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ABSTRACT

The influence of photoactive nano-TiO2 on metal behavior in the presence of humic acid
(HA) in aqueous system was investigated. Our study showed that the attachment of HA
onto nano-TiO2 enhanced the adsorption ability for Cd(II). The functional groups of HA
could then coordinate with Cd(II), thus enhanced Cd(II) adsorption. We found that Cd(II)
adsorption by HA-TiO2 followed pseudo-second-order kinetics. The FTIR spectra confirmed
that Cd(II) adsorption was mainly ascribed to the presence of hydroxyl groups and polysac-
charides/polysaccharide-like substances. The hydrogen-binding mechanism therefore
accounted for the observations relating to the combination of HA and nano-TiO2 in our
study. Solar light irradiation was found to weaken Cd(II) adsorption because of the
photoactive properties of titania. The photoactive TiO2 in the aqueous system induced the
degradation of the adsorbed HA, thus decreased the functional groups for the complexation
of Cd(II). The results illustrated that the presence of photoactive nanomaterials (such as
TiO2) would change the bioavailability of heavy metals in aquatic environments under solar
irradiation.

Keywords: Cadmium; Humic acid; Nanomaterials; Solar irradiation; Titanium dioxide

1. Introduction

The discharge of heavy-metal pollutants into the
aqueous system has caused widespread concern.
Heavy metals are considered to be a risk to both
humans and the ecosystem because of their toxicity
[1,2]. These metals can also be adsorbed by lower
organisms, thus affecting the entire food chain [3]. The
aqueous system suffers from the severity of such
pollution depending on the spatial variation of

contamination [4]. When metals are discharged into
the water, some of them exist in solution, while others
accumulate in the sediments [5]. The heavy metals in
sediment can be released back into the water via
resuspension when the chemical conditions change
[6], which leads to secondary pollution. Therefore, the
mobility and distribution of heavy metals are depen-
dent on the sediment composition and structure [7,8].
In recent years, many studies focused on heavy-metal
pollution and mobility in soil, suspended particulate
matter, and sediment in aqueous systems [9,10].
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Cadmium (Cd(II)) is one of the most important metal
ions in nature [11]. However, it has been classified as
a probable human carcinogen by US Environmental
Protection Agency. The presence of Cd(II) in drinking
water can induce severe health risks to humans.

The humic substances (HSs) are major components
of the natural organic matter (NOM) in surface water.
HSs are heterogeneous mixtures of polydispersed
materials with relatively stable and complex proper-
ties [12]. The HSs are rich in oxygen-containing func-
tionalities such as carboxylic, phenolic, hydroxylic,
and quinoid groups. Humic acid (HA) accounts for a
significant fraction of the HSs in nature. The detailed
molecular structure of HA is difficult to define
because of the complexity of its source and changes in
the structure upon environmental exposure. However,
several common structural features can be found
within these compounds. The structural core of HA
consists of aromatic and heterocyclic rings and poly-
cyclic compounds, which are connected by carbon
chains or bridges and form a loose “net” structure
[13]. The core also possesses common functional
groups such as carboxylic groups and phenyl groups,
which play a role in complexing heavy-metal ions
[14,15]. HA can also act as organic coating materials
onto oxide mineral surfaces via ligand exchange.
Indeed, coating of HA onto oxide mineral surfaces
would significantly change their surface charge and
colloidal stability, thus influences the mobility and
bioavailability of oxide minerals. Many reports
reported the influence of HA on the behavior of heavy
metals in natural environment. El-Eswed and Khalili
[16] found that HA could serve as an effective adsor-
bent to remove Cu(II) and Ni(II) from acidic effluents.
It has also been found that HA could enhance the
adsorption rate and amount of Cu2+ in soil minerals
[17]. Furthermore, Cr(VI) could be reduced to Cr(III)
with lower toxicity by HA in water and soils [18].

In recent years, it is reported that manufactured
nanomaterials would inevitably enter into the environ-
ment because of their wide application in many fields.
Therefore, the influence of manufactured nanomateri-
als on natural environment has attracted a great deal
of attention. [19,20]. The presence of nanomaterials in
the environment may affect the mobilization of pollu-
tants such as organic compounds and metals because
of their special properties such as high specific surface
areas [21–24], crystalline structures, and great reactivi-
ties [25]. Nanotitania (nano-TiO2) is one of the most
widely used nanomaterials that has been applied in
numerous industries, including cosmetics, sunscreens,
paints, coatings, and photocatalysts [26]. Therefore,
the discharge of titania nanoparticles into water is
possible through a variety of means. TiO2 would

induce significant effects to the environment since that
it is well known that titania can absorb UV light and
produce reactive radicals [27]. This point is of signifi-
cance as the sun injects approximately 0.2–0.3 mol
photons m−2 h−1 in 300–400 nm wavelength range,
with a typical UV flux near the surface of the earth
being 20–30 Wm−2. Therefore, the abundant solar light
could induce the formation of highly reactive radicals,
which could in turn influence the transformation of
pollutants (such as metals and organic pollutants) in
aqueous systems [28,29]. Considering these factors, it
is clear that photoactive nanomaterials have a signifi-
cant impact on the behavior of pollutants in the
environment.

To present, a number of studies have investigated
the effect of HA on the environmental behavior of
heavy metals [30–32]. However, few studies discuss
the effect of nanomaterials (specifically, photoactive
nanomaterials) on the environmental behavior of
heavy metals. The purpose of this study is to explore
the influence of photoactive nano-TiO2 on the environ-
mental behavior of metals in aqueous systems. We
investigated the adsorption of Cd(II) by nano-TiO2 in
the presence of HA, and investigated the effect of
solar light irradiation on the adsorption of Cd(II). Dif-
ferent kinds of dynamic adsorption kinetic models of
Cd(II) on HA-TiO2 were also discussed.

2. Experimental

2.1. Materials

Nano-TiO2 with >99.5% purity was supplied by
Degussa P25 (Evonik Degussa GmbH, Düsseldorf,
Germany) and was used for all experiments. Degussa
P25 nano-TiO2 has a reasonably well-defined composi-
tion of typically 80:20 anatase: rutile, which is non-
porous, and has a BET surface area of 55 ± 15 m2 g−1.
The average particle size of nano-TiO2 is approxi-
mately 20 nm. HA was obtained from Sigma–Aldrich
as a black crystalline powder, and was selected as a
model NOM molecule that could be easily dissolved
in the aqueous phase. The total organic carbon (TOC)
values in the experimental process were determined
using a TOC tester (Liqui TOC II, Elementar,
Germany). The samples were filtered through 0.45-μm
cellulose membranes before analysis (Xingya Purifica-
tion Materials Co., Shanghai, China). The Cd(II) solu-
tion was prepared from Cd(NO3)2·4H2O (AR,
Shanghai, China). The water used for the preparation
of this solution was Milli-Q® element ultrapure water
(Integral 15). The glassware was immersed in 5%
HNO3 solution for 24 h, then washed with Milli-Q®

water thoroughly, and dried at 333 K before use.
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2.2. Attachment of HA to TiO2 nanoparticles

The attachment experiments were conducted
according to the procedure of Chen [33] with minor
modifications. TiO2 (40 mg) was added to an HA solu-
tion (200 mL, 60 mg L−1) in a beaker, and stirred (by
means of a magnetic stirrer) at 400 rpm. The pH was
maintained at approximately 13. The resulting mixture
was stirred for 9.5 h (from 7:30 to 17:00) under
outdoor solar irradiation during daylight hours in
May 7th–May 26th (Nanjing in China, the north
latitude is 31˚14´´–32˚37´´ and the east longitude
is 118˚22´´–119˚14´´) to ensure that attachment was
complete. In order to acquire stable solar irradiation,
the experiment was carried out outdoors (the letter G
was used for representing the process was under solar
irradiation). After the reaction had gone to completion,
the suspension was centrifuged at 12,000 rpm for
30 min, and the precipitated solid material (HA-TiO2)
was freeze-dried and ground for use in further experi-
ments. Attachment experiments without solar irradia-
tion were performed indoors simultaneously using an
aluminum foil to avoid light penetration (the letter A
was used for representing the process was in the
absence of solar irradiation). The supernatants were
measured using TOC analysis and UV–vis absorption
spectroscopy (UV–vis). HA-TiO2 was characterized by
Fourier transform infrared spectroscopy (FTIR, FT-IR
5700, Nicolet, USA) to investigate the functional
groups present on the surfaces. Samples were pre-
pared for FTIR by mixing freeze-dried HA-TiO2

(2 mg) with KBr pellets (100 mg) using a pestle and
mortar, and the resulting mixture was analyzed. The
FTIR spectra were recorded from 400 to 4,000 cm−1 at
a resolution of 4 cm−1 to ensure good signal-to-noise
ratios.

2.3. Cd(II) adsorption experiments

Experiments for Cd(II) adsorption by HA-TiO2

were carried out in beakers by magnetic stirring at
400 rpm. In a typical experiment, the background
solution contained HA-TiO2 (10 mg L−1) and Cd(II)
(40 μg L−1) was treated with solar irradiation at pH
8. Cd(II) adsorption experiments were also carried
out indoors simultaneously for comparison. To
detect the concentration of Cd(II) in the solution, 10-
mL samples were collected at 0, 5, 15, 30, 60, 90,
120, 180, and 240 min. The samples were centrifuged
at a speed of 12,000 rpm for 30 min, the supernatant
solutions were pipetted from the centrifuge tubes,
and filtered through a 0.45-μm cellulose acetate
membrane. Then the sample was acidified with
HNO3 for further analysis. The precipitated solid

materials were freeze-dried, and ground for further
analysis. The dark adsorption experiments of Cd(II)
were performed the same way as described above,
but in the absence of solar irradiation. In summary,
we used letters AA to represent the experiments car-
ried out in the absence of solar irradiation for both
processes (attachment of HA on TiO2, Cd(II) adsorp-
tion). The letters GG to represent the experiments
carried out under solar irradiation for both pro-
cesses. The letters AG to represent that the Cd(II)
adsorption was carried out under solar irradiation,
while the attachment experiment was carried out in
the absence of solar irradiation. The concentration of
Cd(II) in the supernatants was measured by induc-
tively coupled plasma mass spectrometry (ICP-MS,
Agilent 7700). The experiments were performed in
multiplicate, and statistically similar results were
obtained each time. The SPSS version 17.0 statistical
package was used to analyze the data, and ANOVA
analysis followed by LSD’s method was employed
to understand the variations in data.

2.4. Dynamic adsorption equilibrium

Pseudo-first-order kinetic, pseudo-second-order
kinetic, and intraparticle diffusion models were used
to determine the adsorption mechanisms of Cd(II)
onto HA-TiO2. The pseudo-first-order kinetic model
(1) is expressed in the exponential form and the
pseudo-second-order kinetic model (2) is described in
the hyperbola form [34]:

qt ¼ qeð1� e�k1tÞ (1)

qt ¼
t k2 q

2
e

1 þ t k2 qe
(2)

where k1 and k2 are the rate constants of adsorption
(mg μg−1 min−1) for the pseudo-first-order and
pseudo-second-order models, respectively; qt is the
amount of Cd(II) adsorbed at time t (μg mg−1); qe is
the amount of Cd(II) adsorbed at equilibrium
(μg mg−1); and k2 and qe can be calculated from the
slope and intercept of the plot of t/qt vs. t. The initial
adsorption rate (v0) can be estimated as follows:

v0 ¼ k2 q
2
e (3)

Parameter qt is calculated according to:

qt ¼ C0 � Ctð Þ � V=m (4)
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where C0 and Ct are the concentrations (mg L−1) of Cd
(II) before adsorption and at any time t, respectively.
In addition, m is the mass of the adsorbent (mg),
and V is the volume of the suspension in each
experimental tube (L).

The intraparticle diffusion kinetic model is used to
determine the rate-limiting step if there is a possibility
of intraparticle diffusion in the adsorption process.
The equation for this model is as follows [35]:

qt ¼ kint t
0:5 þ C (5)

where kint (mg g−1 min−0.5) is the intraparticle diffusion
rate constant, and C (μg mg−1) is the constant propor-
tional to the extent of boundary layer thickness.

3. Results and discussion

3.1. Behavior of Cd(II) in the ternary system

Fig. 1 shows Cd(II) adsorption by different adsor-
bents under a range of conditions. From the figure, it
is clear that HA exhibits the highest adsorption capac-
ity for Cd(II), as the abundant functional groups on
HA can interact with metal ions to form stable com-
plexes. TiO2 also shows some adsorption activity for
Cd(II) ions in solution for two main reasons. Firstly,
nano-TiO2 has a high specific surface area, this prop-
erty of nano-TiO2 make the Cd(II) ions can be
adsorbed on the nano-TiO2. Secondly, the surface
charge of nano-TiO2 is negative at pH 8 (Fig. 2), thus

promoting the adsorption of positively charged Cd(II)
ions. However, nano-TiO2 has the weakest capacity
for Cd(II) adsorption under all conditions studied.
After the adsorption of HA onto the surface of nano-
TiO2 (group AA, the experiments were carried out in
the absence of solar irradiation), it facilitated the
adsorption of Cd(II) significantly because of the com-
plexation between HA and Cd(II) ions. When solar
irradiation is introduced into the experiment, signifi-
cant differences (p < 0.05) in Cd(II) adsorption are
observed. In the case of group AG, HA is fixed onto
nano-TiO2 without solar irradiation, and then the par-
ticles are collected and used to adsorb Cd(II) ions
under solar irradiation. In this situation, the Cd(II)
adsorption capacity is lower than that of group AA.
We suppose the HA adsorbed onto the nano-TiO2 is
partially decomposed under solar irradiation. How-
ever, the Cd(II) adsorption in group AG is higher than
that of pure TiO2. Maybe, the complexation between
HA and Cd(II) ions would protect the HA from com-
plete decomposition. Indeed, in the case of both HA
adsorption and Cd(II) adsorption, which are carried
out under solar irradiation (group GG, the experi-
ments were carried out under solar irradiation), the
Cd(II) adsorption is lower than that of pure TiO2. The
results illustrates that solar irradiation in both pro-
cesses affect the Cd(II) adsorption apparently. It can
be attributed to the reason that solar irradiation on the
photoactive nano-TiO2 degraded the adsorbed HA
into byproducts. And these byproducts occupy the
adsorption sites for Cd(II) adsorption on the nano-
TiO2. Based on the above results, detailed adsorption
processes for Cd(II) adsorption by TiO2 is proposed
and shown in Fig. 3.

Table 1 lists the kinetic parameters for the adsorp-
tion of Cd(II). The correlation coefficients of the
pseudo-first-order model range between 0.731 and

Fig. 1. Pseudo-second-order models of Cd(II) adsorption
under different conditions (GG, AA, and AG used HA-
TiO2 as adsorbents). For GG, the experiments were carried
out under solar irradiation. For AA, the experiments were
carried out in the absence of solar irradiation. For AG, Cd
(II) adsorption was carried out under solar irradiation,
while the attachment experiment was carried out in the
absence of solar irradiation.

Fig. 2. The zeta potential of nano-TiO2 as a function of pH.
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0.914, which are lower than that of the pseudo-sec-
ond-order model. This suggests that the pseudo-sec-
ond-order model is the more appropriate model for
our studies. Similar results were also reported by
other groups [33,36–38]. In this case, the better fit of
the pseudo-second-order model indicates that the
adsorption capacity of Cd(II) is proportional to the
number of active sites on the adsorbents [33]. The
pseudo-second-order model also has a number of ben-
efits, as it is capable of evaluating the capacity of
effective adsorption, the rate of initial adsorption, and
the rate constant, without inputting any further
parameters [39]. It is evident from the above results

that the adsorption efficiencies for Cd(II) increase
sharply within half an hour under all sets of condi-
tions studied. The highest initial adsorption rate is
observed for HA, likely due to the large amount of
active sites available [40]. When HA is attached onto
nano-TiO2, the initial adsorption rate increases because
of the active sites supplied by HA. However, the solar
irradiation causes the degradation of HA thus
decreases the amount of functional groups. Therefore,
the initial sorption rates of group AG and GG
decreased. The adsorption of Cd(II) approaches equi-
librium as the process lasting. The available active
adsorption sites, which mainly determined the rate of
the Cd(II) adsorption [33], decline by solar light irradi-
ation. Besides, the electrostatic repulsion between pos-
itively charged metals adsorbed onto nano-TiO2 and
free metal ions in solution inhibited the continued
adsorption of metal ions [41]. In addition, the slow
pore diffusion of metal ions into adsorbents could also
decrease the uptake rate [36]. We therefore consider
an appropriate contact time of 240 min to allow equi-
librium to be reached in the adsorption of Cd(II). Simi-
lar results have been reported by other groups [33]. In
addition, the correlation coefficients of the intraparticle
diffusion model ranged from 0.854 to 0.988, with no
lines passing through the origin since the values of C
are not equal to zero. It means that the intraparticle
diffusion model was not the rate-limiting step for
metal adsorption in the present condition [35].

3.2. Analysis of binding mechanisms

The presence of HA in the aqueous system has
been found to affect the adsorption behavior of both

Fig. 3. Cd(II) adsorption by TiO2 in aqueous systems.
Notes: (1) Cd(II) adsorption by TiO2, (2) attachment of HA
to TiO2, and subsequent adsorption of Cd(II) without solar
irradiation, and (3) attachment of HA to TiO2, and subse-
quent adsorption of Cd(II) under solar irradiation.

Table 1
Kinetic parameters for the adsorption of Cd(II) by complex materials (GG, AA, and AG used HA-TiO2 as adsorbents).
For GG, the experiments were carried out under solar irradiation. For AA, the experiments were carried out in the
absence of solar irradiation. For AG, Cd(II) adsorption was carried out under solar irradiation, while the attachment
experiment was carried out in the absence of solar irradiation

Kinetic models HA AA AG GG TiO2

Pseudo-first-order kinetic model qe (μg mg−1) 3.075 2.255 1.359 0.629 906
k1 (min−1) 0.033 0.022 0.043 0.025 0.027
R2 0.896 0.895 0.914 0.781 0.731

Pseudo-second-order kinetic model qe (μg mg−1) 3.485 2.609 1.494 0.750 1.047
k2 (mg μg−1 min−1) 0.013 0.011 0.042 0.036 0.035
v0 (μg mg−1 min−1) 0.157 0.077 0.094 0.020 0.039
R2 0.943 0.903 0.886 0.755 0.771

Intraparticle diffusion model kint (μg mg−1 min0.5) 0.206 0.146 0.089 0.042 0.069
C (μg mg−1) 0.531 0.310 0.230 0.059 0.104
R2 0.921 0.885 0.676 0.771 0.629
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metals and nanoparticles [42–44] because of two main
reasons. Firstly, the multifunctional polydisperse HA
adsorbed onto nano-TiO2 is capable of inhibiting
aggregation by affecting the particle–particle interac-
tions in the composite colloidal reaction medium [45].
Dispersion of nanoparticles in the aqueous system can
result in higher mobility and thus facilitates the move-
ment of contaminant adsorbed on the nanoparticles
[46]. Secondly, the polyanionic organic HA attached
onto the nanoparticles can also alter the surface prop-
erties of the nanoparticles [47,48], including surface
charge and functional groups. This would promote
metal complexation because of the formation of cation
bridges between positively charged metal ions
and negatively charged functional groups (e.g. –OH,
–NH2, and –COOH) of HA [41,49]. An increase in Cd
(II) adsorption in the group AA confirms the mecha-
nism outlined above. The interactions between metals,
nano-TiO2, and HA are determined by a range of
mechanisms involving surface complexation reactions,
Coulombic electrostatic interactions, and Van der
Waals forces. These mechanisms may occur simultane-
ously, thus leading to a rather complex reaction mech-
anism [50]. Considering the photoactivity of TiO2, we
investigated the effects of solar irradiation on the pro-
cess. After solar irradiation, the HA molecules are
transformed to new entities before complete mineral-
ization [51]. The different Cd(II) adsorptions observed
in AG and GG groups confirm that solar irradiation
indeed affects the Cd(II) adsorption behavior of nano-
TiO2. To determine more specifically the influence of
solar irradiation, we studied the changes in both solu-
tion and HA-TiO2 during attachment experiments.

It has been previously reported that the UV–vis
spectra of HA are generally broad and featureless,
and decrease in intensity with increasing wavelength
[52]. The UV absorbance at 254 nm and TOC were
measured as substitution parameters to represent the
NOM content in natural waters [53]. Only 13.7% of
HA is removed from the solution in group A, which is
much lower than that removed in group G (Table 2).
It is due to the fact that TiO2-generated active oxygen
species (such as hydroxyl radicals (�OH), superoxide
radicals (O��

2 ), hydrogen peroxide (H2O2), or singlet

oxygen) attacks and decomposes HA molecules under
solar irradiation. However, HA also played an impor-
tant role in the production of �OH and O��

2 by TiO2

under solar light irradiation due to the following two
reasons [54]. Firstly, HA acts as electron donor and
acceptor, and thus promotes the production of O��

2 .
Secondly, HA can also block the light absorption of
TiO2 and decrease the production of �OH [54]. Espe-
cially, the alkaline condition in attachment experi-
ments would cause the HA molecules to open, the
acidic functional groups on the HA molecules would
be deprotonated. Furthermore, the number of hydro-
gen bonds decreased and the repellent negative
charges increased. These factors made the humic
molecules more susceptible to attack by �OH radicals
[55]. Additionally, as the humic molecules generally
contained a large amount of aromatic sites with high
electron density, the hydroxyl radicals were also prone
to attack these sites [56]. In the absence of solar irradi-
ation, the HA just attaches onto nano-TiO2 without
further deformation. In our study, the removal of HA
in group A is much lower than the level of 40%. As
the attachment of HA on oxide surfaces was largely
pH dependent, the amount of attachment rapidly
increased with decreasing pH [57,58]. In alkaline solu-
tions, the acidic functional groups on HA are deproto-
nated and negatively charged. Therefore, the
adsorption of HA is strongly inhibited owing to the
electrostatic repulsion [59].

It has previously been reported that UV absor-
bance at 203 nm and 254 nm represented an estima-
tion of the degree of functionality of the aromatic ring
[60]. The ratio E250/E365 is related to the molecular
size and aromaticity of the HSs [61]. The ratio E465/
E665 is highly related to the humification degree (de-
composition of organic matter (OM)) and molecular
weight of OM [62]. From Table 2, it can be seen that
the UV–vis ratios of E250/E365 in group A are compa-
rable to those of the original HA solution, as there is
no chemical transformations taking place for the HA
molecules. However, the ratios of E250/E365 calcu-
lated for the solution in group G varied obviously.
The lower E254/E203 ratio indicates that the number
of hydroxyl, carbonyl, ester, and carboxylic groups

Table 2
Parameters of the original solutions after attachment experiments (HA = humic acid, A = no solar irradiation used and
G = solar irradiation used)

UV254 removal (%) TOC (mg L−1) E250/E365 E254/E203 E465/E665

HA – 156.99 2.44 1.05 5.88
A 13.70 82.40 2.36 0.98 6.52
G 44.13 91.89 5.96 0.59 1.47
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decreases, while an increase in the E250/E365 ratio
indicates that the molecular size of HA decreases. This
is owing to stimulation of photoactive nano-TiO2 by
solar irradiation, resulting in the consumption of the
acidic groups of HA. Thus, new entities with smaller
molecular size are formed and released into solution.
A low E465/E665 ratio for group G confirms this
hypothesis.

From the TOC analysis, it can be seen that the per-
cent of residual TOC in group A is lower than that of
group G. However, the percent of residual HA in
group A is higher than that of group G. The difference
can be ascribed to the following reasons. In group A,
the removal of TOC is mainly caused by the adsorp-
tion of HA by TiO2. However, in group G, the
removal of TOC is caused by the adsorption and
degradation of HA by TiO2. Furthermore, HA can be
decomposed into new byproducts before total mineral-
ization in group G. Most of these byproducts may
release into the solution, and give rise to a higher
TOC value. As UV–vis spectroscopy measures only
the intensity of HA in solution, the intensity of HA
reduces as the reactions proceeds. Because the decom-
position takes place in group G, it is observed that
HA is removed more in group G than in group A.

3.3. Structural change of HA-TiO2

FTIR was used to elucidate the different structural
domains present in each solid material after the
attachment processes, and the results are shown in
Fig. 4. For the spectrum of HA, the wide band around

3,400 cm−1 corresponds to the stretching vibrations of
O–H and N–H. The bands around 2,900 cm−1 corre-
spond to aliphatic C–H, C–H2, and C–H3 stretching.
The signal corresponding to the stretching vibration of
the carboxylic groups is observed at approximately
1,700 cm−1, with additional bands around 1,610 cm−1

corresponding to the stretching vibrations of aromatic
C=C moieties, quinone C=O and/or C=O H-bonded
conjugated ketones and symmetric stretching of
COO− groups [63]. The band at approximately
1,460 cm−1 corresponds to the bending vibration of ali-
phatic C–H groups. A broad band of medium inten-
sity between 1,410 and 1,380 cm−1 can be assigned to a
number of transformations, namely the O–H deforma-
tion and C–O stretching of phenolic OH groups, C–H
deformation of CH2 and CH3 groups, and/or antisym-
metric stretching of COO– groups. The band centered
at 1,095 cm−1 is ascribed to the C–O moiety of the
alcohol and ether groups, whereas the C–O stretching
of polysaccharides (or polysaccharide-like substances)
is observed in the bands close to 1,020 cm−1. Finally,
the peaks observed between 910 and 665 cm−1 are
attributed to aromatic C–H out-of-plane bending
vibrations. As can be seen in Fig. 4, the spectrum of
nano-TiO2 shows fewer number of bands than HA.
The broad band at 3,420 cm−1 can be attributed to the
primary O–H stretch of the hydroxyl functional group,
and that at approximately 1,630 cm−1 is attributed to
the bending vibration of the H–OH groups. Finally,
the band observed between 800 and 420 cm−1 corre-
sponds to the Ti–O bending of nano-TiO2 [64].

From the FTIR information reported above, it is
clear that the spectrum of HA confirms the presence
of phenolic and hydroxylic groups, carboxylic groups,
alkanes, aliphatic amines, and ethers, along with the
carbon–carbon double bonds. Peaks corresponding to
Ti–O bonds and hydroxyl groups are observed in the
spectrum of nano-TiO2. It can also be seen that several
functional groups had been successfully introduced
onto nano-TiO2 after further examination of the spec-
trum. Furthermore, the intensity of peaks present in
the 1,600–1,650 cm−1 region enhances. It indicates that
aromatic oxygen-containing moieties were introduced
onto the surface [33]. After the adsorption of aliphatic
carbon fractions, the intensity of the peak at approxi-
mately 2,900 cm−1 increases. The disappearance of
peak at 1,280 cm−1 may be due to the strong interac-
tions of the phenolic OH group with nano-TiO2 sur-
faces [57]. Indeed, a significant shift for the peak of
the aromatic C=C stretch from 1,600 cm−1 in HA to
1,500 cm−1 in HA-TiO2 indicates strong interactions of
phenolic OH group with nano-TiO2 [65]. The hydro-
gen bonding between the acidic groups of HA and the
hydroxyl groups on the nanoparticles is believed to

Fig. 4. FTIR spectrum of solid materials after the attach-
ment process (HA = humic acid, A = no solar irradiation
used and G = solar irradiation used).
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play an essential role in HA adsorption onto
nano-TiO2 [66]. In addition, several studies have
shown that oxide and aluminosilicate mineral surfaces
are capable of adsorbing linear, threadlike polysaccha-
rides [67–69]. Thus, the Cd(II) adsorption capacity of
group A improved significantly after the introduction
of functional groups on the TiO2 surface.

Fig. 5 shows the scanning electron microscope
(SEM) images of the TiO2 nanoparticles and HA-TiO2

during attachment experiments. The bare TiO2

nanopowder (Fig. 5(a)) is composed of spherical
nanoparticles with distinct boundary. The primary
particle size of nano-TiO2 is quite uniform in about
20 nm. Compared with bare TiO2, the particles in
group A (Fig. 5(b)) became more densely clustered.
Due to the HA covered around the nanoparticles, the
boundary of the nanoparticles became nebulous, and
the particles gather into larger aggregates. Further-
more, many HAs can be seen clearly (marked by
arrows). In the group G (Fig. 5(c)), we find that the
nanoparticles distributed like bare TiO2, the boundary
of the nanoparticles becomes clearer than that of
group A. However, it still shows that some particles
are covered by the OMs. Based on the results, the HA
adsorbed on TiO2 nanoparticles changes the surface
property of the particles, thus influencing the Cd(II)
adsorption. The solar irradiation induces the decom-
position of HA by TiO2 due to the generation of active
oxygen species, thus some fragments or new entities
of HA remain on the surface of the TiO2. We infer that
these OMs may also influence the Cd(II) adsorption.

Further examination of the FTIR spectrum of HA
reveals that solar irradiation results in a decline in the
intensity of the peaks corresponding to the HA func-
tional groups. Compared with group A, the intensity
of group G is weaker, in particular in the fingerprint
region. The weaker intensity of group G demonstrates
that HA is decomposed into unknown entities under
solar irradiation, thus causing the TOC value in group
G to be higher than that of group A. Major changes in
intensity are observed between 1,380 and 1,650 cm−1,
which correspond to the O–H deformation and C–O
stretching of the phenolic OH groups. As it is
expected that the principal binding moiety between
HA and nano-TiO2 should be the hydroxyl group,
these observations support this hypothesis. In addi-
tion, these reactions, caused by the effects of solar irra-
diation on the hydroxyl groups, are the main reason
for the generation of the more favorable �OH radical
via the hole oxidation of –OH [70]. According to a
number of other studies [57,71], we expect that the
surplus active sites present on the nano-TiO2 surface
would combine with the C–O functional groups of
HA after all OH groups are exhausted. Indeed, this is

supported by a decrease in the intensity of the peaks
at 1,095 and 1,020 cm−1 in group G. As the functional
groups are more abundant in group A than in group
G, a greater amount of Cd(II) adsorption is observed
in the AA and AG group compared to that in the GG
group. The FTIR spectrum of group G shows that it
has more functional groups than TiO2. We thus pro-
pose that the HA is decomposed into some byprod-
ucts, and these byproducts are adsorbed on the TiO2.

In order to determine changes in the functional
group that take place with Cd(II) adsorption under

Fig. 5. SEM images of (a) TiO2 nanoparticles, (b) HA-TiO2

complex without solar irradiation (group A), and (c)
HA-TiO2 complex under solar irradiation (group G).
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solar irradiation, we use FTIR to analyze the solid
materials after Cd(II) adsorption. Fig. 6 shows the dif-
ferences in the FTIR spectra of solid materials before
and after Cd(II) adsorption. The bands located in the
fingerprint area change significantly after Cd(II)
adsorption. As solar light is abundant in nature, it is
still capable of stimulating the photoactive nano-TiO2

even when the nanoparticles have been coated with
HA. We also find that the HA enhanced the absorp-
tion ability of TiO2 for visible light (Fig. 7). In fact, HA
can act as photosensitizer for injecting electrons from
their excited state to the conduction band of TiO2 [72].
We observe that the polysaccharides (or polysaccha-
ride-like substances), aromatic rings, and phenolic
hydroxyl groups are oxidized into alkanes or other
unknown entities during the process. According to
many studies [73–77], the carboxylic and hydroxyl
groups (both aromatic and aliphatic) are capable of
complexing metal ions. From our results, we can
therefore confirm the significant decline in the number
of hydroxyl groups under solar irradiation, which is
likely to be the main reason for the differences in Cd
(II) adsorption between the AG and AA groups.
Maybe, the complexation between Cd(II) ions and HA
prevents the complete decomposition of HA by TiO2,
thus ensuring a higher Cd(II) adsorption capacity for
the AG group compared to pure TiO2. After Cd(II)
adsorption, the functional groups in group GG-Cd are
more abundant than that of pure TiO2. Because the
HA is decomposed into byproducts at first step, and

bonds to the TiO2, we propose that the functional
groups on the byproducts could not adsorb the Cd(II).
Thus, causing the Cd(II) adsorption lower than that of
pure TiO2.

After Cd(II) adsorption, the intensities of the broad
peaks at approximately 800 and 420 cm−1 in group
GG-Cd and AG-Cd declined obviously. Because of the
decomposition of HA, the adsorption sites on TiO2 re-
expose in solution and adsorb free Cd(II) ions. In
group AA-Cd, obviously broad peaks at approxi-
mately 800 and 420 cm−1 can be observed. It confirms
that the main Cd(II) adsorption is caused by HA. In
addition, a strong and pointed band at 1,385 cm−1

appears in group GG-Cd. It is consistent with a
–COO–metal stretching reported by Ou [58]. Similar
result can be seen between group AG-Cd and group
AG-W. In an alternative situation, metal ions can be
adsorbed by forming ligand-bridging ternary surface
complexes (M-HA-S), or surface complexes in which
the metal ion directly bonds to functional groups on
the nanoparticles. In addition, binary M-S or metal-
bridging ternary surface complexes (HA-M-S) can
form, where S represents the adsorption site on the
solid surface, and M is the metal ion [78]. We also
confirm that the hydroxyl group on HA plays an
important role in complexing Cd(II) and nano-TiO2.
This can explain why the adsorption capacities of Cd
(II) in the AG and AA groups are between those of
HA and nano-TiO2, as their binding sites contain
many similarities. Therefore, based on the information
above, we can propose that the key structures in our
study are likely to be M-HA-TiO2 and M-TiO2. Based
on this information, the process by which solar irradi-
ation can affect Cd(II) adsorption is determined to be
the degradation of the functional group remaining on
nano-TiO2.

Fig. 7. UV–visible diffuse reflectance spectra of TiO2,
group A and group G.

Fig. 6. FTIR spectrum of group A and G after Cd(II)
adsorption. The GG-Cd and AG-Cd spectrum was col-
lected from the Cd(II) solution under solar irradiation. The
AA-Cd spectrum was collected from the Cd(II) solution
without solar irradiation. The spectrum of AG-W was col-
lected from the aqueous phase.
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4. Conclusion

In the present work, we investigated the Cd(II)
adsorption by nano-TiO2 in the presence of HA under
a range of conditions. The attachment of HA onto
nano-TiO2 resulted in an increase in Cd(II) adsorption
because of the participation of functional groups of
HA in the adsorption process. However, it was found
that solar irradiation resulted in a decrease in Cd(II)
adsorption by nano-TiO2 because of decomposition of
the attached HA. In addition, the photoactive nano-
TiO2 induced the conversion of HA macromolecules
into new byproducts under solar irradiation. Some
byproducts occupied the sites of nano-TiO2, and
caused the lower Cd(II) adsorption ability. It can be
ascribed to a decrease in the amount of hydroxyl
groups of these byproducts since the hydroxyl groups
are the main sites for Cd(II) adsorption. Based on the
above results, it is expected that the bioavailability
and toxicity of heavy metals would be altered when
photoactive nanoparticles enter into aquatic system.
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