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a b s t r a c t

In this work, novel adsorbents for 2,4-dichlorphenol (DCP) were introduced using deep eutectic sol-
vent (DES) as functionalization agent for multi-wall carbon nanotubes (MWCNTs). Choline chloride 
salt (ChCl) was mixed with ethylene glycol (EG) as hydrogen bond donor (HBD) at molar ratio of (1:2) 
to prepare DES. Three DES- based MWCNTs adsorbents were produced and their chemical, phys-
ical and morphological properties were investigated using, RAMAN, FTIR, FESEM, zeta potential, 
TGA, TEM and BET surface area. The capability of DES as non-destructive functionalization agent 
for MWCNTs was proved by the increase of the purity and the surface area of MWCNTs. Response 
surface methodology was used to define the optimum conditions for 2,4-DCP adsorption onto each 
adsorbent. The adsorption experimental data were well described by pseudo-second order kinetic 
mode land by Langmuir isotherm model. DES-acid treated MWCNTs showed the highest maximum 
adsorption capacity of 390.53 mg g−1.
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1. Introduction 

One of the most common carcinogenic chlorophenols in 
polluted water is 2,4-dichlorophenol (2,4-DCP), which has 
a pKa value of 7.4 and water solubility of 4.5 g L−1 at 25°C 
[1]. It can be easily detected in water bodies because it is 
discharged from wide ranges of industries such as rubbers 
and plastic industries, petroleum refineries as well as her-
bicides and pesticides manufacture. Thus, the municipal 
and agricultural effluents are considered the main sources 
of 2,4-DCP [2–4]. The presence of 2,4-DCP in environment 
even at low concentrations is of a great risk due to its high 

persistency, toxicity, and its organoleptic and carcinogenic 
effects [4–7]. As a result, 2,4-DCP is listed by Environmen-
tal Protection Agency (EPA) as one of the most hazard-
ous contaminants that has the priority to be treated from 
environment [3]. Many photochemical, biochemical and 
electrochemical techniques have been investigated for the 
removal of chlorophenols from water [1,8]. Adsorption is 
proved to be the most effective and economic process [9]
due to its ability to purify polluted water and separate pol-
lutants from wastewater without disturbing water quality 
or generating toxic secondary pollutants [10–12]. Different 
adsorbents have been reported for 2,4-DCP removal from 
water, such as carbon fibers [8], multi-wall carbon nano-
tubes (MWCNTs) [13] and activated carbons (AC) [14–16].
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MWCNTs have shown a great potential as competent 
adsorbent for the removal of various types of organic and 
inorganic pollutants [17–19], such as copper [20], lead 
[21], nickel [22], cadmium [23,24], zinc [25], phenol [26], 
1,2-dichlorobenzene [27], 2,4,6-trichlorophenol [28], pen-
tachlorophenol [29], reactive dyes [30]. Despite of the high 
adsorption capacity of MWCNTs for the removal of various 
toxic organic contaminants from water, insignificant infor-
mation is reported about their adsorption capacity for the 
removal of 2,4-DCP [31]. Furthermore, some shortcomings 
hinder the application of MWCNTs including their agglom-
eration and their poor dispersion in aqueous solutions [32]. 
These shortcomings decrease the surface area of MWCNTs 
and reduce their ability to remove certain compounds [33].
Many studies refer to the functionalization of MWCNTs as 
promising attempt to overcome all the limitations restrain-
ing their application through the removal of impurities and 
the introduction of new different functional groups. Con-
sequently,the solubility of MWCNTs and their graphitic 
networks are enhanced as well as their performance for 
different applications is improved [34–36]. The prevalent 
functionalization method can be achieved by conventional 
agents, either by acid treatment or by using oxidizing and 
reducing agents [37]. Most of these agents are considered 
strong and harsh solvents that usually cause unnecessary 
damage to the unrivaled structure of MWCNTs. 

Recently, deep eutectic solvents (DESs) have been high-
lighted as prominent low-cost alternatives for ionic liquids 
(ILs) due to their high biodegradability and easy prepa-
ration process [38–40]. Generally, DES is a mixture of two 
or more of inexpensive and biodegradable components, 
namely, Salt and hydrogen bond donor (HBD). Many stud-
ies have been conducted to investigate the physiochemical 
properties of DESs and to involve them in different fields of 
biology, chemistry and electrochemistry, as well as in many  
nanotechnology related fields [41–43]. For example, DES of 
(Choline chloride: urea) was used as deposition media for 
the formation of gold nanoparticles (AuNPs) [44], and DES 
of (choline chloride: ethylene glycol) was applied as a reac-
tion media for the production of SnO2 nanocrystalline [45]. 
In addition, recent studies have examined the use of DESs 
as versatile, effective and low-cost functionalization agents 
to overcome the challenges restraining the application of 
different nanomaterials such as graphene [46] and carbon 
nanotubes [47–49]. The advantage of DES as functionaliza-
tion agent was confirmed by improving the dispersion of 
nanomaterials through attaching new valuable functional 
groups to their surface, and unlike conventional function-
alization agents, DES causes no damage to the structure of 
nanomaterials and conserve their exquisite electrical and 
mechanical properties.

In this study, choline chloride (ChCl) and ethylene gly-
col (EG) were used to synthesize [ChCl:EG] DES which 
was used as novel functionalization agent for MWCNTs. 
Then, the chemical, physical and morphological changes on 
MWCNTs after treatment with DES were comprehensively 
studied using different analytical techniques including 
RAMAN, FTIR, BET surface area, TEM, FESEM, TGA and 
zeta potential. Subsequently, DES-MWCNTs combinations 
were used for the first time as new adsorbents for 2,4-DCP 
in aqueous solution. Optimization, kinetics and isotherms 
studies were carried out to describe the optimum adsorp-

tion conditions and to illustrate the adsorption mechanism 
of 2,4-DCP on DES-functionalized MWCNTs.

2. Experimental

2.1. Materials

MWCNTs with specifications of D × L 6–9 nm × 5 μm 
N > 95% (carbon) was supplied by sigma Aldrich and DCP 
with a molecular weight of 163.0 g·mol−1 was used as adsor-
bate and supplied by Merck. Other chemicals including, 
sulfuric acid H2SO4 (95%–97%), sodium hydroxide pellets 
NaOH, Choline chloride ChCl (≥ 98 %), potassium per-
manganate KMnO4, hydrochloric acid HCL (36.5%–38%) 
were supplied by sigma Aldrich, while ethylene glycol EG 
(≥ 98%), acetonitrile ACN and methanol MeOH, were sup-
plied by Merck.

2.2. DES preparation

The used DES [ChCl:EG] was produced by combining 
ChCl (salt) with EG (HBD) at [1:2] molar ratio. The salt and 
HBD were mixed at 180 rpm and a temperature of 70°C for 
a period of 80 min until a homogeneous transparent liquid 
formed. The prepared DES was stored in a moisture-con-
trolled environment for further functionalization use.

2.3. Functionalization of MWCNTs

2.3.1. Acidification and oxidation 

Primarily, pristine MWCNTs (P-MWCNTs) were dried 
overnight at 100°C. Half of the dried MWCNTs amount 
was refluxed with 50% H2SO4 for 1 h at 140°C to prepare 
S-MWCNTs and the other half was sonicated with KMnO4 
for 2 h at 60°C to prepare K-MWCNTs. Both S-MWCNTs 
and K-MWCNTs were then washed using vacuum fil-
tration system until the pH value of the washing water 
became neutral and they were dried under vacuum for 24 
h at 100°C.

2.3.2. Functionalization with DES

A specific amount of 200 mg of each acidified and oxi-
dized MWCNTs were sonicated separately with 7 ml of 
DES for 3 h at 60°C to produce DES-P-MWCNTs, DES-S-
MWCNTS and DES-K-MWCNTs (see Table 1). Then the 
produced adsorbents were washed using vacuum filtration 
system and dried under vacuum for 24 h at 100°C.

Table 1
Abbreviation and modification method of examined adsorbents

Adsorbent 
abbreviation

Modification method

P-MWCNTs Pristine
S-MWCNTs Acidification with sulfuric acid
DES-P-MWCNTs Sonication with [ChCl:EG]
DES-S-MWCNTs Acidification + Sonication with [ChCl:EG]
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2.4. Batch adsorption studies

The concentration of 2,4-DCP was determined using 
ultra high-performance chromatography (Waters ACQUITY 
UPLC System) at wavenumber of 285 nm (60 ACN: 40 
MeOH). A primary adsorption screening was conducted to 
compare the removal efficiency of all produced adsorbents. A 
fixed dosage of each adsorbent (10 mg) was shaken at room 
temperature into 50 ml of a 2, 4-DCP stock solution of 10 mg 
L−1 at a constant agitation speed of 180 rpm. Design expert 
(DE) software (version 7.0) was used to optimize the condi-
tions of 2,4-DCP removal. The response surface was set as a 
type of study and the central composite design (CCD) was 
adopted to conduct the adsorption experiment. The opti-
mization study was determined by setting one responding 
parameter (i.e. removal %) and by setting a range of three dif-
ferent parameters including, pH (2–10), dose (5–15 mg), and 
contact time (20–60 min). List of design of experiments runs 
and actual values obtained from each response are provided 
in the supporting information (Table S1).

The adsorption kinetics experiment was performed by 
using the optimum conditions of each adsorbent suggested 
by DE software. The contact times used to define the suitable 
kinetic model were (5 min, 10 min, 20 min, 30 min, 60 min, 
120 min, 180 min and 24 h). Pseudo first order, pseudo second 
order models were applied on the experimental data. Fur-
thermore, various initial concentrations were used to conduct 
the adsorption isothermal experiments (5, 10, 20, 30, 40, 50, 60 
and 80 mg L−1). The isotherm study examined the suitability 
of four isotherm models (e.g. Langmuir and Freundlich, Tem-
kin, and Dubinin-Radushkevich isotherm models).

2.5. Characterization

Fourier transform infrared (FTIR) spectroscopy Perkin-
Elmer® FTIR spectrometer was used to study the functional 
groups of MWCNTs after and before the functionalization 
process. Raman shift for all adsorbents was obtained by 
Raman spectroscopy (Renishaw System 2000 Raman Spec-
trometer). The surface charge was evaluated by the zeta 
potential using Zetasizer (Malvern, UK). The thermal stabil-
ity of all adsorbents was analyzed using thermogravimetric 
analysis (TGA) and differential thermogravimetry (DTG) 
by Thermal Analyzer (STA-6000, PerkinElmer®). Field 
Emission Scanning Electron Microscope (JEOL Ltd., Japan. 
JSM-6700F) was used to obtain high resolution images to 
observe the morphology of all concerned adsorbents. The 
effect of functionalization with DES was investigated using 
Transmission Electron Microscopy (TEM). Finally, the sur-
face area for all examined adsorbents was estimated using 
a fully Automated Gas Sorption System (micromeritics, 
TriStar II 3020, USA) based on the method of Brunauer-Em-
mett-Teller (BET).

3. Results and discussion

3.1. Primary screening

The result of the primary screening is visualized by 
Fig. 1. It is remarkable that P-MWCNTs, S-MWCNTs, DES-
P-MWCNTs and DES-S-MWCNs achieved removal efficien-
cies higher than that of K-MWCNTs and DES-K-MWCNTs 

and this can be ascribed to the surface charge of the adsor-
bents. Therefore, this study will focus on characterization 
and investigation of the adsorption performance of only 
adsorbents with the highest removal (%). 

3.2. Characterizations

3.2.1. Raman spectroscopy

As can be noticed from Fig. 2 all concerned adsorbents 
show two obvious sharp peaks detected at ~1350 and ~1590 
cm−1 wavelength. The peak at 1300–1400 cm−1 is the D band 
which is a defect-induced mode caused by sp3-hybridized 
carbon atoms in the sidewall of CNT and it is often attributed 
to the existence of amorphous and disordered carbon in the 
CNT samples [36,50–52]. While peak at 1550–1680 cm−1 is the 
G band which is a common tangential mode to all sp2 carbon 
systems and it is raised from the stretching of C-C bond in 
graphitic materials [53]. Moreover, D’ is also a defect or dis-
order induced Raman feature presented by a weak shoulder 
of the G-band, can be clearly found in P-MWCNTs and DES-
P-MWCNTs at 1609 cm−1 and 1612 cm−1 wavelength, respec-
tively. Whereas for S-MWCNTs and DES-S-MWCNTs, D’ 
cannot be detected which indicates a better quality of these 
two adsorbents [54]. Another Raman feature is the radial 
breathing mode (RBM) which is considered an important 
feature to identify the tube diameter [53]. However, RBM 
was too weak to be detected for all studied adsorbents which 
proves the large diameter of their tubes [36].

Fig. 1. Screening of adsorbents for the removal of 2,4-DCP

Fig. 2. Raman spectroscopy of P-MWCNTs, S-MWCNTs, DES-P-
MWCNTs and DES-S-MWCNTs for a) D band and G band, and 
b) D’ band shift.
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Furthermore, Raman spectroscopy can be a symptom-
atic characterization of the degree of carbon-containing 
defects by calculating the ratio of D band intensity to G 
band intensity (ID/IG) [55]. The values of ID/IG for all adsor-
bents are listed in Table 2. It is evident from Table 2 that ID/
IG for P-MWCNTs has increased from 1.11 to 1.20 after treat-
ment with DES and that gives an indication of new sp3-hy-
bridized functional groups formation on the P-MWCNTs 
surface [47]. It is also apparent from Table 2 that the value 
of ID/IG of P-MWCNTs has decreased after H2SO4 treat-
ment which suggests that S-MWCNTs adsorbent has less 
carbon-containing defects and more graphitized structures 
[56]. However, ID/IG ratio for S-MWCNTs has increased 
slightly after treatment with DES which could be due to the 
increased level of covalent functionalization on the surface 
of DES-S-MWCNTs.

3.2.2. FTIR

Fig. 3 displays the FTIR spectra for all adsorbents. 
Obviously, there is a significant change in the spectrum of 
P-MWCNTs after treatment with acid and DES and that 
confirms the capability of the functionalization process by 
the addition of new and abundant functional groups onto 
the surface of P-MWCNTs. The strong absorbance peak 
at ~3460 cm−1 for all functionalized MWCNTs is assigned 
to O−H stretching bond (hydroxyl groups) [57]. However, 
O−H may overlap with N−H stretching bond in the region 
of (3500–3000) cm−1 [58]. The emergence of peaks at ~3750 
cm−1 after functionalization are assigned to C−H stretching 
bond. Furthermore, asymmetric and symmetric stretching 
of CH2 groups are highly detectable at ~2900 cm−1 and~ 2800 
cm−1, respectively [59]. All adsorbents showed an obvious 
peak around 2350 cm−1 which is assigned to aromatic sp2 
C−H stretching vibration [60]. Moreover, the production 
of carbonyl groups and carboxylic acids onto P-MWCNTs 
after functionalization is symbolized by the presence of 
peaks at ~1400 and ~1650 cm−1 [61]. Functionalization of 
P-MWCNTs with H2SO4 produced different bonds involv-
ing sulfur such as C−S stretching (700–600) cm−1 and SO2 
symmetric stretching (1153) cm−1 [62]. Peaks in the region 
between (800–600) cm−1 are assigned to C-Cl bond for all 
DES treated adsorbents [49]. Table 3 summarizes some of 
expected functional groups onto the studied adsorbents.

3.2.3. TGA

The oxidation behavior of all adsorbents was investi-
gated using thermal gravimetric analysis under air flow 

rate of 50 mL/min at a temperature range of 25–800°C with 
a heating rate of 10°C/min. Fig. 4 reveals that all adsor-
bents have high thermal stability and show a weight loss 
of 3.8–8% below 500°C. It can be noticed from Fig. 4 that 
a significant combustion of P-MWCNTs starts at 526.6°C, 
while the noteworthy combustion of S-MWCNTs, DES-P-
MWCNTs and DES-S-MWCNTs start 530.28°C, 510.06°C 
and 516.9°C, respectively. It is widely known that the 
amorphous carbons tend to oxidize at temperature lower 
than that required for the oxidation of well graphitized 
structure [20] [63–65]. Accordingly, S-MWCNTs adsor-
bent has a higher purity among all examined adsorbents 
and that agrees with the results obtained from Raman 
analysis. Furthermore, it is obvious that functionaliza-
tion with DES caused a slight reduction in the onset of 
adsorbent combustion due to the presence of various 
kinds of functional groups that have a lower activation 
energy for oxidation (see FTIR section). The weight loss 
for all functionalized adsorbents was very little at tem-
perature > 590°C and it reached 0% at around 606.05°C 
with no residues left, while at the same temperature the 
remaining weight of P-MWCNTs was 30.09%. Based on 
that, treatment of P-MWCNTs with acid and/or DESs 
effectively increased the purity and the carbon content 
of P-MWCNTs.

Fig. 3. FTIR spectrum for P-MWCNTS, S-MWCNTs, DES-P-
MWCNTs, and DES-S-MWCNTs.

Table 2
Raman spectroscopy bands intensities and locations

Adsorbent D band G band D’ band ID/IG

Wave No. Intensity Wave No. Intensity Wave No. Intensity

P-MWCNTs 1349 1942 1589 1710 1609 1558 1.11
S-MWCNTs 1358 1114 1592 1056 – – 1.05
DES-P-MWCNTs 1353 1023 1594 846 1612 741 1.2
DES-S-MWCNTs̀ 1353 1131 1588 1044 – – 1.08
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3.2.4. Zeta potential

Zeta potential was measured by discrete dispersion of 
2.5 mg of each adsorbent in 5 mL of deionized water. The 
order of the results is presented in Fig. 5. It is clear that 
S-MWCNTs, DES-P-MWCNTs and DES-S-MWCNTs have 
more negative surface charges than P-MWCNTs due to the 
presence of more oxygen-containing groups such as car-
bonyl, carboxyl and hydroxyl groups as revealed in FTIR 
analysis [66,67]. The significant variation in the absolute 
value of zeta potential for P-MWCNTs after functionaliza-
tion is related to the influence of hydrophilicity or hydro-
phobicity properties of various kinds of functional groups 
formed on the surface of functionalized MWCNTs. The 
treatment of P-MWCNTs either with acid or DES increased 
the zeta potential absolute value which indicates a better 
stability and assures the increase in the functionality degree 
of the functionalized MWCNTs [68].

3.2.5. BET surface area

The surface area for P-MWCNTs, S-MWCNTs, DES-P-
MWCNTs and DES-S-MWCNTs was evaluated using BET 

method. Table 4 shows the surface area, pore volume and 
diameter for all adsorbents. It is noticeable that the sur-
face area of P-MWCNTs has interestingly increased after 
functionalization with acid or/and DES. This significant 
increase in the surface area of functionalized MWCNTs can 
be attributed to the removal of impurities on P-MWCNTs-
surface by H2SO4 or by DES and that was corroborated by 
TGA results. Thus, the maximum adsorption capacity for 
the functionalized MWCNTs is much higher than that of 
P-MWCNTs. 

3.2.6. TEM, FESEM

Fig. 6 and Fig. S1 (supporting information) represent 
the TEM and FESEM images for pristine and functionalized  
MWCNTs. It is obvious that there is no significant destruc-
tion in the structure of MWCNTs, which proposes that the 
functionalization with DES is a non-destructive functional-
ization and it ensures the unique properties of MWCNTs 
and enhances the interfacial properties between the adsor-
bents and the pollutants. Furthermore, after acid treatment, 
more agglomeration-like behavior is observed and DES has 
a significant cleaning effect by removing the agglomeration 
produced by acid.

3.3. Response surface methodology (RSM)

3.3.1. Analysis of variance (ANOVA)

The reduced cubic model analysis (ANOVA) of 
removal (%) response for P-MWCNTs and for S-MWCNTs 
is listed in Table S2, whereas reduced cubic model 
(ANOVA) of removal (%) for DES-P-MWCNTs and DES-

Fig. 4. TGA curves for P-MWCNTS, S-MWCNTs, DES-P-
MWCNTs, and DES-S-MWCNTs.

Fig. 5. Arrangements of zeta potential values for P-MWCNTS, 
S-MWCNTs, DES-P-MWCNTs, and DES-S-MWCNTs.

Table 3
Some of the predicted functional groups on the surface of the studied adsorbents

Expected functional groups Involving adsorbents

C−H stretching ALL
C=O ALL
C=C−C Aromatic ring stretch ALL
S−S stretching DES-S-MWCNTs, S-MWCNTs.
C-S stretching DES-S-MWCNTs, S-MWCNTs.
SO2 symmetric and asymmetric stretching DES-S-MWCNTs, S-MWCNTs.
S=O stretching DES-S-MWCNTs.
O−CH3 DES-P-MWCNTs, S-MWCNTs, DES-S-MWCNTs.
C−Cl DES-P-MWCNTs, DES-S-MWCNTs.
N–H stretching Third overtone DES-P-MWCNTs, DES-S-MWCNTs.
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Table 4
BET surface area, pore volume and diameter of all adsorbents

Property P-MWCNTs S-MWCNTs DES-P-MWCNTs DES-S-MWCNTs

BET surface area (m²/g) 123.54 226.11 197.8 193.10
Total pore volume (cm3/g) 0.62 1.45 1.19 1.22
Average pore diameter (Å) 20.49 256.84 241.28 254.21

Fig. 6. FESEM images for a) P-MWCNTS, b) DES-S-MWCNTs; and TEM images for c) P-MWCNTs, d) and e) DES-S-MWCNTs.
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S-MCNTs is listed in Table 5. The model F-values for all 
absorbents confirmed that all models are statistically 
significant. There is only a 1.05%, 0.62%, chance that the 
Model F-value can occur due to noise for the removal 
(%) response of DES-P-MWCNTs and DES-S-MWCNTs, 
respectively. The desirable value of signal to noise ratio 
should be greater than 4 and it is represented by the 
Adeq Precision value. Based on that, for all adsorbents, 
the models showed a ratio value greater than 4 which 
indicates an adequate signal. 

The relationship between the independent variables 
and the removal % (R %) for all adsorbents is expressed by 
the following quadratic equations: 

2,4-DCP R % of P-MWCNTs = 72.17 – 26.24A + 10.29B  
+ 20C – 11.34AB – 2.47AC– 2.17BC – 29.21A2 – 4.27B2  

– 10.11C2 (1)

2,4-DCP R % of S-MWCNTs = 71.88 – 29.15A + 6.05B + 
1.28C – 7.37AB + 1.14 AC – 1.96BC – 29.95A2 – 5.19B2  

– 11.33C2 (2)

2,4-DCP R % of DES-P-MWCNTs = 66.23 − 25.61A + 7.72B 
− 0.37C − 9.90AB − 2.94AC − 2.03BC − 22.96A2 − 6.04B2 

− 12.38C2 (3)

2,4-DCP R % of DES-S-MWCNTs = 73.50 − 18.65A + 2.38B  
− 1.21C − 7.05AB + 2.00AC − 3.69BC − 26.66A2 − 1.41B2  
− 16.37C2 (4)

where A, B, C represent pH, Dosage (mg) and contact 
time (min), respectively. The predicted values of removal 
% calculated from ANOVA model equations along with 
the actual values for all adsorbents are listed in Table S3. 
The predicted values were plotted versus the experimental 
data for all examined adsorbents (Fig. 7). It can be observed 
that the experimental data are in close agreement with the 

data predicted by the suggested models which proves that 
all models have significantly generated a good correlation 
between the variables of the process. The correlation coeffi-
cient R2 value for removal % response for all studied adsor-
bents is greater than 0.98 and that confirms the competence 
of the models adopted for the studied adsorbents.

3.3.2. The interactive effects of selected independent 
 parameters on the adsorption of 2,4-DCP

The removal (%) of all used adsorbents over different 
combination of independent variables were presented by 
three-dimension view of response surface plot as a function 
of two independent parameters (Figs. 8 and 9). The initial 
concentration of 2,4-DCP was constant for all cases with a 
value of 10 mg L−1. It is obvious that for all adsorbents, the 
removal (%) increases gradually with the increase of contact 
time until the system reached equilibrium. Table 6 shows 
some constraints and different levels of importance which 
were set for optimization of four goals (i.e. contact time, pH, 
adsorbent dosage, and removal (%) of 2,4-DCP) to select the 
optimum conditions for 2,4-DCP adsorption onto the stud-
ied adsorbents. The effect of pH value is noticeable on the 
removal (%) as it affects the properties of both adsorbate 
and adsorbents. Adsorption of 2,4-DCP clearly decreases as 
the pH value increases. This can be explained by the depro-
tonation of some functional groups onto the surface of the 
adsorbent resulting in more negatively charged surface 
[69]. As well as, high pH value leads to more dissociation 
of 2,4-DCP molecules into C6H3Cl2O

−form, subsequently 
increasing the electrostatic repulsion and reducing the 
adsorption capacity [70]. Moreover, 2,4-DCP adsorption is 
enhanced with the decrease of pH value and the removal 
(%) reached to its maximum value at pH 3.87 and 5.14 for 
DES-P-MWCNTs and DES-S-MWCNTs, respectively (Table 
S4). This can be attributed to the presence of 2,4-DCP in 
non-dissociated form and the surface of the adsorbent is 
highly protonated at acidic pH value, leading to an easy 

Table 5
Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal (%) by DES-P-MWCNTs and DES-S-MWCNTs

Source* DES-P-MWCNTs DES-S-MWCNTs

Sum of 
squares

df Mean 
square

F-value p-value  
prob> F

Sum of 
squares

df Mean 
square

F-value p-value  
prob> F

Model 10503.64 9 1167.07 26.38 0.0105 7375.88 9 819.54 37.76 0.0062
A 5343.95 1 5343.95 120.79 0.0016 2834.06 1 2834.06 130.59 0.0014
B 485.38 1 485.38 10.97 0.0453 46.28 1 46.28 2.13 0.2403
C 1.40 1 1.40 0.032 0.8701 14.71 1 14.71 0.68 0.4706
AB 783.79 1 783.79 17.72 0.0245 397.44 1 397.44 18.31 0.0234
AC 69.06 1 69.06 1.56 0.3001 32.04 1 32.04 1.48 0.3112
BC 32.94 1 32.94 0.74 0.4517 108.77 1 108.77 5.01 0.1111
A2 748.44 1 748.44 16.92 0.0260 1009.14 1 1009.14 46.50 0.0065
B2 51.76 1 51.76 1.17 0.3586 2.84 1 2.84 0.13 0.7417
C2 259.21 1 259.21 5.86 0.0941 453.44 1 453.44 20.89 0.0196

Adj R-Squared**    0.95 Pred R-Squared   0.77 Adj R-Squared**     0.96 Pred R-Squared     0.76
C.V. %                     18.78 Std. Dev                6.65 C.V. %                    11.58 Std. Dev                   4.66

*A: pH, B: adsorbent dosage and C: contact time; ** The “Pred R-Squared” is in reasonable agreement with the “Adj R-Squared”
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Fig. 7. Predicted values vs actual values for 2,4-DCP removal response.

Fig. 8. Surface response representation of removal (%) of 2,4-DCP interaction with adsorbent dose and pH by fixing contact time at 
the optimum value for: (a) P-MWCNTs, (b) DES-P-MWCNTs, (c) S-MWCNTs, and (d) DES-S-MWCNTs.
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adsorption process by high electrostatic attraction between 
the adsorbent and the adsorbate [71]. Meanwhile, the dose 
of the adsorbent has an obvious effect on 2,4-DCP removal 
efficiency. Fig. 8 reveals that the removal (%) increases 
along with the increase of the adsorbent dose and that can 
be ascribed to the increase of surface area and the availabil-
ity of more adsorptive sites for the removal of 2,4-DCP.

3.4. Adsorption kinetics and isotherms

3.4.1. Kinetics study

Two kinetic models, pseudo-first-order kinetic model 
and pseudo-second-order kinetic model, were applied 
to the experimental data. The linear form of the pseu-

do-first-order model proposed by Langergren and Svenska 
[Eq. (5)] [72–74]:

ln lnq q q k te t e−( ) = − 1  (5)

where qe and qt (mg g–1) are the amounts of the adsorbed 2,4-
DCP at equilibrium and at time t (min), respectively, and k1 
is the adsorption rate constant (min–1). The values of qe and 
k1 were obtained from the intercept and slope respectively 
of plots of ln (qe – qt) vs. t (Fig. 10a) and they are listed in 
Table 7.

The linearized form of pseudo-second-order kinetic 
model is expressed as below [75,76]:

t
q k q

t
qt e e

= +
1

2
2

 (6)

where k2 (g mg–1 min–1) is the rate constant of the second 
order adsorption. The values of k2 and qe were determined 
from the slope and intercept of plots of t/qt vs. t (Fig. 10b) 
and they are listed in Table 7.

It is obvious from Table 7 that the calculated values of 
Pseudo-first-order kinetic does not agree with the experi-
mental values, while for Pseudo-second-order kinetic the 
calculated values of agree with the experimental values. 
Not to mention, for all examined adsorbents the correlation 
coefficient (R2) value of Pseudo-second-order model is 0.99 
which is much higher than that of Pseudo-first-order model 
(0.69–0.80). Therefore, the adsorption of 2,4-DCP on pristine/
functionalized MWCNTs is not a first order reaction and it 
is ideally obeying the Pseudo-second-order kinetic model. 
These findings are in agreement with some reported kinetics 
results for 2,4-DCP adsorption on carbonaceous adsorbents 

Fig. 9. Surface response representation of removal (%) of 2,4-DCP interaction with contact time and pH by fixing adsorbent dosage 
at the optimum value for: (a) P-MWCNTs, (b) DES-P-MWCNTs, (c) S-MWCNTs, and (d) DES-S-MWCNTs.

Table 6
Constraints for optimization process based on CCD for 2,4-DCP 
adsorption

Name Goal Lower 
limit

Upper 
limit

Importance

A In range 2 10 –
B Minimize 5 15 1
C In range 20 60 –
R% P-CNTs Maximize 1.8 80.6 5

PChCl-CNTs 1.85 71.5
S-CNTs 3.7 75.5
SChCl-CNTs 0.68 76.53

A: pH, B: adsorbent dosage and C: contact time
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[69] and on activated carbon fiber [8]. Similar kinetic results 
were reported for the adsorption of 2,4-DCP onto activated 
carbon fiber [77] and onto Mn-modified activated carbon 
prepared from Polygonum Orientale Linn [78]. The applica-
bility of Pseudo-second-order kinetic model to describe the 
adsorption of 2,4-DCP in this study indicates that the adsorp-
tion process rate is controlled by chemisorption involving 
valence forces through exchange or sharing electrons which 
suggests the possibility of adsorbate and adsorbent involve-
ment in the adsorption mechanism [79–81].

3.4.2. Isotherms study

The well-known linearized form of Langmuir equation is 
presented in Table 8. In the equation, Ce (mg L–1) is the equi-
librium concentration of 2,4-DCP, qe (mg g–1) is the amount 
of 2,4-DCP adsorbed per unit mass of the adsorbent. KL and 
Qm are Langmuir constants related to adsorption equilibrium 
constant and maximum adsorption capacity, respectively. 
The value of the dimensionless constant equilibrium param-
eter (RL) can be used to indicate the essential feature and the 
type of Langmuir isotherm: unfavorable (RL > 1), linear (RL = 
1), favorable (0 < RL < 1) or irreversible (RL = 0) [82,83]. The 
following equation (Eq. (7)) is used to calculate RL value [84]:

R
K CL

L i

=
+

1
1

 (7)

Freundlich isotherm can be described by the linearized 
equation shown in Table 8. where, Kf and n are Freundlich 

isotherm constants, and the distribution coefficient Kf, rep-
resents the amount of 2,4-DCP adsorbed onto the tested 
adsorbents for a unit equilibrium concentration [85]. The 
heterogeneity factor 1/n defines the heterogeneity of the 
adsorbent surface and as its value is getting closer to zero the 
adsorbent surface is becoming more heterogeneous [85,86].

Moreover, the Temkin and Dubinin-Radushkevish 
(DRK) isotherm models were examined for their suitability 
to describe the experimental results and their linear equa-
tions are listed in Table 8. The parameters of Temkin equa-
tions are: which is the Temkin isotherm equilibrium binding 
constant (L mg−1) and B (dimensionless) = RT/b (where 
b is the Temkin constant related to the heat of adsorption 
(J mol−1), R is the gas constant (8.314 J mol−1 K−1), T is the 
absolute temperature in kelvin, i.e. room temperature = 
298.15 K). On the other hand, the parameters of DRK iso-
therm include E which is the mean free adsorption energy (J 
mol−1), Qs is the theoretical isotherm saturation capacity (mg 
g−1), K is the constant of DRK isotherm, and ε represents the 
Polanyi potential and can be expressed as:

ε = +( )RTln /1 1 Ce  (8)

Langmuir, Freundlich and Temkin isothermal plots of 
all adsorbents are shown in Fig. 11 as well as the constants 
and all correlation factors of all models are summarized in 
Table 8. As can be observed, the values of RL and n for all 
concerned adsorbents confirm the adsorption favorability 
of 2,4-DCP for both Langmuir and Freundlich adsorption 

Fig. 10. Kinetic models for 2,4-DCP adsorption: (a) Pseudo-first-order kinetic model and (b) Pseudo-second-order kinetic model.

Table 7
Adsorption kinetics constants and correlation coefficient for each model

Adsorbent qe (experimental) Pseudo-first order Pseudo-second order

R2 K1
qe R2 K2

qe

P-MWCNTs 37.5 0.69 0.01 9.34 0.99 0.0065 38.01
S-MWCNTs 38.82 0.80 0.01 13.23 0.99 0.0041 39.57
DES-P-MWCNTs 40.22 0.69 0.01 16.13 0.99 0.0023 41.92
DES-S-MWCNTs̀ 60 0.79 0.01 22.96 0.99 0.002 61.69
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Fig. 11. Isotherm models for 2,4-DCP adsorption: (a) Langmuir isotherm, (b) Freundlich isotherm and (c) Temkin isotherm models.

Table 8
Equations, constants and correlation coefficients of isotherm models

Isotherms Equations Parameters Adsorbents

P-MWCNTs S-MWCNTs DES-P-MWCNTs DES-S-MWCNTs̀

Langmuir C
q K Q Q

Ce

e L m m
e= +







1 1 Qm (mg g−1) 73.47 82.94 120.59 390.53
KL (L mg−1) 3.26 4.41 12.18 27.46
RL 0.057 0.043 0.016 0.007
R2 0.99 0.99 0.95 0.98

Freundlich ln ln lnq K
n

Ce F e= +
1 n 3.49 3.00 2.58 1.62

KF (L mg−1) 23.35 21.58 20.99 22.63
R2 0.87 0.83 0.90 0.97

Temkin q B k B Ce t e= +1 1ln ln B1 12.35 15.27 20.95 30.84
kt (L mg−1) 5.76 3.17 1.75 0.02
R2 0.91 0.92 0.89 0.96

Dubinin and 
Radushkevich

ln lnq Q Ke s= − ε2 Qs (mg g−1) 64.64 73.24 81.74 206.3
K 5.65 × 10−7 1.3 × 10−6 8.28 × 10−7 2.33 × 10−6

E (J mol−1) = 1/(2K)1/2 940 620 776 462.7
R2 0.89 0.96 0.80 0.77
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isotherms under experimental conditions [73,87]. However, 
Langmuir isotherm yielded the better fit for all adsorbents 
with high R2 value ranged from 0.95 to 0.99. This is an indi-
cation of a monolayer adsorption of 2,4-DCP onto the homo-
geneous surface of the used adsorbents. On the other hand, 
compared to the other adsorbents, the high R2  value of Fre-
undlich model for the two adsorbents of DES-P-MWCNTs 
and DES-S-MWCNTs suggests that different active sites 
with various affinities to 2,4-DCP molecules can lead the 
adsorption to take place onto the heterogeneous surface of 
these two adsorbents. Also, according to n value (>1) the 
adsorptive behavior is dominated as a physical adsorption 
process [88]. Furthermore, the value of RL is found to be 
decreasing as the initial concentration of 2,4-DCP increases, 
proving again the applicability of Langmuir isotherm for 
the 2,4-DCP adsorption and the favorable adsorption of 2,4-
DCP at higher initial concentration. A similar equilibrium 
results were obtained for the adsorption of 2,4-DCP onto 
AC derived from date stones [89] and onto AC derived from 
agricultural wastes [90]. Table 9 provides a comparison of 
the maximum monolayer adsorption capacity of 2,4-DCP 
on several adsorbents. As compared to previous works, in 
this study the MWCNTs adsorbent modified with sulfu-
ric acid and DES (DES-S-MWCNTs) showed are markable 
value of maximum adsorption capacity of 390.35 mg g–1.

3.5. Mechanisms

The adsorption of 2,4-DCP onto the studied adsorbents 
was highly dependent on the characteristics of the adsor-
bent, the operational conditions, as well as on the molec-
ular properties of 2,4-DCP. The oxygen-containing groups 
on functionalized MWCNTs played an important role in 
the adsorption of 2,4-DCP by enhancing the dispersion of 
MWCNTs in water. In addition, these groups defined the 
interaction between 2,4-DCP and the adsorbent surface 
through acting as acids or bases, which can adsorb 2,4-DCP 
through donor-acceptor complex formation. The molecu-

lar size of 2,4-DCP and its pKa value influenced its affin-
ity towards MWCNTs surface. The interaction between the 
electron in the aromatic rings of 2,4-DCP and the graphene 
layer of MWCNTs may result into the π-π phenomena 
which might involve charge-transfer, polar electrostatic 
components and dispersive forces [96]. Not to mention, 
controlling the pH value of the solution proved to have a 
remarkable impact on the adsorption mechanism. Since the 
phenolic compounds behave as weak acids in aqueous solu-
tion [97], the pH value of the solution has a strong effect on 
the dissociation of hydrogen ion from 2,4-DCP. The anionic 
form of 2,4-DCP is the predominant form when the value of 
solution pH is high, whereas the molecular form of 2,4-DCP 
dominates in acidic solutions [98]. In this study, for all cases 
of adsorbents, the optimum pH value which is required 
to obtain the highest removal efficiency was less than the 
pKa value of 2,4-DCP. Therefore, the mechanism of 2,4-DCP 
adsorption was mainly governed by the synergetic effects 
of π-π interaction [99,100].

4. Conclusion

ChCl based DES was prepared using EG as HBD 
and applied as new functionalization agent for pris-
tine MWCNTs and H2SO4-treated MWCNTs. RAMAN, 
FTIR, FESEM, BET, TEM, and TGA were used to study 
the changes occurred to MWCNTs after treatment with 
DES. It was concluded that DES purified and increased 
the surface area of MWCNTs, as well as added different 
functional groups on their surface conserving the struc-
ture of MWCNTs and without resulting in further dam-
ages. The efficiency of the DES-functionalized MWCNTs 
was investigated as new adsorbents for 2,4-DCP removal 
from water. Based on the optimization studies conducted 
by RSM-CCD experimental design, it was clear that the 
adsorption of 2,4-DCP was highly dependent on the pH 
solution, and on the surface charge of the adsorbents. The 
optimum pH value for all adsorbents was found to beless 
than pka value of 2,4-DCP (>7.4). The 2,4-DCP adsorption 
kinetics for all examined adsorbents were well described 
by pseudo-second order model. The equilibrium adsorp-
tion data were best presented by Langmuir isotherm 
model indicating a monolayer adsorption on a homo-
geneous surface with the highest maximum adsorption 
capacity of 390.53 mg g−1obtained for MWCNTs function-
alized with H2SO4 and DES.
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Supporting information

Table S1
List of design of experiments runs and the actual values obtained from each response for all adsorbents

Run Factors Response of  
P-MWCNTs

Response of  
S-MWCNTs

Response of  
DES-P-MWCNTs

Response of  
DES-S-MWCNTs

A B C Removal 
%

Adsorption 
capacity 
(mg/g)

Removal 
%

Adsorption 
capacity 
(mg/g)

Removal  
%

Adsorption 
capacity (mg/g)

Removal  
%

Adsorption 
capacity 
(mg/g)

1 2 5 20 29.357 32 38.532 42 28.440 31 39.449 43
2 6 15 40 80.612 26.333 75.510 24.6667 69.387 22.67 76.530 25
3 2 5 60 37.614 41 44.036 48 37.614 41 37.614 41
4 10 5 20 1.8518 3 -9.629 -13 -0.617 -1 8.0246 13
5 10 10 40 19.135 15.5 15.555 10.5 19.135 15.5 30.246 24.5
6 10 15 20 5.555 3 -7.407 -3.333 1.851 1 9.259 5
7 2 15 60 77.981 28.33 67.889 24.6667 71.559 26 52.293 19
8 6 10 40 67.346 33 66.326 32.5 63.265 31 69.387 34
9 10 15 60 -4.761 -2.333 -5.185 -2.333 -8.843 -4.333 0.680 0.333
10 6 10 60 62.244 30.5 57.142 28 47.959 23.5 55.102 27
11 6 10 20 64.285 31.5 66.326 32.5 61.224 30 61.224 30
12 10 5 60 4.320 7 3.703 5 3.086 5 21.604 35

13 2 15 20 74.311 27 66.972 24.33 64.220 23.33 61.467 22.33

A: pH, B: adsorbent dosage and C: contact time

Table S2
Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal (%) by P-MWCNTs and S-MWCNTs

Source* P-MWCNTs S-MWCNTs

Sum of 
squares

df Mean 
square

F-value p-value  
prob > F

Sum of 
squares

df Mean 
square

F-value p-value 
prob > F

Model 12522.18 9 1391.35 80.02 0.0021 12863.17 9 1429.24 29.69 0.0089
A 5608.55 1 5608.55 322.58 0.0004 6922.20 1 6922.20 143.80 0.0012
B 863.48 1 863.48 49.66 0.0059 298.26 1 298.26 6.20 0.0886
C 0.42 1 0.42 0.024 0.8870 16.37 1 16.37 0.34 0.6008
AB 1028.32 1 1028.32 59.14 0.0046 434.54 1 434.54 9.03 0.0575
AC 48.88 1 48.88 2.81 0.1922 10.43 1 10.43 0.22 0.6733
BC 37.73 1 37.73 2.17 0.2371 30.80 1 30.80 0.64 0.4822
A2 1211.23 1 1211.23 69.66 0.0036 1272.92 1 1272.92 26.44 0.0143
B2 25.83 1 25.83 1.49 0.3100 38.23 1 38.23 0.79 0.4385
C2 173.06 1 173.06 9.95 0.0511 224.89 1 224.89 4.67 0.1194

Adj R-Squared**         0.98 Pred R-Squared   0.91 Adj R-Squared**    0.95 Pred R-Squared  0.82
C.V. %                  10.43 Std. Dev                4.17 C.V. %                      18.80 Std. Dev               6.94

*A: pH, B: adsorbent dosage and C: contact time; ** The “Pred R-Squared” is in reasonable agreement with the “Adj R-Squared”.
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Table S3
List of the actual and predicted values for 2,4-DCP removal % response

Run 
order

P-MWCNTs S-MWCNTs DES-P-MWCNTs DES-S-MWCNTs

Actual 
value

Predicted  
value

Actual value Predicted 
value

Actual 
value

Predicted 
value

Actual  
value

Predicted 
value

1 29.36 28.34 38.53 38.84 28.44 28.25 39.45 37.8
2 1.85 3.48 -9.63 -7 -0.62 2.7 8.02 10.6
3 74.31 75.94 66.97 69.6 64.22 67.54 61.47 64.04
4 5.56 5.74 -7.41 -5.71 1.85 2.4 9.26 8.64
5 37.61 38.03 44.04 43.04 37.61 37.44 37.61 38.75
6 4.32 3.29 3.7 1.77 3.09 0.14 21.6 19.55
7 77.98 76.95 67.89 65.95 71.56 68.61 52.29 50.24
8 -4.76 -3.14 -5.19 -4.8 -8.84 -8.28 0.68 2.84
9 19.14 16.72 15.56 12.78 19.14 17.65 30.25 28.19
10 67.35 72.17 66.33 71.88 63.27 66.23 69.39 73.5
11 80.61 78.2 75.51 72.74 69.39 67.91 76.53 74.47
12 64.29 61.86 66.33 59.07 61.22 54.23 61.22 58.35
13 62.24 62.26 57.14 61.63 47.96 53.48 55.1 55.92

Fig. S1. FESEM images for a) S-MWCNTS, b) DES-P-MWCNTs; and TEM images for c) S-MWCNTs, d) DES-P-MWCNTs
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Fig. S2. Dubinin–Radushkevich isotherm model plot of 2,4-DCP 
sorption on P-MWCNTS, S-MWCNTs, DES-P-MWCNTs, and 
DES-S-MWCNTs surface at optimum pH of each adsorbent.

Table S4
Optimum adsorption conditions suggested by DOE software for all adsorbents

Adsorbent pH Dose 
(mg/g)

Contact time 
(min)

Predicted 
removal (%)

Predicted adsorption 
capacity (mg/g)

Desirability

P-MWCNTs 4.11 9.68 41.65 77.0919 40.9999 0.887
S-MWCNTs 3.97 8.23 41.56 74.8842 44.774 0.933
DES-P-MWCNTs 3.69 9.35 41.42 71.5545 41.0002 0.922
DES-S-MWCNTs 5.14 5.00 41.25 71.0324 43.3178 0.948


