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Abstract The sorption behaviors of pollutants affected by
hydrodynamic conditions were confirmed in natural water en-
vironment. The effects of hydrodynamic conditions on the
sorption behaviors of aniline on sediment with coexistence
of nitrobenzene were investigated. The particle entrainment
simulator (PES) was used to simulate varied bottom shear
stresses. The batch equilibrium method was applied to the
experiments with the stress levels and the action time con-
trolled at 0.2-0.5 N/m? and 24 h, respectively. The findings
indicated that apparent partition coefficient of aniline on sed-
iment increased with the shear stress significantly, while de-
creased with nitrobenzene concentration. On the contrary,
both the sorption amount of aniline on suspended particulate
matter (Qs) and the effect of nitrobenzene concentration on Qg
declined as the shear stress increased. The sorption kinetic
results showed that the sorption process followed the
pseudo-second-order kinetics equation, and the process in-
cluded two stages: fast sorption stage and slow sorption stage,
among which the average sorption rate of fast stage was 7.5—
9.5 times that of slow one. The effect of shear stress on the
average sorption rate of aniline was enhanced with the in-
crease of nitrobenzene concentration. And shear stress
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weakened the disturbance of cosolute on main solute sorption
process. In addition, experiment results of sorption kinetic
show that only the initial sorption rate was affected by shear
stress and cosolute concentration. In the first 5 min, shear
stress had positive effects on the sorption rate. After that, the
sorption rate barely changed with shear stress and cosolute
concentration.

Keywords Shear stress - Sediment resuspension -
Adsorption - Benzene series

Introduction

Sediment is an important part of the aquatic ecosystem that
plays a role as the carrier, fate, and reservoir of transport and
transformation process of pollutants in aquatic environment
(Blom and Winkels 1998). As there are so many disturbance
factors will affect hydrodynamic conditions, such as current,
wave, dredging, ship traffic, and bioturbation, it cannot mea-
sure the level of external disturbance comprehensively only
using current velocity, wave height, wave period, etc. Recent
studies (Gabel et al. 2012; Wang et al. 2013a; Reardon et al.
2014; Wu and Hua 2014) suggested that bottom shear stresses
in water bodies can be expressed as the functions of many
hydrodynamic processes. These bottom disturbances entrain
large amount of sediments into the water column, in which
pollutants can be transported between suspended sediments
and aqueous phase through sorption—desorption behavior,
and affect the distribution of pollutants in sediment—water
interface. Therefore, investigation on the sorption behavior
of pollutants on sediments under the varied hydrodynamic
conditions is significant for understanding the migration,
transformation, and fate of pollutants in aquatic ecosystem.
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The organic matter in sediments and water also play an
important role in the transport and bioavailability of contam-
inants in the aquatic environment. On the one hand, sediment
organic matter (SOM) has been shown to be the most impor-
tant component in the adsorption of hydrophobic organic pol-
lutants (Chiou et al. 1979). The adsorption of organic pollut-
ants by SOM often has a stronger affinity compared to the
adsorption by mineral fractions, especially in SOM-rich soil
or sediment (Cornelissen et al. 2005; Zhao et al. 2010). On the
other hand, dissolved organic matter (DOM) has been shown
to interact with organic contaminants and can alter their mo-
bility, bioavailability, and degradation in the environment.
Contaminants in aquatic environments can be bound to
DOM, preventing them from being captured and taken up
by organisms or from escaping into the atmosphere (Hassett
2006). Heringa and Hermens (2003) clearly pointed out that
the interaction of organic contaminants with DOM decreases
the freely dissolved concentrations and the bioavailability of
organic contaminants.

Since aniline (AN) and nitrobenzene (NB) are highly toxic
chemicals which can lead to carcinogenesis, teratogenesis,
and mutagenesis, they have been listed as priority pollutants
by the US EPA, EU, and China EPA. Additionally, as impor-
tant industrial chemicals and intermediates of dyestuff, pesti-
cide, and pharmaceutical, the widely use of AN and NB has
caused serious pollution on environment. AN and NB are
typically found in the same contaminated site because NB is
the primary starting material for the manufacture of AN,
which leads to the co-occurrence of these compounds in an
accidental spill (Liu et al. 2013). For this reason, it can provide
the theoretical basis for water pollution control, risk assess-
ment of AN pollution by studying on the sorption of AN to
sediments with the coexistence of NB.

In addition to sorption, the fate of aniline and nitrobenzene
in aquatic sediments is also governed by biodegradation (see
Kurt et al. 2012) and abiotic reactions facilitated by reduced
sulfur compounds (e.g., bisulfide and polysulfides) in sedi-
ment pore waters (see Zeng et al. 2012 and 2011). Kurt et al.
(2012) suggested that robust biodegradation of toxic com-
pounds migrating across the sediment/water interface and
the biodegradation capacities were sufficient to eliminate
transport of the contaminants to the overlying water. Zeng
etal. (2012 and 2011) revealed that the reduced sulfur species
in the porewaters readily transformed the target pesticides into
sulfur-substituted products which was also an important re-
moval pathway for pesticides. For instance, nitrobenzene like-
ly undergoes reduction of the nitro group by sulfides to form
aniline, which also explains the co-occurrence of AN and NB
in contaminated sites.

In the last couple of decades, a large number of studies
have been performed on endogenous release caused by the
hydrodynamic inducement of sediment resuspension, which
mainly focused on the nutrients release of nitrogen and
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phosphorus (Blackburn 1997; Kim et al. 2003; Wang et al.
2008, 2009, 2013b; Hu et al. 2011; Wu and Hua 2014). In
addition, previous major researches about organic pollutants
sorption behavior focused on the effects of sediment physico-
chemical properties and solution characteristics (Hari et al.
2005; Ma and Zhu 2006; Conkle et al. 2010; Zhang et al.
2014). However, the effects of hydrodynamic conditions on
the sorption behavior of organic pollutants are poorly under-
stood so far. Particularly, little was known about the relation-
ship between hydrodynamic forces and the distribution char-
acteristics of organic pollutants in the water and sediments.

Traditional sorption models based on octanol-water
partitioning are usually applied to predict the adsorbance of
organic pollutants and the partition coefficient (Chiou et al.
1979). Nevertheless, it has become more and more obvious that
the differences between the results of classical models and those
of'in situ tests (Arp et al. 2009; Folberth et al. 2009; Miller and
Hornbuckle 2010) are very huge. The reasons of this gap may
vary. For example, the concentrations of organic pollutants are
usually at a very low level in natural water environment, and
the sediment—water partition coefficient at such a low level
could not be reliably predicted by traditional models (Arp
et al. 2009). Hawthorne et al. (2006) established a large, con-
sistent, and comprehensive data set of log Ktoc values of var-
ious native polycyclic aromatic hydrocarbons (PAHs) for over
114 highly varying impacted sediments. From this they were
clearly able to distinguish that PAH-specific log Kroc values
are distributed over 3 orders of magnitude. Further they noted
that traditional log Ktoc—log Kt relationships correspond to
only the lowest range of measured Ktoc values. Furthermore,
the sediment—water partition coefficients at laboratory scales
are equilibrium values only under fully oscillation conditions.
While, in most cases the hydrodynamic forces change frequent-
ly in field site, so the partition coefficients could be apparent
values under a certain hydrodynamic condition.

In this paper, a series of simulation experiments were carried
out to study the sorption behavior of AN on sediment under
varied hydrodynamic conditions and coexistence of NB. The
effect of hydrodynamic conditions on sorption isotherms and
kinetics of AN were revealed, and the relationships between
shear stresses and the apparent values of partition coefficients
were determined, as well as sorption rates. The results will help
us improve ability of predicting the temporal and spatial distri-
bution characteristics and evaluating the release risk of organic
pollutants from sediments in natural water bodies.

Materials and methods

Sediment

The sediment sample was collected from the surface layer of
sediments (020 cm depths) in Meiliang Bay of Taihu Lake,
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China (31°2521"N, 120°07'41"E). Impurities were removed
from the collected sediment sample. The sample was air-dried
and pulverized to pass through a 100-mesh sieve. Then, the
sample was stored in sealed containers at 4 °C.

Taihu Lake, located in the southern part of the Yangtze
River Delta, is the third largest freshwater lake in China, with
an area of 2,338 km? and an average depth of 1.89 m. As one
of the most developed and densely populated areas in China,
the Taihu Lake Basin covers only 0.4 % of the total territory of
the country, but contributes 10.8 % of the total GDP.

The main component of the sediment sample was silt and
clay, which consisting 13.8 % of coarse silt (0.1-1 mm),
70.5 % of fine silt (0.01-0.1 mm), and 15.7 % of clay
(<0.01 mm). The median grain size of the sediment was
0.018 mm. Sediment pH was measured to be 7.48 at sediment
to solution ratio of 1:2.5 (M/V) in the CaCl, solution (0.01 M).
The moisture content was measured to be 44.81 %. The or-
ganic carbon content (f;.) of the sediment (1.68 %) was deter-
mined by a wet oxidation with K,Cr,0- in acidic environ-
ment. The cation exchange capacity (CEC) was determined
to be 14.4 cmol/kg.

Reagents

Aniline, nitrobenzene, and calcium chloride are all of analyt-
ical grade obtained from Shanghai Chemical Reagent Co. in
China. The physicochemical properties of organic compounds
are given in Table 1.

Shear stresses calibration

In this study, a particle entrainment simulator (PES) was used
to simulate varied bottom equivalent shear stresses. The PES,
as shown in Fig. 1, is a portable device, which has been widely
used to study the characteristics of estuarine, coastal, and lake
sediment resuspension as well as the transportation of pollut-
ants between solid and liquid phases (Latimer et al. 1999;
Cantwell et al. 2002; Cantwell and Burgess 2004; Feng et al.
2007; Wang et al. 2013a, b) in recent decades.

This apparatus consists of a 12.7-cm-diameter vertical
acrylic cylinder and an oscillating perforated grid which was
driven by a variable speed motor. A cam on the motor shaft
allowed the grid to oscillate up and down with a vertical
amplitude of 2.54 cm. The oscillation rate can be changed

by adjusting the motor speed, simulating varied shear stresses
on the surface of sediment.

Tsai and Lick (1986) empirically calibrated the PES by
comparing the total amount of resuspended sediment in the
water column at different oscillation speeds against those from
an annular flume whose shear stress levels were known, and
discovered the most common distribution range of shear stress
was from 0.2 to 0.5 N/m>. The relationship between shear
stress and the oscillation speed of a digital water-bathing con-
stant temperature shaker was calibrated. The principle of cal-
ibration is that when the shaker and PES produce the same
concentration of resuspended sediments, the stresses needed
to produce these resuspended sediments are equivalent. In this
study shear stress levels of 0.2, 0.3, 0.4, and 0.5 N/m?
corresponded to 113, 116, 125, and 137 rpm of the water-
bathing constant temperature shaker, respectively.

Experiments procedures
Sorption isotherm experiment

The batch equilibrium method was used in a single component
sorption experiment. The amount of 2 g sediments was filled
in 50-mL stoppered erlenmeyer flasks with 20 mL AN solu-
tions, whose concentrations were 5, 10, 20, 50, 100, 200, and
400 mg/L. The erlenmeyer flasks were shaken at 25 °C for
24 h, and the shear stresses were controlled at the level 0f 0.2,
0.3,0.4, and 0.5 N/m?. Then the solutions were centrifuged at
3,500 rpm for 15 min by using a benchtop high speed refrig-
erated centrifuge and the supernatants were collected for fur-
ther analysis.

The multicomponent sorption experiment was performed
by using the same procedure as the single component sorption
experiment. The concentrations of NB coexisting in the solu-
tions were 50, 300, and 600 mg/L, respectively. All the solu-
tions contained 0.005 mol/L CaCl, and 0.01 % NaNj. CaCl,
was used to maintain the appropriate ionic strength for the
solutions, and NaN; was used to inhibit the microbial activity.

Sorption kinetics experiment

The procedure of sorption kinetics experiment was similar to
the single component sorption experiment. The initial concen-
tration of AN was 200 mg/L, and the concentrations of NB
were 0, 50, and 600 mg/L. The flasks with solution were

Table 1 Physicochemical

properties of aniline and Benzene series Molecular Water solubility Melting Boiling Log K,,..
nitrobenzene weight (mg'L™ point (°C) point (°C)
AN(C¢HsNH,) 93.13 34,160 —6.15 184.4 0.90
NB(C¢HsNO,) 123.1 1936 5.7 210.9 1.85
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Fig. 1 Diagram of particle
entrainment simulator (PES) 1% diam.(2.54cnm)
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shaken under different shear stresses at 25 °C for 5, 15, 30, 60,
120, 240, 480, and 1,440 min. Then the solutions were cen-
trifuged at 3,500 rpm for 15 min and the supernatants were
collected.

A negative control experiment with no sediment was per-
formed which indicated that the adsorption loss of AN on the
glassware was negligible. Control experiments with no solute
were also carried out in order to avoid the interference of the
organic matter released from the sediment. Each experiment
was duplicated under the same conditions.

Analytical methods

A series of AN solution with known concentrations were pre-
pared, then absorbance of these solution were determined by
using a ultraviolet—visible spectrophotometer (DR5000,
Hach) at the wavelength of 230 nm (Hu et al. 2015) and
standard curve which showed the relationship between absor-
bance and concentration was obtained. The AN residual con-
centrations of sorption experiments were analyzed using ex-
ternal standard method.

Data analysis

All calculations of sorption coefficients were carried out ac-
cording to OECD guideline 106 (OECD 2000). The difference
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of'the initial and equilibrium concentration of AN in the liquid
phase was the sorption amount of the sediment. It was calcu-
lated according to Eq. (1).

(CO_Ce)'V

= 1)

0. =

Where Q. is the sorption amount of AN on bulk sediment
(in milligram per kilogram), C, and C, are the concentration of
AN initially and residually (in milligram per liter), V is the
volume of the solution (in milliliter), /¥ is the mass of bulk
sediment (in gram).

The amount of AN adsorbed on the suspended particle was
calculated by Eq. (2).

(CO?Ce)
Css

Os (2)

Where (O is the sorption amount of AN adsorbed on the
suspended particle (in milligram per gram), Cy and C,, are the
concentration of AN initially and residually (in milligram per
liter), Csg is the concentration of the suspended particulate
matter (in gram per liter).

The adsorption rate of AN at different sorption stages were
calculated via Egs. (3), (4), and (5).
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a. The average adsorption rate at the fast sorption stage

K= ()
It

Where Ky is the average adsorption rate at the fast sorption
stage (in milligram per kilogram minute), Qg is the amount of
AN adsorbed on bulk sediment at this stage (in milligram per
kilogram), #; is the duration time of this stage (in minute).

b. The average adsorption rate at slow sorption stage

(4)

Where K is the average adsorption rate at the slow sorp-
tion stage (in milligram per kilogram minute), O is the
amount of AN adsorbed on bulk sediment at the slow sorption
stage (in milligram per kilogram), f is the duration time of the
stage (in minute).

c. The average adsorption rate in each time period

_ 490

Where K., is the average adsorption rate during each time
period (in milligram per kilogram minute), AQ is the incremen-
tal adsorption amount during each time period (in milligram per
kilogram), At is the duration time of each period (in minute).

Results and discussion

The preliminary results showed that the sorption equilibrium
was reached under the shear stress level of 0.5 N/m? within
24 h, but not for the shear stress level of 0.2, 0.3, 0.4 N/m?>.
Thus, the adsorption parameters obtained under 0.2, 0.3,
0.4 N/m? stress level were defined as apparent values, and
those obtained under 0.5 N/m? were equilibrium values.

The correlation between shear stress and the amount of
adsorbed AN and sorption rate were discussed, as well as
the effects and interaction of shear stress and cosolute NB
on AN sorption behaviors.

Effect of shear stress on apparent partitioning coefficient

Figure 2 showed the sorption isotherms of AN in the presence
of NB under different shear stress levels. It was observed that
the experimental data fitted linear equation as follow by using
the regression analysis.

0, =K,C. (6)

Where Q. is the apparent sorption amount of AN (in mil-
ligram per kilogram), C, is the concentration of AN in solution

phase (milligram per liter), K, is the apparent partitioning
coefficient (in liter per kilogram).

Previous studies suggested that the organic carbon content
(foc) played a dominant role in the sediment-water partition
behavior of organic compounds, therefore the sediment—water
partition coefficients which were normalized to f;., were re-
ferred as K, value. It has been well accepted that the K. value
of the same organic compound on different sediments is con-
stant and has no correlation with the sediment types. Thus
early environmental chemists established empirical formulas
of K. and K, log K,.=a"log K,,,+b, where both a and b
were parameters, and mainly depended on the type of com-
pound. According to the empirical formula of K. and X,,,,, log
K,.=0.52log K,,,,+0.88 (Briggs 1981), the K. value of NB
is higher than that of AN, which means NB’s sorption capacity
is stronger on sediment than that of AN, which indicates that
the reduction of sorption capacity for AN was attributed to the
presence of high NB concentration (Conkle et al. 2010;
Jadhav and Srivastava 2013).

By normalizing the apparent K}, value to fo., the work ev-
idenced a series of apparent log K, value of AN under differ-
ent shear stress levels. Then the relationship between apparent
log K, values and shear stresses was established. The appar-
ent log K, value showed a significant positive correlation
with shear stress, and the fitting equations and correlation
coefficients were summarized in Table 2. The relation curve
between log K, and shear stress was shown in Fig. 3 which
showed that the apparent log K. value increased with the
increasing shear stress level linearly. It indicated that shear
stress could increase the apparent adsorption capacity of AN
on sediment which mainly attributed to the raise of the sedi-
ment resuspension flux.

Previously, Wang et al. (2010) showed that shear stress
played a significant role in promoting the sediment resuspen-
sion potential, the time-average value of sediment resuspen-
sion flux presented exponential increased with shear stress,
and the concentration of suspended particles in water phase
also increased. Therefore, the more possibility of collisions
between suspended particles and AN will happen.

To investigate the role of sediment resuspension flux on the
apparent sorption amount of AN, we calculated the amount of
AN which was adsorbed on suspended particle per unit mass
(Q,) by using Eq. (2). And the relation curve of C, and Qs was
shown in Fig. 4. Regression analysis showed that C, and Qg
had an obvious linear relation, and the correlation coefficient
was higher than 0.996. In contrast, O, which has an associa-
tion with the sediment particle size distribution under different
shear stress levels was negatively correlated with shear stress.
It may be attributed to the selective transport of fine particles
(Grundtner et al. 2014). Sediment particles in a smaller size
had a larger proportion rate than those in a bigger size in
overlying water under a low shear stress level. In addition,
fine sediment particles had a relatively large specific surface
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Fig. 2 Sorption isotherms of AN on sediment under varying shear stresses

area, so they accordingly had more space to accommodate
AN. In agreement to this conclusion, with the shear stress
increasing, the fraction of larger size suspended particles
was getting higher and their specific surface area was becom-
ing smaller. Therefore, O, under a lower shear stress level was
larger than that under a higher one.

Effect of shear stress on sorption rate

In the recent studies, the adsorption rates of AN were deter-
mined by testing the pseudo-first-order sorption kinetics mod-
el or pseudo-second-order sorption kinetics model. Pseudo-
first-order sorption kinetics model is shown below:

In(g.—q,) = Ing.—kt (7)

Table 2  Regression curve equations of the apparent K. value and
shear stress

Main Cosolute NB Fitted curve equations R?
solute (mg L™
AN 0 Log K,.=1.35637+1.616 0.991
50 Log K,.=1.41367+1.541 0.990
300 Log K,.=1.34247+1.498 0.937
600 Log K,.=1.27357+1.412 0.908
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Pseudo-second-order sorption kinetics model is:

q: k2 q% qe

Where ¢, is the sorption quantity at time # (in milligram per
kilogram), g, is the maximum adsorbed amount (in milligram
per gram), k; is the first-order rate constant (in per minute), &,
is the second-order rate constant (in kilogram per milligram
minute), ¢ is the adsorption time.
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Fig. 3 Relationship between apparent partition coefficient of AN and
shear stress
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Fig. 4 Variation of sorption amount of AN on suspended particle with C, under varying shear stresses with coexistence of NB

According to the first-order and second-order kinetics
models, the kinetics fitting curves under different shear
stress levels were shown in Fig. 5. It was clear that the
pseudo-second-order model fitted better than the
pseudo-first-order model for the adsorption kinetics of
AN. The maximum adsorbed amounts (g.) under varied
shear stress levels were obtained by Eq. (8), and then
compared with the experimental data. The relative errors
were between 0.27 and 1.91 %, which further proved
the better explanation of adsorption kinetics of AN with
the pseudo-second-order model.

Previous researches showed that the sorption kinetic
process of organic pollutants could be divided into two
stages (Fang et al. 2014 ). It was defined that the first
2 h was the fast sorption stage and the period from 2 to
24 h was the slow one according to the experiment
data. The average rates of the two stages were shown
in Table 3 which indicated the fast stage rates were 7.5—
9.5 times of the slow stage rates.

Comparing the average rates under shear stress level of 0.5
and 0.2 N/m?, both the fast sorption rates and slow sorption
rates grew with the increase of NB concentration (Fig. 6). It
indicated that the effect of shear stress on the average sorption
rate of the main solute AN became more marked along with

the cosolute NB concentration increasing. The probable ex-
planation was that shear stress enhanced the sediment resus-
pension flux, promoted the sorption process, and relatively
weakened the interference of cosolute to main solute at the
same time. Further studies should be conducted to address
this.

In order to analyze the response of sheer stress to sorption
rate under different period further, eight continuous time pe-
riods within 24 h were selected, and corresponding average
adsorption rates of each time periods were calculated by using
Eq. (5).

Figure 7 showed the average rate (K,) variation pro-
cesses of the eight time periods under different shear
stress levels in the presence of 0, 50, and 600 mg/L
NB. As shown in Fig. 7, only in the initial phase did
the shear stress have a significant effect on the average
rates. The average rate of the first 5 min had a positive
correlation with shear stress, whereas it had a negative
correlation with NB concentration under the same shear
stress level.

However, the average rates of the next seven periods
barely changed with hydrodynamic conditions. The rates
were almost insusceptible to shear stress and cosolute
NB concentration. A possible reason was that the
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Fig.5 Sorption kinetics of AN (200 mg L") on sediment: a, b, and ¢ are the regression results for pseudo-first-order sorption kinetics, d, e, and f are the
regression results for pseudo-first-order sorption kinetics

Table 3 The average sorption

rates of AN under varying shear NB (mg'L™) 7(N'm %)
stress
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
Ky (mg-kg ' -min ") K (mg-kg '-min™")
0 2.303 2.542 2.859 3.018 0.274 0.303 0.318 0.332
50 1.430 2.065 2.383 2.700 0.188 0.217 0.289 0.318
600 1.117 1.595 2.224 2.224 0.145 0.203 0.260 0.274
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Fig. 6 The ratios of average sorption rates of AN under 0.5 and
0.2 N m 2 for two sorption stages

solution system changed from stable status to disturbed
status in the initial sorption stage, and a sudden increase
of the suspended particle came into contact with solute
molecules which appeared to be obviously rising in the
sorption rate. Then the concentration of suspended par-
ticle tended to be equilibrium, and contact between
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NB=OmgL!
/

o

—O— 5-15min
—4A—15-30min
—7— 30-60min
<] 60-120min
—[>—120-240min
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0.6

0.7

solute and suspended particles began to stabilize, there-
fore the sorption rates remained the same.

Conclusion

In this study, the effects of shear stress levels and action time
on the sorption of AN was investigated. We reached the fol-
lowing conclusions:

1. Partition effect played a leading role in the sorption of AN
on sediment, and the linear model fitted well for AN sorp-
tion isotherm. The apparent sorption capacity of AN was
enhanced along with the increase of shear stress, and de-
creased with the increase of NB concentration.

2. Both the sorption amount of AN on suspended particulate
matter per unit mass and the effect of NB concentration on
Qs decreased with the increase of shear stress.

3. The adsorption process followed pseudo-second-order ki-
netics equation, and the process included two stages: fast
sorption stage and slow sorption stage, among which the
average sorption rate of fast stage was 7.5-9.5 times that
of'slow one. Shear stress affected the average sorption rate
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Fig. 7 The relationship between average sorption rates of continuous time periods and shear stresses
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of AN more significantly with the increase of NB concen-
tration. In addition, shear stress weakened the disturbance
of cosolute on main solute sorption process.

4. Both shear stress and cosolute concentration mainly influ-
enced the initial sorption stage. The average sorption rates
during fast stage were positively correlated with shear
stress, while were negatively correlated with cosolute
concentration. Whereas the average sorption rates of slow
stage were barely affected by shear stress and cosolute
concentration.
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