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Abstract: The stability of carbon nanotubes (CNTs) suspension is a key factor in determining their
transport, fate, and toxicity in an aquatic environment, which is significantly influenced by CNTs’
nature and water chemistry. Macromolecular dissolved organic matter (DOM) is reported to influ-
ence the stability of CNTs aggregation. However, little is known on small polar dissolved organic
compound’s effects on CNTs aggregation. Nitrobenzene was selected to investigate its interaction
with three different functionalized multiwalled CNTs (MWCNTs). Both the stability of CNTs aggre-
gation and sorption hysteresis were affected by the initial concentration of nitrobenzene and the
surface functionalization coverage of MWCNTs. At the initial concentration below 580 mg/L, the
thermodynamic index of irreversibility (TII) and turbidity of CNTs suspension had the same tendency,
indicating that the underlying mechanism is closely related. A conceptual adsorption-desorption
model was proposed to further explain the relationship between the sorption hysteresis and stability
of MWCNTs suspension under different initial concentrations of nitrobenzene. This provided data
support to further clarify the environmental behaviors and risks of CNTs.

Keywords: stability of aggregation; sorption and desorption; sorption hysteresis; nitrobenzene;
multiwalled carbon nanotubes (MWCNTSs)

1. Introduction

Carbon nanotubes (CNTs) are gaining increasingly more attention since their first dis-
covery in 1991 [1]. Due to their unique and tunable properties, CNTs have many potential
applications—electrochemical capacitors, catalyst supports, optical devices, membrane
distillation, biomedical use, and absorbents in contaminated water treatment [2-6]. CNT-
related commercial activity grew most substantially in the past decade. For example, in
2011 alone, the CNTs production capacity was estimated to exceed 4500 tons [3]. CNTs are
insoluble in water and slightly biodegradable; inhibit seed germination and root growth;
specifically target organ toxicity to spermatogonia and oocytes; and are mutagenic to
aquatic organisms by damaging DNA [7-9]. Once released into the aquatic environment,
CNTs inevitably interact with the co-existing media in water. Due to their strong hydropho-
bicity and high specific surface area, CNTs concentrate pollutants in water, especially
organic pollutants, and enter the food chain together, through the ingestion of floating
organisms, thus, posing potential threats to the environment and human health [10]. On the
one hand, adsorption and desorption of organic compounds molecules by CNTs can affect
the transport and bioavailability of organic compounds in water. On the other, organic
molecules like dissolved organic matter and surfactants, can help enhance the stability of
CNTs suspension in aqueous solution, and consequently affect the aggregation behavior of
CNTs [11]. This can also affect the cloudiness or haziness (turbidity) of CNTs suspension.
Changes in size and diffusion efficiency and surface structure caused by aggregation be-
havior, directly affect the migration behavior (such as, outward migration distance (in m or
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km) from source of pollution) and the bioavailability of CNTs in water, and change their
reactivity and toxicological properties in water [9,10]. The changes also affect the efficacy
of absorption and reusability cycles when used as sorbents in the treatment of polluted
water, which determine the removal rate of pollutants and cost of wastewater treatment [5].
These are related to the safety of natural water and the quality of wastewater treatment.
Therefore, it is of great importance to study the sorption and desorption mechanisms of
organic compounds by CNTs in aqueous phases.

There are many studies on adsorption of polycyclic aromatic hydrocarbons [12],
antibacterial agents [13], endocrine disrupting chemicals [14], natural organic matter [15],
heavy metals [16], and proteins [17] by CNTs. Among those studies, much attention
is focused on the factors controlling the magnitude of sorption by CNTs in single step
uptake experiments, while little attention is paid to the sorption hysteresis, by including the
desorption steps. As sorption hysteresis can have important implications for both modeling
the pollutant behavior and understanding the mechanism of sorption and desorption, it is
feasible to explain the stability of CNTs by inferring the mechanism of the change of CNTs
during the adsorption process, based on the sorption hysteresis phenomenon [18].

There are two types of sorption hysteresis—reversible and irreversible hysteresis.
Irreversible hysteresis is the non-coincidence of the sorption and desorption branches of
the experimental isotherm [19], which manifests as enhanced affinity of the sorbate for
the solid, in a dilution step or repeat step [20-26]. It has two types—artificial and true.
Two mechanisms were proposed to explain the true irreversible hysteresis [25]. (i) The
formation of metastable states of adsorbate in fixed mesopores (i.e., capillary condensation
hysteresis) and (ii) pore deformation. Pore deformation would occur when the deformed
pore structure did not recover to its original state during desorption [27]. Both reversible
and irreversible hysteresis was observed in organic compounds’ sorption and desorption
by CNTs. Reversible hysteresis was observed for the non-polar organic compounds [23],
while irreversible hysteresis was found for the polar compounds [13,14]. Zhao et al.
reported that the molecules with a small charge transfer and weak binding did not cause
any change of single-wall CNTs (SWCNTs) electronic properties after adsorption, but for
molecules with considerable charge transfer and strong adsorption, both electronic band
structures and density of state significantly changed after adsorption [28]. Hence, the
opposite hysteresis found in non-polar and polar organic compounds might be attributed
to the polar group of organic compounds, which consequently causes the rearrangement
of CNTs aggregates [14]. However, how the polar group affects CNTs aggregates remains
unknown. Natural organic matter and surfactants are widely used as dispersants to yield
stable CNTs dispersions, because they contain sufficient hydrophobic regions and provide
steric or electrostatic repulsions during adsorbing to and wrapping around the exterior
of CNTs [15,29]. Since solutions of small molecular organic compounds in some aspects
can be regarded as dissolved organic matter, we speculated that small molecular organic
compounds, especially polar organic compounds, can to some extent affect the stability of
CNTs suspension.

The present study was designed to clarify the relationship between the sorption—
desorption mechanism of small polar organic compounds by CNTs and the stability of
CNTs. Three different functionalized multi-walled CNTs (MWCNTs) were selected as
sorbents. In addition to the one-dimensional space tube structure, MWCNTs also have
multilayer interlaminar pore walls and abundant mesopores that are conducive to the
diffusion of reactants on the surface of adsorbents in aqueous solutions. MWCNTs are the
most cost-effective, so they are often selected as sorbents for wastewater treatment. [30,31].
Nitrobenzene was chosen to represent small polar organic compounds, as it is among
the priority pollutant mainly in oil refinery wastewaters and is often detected in natural
water environment [32,33]. Our objectives, therefore, were (i) to study the sorption and
desorption mechanisms, namely, the sorption hysteresis of nitrobenzene on MWCNTs;
(ii) to test whether or not nitrobenzene will affect the stability of MWCNTs suspension, and
(iii) to assess how the stability of MWCNTs suspension will affect the sorption hysteresis.
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2. Materials and Methods
2.1. Materials

Nitrobenzene was purchased from Acros Organics Co. The molecular weight (MW),
water solubility (25 °C) and density of nitrobenzene was 123.11 g/mol, 1820 mg/L,
and 1.199 g/cm3, respectively. The MWCNTs used in this study, including graphitized
(G—CNTs), hydroxylized (H—CNTs), and carboxylized (C—CNTs), were purchased from
Chengdu Organic Chemistry Co., Chengdu, China, Chinese Academy of Sciences and used
without further treatment. On the basis of the information provided by the manufacturer,
these CNTs were synthesized in the CHy/H; mixture by the chemical vapor deposition at
700 °C. G—CNTs were made by CNTs under inert gas at 2800 °C. H—CNTs were produced
by CNTs with KMnOy oxidation in HySOy solution. C—CNTs were generated from CNTs
with KMnOy oxidation in NaOH solution [34,35]. The chemical structure sketches are
shown in Figure S1 (Supplementary Materials). Selected physicochemical properties are
listed in Table S1 (Supplementary Materials).

2.2. Sorption—Desorption Experiments

Sorption experiments of MWCNTs were performed using a batch equilibration tech-
nique at 25 £ 1 °C. In brief, 50 mg functionalized MWCNTs were added into 8 mL back-
ground solutions (0.01 mol/L CaCl, and 200 mg/L NaNj3 in deionized distilled water,
pH =7) with different initial concentrations (Cy) of nitrobenzene range from 5.06 mg/L to
1324.5 mg/L. The mixture was kept in an 8 mL Teflon—lined screw cap glass vial. The vials
were placed on a rotary shaker in the dark for 72 h at 150 rpm, under 25 + 1 °C. Prelimi-
nary experiments showed that adsorption of nitrobenzene on the three MWCNTs reached
equilibrium in 72 h. After centrifugation (3000 rpm, namely, 1237 x ¢ for 20 min), the
concentration of nitrobenzene in the supernatant was determined by an Agilent 8453 UV
spectrophotometer, at the maximum adsorption wavelength of 268 nm. The total loss of
nitrobenzene in vials without MWCNTs was less than 2% of the initial concentrations. It
showed that there was little sorption by vials, no biodegradation, and less experimental
uncertainty. Thus, the adsorbed nitrobenzene by MWCNTs was calculated by the mass
difference between the initial and equilibrium concentrations. Desorption experiment
was arranged immediately after sorption [13,14,27]. A total of 4 mL of supernatant was
removed from the vials and the same volume of background solution was added. The vials
were then shaken continuously for another 72 h. After 72 h, the vials were centrifuged and
the new equilibrium concentration in the supernatant was determined. The procedures of
desorption experiments were repeated for the second and the third desorption cycles.

2.3. Stabilization Experiments

The stability of MWCNTs in the aqueous phase were determined and compared
by the UV absorption value at 800 nm (Agilent 8453 UV spectrophotometer) [36,37]. In
brief, 50 mg functionalized MWCNTs and 8 mL background solutions containing different
nitrobenzene concentrations were mixed in 8 mL glass vials. The vials were sealed with
Teflon-lined screw caps and shaken in the dark for 72 h. After 5 minutes’ settling, the
absorbance at 800 nm in solution was determined. The reason why we selected 5 min
was because, after an hour, the CNTs in solution either reach the top or settle down at the
bottom (Figure S4 in Supplementary Materials).

2.4. Data Analysis
2.4.1. Sorption Isotherm Fitting
Four different models were used in this study. The equations are listed as follows:

Langmuir model (LM):
e = QObCE/(l +bCe) 1)
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where g, (mg/g) is the equilibrium sorbed concentration. C, (mg/L) is the equilibrium
solution phase concentration; Q¥ (mg/g) is the maximum monolayer adsorption capacity;
and b is a constant related to the molar heat of adsorption.
Freundlich model (FM):
ge =k f Ce 2)

where K¢ ((mg/g)/(mg/ L)}/")is the Freundlich affinity coefficient. n is the Freundlich
exponential coefficient.
Dual-mode model (DMM):

ge = Q°C./ (1 + bC,) + K,;C, (3)

where QY (mg/g) is the saturated sorbed capacity; K, (L/g) is the partition coefficient; and
b is the affinity constants.
Polanyi-Manes model (PMM):

logg. zlogQ0+a(e/Vs)b 4)

where QU (mg/g) is the saturated sorbed capacity; e (k] /mol) = RTIn(C;/C,) is the effective
adsorption potential; R (8.314 x 1073 kJ/(mol-K)) is the universal gas constant; T (K) is the
absolute temperature; Vs (cm®/mol) = MW (g/mol)/density (g/cm?) is the molar volume
of nitrobenzene; and b is the fitting parameter.

2.4.2. Thermodynamic Index of Irreversibility

Thermodynamic index of irreversibility (TII) is a useful tool for quantifying hysteresis,
which facilitates the understanding of the mechanisms of sorption hysteresis [25]. In this
study, a Freundlich form of TII was adopted [13,25]:

TIIPreundlich =1- ndesorh/nsorh (5)

where 71,501, and 114,y are the nonlinear factors for desorption and sorption isotherms, re-
spectively.

3. Results
3.1. Characterization of Carbon Nanotubes

Although the three functionalized MWCNTs produced by different treatments had
similar length and size (such as, outer diameter, inner diameter, and average pore di-
ameter), their oxygen element distributions were different (Table S1 in Supplementary
Materials). Compared to G—CNTs, H-CNTs and C—CNTs had a higher total oxygen
content (2.9% and 0.5%, respectively) and more functionalized surface carbon (4.28% and
2.19%, respectively). These were caused by the hydroxyl group and the carboxylic acid
group formed by oxidation. Different total oxygen but similar surface oxygen content
(4.1% and 4.2%, respectively) of H-CNTs and C—CNTs also implied that they might had
different inner nanopores, which were demonstrated by the different porous properties
among the three materials. Moreover, the special surface area, micropore surface area,
mesopore surface area, total pore volume, micropore volume, and the mesopore volume of
three functionalized MWCNTs, all followed the order: H—CNTs > C—CNTs > G—CNTs.
Thus, the surface functionalization coverage of CNTs had changed the structure, especially
the surface area and porosity of CNTs that might provide different adsorption and binding
sites [12].

3.2. Sorption Isotherms Modeling

Sorption isotherms of nitrobenzene by three functionalized MWCNTs are shown in
Figure S3 (Supplementary Materials). All sorption isotherms can be divided into two
stages—a Langmuir type followed by a linear. In general, for a given equilibrium con-
centration, the amount of sorbed nitrobenzene on CNTs followed the order: H—CNTs
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> C—CNTs > G—CNTs, which was consistent with the CNTs surface area (for example,
special surface area, 159.4 > 145.5 > 133.6) and the pore volume (for example, total pore
volume, 0.310 > 0.280 > 0.257). Nonlinearity was observed for all isotherms. Therefore,
nonlinear isotherm models (Table 1), i.e., LM, FM, DMM, and PMM models were applied
to fit the experimental data. The relatively high Q° value in Table 1 and relatively fast
adsorption equilibrium in the preliminary experiments indicated that CNTs could be used
as good sorbents for the treatment of nitrobenzene wastewater [6,11].

Compared to the fitting adjusted square of the correlation coefficient ( radjz ), the DMM,
PMM, and FM models showed a better fit than LM. The DMM model was first proposed for
describing the sorption behavior of sorbents that contained both partition and adsorption
domain [38]. The CNTs did not have any amorphous carbon. However, DMM could also
be applied to the two-stage sorption process, by first assuming the interaction between
sorbate and sorbents followed by the polar interactions between sorbents and free sorbate
molecules [36]. The PMM model is based on the assumption that there exists an attractive
force field (i.e., adsorption space) on the sorbent surface and adsorption potential for
any adsorbate molecule is dependent on the distance between the molecule and the solid
surface [12]. The FM model can be regarded as a special form of PPM model when b =1 [12].
Overall, the adsorption process of nitrobenzene onto three MWCNTs would be neither
monolayer formation on a homogeneous surface nor a simple multilayer formation. Some
physical and chemical reactions might be involved in the adsorption process, which might
affect the conformation of CNTs [13,15]. Therefore, which model is better fit for sorption of
nitrobenzene by CNTs depends on whether the bilayer adsorption or staged adsorption
occurs or not.

Table 1. Results of sorption models of nitrobenzene by the functionalized CNTs.

Sorption Isotherms Parameters Fitted by Four Models !

CNTs
G—CNTs
H—-CNTs
C—CNTs

CNTs
G—CNTs
H-CNTs
C—CNTs

CNTs
G—CNTs
H—-CNTs
C—CNTs

CNTs
G—CNTs
H-CNTs
C—CNTs

QO
389 £1.7
42.6 £2.3
426 29

Ky
2.20 +0.20
216 + 0.27
1.73 +£0.19

QO
19.5 + 0.8
225+1.1
189+£15

QO
442422

464 £2.6
505 +£4.1

Langmuir model (LM)

P of Q° b Pofb - - radjz
<0.0001 0.0078 £ 0.0013 <0.0001 - - 0.971
<0.0001 0.0070 £ 0.0013 <0.0001 - - 0.964
<0.0001 0.0052 £ 0.0010 <0.0001 - - 0.961
Freundlich model (FM)
P of K¢ n Pofn - - radjz
<0.0001 0.413 £ 0.014 <0.0001 - - 0.992
<0.0001 0.430 £ 0.020 <0.0001 - - 0.983
<0.0001 0.454 £+ 0.018 <0.0001 - - 0.989
Dual-mode model (DMM)
P of Q° b Pofb K4 Pof K, radjz
<0.0001 0.0299 + 0.0032 <0.0001 0.020 + 0.001 <0.0001 0.998
<0.0001 0.0237 £ 0.0030 <0.0001 0.020 £ 0.001 <0.0001 0.996
<0.0001 0.0221 £ 0.0043 <0.0001 0.022 £ 0.004 <0.0001 0.993
Polanyi-Manes model (PMM)
Pof Q° b Pofb a Pofa Tadi
<0.0001 1.1704 £ 0.0977 <0.0001 —10.669 £ 2.201 <0.0001 0.993
<0.0001 1.2851 + 0.1217 <0.0001 —14.243 £ 3.807 <0.0001 0.988
<0.0001 1.0443 £ 0.1128 <0.0001 —9.130 £ 2.184 <0.0001 0.989

1 All estimated parameters values, their standard error, probability of assuming the null hypothesis (P), and the fitting adjusted square of
correlation coefficient (r[,djz) were determined by a commercial software program (Sigmaplot 11.1).

3.3. Sorption Hysteresis

In order to further investigate the adsorption mechanism, we conducted continuous des-
orption experiments after adsorption equilibrium. Figure 1 shows the adsorption—desorption
isotherms of nitrobenzene by three different functionalized MWCNTs. Logarithmic trans-
formation on the values of C, and g, was performed for better showing the difference
of isotherms at low C, [39]. Sorption hysteresis was generally observed among all three
MWCNTs. Desorption hysteresis might be caused by artificial hysteresis, which is caused
by insufficient time for equilibrium or some auxiliary process such as degradation, evapo-
ration, etc. [14,25,26]. In our study, the equilibrium was reached within 3 days according
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to our preliminary work. MWCNT samples were sealed, mixed in 200 mg/L sodium
azide background solution and kept in black, which could effectively avoid nitrobenzene’s
evaporation, biological transformation, and photolysis [40]. The 2% experiment uncer-
tainties further confirmed mass balance calculation. Therefore, the adsorption—desorption
hysteresis observed in this study was the true hysteresis, which might be attributed to
rearrangement of the bundles or aggregates of MWCNTs [14]. Desorption isotherms clearly
shifted to the upper-left direction from the sorption isotherms (Figure 1), indicating that the
nitrobenzene molecules tended to remain adsorbed with sorbents during desorption [13].

164 A 164 B -
—CNTs - ;
G—C ._,.-" H—CNTs T
-t ,‘lfn
1.2 Red 1.2 2
— and — »
[=)] | - [=)]
g 0.8 "n é 0.8 '.‘-v
€T ” o -
S 0.4/ L = Sorption g 0.4, Rh = Sorption
o s * First desorption o - :' » First desorption
00 ;‘f 4 Second desorption ° 4 Second desorption
1 ,."' v Third desorption 0.0 "".‘- v Third desorption
00 08 16 24 32 00 08 16 24 32
logC,_ (mglL) logC, (mg/L)
164 C "
C—CNTs "
1.2 {f
3
5 i
m i L
E 0.8 ‘4".
. na
S 0.4 & :
8’: . & = Sorption
- * * First desorption
0.0 " 4 Second desorption
L v Third desorption
2 1 0 1 2 3
logC, (mg/L)

Figure 1. Adsorption—desorption isotherms of nitrobenzene by the three functionalized carbon
nanotubes: (A) G—CNTs; (B) H-CNTs; and (C) C—CNTs.

A Freundlich form of TII derived from a wide range of various initial concentration
of nitrobenzene was applied to further quantify the adsorption—desorption hysteresis
(Figure 2A). Table 2 lists the results of the Freundlich model fit to sorption and desorption
data of nitrobenzene by functionalized CNTs, which show that FM model had a good fit for
most isotherms. The value of TII of all three MWCNTs varied with the initial concentration
of nitrobenzene and could be divided into three stages—at an initial concentration below
40 mg/L, TII decreased with the increasing initial concentration; at an initial concentration
between 40 mg/L to 580 mg/L, TII increased with an increasing initial concentration;
and at the initial concentration above 580 mg/L, TII decreased with an increasing ini-
tial concentration. TII is the thermodynamic index of irreversibility, the value close to
0 meant that the adsorption-desorption was more reversible, and vice versa. Hence the
adsorption—desorption hysteresis of nitrobenzene on MWCNTs experienced five stages
(marked on Figure 2A)—more reversible (ab), more irreversible (bc), more reversible (cd),
more irreversible (de), and more reversible (ef). At a given initial concentration, the TII
value of H-CNTs and C—CNTs was generally higher than G—CNTs. This was consistent
with the G—CNTs surface functionalization coverage, such that its degree of oxidation
was the slightest (Table S1 in Supplementary Materials). This adsorption—desorption
phenomenon might affect the stability of MWCNT suspension.
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Figure 2. Value of the Freundlich form of TII versus a wide range of initial concentration of nitroben-
zene by three functionalized MWCNTs (A); and absorbance at 800 nm of three functionalized CNTs
with a wide range of initial concentration of nitrobenzene after shaking for 72 h and settling down

for 5 min (B). Error bars represent the standard deviation of three replicates. If error bars are not
evident, they are obscured by the points.

3.4. Stabilization

Few studies investigated the influence of small dissolved organic molecules on MWC-
NTs stabilization. As the only dissolved small organic molecule itself without sonication
or shaking cannot make a stable MWCNT suspension, similarly, a surfactant by itself is
not capable of effectively dispersing MWCNT bundles without vigorous sonication [41].
However, during the process of sorption—desorption, the samples of MWCNTs is under
an 150 rpm shaking condition, which facilitates the suspension of MWCNT aggregates.
Hence in our study, we selected a 5-min settlement after vigorous shaking to represent the
suspension statement during shaking.

Figure S5 (Supplementary Materials) visually shows that the turbidity of MWCNT
suspension in all three functionalized MWCNTs varied with initial concentration of ni-
trobenzene. In a given initial concentration of nitrobenzene, the turbidity of MWCNT of
the three functionalized MWCNTs was also different, which might be due to the surface
functionalization coverage.
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Table 2. Results of the Freundlich model fits to the sorption and desorption data of nitrobenzene by functionalized CNTs.

Fitting Parameters under Every Cy (mg/L) by Freundlich Model !

G—-CNTs H-CNTs C—CNTs

C() Kf rudjz Co Kf n radjz Co Kf n radjz
568 0987 +0.046 0253 +0.053 0919 898 0.902+0.010 0.167£0.020 0973 5.06 1258 +0.022 0.144+0.032 0912
748 1163 £0.027 0347 £0.054 0.953 11.06 1.008 £0.022 0.221 +0.029 0966 14.48 1493 +0.042 0.316 £0.046 0.959
1047 11304 0.018 0538 +0.052 0982 1493 1.220£0.039 0284 £0.032 0976 1954 1570+0.078 0.370£0.047 0.969
14.66 1152 +£0.038 0.581 +0.044 0983 21.13 1.380+0.068 0.361+0.035 0981 2757 1527 +0.115 0.441 £0.047 0.977
21.30 1.049 £0.041 0.658 £0.031 0996 28.06 1513+0.035 0.392+0014 0998 39.08 1.88840.296 0.34940.074 0915
2898 0.987 £0.083 0.676 £0.049 0.990 3883 1.275+0.163 0.572+0.062 0977 5418 2352+0.585 0.269 +0.096 0.795
39.68 0.774 40227 0.814+£0.141 0945 5401 12650174 0583 £0.055 0982 7565 1.734+£1.187 0.46410215 0.742
54.37 0.829 +£0.128 0.749 £0.061 0987 7334 13260166 0.581 £0.044 0.989 103.5 1.975+0.353 0.441+0.053 0.971
7482  0912+0.09 0.685+0.035 0995 103.7 153340179 0542+0.035 0992 1443 2266 +0.311 0411+0.036 0.985
1044 1206 4+0.260 05954 0.064 0977 1438 2177 £0.239 0452£0.029 0992 1999 2772+0269 0373 +£0.017 0.992
1445 4197 £0.732 0274 +0.047 0945 2003 20770285 0483 4+0.033 0991 2771 3.236 40258 0.347 +0.017  0.995
200.8 2.323+0.342 044240035 0987 3842 353740306 03454+0.017 0995 3819 3.906 £0428 0.318+£0.022 0.991
276.8 3.356 20395 0.352+0.026 0989 5316 6.334+1.149 0255+0.034 0965 531.6 5.631+1.09 0.261+0.037 0.963
531.6 5792+ 0.656 0.246 +0.021 0985 5786 7483 +1.134 02134+0.028 0966 658.7 7.555+£0.345 0.209 £0.008 0.997
6643 4736 £0.212 0283 +£0.008 0999 6592 7.663+1.003 0.219+0.024 0977 757.0 8.640+0.913 0.187+0.019 0.981
757.9 4490 +1420 0298 +0.053 0968 8722 6.89940.753 02544+0.019 0989 9973 6.217£0.331 0.255+0.009 0.998
8735 0.357+£0.056 0.357£0.056 0975 1143.1 3.30540.547 03624 0.026 0990 13141 3.573 £0.736 0.354 £0.032  0.984

- 13245 21054 0.604 0430 £0.044 0.980 - - - -

T All estimated parameters values, their standard error, and the fitting adjusted square of correlation coefficient (rudjz) were determined by
a commercial software program (Origin 8.5).

The turbidity of MWCNT suspension with different initial concentration of nitroben-
zene after 5-min settlement was further examined using the absorbance at 800 nm (Figure 2B).
Similar to TII, the value of absorbance at 800 nm of all three MWCNTs varied with initial
concentration of nitrobenzene and could be divided into three stages—at an initial concen-
tration below 40 mg/L, the value of absorbance decreased with the increasing initial con-
centration; at an initial concentration between 40 mg/L to 580 mg/L, absorbance increased
with the increasing initial concentration; at the initial concentration above 580 mg/L, the
absorbance reached a plateau. The maximum turbidity above 580 mg/L was about 3 times
the minimum turbidity at 40 mg/L. The similar tendency of TII and turbidity indicated
that sorption hysteresis was highly related with the stability of MWCNTs suspension.
Turbidity is the cloudiness or haziness of a fluid caused by individual particles (suspended
solids). The higher the turbidity, the smaller the particles that remain in solution, which
could increase the surface area of MWCNTs and consequently be expected to enhance the
nitrobenzene adsorption [10,42].

The smaller size CNTs with good stability were easier to diffuse, migrate, transport,
and uptake by plankton [9,43]. Except phagocytosis and macropinocytosis, CNTs with
a small size can also enter the cell through receptor-mediated endocytosis [43], which
can generate intracellular reactive oxygen species (ROS) under minor damage to cell
membrane integrity [44]. As the smaller size CNTs have more electron donor or acceptor
active sites with molecular dioxygen [45], they could generate more ROS and increase their
toxicity [46].

At a given initial concentration, Turbidity of H-CNTs and C—CNTs are generally
higher than G—CNTs. This is related to their higher degree of oxidation and resulting
hydrophilicity on the surface (Table S1 in Supplementary Materials). As the toxicity of
H—CNTs and C—-CNTs increase significantly, leading to more proliferation inhibition
and cell death [47], more attention should be paid to the health risk of such CNTs in the
water environment.

3.5. Possible Adsorption—Desorption Mechanisms of Nitrobenzene on MWCNTs

The adsorption—desorption results of nitrobenzene (as discussed above) showed that
adsorption—desorption hysteresis was relevant to the stability of MWCNTs suspension,
which was affected by the initial concentration of nitrobenzene and the surface functional-
ization coverage of MWCNTs. A conceptual adsorption—desorption model was proposed
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to further explain the relationship among the sorption hysteresis, stability of MWCNTs
suspension, and the initial concentration of nitrobenzene (Figure 3). There are mainly
three areas for nitrobenzene sorption on MWCNTs—surface, groove, and interstitial spaces
(Figure 3) [14]. At a very low initial concentration of nitrobenzene (Figure 3a), the stability
of MWCNT suspension was mainly dependent on MWCNTs’ own surface properties. The
relatively higher surface functionalization coverage of H-CNT makes it more hydrophilic,
which results in a higher area of interstitial spaces, and thus, higher irreversibility of sorp-
tion hysteresis. With an increase in the initial concentration of nitrobenzene (Figure 3b), the
small amount of nitrobenzene created a nonpolar environment for MWCNTs [17], which
resulted in a low turbidity of the MWCNT suspension. At this step, the interstitial spaces
were compressed by nitrobenzene and it was more difficult for the nitrobenzene molecular
to penetrate through, which then cause more reversible adsorption—desorption process.
As the initial concentration of nitrobenzene continued increasing (Figure 3c), the nonpolar
environment further induced the aggregation of MWCNTSs, which led to the formation of
new interstitial spaces. The sorbed nitrobenzene molecule might have been trapped into
the newly formed interstitial spaces resulting in a more irreversible adsorption—desorption
process. As more and more nitrobenzene molecules were sorbed onto MWCNTs (Figure 3d),
the nitro group made the MWCNT surface more hydrophilic, which facilitated the suspen-
sion of MWCNTs. In this range of concentration, no new interstitial spaces could form and
the existent interstitial spaces were more difficult for the nitrobenzene to penetrate into,
and thus, it result in a more reversible adsorption—desorption process. With the initial
concentration of nitrobenzene further increasing (Figure 3e), more and more nitro group on
the surface of MWCNTs enlarged the area of interstitial spaces, which helped nitrobenzene
to penetrate. Hence, the adsorption—desorption became more irreversible. When the
turbidity of CNTs suspension reached a plateau (Figure 3f), there was no more area for the
nitrobenzene to sorb onto CNTs. However, the adsorption amount of nitrobenzene still
increased linearly with the nitrobenzene equilibrium concentration (Figure S1 in Supple-
mentary Materials). This might be attributed to the bilayer sorption between the sorbed
nitrobenzene and free nitrobenzene, which would increase the proportion of reversible
sorption, and therefore, result in a more reversible sorption—desorption process. Thus, the
DMM model was fitter than the PMM model for nitrobenzene’s sorption onto CNTs.

a b c d ¢ f
e ﬁ Y T =

Low C, (mg/L)

Figure 3. Schematic diagrams for the adsorption—desorption of nitrobenzene on CNTs. The letters I, II, and III indicate

the possible adsorption area of the surface, groove, and interstitial spaces, respectively. The lowercase letters “a, b, ¢, d, e,

f” represent the beginning or end of five stages of adsorption-desorption hysteresis of nitrobenzene on MWCNTs: more

reversible (a,b)—more irreversible (b,c)—more reversible (c,d)—more irreversible (d,e)—more reversible (e, f). Cy is the

initial concentration of nitrobenzene.
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Nitrobenzene might be adsorbed first onto MWCNTs with aromatic rings binding
to the surface carbon rings via 71—t interactions, hydrophobic interactions or with nitro
group binding to the functional group on MWCNT surface to form a monolayer, the
nitrobenzene monolayer then further sorbed the dissolved nitrobenzene by hydrogen
bonds and other polar interactions. Differences of interaction force between nitrobenzene
and CNTs under different initial concentrations of nitrobenzene, not only affected the
stability of CNTs but also affected the release, persistence, and bioavailability of the
adsorbed nitrobenzene [6,47,48]. It is advised that the intake for nitrobenzene should not
reach 17 pg/L, for human safety [33].

4. Conclusions

The stability of CNTs suspension is a key factor in determining their behavior, trans-
port, bioavailability, and toxicity in the aquatic environment. Our experiments demon-
strated that the adsorption of nitrobenzene can affect CNTs’ stability. A conceptual
adsorption—desorption model was proposed to explain the possible mechanism of the
different stability of MWCNTs suspension under different initial concentrations of ni-
trobenzene. This study also found that the stability of CNTs containing carboxyl groups
and hydroxyl groups were more sensitive to nitrobenzene concentrations than G—CNTs.
Therefore, the structure and types of carbon nanotubes should be considered when se-
lecting CNTs as adsorbents for wastewater treatment, or evaluating the risk of CNTs in
natural water.

Additionally, the experimental phenomena that the dissolved nitrobenzene molecular
and the functionalized surface could affect the stability of MWCNTs aggregation raises a
question about the efficient contact area that nitrobenzene molecules can attach to. Based
on the maximum monolayer adsorption capacity of the DMM model, we calculated the
efficient maximum contact area according to following equation:

Asurf = Qm X (Am X N)/lolo (6)

Ay =7 x (BMW/ (47 x D x N))?/ @)

where Ag,¢ is the CNT surface area (m?/g); Ay is the projecting area of a single adsorbate
molecule (cmz) ; N is the Avogadro constant, and MW is the molecular weight (g/mol).
The calculated area for G—CNTs, H—CNTs, and C—CNTs were 30.9 mZ, 39.5 mZ, and
35.0 m?, respectively. This was much smaller than the special surface area measured by N,
adsorption and was more reasonable. As CNTs aggregated in nitrobenzene solutions that
inhibited the nitrobenzene from reaching the adsorption sites inside the CNTs aggregates,
it could be used as a reference for the evaluation of the adsorption effect of CNTs on
nitrobenzene, in wastewater treatment.

The methodology that combined the adsorption isotherm, adsorption—desorption
hysteresis index and the stability of CNTs, provides a new direction to study the sorption—
desorption mechanisms of organic compounds on CNTs, in wastewater treatment or
ecological risk assessment of pollutants. Further studies should compare the effect of
different polar organic compounds on the stability of CNTs aggregation, and quantify the
ecotoxicological effects of CNTs after adsorption of different amounts of nitrobenzene.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13101426/s1. Figure S1: The chemical structure sketches of three functionalized carbon
nanotubes—(A) multiwalled structure of three carbon nanotubes; (B) the surface of G—CNTs; (C) the
surface of H-CNTs; and (D) the surface of C—CNTs. Table S1: Selected physicochemical properties of
CNTs. Figure S2. The nitrogen adsorption—desorption isotherms that were obtained using a surface
area and porosimetry analyzer (ASAP 2460, Micromeritics, USA)—(A) G—CNTs; (B) G—CNTs;
and (C) G—CNTs. Figure S3: Sorption isotherms of nitrobenzene by three functionalized carbon
nanotubes—(A) G—CNTs; (B) H-CNTs; and (C) C—CNTs. Figure S4: Photo of three functionalized
MWCNT suspension with different initial concentrations of nitrobenzene, after 72 h shaking and
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1 h settlement. Figure S5: Photo of three functionalized MWCNT suspensions with different initial
concentration of nitrobenzene, after 72 h of shaking and 5 minutes of settlement.
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