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a  b  s  t  r  a  c  t

Understanding  the  environmental  safety  and  human  health  implications  of  engineered  nanoparticles
(ENPs)  is  of  worldwide  importance.  As  an  important  ENPs,  engineered  nano-TiO2 (Enano-TiO2)  may  have
been substantially  deposited  in  aquatic  sediments  because  of  its widely  uses.  Sediment  pore  surface
properties  would  be  thus  significantly  influenced  due  to  the  large  surface  area  of  Enano-TiO2. In this
study,  Enano-TiO2 was  found  to greatly  impact  on  sediment  pore  surface  properties.  The  attachment
of  Enano-TiO2 particles  to  sediment  surfaces  enhanced  markedly  BET  specific  surface  area  and  t-Plot
external  specific  surface  area,  and  thereby  increased  sediment  phosphorus  (P)  adsorption  maximum
(Smax).  Contrarily,  the  fill  of  Enano-TiO2 particles  into  the  micropores  of  sediments  could  significantly
orosity
dsorption

reduce  t-Plot  micropore  specific  surface  area,  and  cause  slight  decrease  in  sediment  P  binding  energy  (K).
Clearly,  P  sorbed  in sediment  would  be  easily  released  because  of  the  decreasing  P binding  energy  of  the
sediment  with  elevated  Enano-TiO2.  Enano-TiO2 would  thus  cause  aggravated  endogenous  pollution  in
water  if such  sediment  was  re-suspended  on  disturbance.  The  results  obtained  in  this  study  contribute  to
our increasing  knowledge  of  how  to  regulate  physicochemical  behavior  of  pollutants  in  sediments  under
the  influences  of  Enano-TiO2 and/or  similar  ENPs.
. 1 Introduction

Nanotechnology is advancing rapidly and could soon become
 trillion-dollar industry [1].  Consequently, substantial amount of
ngineered nanoparticles (ENPs) may  inevitably enter the envi-
onment. Possible risks of ENPs are unintended human health and
nvironmental impacts, which could lead to lack of public accep-
ance [2].  Therefore, understanding the safety and environmental
nd human health implications of nanotechnology-based prod-
cts is of worldwide importance [3–5]. Recently, the potential of
armful effects to the environment and human health by some
anoparticles has been gradually acknowledged [2,6–8].  Studies

nto the release potential and transport of ENPs indicate that several
NPs actually end up in the aquatic environment with significant
uantity [9,10].  ENPs are particles that have at least one dimen-
ion between 1 and 100 nm,  and are specifically engineered to have
nique properties that do not exist in bulk materials with an identi-
al composition [11]. To date, it is still unclear how ENPs influence

ediment physicochemical properties that could affect the mobi-
ization of toxic and/or harmful chemicals in sediments. Therefore,
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knowledge of how ENPs impact on sediment properties is
critical.

Engineered Titania nanoparticles (Enano-TiO2) are widely used
for applications such as pigments, coatings, sunscreen cosmetic
additives, etc. [12–14].  As a result, Enano-TiO2 may inevitably
enter the environment, then deposit in aquatic sediments [15–17].
Therefore, such Enano-TiO2 may  result in changes in sediment
physicochemical properties due to its large surface area and great
reactivity [18,19].  To our current knowledge, most researches
focused on ecotoxicology of Enano-TiO2 in the aquatic environ-
ment [20–22].  Little is known about the effects of Enano-TiO2 on
sediment physicochemical properties. Sediment pore surface area
is a significant aspect of sediment physicochemical characteristics,
and it controls the adsorption and transport of many chemicals in
sediments [23]. Hence, the knowledge of how Enano-TiO2 affects
sediment pore surface properties is necessary in assessing the envi-
ronmental risk of this material.

Phosphorus (P) is one of the greatest concerns because it can
contribute significantly to eutrophication in aquatic environment
[24–27]. Sediment pore surface properties could play critical roles
in P adsorption [28]. A recent study indicates that Enano-TiO2 can

retard P release from sediment, and thereby improve P adsorption
on the sediment, possibly due to the high adsorption capacity of
Enano-TiO2 [15]. However, the potential mechanism underlying
sediment P adsorption capacity improved by Enano-TiO2 is still

dx.doi.org/10.1016/j.jhazmat.2011.06.050
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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oorly understood. Therefore, it is important to determine how and
o what extent the emerging Enano-TiO2 may  influence sediment
ore surface properties as well as the consequent P adsorption.

The objectives of this study were to explore the effects of
nano-TiO2 on (1) sediment pore surface properties by applying
he nitrogen gas adsorption–desorption method, and (2) the P
dsorption capacity on sediment through batch experiments. The
nformation from this study would determine (1) the extent of
nano-TiO2 affecting the particle microstructure of sediment, (2)
ts potential mechanisms underlying sediment adsorption capacity,
nd (3) the environmental risk of Enano-TiO2 in aquatic system.

. Materials and methods

.1. Materials

Enano-TiO2 was purchased from Wanjing New Material Com-
any (Hangzhou City, Zhejiang Province, China) with an anatase
hase purity of 99.9%, a specific surface area of 202.3 m2 g−1 and an
verage particle size of 20 nm.  A Enano-TiO2 stock solution (1 g L−1)
as prepared by the following procedures: first to suspend the
anoparticles in a Erlenmeryer flask using ultrapure water, soni-
ate at 33 W (Sonics Vibra CellTM, model VCX 130, USA) for 10 min,
hen add dispersion stabilizers (Sodium Polyacrylate, 0.05%) to the
ispersion, and finally sonicate the nanoparticles in dispersion with
n ultrasound energy of 33 W for 10 min. The size distribution of
nano-TiO2 particles in stock solution was determined using a Laser
article Size Analyzer (Mastersizer 2000, Marlven, Ltd. UK). The
verage particle size of Enano-TiO2 particles was  93 ± 10 nm.

Ultrapure water was used throughout the experiment. All other
hemical reagents were of analytical-reagent grade. Laboratory
quipments and containers were dipped in 25% (v/v) HNO3 solu-
ion for at least 12 h, and rinsed with ultrapure water prior to each
se. All equipment used in the experiments was sterilized at 121 ◦C
or 0.5 h.

Sediment samples were collected from the estuarine of Jiu-
ongjiang River in Fujian province, Southern China (24◦27′57.13′′N,
17◦48′31.70′′E), in December 2008, and the samples were trans-
orted to the laboratory in sealed plastic bags in iceboxes. They
ere then freeze-dried, sieved through 80-mesh sieve, and stored

or analyses. Sediment pH and electrical conductivity were mea-
ured in 1:1 and 1:2 (w/v) soil/water suspensions with a Crison GLP
2 pH-meter. Sediment organic matter (OM) was determined using
he potassium dichromate method [29]. The pH, electrical conduc-
ivity and organic matter content of the samples were 7.11 ± 0.15,
.50 ± 0.21 ms/cm and 49.01 ± 2.2 g kg−1, respectively.

Preparation of Enano-TiO2-polluted sediment samples: aliquots
f 1 g sediments (S) were added into series of 100 mL  beakers. The
resh Enano-TiO2 stock solutions (10, 25, 50, 75 and 100 mL)  were
arefully added into the bottles, and then sonicated for 10 min  with
ltrasound energy of 33 W.  The Enano-TiO2 concentrations in sed-

ment samples were 1, 2.5, 5, 7.5, 10 g kg−1, which was lower or
reater than the possible polluted concentrations (2.5 g kg−1) in the
ediments [17]. Additionally, the control sediments (1 g, S) were
dded into series of 100 mL  beaker with 25 mL  ultrapure water, but
ot any Enano-TiO2 pollution (0 mg  L−1). Accordingly, the sediment
uspensions polluted with Enano-TiO2 were heat-dried for 24 h in

 flask at about 50 ◦C, and then slightly ground using a mortar to
emove coagulation for further experiments.

.2. Nitrogen adsorption–desorption isotherms
Nitrogen adsorption–desorption was conducted at 77.40 K using
n ASAP2020 instrument (Micromeritics, U.S.A.). All samples were
egassed at 105 ◦C for 8 h before N2 was allowed to be contacted. In
terials 192 (2011) 1364– 1369 1365

the experiment, N2 was  admitted into the cell in an increment man-
ner so that a series of quantities of absorbed nitrogen were derived,
resulting an adsorption isotherm. On the opposite direction, nitro-
gen was removed from the cell after the gas pressure reached the
saturation. A desorption isotherm was derived based on a series of
measurements.

Specific surface area of all sediment samples was  calculated
from N2 sorption isotherm by the multipoint BET method and t-
Plot method [30]. Similarly, the average pore size of all sediment
samples can be evaluated from the pore size distribution using the
method proposed by Barrett, Joyner and Halenda (BJH) based on
the N2 adsorption–desorption isotherms of all samples [31].

2.3. Calculation of surface fractal dimension [28]

The parameter to describe these fractal characteristics is frac-
tal dimension (D). Many methods have been proposed to calculate
the fractal dimension based on adsorption–desorption isotherms.
The recognized methods are particle size method, the fractal BET
model, Frenkel–Halsey–Hill (FHH) model, thermodynamic method,
etc. Specifically, the FHH model and the thermodynamic model
are the most widely used methods because they can be applied
in many cases and easily evaluated. The fractal dimension evalu-
ated by thermodynamic method often gives values greater than 3
so that it becomes meaningless.

The typical FHH theory proposed by Frenkel, Halsey and Hill
was  first established to describe the multi-layer adsorption of gas
molecules on a fractal surface. The linear format is

ln
(

N

Nm

)
= ln(k) − f (D) ln(− ln x); (1)

where f(D) is a function of the fractal dimension D, N/Nm is the
relative nitrogen adsorption volume, x is the relative pressure, and k
is a constant. Herein, N and Nm are the nitrogen adsorption volume
and the maximum nitrogen adsorption volume in the isotherms.
The range of the relative pressure is x > 0.35. In this case, the plot
of ln(N/Nm) and ln[−ln(x)] should yield a straight line with a slope
S = −f(D).

Avnir and Jaroniec [32] and Jaroniec [33] brought the fractal
dimension D into the Dubinin–Radushkevich isothermal equation
which described nitrogen adsorption on a microporous solid sur-
face. They derived the expression

f  (D) = 3 − D; (2)

Pfeifer et al. [34] suggested that Eq. (2) could be appropriate
if capillary condensation was the dominant action in the adsorp-
tion process. Moreover, Jaroniec [33] and Pfeifer et al. [34] figured
out that the FHH equation was  suited for micropore adsorption and
desorption processes in which capillary condensation was  the dom-
inant action [23]. The range of the relative pressure was  determined
to be 0.7320 < x < 0.9826 in the adsorption process and x > 0.35 in the
desorption process. The resulting FHH equation is

ln
(

N

Nm

)
= (D − 3) ln(− ln x) + C; (3)

Generally, the hysteresis loop on the adsorption–desorption
isotherms of sediments is often present [28], indicating that capil-
lary condensation occurs when nitrogen is adsorbed by sediment
particles and capillary condensation is the dominant action at a
wide range of relative pressure. van der Waals force only dominates
when the relative pressure x is lower than 0.35 [35].

Therefore, capillary condensation was considered to be the

major action to calculate the fractal dimension of sediment using
the FHH method based on the N2 adsorption–desorption isotherm.
Specifically, the Eqs. (1), (2) and (3) were adopted to calculate the
fractal dimensions of sediments.
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.4. Batch experiments

As important sediment P adsorption parameters [29], P adsorp-
ion maximum (Smax) and P binding energy (K) were used to
valuate the effects of Enano-TiO2 on P adsorption on the sediment
sing batch experiments. One gram of dry sediment polluted by
nano-TiO2 was  placed into a 50 mL  Erlenmerer flask, and treated
ith 20 mL  of a KH2PO4 solution containing 1, 2, 4, 8, 10, 20, 40,

r 50 mg  P L−1 in a 0.01 M CaCl2 matrix. The mixture was sealed
ith parafilm and shaken at 150 rpm for 24 h, and then filtered

hrough a 0.45 �m nylon membrane. Phosphorus concentrations
n the filtrate were measured by a flow injection analyzer (QC8500,
ACHAT, USA.). The Smax and K were calculated using the Langmuir
sotherm according to the methods described in our previous study
29]. Triplicate samples were used in the experiment.

.5. Statistical analysis

The data reported were the means of triplicates, of which the
tandard error deviation was within 5%. The normality assumption
f Pearson correlation analysis was performed using one sample
olmogorov–Smirnov test. The homogeneity of variance was eval-
ated, and Duncan’s post hoc test was employed to determine the
ifferences observed of specific surface area, average pore size, and
urface fractal dimension of sediments samples. All statistical anal-
ses were conducted at a significance level of 0.05. The software of
tatistical analysis is SPSS 10.0.

. Results and discussion

.1. Sediment N2 adsorption–desorption isotherm

The adsorption on the material surface is a compositional result
nvolving a combination of chemisorption, quasi-chemisorption,
hysisorption and capillary condensation [36]. The monolayer
hemisorption occurs in the adsorption process, but may  have
o impact on desorption. A hysteresis was exhibited in the
dsorption–desorption isotherms (Fig. 1), suggesting that it is

ecessary to investigated more thorough on the adsorption and
esorption processes.

Fig. 1 depicts the adsorption–desorption isotherms for typ-
cal sediment samples polluted by Enano-TiO2 with 0, 2.5, 7.5
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ig. 1. Nitrogen adsorption–desorption isotherms of sediment influenced by Enano-
iO2. (Sa, Sb, Sc, Sd represent the sediment samples contain 0, 2.5, 7.5 and 10 g kg−1

nano-TiO2, respectively.)
aterials 192 (2011) 1364– 1369

and 10 g kg−1. The horizontal axis indicates the relative nitrogen
pressure (P/P0) in the sample cell, while the vertical axis scales
the volume of nitrogen adsorbed by unit weight of the sediment.
The volume of nitrogen adsorption in the sediment increased
with increasing Enano-TiO2 concentration, indicating that the vol-
ume  was significantly influenced by Enano-TiO2, specifically in
greater concentrations (7.5 and 10 g kg−1) (Fig. 1). The adsorption
isotherms of all sediment samples were characterized as type II
isotherm, a typical multi-layer adsorption model for porous mate-
rials [37]. The adsorption volume increased sharply when the N2
pressure approached the saturation point because of capillary con-
densation [37]. The hysteresis loop of these samples was  of type B,
indicating that these pores are slit-shaped capillaries, which are
close to parallel walls [28,37]. Among the capillaries shaped by
parallel walls, liquid nitrogen could not form a meniscus interface
before the pressure reaches the saturation point so that a rapid rise
was  present in the adsorption branch when the relative pressure
was  close to unity. In the desorption branch, however, vaporization
soon occurred when the relative pressure approached the efficient
radium of the meniscus interface. It is clear that the typical multi-
layer adsorption model for porous sediment was insignificantly
impacted by Enano-TiO2 pollution. Therefore, the sediment pores
were still slit-shaped capillaries, which were close to parallel walls.

3.2. Specific surface area and average pore size

The BET Specific surface area (SBET) is the total surface area of
sediment, which was  calculated from N2 sorption isotherms by the
multi-BET method [37]. While the external specific surface area
(Sext) and micropore surface area (Smicro) were calculated from
N2 sorption isotherms by the t-plot method [37]. Specifically, Sext

comprises the area of the pore openings and the framework sur-
face between the pore openings on the outside of the sediments
[38], while Smicro consists of the internal area of the micropore of
sediment, which have diameters of <2 nm by definition [39]. The
average pore size of sediment polluted by Enano-TiO2 increased
significantly with the increase of Enano-TiO2 concentration (Fig. 2).
This suggests that Enano-TiO2 particles could fill in the microp-
ores of sediments, and therefore substantially decreased of number
of small size micropores, resulting in considerable elevation of
average pore size [28,37]. Accordingly, the micropore structure of
the sediment was evidently affected by Enano-TiO2 pollution. This
could explain why  sediment Smicro decreased with the increase of
Enano-TiO2 concentration (Fig. 2).

Interestingly, the sediment Sext increased remarkably with the
increase of Enano-TiO2 concentration (Fig. 2). Similarly, SBET of the
Sediments increased significantly with increasing Enano-TiO2 con-
centration (Fig. 2). This indicated that the substantial decreases of
sediment micropores due to the fillings by Enano-TiO2 particles in
sediment pores did not significantly decrease SBET. In contrast, the
attachment of Enano-TiO2 particles to sediment surface consider-
ably enhanced the Sext of the sediments due to high specific surface
area of Enano-TiO2, resulting in substantial increase in SBET.

3.3. Sediment surface fractal dimension

A large number of pores on the sediment surfaces showed some
fractal characteristics [28]. The geometric significance of the fractal
dimension (D) (the value was  between 2 and 3 calculated by FHH
method) is the fill capacity of sediments pore [37]. The larger the

fractal dimension value, the greater the fill capacity [28]. The sur-
face fractal dimension (D) of all samples from the three equations
in Section 2.3 showed similar decreasing trends with increasing
Enano-TiO2 concentration (Table 1).
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ote: SBET, total surface area calculated from N2 sorption isotherms by multi-BET
ethod; Smicro and Sext, micropore and external surface area, respectively, calculated

rom N2 sorption isotherms by t-plot method.

The fractal dimension offers a more accurate description of the
oughness and self-similarity [28]. Slight degree of difference for
ediment pores does not change the fractal dimension. The vari-
tion of fractal dimensions in Table 1 shows that the Enano-TiO2
ollution has significant impacts on the particle surface microstruc-
ure. Therefore, the difference in D value could reflect the influence
f Enano-TiO2 on pore surface properties of the sediment. Com-
ared with the D value of the control, the D values of the sediments
ith Enano-TiO2 were significantly decreased (Table 1), suggest-

ng that the fill capacity of sediment pore could be reduced under
he influence of Enano-TiO2 pollution, especially at a relatively high
oncentration.

.4. Sediment P adsorption

Smax is an index measuring the ability of sediment to adsorb P
rom solution. The higher the Smax value, the greater the sediment

 adsorption capacity can obtain [29]. In this study, Smax values
or the sediments increased with increasing Enano-TiO2 concentra-
ion, within the range between 432.83 and 488.78 mg  kg−1 (Fig. 3).
max was positively correlated to SBET and Sext (Table 2). This indi-
ates that the substantial increases of Sext and SBET for sediments
ue to the attachment of Enano-TiO2 particles to sediments sur-
ace could increase P adsorption maximum for the sediments, and
herefore enhance the sediment P adsorption capacity. While Smax
as negatively correlated to Smicro and D (Table 2), indicating that
he fill in the micropores of sediment could decrease P adsorption

aximum, which resulted in the substantially decreases of Smicro
nd D. Importantly, even though the fill in the micropores of sedi-

able 1
he surface fractal dimensions of sediment polluted by Enano-TiO2.

Enano-TiO2 (g kg−1) Surface fractal dimensions (D)

Adsorption x > 0.35 

0 2.588 (0.995) 

1  2.501 (0.997) 

2.5  2.487 (0.9920) 

5 2.426  (0.9950) 

7.5  2.387 (0.9910) 

10 2.336 (0.9930) 

ote: x indicates the relative nitrogen pressure in nitrogen sorption isotherms; values in 
ment reduce the sediment P adsorption maximum, the attachment
of Enano-TiO2 particles to sediments surface could still increase P
adsorption maximum for the sediments. Therefore, Sediment pol-
luted by Enano-TiO2 could improve its P adsorption capacity, which
influenced mainly by the attachment of Enano-TiO2 particles to
sediments surface.

K represents the ability of a unit of sediment to adsorb P from
solution. The higher the K value, the greater the sediment P bind-
ing can also obtain [40]. In this study, K value for the sediments
initially increased with increasing Enano-TiO2 concentration, and
then decreased with increasing Enano-TiO2 concentration, of which
the peak value was 11.58 L mg−1 at 5.0 mg  L−1 for Enano-TiO2
(Fig. 3). Noticeably, the increase of Enano-TiO2 does not con-
tinuously improve the sediment P binding energy, implying a
nonlinear relationship between sediment P binding energy and
sediment pore surface properties influenced by Enano-TiO2. This
phenomenon can be confirmed from the insignificant correlations
between K and any sediment pore surface properties (Table 2).

From the sediment microstructures, the magnitude of K depends
on both the Sext and Smicro of sediment. The higher the values
of Sext and Smicro, the greater the sediment K can obtain [37]. In
this study, the decrease of the Smicro resulted in slight decrease
of sediment P binding energy with elevated Enano-TiO2 (Fig. 3),
even though the Sext was  increased considerably by Enano-TiO2.
Therefore, Smicro have more impacts on sediment K than Sext. This
indicates that sediment P binding energy relies more on sedi-
ment micropore properties probably because P sorbed in sediment
micropores is stronger than P sorbed on the sediment external

surfaces.

Adsorption 0.7320 < x < 0.9826 Desorption x > 0.35

2.518 (0.9999) 2.572 (0.9672)
2.482 (0.9992) 2.499 (0.9749)
2.446 (0.9995) 2.447 (0.9650)
2.419 (0.9993) 2.394 (0.9620)
2.371 (0.9991) 2.345 (0.9670)
2.337 (0.9996) 2.307 (0.9760)

parentheses represent the correlation coefficient.
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Table 2
Correlations between sediment phosphorus adsorption parameters and sediment pore surface properties (n = 6).

SBET Sext Smicro D

Adsorption x > 0.35 Adsorption 0.7320 < x < 0.9826 Desorption x > 0.35

Smax 0.998** 0.997** −0.983** −0.978** −0.994** −0.978**
K  0.539 0.560 −0.634 −0.617 −0.559 −0.659
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ote: ** represent the significant level < 0.01; SBET, total surface area calculated fro
urface area, respectively, calculated from N2 sorption isotherms by t-plot method;

.5. Implication for environment risk

Clearly, the extensive application of Enano-TiO2 around the
orld would introduce increasing amount of nano-TiO2 into

he environment, resulting in substantial quantity of nano-TiO2
nevitably sinking in aquatic sediments [15,16].  The experimen-
al results of the present study indicate that sediment pore surface
roperties play pivotal roles in sediment P adsorption. The attach-
ent of Enano-TiO2 particles to sediment surfaces was  found to

ignificantly enhance the SBET and Sext, thereby increase sediment P
dsorption maximum (Smax). Similar study also showed that Enano-
iO2 could improve sediment P adsorption capacity, possibly due
o its larger specific surface area [15]. Therefore, once sediments
re polluted with Enano-TiO2, they may  accumulate more pollu-
ants such as P, As, etc. resulting in more severe pollution for itself
15,41].

In parallel, it is also found that sediment P binding energy relies
ore on sediment micropore properties, suggesting that P sorbed

n sediment micropores is stronger than P sorbed on sediment
xternal surfaces. The fill of Enano-TiO2 particles into the micro-
ores of the sediments could cause slight decrease in sediment P
inding energy (K). Subsequently, the strength of P adsorption in
he sediments would be reduced substantially due to the decrease
f sediment K. This indicates that the sorbed P in sediments would
e easily released because of the decreased P binding energy of the
ediments with elevated Enano-TiO2. In turn, Enano-TiO2 makes

 sorbed in sediment easily released when such sediment is re-
uspended on disturbance, even through other physicochemical
onditions are not changed. Since sediment polluted with Enano-
iO2 may  accumulate more pollutants, Enano-TiO2 would be thus
ause aggravated endogenous pollution in water if such sediment
as re-suspended on disturbance [15], subsequently posing poten-

ial risk to the ecosystem [42,43].

. 4 Conclusions

To the best of our knowledge, the study is the first to
rovide evidence of the regulation or disturbance to sediment
hysicochemical properties (specifically, pore surface properties)

nfluenced by engineered nanomaterials. Significantly, Enano-TiO2
as great impact on sediment pore surface properties. Interest-

ngly, the attachment of Enano-TiO2 particles to sediment surfaces
ould increase sediment P adsorption maximum (Smax), and the
ll of Enano-TiO2 particles into the micropores of sediments could
ause slight decrease in sediment P binding energy (K). Although
urrently nanomaterials are not regarded as contaminants, the
otential risks associated with nanomaterials indicate that water
nvironment management may  face the future challenge of the
ehaviors of sediment that has been contaminated with nanoma-
erials. Engineered titania nanomaterials (Enano-TiO2) is one of the

ost widely used nanomaterials. The potential of regulation or

isturbance to the physicochemical behavior and processes in envi-
onmental media caused by Enano-TiO2 can provide insights into
he environmental risks of other similar nanomaterials. Therefore,
hese preliminary results of Enano-TiO2 are important for further

[

[

sorption isotherms by multi-BET method; Smicro and Sext, micropore and external
face fractal dimension.

understanding the potential risks of similar nanomaterials in the
aquatic environment.
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