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Abstract

Manufactured in numerous factories, contained in various consumer products,
carbon nanotubes (CNTs) and sulfonamide antibiotics (SAs) may be released into the
environment in many pathways. The sorption behavior of CNTs on SAs may increase
the environmental and health risks when exposure to SAs-CNTs composite. In this
study, we investigated the mobility of SAs in sediment columns in presence/absence
of CNTs. Three kinds of SAs (sulfamethoxazole, sulfapyridine, and sulfadiazine) and
two kinds of CNTs (multi-walled carbon nanotubes, MWCNTs and single-walled
carbon nanotubes, SWCNTs) in sediments from Xiangjiang River were investigated
in this study. Results showed that the SAs were of high mobility in sediment columns.
However, CNTs with a concentration of 4.8 mg/g in sediment could dramatically
retain SAs, which might due to the limited transport of CNTs and their high
adsorption capacities of SAs. The percentage of SAs retention in sediment got higher
when CNTs existing in inflow, suggesting that a strong CNTs-associated SAs reaction
might occur in sediment. The findings in this study indicated that CNTs in the
sediment environment or river system can reduce the mobility of SAs, which should
be taken into account when evaluating the potential environmental risks of SAs and

CNTs.

Keywords:

Sulfonamide antibiotics, Carbon Nanotubes, Sediment, Mobility.

1. Introduction

Carbon Nanotubes (CNTs), which are tubular nanoparticles with nanoscale

diameters and micro-scale lengths, contain single layer cylindrical graphite sheet
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(single-walled carbon nanotubes, SWCNTSs) or multi-layers cylindrical graphite sheets
(multi-walled carbon nanotubes, MWCNTs)."" > CNTs are of great importance in
enhancing the sensitivity and electro catalytic activity of the corresponding sensor
devices.® Owing to their large specific surface area, small size, and layered structures,
CNTs have been proven to be superior adsorbents for removing many kinds of organic
and inorganic contaminants.*’ On account of these special properties, CNTs are
considered as one of the most promising materials, with the applications in many
fields, including electronics, pharmaceuticals and environmental science.® * With a
rapid commercialization, their increasing release is inevitable through manufacture
process, abrasion of materials containing CNTs, accidental release during transport,

and landfills and wastewater treatment. %'

Simultaneously, CNTs rapid equilibrium
rates and high adsorption capacity for environmental pollutants might enhance the
eco-toxicity of coexisting contaminants, which made CNTs an increasingly important

environmental contaminant.” '3

Therefore, a thorough understanding of the
environmental behavior of CNTs is essential to reasonably evaluate their potential
hazard in the environment.

Lots of findings indicated that CNTs could have an impact on the mobility and
fate of other contaminants. Hofmann and von der Kammer theoretically analyzed the
transport of hydrophobic organic contaminants (HOCs) in porous media by
carbonaceous engineered nanoparticles (ENPs), reporting that carbonaceous ENPs
may act as carriers for contaminants.'* Wang et al. studied the influence of CNTs on
transport of nano-TiO, in variable situations, finding that multi-walled carbon
nanotubes could facilitate the transport of nano-TiO; at pH 7 while it showed different

effects in different ionic strengths at pH 5."° Moreover, they also conducted

experiments to explore the mobility research in real soil system. Kasel et al. made a
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conclusion that the soils may act as a strong sink for MWCNTs which limited the
potential groundwater contamination.'? Lu et al. also found that soil texture rather
than soil organic matter (SOM) controlled the CNTs mobility through Pearson
correlation analyses.'® CNTs also influenced the transport of other contaminants. Li et
al. demonstrated that the CNTs with concentration of 5 mg/g could significantly retain
polycyclic aromatic hydrocarbon (PAHs) in soil."” Fang et al. showed that the effects
of MWCNTs on the mobility of phenanthrene in real soil was correlated to the
average soil particle diameters, soil sand contents and soil clay contents.'®

Sulfonamide antibiotics(SAs) are a kind of antibiotics which are widely used as
human and veterinary pharmaceuticals to promote infectious disease therapy and
growth."”  The pathways of SAs entering environmental system include
pharmaceutical manufacturing, livestock treatment and medical waste disposal.” !
However, SAs are not removable through the typical sewage treatment plants and can
bioaccumulate up the food chains.” ** Surface runoff and leaching were two
important transport pathways for the fate of SAs.>> These facts led to a detection of
SAs in aquatic environments around the world, including coastal wetlands, freshwater
streams and estuarine sediments.”***> SAs could induce antibiotic resistance, trigger
acute and chronic adverse effects, and enhance toxic effects to organisms while
simultaneously multiple exposure.”**® The protection of sediment and groundwater
quality from contamination of leached SAs is of great priority for public and
environmental health.”

In recent years, many researches have been done to investigate the adsorption
property of CNTs on SAs. It has been reported that the adsorption isotherms for SAs
on both MWCNTs and SWCNTs were nonlinear and could be described well with the

Freundlich isotherm model, meanwhile, the adsorption efficiency of SWCNTs was
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better than that of MWCNTs.*® The adsorption behavior of sulfamethoxazole, which
was a kind of SAs, on CNTs was controlled by CNTs properties, such as surface areas,
diameters, and functional groups.”’ Evidences have shown that both electrostatic
effect and hydrophobic interaction could affect the SAs adsorption on CNTs. With the
addition of cations/anions, both increasement and decreasement of SAs adsorption
could be observed, and the balance of which mostly depended on environmental
factors.”® Ji et al. also observed the effects of pH on the adsorption of SAs and
suggested that the adsorption behavior was much stronger for the protonated neutral
sulfonamide than the deprotonated anionic counterpart.” In general, CNTs showed
good adsorption coefficients for SAs, its adsorption coefficients were two orders of
magnitude higher than that of soil, sediment, and sludge. Therefore, CNTs may
dominate SAs behavior and its environmental risks, especially in polluted water and
solid waste during plant treatment.”' The suspended CNTs which had larger exposed
surface area may show more advantages in enhancing the mobility of the
nanoparticles due to the increasing possibility of exposure to organic contaminants
when compared to the aggregated CNTs.** Moreover, Tian et al. demonstrated that
fixed-bed columns packed with CNTs could be efficiently used to remove SAs from
water. A broad range of factors, such as CNTs incorporation method, solution pH, bed
depth, adsorbent dosage, adsorbate initial concentration, and flow rate, might also
have an impact on removal of SAs.*”’ These studies made a foundation of CNTs-SAs
transport research. However, no prior report on the transport of SAs in real sediment
environment in the absence/presence of CNTs was documented.

To better understand and assess the future risk, there is a need to study the effects
of CNTs on the transport and deposition of SAs in underground environment. In this

study, the repacked sediments in Xiangjiang River, central-south China were used to
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evaluate the SAs migration potential and the associated impact of CNTs-SAs in real
natural sediment system. Hence, the main objectives of this study were to investigate
the transport behavior of three typical SAs including sulfamethoxazole (SMX),
sulfapyridine (SPY), and sulfadiazine (SDZ) in different sediment columns, and to
explore how MWCNTs and SWCNTs in inflow affected the transport of SAs in
sediments. The current work might contribute to a further insight into the mechanisms
that drive the transport and fate of SAs associated with CNTs in sediment system.
Accordingly it may generate scientific and technological advances, as well as

economical benefits.

2. Materials and methods

2.1 Chemicals and reagents

SWCNTs (purity > 95%, length 5-30 pm, outer diameter 1-2 nm, and specific
surface area: 690 m*/g) and MWCNTs (purity > 95%, length 50 pm, outer diameter
8-15 nm, and specific surface area: 200 m%/g) were purchased as powders from
Chinese academy of sciences, Chengdu organic chemistry co., LTD and were used
without further purification.

Sulfamethoxazole (> 99%), sulfapyridine (> 99%), and sulfadiazine (> 99%)
were obtained from Aladdin Industrial Corporation (Shanghai, China). High
performance liquid chromatography (HPLC) grade methylene chloride and
acetonitrile were purchased from Tedia Company, Inc. (USA). Ultrapure water (18.25
MQ) was prepared by an ultrapure water machine, UPT-11-40 (ULUPURE, Chengdu,

China). All other chemicals used in the study were of or above analytical grade.

6
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2.2 Sediments collection and pretreatment

Xiangjiang River is the largest river in Hunan Province, China. It flows from the
south to north, eventually into the Dongting Lake, Yangtze River. Surface sediment
samples (top 0-15 cm) were collected from five sites in December 2014. All these
sites are located in Changsha reach of Xiangjiang River, Hunan province, China (Fig.
1). Three parallel sediment samples were collected from every site. Then the samples
were transported within four hours to the laboratory. Sediments were air dried,
cleaned up the leaves, mashed in the mortar and passed through a 0.9 mm sieve to use
as experimental material. Samples for sediment properties determination work were
stored at 25°C.

The pH value of sediment was measured with a digital pH meter (water:
sediments ratio of 1:1, v/v). SOM was determined following the procedures defined
by Nelson.” Cation-exchange capacity (CEC) was calculated according to
Hendershot and Liang.*®?” Zeta potential of sediment was measured using a Zetasizer
Nano Series Instrument (Malvern Instrument Ltd. UK). Particle size distribution
(sediment texture: clay, silt and sand) was determined using a hydrometer method.*®
All experiments were conducted in duplicate and the average values were obtained.
Measurements of parallel experiments did not show a difference larger than 5%. The
analytical physical and chemical properties of sediment are given in Table 1.

Sediment samples contained no detectable level of SAs.
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2.3 Adsorption of sulfonamide antibiotics on sediments and carbon nanotubes

The effect of contact time on the adsorption of SAs by sediments and CNTs were
studied by applying 50 mL lined capped glass bottles containing 20 mg sediments and
10 mg CNTs respectively, and 30 mL of 50 mg/L SAs. The glass bottles were in a
shaker at 150 rpm, 25 + 1°C. Samples were taken out from different bottles at
predetermined time intervals (from 6 min to 48 h), filtered with a 0.22 um membrane
and then determined.

The sorption isotherms experiments were conducted in 50 mL lined capped glass
bottles by mixing 20 mg sediments and 10 mg CNTs respectively with varying
concentrations (10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L) of SAs in a
shaker for 48 hours at 150 rpm, 25 + 1°C. The pH values of the solutions were 5.5 +

0.2, which were measured using a digital pH meter.

2.4 Column experiments

2.4.1 Column packing

A teflon column (20 cm long with an inner diameter of 24 mm), which had been
depolished in the innerwall to make it rough to avoid the preferential flow, was used
in this study. The column was equipped with a teflon inlet at the top and a teflon
outlet at the bottom. Each type of 288 mg CNTs was mixed separately with 60 g
air-dried sediments in a beaker. Then the CNTs-sediments mixture or air-dried
sediments alone was uniformly packed in the column with a height of 10 cm. Glass

wools were used as support at the bottom of column to prevent losses of sediments
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particles. Air-dried sediments alone in column was called Sediment. Sediments mixed

with MWCNTs or SWCNTs in column was called: MWCNTs-S or SWCNTSs-S.
2.4.2 Column leaching experiment

The column experiments were designed based on previous studies.'” ' % The
column setup consisted of a reservoir containing the inflow solution, a peristaltic
pump, a Teflon column containing the repacked sediments or CNTs-mixed sediments,
and a small glass collector. Column breakthrough experiments of SAs were performed
under saturated flow conditions. The columns were initially saturated with ultrapure
water. Ultrapure water was added from the bottom of the column and gradually
moved upwards through the entire column to remove any air pockets, and then the
saturated column was leached with 100 mL ultrapure water from the top. After
saturating process, the absorbance of outflow was less than 0.03 measured at 800 nm,
suggesting that soil colloid in the outflow was significantly reduced."®

All the experiments were conducted at 25°C. The initial concentration of SAs in
column leaching experiments was 50 mg/L while the CNTs in the inflow suspensions
were 0.33 mg/mL. Three different sets of column experiments were performed. The
first set of experiments aimed at understanding the mobility of SAs in natural
sediment and CNTs-contaminated sediment. SAs solution was pumped onto the top of
the columns. In the second set of experiments, the SAs-CNTs mixture which had been
mixed and shaken for three days and reached equilibrium was pumped onto the top of
the sediments columns. The third set of experiments was performed with SAs

solutions and CNTs powders which had not been mixed in advance. They were

9
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pumped onto the top of the sediments columns. The two sets (i.e the second and third
sets) of experiments were conducted to mimic the SAs-CNTs co-contaminants
leaching in sediment system at two different situations. Additionally, a saturated
sediments column leached with ultrapure water was used as the control. The
absorbance of control column outflow at 800 nm was also measured to monitor the
sediment colloid release. In all sets of experiments, the flow rate was fixed at 0.3
mL/min. A water head of 2 cm was maintained throughout the experiment. The
inflow was leached in the gravity flow. Pore volume was calculated based on volume
change after water saturation. The outflow was collected at a speed of every 0.33 pore
volume, and then filtered with a 0.22 um membrane for analysis. The pH values of the
outflows were 5.8 + 0.3. At the end of the experiment, columns were cut into slices at
1.0 cm thick. 4.0 g sediments in each slice were taken out, air-dried, and then ready

for extraction.

2.5 Analysis

All adsorption experiments and column leaching experiments were conducted in
triplicate and the average values were obtained. The analysis results were reliable
when repeat sample analysis error was below 5%, and the analytical precision for
replicate samples was within + 5%. Standard materials (> 99%) and method blank
were analyzed with each sample batch. UV spectrums of SAs solutions at every 12
hours indicated that the SAs concentrations were unchanged within 7 days. Thus the

degradation of SAs was negligible during the experiment period.

10
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Concentrations of SMX, SPY and SDZ in solutions were analyzed using a
UV-visible spectrophotometer (Shimadzu UV-2550) at 265 nm. The method detection
limit regarding SAs was 0.012 mg/L. The solid-phase sample extraction was
performed according to EPA method.* Concentrations of SMX, SPY and SDZ in
sediment were determined by HPLC (Agilent 1100, USA) equipped with an UV—vis
photodiode array detector. They were detected using a mobile phase containing
acetonitrile: water (isocratic: 20: 80, v/v; flow rate = 1.0 mL/min). The wavelength of
265 nm was used and the HPLC column temperature was 25°C. Retention times of
SMX, SPY and SDZ were 6.02min, 6.91min, and 6.00min respectively. The method
detection limit regarding SAs was 0.135 ug/g. Recovery of SAs from samples was 60

+ 10%, which was consistent with EPA method.*°

3. Results and discussion

3.1 84s adsorption onto sediments and CNTs
3.1.1 Adsorption kinetics

The effect of contact time on the adsorption of SAs by sediments and CNTs was
shown in Fig. 2. For sediments, the adsorption behaviors toward SAs were not
obvious. The adsorption rate increased slightly within 6 min and then equilibriums
were almost achieved. However, the equilibrium adsorbed values of SAs on CNTs
were much higher than on sediments. It was observed that a rather fast uptake of three

kinds of SAs occurs during 6 min followed by a slower stage as the adsorbed amount

11
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of SAs reaches its equilibrium value with the adsorbed SMX, SPY and SDZ reaching
50.54 mg/L, 33.89 mg/L and 30.14 mg/L respectively in MWCNTSs adsorption. The
adsorption processes of SWCNTs toward SMX and SDZ were very fast during the
first 3.2 hour followed by slight increase before the equilibriums were reached at
about 24 h. For SPY, the dramatically increased stage of adsorption rate extended to
6.4 hour and an apparent equilibrium was achieved at about 18 h. The strong
adsorption affinity between SAs and CNTs might be owing to large specific surface
areas of CNTs.

To illustrate the adsorption process and provide insights into possible reaction
mechanisms, the results were fitted using a pseudo-second-order kinetic model, which

can be expressed as:

L—L_FL (1)

g, ki g,
where k [g/(mg h)] is the second-order rate constant, ¢, (mg/g) and ¢. (mg/g)
represent adsorbed amount of adsorbate at any time ¢ (h) and at equilibrium,
respectively.
Table 2 lists the results of adsorption kinetics using the fittings of pseudo
second-order model. It shows that the linear relationships between #/g, and ¢ were with
very high correlation coefficients (R’), indicating the applicability of the pseudo

second-order model to describe the adsorption process.
3.1.2 Adsorption isotherms
Freundlich and Langmuir models were used to determine the proper isotherm for

12
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SAs adsorption on sediments and CNTs. The equations of the Freundlich and

Langmuir models can be expressed as:

Freundlich: 0,=K,C; 2)

) 0,K,C
Langmuir: ==m L c 3
g 0. 1+ K,C. (3)

Where Q. (mg/g) is the apparent solid-phase and and C, (mg/L) is the aqueous
phase equilibrium concentrations, K [(mg/kg)(mg/L)"] is the Freundlich affinity
coefficient, n (dimensionless) is the Freundlich linearity parameter, Q,, (mg/g) is the
maximum adsorption capacity, and K; (L/mg) is the Langmuir constant related to
adsorption energy.

The results were presented in Fig. 3 and Table 3. In general, the Freundlich
model was more suitable than the Langmuir isotherm for the adsorption of SAs on
sediments since the correlation coefficients (R?) were very low (< 0.75) and the
maximum adsorption capacities were illogically high in Langmuir fitting. These
results indicated that the adsorption of SAs on sediments were not pure monolayer
type, which were similar to the results of previous works in adsorption process of SAs
on soils, sediments and biochars.*! #!*#?

The MWCNTs adsorption isotherms fitted slightly better with the Freundlich
model than the Langmuir model, suggesting the SAs sorption on MWCNTs may be
controlled by the heterogeneous chemisorption. The Freundlich exponent n < 1.0
represented an advantageous adsorption condition, indicating a favorability of SAs

adsorption by MWCNTs. Both the Freundlich and the Langmuir models described the

SWCNTs adsorption isotherms very well, suggesting that some heterogeneity on the

13
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surfaces or pores of SWCNTs played an important role in SAs adsorption and
different sites with several adsorption energies were involved. These results were
consistent with the previous works on the adsorption process of SAs by different
kinds of CNTs.>® The general trend of Freundlich affinity coefficient (Ky) was SPY >
SDZ> SMX for both MWCNTs and SWCNTs. In experiments conducted with the
same adsorbate, the Ky values in different adsorbent followed the order: SWCNTs >
MWCNTs > Sediments, and the maximum adsorption capacities of SAs on SWCNTs
were three orders of magnitude higher than MWCNTs. Compared to MWCNTs,
SWCNTs had relatively higher specific surface area and thus had higher SAs sorption
capacity. Similar conclusion was also made by earlier researchers.”!

The log Ko (n-octanol-water partitioning coefficients) is a typical hydrophobic
parameter of organic chemicals. Compounds with a low K, values (less than 10) may
be considered to be relatively hydrophilic, therefore they have a property of high
solubility in water as well as low adsorption coefficient (K,) in soil and sediment.*”
In this case, log Ko of SMX, SPY, and SDZ were 0.9, 0.35 and -0.09 respectively,
indicating that they were hydrophilic polar organics.** Thus the adsorption capacities
of sediments on SAs were low. Colloid-associated transport might likely happen when
the sorption capacity of colloid for pollutants was larger than that of soil.”” As a result,
SWCNTs and MWCNTs could change the transport of SAs in sediment due to their

preferential sorption on SAs.
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3.2 Mobility of SAs in sediment columns

It was clearly shown in Fig. 4 that SAs were retained in every layer of the
column in low concentrations (about 0.01-0.03 mg/g, except for 0.09 mg/g SMX in
the top one layer) and concentrations slightly decreased with the depth of sediment
when sediments were the only filler of the column. It suggested that SAs could
transport vertically in sediment and were of high mobility. While the addition of both
types of CNTs led to increased retention of SAs in sediment, with most retained in top
three layers (3 cm). For example, only 2.4% of SPY was retained in sediment while
10.6%, 48.4% of SPY was retained in MWCNTs-S and SWCNTs-S, respectively. This
phenomenon might due to the superior adsorption behavior of CNTs on SAs as well

31,33,12,39
22 7% The results were also

as limited transport of both types of CNTs in sediment.
similar to the previous research.'” However, the retention of all SAs in MWCNTSs-S
were lower than that in SWCNTs-S, which might due to the stronger adsorption
affinity of SWCNTs (see Table 3). Besides, different retentions of SAs in SWCNTSs-S
were in the order of: SMX < SDZ < SPY, which followed the same trend of the
adsorption affinity coefficient of SWCNTs on them.

Breakthrough curves were also used to indicate the mobility of SAs (Fig. 5). The
breakthrough curves were expressed in term of C/Cy as a function of the number of
pore volumes passing through the column, where Cy is the concentration of inflow, C
is the concentration of outflow. Transport of SAs varied with columns. In sediment
columns, SPY and SDZ concentrations in passing through the first pore volume were
about 60% of inflow concentrations while it took more leaching time (passing through

15
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2.3 pore volumes and 1.6 pore volumes, respectively) to reach 60% of inflow
concentrations in MWCNTs-S columns. Eventually, it also took more leaching time
(passing through 5.0 pore volumes and 3.0 pore volumes, respectively) for SPY and
SDZ to reach the plateau value in MWCNTs-S columns than in sediment columns
(both passing through 2.0 pore volumes). The results could be reasonably interpreted
with the better adsorption property of MWCNTs than that of sediments on SPY and
SDZ.*> Whereas, as for SMX, it tended to increase rapidly and reached final plateau
values (C/Cy) of 93.8% and 89.5% in sediment and MWCNTs-S columns respectively.
These differences in the trends of curves might due to the different adsorption
properties of MWCNTs on different SAs. The adsorption affinity on SMX was lower
than that on SPY and SDZ, so the presence of MWCNTs in sediment did not
contribute obviously to the SMX retention. Nevertheless, the phenomenon was
extremely distinctive in the SWCNTs-S leaching experiments. SAs almost all retained
in the SWCNTs-S with no breakthrough detected. The solution concentrations were
2.2% (SMX), 4.6% (SPY) and 3.3% (SDZ) of inflow concentrations after passing
through 8.0 pore volumes, which may due to the relatively high adsorption capacity of
SWCNTs on SAs.

In this study, SAs demonstrated good mobility at a relatively high concentration
in sediment. The experiments imitated the situation in which SAs solutions flowed at
a low velocity in river and on the sediment surface. Reduction of streamflow caused
the accumulation of sediment.*® SAs might leach through the surface or subsurface

sediment environment. However, with the presence of CNTs, especially SWCNTs, in
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sediment, more SAs were retained. But in real sediment environment, such high
concentration of CNTs (4.8 mg/g) was not common except for those severe
contamination spots. Hence it needs some future studies conducting with lower
concentration of CNTs in sediment to determine whether it will still decrease the

mobility of SAs or not.

3.3 Transportation of SAs associated with CNTs through sediment columns

It can be seen in Fig. 6 that SAs were mostly retained in top three layers (3 cm)
when associated with CNTs. It suggested that SAs associated with CNTs could
transport vertically in sediment but CNTs limited the transport of SAs. Clogged
MWCNTs and SWCNTs were visible on the sediment surface and subsurface (top two
layers), and these CNTs might contribute to the retention of SAs. Zeta potentials of
CNTs and sediments were negative, thus the attachment between them was
unfavorable according to the classical Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory.'® Nonetheless, the surfaces of sediments grains were usually heterogeneous
with both negative and positive sites and the positive or less negative sites on them
would be favorable for CNTs deposition.””” '® In general, the retention of all SAs
increased compared to the corresponding experiments with CNTs-mix sediment. SAs
were retained more in the first layer when the mixture in inflow had not reached
equilibrium than that had reached equilibrium in advance. These phenomena might
result from the difference in reaction time between SAs and CNTs. Furthermore,

SWCNTs retained more SAs in sediment than MWCNTs did whether the mixture in
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inflow had reached equilibrium in advance or not. For instance, for SMX, average
retention masses in the first layer were as follows: MWCNTs-nonequilibrium (0.31
mg) < MWCNTs-equilibrium (0.54 mg) < SWCNTs-nonequilibrium (0.69 mg) <
SWCNTs-equilibrium (0.72 mg). These phenomena might be related to the
adsorption-desorption dynamic equilibrium, but further studies are still needed for
verification. As for the different adsorbates, retention capacities of SMX, SPY and
SDZ also followed the same order as the adsorption affinity of CNTs on them (SMX
<SDZ < SPY).

As shown in Fig. 7, with the absence of CNTs in the inflow, significant
breakthroughs of SAs were observed after solutions passing through only 1-2 pore
volumes. Besides, with MWCNTs added in the inflow, whether the mixture had
reached equilibrium in advance or not, the breakthrough curves were nearly coincided
with the previous one (i.e. no CNTs in the inflow), except for the
SMX-nonequilibrium breakthrough curve. It reached final concentration plateaus in a
lower concentration (75% of inflow). However, when SWCNTs was added in the
inflow (adsorption equilibrium of SAs to SWCNTs was reached in advance), the SAs
concentrations were gradually increased with the further increase of pore volumes
before it reached the final concentration plateaus. The SMX curve was the first one to
reach final concentration plateaus, followed by the SDZ curve. It was worth nothing
that the SPY curve finally reached the concentrations in 98% of inflow concentration
after passing through 22 pore volumes (data not shown). Nevertheless, when the

SAs-SWCNTs mixture had not reached adsorption equilibrium in advance, the
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breakthrough curves of SAs increased sharply before passing through 1 pore volume
and then slowly grew until reached the final concentration plateaus (about 95% of
inflow) after passing through 4-8 pore volumes. Breakthrough curve of SMX in
SAs-SWCNTs nonequilibrium experiments firstly reached the final concentration
plateaus, with subsequent SDZ and followed by SPY. The differences were also likely
on account of the differences in SWCNTs adsorption capacities and
adsorption-desorption dynamic equilibrium among three kinds of SAs. These results
indicated that CNTs in inflow could markedly limit SAs transport.

In the absence of CNTs, the transport of SAs in columns were impeded by the

sorption to sediments, indicated by the retardation factor, R:**

Py

R=1+
0

K, “)

Where p, (g/cm’®) and 6 (unitless) are the bulk density and porosity of the soil
column and K; (L/kg) is the distribution coefficient between the sediments and
solution. In the presence of CNTs, the retardation could also be referred to the
common equation used to describe facilitated transport of nonionic hydrophobic
organic compounds by DOM:*

P K
T ) &)
9 1 + KDOM CDOM

R=1+
Where Kpou (L/kg) is the partition coefficient of a compound to DOM (or CNTs
in this case) and Cpour (kg/L) is the concentration of DOM (or CNTs in this case).

The K, values and Kpoys values were calculated according to Fig. 8. The R values

calculated from the formula 4 and formula 5 were listed in Table 4. In the absence of
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CNTs, the R values of SMX, SPY, and SDZ were very close to 1 because of the low
adsorption capacities of sediments on SAs, and as a result, the sediment would have
little effect on SAs transport. Thus it was in line with expectation that SAs broke
through after only passing through 1-2 pore volumes in sediment columns. The R
values of SMX, SPY, and SDZ in the presence of MWCNTs were 127.19, 61.14, and
36.46, respectively while the R values of SMX, SPY, and SDZ with the presence of
SWCNTs were 86.83, 39.01, and 23.70, respectively. The R values showed that the
CNTs could absorb a part of SAs, leading to a retardation or nonoccurrence of the
breakthrough of SAs in sediment, which also theoretically proved the experiments
results. But the calculated R values of SAs were lower in the presence of SWCNTs
than with the presence of MWCNTSs, indicating an opposite result to the real
experiments. Therefore, the different effects between CNTs and DOM on SAs
breakthrough suggested that the CNTs could influence the transport of SAs in
different mechanisms from DOM. As a result, more studies are needed to further

understand the mechanisms of CNTs affecting the mobility of SAs.

4. Conclusion

The SAs are of high mobility in sediment due to the low adsorption capacity of
sediments to them. However, findings in this study indicated that CNTs could limit
the mobility of SAs in sediment and such an impact was affected by adsorption
affinity. With the presence of CNTs, especially SWCNTs in sediment, SAs had limited
mobility in the sediment column even at a high concentration in inflow. Moreover,

with an addition of CNTs in inflow, SAs showed low mobility due to the strong
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retardation effect induced by the adsorption of CNTs. This CNTs-associated effect
should be taken into account when evaluating the potential environmental risks of
SAs. Nevertheless, considering the different types of CNTs from different
manufacturers, the different sediment environments, and various bioavailability
processes in sediment, further studies on the transport mechanisms of CNTs and SAs
in sediment media are of great importance for better understanding the behavior and

fate of CNTs and SAs in the natural sediment environment.
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Figure captions

Fig. 1 Map of study area and sampling sites.

Fig. 2 Effect of contact time on the adsorption of SMX (a), SPY (b), and SDZ (c) by
sediments, MWCNTs and SWCNTs.

Fig. 3 Measured (dots), Freundlich and Langmuir model fitted (lines) sorption
isotherms of SMX (a), SPY (b), and SDZ (c) on sediments, MWCNTs and SWCNTs.
Fig. 4 Concentrations of SMX (a), SPY (b), and SDZ (c) in each layer of different
columns. ‘Sediment’ referred to column with only sediments, ‘MWCNTs-S’ and
‘SWCNTs-S’ referred to column with sediments mixed with MWCNTSs and SWCNTSs,
respectively.

Fig. 5 Breakthrough curves of SMX (a), SPY (b), and SDZ (c) in different columns.
‘Sediment’ referred to column with only sediments, ‘MWCNTs-S* and ‘SWCNTs-S’
referred to column with sediments mixed with MWCNTs and SWCNTs, respectively.
Fig. 6 Concentrations of SMX (a), SPY (b), and SDZ (c) in each layer of columns
with different inflows. ‘MW CNTs-equilibrium’ referred to inflow with MWCNTs and
SAs that had reached equilibrium in advance, ‘MW CNTs-nonequilibrium’ referred to
inflow with MWCNTs and SAs that had not reached -equilibrium,
‘SWCNTs-equilibrium’ referred to inflow with SWCNTSs and SAs that had reached
equilibrium in advance, and ‘SWCNTs-nonequilibrium’ referred to inflow with
SWCNTs and SAs that had not reached equilibrium.

Fig. 7 Breakthrough curves of SMX (a), SPY (b), and SDZ (c) with different inflows.

‘SMX only’, ‘SPY only’ and ‘SDZ only’ referred to inflow with only SMX, SPY and
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SDZ, respectively. ‘MWCNTs-equilibrium’ referred to inflow with MWCNTSs and
SAs that had reached equilibrium in advance, ‘MWCNTs-nonequilibrium’ referred to
inflow with MWCNTs and SAs that had not reached -equilibrium,
‘SWCNTs-equilibrium’ referred to inflow with SWCNTSs and SAs that had reached
equilibrium in advance, and ‘SWCNTs-nonequilibrium’ referred to inflow with
SWCNTs and SAs that had not reached equilibrium.

Fig. 8 Sorption isotherms of SMX (a), SPY (b) and SDZ (c) to sediments, MWCNTs,

and SWCNTs.
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Fig. 1 Map of study area and sampling sites.

Sample Site Geographic Position

S1

112°56'40.6"E, 28°08'38.8""N

S2

112°57'00.1"E, 28°10'02.1”"N

S3

112°56'56.3"E, 28°10'56.7""N

S4

112°57'10.6"E, 28°13'01.7"N

S5

112°57'29.1"E, 28°13'34.0"”"N

Kilometers
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Fig. 2 Effect of contact time on the adsorption of SMX (a), SPY (b), and SDZ (c) by

RSC Advances

sediments, MWCNTs and SWCNTs.
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Fig. 3 Measured (dots), Freundlich and Langmuir model fitted (lines) sorption

isotherms of SMX (a), SPY (b), and SDZ (¢) on sediments, MWCNTs and SWCNTs.
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Fig. 4 Concentrations of SMX (a), SPY (b), and SDZ (c) in each layer of different
columns. ‘Sediment’ referred to column with only sediments, ‘MWCNTs-S’ and

‘SWCNTSs-S’ referred to column with sediments mixed with MWCNTSs and SWCNTs,

respectively.
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Fig. 5 Breakthrough curves of SMX (a), SPY (b), and SDZ (c) in different columns.
‘Sediment’ referred to column with only sediments, ‘MWCNTs-S* and ‘SWCNTs-S’

referred to column with sediments mixed with MWCNTSs and SWCNTs, respectively.
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Fig. 6 Concentrations of SMX (a), SPY (b), and SDZ (c) in each layer of columns
with different inflows. ‘MW CNTs-equilibrium’ referred to inflow with MWCNTs and
SAs that had reached equilibrium in advance, ‘MWCNTs-nonequilibrium’ referred to
inflow with MWOCNTs and SAs that had not reached equilibrium,
‘SWCNTs-equilibrium’ referred to inflow with SWCNTSs and SAs that had reached
equilibrium in advance, and ‘SWCNTs-nonequilibrium’ referred to inflow with

SWCNTs and SAs that had not reached equilibrium.
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Fig. 7 Breakthrough curves of SMX (a), SPY (b), and SDZ (c) with different inflows.
‘SMX only’, ‘SPY only’ and ‘SDZ only’ referred to inflow with only SMX, SPY and
SDZ, respectively. ‘MWCNTs-equilibrium’ referred to inflow with MWCNTSs and
SAs that had reached equilibrium in advance, ‘MW CNTs-nonequilibrium’ referred to
inflow with MWOCNTs and SAs that had not reached equilibrium,
‘SWCNTs-equilibrium’ referred to inflow with SWCNTs and SAs that had reached
equilibrium in advance, and ‘SWCNTs-nonequilibrium’ referred to inflow with

SWCNTs and SAs that had not reached equilibrium.
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Fig. 8 Sorption isotherms of SMX (a), SPY (b) and SDZ (c) to sediments, MWCNTs,

and SWCNTs.
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Table 1 Physical and chemical properties of the sediments.

0 CEC SOM  Zeta potential Texture%
PR (cmolkg) (%) (mv) (VIv)
Clay Silt Sand
7.29 386.7 1.9 -14.6 (<2pum) (2-50 um)  (50-900 pm)

11.2 20.0 68.8
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Table 2 Kinetic parameters for SAs adsorption by sediments, MWCNTs and

SWCNTs, modeled by a pseudo second-order equation.

Adsorbate Adsorbent k (e.measured Qe calculated R’
Sediments 2.500 6.548 6.489 0.9994
SMX MWCNTs 0.2915 50.54 49.50 0.9997
SWCNTs 0.005535 99.79 103.1 0.9923
Sediments 0.6889 2.792 2.827 0.9959
SPY MWCNTs 0.03292 33.89 34.25 0.9960
SWCNTs 0.009516 134.5 136.9 0.9995
Sediments 1.079 2.117 2.143 0.9973
SDZ MWCNTs 0.05861 30.14 30.96 0.9972

SWCNTs 0.004443 127.3 131.5 0.9946
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Table 3 Freundlich and Langmuir equation parameters for SAs adsorption by

sediments, MWCNTs and SWCNTs.

Freundlich Langmuir
Adsorbate Adsorbent
K¢ n R? Ko Onm R?
. 5.830 4.172 % 1.609 x
Sediments X 107 1.782  0.9668 107 10* 0.7188
1.116 x
SMX MWCNTs 2.092 0.7299 0.9845 102 136.5 0.9811
SWCNTs 2972  1.000 1 14625 2.039 1
10 10
. 2.204 1.962 x 1.487 x
Sediments « 10% 2.400 0.9383 106 10° 0.6193
SPY MWCNTs 2.974 0.5806 0.9917 372.1 50.43 0.9794
SWCNTs  3.578  1.001 | 2055 1469 x 1
10 10
. 1.877 3.353 x 7.238 x
Sediments 10 2.300 0.9447 1076 10° 0.7435
2.081 x
SDZ MWCNTs 2.261 0.7649 0.98943 102 72.43 0.9783

6.299 x 4.768 x

SWCNTs  2.998 0.9999 1 1075 10°
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Table 4 The distribution coefficient (K,), the partition coefficient to DOM (or CNTs

in this case) (Kpow), and the retardation factor (R) for SMX, SPY and SDZ.

Adsorbate SMX SPY SDZ

K4 (L/kg) 85.44 37.97 22.69
MWCNTs Kpom (L/kg) 1062.57 788.40 839.43
SWCNTs Kpowm (L/kg) 2972.83 2993.27 2996.81

R 1.17 1.08 1.05
MWCNTs R’ 127.19 61.14 36.46
SWCNTs R’ 86.83 39.01 23.70

Calculated using p,= 1.11 (g/em®), = 0.55 and Cpoy = 0.33 x 107 (kg/L).



