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Abstract. Carbon Nanotubes(CNTs) are inevitably released into environment due to their wide 
production and application, their environmental behavior and risks are greatly controlled by their 
dispersion and aggregation. Polymers and surfactants were found dispersing CNTs well, however 
their dispersion mechanism is still not clear. Two kinds of polymers and one kind of surfactant were 
selected to investigate in this study, the adsorption results showed steric hindrance and electrostatic 
repulsion were the obstruction to adsorption and the electrostatic attraction might be the main 
contribution to highest adsorption of PVP. Different from adsorption, the electrostatic repulsion and 
steric hindrance were the essential contribution to dispersion, which in turn the highest dispersion of 
PSS.  

Introduction 
Carbon Nanotubes(CNTs) have been gaining lots of focus since Lijima discovered CNTs at first 

time in 1991[1]. CNTs are widely used in many areas due to their unique electrical properties, high 
chemical stability and larger specific surface area[2-4], therefore CNTs were inevitably released into 
environment. Because CNTs have average diameters and lengths of about 1.4 nm and 10 μm 
nano-scale, CNTs can go through cell membrane and damage cells[5]. CNTs may strongly interact 
with organic contaminants because of their high hydrophobicity and large specific surface area. 
Many studies have been done and found the high adsorption ability to organic contaminants[6-8]. To 
understand the environmental behavior of CNTs is meaningful for the reduction of CNTs pollution.  

CNTs are produced in bundles or bundle aggregations, their dispersion states may be altered by 
adsorption to organic contaminants or dissolved organic matter(DOM). The dispersion states are 
controlled by at least two competitive interactions: 1) among CNTs threads, the interactions of van 
der Waals forces; 2) The interactions between CNTs threads and surrounding solvent moleculars. 
Moreover, the dispersion states of CNTs play a important role in the interactions with other 
contaminants that may increase the environmental risks and affect the fate of contaminants. On one 
hand, dispersed CNTs can expose more surface area which in turn may increase the adsorption of 
organic contaminants; On the other hand, CNTs dispersed through different mechanisms could 
influence the fate and transport of other pollutants very differently[9].  A large amount of the 
surface of CNTs will be wrapped by dispersants, which may provide the potential adsorption sites 
for other organic contaminates[9]. Besides, if CNTs are dispersed in the way of “unzipping”, more 
CNT surface will be available for other organic contaminates[6]. Dispersion mechanism needs to be 
clarified in order to understand dispersion conditions of CNTs, which can also facilitate to control 
the pollutant migration.  

Many publications show that steric hindrance, electrostatic repulsion and micellar solubility et al. 
are the main dispersion mechanism of CNTs[10-11]. However, which is the most important 
contribution to dispersion is unclear yet. In this paper, several model compounds were selected in 
order to see differences in their abilities to disperse CNTs. Two kinds of polymers-Sodium 
polystyrene sulfonate(PSS) and polyvinylpyrrolidone(PVP) and the monomer of PSS-sodium 
styrene sulfonate(SS) are as the dispersants in the batch of adsorption and dispersion experiments.  
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Experimental 
Materials. CNTs used in the study were hydroxylized (MH), purchased from Chengdu Organic 

Chengdu Organic Chemistry Co., Chinese Academy of Sciences, with reported purity of > 95%. 
The Sodium polystyrene sulfonate (PSS, >99%, average Mw 70,000) was purchased from 
Sigma-Aldrich Co. , polyvinylpyrrolidone (PVP, 99%, average Mw 8,000) and styrene sulfonate 
(SS, 90%) were purchased from Shanghai Aladdin Bio-Chem. Technology Co. .  

Adsorption and dispersion experiments. All of the adsorption and dispersion experiments were 
in regular temperature of 20±2 ℃. PSS stock solution(2 mmol/L) was diluted by the DI water to 
eleven different concentrations(0.001-0.2 mmol/L), similarly PVP and SS stock solutions with the 
initial concentration of 1.5 mmol/L and 20 mmol/L were diluted to twelve different 
concentrations(0.005-0.3 mmol/L) and twelve different concentrations(0.1-4 mmol/L) respectively. 
10 mg CNTs were added to dispersant solutions with the aqueous: solid ratio of 3800:1 (w/w) in 40 
mL glass vials with Teflon-lined screw caps, the mixed solutions were sonicated 3 min with a probe 
sonicater (Fisher scientific sonic dismembrator model 100, output power = 18 W, and frequency = 
50 Hz), then adjusted the pH to 7±0.2. Samples were shaken in the dark for 72 h in an air-bath 
shaker which was long enough to reach adsorption equilibrium. Following centrifugation at 3000 
r/min for 20 min and the supernates were used to measure the dispersion by Agilent 8453 
spectrometer with the absorbance at 800 nm and the Zeta-potentials using Zetasizer (90 Plus Zeta, 
Brookhaven) with a folded capillary cell. And after adsorption equilibrium the pH didn’t change 
much, pH values were between 5.0 and 6.3. After filtration with 0.45 μm membrane (Shanghai 
Anpel Scientific Instrument Co. Ltd.), the supernates were used to measure the aqueous 
concentrations of PSS, PVP and SS at the absorbance of 256 nm, 194 nm and nm respectively with 
the UV-vis.  

Data analysis. Adsorption isotherms were fitted utilizing the Freundlich model based on the 
least squares minimization with SigmaPlot 10.0. 
 e F elg  lg lgQ K n C= + ⋅  (1) 
  Where Qe (mg/kg) and Ce (mg/L) are the equilibrium solid-phase and aqueous-phase 
concentrations respectively, KF [(mg/Kg)/(mg/L)n], n is the nonlinearity factor.  

Results and discussion 
Adsorption.  

Table 1 Fitting results of adsorption isotherms of three dispersants 

Dispersants 

Freundlich Parameters Kd (L·g-1) 

r2
adj 

KF 

((mg·Kg-1)/(mg·L-1)n) 
n lgCe=2.7 (mg·L-1) 

SS 0.982 1224.334 0.698 187.751 

PVP 0.994 1439.130 0.720 251.779 

PSS 0.988 637.529 0.779 161.261 
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Fig 2 Species distributions of three dispersants at different pHs 

 
  Freundlich mode was selected to fit adsorption isotherms, the fitting results were presented in 

table 1. In table 1, three r2
adj values were all above 0.98, that meant Freundlich mode could fit the 

adsorption isotherms well. The KF values followed the decreasing order by PVP, SS and PSS, it 
revealed that PVP adsorbed on CNTs was higher than SS and PSS. The n values were all close to 1, 
which revealed the adsorption isotherms were linear, suggesting the highly homogeneous 
distribution of adsorption sites on CNT surface[12]. The sorption coefficient Kd followed the order of 
PVP > SS > PSS, suggesting the adsorption of PVP on CNTs was higher than SS and PSS. The 
mechanism of different adsorption results were written in detail later.  

  As shown in Fig 1, the adsorption of PVP on CNTs was higher than PSS and SS, and the 
adsorption of SS was higher than PSS. The species distribution of three dispersants were calculate  
ed shown in Fig 2, meant that in experiment pHs, the distribution proportion of SS negative specie 
was almost 100%, for PSS was above 99% and PVP was between 50%-96% respectively. The 
CNTs selected in the study was hydroxylized, the surface was highly negative charged under 
experiment pHs. The electrostatic interaction between CNT bundles and PVP molecular was lower 
than PSS and SS, the strong repulsion made PSS and SS molecular difficult to approach to CNT 
surface. As for PSS and SS, they were all highly negative charged, so the electrostatic interaction 
was not the cause of different adsorption results. On one hand, the average molecular weight of PSS 
was large compared with SS; On the other hand, PSS was difficult to access to the CNT surface 
because of the strong steric hindrance due to its huge steric structure.  

Dispersion. Fig 3 showed the stabilization of CNTs in three dispersant solutions, UV-vis 
spectrophotometry at 800 nm absorbance were used to estimate the dispersion of CNTs. CNTs were 
dispersed in three kinds of solutions was attributed to the wrapping of dispersant chain around the 
CNT bundles. The dispersion of CNTs improved with the increasing three dispersants at low 
concentrations. However, as for two polymers CNTs dispersion decreased with the increasing of 
their adsorption at high concentrations. At low concentrations, 1) improved adsorption provided 
increasing steric hindrance, which was also founded by several studies, Liping Zhao founded that 
the CNT suspension with copolymer was mainly attributed to the steric stabilization, the polymers 
could conquer the van der Waal’s through steric hindrance and helped to separate CNT bundles 
from each other[13]; 2) The increasing electrostatic repulsion played a important role in dispersing 
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Fig 1 Adsorption isotherms of three dispersants on CNTs 
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CNTs, which could be inferred from zeta potential results shown in Fig 4, the zeta potential rose 
with the increasing of adsorption, which meant the increased negatively charged surface by the 
adsorption of dispersants increased the electrostatic repulsion between CNTs bundles and the 
dispersion was facilitated. However, CNT dispersion trends of PSS and PVP were different from SS 
at high concentrations. The dispersion of CNTs decreased with the increasing adsorption. The 
mechanism was speculated where one polymer molecule might link two or more nanotubes should 
be responsible for their aggregation, Alla L. Alpatova et al. also found that the aggregation of CNTs 
at high PVP concentrations[14]. The above discussion showed that steric hindrance and electrostatic 
repulsion were essential contribution to dispersion of CNTs in this study. 

 
 

 
 

The dispersion of CNTs followed the decreasing order by PSS, PVP and SS, it meant the 
repulsion between CNT bundles increased. It’s easy to observe that the repulsion rose with the 
increasing of the length of grafted chains. The surface coveraged with dispersant chains could 
provide strong steric hindrance which in turn hindered bundles’ aggregation, so CNTs dispersed 
better in PSS solution than others due to its longest molecule chain, same results were founded by 
Rina Shvartzman-Cohen et al. , they also found the increasing of length of the grafted chain 
strengthen the repulsion between CNT bundles[15]. Furthermore, observing in Fig 4, the zeta 
potential results showed PSS coated CNTs had the highest Zeta potential value that reflected highest 
electrostatic repulsion, so the highest electrostatic repulsion and the strongest steric hindrance made 
highest dispersion in PSS solution. Although the zeta potential of PVP was same as SS, its 
dispersion was higher than SS, the longer molecule chain provided stronger steric hindrance to 
facilitate the dispersion. Same as previous studies, electrostatic repulsion and steric hindrance were 
essential parts in dispersion of CNTs and polymers complex systems[14]. 

Summary 
In this study, we found that due to the different length of molecule chains and the electrostatic 

properties of different dispersants, their adsorption results on CNTs were different, strong 
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Fig 3 Dispersion of CNTs by three dispersants 

Fig 4 The Zeta potential of CNTs surface at different concentration of three dispersants 
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electrostatic repulsion and strong steric hindrance hinder the adsorption of PSS and SS. As for 
dispersion, on the contrary, the electrostatic repulsion and steric hindrance were the essential 
contribution to CNT dispersion, which got CNTs the highest dispersion in PSS.  
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