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Phenol adsorption from aqueous solutions by 

Functionalized Multiwalled Carbon Nanotubes with 

Pyrazoline Derivative in the presence of ultrasound  

 

H. Tahermansouri, Z. Dehghan, F. Kiani 

Carboxylated Multi-wall carbon nanotubes (MWCNTs-COOH) were functionalized with 

pyrazoline derivative (MWCNT-Py) and used for the removal of phenol from aqueous 

solutions under ultrasound. The resulting materials were characterized by different techniques, 

such as Fourier transform infrared spectroscopy, thermogravimetric analysis, and transmission 

electron microscope. In batch tests, the influences of solution pH, contact time (ultrasonic 

time), concentration of the phenol and amount of adsorbents on the sorption of phenol onto 

MWCNT-COOH and MWCNT-Py were investigated. The kinetic data were fitted with pseudo-

first order, pseudo-second-order, Elovich and intra-particle diffusion models. Kinetic studies 

showed that the sorption process with MWCNT-COOH and MWCNT-Py was well described 

by pseudo-second-order and pseudo-first-order kinetics, respectively. In addition, the 

adsorption isotherms of phenol from aqueous solutions onto MWCNTs were studied. The six 

isotherm models: Langmuir (four linear forms), Freundlich, Temkin, Halsey, Harkins-Jura, 

Flory-Huggins and Fowler-Guggenheim models, were applied to determine the characteristic 

parameters of adsorption process. The results showed which the interaction among adsorbed 

molecules is repulsive and there is not association between them. Also, the adsorption isotherm 

models fitted the data in the order: Langmuir > Freundlich, Halsey > Fowler–Guggenheim > 

Temkin > Harkins-Jura isotherms. 

1. Introduction 

The removal of the wastewater pollutions, such as organic and 

inorganic compounds, has attracted the great attentions toward many 

researchers. Among the organic compounds, the phenols are very 

important as they can be used in industries as raw materials or 

intermediates for production of many drugs, dyes, insecticides, and 

explosives.1 Hence, they are permanent contaminants of wastewater 

when are released into the water.2 In addition, phenolic compounds 

are toxic even at low concentrations and can be effect on the health 

of humans.3-5Thus, the elimination of phenol from aqueous solutions 

is essentiality.  It was found in review which adsorption of aromatic 

compounds and metals by carbon nanotubes (CNTs) are considered 

as potential treatment technique for removal of various types of 

contaminants.6 This application of CNTs can be related to their 

unique properties such as their large surface areas, diameter, π-π 

electrostatic interactions, and the shorter equilibrium time than other 

materials. 7 On the other hands, the application of CNTs as adsorbent 

are restricted due to less functional groups on the surface. 8 Thus, the 

surface modification of CNTs with functional groups (such as 

amino, hydroxyl, amide and carbonyl groups) to increasing the 

adsorption capacity on adsorbent surfaces is requisiteness.9 So far, 

many studies have been carried out to removal of phenolic 

compounds from aqueous solutions by CNTs, however, only a few 

reports on modified CNTs have been presented10-16. Also, Table 1 

compares some functionalized MWCNTs for the removal of 

different pollutions.   

Ultrasound is a very useful tool in intensifying the mass transfer 

process. Moreover, several reports are presented about the 

adsorption of organic compounds by various adsorbents under 

ultrasound condition.17-20 Therefore, we decided to improve this 

work. In this current study, MWCNT-COOH firstly were modified 

by 3,5-diphenyl-4,5-dihydro-1H-pyrazole-1-carboxamide  

(pyrazoline derivative) to form MWCNT-Py. Then, these MWCNTs 

were used as the efficient adsorbents for the removal of phenol from 

aqueous solutions under ultrasound. In this research, the four models 

of kinetic, pseudo-first order, pseudo-second-order, Elovich, intra-

particle diffusion models, and six isotherm models, Langmuir, 

Freundlich, Temkin, Halsey, Harkins-Jura and Fowler-Guggenheim, 

were analyzed to get a sufficient knowledge on the mechanism and 

rate of the adsorption process of phenol on the modified MWCNTs.  

In fact, the goal of this investigation was to study MWCNT-COOH 

and MWCNT-Py as adsorbent for removal of phenol from aqueous 

solutions in the presence of ultrasonic waves.
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Table 1. Literature results of the adsorption of different pollutants by modified MWCNTs 

Reference Efficiency of adsorbent Type of pollutions removed Modification method CNT 

21 

 

22 

 

23 

 

 

24 

 

 

25 

 

 

26 

 

 

27 

 

 

28 

 

29 

 

 

 

30 

 

 

31 

 

32 

 

 

33 

The modification significantly enhanced the 

removal of heavy metals from aqueous solution.  

 

adsorption capacity of  200.0 mg·g−1 

 

Hg(II) sorption by  MWCNTs-SH is remarkably 

more than MWCNTs, approximately three folds. 

 

The Cr (VI) uptake capacity of PEI-HNTs was 

about 64 times higher than that of the original 

HNTs. 

 

10 wt% PSS around CNTs doubles the adsorption 

capacity of methylene blue. 

 

Maximum adsorption of 96.5%  

 

Solution chemistry, such as pH and surface 

oxygen-containing groups on CNTs, plays a 

significant role in the adsorption. 

 

Maximum adsorption of  85.1%  

 

CNT-Al2O3 showed better adsorption efficiency 

than CNT which could be assigned to the increase 

in the surface area. 

 

Maximum removal of 55%  

 

 

Maximum removal >90% 

 

The maximum capacity was obtained for e-

MWCNT, 25.7 mgg−1, at 45◦C 

 

The adsorption capacity was found 145 mg g-1 

 

Present work 

Cu, Pb, Cd, Zn 

 

 

1-Naphthylamine 

 

Hg 

 

 

Cr 

 

 

 

methylene blue 

 

 

Aniline 

 

 

1-Naphthol 

 

 

4-Chlorophenol 

 

Phenol , 4-chlorophenol 

 

 

 

para-Nitrophenol 

 

 

4,4′-DCB 

 

Cd 

 

 

uranium(VI) 

 

Phenol 

Modified with 8-hydroxyquinoline  

 

 

Functionalized with iron oxides and β-cyclodextrin 

 

Functionalized with ethylenediamine, cyanuric chloride and 

sodium 2-mercaptoethanol in sequence 

 

halloysite nanotubes (HNTs) was functionalized by 

polyethyleneimine (PEI) 

 

 

noncovalently wrapped with poly (sodium 4-

styrenesulfonate) (PSS) 

 

Physical mixing MWCNTs and ferrite (NiFe2O4) 

 

Purified (P-MWCNTs), graphitized (G-MWCNTs), 

carboxylated (C-MWCNTs), and hydroxylated 

(H-MWCNTs) 

 

With 4-Aminophenyl methylphosphonate grafted  

 

Modified with alumina(Al2O3) 

 

 

Copper and silver nanoparticles were immobilized on 

CNTs, which were then embedded in water insoluble CD 

polyurethane polymers  

 

Grafted with methyl methacrylate (MMA) 

 

Oxidized (o-MWCNT) and modified with ethylenediamine 

(e-MWCNT) 

 

modified with Amidoxime 

 

Grafted with Grafted with 3,5-diphenyl-4,5-dihydro-1H-

pyrazole-1-carboxamide 

MWCNTs 

 

 

MWCNTs 

 

MWCNTs  

 

 

MWCNTs  

 

 

 

MWCNTs 

 

MWCNTs  

 

 

MWCNTs 

 

 

MWCNTs  

 

MWCNTs 

 

 

 

MWCNTs 

 

 

MWCNTs  

 

MWCNTs 

 

 

MWCNTs 

 

MWCNTs 
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2. Experimental 

2.1. Materials and methods  

All reagents and solvents (thionyl chloride, tetrahydrofuran(THF), 

toluene, thiosemicarbazide, benzaldehyde, acetophenone , ethanol, 

phenol) from Merck Chemical Inc. and MWCNTs (%95 purity, OD: 

10-20 nm, Length: 0.5-2 µm, Neutrino Co., Ltd) were purchased and 

used as received). Pyrazoline derivative is prepared from the reaction 

of chalcone with thiosemicarbazide.34MWCNT-Py was characterized 

using a Thermo Nicolet Nexus 870 Fourier transform infrared 

spectroscopy (FT-IR), a Philips CM120 transmission electron 

microscope (TEM) and a Netzsch TG 209 F1 Iris thermogravimetric 

analyzer (TGA) under nitrogen gas atmosphere (10°C/min). 

Analytical reagent-grade chemicals were used as well as deionized 

water from a Milli-Q system (Millipore). The concentration of 

phenol was performed by Unico UV-2100 Model variable-

wavelength UV-vis spectrophotometric at 269 nm. The ultrasonic 

irradiation was carried out with Elmasonic S 60 H with constant 

frequency 37 kHz. 

2.2. Preparation of MWCNT-Py 

MWCNT-COOH (250 mg) was suspended in 40 mL of SOCl2 

and 1 mL of DMF. Then, the mixture was stirred at 70°C for 48 

h under reflux. Subsequently, the residual SOCl2 was removed 

by reduced pressure distillation to yield the acylchloride 

functionalized MWCNT (MWCNTCOCl). MWCNT-COCl 

(150 mg) was mixed with 400 mg of pyrazoline derivative in 40 

mL of toluene, and the reaction mixture was stirred at 100°C 

for 96 h. Then, the mixture was cooled to room temperature, 

filtered and washed thoroughly with ethyl alcohol and THF. 

Subsequently, the black solid was dried at room temperature for 

10 h under vacuum condition. 

2.3. Batch Sorption Experiments  

To study the effects of pH on the sorption of phenol, 30 mg of a 

given MWCNT was dispersed into 15 mL solutions containing 50 

mg/L of phenol. The initial pH values were adjusted from 3.0 to 10.0 

using nitric acid and NaOH and the suspensions were sonicated for 

30 min at 25±1 ◦C. The amounts of sorbed phenol were calculated as 

the difference between the initial and final concentrations when the 

equilibrium was reached. The results are based on at least three 

replicate experiments for each pH value.  To estimate the sorption 

capacity, 30 mg of the appropriate sorbent was mixed with 15 mL of 

phenol solution (concentration range 10-100 mg/L). After 30 min 

(25±1◦C) of the sonication, the phenol concentration in the aqueous 

solutions was determined by UV-vis spectroscopy. The removal (%) 

and sorption capacity q (mg/g) was obtained as follows: 

�������	% =
�� −	��

��

× ���%							�� =	
��� − ��	� × �

�
	 

where C0 and Ce are the initial and final concentrations (mg/L) of 

phenol in the aqueous solution, respectively, V (L) is the volume of 

phenol solution, and m (g) is the weight of sorbent. The kinetic data 

were analyzed using four kinetic models to gain an understanding of 

the sorption process. The kinetic experiment was carried out under 

normal atmospheric conditions at 25±1◦C. Initially, 30 mg of 

MWCNTs contacted with 15 mL solution containing 50 mg L−1 

phenol concentration in glass vials and then it were sonicated for the 

different times. Adsorbent and solution were separated at 

predetermined time intervals, filtered using a 0.45 µm membrane 

filter and analyzed for residual phenol concentrations as described in 

above. 

2.4. Kinetic models 

Four kinetic models, namely, pseudo-first-order, pseudo-second-

order, Weber-Morris intra-particle diffusion and Elovich models are 

used to investigate the mechanism of phenol adsorption.  

2.4.1. Pseudo-first-order model  

The pseudo-first-order equation, which is proposed by Lagergren,35 

has been used for reversible reaction with an equilibrium being 

established between liquid and solid phases. This equation is 

expressed as follows: 

���	��� − ��� = ���		���� −
��

�. ���	
	� 

where k1 is the rate constant of adsorption (min-1), qe is the amount 

adsorbed (mg/g) at equilibrium and qt is the amount adsorbed (mg/g) 

at time t. The plot of log(qe - qt) against t gives a linear relationship 

from which k1 and qe are determined from the slope and intercept of 

plot, respectively. 

2.4.2. Pseudo-second-order model 

The pseudo-second-order model may be expressed as given in linear 

form: 36 

�

��

=
�

����
�
+

�

��

	�				

where k2 is the pseudo second-order rate constant of adsorption 

(g/mg min), other terms has already been defined. The values of qe 

and k2 can be estimated from the slope and intercept of the plot of 

t/qt versus t. 

2.4.3. Elovich model 

Elovich’s37,38 equation assumes which the solid surfaces of adsorbent 

are energetically heterogeneous and there are not desorption and 

interaction between the adsorbed species at low surface coverage. 

This model can be expressed to the linear form as follows: 

�� =
�

�
������ +

�

�
��	��� 

The parameter a of the equation is the initial sorption rate (mg/g 

min), while the parameter b is related to the extent of surface 

coverage and activation energy for chemisorption (g/mg). If this 

equation applies, it should lead to a straight line which a and b 

coefficients can be calculated from the plot of qt versus ln t. 

2.4.4. Intra-particle diffusion model  

The intra-particle diffusion model 36,39 is used to identifying the 

mechanism involved during adsorption process, described by 

external mass transfer and intra-particle diffusion. This model 

enables investigation of the possibility of intra-particle
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a) 

 

 

 

 

 

 

 

 

 

 

 

 

b) 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Reaction paths for introduction of pyrazoline derivative groups on MWCNTs. 

Fig 1. (a) Reaction paths for introduction of 2-aminobenzamide groups on MWCNTs. (b) FT-IR spectra (after baseline correction) 

of modified MWCNTs. 

diffusion by using the following equation: 

�� = 	� !�
�." + � 	 

where kid (mole g-1min1/2) is the rate constant of intra-particle 

diffusion and Ci is proportional to the boundary layer thickness. If 

the regression of qt versus t1/2 gives a straight line, then intra-particle 

diffusion is involved in the adsorption process and if this line passes 

through the origin, then intraparticle diffusion is the sole rate-

limiting step and kid can be calculated from the slope and Ci from the 

intercept. The validity of the above four models was checked by 

studying the kinetics under ultrasonic wave. 

3. Results and discussion 

3.1. Characterization of MWCNT-Py  

Figure 1a illustrates the procedure for functionalization of MWCNTs 

by pryazoline derivative. The product was characterized by FT-IR, 

TGA, and TEM. Figure 1b presents the FT-IR spectrum of modified 

MWCNTs. In MWCNT-COOH, the peaks at 1575 and 3424 cm-1 is 

assigned to the C=C and OH stretching modes, respectively. In 

addition, the appearance of the absorption peaks at 1717(C=O) and 

1041(C-O) cm-1 clearly shows carboxylic groups on the MWCNTs.40 

In the spectrum of MWCNT-Py, the new peaks at 1653 and 1114 

cm-1 can be assigned to the amide group (as compared to 1717 cm-1 

for MWCNTs-COOH) and C=S mode,36 respectively which 

confirmed the formation of MWCNT-Py. In addition, the peaks at 

around 3200-3500, 3028, 1500-1600,  1300-1500  and  1000-1200 

cm-1 correspond to N-H stretching mode, C-H aromatic ring,  C=C 

or C=N modes, C-N and C-O stretching modes, respectively. Also, 

the band at around 2910-2940 which seen in both spectra can be 

related to the C–H stretch vibration of the sidewalls. Thus, FT-IR 

spectra confirm that MWCNT-COOH has been successfully 

modified by pyrazoline derivative.  

TEM images of MWCNT-COOH and MWCNT-Py was presented in 

Figure 2. The average of the outer diameters and inner cavities of 

MWCNTs were obtained 15-25 nm and 3-7 nm, respectively. In 

addition, these images show that they are curved and entangled with 

each other. Also, many agglomerates in the MWCNTs are observed. 

Thermal defunctionalization, thermogravimetric analysis 

(TGA), is the best evidence for the functionalization of 

MWCNTs which can be provided the useful information 

concerning the functionalization of MWCNTs. According to 

Figure 3, since the TGA curve of MWCNT-COOH is almost 

thermally stable, the weight loss before decomposition of 

MWCNTs can be used to estimate the quantity of various 

groups attached to nanotube. As can be seen in Figure 3,
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Fig 2. TEM images of the MWCNT-COOH (a,b) and MWCNT-Py (c,d) at different magnifications. 

MWCNT-Py sample exhibits one major decomposition at around 

160-280 °C with a weight loss about 14.33% which can be assigned 

to decomposition of the attached pyrazoline derivative to MWCNTs. 

On the basis, the fraction of carbon atoms that are functionalized 

with pyrazoline derivative groups in 280 ºC was calculated to be 

about 0.74 wt. %.  

 

Fig 3. TGA curve of modified MWCNTs in the N2 (10˚C /min).  

3.2. Adsorption studies 

3.2.1. Effect of Contact Time 

The removal percentage of phenol by MWCNTs as a function of 

contact time is presented in Figure 4. As it is shown, in the 

ultrasound method, at up to 15 min for MWCNT-COOH and 20 min 

for MWCNT-Py of initial contact time, the phenol adsorption rate 

was relatively rapid and then reached equilibrium at nearly 20 min 

for MWCNT-COOH and 25 min for MWCNT-Py. In the stirring 

method, the uptake of phenol from solution was reduced by both 

MWCNTs. The observed differences can be related to the better 

mass transfer in the presence of ultrasound and the influence of 

ultrasound on the carbon nanotubes. According to the Figure 4, the 

removal of phenol with MWCNT-COOH and MWCNT-Py in 30 

min was 30.5% and 99.2%, respectively, under sonication. But, in 

the same conditions in stirring method the final value of the 

adsorption percentage of phenol was found to be 17.8 % (MWCNT-

COOH) and 63.2% (MWCNT-Py). These values are noticeable for 

MWCNT-Py which can be related to the presence of lots of 

accessible sites (external surface sorption) on the MWCNT-Py 

surface (as compared to MWCNT-COOH) that follows the fast 

transfer of phenol species to the surface of CNTs at time 5-20 min. 

 

Fig 4. Effect of contact time on the adsorption of phenol from 

aqueous solution by both MWCNTs (experimental conditions: 

pH=7; MWCNTs mass, 30mg/15 mL; phenol concentration, 50 

mg/L). 

3.2.2. Effect of CNT Dosage  

Dosage studies were carried out to determine the adsorption 

percentage of phenol from aqueous solutions at a phenol 

concentration of 50 mg/L. According to Figure 5a, the experimental 

results revealed that the adsorption percentage of phenol increase 

with increasing MWCNT dosage and the ultrasonic time was kept at 

30 min. For example, the removal of phenol significantly enhanced 

from 28% to 56.4% for MWCNT-COOH and 49.9 to 94 % for 

MWCNT-Py, when the MWCNT dosage increased from 0.02 g to 

0.08 g. This increase can be related to a greater surface area or more 
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adsorption sites in the high dosage of the adsorbents.  In other 

words, the active sites on the MWCNT surface, can be improve the 

transfer of phenol species to the adsorbent surface. In addition, the 

highest phenol sorption is obtained by MWCNT-Py which could be 

attributed to the interaction of phenol with the functional groups of 

the presence in MWCNT-Py, such as COOH, C=O, C=S, C=N and 

NH groups, as compared to MWCNT-COOH (Figure 5b). 

a) 

 

b) 

 

 

 

 

 

 

Fig 5. (a) Effect of MWCNTs dosage on the adsorption of phenol 

from aqueous solution (experimental conditions: pH 7; ultrasonic 

time, 30 min; phenol concentration, 100 mg/L). (b) A diagram of the 

mechanism for adsorption of phenol by MWCNTs. In MWCNT-Py, 

there are three possibilities for phenol sorption in comparing to one 

for MWCNT-COOH. 

3.2.3. Effect of pH 

Effect of pH on the uptake of phenol is shown in Figure 6. The 

adsorbed amount of phenol after equilibrium were calculated at C0 = 

50 mg/l in the pH value range of 3-10 for the comparison purpose. 

When pH is lower than 7, it has seen a slight increase for MWCNT-

COOH and a significant decrease for MWCNT-Py in the removal of 

phenol. For pH curve of MWCNT-COOH, which fluctuates very 

little, it can be related to dispersion effect between the aromatic ring 

and the π electrons of the graphitic structure or electron donor-

acceptor interactions between the aromatic ring and the basic surface 

oxygen, such as carbonyl groups provided that the phenol is in the 

non-ionized form and the surface groups are either neutral or 

positively charged.41,42 In addition, the solubility of phenol is 

dependent on pH due to weak acidity of phenol in nature, the 

solubility of phenol decreases with the decrease of pH value 

(increase of H+).14 Thus, in these conditions the removal of phenol 

by MWCNTs-COOH increased with the decrease of pH value. In 

other word, there is the inverse relationship between solubility and 

the phenol adsorption. On the other hand, the MWCNT-Py surface, 

at low pH values is covered by H+ ions which hinder phenol 

molecules from approaching the binding sites on the MWCNTs. 

Also, amino groups on MWCNT-Py trend to the protonation at 6 > 

pH which it cause the weak sorption of phenol. At pH > 7, the 

ionization of the surface carboxylic (for MWCNT-COOH) and 

phenolic groups occur which result in formation of carboxylate and 

phenolate anions. In this state, the surface functional groups of 

MWCNTs, in particular MWCNT-COOH, are either neutral or 

negatively charged. Hence, the electrostatic repulsion between the 

identical charges decreases the percentage of adsorption for two 

adsorbents, in particular MWCNT-Py. In addition, the phenolate 

anions are solvated by water molecules in the aqueous solutions 

(more soluble in the aqueous solutions), thus, before adsorption 

process can carry out, it should be broken stronger adsorbate-water 

bonds. Therefore, the adsorption of phenol decreases in range of pH 

> 7. By comparing the sorption percentage of each adsorbent, it was 

found out that the effect of pH on phenol sorption with MWCNT-Py 

is more than the MWCNT-COOH. Also, as can be seen in Figure 6, 

the best sorption percentage for MWCNT-Py at pH=7 was obtained. 

So, in these experiments to achieve the appropriate condition of 

adsorption, the pH was adjusted at 6.5-7.  

 

Fig 6. Effect of initial pH on phenol sorption onto MWCNTs. 

Temperature 298, K. 

3.3. Sorption Kinetics  

The adsorption parameters derived from the application of the 

pseudo-first-order equation (K1 and qe), the pseudo-second-order 

equation (K2, qe), Elovich’s equation (a and b) and intra-particle 

diffusion (Kid) were calculated and listed in Table 2. In addition, 

linear plots of the kinetic models were presented in Supplementary 

data. The low correlation coefficients, R2, of the pseudo-first-order 

and Elovich models for MWCNT-COOH suggest that both models 

are inapplicable to fit the kinetic experimental data. The correlation 

coefficient of the pseudo-second-order model is 0.9900 which agree 

well with the experimental data. This indicates that the kinetic 

modeling of phenol adsorbed by the MWCNT-COOH belongs to the 

pseudo-second-order kinetic model. As can be seen from Table 2, for   
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Table 2. Parameters of pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion models for phenol sorption onto 

MWCNTs. Temperature, 298 K; initial phenol concentration, 50 mg L−1; mass of MWCNTs, 30 mg; volume of solution, 15 mL; and pH of 

the sample solution, 7.0. 

MWCNT-Py it was observed that the R2 value of pseudo-first-order 

kinetic model (0.9922) is significantly higher than that of pseudo-

second-order model (0.9494). In addition, the Elovich model was 

also relatively successful in describing the kinetics of adsorption by 

the MWCNT-Py. However, the pseudo-first-order model fit better 

and more precise than the Elovich model. Therefore, the pseudo-

first-order model is certainly the most recommendable model for 

description of the adsorption of phenol on MWCNT-Py and could be 

used to determine the equilibrium sorption capacity, rate constants, 

and removal percentage of phenol.  

The intra-particle kinetic model of phenol sorption for two 

adsorbents is shown in Figure 7. The nonzero intercepts of the plots 

in each case were a clear indication that intra-particle diffusion is not 

the rate-limiting step of the sorption mechanism. In other words, the 

intra-particle diffusion model is not the only rate-controlling step. 

The difference in the rate of mass transfer during the initial and final 

stages of adsorption can be cause the deviation of the straight lines 

from the origin. According to Figure 7, it is clear that intra-particle 

diffusion of phenol within adsorbents occurred in two stages as the 

plots contain two different straight lines. The initial adsorption stage 

is rapid for both MWCNTs, in particular MWCNT-Py, so that it 

involve from 0 to 15 min for MWCNT-COOH and 0 to 20 min for 

MWCNT-Py, which is due to the fast diffusion of the phenol from 

the aqueous phase to the outer-surface of MWCNTs. The second 

stage is a slow adsorption and is from 15 to 30 min for MWCNT-

COOH and from 20 to 30 min for MWCNT-Py which could be 

attributed to the intra-particle diffusion of the phenol molecules into 

the porous structure of the adsorbents. Therefore, these results 

confirm which both the external surface sorption and intra-particle 

diffusion participate in the process of the phenol adsorption by 

MWCNTs.  

3.4. Adsorption isotherms 

In general, adsorption isotherms are the mathematical equations 

describing the ratio between the adsorbed amounts and the 

remaining in the solution of a material at a constant temperature and 

pH. In other word, it indicates how a substance from the aqueous 

media transfers to a solid-phase when the adsorption process reaches 

an equilibrium state. In this study, six equilibrium isotherm models, 

Langmuir, Freundlich, Tempkin, Halsey, Harkins-Jura and Fowler-

Guggenheim along with certain constant values, which express the 

surface properties and affinity of the adsorbent, have been used to 

describe the equilibrium nature of adsorption. All plots of adsorption 

isotherms are presented in Supplementary data. 

 

Fig 7. Linearized intra-particle diffusion kinetic model of phenol 

sorption onto MWCNTs. 

3.4.1. Langmuir isotherm  

The Langmuir model 43,44 assumes which monolayer adsorption of 

the molecules can only occur at definite localized sites with the 

uniform energies of adsorption onto the surface without 

transmigration of the adsorbate in the plane of the surface. In 

addition, this empirical model refers to homogeneous adsorption and 

that there is not any lateral interaction and steric hindrance between 

the adsorbed molecules.  The Langmuir equation for homogenous 

surface can be written as follows:  

�� =	
�	����

� + ���

																	

where qe (mg g−1) and Ce (mg L−1) are the amount of solute adsorbed 

per unit weight of adsorbent at equilibrium and phenol concentration 

at equilibrium, respectively. qm (mg g−1) is the maximum adsorption 

capacity, and b is the adsorption equilibrium constant (L mg−1) that 

is related to the free energy of adsorption. The Langmuir isotherm 

parameters can be obtained from four different linear forms as 

shown in Table 3. Among four models, the values of the obtained 

regression coefficients from Type-2 equation for both adsorbents 

indicate which the adsorption of phenol on the MWCNTs follows 

the Langmuir isotherm. In other words, the best equation for the 

interpretation of experimental data is that of Type-2, which is

 Pseudo-first-order model  Pseudo-second-order model       Elovich model Intra-particle diffusion model 

          k1(min-1)       qe(mg/g)     R2  K2(g mg-1min-1)     qe(mg/g)         R2        a             b           R2
 
       Kid(mg g-1 min-0.5)       R2 

MWCNT-COOH  0.0958     6.811     0.9863 0.0101             10.00         0.9900 
 

1.95    0.427    0.966 1.466              0.9754              

MWCNT-Py  0.144        39.3      0.9922       0.00113            43.67        0.9494 
 

4.51    0.1004   0.9855                6.895              0.9472             
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Table 3. Langmuir isotherm parameters for phenol removal by MWCNTs. 

     The calculated parameters Langmuir models Adsorbents 

Plot R2 b(L/mg) qm(mg/g)  
 

 Ultrasound method Type 1   

��

��

 vs.	�� 

0.9945 0.0132 21.55 

#$

%$

=	
1

'%(

+	
#$

%)

 

MWCNT-COOH 

0.9698 0.0232 39.22 MWCNT-Py 

Stirring  method  

0.9932 0.00398 26.45 MWCNT-COOH 

0.9397 0.00888 36.90  MWCNT-Py 

 
Ultrasound method Type 2 

 

�

��

 vs. 
�

��

 

0.9995 0.0152 19.53 

1

%$

=	
1

%(

	+
1

'%(#$

 

MWCNT-COOH 

0.9975 0.0326 31.35 MWCNT-Py 

Stirring  method  

1.0000 0.00402 26.25 MWCNT-COOH 

0.9982 0.0105 32.23 MWCNT-Py 

 
Ultrasound method Type 3  

�� vs.	
��

��

 

0.9848 0.0138 20.904 

%$ = %( −	
%$

'#$

 

MWCNT-COOH 

0.9218 0.0274 35.407 MWCNT-Py 

Stirring  method  

0.9909 0.00396 26.593 MWCNT-COOH 

0.8889 0.00997 33.847 MWCNT-Py 

 Ultrasound method Type 4  

��

��

 vs. �� 

0.9848 0.0136 21.176 
%$

#$

= '%( − '%$ 

MWCNT-COOH 

0.9218 0.0252 37.38 MWCNT-Py 

Stirring  method  

0.9909 0.0039 26.95 MWCNT-COOH 

0.8889 0.0089 36.85 MWCNT-Py 

 

presented the highest coefficient of correlation for both MWCNTs as 

compared to other equations. In addition, Langmuir constants for the 

uptake of phenol in the absence of ultrasound (stirring method) are 

summarized in Tables 3 for comparison purpose. According to Table 

3, the value of qm for MWCNT-Py was greater than for MWCNT-

COOH in the presence and absence of ultrasound. This indicates that 

the functional groups on the surface of MWCNT-Py have relatively 

stronger affinity for phenol adsorption. On the other hands, the 

values of Langmuir parameters (b, qm) are obtained from the four 

linear expressions, which they were difference. It can be related to 

the change of the error structure of standard least-squares method 

when the transformations of non-linear model to linear forms are 

performed. The essential characteristics of Langmuir isotherm can 

be expressed in terms of dimensionless equilibrium parameter or 

separation factor, RL, as follows: 9, 36 

*+ =
�

� + ���

	

where b is the Langmuir constant and C0 is the initial concentration 

of adsorbate in solution. The values of RL indicate the type of 

isotherm to be irreversible (RL = 0), favorable (0 < RL < 1), linear 

(RL = 1) or unfavorable (RL > 1). The values of RL in this work we 

found to be at around 0.397-0.868 for MWCNT-COOH and 0.235-

0.754 for MWCNT-Py, indicating a favorable behavior toward 

phenol adsorption. 

 

3.4.2. Freundlich isotherm  

Freundlich isotherm 44,45 can be applied to multilayer adsorption and 

the heterogeneous surfaces with non-uniform distribution of 

adsorption heat. This empirical model is: 

�� = 	,-	��
�//

 

where KF is an empirical constant related to the sorption capacity of 

the adsorbent (L mg−1)(L g−1)1/n and constant n is a constant 

indicative of the intensity of the adsorption and varies with surface 

heterogeneity and affinity. The linearized form of the Freundlich 

equation is: 

�� �� 	= ��,0 	+ 	
�

/
�� �� 

 

By fitting the experimental data to the Freundlich equation, the value 

of kf and n can be calculated by plotting ln qe versus ln Ce and the 

results are represented in Table 4. It is known which n values gives 

an indication on the favorability of adsorption. On the basis, n values 

between 1 and 10 and less than 1 represent favorable and poor, 

respectively, sorption process.  The high correlation coefficients of 

MWCNT-COOH (0.9956) and MWCNT-Py (0.9962) show which 

Freundlich model befits for the interpretation of experimental data.  

In addition, the values of n for MWCNT-COOH and MWCNT-Py 
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Table 4. The parameters of the different isotherm models for phenol removal by MWCNTs (Contact time, 30 min; Stirring speed, 300 rpm). 

The stirring method has been added for comparison purpose. 

                 The calculated parameters                               Plot Isotherm models 
Adsorbents 

  R2          n Kf (mg/g)(mg/L)n Freundlich 

 

 

lnqe vs. lnCe 

   Ultrasound method  

 

ln %$ 	= ln34 	+ 	
1

5
ln #$ 

 

0.9956 1.34 0.451 MWCNT-COOH 

0.9962 1.40 1.358 MWCNT-Py 

Stirring  method  

0.9986 1.12 0.1315 MWCNT-COOH 

0.9945 1.214 0.4491 MWCNT-Py 

 R2 K2 K1(L/g) Temkin  

 Ultrasound method   

 

qe vs. lnCe 

0.9613 0.210 3.668  

 

%$ =	36 ln37 	+ 	36 ln #$  

MWCNT-COOH 

0.9443 0.367 6.843 MWCNT-Py 

Stirring  method  

0.9325 0.139 2.4411 MWCNT-COOH 

0.9420 0.198 4.9283 MWCNT-Py 

 

 

 

lnqe vs.ln 1/Ce 

R2 nH KH Halsey  

Ultrasound method  

 

ln %$ =	
1

58

ln38 −	
1

58

ln
1

#$

 

 

0.9954 1.337 0.344 MWCNT-COOH 

0.9962 1.401 1.531 MWCNT-Py 

Stirring  method  

0.9986 1.121 0.1029 MWCNT-COOH 

0.9944 1.214 0.378 MWCNT-Py 

 

 

 

1/qe
2 vs.log Ce 

R2 BHJ AHJ Harkins-Jura  

   Ultrasound method  

 

1

%$
7
=	

9:;

<:;

−	
1

<:;

log #$	 

 

0.8360 1.740 3.389 MWCNT-COOH 

0.8332 1.564 12.64 MWCNT-Py 

Stirring  method  

0.828 1.7812 0.739 MWCNT-COOH 

0.8340 1.692 4.073 MWCNT-Py 

 R2 KFG W (KJ/mol) Fowler-Guggenheim  

 

 

lnCe(1-θ)/θ 

vs. θ 

Ultrasound method  

 

ln
#$�1 − ?�

?
= − ln3@A +	

2C?

DE
 

 

0.988 0.00001598 -29.6987 MWCNT-COOH 

0.9839 0.000004.08 -22.1594 MWCNT-Py 

Stirring  method  

0.9461 6.24 × 10-8 -91.982 MWCNT-COOH 

0.9290 1.92 × 10-6 -33.890 MWCNT-Py 

were found 1.34 and 1.40, respectively, indicating that the sorption 

of phenol molecules is favorable at the described experimental 

conditions. This implies that the Freundlich model could represent 

the data reasonably well for both adsorbents. This isotherm describes 

reversible adsorption and is not restricted to the formation of 

monolayer. This means that the assumption of multilayer adsorption 

is in agreement with the experiment in the studied concentration 

range. 

3.4.3. Tempkin isotherm  

Tempkin 46 suggested that heat of adsorption of all molecules in the 

layer would decrease linearly rather than logarithmic with the 

surface coverage due to the existence of adsorbent-adsorbate 

interactions. In addition, it assumes that the adsorption is 

characterized by a uniform distribution of the binding energies, up to 

some maximum binding energy. The linearized form of Temkin 

model is given by: 

�� =	,� ��,� 	+ 	,� �� �� 

where k1 is related to the heat of adsorption (L/g) and K2 is the 

dimensionless Tempkin isotherm constant. Tempkin parameters (k1 

and k2) can be determined from the linear plots of qe and ln Ce. The 

values of Tempkin constant together with the regression coefficients 

are presented in Table 4 for the adsorption of phenol on MWCNT-

COOH and MWCNT-Py. The low regression coefficients of 

MWCNTs-COOH and MWCNTs-Py show which this model could 

not interpret the data reasonably for both adsorbents. 

3.4.4. Halsey isotherm 

Halsey isotherm model 47,48 can be used to the multilayer adsorption 

systems. If the experimental data to this equation well is fitted, it 

indicates the heteroporous nature of the MWCNTs. This equation 

can be given as: 
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�� �� = 	
�

/F

��,F −	
�

/F

��
�

��

 

where 3G and 5G are the Halsey constants, which can be obtained 

from the slope and the intercept of the linear plot based on ln(%H) 

versus ln 1/Ce, respectively. The related Halsey isotherm parameters 

are calculated and tabulated in Table 4.  As can be seen in Table 4, 

the values of regression coefficients for both MWCNTs are more 

than 0.99, which show very well agreement to the phenol adsorption 

on samples. This finding implies that phenol adsorption on 

adsorbents obeys the Halsey isotherm model and also, confirm the 

nature of their multilayer adsorption. 

3.4.5. Harkins-Jura isotherm 

Harkin-Jura adsorption 49 isotherm can be used to the multi-layer 

adsorptions and that it assumes the existence of the heterogeneous 

pore distribution in the surface of adsorbents. This model can be 

expressed as: 

�

��
�

=	
IJK

LJK

−	
�

LJK

�����	 

The Harkins-Jura isotherm parameters, 9HJ and <HJ (the Harkins-

Jura constants), can be obtained from the linear plot of 1/qe
2 against 

log Ce. It can be seen in Table 4 that the values of D2 are obtained 

less than 0.99 for both adsorbents, which indicate the inapplicability 

of this model for the phenol adsorption on MWCNTs.  

3.4.6. Fowler-Guggenheim isotherm 

Fowler-Guggenheim model50 explains whether the lateral interaction 

of the adsorbed molecules into MWCNTs has been existed or not. 

The linearized form of this model is expressed by: 

��
���� − M�

M
= − ��,-N +	

�OM

*P
 

where KFG is the Fowler-Guggenheim equilibrium constant (L mg-1), 

θ = (1-Ce/Co) is the degree of surface coverage, W is the interaction 

energy between adsorbed molecules (kJ mol-1), R is the universal gas 

constant and equal to 8.314 J mol-1 K-1 and T is the absolute 

temperature (K). The W values in the equation determine the 

interactions between the adsorbed molecules. Therefore, if W is 

positive, the heat of adsorption due to the increased interaction 

between adsorbed molecules will increase with loading of adsorbate. 

In other words, the interaction between the adsorbed molecules is 

attractive. Conversely, if W is negative, the interaction among 

adsorbed molecules is repulsive and hence, the heat of adsorption 

decrease with loading. When there is no interaction between 

adsorbed molecules, it is W= 0. The values of KFG and W were 

evaluated from the intercept and the slope, respectively, of the linear 

plot of ln Ce(1-θ)/θ versus θ based on experimental data. The 

adsorption data for the phenol adsorption onto both adsorbents were 

calculated and summarized in Table 4. According to Table 4, it is 

observed which the linearization is relatively good and the 

interaction energy, W, is negative, which indicates the presence of 

repulsion between the adsorbed molecules by both MWCNTs.  

 

4. Conclusions 

We have firstly introduced pyrazoline derivative groups on the 

surface of CNTs to form MWCNT-Py which was characterized by 

FT-IR, TEM and TGA. The study shows that MWCNT-Py has ideal 

performance for adsorption of phenol. The results showed that 

MWCNT-Py has higher sorption capacity respect to MWCNT-

COOH in ultrasound condition. The adsorption isotherms of phenol 

have been well fitted by Langmuir, Freundlich and Halsey models 

which mean physical adsorption occurred and that it were expected 

the mixed isotherm models for the adsorption of phenol under 

ultrasonic conditions. In addition, W values for both MWCNTs were 

negative, which show the presence of the repulsive among adsorbed 

molecules. The sorption kinetics was found to follow pseudo-first-

order model for MWCNT-Py. 
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