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a b s t r a c t

The aim of this study was to evaluate the toxicity of sewage sludges containing multiwalled carbon nan-
otubes (CNTs) with an outer diameter <10 nm (CNT10) or 40–60 nm (CNT60) to Lepidium sativum (cress),
Sorghum saccharatum (sorgo), Solanum lycopersicon (tomato), Raphanus sativus (radish) and Cucumis
sativus (cucumber). CNTs were also incubated in sewage sludge for 7 or 31 days to determine the effect
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of CNT aging on sewage sludge phytotoxicity. The influence of CNTs on 4 different sewage sludges was
tested. The CNTs’ influence on sludge toxicity varied with respect to the CNTs’ outer diameter, type of
sewage sludges and the plants tested. No significant influence of CNT concentration on phytotoxicity was
noted. In the case of two sludges, a positive influence of CNTs on seed germination and root growth was
observed. Depending on the CNTs’ outer diameter, CNT aging decreased (CNT10) or increased (CNT60)
sewage sludge phytotoxicity.
anoparticles

. Introduction

Nanotechnology is currently the fastest developing branch
f science [1,2]. An increasing use of nanomaterials can lead
o random/conscious inclusions of nanoparticles to the natural
nvironment. The impact that wastewater treatment has on nano-
aterials, or conversely, the impact that nanomaterials have on
astewater treatment, is largely unknown [3]. Sewage sludges

onstitute a very important element in sewage management. A
oted increase in sewage sludge production requires measures to
nsure its utilisation. Frequently, agricultural application of sewage
ludges is limited because of the organic and inorganic pollutants
resent. The influence of pollutants contained in sewage sludges
n their toxicity has not, so far, been demonstrated unequivocally.
t is assumed, however, that the presence of such compounds as
olycyclic aromatic hydrocarbons, polychlorinated biphenyls and
ompounds affecting the human endocrinal system can exert a
ignificant influence (both direct and indirect) on sewage sludge

oxicity [4]. Potentially, nanomaterials constitute a new group
f pollutants which can become a sewage sludge component as
result of sewage sludge treatment. Carbon-based nanomateri-

ls represent one type of manufactured nanomaterial. Fullerenes
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and carbon nanotubes, including multiwalled carbon nanotubes
(CNTs) are among the most widely used carbon-based nanoma-
terials. CNTs and their derivatives are used in plastics, catalysts,
battery and fuel cell electrodes, supercapacitors, water purification
systems, orthopedic implants, conductive coating, adhesives and
composites, sensors and components in the electronics [2]. Their
widespread use means that they can get into municipal sewage
and then, due to their hydrophobic properties, sewage sludges.

CNTs present in sewage sludges can influence sewage sludge
properties in many ways. The CNTs’ presence in sewage sludges
can (1) increase sewage sludge toxicity; (2) influence the toxic-
ity, accumulation and migration of other pollutants; and (3) limit
the mobility/bioavailability of nutrients present in sewage sludges.
A number of authors have published data on toxicological infor-
mation of nanomaterials [5,6]. However the research concerning
phytotoxicity is mainly related with metal nanoparticles [7–10]
rather than multiwalled carbon nanotubes [9,11]. Supplement-
ing the studies conducted so far with information on to what
degree CNTs influence the toxicity of environmental matrices is
an important element in evaluating the trust of such materials in
the environment. This issue is relatively new and as yet poorly
recognized in the literature.
The aim of the present study was therefore to evaluate the phy-
totoxicity of sewage sludges containing CNTs with respect to their
concentration and outer diameter, type of sewage sludge and test
plant, as well as contact period between CNTs and sewage sludges
(aging).

dx.doi.org/10.1016/j.jhazmat.2010.11.028
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Selected properties of the multiwalled carbon nanotubes (CNTs) used in the experiment.

Carbon nanotubes Puritya ODb Asurf
c Vmeso

c Vmicro
c Ashd ECe

C H O

MWCNT10 >95% 9.4 357 0.951 0.142 2.97 96.41 0.42 0.2
MWCNT60 >95% 42.7 73 0.162 0.029 2.09 97.68 0.14 0.09

a Provided by the supplier.
b Outer diameter (OD) measured by TEM (nm), n = 100.
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c Surface area (Asurf) (m2 g−1), mesopore volume (Vmeso) (cm3 g−1), and micropor
2 at 77 K by the multipoint BET method.
d Ash content (%) were measured by heating the CNTs at 900 ◦C for 10 h.
e Bulk dry weight-based elemental contents (EC) (%) of the CNTs were determine

. Materials and methods

.1. CNT properties

CNTs were purchased from Shenzhen Nanotech Co., China. They
re multiwalled CNTs with outer diameters of <10 nm (MWCNT10)
nd 40–60 nm (MWCNT60). Selected properties of CNTs are pre-
ented in Table 1. The CNTs were synthesized by chemical vapor
eposition from the CH4/H2 mixture at 700 ◦C using Ni as a cata-

yst. The synthesized CNTs were purified by mixed HNO3 and H2SO4
olution for reducing the content of metal catalyst and amorphous
arbon.

.2. Sewage sludge sampling and properties

Sewage sludge samples were collected from four municipal-
ndustrial sewage treatment plants (mechanical–biological treat-

ent system). The selected treatment plants were characterised by
heir differentiation with catchment area as well as the industrial
haracter of the areas (quantity and variety of industrial plants).
he sludge samples (about 3 kg) were collected at endpoints of
he technological line of sewage sludge digestion (non stabilized).
he collected samples were stored in glass bottles and immedi-
tely transported to the laboratory after collecting. All sewage

ludge samples were air-dried and milled to obtain representa-
ive samples. The physico-chemical properties of the sewage sludge
amples as well as heavy metal and polycyclic aromatic hydrocar-
ons contents are presented in Table 2.

able 2
he properties, heavy metals (mg kg−1) and PAH (mg kg−1) content in sewage
ludges used in the experiment.

Properties SL1 SL2 SL3 SL4

pH 7.2 7 5.8 6.6
TOC 253 208 229 177
Nt 36.4 40.6 40.6 39.2
CEC 725 547 1196 491
TEB 746 563 1222 513
K 2.47 3.84 3.16 3.24
P 24.1 31.5 35.4 18.2
EC 0.005 5.07 2.13 5.19
Pb 10.6 18.5 20.1 28.2
Cd 0.7 2.3 2.4 3.66
Cr 44.1 40 56.9 28.8
Cu 98.4 94.1 161 149
Ni 27 20.2 15.7 26.1
PAHs 16 9.8 4.8 14.7 27.9
Non-carcinogenic 4.30 2.17 5.08 11.9
Carcinogenic 5.49 2.59 9.62 16.0

H – reactivity in KCl, TOC – total organic carbon content (g kg−1), Nt – total nitrogen
ontent (g kg−1), CEC – cation exchange capacity (mmol kg−1), TEB – the total of the
xchangeable bases (mmol kg−1), P and K – available forms of phosphorous and
otassium (mg kg−1), EC – electrical conductivity (mS/cm). All reported values are
xpressed on a dry weight basis of sewage sludges.
me (Vmicro) (m3 g−1) were calculated from the adsorption–desorption isotherm of

g an elemental analyzer; O contents were calculated by mass difference.

The chemical properties of sewage sludges studied were
determined by standard methods. The pH was measured potentio-
metrically in 1 M KCl after 24 h in the liquid/soil ratio of 10 [12], the
total of the exchangeable bases (TEB) and cation exchange capacity
(CEC) were determined in the 0.1 M HCl extraction [12]. The total
nitrogen (Nt) was determined by the Kjeldahl’s method [13] with-
out the application of Dewarda’s alloy (Cu–Al–Zn alloy-reducer of
nitrites and nitrates). Available potassium and phosphorus were
determined according to Egner et al. [14].

2.3. Phytotoxicity testing

The Phytotoxkit microbiotest [15] measures the decrease (or
the absence) of seed germination and of the growth of the young
roots after three days of exposure of seeds of selected higher plants
to a matrix in comparison to the controls in a reference soil. The
Phytotoxkit makes use of flat and shallow transparent test plates
composed of two compartments, the lower one of which contains
soil saturated to the water holding capacity. Ten plant seeds (Lep-
idium sativum, Sorghum saccharatum, Cucumis sativus, Raphanus
sativus, Solanum lycopersicon) were positioned at equal distance
near the middle ridge of the test plate on a filter paper placed on top
of the hydrated soil. After closing the test plates with their trans-
parent cover, the test plates were placed vertically in a holder and
incubated at 25 ◦C for 3 days. At the end of the incubation period, a
digital picture was taken of the test plates with the germinated
plants. The analyses and length measurements were performed
using the Image Tool 3.0 for Windows (UTHSCSA, San Antonio,
USA).

The percent inhibition of seed germination (GI) and root growth
inhibition (RI) for plant were calculated with the formula:

GI/RI = 100 −
(

B

A
100

)
(1)

where A is the mean seed germination or root length in the OECD
soil and B is the mean seed germination or root length in soil with
sewage sludge or with soil with sewage sludge and CNTs.

2.4. Preparation of sewage sludge-CNT mixtures

Sewage sludges (SL1 and SL2) were spiked with CNTs (CNT10
and CNT60) at the dose 0.01%, 0.1% and 0.5% (w/w). The sewage
sludge (5 g) and CNTs (depending on the dose used) were
thoroughly mixed with a Teflon-coated spatula. Due to the char-
acteristics of sewage sludges, their adaptation for phytotoxicity
assay requires mixing of sewage sludge with inert material. Stan-
dard OECD soil (1984) was used as inert material. OECD artificial
soil is a widely used substrate in soil toxicity tests. It has been

recommended as a medium for ecotoxicological tests and it is a
“reference soil” in the testing of complex solid samples (e.g. wastes
or contaminated soils). OECD artificial soil is defined as a mixture of
70% fine quartz sand (50% particles 0.05–0.2 mm), 20% kaolin clay
(kaolinite content preferably above 30%), and finely ground Sphag-
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Table 3
Inhibition (%) of seed germination (GI) of L. sativum depending on the type of sewage sludge, and CNTs’ outer diameter and concentration calculated on the basis of Eq. (1).

Sewage sludge No CNTs CNT10 CNT60

0.50% 0.10% 0.01% 0.50% 0.10% 0.01%

SL1 10 ± 0.9 40 ± 0.9 60 ± 5.9 10 ± 0.6 60 ± 8.0 70 ± 5.2 50 ± 1.8
SL2 0 22 ± 1.6 0 22 ± 3.4 22 ± 1.4 11 ± 1.6 0
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SL3 40.0 ± 4.5 – 0.0
SL4 30.0 ± 3.1 – 20.0 ± 1.8

– relative standard deviation (%), RSD (N = 3).

um peat [16]. OECD soil was mixed with sewage sludge or sewage
ludge-CNT mixture at a ratio of 19:1 (w/w), which represented the
ontribution of sewage sludge in soil at a level of 5%. Such prepared
aterial was then used in the phytotoxicity experiment.
In the experiment with different sewage sludges, four sewage

ludges (two from the first experiment named SL1 and SL2 as well
s two different sewage sludges named SL3 and SL4) were used.
ewage sludges were mixed with CNTs with outer diameter (CNT10
r CNT60) at the dose of 0.1%. In experiment with different plants
ewage sludges (SL2 and SL3) were mixed with CNT60 at the dose
f 0.1%. In the aging experiment the sewage sludge (SL3) was mixed
ith CNT10 or CNT60 at the dose of 0.1% and stored in the dark for
or 31 days. The mixing procedures were the same as described at

he beginning of this section.

. Results

.1. Sewage sludge characteristics

Table 2 shows the basic physical–chemical properties of the
ewage sludges, the heavy metal content and the content of poly-
yclic aromatic hydrocarbons (PAHs). The pH of sewage sludges
anged from slightly acidic to neutral (pH 5.8–7.2). SL3 was only
ne sewage sludge which could negatively affect plant growth and
evelopment with regard to pH level. In most sewage sludges, the
ontent of organic carbon did not exceed 200 g/kg. The highest level

as noted for sludge SL1, while sludge SL4 had a TOC content level

f 177 g/kg. The total nitrogen content (Nt) did not differ signifi-
antly among individual sludges. However, a relatively low level of
otassium content and an increased level of available phosphorus
ere noted. The above data is typical for municipal sewage sludges.
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– – 0.0 –
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Electrical conductivity in sewage sludges did not exceed the values
recommended by VLACO (3 mS/cm) [17]. All the physico-chemical
parameters determined for tested sewage sludges closely reflect
those values noted in the literature [18].

Threshold values of heavy metals established in the European
Union [19] were not exceeded in any of the studied sewage sludges.
The highest content levels of lead and cadmium were noted in the
case of sludge SL4, whereas the SL3 sewage sludge had the highest
content of chromium and copper (Table 2). The content of PAHs in
the sewage sludges was characterised by a clear differentiation. The
sum of 16 PAHs ranged from 10 to 27 mg/kg. The highest content
of PAHs was noted for sewage sludge SL4. Half of this value was
determined in sewage sludge SL3. In these sewage sludges a sig-
nificantly higher contribution of potentially carcinogenic PAHs was
also observed compared to non-carcinogenic compounds (Table 2).
Taking into consideration the standards of the European Union [20]
concerning the maximum content of a total of 11 PAHs in sewage
sludge (6 mg/kg) for two sewage sludges (SL3 and SL4) the PAH
content exceeded the allowable value.

3.2. Effect of the concentration and outer diameter of CNTs on
sewage sludge phytotoxicity

Table 3 presents the influence of CNTs on seed germination
(GI) of L. sativum depending on outer diameter and concentra-
tion of CNTs added to sewage sludges. No significant relation was

noted between CNT concentration in sewage sludge and the toxic
effect observed. However, in the case of both sludges SL1 and SL2 a
clear negative effect of CNTs on the seed germination of L. sativum
was observed. CNTs presence in sludge SL1 resulted in consider-
able inhibition of seed germination. Inhibition of seed germination
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anged from 50 to 70% in all CNT60 doses tested. Considerably lower
alues, at 40, 60 and 10%, were observed for CNT10 for a dose of 0.5,
.1 and 0.01% CNTs, respectively. A significant inhibition of germi-
ation of L. sativum was noted in sludge SL2 which contained CNTs.
he above mentioned influence was noted at a concentration of 0.5
nd 0.1% in CNT60, and 0.5 and 0.01% in CNT10.

The presence of CNTs in sludge SL1 did not influence the root
ength (RI) of L. sativum (Fig. 1). Irrespective of the CNT concentra-
ion and outer diameter, no significant differences were observed
ith respect to root length inhibition in the OECD soil fertilised
ith sewage sludge and sewage sludge with the addition of CNTs.

n contrast to sludge SL1, a significant influence of CNTs on root
ength was observed in sludge SL2 containing CNT10 (Fig. 1). As

ith sludge SL1, the effect observed did not depend on the CNT
oncentration in sewage sludge. The values observed were similar
or various concentration levels, ranging from 66 to 68%. These val-
es were about 30% higher in comparison to the soils fertilised with
ewage sludge without CNTs. As in the case of sludge SL1, the addi-
ion of CNT60 to sludge SL2 did not exert any significant influence
n root length inhibition (Fig. 1).

.3. Influence of CNTs on the phytotoxicity of different sewage
ludges

In order to evaluate to what degree composition and proper-
ies can determine the toxicity of sewage sludges containing CNTs,
our different sludges with differentiated properties and pollu-
ant contents were selected (Table 2). In contrast to sludges SL1
nd SL2 described above, the other two sludges used for these
tudies (SL3 and SL4) showed a clear positive influence on the
ermination capacities of L. sativum. Moreover, a positive influ-
nce of CNT10 on root growth was observed in sludge SL3 (Fig. 2).
or most of the sewage sludges, a clear influence of CNTs’ outer
iameter on the inhibition of seed germination and root growth
as observed. Statistical analysis did not show any significant

elationship between sludge properties (Table 2) and phytotoxic
arameters tested (Fig. 2).

.4. Influence of CNTs on the phytotoxicity of sewage sludge to
ifferent plants

In the present study, the influence of sewage sludges contain-
ng CNTs was tested not only on L. sativum but also on 4 other
lant species such as: S. saccharatum, S. lycopersicon, R. sativus and
. sativus. Only in the case of S. saccharatum, was no significant

nfluence of CNTs on the parameters tested (seed germination and
rowth inhibition) noted. Therefore, the following discussion will
e focused on the results obtained for three other plants. The addi-
ion of CNTs to sewage sludges (SL2 and SL3) clearly influenced both
eed germination and root growth inhibition of S. lycopersicon, R.
ativus and C. sativus (Figs. 3 and 4). Seed germination of individ-
al plants depended on the sewage sludge tested. CNTs presence in
ludge SL2 resulted in the inhibition of germination in C. sativus and
. sativus. On the other hand, CNTs presence increased germination
apacity in S. lycopersicon (Fig. 3). In sludge SL3, the presence of
NTs did not influence the germination capacity of R. sativus when
ompared to sewage sludge without CNTs. An increase in germi-
ation capacity in the presence of CNTs was observed for C. sativus
nd S. lycopersicon.

The trend observed while evaluating seed germination was then

epeated in relation to almost all plants when evaluating their root
rowth. CNT60 presence in sludge SL2 increased its toxicity while
NTs presence in sludge SL3, as a rule, resulted in a decrease in
oot growth inhibition (Fig. 4). The only exception was observed in
ludge SL2 for S. lycopersicon, in which no significant differences
SL3 alone SL3+CNT10 SL3+CNT60

Fig. 5. Effect of CNT aging in sewage sludges on root growth (RI) of C. sativus. Error
bars represent standard deviation error (SD, n = 3 determinations).

were observed between sewage sludge without the addition of
CNTs and sewage sludge with CNTs.

3.5. Effect of CNT aging on sewage sludge toxicity

No significant influence of CNT aging on seed germination of C.
sativus was found (data not presented). On the other hand, CNT
aging had a clear influence on the increase in root length. The
observed influence depended on the outer diameter of CNTs (Fig. 5).
Immediately after the addition of CNTs to sewage sludge (SL3) a sig-
nificant lowering of root growth inhibition (0 d) was noted both in
CNT10 and CNT60. 7-d aging resulted in further lowering of root
growth inhibition in the sludge containing CNT10. However, in the
case of sludge containing CNT60, a slight increase in root growth
inhibition (not statistically significant) was noted in relation to
CNT60 aged for 0-d. A marked aging effect was observed when CNTs
were aged for 31 days (Fig. 5). CNT10 aged for 31 days resulted in
a decrease in root growth inhibition of C. sativus of 29% in relation
to CNT10 aged for 0-d. In the case of CNT60 aged for 31 d, there
was a significant increase in root growth inhibition, exceeding 97%
compared with the level noted for CNT60 aged for 0 d (Fig. 5).

4. Discussion

Studies on the phytotoxicity of carbon nanotubes remain scarce
[9–11,21–23]. The effect of functionalized and non-functionalized
single-walled carbon nanotubes on plants (cabbage, carrot, cucum-
ber, lettuce, onion and tomato) was investigated by Canas et al.
[11]. Nonfunctionalized nanotubes inhibited root elongation in
tomato and enhanced root elongation in onion and cucumber. In
the research carried out by Stampoulis et al. [22] multiwalled car-
bon nanotubes did not affect seed germination of Cucurbita pepo.
However the biomass of plants exposed to CNTs was significantly
reduced. In the above mentioned studies it is difficult to compare
CNT toxicity on the plant tested due to the fact that sewage sludges
can also influence phytotoxicity significantly. However, the very

fact of varying toxicity of sewage sludges containing CNTs is worth
noting. With respect to sludges SL1 and SL2, a visible negative influ-
ence of CNTs was observed. This influence was manifested both in
the inhibition of seed germination and root growth of L. sativum.
In the case of root growth inhibition, a statistically significant neg-
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tive influence of CNTs was only noticeable for nanotubes with a
iameter less than 10 nm. In none of the cases studied did the CNTs’

nfluence on the observed plants depend on the CNT dose. Toxic-
ty of CNTs to plants may be explained by the work of Canas et al.
11] who observed root surfaces partially covered by nanotubes,
ften in the format of nanotube sheets. These CNT sheets may alter
he surface chemistry of the root, e.g. microbial–root interaction
nd nutrient uptake as well as microbial toxicity and different bio-
hemical processes necessary for plant growth and survival [11].
oreover Lin et al. [23] have shown that CNTs have the ability to

nhibit cell growth of Arabidopsis. Another factor increasing sewage
ludge toxicity in the presence of CNTs can be nutrient sorption by
NTs, which can lead to limitation of their bioavailability for plants.
anomaterials are likely in an unsteady thermodynamic state, so

hey could change under certain conditions. Allen et al. [24] pro-
ided the evidence of the biodegradation of single walled carbon
anotubes by incubating the nanotubes with a natural horseradish
eroxidase and low concentrations of H2O2 over 12 weeks under
tatic conditions. In our research, CNTs were mixed with sewage
ludges. CNTs could be degraded under these conditions. However
xtended studies are needed to examine the degradation of CNTs in
he environment because biotic and abiotic alteration of CNTs will
ffect their environmental and toxicological behaviour.

The positive effect of CNTs observed on seed germination and
oot growth inhibition of sewage sludges SL3 and SL4 could be
xplained by a strong binding of pollutants which are potentially
oxic to plants by the CNTs present in sewage sludges. Numerous
tudies have shown that CNTs are characterised by a strong affin-
ty for organic pollutants [25–28] and heavy metals [29,30]. The
bove mentioned pollutants often occur in sewage sludges [31] and
an be a factor determining sludge toxicity [4]. Hence, pollutant
inding by CNTs can significantly limit their bioavailability, and
onsequently, also their negative influence on the living organisms
ncluding plants. Organic matter can play a role in limiting pollutant
ioavailability [32]. The influence of organic carbon on pollutants
orption can already be seen when its concentration in the soil is at a
evel of 0.1%. It is the CNT level applied in this study. Sludges SL3 and
L4, in which there was a lowering of phytotoxicity after the addi-
ion of CNTs, were characterised by a clearly increased content of
AHs and some heavy metals (Table 2) when compared to sludges
L1 and SL2. Our earlier studies [4] showed that PAHs present in
ewage sludges can negatively influence organisms. The bioavail-
bility of these compounds plays a significant role in this process.
he results presented here confirm our earlier assumptions. PAH
inding by CNTs could significantly limit their bioavailability, at the
ame time reducing their toxic influence on plants. A similar effect
n CNTs could also be observed with heavy metals. It is possible
hat the reduction of the toxic effect of organic pollutants observed
n sewage sludges SL3 and SL4 is related to a simultaneous block-
ng of the toxic effect of CNTs. Naturally, further explanation of this
henomenon requires additional detailed study.

A prolonged contact of the sewage sludge and CNTs had some
earing on changes in the sewage sludge toxicity. A decrease in
oxicity probably results from the sequestration of organic contam-
nants present in sewage sludges. Sequestration of contaminants is
ommon in the natural environment [33,34], and organic matter
lays an important role in this process [35]. In time, the contam-

nant becomes less available for organisms and hence, less toxic
36]. However, it is surprising that CNT60 aged for 31 days caused
n increase in sludge phytotoxicity. This may suggest that a pro-
onged contact time between sewage sludge and some of the CNTs

in this case CNT60) influence CNT properties to a certain degree,
hich is then indirectly expressed by a negative influence on plants.
ifferences observed between CNT10 and CNT60 in their influence
n phytotoxicity depending on the contact time between sludges
nd CNTs result from varied outer CNT diameters. The outer diam-

[

[
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eter of CNTs has a significant influence both on sorption and CNT
behaviour in the environment [28]. However, explanation of the
above differences calls for further study.

5. Conclusion

The study results require a complex evaluation of CNT toxicity
taking into account not only their properties but also the type of
matrix in which they occur. A real danger exists that as a result of
industrial processes and everyday human activities, CNTs, similar to
other pollutants, will become an additional component of sewage
sludges. The studies presented above showed that CNT influence on
sewage sludge toxicity can vary, and this deserves special attention.
Depending on the sewage sludge type, CNTs can increase or reduce
their toxicity. Such a differentiated influence of CNTs on sewage
sludge toxicity is especially important in the conditions of sewage
sludge application in the environment. Explanation of the above
mentioned phenomenon, however, requires further study.
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