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Polyethylenimine functionalized carbon nanotubes were prepared through mussel inspired 

chemistry and Michael addition reaction and utilized for adsorption of Cu
2+
 from water. 
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Carbon nanotubes (CNTs) have been widely used as adsorbents to remove various environmental 

pollutants because of their unique one dimensional structure, large surface areas and amounts of 

micropores. However, the adsorption capacity of  unmodified CNTs toward heavy metal ions is still 

limited due to their poor dispersibility and lack of functional groups. In this work, a novel strategy has 10 

been developed to prepare polyethylenimine functionalized CNTs via combination of mussel inspired 

chemistry and Michael addition reaction. The successful preparation of CNTs with amine groups was 

confirmed by a series of characterized measurements such as transmission electron microscopy, fourier 

transform infrared spectroscopy, thermal gravimetric analysis. Furthermore, the adsorption application of 

these amine functionalized CNTs toward Cu2+ was also examined. Various factors included contact time, 15 

pH values, temperature and initial Cu2+ concentrations on the adsorption capability of amine 

functionalized CNTs were also investigated. Langmuir and Freundlich models were used for 

thermomechanical analysis. The pseudo-first-order, pseudo-second-order and intra-particle diffusion 

model were used for the kinetic analysis. Results demonstrated that CNTs can be successfully 

functionalized with amine groups through a rather facile and mild bioinspired strategy. And these amine 20 

functionalized CNTs exhibited much enhanced adsorption effeciency toward Cu2+. Given the strong and 

versatile adhesion of PDA to various materials, the bioinspired strategy described in this work could also 

be utilized for fabrication of many other nanocomposites for environmental applications.  

1. Introduction 

Under the current circumstance, human beings pay much 25 

attention to the environmental contaminations, certainly including 

water pollution.1 Heavy metal ions, which exist in various 

industrial waste water, attracting growing attention due to their 

high toxic, non-biocompatible and easily accumulate in living 

organisms.2-7 Among them, copper ion (label as Cu2+), was 30 

considered to be one of the most poisonous ions, normally 

dissolved into wastewater and then released into the environment. 

Though as a significant trace nutrient for the health of human 

body, when consumed in large dose for a long period may lead to 

vomiting, cramps, skin rash or even death.8, 9 As we all know, 35 

large amounts of Cu2+ were produced in the fields of smelting, 

metal processing, machinery manufacturing, organic synthesis 

and other industrial wastewater.10, 11 Among them, the metal 

processing, electroplating factories discharge waste water 

containing copper content is the highest, which has caused 40 

serious impacts for living organisms. Therefore removal of Cu2+ 

from wastewater is necessary and urgent.  

Due to the villainous consequence of high concentration of 

Cu2+ for human life, in order to resolve these problems, a lot of 

high-efficiency methods for removal of Cu2+ from wastewater 45 

have been reported including ion exchange, chemical 

precipitation, ultrafiltration, reverse osmosis, adsorption and 

electrodialysis etc.12-17 Among these techniques, the typical 

strategy of adsorption shows excellently prominent and draws 

much attention for its high efficiency, simple operation and low 50 

cost. On the other hand, with the development of nanotechnology, 

a large number of nanomaterials, especially carbonaceous 

nanomaterials (e.g. carbon nanotubes (CNTs), graphene oxide), 

are used as adsorbent because of their broad pore volume, large 

specific surface area and stable covalent chemical bonds.18, 19 55 

CNTs, a class of popular carbon nanomaterials, have been widely 

applied in the various fields such as drug delivery, machine 

manufacturing, environmental protection and so on because of 

their great mechanical properties, high chemical stability, unique 

electronic properties and diameter ratio.20 Recently, 60 

accompanying with in-depth research for the CNTs, the excellent 

performances of huge specific surface areas and loose structure of 

CNTs have attracted much attention in adsorption field, which 

could serve as high-efficiency agents to remove other heavy 

ions.21-31 Although these perfect performances they possess, 65 

unfortunately, poor dispersibility and lack of functional groups 

inevitably restricted adsorption capacity of CNTs toward heavy 

metal ions. In recent years, many strategies for the surface 

modification of CNTs to enhance their dispersibility in aqueous 
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solution have been developed.32-39 However, the commonly 

adopted noncovalent and covalent strategies still have some 

drawbacks, which include the instability of noncovalent methods, 

and low effeciency, complexicity and time consuming of covalent 

strategy. Therefore, the development of facile surface 5 

modification strategies for preparation of CNTs with good 

adsorption performance is still high desirable. 

As a versatile surface modification strategy, mussel-inspired 

chemistry has attracted increasing attention for wide applications 

ranged from biological imaging and cancer treatment to energy 10 

conversion and environmental protection.40-57 Since being 

discovered of this novel strategy by Lee in 2007, mussel-inspired 

chemistry has become versatile and facile surface modification 

method to any materials included metal and non-metal materials 

regardless of their composition, shape and size  because of strong 15 

and universal adhesive of polydopamine (PDA), which was 

formed via self-oxidation of dopamine in alkaline solution. 

Furthermore, after coating PDA coating to the material surface, 

many reactive sites were introduced to the surface of material, 

which can further be covalently conjugated with amino- or thiol-20 

contained molecules.43 For example, our previous work had 

reported that surface modification of CNTs with thiol-contained 

small organic molecules and amino-terminated polymer to 

increase the dispersibility of CNTs materials via combination of 

mussel-inspired chemistry and Michael addition reaction. These 25 

functional CNTs suggest obviously enhanced dispersion in 

aqueous and some organic solutions.58-61  Polyethylenimine 

(PEI), as abundant amino groups organic hydrophilic molecules, 

have been wildly used in surface modification of adsorbents due 

to its luxuriant amine groups including primary, secondary and 30 

tertiary amines which exhibits perfect adsorption ability for heavy 

metals.62 Therefore, inspired by this facile surface functional 

methods, amine functionalized CNTs can be prepared through the 

Michael addition reaction between PDA and PEI.  

In this work, stiff CNT surface was perfectly modified with 35 

hydrophilic PEI to endow their excellent dispersibility in water 

and absorbility toward Cu2+ via combination of mussel-inspired 

chemistry and Michael addition reaction. The specific procedure 

was shown in Scheme 1: two mild steps were involved in the 

process for preparation of functionalized adsorbents. First, the 40 

PDA coating was formed on the surface of CNTs in aqueous 

solution (pH = 8.5) via mussel inspired chemistry. Afterwards, 

PEI molecules were efficiently conjugated onto the surface of 

functional CNT with PDA through Michael addition reaction. 

Finally, the obtained amine functionalized CNTs were applied to 45 

remove Cu2+. The influencing impacts for removing Cu2+ include 

pH, contact time, temperature and initial Cu2+ concentration were 

investigated in this work.  

 
Scheme 1 Schematic representation for the preparation of CNTs-PDA-50 

PEI via the combination of mussel-inspired chemistry and the Michael 

addition reaction. 

2. Experiment 

2.1 Materials 

CNTs from the nanopowder Co. were synthesized by chemical 55 

vapor deposition. The diameter of CNTs is about 30-50 nm 

according to the manufacturer. The dopamine hydrochloride was 

purchased from Sangon Co. Tris-(chydroxymethyl)-aminethane 

(Tris) (>99%) was obtained from Tianjin Heowns 

Biochem.LLC.Co. PEI (molecular weight 800 Da) and copper 60 

nitrate trihydrate (> 99.99%) were purchased from Aladdin 

Industrial Co. Deionized water was prepared for the usage of 

solution. 

2.2 Characterization 

The morphology of modified CNT-PDA-PEI adsorbent was 65 

ensured by transmission electron microscopy (TEM). The TEM 

images were supplied from a Hitachi 7650B microscope operated 

at 80 kV by using a little glob of nanoparticle ethanol suspension 

on a carbon-coated copper grid as the TEM specimens. Fourier 

transform infrared spectroscopy (FT-IR) is used to confirm the 70 

structure composition and chemical functional groups of 

modified CNT-PDA-PEI. The Fourier transform infrared (FT-IR) 

spectra were obtained from Nicolet5700 (Thermo Nicolet 

corporation). Thermal gravimetric analysis (TGA), which was 

conducted on a TA instrument Q50 with a heating rate of 20 °C 75 

min–1 is bring for determination of the thermal properties of 

modification of CNT-PDA-PEI under air atmosphere. 

2.3 Synthesis of CNT-PDA 

The synthesis method of CNT-PDA nanocomposites is in detail 

as follows: 1 g of CNTs and 1 g of dopamine hydrochloride were 80 

simultaneously added into a 500 mL flask with Tris buffer 

solution (pH = 8.5, 10 mM) into the flask to make 250 mL 

solution. After that, the suspensions were treated with 

ultrasonator for about 5 min and magnetic stirred for 8 h. Finally 

centrifuged under 8000 rpm for 10 min, washed for 3 times with 85 

deionized water and dried at 323 K for 24 h. 

2.4  CNT-PDA-PEI 

The CNTs-PDA-PEI was synthesized by the same method 

mentioned above. 1 g of PEI and 1 g of CNTs-PDA were added 

into a 500 mL flask using deionized water with Tris buffer 90 

solution, then ultrasonator for 5 min and stirred for 8 h, 

centrifuged, washed with pure water three times and dried at 

vacuum for further adsorption experiment. 

2.5 Absorbed capacity of CNT-PDA-PEI for Cu2+ 

Batch adsorption experiments were used to study the removal of 95 

Cu2+ under the impact of the following parameters: contact 

temperature, pH value, contact time and the initial Cu2+ 

concentration. In general, 10 mg adsorbent was added into 50 ml 

of the Cu2+ solution (10 mg/L) in the 50 mL sample tube. The 

equilibrium Cu2+ concentration were determined by the 100 

ultraviolet and visible spectrophotometer. The effect of contact 

temperature studied at different temperatures (303, 313, 323, 333, 

343, 353 K) with the same amount of the adsorbent and the Cu2+ 

concentration. The effect of pH experiment studied by change the 

Cu2+ concentration pH from 2 to 10 by adding 0.1 M HCl and 0.1 105 

M NaOH solutions. The influence of Cu2+ concentration 

experiment tested by different initial Cu2+ concentration in the 
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range of 10 mg/L to 120 mg/L The final adsorption capacity (Qe, 

mg/g ) and the Cu2+ removal efficiency ( R % ) were analyzed by 

the following equation, respectively: 

 

 5 

 

Where V (mL) is the Cu2+ solution volume, m (mg) is the 

adsorbent dose,  C0 (mg/L) is the Cu2+ initial concentration and Ct 

is the equilibrium Cu2+ concentration. Qe (mg/g) is the adsorption 

capacity at the equilibrium time. And R (%) is the removal 10 

efficiency of the Cu2+ solution. 

3. Results and discussion 

3.1 Characterizations of CNTs nanocomposites 

The surface modification CNTs with abundant amino group 

organic molecule (PEI) were prepared via a novel strategy of 15 

mussel-inspired chemistry and Michael addition reaction. The 

TEM images of CNTs sample could demonstrate that PDA 

coating and PEI were perfectly covered on the surface of CNTs. 

As we can see from the Fig. 1A, the diameter of pristine CNTs 

was about 30 to 50 nm, which was consistent with information 20 

provided from manufacturers. And the surface of pristine CNTs is 

especially smooth from the observation of Fig. 1A. After 

modifying with PDA on the CNT surface via mussel-inspired 

chemistry, as shown in the Fig. S1, the CNT surface change into 

slight coarse from the smooth surface, which provide direct 25 

evidence that successful modification of CNT surface with PDA 

coating as well. These results could successfully demonstrate that 

strong adhesion of PDA is efficient to inorganic materials. The 

phenomenon of Fig. S1 could illustrate that mussel-inspired 

chemistry is suitable to any materials. After PEI molecules were 30 

covalently conjugated onto the CNT-PDA surface via typical 

Michael addition reaction. Blurry coating on the CNT surface can 

be observed (as marked with red arrows in Fig 1B and Fig. S2). 

Based on the enlarged TEM image of CNT-PDA-PEI, the 

thinkness of PDA coating is about 8 ± 1 nm. These results 35 

evidenced that PEI was grafted onto the surface of CNTs due to 

the role of Michael addition reaction. From the analysis of TEM, 

we concluded that successful modification of CNTs with 

hydrophilic PEI to enhance their dispersion via combination of 

mussel inspired chemistry and Michael addition reaction. More 40 

importantly, the novel strategy described in this work is also 

suitable other materials to endow their excellent properties.  

 
Fig. 1 The representative TEM images of CNTs samples. (A) pristine 

CNTs, (B) CNT-PDA-PEI. Which primarily demonstrate that successful 45 

modification of CNTs with PDA and PEI via combination of mussel-

inspired chemistry and Michael addition reaction. 

Exception of high-resolution TEM characterized technique, the 

representative FT-IR technique were also employed to determine 

whether the surface of CNTs are successfully modified using 50 

PDA and PEI as templets. As shown in Fig 2A, although there 

were no particular peaks could be observed from pristine CNTs, 

after PDA was coated on the CNT surface because of their strong 

adhesion to any materials, the characterized peak located at 3450 

cm-1 was observed, which attributed to the stretching vibration of 55 

-NH2 bonds. On the other hand, the characterized peak appeared 

at 2850 cm-1 could be ascribed to the stretching vibration of –CH2 

existed in the catechol. These results demonstrated that PDA 

coating is surely formed on the CNT surface by facile mussel-

inspired chemistry surface modification method. Based on the 60 

typical Michael addition reaction, the PEI molecules could be 

facilely conjugated onto the surface of CNT-PDA, the powerful 

evidence which could be used to verify the successful 

conjugation of PEI to the CNT-PDA surface is that new peak 

appeared at 2930 cm-1 of –CH3 bonds. Furthermore, the two 65 

characterized peaks respectively located at 1630 and 1410 cm-1 

could be ascribed to the vibration of C-N (simple harmonic 

vibration) and C-C (flexible vibration) bonds. Therefore, the FT-

IR specta for CNT samples demonstrated that functional CNTs 

using PEI were prepared based on mussel-inspired chemistry and 70 

Michael addition reaction. 

 
Fig. 2 FT-IR spectra for CNTs, CNT-PDA, CNT-PDA-PEI nanoparticles. 
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The relative content of PDA and PEI conjugated onto the 

surface of CNTs could be confirmed by TGA measurement. As 

we can see from the TGA curves of CNT samples (Fig. S3), the 

weight loss of pristine CNTs was approximately 1.17% when the 

temperature ascended from 100 to 500 °C under nitrogen 5 

atmosphere. The slight weight loss of pristine CNTs under high 

temperature suggested that CNTs possess excellent thermal 

stability. On the other hand, the pronounced drop of weight loss 

for the CNT samples (weight loss: 19.30%) could also be 

observed in the Fig. S3 when temperature raised from 500 to 600 10 

°C, suggesting that the decomposition temperature of CNTs is 

500 °C. However, after formation of PDA on the CNT surface 

due to the self-polymerization of DA in the alkaline solution, the 

weight loss arrived to 9.81% when temperature was increased 

from 100 to 500 °C. Compared to the pristine CNTs, the change 15 

of weight loss of CNT-PDA under the same temperature could be 

explained that the oxygen content was enhanced because of the 

introduction of PDA coating on the CNT surface, which 

evidenced that successful formation of PDA coating on the CNT 

surface by mussel-inspired chemistry. The content of PDA 20 

coating on the CNT surface could be calculated as 8.64%. After 

adding the PEI to the surface of CNT-PDA via Michael addition 

reaction, the weight loss of CNT-PDA-PEI samples was 

increased to 40.1% in air atmosphere (Fig. S3). Compared with 

CNT-PDA, the weight loss of CNT-PDA-PEI was significantly 25 

increased from 19.3 to 40.1%, further demonstrated that PEI was 

successfully conjugated onto CNT-PDA surface via typical 

Michael addition reaction.  

3.2 Adsorption experiment studies 

3.2.1 Effect of contact time and adsorption kinetics  30 

The effect of contact time on Cu2+ removal by the pristine CNTs 

and CNT-PDA-PEI is shown in below Fig. 3. Obviously, the 

modified CNT-PDA-PEI nanocomposites show better adsorption 

performance than pristine CNTs, which demonstrated that PEI 

molecules were covalently conjugated onto the surface of CNT-35 

PDA via typical Michael addition reaction. The Cu2+ equilibrium 

adsorption capacity of CNTs is just 25.4 mg/g while Qt of the 

CNT-PDA-PEI reach up to 34.6 mg/g by a large margin which is 

due to the abundant amine groups existed in PEI macromolecules 

on the surface of CNTs. Therefore the dramatic improvement of 40 

the adsorption capacity also suggested the perfect prosperity of 

adsorption of CNTs modified with PEI for Cu2+ removal. More 

importantly, the obvious enhancement of absorption of CNT-

PDA-PEI than CNTs materials provides direct evidence that 

feasibility of this novel strategy described in this work for surface 45 

modification of materials. The above results suggested that the 

amine groups on the adsorbent (CNT-PDA-PEI) play an 

important role for the enhancement of adsorption capacity, 

indicating that novel adsorption mechanism was invovled in the 

adsorption procedure of CNT-PDA-PEI. It is well known that 50 

introduction of functional groups such as carboxyl groups and 

amino groups on CNTs can improve the adsorption capability of 

these adsorbents through increasing the active adsorption sites.63 

These adsorption of enhancement is mainly due to the 

coordination of functional groups with cation ions. Most of these 55 

interaction is not a specific interaction. Therefore, the CNT-PDA-

PEI are not selective adsorbents toward Cu2+.  

 
Fig. 3 The effect of contact time to Cu2+ adsorption with the initial Cu2+ 

concentrations of 10 mg/L at room temperature. 60 

The non-linear form of the pseudo-first-order kinetic model is 

given as follows: 

 

Where Qt (mg/g) is the quantity of Cu2+ adsorbed by CNT-PDA-

PEI at different contact time t (min), Qe (mg/g) is the equilibrium 65 

adsorption capacity, K1 (min-1) is the pseudo-first-order equation 

rate constant. The values of these parameters and K1, correlation 

coefficient (R2) are listed in Table 1. The following equation 

often used to describe the non-linear form of the pseudo-second-

order kinetic model. 70 

 

 

Where Qe (mg/g) and Qt (mg/g) are the adsorption capacity of 

modified adsorbent CNT-PDA-PEI at equilibrium and different 

time t (min), respectively. K2 (g. mg-1.min-1) is the rate constant 75 

of the pseudo-second-order, h (mg/g.min) is the initial adsorption 

rate of the Cu2+ removal process. All the parameters and R2 are 

also listed in Table 1. This study brings in intra-particle diffusion 

model to further test the reaction rate of adsorption process. And 

it can be described by the equation as follows: 80 

 

Where Qt (mg/g) is the adsorption capacity under any time t 

(min) as the above described, Kp (mg·g-1·min-1/2) is the rate 

constant of the intra-particle diffusion model. The value of Kp  

(mg g-1 min-1/2) and R2 are listed in Table 1. According to the 85 

results summarized in Table 1, the correlated coefficient (R2) 

from pseudo-first-order is 0.994, which is much higher than the 
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correlation coefficient (R2 = 0.841) from pseudo-second-order. 

These results indicated that the adsorption kinetic better followed 

the pseudo-first-order kinetic model. However the intra-particle 

diffusion is the rate-controlling step of the adsorption process due 

to the relatively high correlation coefficient (R2 = 0.985) from 5 

intra-particle diffusion kinetic model. In summary, several steps 

happened in the adsorption process could be classified as follows: 

the instantaneous step occurred at first on the apparent surface, 

gradual adsorption step happened as the rate-controlling reaction 

process. The last equilibrium step with low adsorption efficiency 10 

could be attributed to the decrease of the monolayer site and the 

reduction of Cu2+ concentration. As is known to all, the 

hydrolysis capacity of the Cu2+ ion and the competitive 

adsorption of coexisting matters in aqueous solution both are the 

influence factors of the Cu2+ removal capacity on new composite 15 

adsorbent CNT-PDA-PEI. Furthermore, the chemical and 

physical properties of the chosen adsorbent also have impact on 

the adsorption process. And incidentally the high adsorption rate 

in this study may owing to the chemisorption. Therefore, the 

complexation chemical reaction is expected in the adsorption.  20 

 
Fig. 4 Different kinds of adsorption kinetics of CNT-PDA-PEI. The value 

of data fitted by Pseudo-first-order, Pseudo-second-order and Intra-

particle diffusion models, respectively. Experiment proceed at room 

temperature, pH = 7.0 and 10 mg/L of initial Cu2+ concentrations. 25 

Table 1 adsorption kinetics data of Pseudo-first-order, Pseudo-second-

order and Intra-particle diffusion model for Cu2+ adsorption on CNT-

PDA-PEI. 

Models  Parameters Initial 

concentration(mg/L) 

    10 

Pseudo-first-order 
Qe (cal) (mg/g) 34.1 

 K2 (min-1) 0.0473 

R2 0.994 

Pseudo-second-order 
Qe (cal) (mg/g) 79.1 

 K2 (g·mg-1·ming-1) 0.0000799 

h (mg·g-1·ming-1) 0.500 

R2 0.841 

Intra-particle 

diffusion 

Kp (mg·g-1·min-

1/2) 

549797 

 R2 0.985 

3.2.2 Effect of temperature and thermodynamic study 

Temperature is one of indispensable factors in adsorption 30 

experiments. The effect of temperature on the removal of Cu2+ 

based on CNT-PDA-PEI was tested at different temperature 

ranging from 303 to 353 K with the other conditions unchanged. 

The thermodynamic parameters containing enthalpy change 

(∆H0), Gibbs free energy (∆G0) and entropy change (∆S0) were 35 

determined by using the equations as follows: 

 

 

 

Where kα is the thermodynamic equilibrium constant, R is 40 

represent the gas constant (8.314 J/molK), T is the solution 

temperature (K). The plot of lnkα as the function of 1/T, ∆H0 and 

∆S0 were calculated from the slope and intercept from the Van’t 

Hoff plots of lnkα with 1/T, respectively. The obtained 

thermodynamic parameters recorded on Table 2. As shown in 45 

Fig 5, the Cu2+ adsorption capacity from 21.6 to 41.0 mg/g which 

increased clearly with the increase of temperature from 303 to 

353 K. In addition, the thermodynamic parameters calculated 

from above can be seen from Table 2, the positive values of ∆H0 

and the increasing trend of the adsorption capacity with the 50 

temperature increase both signified that adsorption process using 

CNT-PDA-PEI is an endothermic process. And the negative 

values of ∆G0 signified the spontaneous process in nature of the 
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Cu2+ adsorption on CNT-PDA-PEI. 

 
Fig. 5 (A) The effect of temperature for Cu2+ removal on CNT-PDA-PEI. 

(B) Van’t Hoff plot for the Cu2+ adsorption process.  

Table 2 Data of the thermodynamic parameters for the adsorption of Cu2+ 5 

onto CNTs-PDA-PEI nanocomposites 

T (K) 
∆G0 (KJ/mol·K) ∆H0 (KJ/mol·K) ∆S0 (KJ/mol·K) 

303 -3.38 34.4 0.113 

313 -4.32 35.5  

323 -5.85 36.6  

333 -6.70 37.8  

343 -7.60 38.9  

353 -9.18 40.0  

3.2.3 Effect of pH 

The influence factor pH gets great value reflect both on the 

conversion of metal ions from aqueous solution and the 

protonation degree of amine groups on CNT-PDA-PEI. In order 10 

to test the effect of initial pH of Cu2+ solution on the adsorption 

of CNT-PDA-PEI, this work made different initial pH solution at 

the range of 3 to 12 at room temperature. According to Fig 6, the 

absorption capacity was increased from 4.50 to 47.4 mg/g as the 

pH was increased from 3 to 10, and then kept stable 15 

approximately at pH > 10. For the first rising stage, low 

adsorption capacity due to the protonation of amine groups on the 

CNT-PDA-PEI in acidic solutions, however the increased 

adsorption capacity because of the weakening amine groups to be 

deprotonated with pH increasing. Gradually in alkaline 20 

environment, on account of the porous structure and abundant –

NH2 groups with deprotonation on the surface of CNT-PDA-PEI, 

the adsorption capacity were much considerable, as well as the 

better coordinate ability between the adsorbent and Cu2+. On the 

other hand, however, part of PDA structure can be damaged in 25 

super alkaline environment especially when pH >11 that may 

hinder the improvement of adsorption capacity and remain the 

same capacity approximately. As for the removal efficiency in 

Fig 6, an obvious enhancement from 9.09 to 95.7%, which 

further indicated that the modified CNT-PDA-PEI adsorbent 30 

show the great ability of Cu2+ removal. 

 
Fig. 6 The effect of pH of Cu2+ removal on CNT-PDA-PEI with 10 mg/L 

initial Cu2+ concentration at room temperature. 

3.2.4 Adsorption isotherms 35 

 Adsorption isotherm manifested the way that adsorbents 

interact with heavy metal ions or other adsorbates, and also 

described the adsorption capacity, adsorption strength and the 

adsorption status. In this work, two significant adsorption 

isotherm models contained Langmuir and Freundlich isotherms 40 

were recommended to analyze the results of the equilibrium 

isotherms of Cu2+ solution used CNT-PDA-PEI as adsorbents 

under different initial Cu2+ concentrations at neutral environment 

and room temperature. 

 The Langmuir isotherm also be called the adsorption model of 45 

monomolecular layer, just as the name implies the isotherm is 

based on the assumption that each adsorption site distribute 

homogeneously on the surface of solid materials and can only 

adsorb single molecule. The adsorption models can be expressed 

by the following equation: 50 

 

Where Qm (mg/g) is the maximum amount of adsorbate during 

the whole adsorption process, Qe (mg/g) is the adsorption 

capacity at adsorption equilibrium, Ce (mg/L) is the equilibrium 

adsorption amount of adsorbed Cu2+ concentration solution, b 55 
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(l/mg) is the adsorption index and the stronger the b value, the 

greater the adsorption process. 

The Freundlich isotherm model which is an empirical 

isothermal equation based on experimental results, which is used 

to describe the heterogeneous systems and the form of Freundlich 5 

equation can be represented as follows: 

 

Where Qe (mg/g) is the equilibrium adsorption capacity, Ce 

(mg/L) is the equilibrium Cu2+ concentration solution, KF [(mg/g) 

(l/mg)1/n] is an correlation index reflected to the adsorption 10 

capacity, n is the adsorption constant as well to indicate the 

adsorption intensity. The above adsorption isotherm parameters 

and the correlation coefficient (R2) of Langmuir and Freundlich 

model are listed on Table 3, respectively. In this work, the value 

of  Qm and b from Langmuir model on CNT-PDA-PEI are 70.9 15 

mg/g and 0.0511 L/mg, respectively. And R2 from Langmuir 

model is 0.991. As for Freundlich model, the value of  KF is 12.2 

(mg/g) (L/mg) 1/n, n is 2.84, and R2 is 0.89 at 298 K. 

 As the result shown in Table 3, the Langmuir model gets 

higher value of correlation coefficient (R2) than Freundlich 20 

model, which represent the Langmuir isotherm model is more 

aligned with the experimental data then the Freundlich model. 

Additionally, the value of n (2.84) from Freundlich isotherm 

model means 1/n is approximately equal to 0.35 between the 

numerical value of 0.1 to 0.5, which illustrate the favorable 25 

adsorption of Cu2+ solution on CNT-PDA-PEI. According to all 

of above experimental data and computed results, we can 

conclude the consequence that active adsorption sites distribute 

homogeneously on the modified CNT-PDA-PEI nanocomposites, 

and the Cu2+ removal process comply with the monolayer 30 

adsorption. Draw from the Langmuir model, the maximum 

amount of the adsorption capacity by modified CNT-PDA-PEI 

was reach to about 70.9 mg/g. Compared with the pristine CNTs 

and CNT-PDA, the results show the better adsorption efficiency 

on CNT-PDA-PEI for the removal of Cu2+ solution from aqueous 35 

solution. 

 
Fig. 7 Adsorption isotherms of Cu2+ on CNT-PDA-PEI. Experimental 

condition: adsorbent dose 10 mg, initial Cu2+ concentrations from 10 

mg/L to 100 mg/L. The value of data fitted by Langmuir model and 40 

Freundlich model, respectively. 

Table 3 Adsorption isotherms data of Langmuir and Freundlich model for 

Cu2+ adsorption on CNT-PDA-PEI. 

Isotherms Parameters Temperatures (K) 

  292 

Langmuir Q0 (mg/g) 70.9 

 b (L/mg) 0.0511 

 R2 0.991 

Freundlich KF [(mg/g)(L/mg)1/n] 12.2 

 n 2.84 

 R2 0.893 

3.2.5 Effect of adsorbent dosage 

As concluded from Fig. 8, increasing the adsorbent dosage 45 

resulted in an increase in the percentage removal of Cu2+. 

Afterwards, with the continuous increase of the CNT-PDA-PEI, 

the removal percentage R (%) reached up to about 92% that got 

close to a hundred percent and remained steady. The adsorption 

capacity variation could be connected to the adsorbent 50 

concentration change, which may due to the variety of the 

modified adsorbent surface area and functional groups. Some 

ways for the practical adsorption application of these CNTs based 

adsorbents may be adopted. For example, we can fill these 

modified CNTs based adsorbents in column and the wastewater 55 

can be purified by these adsorbents filled column. On the other 

hand, these adsorbents can be conjugated with magnetic 

nanoparticles, and therefore these hybrid adsorbents can 

seperated from water using magnetic field.  

 60 

Fig. 8 Effect of adsorbent dosage on removal of Cu2+. Experimental 

conditions: reaction time: 120 min, Cu2+ concentration: 10 mg/L, room 

temperature and neutral pH.  

Conclusion 

In summary, a facile, efficient and rapid approach was reported 65 

for the preparation of an excellent absorbent with great 

dispersibility based on attractive CNTs for the removal of Cu2+ 

from aqueous solution in this work via combination mussel-

inspired chemistry and Michael addition reaction method. 

Characterized techniques including TEM, FT-IR and TGA were 70 
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employed to ensure the successful surface modification of CNTs 

with PDA and PEI. With regard to the adsorption experiments, 

the effects of contact time, pH, temperature and initial 

concentrations were investigated. On the other hand, according to 

the adsorption experiments for Cu2+ removal at different impacts 5 

(temperature, time, pH, Cu2+ concentration), the adsorption 

capacity of CNT-PDA-PEI is increased along with the enhanced 

of time, pH and temperature, suggesting improved adsorption 

capability of CNTs modified with PEI. Furthermore, the positive 

value of ∆H° and the negative value of ∆G° indicated that the 10 

removal of Cu2+ using CNT-PDA-PEI as adsorbents is 

endothermic and spontaneous. And the parameters for the 

Langmuir and Freundlich isotherms are calculated. The authentic 

purpose of this communication is aimed to provide a facile and  

versatile method for fabrication of high efficiency adsorbents, 15 

which should be of great importance for the environmental 

management. 
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