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Keywords: In this study, pragmatic prospection of multi-walled carbon nanotubes (MWCNTs) is conducted considering their
Natural organic matter impacts on Cd transformation, microbial activity and natural organic matter (NOM) in sediments. Indeed, dose-
Multi-walled carbon nanotubes dependent of MWCNTs acceleration in Cd sedimentation and immobilization in water-sediment interface has
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been found. Unexpectedly, even with the reduced Cd bioavailability, high ratios of MWCNTSs incorporation led to
exacerbated microbial inactivation. Besides, we noted that MWCNTs significantly lowered NOM contents in
sediments. Chemical characterization results also demonstrated that high ratios of MWCNTs incorporation re-
duced the aromaticity, hydrophobicity and humification of fulvic acid (FA) and humic acid (HA) in sediments.
The Cd binding results confirmed that quantity and chemical variation of NOM affected their central ability to
Cd binding, referring to significant decrease in combined Cd contents. The findings indicated that reduction in
humic substances and chemical structure variation might be the important reason attributed to the MWCNTs
toxicity. This study provides novel mechanisms understanding the fate of carbon nanotubes considering the
balance in environmental benefit and potential risks.

1. Introduction increased [1-4]. Annual global production of CNTs has reached several
thousand metrictons. According to a market research report, production
The production and use of carbon nanotubes (CNTs) have rapidly capacity of CNTs products was about 4065 tons in 2010 and 12,300 tons
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in 2015 [5]. The increasing production and application of CNTs will
inevitably lead to their accumulation in environment. Environmental
modeling predicts that soils and sediments tend to be the primary sites
for inorganic metals, metalloids and organic chemicals, and also for
engineered nanomaterials (ENMs) [6-8]. Once accumulated in soils/
sediments, CNTs might interact with chemical contaminants, microbes,
minerals and organic matter [9]. Actually, considerable attention has
been focused on their interactions between pollutants co-existed in
environment. Recently, Sun et al. [10] reported that CNTs amendment
increased Cd adsorption capacity at CNTs/sediments ratios ranging
from 1.25% to 10%. In our previous study [11], we also found that
MWCNTs (0.5%-1.5%) could distinctly decrease the aqueous con-
centrations of phenanthrene and Cd released from the sediments. In-
deed, CNTs could affect the pollutants transformation in environment.

Thus far, widely varying impacts (both positive and negative) of
CNTs have been reported, possibly owing to their environmental ap-
plication of CNTs as adsorbents or membranes [12,13] and also their
inherent cytotoxicity and antimicrobial activity [14]. CNTs applied and
enriched in environment affected bioavailability and toxicity of con-
taminants in various pathways [2,12]. For example, Yu and Wang [15]
found that raw CNTs significantly reduced Zn and Cd uptake rate,
possibly due to their effects on the physiological activity of Daphnia
magna. Meanwhile, microbial inactivation is an important theoretical
pre-testing indicator of environmental impact [14]. Studies suggested
that both MWCNTs and SWCNTs could lower microbial activity and
microbial biomass. Thus, even taking advantages of environmental
benefit in promoted contaminants transport, pragmatic prospection and
cautious consideration of CNTs are considerable since their intrinsic
toxicity and ecological threats.

Actually, impact of CNTs is a complex function of nanomaterial
physicochemical property, transport behavior and environment chem-
istry. Recently, Tong et al. [16] reported that SWCNTs were toxic to soil
bacteria, caused minor shifts in microbial community and brought
about negatively effects on metabolic function. They also hypothesized
that natural organic matter (NOM) tended to be a primary factor as-
cribed to microbial toxicity, since the retention of chemicals by soil
organic matter. Accordingly, NOM is ubiquitous in the environment and
is composed of a complex mixture of polyelectrolytic and organic mo-
lecules that varied spatially and temporally in molecular composition,
acidity and charge density [17,18]. It has been well known that NOM
could interact with chemical contaminants (such as metals and organic
pollutants) and surfaces of ENMs. Generally, NOM can increase the
stability of ENMs by surface attaching donating with electrostatic re-
pulsion [19,20], and destabilize through charge neutralization, brid-
ging [21], and pearls-on-a-string formation [22]. Such interactions
might affect the fate of ENMs in realistic conditions. For example,
humic acids (HA) lowered the LCsq of nTiO, to zebrafish from 290 mg/L
to 156 mg/L via increasing the TiO, NPs suspension stability [23].
According to Zhang et al. [24], the presence of HA alleviated the na-
notoxicity of MWCNTSs to alga because of the depressed oxidative stress
and the inhibited cell penetration and internalization. Hyung et al. [25]
also reported an enhanced stabilizing propensity of MWCNTs in the
presence of aromatic fractions of NOM in the aqueous phases.

Given the potential for metal immobilization and inherent interac-
tions between CNTs and NOM, there is a need to understand interac-
tions among CNTs, metals and NOM. Yet scarce study focused on the
fate of CNTs systematic considering the interactions among MWCNTSs,
chemical contaminants and NOM ubiquitous in natural environment.
Thus, the present study aims to facilitate a better understanding of the
fate of CNTs in natural environment. Cd is selected as representative
contaminant because of their large-scale contamination and serious
toxicity [8]. MWCNTs are chosen due to their large application [2].
Meanwhile, wide range of MWCNTSs ratios were incorporated in order
to discuss the balance in environmental benefit and ecological risk of
MWCNTs. The primary goals were to: (1) evaluate the potential roles of
MWCNTs in Cd transport and passivation in water-sediment interface,
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(2) investigate the fate of MWCNTs by full considering the co-existing
metals and NOM, and (3) explore the mechanisms of ecological risk of
MWCNTs.

2. Materials and methods
2.1. Materials

Sediments were collected from the 5-15 cm layer from Xiangjiang
River in Changsha, China. After air drying, sediment samples were
grinded and sieved prior to the experiments. Chemicals used were
analytical  reagents of  high  purity. Ultrapure  water
(resistivity > 18.2 MQ cm) was used for the experiments. The sediment
had a neutral pH (6.65) and an organic carbon content of 23.81 g/kg.
MWCNTs were purchased from Chinese academy of sciences, Chengdu
organic chemistry Co., Ltd. Accordingly, MWCNTs (TNMS3, arraying
with 10-20 nm diameter and 10-30 um length) were synthesized by
CVD method via natural gas catalytic decomposition over Ni-based
catalyst and pretreated with HNO3. The sample purity is > 98% and ash
(catalyst residue) < 1.5%. MWCNTSs were characterized by transmis-
sion electron microscopy (TEM, FEI Tecnai G2 F20), nitrogen ad-
sorption—-desorption Brunauer, Emmett, and Teller (BET) measurements
and X-ray photoelectron spectra (XPS) (Thermo ESCALAB 250XI,
Thermo Scientific, USA). Point of zero charge (PZC) were estimated by
determining the zeta potential according to the standard drift test
method [26,27].

2.2. Experiment setup

Considering the possible roles of MWCNTs in environmental appli-
cation, relatively high ratios of MWCNTSs were considered in this study.
The collected sediments were mixed with certain amounts of MWCNTs
to prepared MWCNTs-sediment mixture at certain mass proportions of
0% (B), 0.1% (C), 1% (D), 2.5% (E) and 5% (F). Blank control was set as
ultrapure water-sediment mixture (A). The prepared
MWCNTs-sediment mixture was vibrated at 30 rpm for 72h. 50 g of
MWCNTs-sediment mixture was settled to a serum bottle, and then
500 mL Cd-containing solution (50 mg/L, pH 6.0) was added gently.
Considering the reality of possible high levels of Cd in sediments along
Xiangjiang river, relatively high Cd concentration was used in our
study. The samples were stewing for 10, 30, 60 and 90 days, respec-
tively. Each sample was performed at least in triplicate and results were
presented as the average and standard deviation of the replicates.
MWCNTs were collected via ultrasonic, suspension and separation
procedures for several times to separate from sediments at day 90, due
to the lightweight and surface hydrophobicity of MWCNTs. The col-
lected MWCNTs were characterized by TEM and XPS. In order to in-
vestigate the potential adsorption ability of NOM by MWCNTs, the
adsorption experiments were conducted with the extracted FA/HA
fractions (TOC, 50 mg/L) at the presence of 1 g/L MWCNTs at neutral
pH according to Hyung and Kim [28].

2.3. Cd analysis

The supernatant in the prepared samples was filtered through
0.45 pym membrane for the Cd testing in order to investigate Cd sink in
the experimental systems. Metal speciation (classified as exchangeable
fraction (F1), reducible fraction (F2), oxidizable fraction (F3) and re-
sidual fraction (F4)) was detected by modified BCR procedure [29].
Briefly, 0.50 g of the dry samples was sequentially extracted by four
steps (Supporting information (SI), Table S1). Each of the extracted
solutions was filtered (0.45 pm membrane) and diluted for Cd analysis.
Cd risk assessment and bioavailability was evaluated using the toxicity
characteristic leaching procedure (TCLP) according to Wan et al. [29].
Cd concentration was determined by atomic absorption spectro-
photometer (AAS, Agilent 3510, USA).
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Fig. 1. TEM images of pristine MWCNTs at day 0 (a); TEM images of MWCNTs-sediment mixture after 90 days of incubation (b, ¢). Nitrogen adsorption—desorption
isotherms and pore size distributions (insets) of MWCNTs (d); XPS survey spectra (e), high-resolution spectra for Cls (f) and O1s (g) MWCNTs at day 0 and 90.

2.4. Humic substances extraction and fractionation

The humic components were extracted according to methods re-
commended by the international humic substances society (IHSS) [30]
with minor modifications. 2.0 g sediment was pretreated with 1.0 M
HCI (pH 1.0-2.0) for three times. The pH of treated sediment was then
adjusted to 7.0. For humic substance extraction, 15mL of NaOH/
NayP,0, mixture (1.0 M, pH 13.0) was added and shake for 1 h at 70 °C,
and then collected by centrifugation and filtration. The extraction
procedure was repeated for four times. The extract was collected and
diluted to 100 mL to obtain the HS contents. The extraction efficiency
for HS was above 95% in all samples. For HA and FA extraction, 25 mL
of HS solution was employed and treated with 1.0 M H,SO, to adjust
the pH to 1.0, preserved at 60 °C for 1 h, and then rest over night for the

complete precipitation of HA. Separation of HA and FA was further
conducted via centrifugation (5000 rpm, 15min) and filtration re-
peated for three times. Total organic carbon of humic substances (HS,
HA and FA) were analyzed via TOC analyzer. Besides, the extracts of HS
and FA was further digested by HNO; solution (1:1, v/v) via the mi-
crowave digestion instrument to investigate the HS/FA combined Cd by
AAS.

2.5. Chemical structure analysis of humic substances

The pre-filtered HA and FA samples at day 10 and 60 were diluted
to a TOC level of approximately at 15 * 0.5mg/L using ultrapure
water. A fluorescence spectrometer (F7000, Hitachi, Japan) was em-
ployed to obtain the three-dimensional excitation-emission matrix
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(3DEEM) spectra of the HA and FA. The samples were scanned over
excitation wavelengths between 220 and 400 nm (5 nm bandwidth) and
emission wavelengths between 250 and 600 nm (5 nm bandwidth). An
EEM of the ultrapure water was obtained and subtracted from the EEM
of each sample in order to remove most of the Raman scatter peaks. FA
fraction was further freeze dried and collected for Fourier transform
infrared spectrophotometer (FTIR) analysis (Nicolet, Nexus-670).
Meanwhile, we also measured the UV-vis spectra and specific UV ab-
sorbance (SUVA) at the TOC value of 15 = 0.5mg/L.

2.6. Statistical analysis

The results were presented as the means and the standard deviations
of three replicates. The differences between the means were analyzed
by one-way analysis of variance (ANOVA) and differences at p < 0.05
were considered as significant. To compare the response of microbial
activity of the tested sediments, a dimensionless parameter, enzyme
activity change response (ACR), was introduced.

ACR = (Asample - Acontrol)/Acontrol

Acontrol and Agymple denoted enzyme activity of control and Cd/
MWCNTs amended sediments, respectively. ACR depicted the relative
toxicity level of the chemical incorporation to enzyme activity in se-
diments.

3. Results and discussion
3.1. Characterization of MWCNTs and sediments

The initial HS content in Xiangjiang riverine sediment was
6761.25 mg/kg (SI, Fig. S1). Considering the possible effect of MWCNTs
on HS extraction, HS contents in sediments with 1% and 2.5% MWCNTSs
were detected and calculated at the value of 6831.12 and 6717.75 mg/
kg, respectively. Results demonstrated that no significant (p > 0.05)
difference was observed, suggesting that the adopted method was
available for complete HS extraction.

PZC of MWCNTs was measure at 6.4 (SI, Fig. S2), which is around
the solution pH 6.0), suggesting the weak electrostatic interaction be-
tween Cd and MWCNTs. Fig. 1 shows the representative TEM images of
pristine MWCNTs (a) and TEM images of sediment after incubated with
MWCNTs for 90 days (b, c). The MWCNTs had smooth surfaces and
cylindrical shapes with 10-20 nm outer diameter. The specific surface
area of the MWCNTSs was 211.428 m?/g and the main pore inner dia-
meter was 3.03 nm according to N, adsorption—desorption isotherms.
The relatively high surface area was beneficial to metal adsorption.

a
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MWCNTs were uniformly dispersed and interspersed with sediments.
From Fig. 1(b, ¢), no significant aggregation and variation was found
for MWCNTs after 90 days of incubation. XPS data provide information
on the graphitic order of the CNTs and the chemical nature of the
functional groups through analysis of the Cls and Ols XP spectra. As
shown in Fig. le, the Cls core level peak position of the carbon atoms
was approximately at 283.5 eV with no significant variation. The pris-
tine MWCNTs at day O showed traces of nitrogen (1.12%) and oxygen
(3.06%), and no Cd was found (< 0.01%). The peak position for oxygen
was centered at 531.79 eV and 532.89 eV in MWCNTs at day O and day
90, respectively. The apparent binding energy of the main peak differed
slightly between two samples. At day 90, the content of C and N was
decreased to the percent of 91.7% and 0.94%, respectively, while the O
content increased to 6.29%.

To highlight the change in the distribution of C and O species, Cls
and Ols XP spectra has been analyzed. According to the difference
spectra analysis method, four components were present in the Cls
spectrum. The following bonds were assigned: sp> C=C (C1, 284.67
and 284.59 eV), sp®> C—C (C2, 285.10 and 284.99 eV), C—O (C3, 286.1
and 285.88 eV) and (C4, 290.61 and 289.96 eV) [31]. Results demon-
strated that MWCNTs were relatively stable, which were consistent
with previous studies that CNTs were some of the most refractory
synthetic nanomaterials [32]. For O1s analysis, the bonds assigned C=
O (01, 531.01 and 530.68 eV), O=C—0 (02, 532.18 and 532.20 eV)
and C—OH (03, 533.24 and 533.90 eV). Commonly, a slight change in
binding energy < 0.35eV is considered insignificant based on the en-
ergy resolution of the XPS instrument used. As shown in Fig. 1g, sig-
nificant chemical shifts and peak values variation were observed in
C—OH and —O—C=O0, possible reason might be the interactions be-
tween MWCNTs and organic matters in sediments. Numerous studies
have confirmed that the hydrophobic parts and aromatic monomers of
NOM, including carboxyl, carbonyl, hydroxyl and phenolic groups, had
strong affinity to CNTs through hydrophobic and m-m interactions
[17,33]. In our study, we investigated that the adsorption capacity of
FA and HA was 6.96 mg/g and 10.21 mg/g of the tested MWCNTs, re-
spectively. Thus, potential adsorption of NOM might contribute to the
variations of C—OH and —O—C=0 of MWCNTSs. However, studies were
conducted in aquatic environment, detail research will be given to
address the underlying interactions between MWCNTs and NOM.

3.2. Effect of MWCNTs on Cd immobilization and bioavailability
Residual Cd concentrations in the aqueous supernatant are shown in
Fig. 2. Results showed the rapid sink of aqueous Cd to sediment. Almost

80% of Cd sedimentation occurred in natural sediment at day 10, while
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Fig. 2. Dynamic Cd sink and TCLP extracted Cd contents variation in the Cd and MWCNTs incorporation sediments during 90 days of incubation. Different letters

indicate significant differences (p < 0.05).
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higher than 85% deposited in sediment with MWCNTSs incorporation.
At day 60, residual Cd concentrations were all below 0.1 mg/L in all
tested samples. The potential sink of the heavy metals corresponded to
the strong affinity of sediment, usually dominated by particle adsorp-
tion and complexation to various compartments in natural sediment
[34]. MWCNTs incorporation promoted Cd sedimentation, mainly due
to the binding affinity of MWCNTs [33].

Commonly, metals accumulated in sediment are bound as diverse
forms, such as occluded in amorphous materials, adsorbed on clay
surfaces, complexed with natural organic matter, immobilized in lattice
of primary minerals and secondary minerals [34,35]. Of the tested four
fractions, exchangeable fraction (F1) and reducible fraction (F2) were
presented at the highest concentrations (SI, Fig. S3). Elevated levels of
oxidizable fraction (F3) and residual fraction (F4) occurred on account
of the adsorption and immobilization ability of sediments. Apparently,
high levels of MWCNTSs promoted Cd transformation in sediments. For
example, the decrease of F1 contents from 263.62 mg/kg to 190.96 mg/
kg was observed in samples with 5.0% MWCNTs from day 10 to day 90,
while the F1 contents varied gradually from 239.68mg/kg to
203.68 mg/kg in samples without MWCNTs (SI, Table S2). Results de-
monstrated that MWCNTs promoted Cd immobilization in riverine se-
diments. Moreover, high ratios of MWCNTs were more benefit to Cd
sedimentation and immobilization.

Generally, the TCLP-extractable metal is called the bio-accessible
pool. The TCLP extracted Cd contents in all the samples exceeded the
USEPA hazardous waste criteria of 5 mg/kg, ranging from 170.08 mg/
kg to 332.64 mg/kg (Fig. 2). The highest bio-accessible Cd concentra-
tion was found at samples without MWCNTs. Significant depletion in
TCLP Cd contents was obtained in sediment with MWCNTs. At day 90,
TCLP extracted Cd concentration was 329.2, 305.9, 223.2, 192.6 and
175.8 mg/kg in MWCNTs-incorporated sediment with the ratios at 0%,
0.1%, 1%, 2.5% and 5%, respectively. The results demonstrated that
MWCNTs accelerated Cd sedimentation and lowered Cd bioavailability.
Benefiting from the admirable binding ability to metals and metalloids,
metal adsorption by MWCNTs is an important fate controlling metal
bioavailability in aquatic environment.

3.3. Effect of Cd and MWCNTs on microbial activity

The assessment of sediment enzyme activities could serve as in-
dicator regarding variations in metal bioavailability, organic matter
and nutrient cycling in sediments. Accordingly, toxic chemical exposure
commonly decreases microbial biomass/activity, affects key microbial
process and even changes the functional diversity of microbial com-
munities [36,37]. Data in Fig. S4 demonstrated the urease and catalase
variation for up to 90 days. Microbial activity was strongly influenced
by the Cd and MWCNTSs. Reduction in enzyme activity exposed to toxic
Cd was observed. Initially, lower ratios of MWCNTs incorporation re-
mitted the sharp reduction in urease and catalase activities. However,
after 60 days of incubation, even more remarkable inhibition occurred
with the MWCNTSs co-incorporation, especially in the groups with high
ratios of MWCNTSs. Possible reason might be the intrinsic toxicity of
MWCNTs to microbes, which agreed with previous studies suggesting
that carbon nanomaterials induced some level of toxic response, such as
growth inhibition and antimicrobial activity [38].

Indeed, MWCNTs promoted Cd sedimentation in a concentration-
dependent fashion on account of the Cd adsorption ability of MWCNTs.
However, we noted that MWCNTSs inhibited the urease activities with
the activity change response (ACR) below 1.0 in the all tested samples
(Fig. 3a), and also lower than samples without Cd. At day 10, the ACR
was calculated at the value of 0.795 and 0.833 in the sample with 2.5%
MWCNTs incorporation with and without Cd, respectively. Moreover,
ACR was observed ranging from 0.971 to 0.833 exposed to 0.1% and
2.5% MWCNTSs without Cd respectively, declaring the inherent toxicity
of MWCNTs. Results were coordinated with previous study which re-
ported that acute toxicity aggravated factually with the addition of
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nanomaterials, although metal bioaccumulation and bioavailability
decreased [39,40]. Wang et al. [41] reported that CNTs and metals
transiently affected microbial communities, and co-existence of CNTs
and metals intensified the microbial toxicity. Possible reason might be
that the destruction of cell walls by CNTs brought about the accessible
microbial bioaccumulation of heavy metals [42-44]. In conclusion,
results demonstrated that even with the positive role of alleviation of
Cd bioavailability via acceleration of Cd transformation, severe toxicity
occurred with coexisting of Cd and MWCNTSs.

3.4. Effect of Cd and MWCNTs on humic substances quantity

Laboratory and field studies have reported that humus is one of
most important NOM sources in soils and sediments [45,46]. In our
study, we noted that a gradual decrease in HS and HA carbon occurred
from day 10 to day 90 (Fig. 4), while no significant variation occurred
in FA. In comparison with Cd contaminated samples, MWCNTs addition
largely reduced the extractable HS and HA carbon. For example, HS
carbon was highest in control (6320.83 mg/kg) followed by Cd
amended sample (6182.92 mg/kg), and then followed by a large de-
crease in Cd and MWCNTs co-amended samples, such as sample with
0.1% MWCNTs (5955.83 mg/kg) and 2.5% MWCNTs (4748.52 mg/kg)
at day 30. Particularly, a significant MWCNTSs based dose-dependent
decrease in HS contents was observed during the whole 90 days. Sig-
nificant HA reduction occurred during the initial 30 days compared to
controls without Cd sink (p < 0.01). Peak values of FA contents in
control sediment reached 4289.33 mg/kg at day 30, and then a gradual
decrease occurred. HA contents were quite lower than FA contents in
the tested sediments. Unlike HA, no obvious difference was found in FA
with low ratios of MWCNTs (< 2.5%).

The wide range of the HS indicated the distinct impact of MWCNTSs
on humic substances in sediments. Accordingly, humus is the product of
a series of biological activity. Humus transformation is interrelated to
microbial activity [47]. Cd and MWCNTs are acknowledged as toxic
chemicals and are recognized to reduce microbial activity, thus extra-
neous Cd and MWCNTSs contamination resulted in the alleviation of HS
reduction. Additionally, another possible reason might be the adsorp-
tion of HS on MWCNTs. Previous studies have demonstrated that HS
fractions, particularly HS fraction with hydrophobic and/or lower
molecular weight, could adsorb on the MWCNTs [48]. In our study, the
adsorption capacity of FA and HA was 6.96 mg/g and 10.21 mg/g of the
tested MWCNTSs, respectively. Thus, we suggested that adsorption of FA
and HA could be negligible in the case of the significant differences.
Accordingly, further investigation focused on FA and HA chemical
structure was conducted in the current study.

3.5. Effect of Cd and MWCNTs on chemical structure of humic substances

Excitation-emission matrices (EEM) are used to visually illustrate
the changes in chemical structure of FA and HA at day 10 and 60 (Fig. 5
and Fig. S5). Apparently, FA fraction yielded two peaks with fluores-
cence maximum at E,/E;, around 315/430nm (peak A) and 270/
460 nm (peak B), which were operationally attributable to terrestrial
humic-like components [49]. HA fractions existed three peaks at E,/E,
around 230/320 nm (peak A), 270/330 nm (peak B) and 220/420 nm
(peak C), respectively. The peak A and B were indicative of protein-like
component, likely attributable to the activity of bacteria or plankton
[49,50]. Peak C around 230/420 nm was reported to be operationally
attributable to the marine and terrestrial humic substances [51].

For brevity, EEM spectra at day 10 are detailed in the Fig. S5. An
overall similarity was observed in 3D-EEM plots of FA at day 10 except
for sample with 2.5% MWCNTSs (SI, Fig. S5), suggesting an ignorable
effect on FA initially with low levels of MWCNTs. However, obvious
change was observed in 3DEEM plots of HA at day 60, especially in
sample with 2.5% MWCNTs (Fig. 5). A distinct blue shift in E,, (25 nm)
of FA was found between control and sample with 2.5% MWCNTs at
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Fig. 4. Variation of humic substances (HS), fulvic acids (FA) and humic acids
(HA) during 90 days of incubation. Different letters indicate significant differ-
ences (p < 0.05).
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day 60 (Fig. 5 and Table S3). It was also interesting to note that peaks of
HA varied significantly in the tested samples. The E,/E,, of Peak A in
control occurred at 275/335 shifted to 270/330 nm in the sample with
2.5% MWCNTs (SI, Table S4). Generally, a blue shift in E, was caused
by a structural change resulting from two possible pathways: (i) re-
duction in the extent of the n-electron system, rising from a reduction in
aromatic rings or conjugated bonds in a chain structure, or conversion
of a linear ring system to a non-linear system; (ii) reduction of certain
functional groups, for instance, hydroxyl, carbonyl and amine [52].

Meanwhile, fluorescence intensity (FI) levels at peak A decreased
markedly with Cd exposure both in FA and HA (SI, Tables S3 and S4).
Results were accordant with the previous studies which reported that
the fluorescence quenching curve of the humic-like components showed
good relationship with the heavy metals level, such as with Hg(Il)
[53,54], Cu(ID) [55] and Pb(II) [56] etc. In addition, the max FI levels of
HA/FA fractions decreased significantly with MWCNTs incorporation,
implying that high levels of MWNCTs affected the HA/FA structure
markedly. For example, MWCNTs caused larger quenching effect of HA
at peak A with 0.1% MWCNTs (11.21%) and 2.5% MWCNTs (36.82%)
at day 60. The FI may be reduced in two ways: (i) removal of fluor-
escent compounds by formation of metal-NOM complexation; (ii) da-
mage of fluorescent compounds by MWCNTs.

Results of UV absorbance data for FA fractions were shown in Fig. 6
and Fig. S6. The FA fractions in control samples were much more
aromatic and humified (noted as a highest A»s4 and A»gp), and of higher
hydrophobicity (noted as a highest A,¢o). Accordingly, absorbance at
254 nm (As4) and 260 nm (Ag0) is reported to positively interrelated
to humification and hydrophobicity, respectively [57-59]. Meanwhile,
Asgo (absorbance at 280nm) is positively correlated to aromaticity,
whereas E,/E3 (absorbance at 250 nm divided by that at 365 nm) and
fas0/500 (fluorescence intensity at E,;, 450 nm divided by that at 500 nm
at E, 370 nm) are negatively correlated to aromaticity [19]. In samples
with 2.5% MWCNTs, we observed a significant reduction in the specific
absorbance at Asss, Azgo and Aagg. The lower values of Asgg indicated
the lower hydrophobic content in FA fractions, and then inhibited the
possible activity of pollutant migration and transformation. In addition,
the lowest A,s4 value was observed in sample with 2.5% MWCNTs,
indicating that MWCNTs incorporated samples were richer in un-
saturated carbon bonds compared to other samples. Apparently, high
MWCNTSs (2.5%) inhibited the aromaticity and hydrophobicity of FA
remarkedly with significant higher f450,500 and E»/Es. Results were
quite agreed with the 3DEEM and TOC results of FA.

To better understand the chemical structure of HA fractions, FTIR
analysis was conducted (Fig. 7). A strong hydrogen bonded (O—H)
stretching transmission occurred around 3400 cm ™' and a prominent
C—H stretching transmission was found around 2920 ecm ™! [60,61].
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Fig. 5. Excitation-emission matrices (EEMs) spectra of FA and HA for selected samples at day 60.

The peaks intensity around 1640 cm ™~ represented carbonyl (—C=0)
stretching [62], while peaks around 1240 cm ™! were assigned as for
syringyl ring and C—O stretch in humic acids [63]. The relative varia-
tion in the band intensity corresponded to the difference in the level of
respective functional groups. Obviously, Cd incorporation sample
showed a decrease at 3402, 2921, 1643 and 1238 cm ™~ ' compared to
control. While samples incorporated with 0.1% MWCNTs showed no
significant difference compared with control sample. In the case of
sample with 2.5% MWCNTs, the intensities of hydrogen bands at
3398cm™!, C—H stretching at 2920cm™' and carbonyl bands at
1637 cm ™! decreased. Results suggested a richness of humic structures
in control sample and a loss of readily available aliphatic compounds in
MWCNTs incorporated samples. Therefore, these observed correlations
collectively suggested that high levels of MWCNTSs exposure led to
destruction of their chemical structures and thus lead to the HS dete-
rioration, possibly via reducing the functional groups and/or aromatic
rings.

3.6. Effect of MWCNTs on Cd complexation ability of humic substances
We noted that MWCNTs induced HA and FA structural variation,

with inhibiting of their aromaticity, hydrophobicity and humification.

Accordingly, the aromaticity of NOM is correlated to an increased

a
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binding capacity of metal ions [64]. Numerous studies confirmed that
HS were dominated in controlling the speciation, fate, transport,
bioavailability and toxicity of certain metal ions in nature environment
through various metal binding reactions [65]. Obviously, Cd and
MWCNTs incorporation significantly affected the Cd contents bond
with HS and FA (Fig. 8). HS bond Cd amount was varied from 2.80 to
35.75mg/kg sediment, and FA bond Cd was ranged from 1.62 to
19.72 mg/kg sediment. Compared to the single Cd exposure, MWCNTSs
incorporation significant depleted the combined Cd contents. FA is a
highly oxidized, biologically stable, water-soluble naturally occurring
complexing agent that can complex metal ions [66]. Previous studies
demonstrated Cd commonly bond by the outer-sphere mechanism, as-
sociated with the metal binding affinity of quinone carbonyl groups in
FA [67]. In our present study, exogenous FA addition also promoted Cd
transformation and immobilization in sediments (SI, Fig. S7).

Besides, mass ratios of Cd combined by HS and FA were further
calculated as per unit of humic substance mass (expressed as TOC)
(Fig. 8). It was apparent that MWCNTs reduced the Cd binding contents
in unit mass of HS and FA (p < 0.01). For example, FA bond Cd
amount decreased from 3.83 to 2.98 mg/g FA (TOC) in 0% and 2.5%
MWCNTs incorporated sample at day 90, respectively. Results sug-
gested that MWCNTs affected the Cd complexation ability in sediments
on account of the mutual interactions among heavy metals, humic
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Fig. 6. Spectroscopic indices for aromaticity (A2go, Eo/E3, faso/s00), for humification (A,s4) and for hydrophobicity (A,g0) of FA fraction at day 10 (a) and day 60 (b).
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Fig. 8. Variation of Cd contents complexed by extracted humic substances and
mass ratios of Cd contents complexed by extracted humic substances (" re-
presents the significant differences (p < 0.01)).

substances and MWCNTs. On the one hand, HS contain numerous po-
tential binding sites for metal ions, such as carboxylic, phenol, hy-
droxyl, amine, and quinone groups. On the other hand, HA and FA
could bind to CNTs through strong m—r interactions, which might affect
the adsorption of heavy metals on both HS and CNTs [25]. For instance,
Lan et al. [68] reported that the activation free energy was increased
from 18.3 in HA-uranyl binary system to 20.0 kJ/mol with CNTs, sug-
gested that the hydrated uranyl structure may be stabilized in the
presence of CNTs. This result could be applicable to previously studies
which reported the humic substances as mainly metal binding material
in sediments, participating in metal distribution and transformation
[69]. In general, this study demonstrated that high ratios of MWCNTSs
incorporation led to reduction in NOM levels certainly accompanied
with the decrease in humic bond Cd. The study suggests that dose-de-
pendent response needs to be taken into account while evaluating the
environmental application, considering the balance in environmental
benefit (such as acceleration in immobilization and reduction bioa-
vailability) and ecological risk (the potential toxicity of MWCNTSs).
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4. Conclusion

This study provided information about the effects of MWCNTs on
metal transformation, microbial activity and NOM in nature sediment.
Our results revealed that once discharged into environment, MWCNTSs
promoted Cd sedimentation and immobilization, and reduced TCLP
extracted Cd contents. However, no significant enhancement of mi-
crobial activity occurred even with the low Cd bioavailability. Further
studies demonstrated that MWCNTs significantly impeded the quantity
of NOM and altered their aromaticity, hydrophobicity and humifica-
tion. In addition, quantity and chemical variation of HS significantly
inhibited the metal complexation ability of HS, as we can observe sig-
nificant decrease in HS complexed Cd amounts. The observed results
indicated that MWCNTs incorporation was a key factor in determining
the NOM in sediment, controlling NOM quantity, chemical structure
and metal complexation ability as well, which might act as a facile
indicator for risk assessment of MWCNTSs. This study provides new in-
sights on the mechanisms underlying the potential toxicity and ecolo-
gical risk of carbon nanotubes.

Supplementary data

Additional MWCNTs and NOM characterization and microbial ac-
tivity response were provided in the supporting information. Content
includes Figs. S1-S7and Tables S1-S4.
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