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ABSTRACT

Tannic acid (TA) is generally considered as one of the refractory organic pollutants in
water. In this study, aminopropyl functionalized SBA-15 (SBA-15-NH2) was prepared by
post-grafting method and the adsorption behavior of TA on the synthetic adsorbent was
investigated using batch experiments and adsorption kinetic tests. The adsorbent was
characterized by a variety of experimental and spectroscopic techniques with respect to
structural, porosity, and surface characteristics. Characterization results showed that SBA-
15-NH2 has ordered mesoporous structure, BET surface area of 245.49m2/g, and the pore
volume of 0.43 cm3/g. Batch adsorption tests showed that SBA-15-NH2 adsorbent exhibited
high adsorption affinity to TA with a maximum adsorption capacity of 272.4mg/g. TA
adsorption over the adsorbents could be well described by Freundlich adsorption model,
suggesting that the adsorption process is heterogeneous. The hydrogen bonding ability and
electrostatic interaction between the TA and aminopropyl groups further conformed by pH
and ionic strength experiments. In addition, the adsorption process obeyed the pseudo-
second-order kinetics and the rate constant decreased with initial TA concentration.
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1. Introduction

Tannic acid (TA) is one of the naturally occurring
polyphenolic compounds, which is generated by
decomposing the organic matter [1]. Also, TA can be
released from the timber processing, paper, and
leather factory [1,2]. The existence of TA in surface
water and ground water may cause taste and odor
problems. Furthermore, TA would influence the spe-

cies and microorganism in water due to its toxicity [3].
For example, TA may interact with chlorinated disin-
fectants and form disinfection byproducts, which are
highly carcinogenic [4,5]. Therefore, it is highly desir-
able to develop effective treatment methods for TA
removal from aqueous solution.

Many treatment methods [2,6–9], such as filtration,
adsorption, biological treatment, electrochemical
method et al. have been used to remove the TA from
water. Among these methods, adsorption treatment
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has been considered as a simple and effective method
to remove TA from the aquatic environment. Various
adsorbents have been reported to remove the TA from
water in previous studies [8–13]. For example, Rivera-
Utrilla et al. [10] studied the adsorption of TA to three
activated carbons and the adsorption amount varied
from 54.2 to 96.2 mg/g. Anirudhan et al. [11] studied
the adsorption of TA to cationic surfactant-modified
bentonite clay and observed high removal efficiency,
which caused by the high surface area and porosity
associated with organoclay.

Recently, mesoporous silica has been considered as
an alternative candidate for adsorptive removal of pol-
lutants from water because of the high surface area,
ordered mesoporous structure, and narrow pore size
distribution. The ordered mesoporous silica which
first synthesized in 1992 [14,15] has attracted broad
attention due to the large surface area and high pore
volume. Mesoporous SiO2 may expand the application
in separation, catalysis, and adsorption processes for
ordered inert matrix and surface functionalization
[16]. It is worth mentioning that mesopours SiO2 con-
tains abundant surface silanol groups, which are sus-
ceptible to surface functionalization [17–21]. It is
hypothesized that amino functionalized mesoporous
SiO2 prepared by the grafting method may have high
exposure of surface functionality, and display superior
performance for TA adsorption. For example, Tao
et al. [22] studied the humic acid adsorption to amino-
propyl functionalized mesoporous silica and reported
high removal efficiency. However, to our best knowl-
edge, thus far few studies [23–25] have been con-
ducted on adsorption of aqueous TA to surface
functionalized mesoporous silica.

The objective of this study is to explore the amino-
propyl functionalized SBA-15 for adsorptive removal
of TA in water. Aminopropyl functionalized SBA-15
adsorbent was prepared by the post-grafting method
and characterized by X-ray diffraction (XRD), infrared
spectroscopy, transmission electron microscopy, X-ray
photoelectron spectroscopy (XPS), N2 adsorption/
desorption isotherms, and zeta potential measure-
ments. TA adsorption to the adsorbents was investi-
gated using the batch experiments and adsorption
kinetic tests. The impacts of pH and ionic strength on
TA adsorption were also investigated.

2. Materials and methods

2.1. Materials

TA (Sigma-Aldrich) and 3-aminopropyltrimethoxy-
silane (Sigma) were supplied by Aldrich Chemical Co.
Other chemicals purchased from Nanjing Chemical

Reagents Co., Ltd, which were used as received and
at least analytical grade.

2.2. Preparation of materials

SBA-15 was prepared using Pluronic P123 as the
structure-directing agent and tetraethoxysilane (TEOS)
as the silica source [20]. Briefly, 8.0 g of Pluronic P123
(Aldrich) was dissolved in 300mL of 2.0M HCl solu-
tion at 40˚C and then 17.6 g of TEOS (98%, Shanghai
Chemical Co.) was added. After stirring at 40˚C for 24
h, the solution was transferred to a Teflon-lined auto-
clave which was kept at 100˚C for 24 h. The resulting
material was recovered by filtration and washed with
deionized water several times. The organic template
(Pluronic P123) was removed by calcination at 550˚C
for 6 h under air.

Aminopropyl functionalized SBA-15 was prepared
by the post-grafting method using 3-aminopropyl-tri-
methoxysilane as the silylation agent. Briefly, 3.0 g of
SBA-15 and 50mL of toluene were added to a 250mL
three-necked flask and ultrasonically dispersed for
10min. Three milliliter of 3-aminopropyl-trimethoxysi-
lane was then added into the flask, and then the mix-
ture was refluxed at 85˚C with continuous stirring for
8 h. The resulting functionalized SBA-15 was gathered
by filtration and soxhlet extraction with isopropyl
alcohol for 8 h followed by washing with ethanol, and
drying at 60˚C under vacuum for 12 h. The materials
obtained are referred to as SBA-15-NH2.

2.3. Characterization of materials

XRD patterns of the samples were collected in a
range of small angle 0.5–5˚C from a Rigaku D/max-RA
powder diffraction-meter (Rigaku, Japan) using Cu Kα
radiation. TEM images of the samples were recorded
with a JEM-200CX electron microscope. The zeta
potentials were measured by a Zeta Potential Analyzer
(Zeta PALS, Brookhaven Instruments Co.). Briefly,
30mg of the catalysts were dispersed in 1 L KCl
solution (10−3 M). The solution pH was then adjusted
by 0.1M HCl or 0.1M NaOH and the suspension was
equilibrated for 24 h prior to measurement. N2

adsorption/desorption isotherms of samples were
obtained on a Micrometrics ASAP 2020 (Micromeritics
Instrument Co., USA) apparatus at −196˚C (77 K). The
XPS was conducted on a PHI5000 VersaProbe
equipped with a monochromatized Al Ka excitation
source (hv = 1486.6 eV) (ULVAC-PHI, Japan). The C1s
peak (284.6 eV) was used for the calibration of binding
energy. Elemental analysis was performed using
an elemental analyzer of Vario MICRO (Elementar,
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Germany) to determine the C, H, and N contents.
Thermogravimetric analysis was measured using a
thermal analyzer of Pyris 1 DSC (PerKinElmer Co.,
USA) to quantify the amount of organic components.

2.4. Adsorption

TA adsorption isotherms were performed by batch
adsorption experiments. Briefly, 10mg of adsorbent
was introduced into 40mL glass vials equipped with
polytetrafluoroethylene-lined receiving 40mL of TA
solution with varied intial concentrations. The pH of
aqueous solution was adjusted with 0.01M HCl and
0.01M NaOH. The samples were covered with alumi-
num foil and mixed end-over-end at room tempera-
ture for 24 h. After centrifugation, the residual solute
was determined using UV–vis spectrometer with
detecting wavelength at 278 nm [1]. Calibration curves
were obtained separately from control samples receiv-
ing the same treatment as the adsorption samples, but
without the absorbent. The equilibrium adsorption
amounts of TA were calculated according to the
following equation:

qe ¼ ðC0 � CeÞV
M

(1)

where qe is the equilibrium adsorption amount, C0 is
the initial TA concentration, Ce is the equilibrium con-
centration, V is the solution volume and M is the
adsorbent mass.

Separate sets of experiments were conducted to test
the effects of pH and ionic strength. In the pH experi-
ments, 10mg of SBA-15-NH2 and 40mL of 25mg/L
TA solution with different pH was preadjusted using
0.01M HCl and NaOH to ensure the desired pH at
adsorption equilibrium. In the ionic strength experi-
ments, adsorption was performed using background
solutions of 0.01, 0.02, 0.05, and 0.1M NaCl, KCl, or
CaCl2. After adsorption equilibrium, the residual TA
concentrations were determined and adsorption
amounts of TA were calculated according to Eq. (1).

Additional single batch experiments were con-
ducted to assess the adsorption kinetics. Typically, 0.1
g of SBA-15-NH2 was added into a 500mL flask con-
taining 500mL of 30, 60, or 120mg/L of TA solution
using magnetic stirred vigorously in a thermostatic
incubator at 25˚C. About 3mL of sample was taken
out from the flask at predetermined time intervals.
The adsorbent was separated from solution by filtra-
tion using 0.45 μm filters, and the residual concentra-
tion of TA in the solution was determined
spectrophotometrically. Calibration curves were

obtained separately from controls receiving repeated
sampling in the same time intervals. The equilibrium
pH of all samples (except for the pH experiments)
was 7.5 ± 0.2.

3. Results and discussion

3.1. Characterization of adsorbent

The small-angle XRD patterns of SBA-15 and SBA-
15-NH2 are displayed in Fig. 1. The peaks with 2θ at
0.89˚, 1.55˚, and 1.77˚ were indexed to the (110), (100),
and (200) diffraction, reflecting the ordered mesopor-
ous structure of SBA-15 with p6mm hexagonal sym-
metry [26,27]. As for SBA-15-NH2, the intensive (100)
and weak (110) and (200) peaks were also observed,
reflecting the presence of ordered hexagonal structure
similar to the SBA-15. However, aminopropyl func-
tionalization led to the decrease of peak intensity,
likely due to the contrast matching between the SiO2

framework and aminopropyl groups grafted to
SBA-15 surface [28,29]. The ordered pore structures of
SBA-15 and SBA-15-NH2 with uniform dimension and
hexagonal arrangement could also be clearly visual-
ized by TEM images (See Fig. 2).

N2 adsorption/desorption isotherms and the pore
size distributions of the samples are presented in Fig. 3.
For all the adsorbents, typical capillary condensation
was observed within a relative pressure range of
0.6–0.9, reflecting the presence of mesoporous. BET sur-
face areas and pore volumes of the samples are listed
in Table 1. The BET surface areas of the samples were
626.37 and 245.43m2/g for SBA-15 and SBA-15-NH2,
respectively, reflecting decreased surface area with
functionalization in SBA-15-NH2. Compared with
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Fig. 1. XRD patterns of SBA-15 and SBA-15-NH2.
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SBA-15, SBA-15-NH2 presented decreased pore volume
(0.43 cm3/g). As shown in Fig. 3(b), the maximum pore
size distributions of SBA-15-NH2 was shifted to small
pore, indicating the deposition of -NH2 in the pore
channel. Moreover, the deposition of 3-aminopropyl-
trimethoxysilane reduced the differential pore volume
at the maximum pore size distribution, reflecting
the decreased ordering of mesostructured phase in
SBA-15-NH2 [22].

The IR spectra of SBA-15, SBA-15-NH2 and after
adsorption of TA SBA-15-NH2-TA are presented in
Fig. 4. For SBA-15, the bands at 1,081, 962, 804, and
460 cm−1 were characteristic of the stretching and
deformation vibrations of SiO2. The band at 1,635 cm−1

was assigned to the bending vibration of surface
hydroxide and the broad peak around 3,440 cm−1 was
assigned to hydrated silanol groups. For SBA-15-NH2,
the grafted amino groups to the SBA-15 were identi-
fied by the stretching vibration of methylene groups at
the peak around 2,940 cm−1 and the bending vibration
of amino groups at the peak around 1,550 cm−1. After
adsorption of TA the intensity of the two peaks was
decreased (see the two peaks of SBA-15-NH2-TA in
Fig. 4) reflecting the interaction between amino group
and TA.

Zeta potentials of SBA-15 and SBA-15-NH2 are dis-
played in Fig. 5. Clearly, the zeta potentials decreased

at a pH range from 3.0 to 7.0, and changed slightly at
higher pH for both of the samples. The isoelectric
point (IEP) of SBA-15 was found to be 1.9, which was
identical to that of amorphous SiO2 [30]. The IEP for
SBA-15-NH2 was around 5.8, which indicated that
aminopropyl groups led to increased IEP [31]. As the
pKa value of primary amine group is around 9.8 [32],
it was suggested that aminopropyl group successfully
grafted onto SBA-15 and aminopropyl functionaliza-
tion led to the increased IEP. Consistent results were
also observed from the IR spectra.

XPS analysis is a surface sensitive technique which
can analyze the chemical valence of surface elements
and provide the compositions of surface elements. The
XPS N1s spectra of SBA-15-NH2 is presented in Fig. 6.
As shown in Fig. 6, the diffraction peaks with binding
energy at 398.9 and 400.8 eV were assigned to neutral
amino (-NH2) and protonated amino groups (NHþ

3 ),
respectively. The presence of NHþ

3 may be caused by
the hydrogen bonding interaction between surface
-NH2 and surface silanol groups [33]. Thermogravi-
metric analysis is displayed in Fig. 7. The surface
atomic content and elemental composition of SBA-15-
NH2 are listed in Table 1. The results of elemental
analysis showed the content of SBA-15-NH2 C, H, N
were 9.18, 2.82, and 3.42 wt.%. The total amount is
15.42%, which is consistent with thermogravimetric

Fig. 2. TEM images of the SBA-15 (a) (b) and SBA-15-NH2 (c) (d).
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analysis results 15.74% (See the weight loss from 100
to 700˚C in Fig. 7). It could be seen from Table 1 that
the content of N determined by XPS did not disagree
with the results tested by elemental analyzer. It is
demonstrated that the distribution of aminopropyl
groups by post-grafting method was heterogeneous.

3.2. Adsorption isotherms

TA adsorption isotherms on SBA-15 and SBA-15-
NH2 at 25˚C and pH 7.5 are compared in Fig. 8.
Clearly, SBA-15 exhibited negligible adsorption for
TA. While the TA adsorption amounts over SBA-15-
NH2 sharply increased and the maximum adsorption
amount within the tested concentration range was
218.2 mg/g. The substantially enhanced adsorption of
TA on SBA-15-NH2 was probably due to the hydrogen
bonding ability and electrostatic interaction between
the TA and the aminopropyl groups. The relative
importance of these two adsorption mechanisms was
further discussed based on the results of pH adsorp-
tion (see below).

The adsorption data were fitted to the Freundlich
model (qe=KFCe

1/n), where qe (mg/g) and Ce (mg/L)
are the adsorbed concentration and aqueous concen-
tration at adsorption equilibrium, respectively. KF

(mg1 − n Ln/g) is the Freundlich affinity coefficient; n is

(a)

(b)

Fig. 3. (a) N2 adsorption/desorption isotherms and (b)
pore size distributions of the samples.

Table 1
Specific surface area, pore volume parameters, surface atomic content and elemental composition for adsorbents

Adsorbent SBET
a (m2/g) Vt

b (cm3/g)

Surface atomic
contentc Elemental composition

C1s (%) N1s (%) C (%) H (%) N (%)

SBA-15 626.37 1.08 / / / / /
SBA-15-NH2 245.49 0.43 85.74 14.26 9.18 2.82 3.42

aDetermined by N2 adsorption using the Brunauer–Emmett–Teller (BET) method.
bTotal pore volume, determined at P/P0 = 0.976.
cDetermined by XPS.
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Fig. 4. IR spectra of SBA-15, SBA-15-NH2 and SBA-15-
NH2-TA.
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the Freundlich linearity index. The fitting parameters
for TA adsorption isotherms using Freundlich equa-
tion are summarized in Table 2. TA adsorption on
SBA-15-NH2 could be well described by the Freund-
lich adsorption model with R2 higher than 0.96. More-
over, it is further confirmed that heterogeneous
distribution of aminopropyl groups anchored on the
SBA-15, which is in accordance with previous studies
[34,35]. In order to verify the heterogeneity of the
amino groups, pore size distribution of SBA-15-NH2

with and without TA adsorption is compared in
Fig. 9. Clearly, the pore volume was decreased after
adsorption of TA, but the pore was slightly occupied
after adsorption of TA reflecting very little aminopro-

pyl groups grafting in the pore. It is consistent with
the characterization results, the content of N designed
by XPS inconformity with the element analysis (see
Table 1).
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Fig. 5. Zeta potentials of SBA-15 and SBA-15-NH2 as a
function of solution pH.
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Fig. 6. XPS N1s spectra of SBA-15-NH2.

Fig. 7. Thermogravimetric analysis curves of of SBA-15-
NH2.
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Fig. 8. Adsorption isotherms of TA over SBA-15 and SBA-
15-NH2 plotted as equilibrium adsorption amount vs. equi-
librium concentration.

Table 2
Freundlich model parameters, KF, n and R2 for adsorption
of TA to the adsorbents

Adsorbent KF (mg 1 − n Ln/g) n R2

SBA-15 0.44 0.37 0.56
SBA-15-NH2 8.08 0.89 0.97
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3.3. Adsorption kinetics

TA adsorption to SBA-15-NH2 with initial concen-
trations of 30, 60, and 120mg/L are complied in
Fig. 10. TA adsorption amounts on SBA-15-NH2

increased rapidly at the initial 30 min and slowly at
subsequent 100min according to the Fig. 10. In addi-
tion, adsorption equilibrium was almost achieving
within 200min. To evaluate the mass transfer process
during the TA adsorption, the pseudo-first-order and
pseudo-second-order kinetic models were applied.
Lagergren’s rate equation was usually used to
describe the pseudo-first-order kinetics [36]:

log ðqe � qtÞ ¼ log ðqeÞ � k1t=2:303 (2)

The pseudo-second-order kinetics model can be
expressed as follows [37]:

t=qt ¼ 1=ðk2qe2Þ þ t=qe (3)

where qe is the equilibrium adsorbed concentration, qt
is the adsorbed concentration at time t, k1 and k2 are
the pseudo-first order rate constant and the pseudo-
second order rate constant, respectively.

Simulation results of TA adsorption to SBA-15-
NH2 based on the pseudo-first-order kinetics and
pseudo-second-order kinetics are displayed in Fig. 11
and the fitting parameters are listed in Table 3. As
shown in Fig. 11 (b), the plot of t/qt vs. t presented
linear relation with higher R2 (0.999), suggesting that
pseudo-second-order kinetic model could well depict
TA adsorption process to SBA-15-NH2. In addition,
TA adsorption amounts (qexp see Table 3) obtained
from experimental data were approximately identical
to the data that calculated from pseudo-second-order
model (qcal see Table 3), further confirming that TA
adsorption process on SBA-15-NH2 obeyed pseudo-
second-order kinetics model.

The rate constants (k2) of TA adsorption on SBA-
15-NH2 were found to be 4.83 × 10−3, 9.94 × 10−4, and
8.60 × 10−4 g/(mg·min) at initial TA concentration of
30, 60, and 120mg/L, respectively (see Table 3), indic-
ative of a relatively slower adsorption process at
higher TA adsorption amount. This is probably
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Fig. 9. Pore size distributions of SBA-15-NH2 before and
after TA adsorption.
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Fig. 10. Time resolved TA adsorption to SBA-15-NH2 at different initial TA concentrations.
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because at a low TA concentration, the TA molecules
reaching the surface of the adsorbent would be
quickly anchored to the adsorption active sites located
in the pore mouth region and adjoining region. How-
ever, at a higher initial concentration, TA molecule
was adsorbed deeply into the pore to approach ami-
nopropyl groups by penetrating through a relatively
long diffusion path, leading to a low adsorption rate.

3.4. Effect of pH and ionic strength on TA adsorption

The influence of solution pH on TA adsorption to
SBA-15-NH2 is presented in Fig. 12. Clearly, TA
adsorption to SBA-15-NH2 observed strongly pH
dependent over the examined pH range. The pH-
dependency curve was bell-shaped with the peak at
pH near 6.0 (nearby the IEP of SBA-15-NH2 see
Fig. 5). The maximum TA adsorption amount was
found to be 92.163 mg/g.

TA adsorption to SBA-15-NH2 was virtually associ-
ated with the specific interactions between TA and
surface aminopropyl group. At the lower pH range
(3–4.5), TA exists in neutral species [1,38]. The hydro-
gen bonding interaction between the neutral TA spe-
cies and aminopropyl group accounted for the
effective adsorption of TA. At pH 4.5–5.8, TA is domi-
nated by the anionic form and the aminopropyl
groups are positively charged by protonation at pH
below 9.8 [32]. Electrostatic attraction between dissoci-
ated TA molecules and protonated amino groups led
to the augmented adsorption. At pH above 5.8,
increasing solution pH decreased the protonation of
aminopropyl group and reduced the hydrogen
bonding interaction between aminopropyl group andTime (min)
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Fig. 11. Simulation of TA adsorption to SBA-15-NH2 using
(a) pseudo-first-order kinetics and (b) pseudo-second-order
kinetics.

Table 3
Fitting parameters for adsorption kinetics by pseudo-first-order and pseudo-second-order models

C0 (mg/L) qexp (mg/g)

First order kinetics Second order kinetics

k1 (1/min) qcal (mg/g) R2 k2 (g/(mg·min)) qcal (mg/g) R2

30 60.75 4.9 × 10−3 19.50 0.89 4.83 × 10−3 61.34 0.99
60 155.41 2.13 × 10−3 65.21 0.96 9.94 × 10−4 156.25 0.99
90 234.56 2.99 × 10−3 73.28 0.91 8.60 × 10−4 238.10 0.99
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Fig. 12. Effect of solution pH for TA adsorption on SBA-
15-NH2.
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dissociated TA. In addition, SBA-15-NH2 gradually
have negative charge (see IEP in Fig. 5), which
decreased electrostatic interaction between adsorbent
and dissociated TA resulting in the suppressed TA
adsorption.

The effect of ionic strength on TA adsorption is
shown in Fig. 13. Clearly, the TA adsorption on SBA-
15-NH2 showed strong dependence of ionic strength.
As presented in Fig. 13, changing the ionic strength
from 0.01 to 0.1M with NaCl or KCl, the adsorption
of TA on SBA-15-NH2 was suppressed. However, the
added CaCl2 solution enhanced the adsorption and no
obvious augment was observed at ionic concentration
above 0.02M (see Fig. 13). It can be rationalized by
the fact that increasing ionic strength could reduce the
adsorption sites by making the adsorbent shrinkage
and decreasing the porosity of the adsorbent [39,40].
Nevertheless, Na+, K+, and Ca2+ ions could directly
interact with TA to form complex compounds, which
could enhanced the adsorption of TA to SBA-15-NH2.
The opposite trends of ionic strength effects observed
between Na+, K+, and Ca2+ ions in this study were
likely caused by their different abilities in hydrating,
ion pairing, and complexing with counterions.

4. Conclusions

In this study, aminopropyl functionalized SBA-15
samples were prepared by the post-grafting method,
and the adsorption of TA over the adsorbents was
investigated. Characterization results showed that
aminopropyl groups were successfully grafted on
SBA-15, and both of SBA-15 and SBA-15-NH2 samples
have ordered mesopore structure. In addition, the
distribution of aminopropyl groups in the SBA-15 was

heterogeneous. SBA-15-NH2 enhanced TA adsorption
dramatically compared with SBA-15 by invoking the
hydrogen bonding interaction and electrostatic
between surface aminopropyl groups and TA mole-
cules. TA adsorption to the adsorbent followed
pseudo-second-order kinetics, and increasing initial
concentration results in retarded TA adsorption rate
due to prolonged diffusion pathway. In addition, TA
adsorption to SBA-15-NH2 was highly dependent on
pH and ionic strength. The findings in this study
highlight the potential of aminopropyl functionalized
mesoporous materials for adsorptive removal of aque-
ous TA in drinking water treatment.
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based mesoporous organic-inorganic hybrid materials,
Angew. Chem. Int. Ed. 45 (2006) 3216–3251.

[18] N.R.E.N. Impens, P. van der Voort, E.F. Vansant, Sily-
lation of micro-, meso- and non-porous oxides: A
review, Micropor. Mesopor. Mater. 28 (1999) 217–232.

[19] K. Ariga, A. Vinu, Y. Yamauchi, Q. Ji, J.P. Hill, Nano-
architectonics for mesoporous materials, Bull. Chem.
Soc. Jpn. 85 (2012) 1–32.

[20] D. Tarn, C.E. Ashley, M. Xue, E.C. Carnes, J.I. Zink,
C.J. Brinker, Mesoporous silica nanoparticle nanocarri-
ers: Biofunctionality and biocompatibility, Acc. Chem.
Res. 46 (2013) 792–801.
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