable the adsorption
capacity of NH4

þ onto all the samples (PST and the modified sam-
ples) are at the similar value among the given pH range (Fig. S9c).
However, the adsorption performance of these samples for the
cationic contaminant (MB) are in the order of DTAC-PST-
5>PST > BS-PST-5zSDS-PST-5 (Fig. S9a). The modification by
cationic surfactant successfully enhanced the adsorption capacity
of PST for organic matter. The optimal solution pH for NH4

þ removal
is 3.0, which mainly results from the molecular form of NH4

þ-N in
alkaline solution. It is interesting that the adsorption capacity of MB
onto DTAC-PST-5 maintains in a high level and decreases slightly
with the pH, which is opposite to PST. Usually, the uptake of MB
from aqueous solution by adsorbent are more effective in alkaline
environment due to its cationic nature (Fu et al., 2015; Zhao et al.,
2015; Wan et al., 2017b). The enhanced adsorption capacity of
DTAC-PST-5 for MB in acidic solution indicates that MB could be
adsorbed not only through electrostatic attraction but also others.
In addition, the adsorption capacity of anionic ARG and phosphate
onto PST at acidic and neutral solution are significantly enhanced
by DTAC modification and decreases with the increase of solution
pH (Fig. S9b and Fig. S9d). All the results indicate that the cationic
surfactant (DTAC) modification could enhance the adsorption
ability of bare PST, especially for the removal of anionic
contaminants.

3.4. Adsorption kinetics

The kinetic experiments were conducted to find the effect of
contact time on the adsorption performance of the samples for
cationic and anionic contaminants. It is observable that adsorption
equilibrium for all the processes could be reached quickly within
5

30 min for MB (Fig. 2a), 10 min for ARG (Fig. 2b), 20 min for NH4
þ

(Figs. 2c), and 60 min for TP (Fig. 2d). In addition, the same order of
adsorption capacity among all the PSTs as mentioned before is also
illustrated from the kinetic adsorption results. These data also
indicate that surfactant modification could significantly affect the
adsorption performance of bare PST, and DTAC-PST performs well
for removal of both cationic and anionic contaminants. The
experimental data of these contaminants are fitted to pseudo-first-
order, pseudo-second-order and elovich models respectively. The
corresponding calculated parameters are determined by the
nonlinear equations and listed in Table S6 and Table S7. It is evident
that most of the experimental data could be fitted to pseudo-
second order model well because the values of coefficient are
closer to 1 than pseudo-first order model or elovich model. These
results demonstrate that the adsorption of four contaminants on
each sample are mainly controlled by chemisorption involving
valency forces through the sharing or exchange of electrons as
covalent forces, and ion exchange (Ho, 2006). In addition, the
adsorption of MB, ARG, NH4

þ or H2PO4
� onto PST, SDS-PST-5 or BS-

PST-5 could not be described well by the above models, which
demonstrates that the adsorption process is not favorable. The
elovich equation assumes that the actual solid surfaces are ener-
getically heterogeneous and interactions between the adsorbed
species could substantially affect the kinetics of adsorption at low
surface coverage (Sen Gupta and Bhattacharyya, 2011). It is
observable that the values of R2 for elovich model are not close to 1
and indicate that adsorption kinetics is affected by interactions
between adsorbates. Hence, the difference of adsorbates during
each adsorption process might cause the above different fitting
results. However, the difference in adsorption performance before
and after modification asks for a detailed study on the adsorption
mechanism connected with the surfactant modification.

3.5. Adsorption isotherms

The isotherm adsorption experiment results of each contami-
nant (NH4

þ, H2PO4
�, MB or ARG) onto DTAC-PST-5 is shown in

Fig. S10, respectively. It is evident that the adsorption capacity of all
the adsorption process are initial concentration dependent. How-
ever, the theoretical maximum adsorption capacity and the
adsorption process nature can not be obtained from the finite
experimental data. Therefore, the Langmuir model and Freundlich
model were applied in the fitting of experimental result. The fitting
curves are shown in Fig. S10 and the corresponding parameters are
listed in Table S8. The value of coefficient R2 demonstrated that
Langmuir model could describe all the adsorption process better
than Freundlich model, which indicated a monolayer adsorption in
the contact of contaminants with adsorbent surface. The theoretical
maximum adsorption capacity of DTAC-PST-5 for the four adsor-
bates were calculated as 49.28 mg g�1 for NH4

þ, 34.74 mg g�1 for TP,
81.87 mg g�1 for MB and 545.81 mg g�1 for ARG. The adsorption
performance for NH4

þ, TP, MB or ARG by other reported surfactant
modified adsorbents are summarized and listed in Table 1. It is
indicated that DTAC-PST-5 could possess satisfactory adsorption
capacity for the above contaminants, especially for the anionic
chemicals. The versatile adsorption performance according to these
results indicate DTAC modified sample a promising adsorbent for
complicated wastewater.

3.6. Simultaneous adsorption

In order to evaluate the adsorption performance of samples for
all the mentioned contaminants in the same procedure, the
simultaneous adsorption experiment was conducted in simulated
mixed wastewater. DTAC-PST-1 and DTAC-PST-5 were chosen as



Fig. 2. Relationship between contact time and the adsorption capacity for (a) MB (b) ARG (c) NH4
þ and (d) TP onto the samples.

Table 1
Adsorption performance for NH4

þ, TP, MB or ARG by DTAC-PST-5 compared with other reported surfactant modified materials.

Contaminants Samples C0/mg$L�1 Dos/g$L�1 Qmax/mg$g�1 Reference

NH4
þ SDS modified activated carbon 30e1000 20 6.7 Lee et al. (2018)

NH4
þ HDTMA modified zeolite 25e250 20 7.2 Tao et al. (2015)

NH4
þ, H2PO4

� Cetylpyridinium bromide modified zeolite NH4
þ:25-250

TP: 20-180
20 NH4

þ:6.3
TP: 2.4

Li et al. (2017)

NH4
þ, PO4

3�, MB HDTMA modified zeolite NH4
þ: 5-50

PO4
3�: 5-50

MB: 5-550

5 NH4
þ: 30.5

PO4
3�: 29.8

MB: 10.3

Xie et al. (2013)

H2PO4
� HDTMA modified clinoptilolite 0e50 100 0.2 Dionisiou et al. (2012)

H2PO4
� HDTMA modified zeolite 7.76e2813 100 0.9 Schick et al. (2011)

PO4
3- HDTMA modified Akaganeite 10e300 0.5 451 Deliyanni et al. (2007)

H2PO4
� Gemini surfactant modified montmorillonite 0e46.5 0.8 12.1 Luo et al. (2020)

MB Sodium lauryl sulphate modified activated carbon 0e50 0.15 232.5 Kuang et al. (2020)
MB SDS modified ZnFe2O4 40e100 0.1 699.3 Zhang et al. (2017)
MB F127 modified mesoporous carbon 50e400 2.5 388.0 Malekbala et al. (2015)
MB Dodecyl sulfobetaine modified montmorillonite 0e400 1 254.0 Fan et al. (2014)
ARG HDTMA modified titanate nanotubes 100e2000 1 285.0 Juang et al. (2008)
NH4

þ, H2PO4
�, MB, ARG DTAC-PST-5 NH4

þ: 10-120
TP: 3-50
MB: 50-400
ARG: 50-400

2 NH4
þ: 49.3

TP: 34.7
MB: 81.9
ARG: 545.8

This study
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the adsorbent materials in this procedure because DTAC-PST-10
performed poorly in the adsorption of NH4

þ as shown in Fig. 3. It
is illustrated that both the two DTAC-modified samples could
maintain adsorption ability for every contaminant even though
there are four chemicals in the solution (please see Fig. 3). The safe
discharge levels of these contaminants were set according to the
6

regulation in China (GB, 18918e2002). The adsorption results show
that the concentration of all the chemicals could be controlled
below the discharge standards at the pH of 3.0 by either DTAC-PST-
1 or DTAC-PST-5. Therefore, the adsorption performance of DTAC-
PSTs can be adjusted by changing the DTAC dosage in modifica-
tion according to the initial contaminant concentration in



Fig. 3. The equilibrium concentration of simultaneous adsorption of (a) MB, (b) ARG, (c) NH4
þ and (d) TP onto DTAC-PST-1 and DTAC-PST-5. (the dashed line is the safe discharge

levels according to GB, 18918e2002 in China). Experimental conditions: C0 ¼ 50 mg MB$L�1, 50 mg ARG$L�1, 10 mg NH4
þ$L�1 and 3 mg TP$L�1; contact time ¼ 120 min.
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wastewater. The DTACmodification could significantly enhance the
versatile adsorption ability of PST for the simultaneous removal of
cationic and anionic chemicals. The methods to broaden the
optimal pH range will be studied in the future.
3.7. Adsorption mechanism

The FTIR spectra of PST and themodified PST samples before and
after adsorption of cationic NH4

þ andMB are presented in Fig. 4. The
attribution of these peaks are listed in Table S1-S4. The peak at
1340 cm�1 is ascribed to the vibration of TieO bond, which is
formed through the destruction of TieOH by NaOH during the
synthesis (Chen et al., 2010; Kiatkittipong et al., 2010; Ye et al.,
2013). Ion-exchange between NH4

þ and Naþ has been demon-
strated as the main adsorption mechanism for titanate-based ma-
terials in the removal of NH4

þ from aqueous solution (Zhang et al.,
2019). After the adsorption of NH4

þ, the peak responding to TieO
bond of all samples shifts to 1400 cm�1, which could be assigned
to the vibration of NeH deformation. (Huang et al., 2014; Zhao
et al., 2014; Wang et al., 2017). The phenomenon indicates that
the NH4

þ adsorption on PST, BS-PST-5 and SDS-PST-5 are still
dominated by the ion exchange mechanism. For DTAC-PSTs, the FT-
IR (Fig. 4c) and EDS results illustrate that Naþ amount declines after
the modification, which probably cause the reduction of NH4

þ

adsorption. However, the peak at about 970 cm�1 coresponding to
7

the vibration of CeNþ disappears after the adsorption demon-
strates that ion exchange might occur between NH4

þ and positively
charged organic N, which makes some contributions for adsorp-
tion. In addition, the COO� groups exist in the structure of BS-PSTs
could increase the adsorption sites for cationic ions through charge
balance, which eventually enhances the adsorption capacity of BS-
PST-5 for NH4

þ uptake.
For the adsorption of MB, it could be deduced from the peaks

like CeN symmetric stretching at 1397 cm�1 and aromatic frame-
work vibration at about 1608 cm�1 that MB molecules have been
successfully adsorbed onto all the samples. Indeed, the formation of
PST is a complex process and its surface could be negatively
charged gradually with the increase of solution pH (Muehlebach
et al., 1970), which is beneficial for the adsorption of cationic MB.
Moreover, the bond at 680 cm�1 representing the OeO group in PST
shifts to 672 cm�1 after the adsorption of MB (please see Fig. 4a),
which demonstrates that electrostatic interaction was not the sole
adsorption interaction. SDS and BS modified PST samples possess
more positive surface than PST as shown in Fig. S7, which causes a
dramatically reduction in adsorption capacity of MB. It is observ-
able that the peaks related to the groups in DTAC disappear and
peaks responding to MB appear instead after the adsorption of MB
onto DTAC-PST-5 (Fig. 4c). It is likely that the DTAC molecules on
the surface of samples could be exchanged by the cationic MB
during the adsorption, which makes an explanation for the



Fig. 4. FT-IR spectra of (a) PST (b) BS-PST-5 (c) DTAC-PST-5 and (d) SDS-PST-5 before and after adsorption of NH4
þ and MB.
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enhancement of adsorption capacity for MB in the acidic solution.
The interaction between the PSTs and abundant groups of MBmake
the newly formed composite stable in solution. The decrease of Naþ

and increase of DTAC-Nþ in the as-prepared samples eventually
result in the enhancement of MB adsorption, which indicates that
organic MB molecules are tend to exchange with organic ligands
prior to inorganic cations.

Titanate-based samples usually exhibit poor adsorption capacity
for anionic contaminant because of their negative charged surface
in general solution. Herein, the adsorption performance of PST, BS
modified and SDS modified PSTs for anionic ARG and H2PO4

� are
limited as shown in adsorption experiment results. The FT-IR re-
sults of these materials after the adsorption also confirm this
conclusion for the little change in spectra (Fig. 5). The analysis data
of these peaks are listed in Table S5. Nonetheless, the adsorption
capacity of ARG or H2PO4

� onto DTAC-PSTs are both enhanced by 10
times of those onto the pure PST. Fig. 5c shows the FT-IR spectra of
DTAC-PST-5 before and after adsorption to help figure out the
adsorption mechanism for anionic contaminants. It is obvious that
H2PO4

� and ARG have been successfully adsorbed onto DTAC-PST-5
due to the vibration of PeO (1011 cm�1) and S]O (1043 cm�1),
respectively (Wang et al., 2015; Deng et al., 2019; Hao et al., 2019).
The peaks at 1470 cm�1 and 970 cm�1 representing the quaternary
ammonium CeNþ disappear after the adsorption, which demon-
strates that interaction between CeNþ group and anionic mole-
cules are the main driverforce for the removal of anionic chemicals.
8

In addition, the XPS high resolution results of DTAC-PST before
and after adsorption of H2PO4

� or ARG are shown in Fig. 6. It is
evident that the C1s band of the sample DTAC-PST-5 remained
unchanged during the adsorption process, which demonstrated
that C related functional groups didn’t make contributions for the
enhanced adsorption of contaminants. For the O1s high resolution
band, the O1s cored at 533.42 eV is described to adsorbed water,
the peaks at 531.75 eV can be attributed to TieO bond, the peaks at
529.58 eV apply to OeH bonds. It can be observed from Fig. 6 that
the amount of OeH group in DTAC-PST-5 increased after the
adsorption of P or ARG. In addition, the peaks shifting in O1s during
the adsorption indicate that electrostatic attraction occurred,
which is consistent with the result of FTIR. The main mechanism of
modification and adsorption are illustrated in Fig. 7.

3.8. Adsorption reusability

The stability of DTAC modification was evaluated after washed
with deionized water or NaCl solution. The TGA result (Fig. 8a)
indicated that the DTAC on PST surface containing first layer and
second layer, which is attributed to the different intensity in
surface-surfactant interactions (Guan et al., 2010). After washed
with deionized water or NaCl solution, about 82.1% and 72.6%
surfactant loading remained bound to the PST surface (Fig. 8b and
c), which indicated a passable stability or long-term performance of
DTAC-PST-5 in aqueous environment. Due to the results in pH



Fig. 5. FT-IR spectra of (a) PST and (b) BS-PST-5 (c) DTAC-PST-5 and (d) SDS- PST-5 before and after adsorption of TP and ARG.

Fig. 6. XPS high resolution of C1s and O1s for PST, DTAC-PST-5, DTAC-PST-P and DTAC-PST-ARG.
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experiment, 0.5 mol L�1 NaOH solution was used to recover the
exhausted adsorbents. The regenerated adsorbent performed well
in the adsorption of mixed contaminants solution and could
9

maintain at least 80% of the adsorption capacity after five cycles
compared to the fresh adsorbent. The above results demonstrate
that DTAC-PST possesses a good reusability in the adsorption of



Fig. 7. The modification and adsorption route of PST for four contaminants.

Fig. 8. The TGA results of DTAC-PST-5 (a), DTAC-PST-5 washed with deionized water (b) or NaCl solution (c) for 72 h and reusability of regenerated DTAC-PST-5 (d). Experimental
conditions for (d): initial concentration of mixed solution as 10 mg L�1 for NH4

þ, 3 mg L�1 for TP, 50 mg L�1 for MB and 50 mg L�1 for ARG; initial mixed solution pH 3.0; contact time
120 min.
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mixed solution containing cationic and anionic contaminants.
4. Conclusion

Surfactants (DTAC, BS, SDS) modified titanate-based materials
(PST) were facilely synthesized and assessed as the adsorbent for
the removal of four typical cationic and anionic contaminants (MB,
ARG, NH4

þ and H2PO4
�). The XPS, EDS and FTIR results indicated that
10
surfactant modification level was in the order of DTAC > BS > SDS.
Electrostatic interaction and ion exchange were demonstrated as
the main ways for modification. The adsorption performance for
every contaminant was surfactant dosage dependent. DTAC-PSTs
performed better than PST, BSePSTs and SDS-PSTs in the removal
of MB, ARG and H2PO4

�, and maintained the similar adsorption
capacity for NH4

þ as pure PST. The Langmuir calculated maximum
adsorption capacity of DTAC-PST-5 is 49.28 mg g�1 for NH4

þ,
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34.74 mg g�1 for TP, 81.87 mg g�1 for MB and 545.81 mg g�1 for
ARG. The simultaneous adsorption experiment showed that the
DTACmodified PST can control all the four chemical concentrations
below the discharge standard (GB, 18918e2002 in China) at the
solution pH of 3.0, which suggested DTAC modification is a prom-
ising method to enhance the versatile adsorption performance of
PSTs for the increasing complex effluent. Ion exchange and ligand
exchange are the main mechanism for NH4

þ and MB removal,
respectively. CeNþ group in DTAC-PST made the main contribution
to the enhancement of adsorption capacity for anionic ARG and
H2PO4

�. In addition, the exhausted DTAC-PSTcould be desorbed and
regenerated by 0.5 mol L�1 NaOH solution and reused at least for
five cycles. All the above results indicated that surfactant modifi-
cation can affect the adsorption performance of PST for different
contaminant in wastewater depending on the surfactants species
and dosage. DTAC modified PST is a promising adsorbent for ver-
satile adsorption.
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