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Background: Chromium is one of the most commonly used heavy metals in industry. It is known as a pollutant that its discharge into the 
environment needs special care.
Objectives: The current study aimed to evaluate the functionalized multi-walled carbon nanotubes (f-MWCNTs) as a novel adsorbent of 
chromium in aqueous solutions.
Materials and Methods: The virgin MWCNT was protonated using sulfuric acid as a strong oxidant. The operating conditions such as 
initial chromium concentration, contact time, adsorbent dosage and pH were evaluated in the adsorption process. A systematic model for 
chromium adsorption was presented based on the experimental design. Response surface method (RSM), as a mathematical technique, 
was used for modeling and optimizing considerable parameters. All experiments were performed according to the Standard Methods for 
the Examination of Water and Wastewater
Results: According to the statistical analysis, R2 (0.998), adjusted R2 (0.996), prediction R2 (0.906), coefficient of variation (1.38%), and the 
mean removal efficiency (54.76%) were calculated.
Conclusions: The f-MWCNTs can be applied as an adsorbent with excellent properties in the adsorption process. The Efficiency of 61.75% 
was predicted by the model in the optimum conditions. In the experimental condition an adsorption percentage of 59.44% was obtained.
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1. Background
Chromium is a heavy metal that is discharged into the 

environment as industrial wastes, causing environmental 
problems. Electroplating, fertilizers, pigments, tanning, 
mining and metallurgyare the main industrial sources of 
chromium (1). Generally, chromium exists in the environ-
ment in two forms: trivalent Cr (III) and hexavalent Cr (VI) 
(2). According to toxicological studies, Cr (VI) is considered 
1000 times more toxic than Cr (III) (3). The Cr (VI) can make 
some diseases like liver, kidney, lung, and gastrointestinal 
cancer (4). In aqueous solutions, Cr (VI) is present as di-
chromate (Cr2O2-7) and chromate (CrO-4), in acidic and al-
kaline conditions, respectively (5). Chemical precipitation, 
membrane filtration, liquid extractions, ion exchange, 
and adsorption are proposed as the available technologies 
for chromium removal (3, 6, 7). Among the techniques, 
absorption process is considered more seriously since 
it is cost-effective in operation and investment, and easy 
to use. The main problems with the other methods are 
high costs and complicated operation. Carbon nanotubes 
(CNTs) are new adsorbents in the carbon family and are in-
tensively studied to remove various pollutants (3, 4, 8-10). 
Carbon nanotubes are presented in two forms: single-wall 

and multi-wall depending on the number of their layers 
(3). The use of multi-walled carbon nanotubes (MWCNTs) 
as an adsorbent to treat organic and inorganic pollutants 
such as dyes, phenanthrene, benzene, and heavy metals is 
studied intensively, and the results indicate that MWCNTs 
are suitable candidates for the preconcentration and solid-
ification of pollutants from large volumes of wastewater 
(11). Functionalization of carbon nanotubes is a new ap-
proach to improve the applications. Carbon materials are 
usually functionalized by oxidative processes to change 
the sidewalls and tube tips (12). Adsorption is one of the 
applications of functionalized carbon nanotubes. For this 
purpose, oxidization and carboxylation by acidic and car-
boxylic groups is common (13).

2. Objectives
One of the techniques to improve the interaction 

between matrix and pollutants is submitting carbon 
nanotube to a process called functionalization. Func-
tionalization is a chemical process that inserts func-
tional materials on the sidewall of carbon nanotube. The 
technique can be utilized to obtain better interaction 
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Figure 1. SEM Micrograph of Functionalized Multi-Walled Carbon Nanotube

Table 1.  The Characteristics of Virgin Multi-Walled Carbon Nano-
tube 

Characteristic Value
Specific surface area (BET), m2/g 270
Length, µm 10-20
Diameter, nm 10-30
Thermal conductivity, w/mV 1500

and dispersion of carbon nanotube into the appropri-
ate matrices. Therefore, the current study aimed to ap-
ply f-functionalized-MWCNTs to remove chromium from 
aqueous solutions. Also, RSM was utilized to optimize the 
adsorption parameters. To the best of the authors’ knowl-
edge and based on the literature of the studies, there was 
no previous report on the optimization of chromium ad-
sorption by f-MWCNTs.

3. Materials and Methods

3.1. Materials
H2SO4, 1, 5 diphenylcarbazide, NaOH, HCl, and acetone 

were purchased from Merck Company (Merck, Germany). 
An aqueous stock solution of Cr (VI) was prepared using 
potassium dichromate (K2Cr2O7) in deionized distilled 
water. Different concentrations of chromium were ob-
tained by diluting the stock solution.

3.2. Functionalization
The MWCNTs with the purity above 95% was prepared 

from the Iranian Research Institute of Petroleum Indus-
try. The characteristics of MWCNTs are presented in Table 
1. The virgin MWCNT was modified by sulfuric acid as 
source of proton and sulfur agents. In order to function-
alize the adsorbent, MWCNT was immersed in sulfuric 
acid (1 M) for 12 hours. The treated MWCNT was dried at 
70°C for six hours (Figure 1).

3.3. Analysis
The chromium concentration was measured spectro-

photometrically at 540 nm in combination with 1,5- di-
phenycarbazide [CO(NH.NHC6H5)2] regent using a UV/
Vis spectrophotometer (Rayleigh UV 9200, China), accord-
ing to the standard methods for the analysis of water and 
wastewater (14). The pH was adjusted to the desired value 
with 1 M HCl and 1 M NaOH. All experiments were per-
formed in duplicate to minimize errors. To increase the 
contact between adsorbent and chromium, a rotary shak-
er at 100 rpm was utilized. The removal percentage of the 
chromium was calculated using the following Equation 1:

Equation 1.

Where C0 (mg/L) is the initial chromium concentration. 
The experiments were conducted in duplicate and the 
mean values were considered.

3.4. Response Surface Methodology (RSM)
RSM is includes the collections of the mathematical and 

statistical methods to model and determine the model 
equations. First, suitable approximate function between 
responses and the independent variables were evaluated. 
This approximate function must be a polynomial of the 
independent variables. Also the behavior of the system is 
explained by the following quadratic Equation 2 (15, 16);

Equation 2.

Where y: is the response, β0 β1 βii βij: are the regression coef-
ficients, ε: is the error value and Xj: coded variables of the 
system. In order to estimate the polynomial approxima-
tion, the least squares method is used. Central compos-
ite design (CCD) was used to fit this model as the most 
famous design. Table 2 illustrates the CCD for the natural 
and coded parameters (as; x1: Chromium concentration, 
x2: initial pH and x3: f-MWCNTs Dosage). In the CCD, low 
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axial and factorial, a central point, high factorial and axial 
are coded as -2, -1, 0, +1 and +2, respectively. Analysis range 
start in low axial to high axial and this range for x1, x2 and 
x3 are considered as; 3-9, 5-20 and 25-75, respectively.

4. Results
 Figure 1 shows shows the removal percentage with 5% 

error during the adsorption of chromium at M- MWCNT. 
The experiments were conducted at initial concentra-
tion of 5-10 mg/L and 0.05 g/100mL of f-MWCNTs dosage 
during the contact time of four hours. According to the 
trend of adsorption efficiency in both concentrations of 
chromium, it can be concluded that maximum removal 
occurred in 150 minutes and this time for the above ex-
periments were considered as the equivalent time. The 
removal percentage for 5 and 10 mg/L concentrations 

were estimated 74% and 55.3%, respectively. The experi-
mental design method was applied 20 runs to optimize 
the considered parameters. Table 3 displays the run of 
experiments with the coded factors using the CCD; also 
adsorption efficiency of various conditions is shown in 
two categories. The experimental data column was ob-
tained in the designed conditions and the model per-
centages were calculate based on the provided equation 
and coded factors (Equation 3). Final equation based on 
the coded factors was as follows;

Equation 3.

Table 2.  The Natural and Coded Parameters

Factors Code Low Axial, (-α = -2) Low Factorial (-1) Central (0) High Factorial (+1) High Axial (+α = +2)

pH x1 3 4.2 6 7.8 9

Chromium, mgL- x2 5 8 12.5 16.8 20

Dose, mg x3 25 35 50 64 75

Table 3.  The Central Composite Design and Its Responses (Adsorption Efficiency) in the Experimental and Coded Equation Condition 
(in %)

Run x1 x2 x3 Experimental Data Model Data

1 0 2 0 41.3 39.9

2 0 0 -2 35.3 31.38

3 -1 1 -1 51.1 51.09

4 -1 -1 -1 60.5 60.13

5 0 0 0 55.8 54.84

6 -1 1 1 63 62.87

7 0 -2 0 75.1 80.34

8 1 1 1 52.2 51.33

9 0 0 0 54.6 54.84

10 2 0 0 34.7 30.32

11 0 0 0 54.5 54.84

12 0 0 0 55 54.84

13 -1 -1 1 71.1 70.87

14 0 0 2 69.9 71.82

15 1 -1 -1 48.5 47.07

16 1 1 -1 39.9 38.07

17 0 0 0 55.5 54.84

18 0 0 0 54.6 54.84

19 1 -1 1 57 56.33

20 -2 0 0 71 74.32
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Table 4.  ANOVA of the Response Surface Model 

Source Sum of Squares Mean Square F Value P Value
Quadratic Model 2563.64 213.6367 372.7434 < 0.0001
x1 684.5 684.5 1194.284 < 0.0001
x2 578 578 1008.468 < 0.0001
x3 578 578 1008.468 < 0.0001
x1 x2 1.125 1.125 1.962848 0.2039
x2 x3 3.125 3.125 5.452355 0.0500
x1

2 5.700947 5.700947 9.946749 0.0161
x2

2 24.94254 24.94254 43.51859 0.0003
x3

2 9.355946 9.355946 16.32382 0.0049
x1 x2 x3 1.125 1.125 1.962848 0.2039
x1

2x2 128.7493 128.7493 224.6358 < 0.0001
x1

2x3 66.6043 66.6043 116.2081 < 0.0001
x1 x2

2 78.75771 78.75771 137.4128 < 0.0001
Lack of Fit 868.57 173.71 2.32 0.189 not significant

Figure 2. Removal Percentage of Chromium
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[conditions: contact time (0-240 min); p-MWCNT dose (50 mg); initial 
chromium concentrations (5 - 10 mg/L) at pH = 6.6]

 Table 4 indicates ANOVA for the RSM model of chro-
mium adsorption by p-MWCNT. Figure 2, indicates the 
predicted values versus the actual (experimental) values. 
Figure 3 displays the contour response surface plot for 
interaction between initial Cr (VI) concentrations and 
adsorbent dosage. According to the obvious trend of 
this diagram, the higher adsorption efficiency occurred 
in the lower initial concentration and higher f-MWCNTs 
dosage and vice versa. Interactions between different pH 
and chromium concentrations are presented in Figure 4, 
and maximum efficiency is obtained in the lower pH and 
initial concentrations.

5. Discussion

5.1. Contact Time
Removal rate of the hexavalent chromium using f-

MWCNTs in various conditions is illustrated in Figure 2. 

Figure 3. Contour Diagram of Natural Variables for Cr (VI) Removal Effi-
ciency
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[Conditions: chromium concentration range = 5-20 mg/L, M-MWCNT dos-
age = 25-75 mg/L, pH 3-9 equivalent time =150 min].

According to the obtained results, maximum efficiency 
occurred in 150 minutes and it was considered as the 
equivalent time. The equivalent time was assumed equal 
to the adsorption and desorption rate of hexavalent 
chromium ions. Adsorption rate occurred faster in the 
primary times. The maximum absorption was acquired 
by 90 minutes. With regard to the behavior of f-MWCNTs, 
it can be evaluated in two stages: (i) the rapid uptake of 
Cr (VI) ions due to the availability of free sites adsorbent, 
(ii) decline of the free sites for linkage of Cr (VI) ions with 
f-MWCNT surface.

5.2. Statistical Analysis
To optimize adsorption, some factors including maxi-

mum chromium, pH, and f-MWCNTs dosage were taken 
into consideration. The optimization defined run is 
shown in Table 3. Table 4 indicates Analysis of variance 
(ANOVA) of the RSM model of chromium adsorption by 
f-MWCNTs. In all the tests, the confidence interval
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Figure 4. Contour Diagram of Natural Variables for Cr (VI) Removal Effi-
ciency
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[Conditions: chromium concentration range 5-20 mg/L, M-MWCNT dos-
age = 25-75 mg/L, pH 3-9, equivalent time = 150 min].

(95% CI) was set at 0.05, resulting in the verification of 
the accuracy and reliability of the adsorption model. 
However, a test was performed under optimal factors. 
Chromium adsorption percentage of about 59.44% 
was obtained. The significance level was P < 0.0001. 
The x1x2 and x1x2x3 interaction with 0.2032 had higher 
P value (> 0.05), which expressed less conformity. The 
lack of fit of model was not significant (0.05 < 0.189), 
and the sum of squares, mean squares and F Value for 
quadratic model were found 2563.64, 213.63 and 372.74, 
respectively. Statistical values of the quadratic model 
are shown in Table 4. Response surface based on ANOVA 
(Table 5) is provided as R2 (0.998), Adjusted R2 (0.996), 
prediction R2 (0.906), Coefficient of variation (1.38%) 
and the mean removal efficiency (54.76%). At the end of 
analysis the optimum conditions are given out by RSM 
(Table 6). Under optimum conditions, the efficiency of 
61.75% was predicted by the model. Figure 3 indicates 
the predicted values versus the actual (experimental) 
values. The predicted values were calculated based on the 
model equation (Equation 3). The respective R² 0.9938 
and its fitted equation indicates the reasonability of the 
experiments.

5.3. Interaction of Cr (VI) Concentration, f-MWCNTs 
Dosage and pH

 Figure 4 indicates the contour response surface plot 
of the interaction between initial Cr (VI) concentrations 
and adsorbent dosage. In higher dosage the M-MWCNT 

Table 5.  Statistical Values of the Obtained Removal Data

Standard 
deviation 
(Std. ev.)

0.757065 R-Squared 0.998437

Mean 54.763 Adj R-Squared 0.995759

Coefficient 
of variance 
(C.V.) %

1.382438 Pred R-Squared 0.906757

PRESS 239.4146 Adeq Precision 67.17292

Table 6.  Optimum Values of the Chromium Adsorption Param-
eter 

Cr (IV), 
mg.L-

Dosage, 
mg

pH Cr removal, %

Model Experi-
mental

11.5 60 4.5 61.75 59.44

dose overall efficiency increased by the same causes as; (i) 
increasing the available sites on the surfaces, and (ii) in-
creasing the active surface with more oxygen-containing 
functional groups. Based on the CNTs can be adsorption 
behavior different sites on a homogeneous bundle such 
as: interior of the individual tubes, interstitial channels 
between nanotubes, external groove sites, and the outer 
surface sites of the individual tubes on the peripheral 
surface of the bundles (16, 17). Increasing the efficiency 
at lower concentrations can occurre due to the proper 
distribution of ions on the CNTs surface and proportion 
between the amount of chromium ions in the solution 
and the number of available sites. Interactions between 
different pH and chromium ions are presented in Figure 
5. The maximum efficiency is obtained in lower pH and 
initial concentrations. Argun et al. reported the chro-
mium adsorption rate as a function of pH, with H2CrO4, 
HCrO4

−, Cr2O7
2−, CrO4

2− and Cr3+ ions present as domi-
nant species (18). The role of pH variations and its effects 
of oxo groups (CxO and CxO2) on carbonaceous material 
surfaces are expressed by Chaudhary (18). These facts can 
be used for MWCNT as a carbonaceous material and are 
shown in Equations 4-6. Also, adsorption decrease at 
higher pH (pH > 5) are expressed due to the formation of 
soluble hydroxilated complexes (19).

Equation 4.
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 Equation 5.

 Equation 6.
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Figure 5. Predicated Value Versus Actual Value of the Chromium Adsorp-
tion Percentage

raw MWCNTs oxidized MWCNTs Cr-deposited MWCNTs

Figure 6. Schematic Diagram of the Major Mechanism for the Adsorption 
of Chromium on Oxidized MWCNT’ Surfaces

5.4. Sorption Mechanism of Chromium into MW-
CNTs

In general, the sorption mechanism of surface complex-
ation is significantly affected by pH, whereas the sorp-

tion mechanism of ion exchange is influenced by ionic 
strength. The strong pH dependent and ionic strength 
independent adsorption of hexavalent chromium to oxi-
dized MWCNTs suggests that the adsorption of hexavalent 
chromium is mainly dominated by surface complexation 
rather than ion exchange (3). Figure 6 illustrates the 
schematic diagram of the oxidization of virgin MWCNTs 
and the adsorption of hexavalent chromium to oxidized 
MWCNTs. The functional groups (such as - COOH, - OH2+, 
- COO−, -OH, -O−, etc.) on the surfaces of oxidized MW-
CNTs participate in hexavalent chromium adsorption to 
MWCNTs. Part of the adsorbed hexavalent chromium may 
be reduced to trivalent chromium on solid surfaces, and 
are also marked in the diagram. Although the oxygen-con-
taining functional groups are dependent on pH values, 
there are enough groups to provide adsorption sites for 
hexavalent chromium uptake from solution to oxidized 
MWCNTs. It is necessary to note that part of the hexavalent 
chromium may enter the inner-channel of the oxidized 
MWCNTs with increasing contact time (20, 21).

Based on the results of the current study it can be ex-
pressed that the f-MWCNTs can be applied as an adsor-
bent with excellent characteristics in the adsorption 
process. Based on ANOVA, R2 (0.998), Adjusted R2 (0.996), 
prediction R2 (0.906), coefficient of variation (1.38%) and 
the mean removal efficiency (54.76%) were achieved. In 
the optimum conditions, the efficiency of 61.75% and 
59.44% was predicted by the model and the experimental 
condition.
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