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� Akadémiai Kiadó, Budapest, Hungary 2011

Abstract Diglycolamide functionalized multi-walled

carbon nanotubes (DGA-MWCNTs) were synthesized by

sequential chemical reactions for removal of uranium from

aqueous solution. Characterization studies were carried out

using FT-IR spectroscopy, XRD and SEM analysis.

Adsorption of uranium from aqueous solution on this

material was studied as a function of nitric acid concen-

tration, adsorbent dose and initial uranium concentration.

The uranium adsorption data on DGA-MWCNTs followed

the Langmuir and Freundlich adsorption isotherms. The

adsorption capacity of DGA-MWCNTs as well as adsorp-

tion isotherms and the effect of temperature on uranium ion

adsorption were investigated. The standard enthalpy,

entropy, and free energy of adsorption of the uranium with

DGA-MWCNTs were calculated to be 6.09 kJ mole-1,

0.106 kJ mole-1 K-1 and -25.51 kJ mole-1 respectively

at 298K. The results suggest that DGA-MWCNTs can be

used as efficient adsorbent for uranium ion removal.
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Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991

[1], scientists and technologists have welcomed this

cylindrical allotrope of carbon as one of the most resear-

ched material world-wide. CNTs exhibit unique physical

and chemical properties. CNTs include single-walled

(SWCNTs) and multi-walled (MWCNTs) depending on the

number of layers comprising them. Due to porous and

hollow structures, large surface area, low density, high

mechanical, thermal and chemical stabilities, CNTs posses

great potential as an adsorbent for removing a wide variety

of organic compounds and metals ions from aqueous or

organic medium. Examples include: organic compounds

such as dioxin [2], resorcinol and other phenolic deriva-

tives [3], thiophene [4], fulvic acid [5], trihalomethanes [6],

chlorinated aliphatic and aromatic compounds [7], phenolic

compounds [8], dyes [9], pesticides [10] etc. and metal ions

such as lead, copper, cadmium [11], iron [12] zinc [13],

nickel [14], chromium [15], cobalt, manganese [16]

strontium [17], silver [18]. It has been used for removal of

contaminants in drinking water [19]. Recently CNTs have

been applied for recovery of radionuclide such as thorium

[20], europium [21], americium [22], uranium [23] and

plutonium [24] from aqueous solution.

In all the above applications, CNTs were used in pristine

form. For optimum selective performances towards specific

metal ions or organic molecules CNTs need to be modified

without much alternation of their physical and chemical

properties. Modification of CNTs can be accomplished

through covalent functionalization and non-covalent func-

tionalizations [25]. Organic covalent functionalization of

CNTs have been employed [26] and functionalized CNTs

were used for adsorbent application. Carboxy functional-

ized multi-walled CNTs used for adsorption of zinc [27]
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and azo dye [28] from aqueous solution. Hexahistidine-

tagged protein functionalized MWCNTs have been used

for selective adsorption of copper and nickel from aqueous

solution [29]. MWCNTs functionalized with 1-(2-pyridy-

lazo)-2-naphtol have been used for adsorption of trace

amounts of cobalt ion in aqueous solution [30]. Modifica-

tion of MWCNTs not only enhances the adsorption but also

fastens the kinetics of adsorption [27, 29]. According to

surface complexation model [23] it is most plausible that

these adsorption reactions proceed at specific surface sites/

functional groups.

Extraction and pre-concentration of valuable actinide

metal ions from aqueous solution are extremely important

not only for limited resource availability, but also to reduce

their quantum for disposal as radioactive wastes [31]. Vari-

ous ligands such as phosphates, diglycolamide (DGA)

derivatives, malonamides and triazine derivatives are being

employed for this purpose. Among the ligands, diglycola-

mides is a tridentate ligand due to which it possesses greater

tendency to bind with metal ions. They are also related to the

harmless nature of their degradation products and to the

possibility to incinerate the used solvents leading to mini-

mization of the volume of secondary waste. DGA derivatives

such as N,N,N0,N0-tetraoctyldiglycolamide (TODGA) and

N,N,N0,N0-tetrakis-2-ethylhexyldiglycolamide (TEHDGA)

have been applied for the separation of uranium in aqueous

solution [32–36].

In this study, multi-walled CNTs are modified with di-

glycolamide groups by sequential chemical reaction and

this functionalized multi-walled CNTs (DGA-MWCNT)

have been used for the separation of uranium from aqueous

solution. Studies such as the effect of nitric acid concen-

tration, initial uranium concentration, DGA-MWCNTs

dose and temperature on adsorption performance have been

carried out. The adsorption isotherms were analyzed in

terms of Langmuir and Freundlich equations and the

thermodynamic constants (DHo, DSo and DGo) were

evaluated.

Experimental

Materials and methods

All chemicals were of analytical reagent grade and used

without any further purification. MWCNTs, obtained by

chemical vapour deposition method. Characteristics of the

MWCNTs are given in Table 1.

Millipore water (resistivity 18.2 mX.cm) was used in all

experiments. KS 4000i control-incubator shaker (IKA

make) was used for equilibration studies. Echo Testr pH2

(Eutech make) pH meter was used for pH adjustment.

Millipore vacuum filtration unit with 0.22 lm Millipore

membrane filter was used for filtration. Refrigerated cen-

trifuge (REMI Model No. C-24 BL) was used for separa-

tion of CNTs from aqueous/organic solution. Vacuum oven

(SEMCO make) and Ultrasonic bath (Life-care make EN

50US) were employed during experiment.

Functionalization of MWCNTs

MWCNTs were subjected to sequential chemical func-

tionalization to prepare diglycolamide functionalized multi-

walled CNTs. The functionalization involves carboxylation,

acylation, amidation and diglycolamide functionalization.

The work flow sheet of sequential functionalization of

MWCNTs is given in Scheme 1.

Characterization of functionalized MWCNTs

The MWCNTs and functionalized MWCNTs were char-

acterized by Fourier transform-infrared (FTIR) spectros-

copy, X-ray diffraction analysis (XRD) and scanning

electron microscopy (SEM). The sample of the FTIR

measurement was mounted on a MB 3000 spectrometer

(ABB) in KBr pellet at room temperature. The XRD

characterization was performed by using X-ray diffraction

with Cu Ka radiation at room temperature using a STOE

diffractometer operated in Bragg-Brentano geometry and

attached with a secondary graphite monochromator. The

measurements were performed over the angular range

2h = 30�–96� in steps of 0.05�. The morphology of the

pristine and functionalized MWCNTs was examined by

using a field emission scanning electron microscopy.

Uranium adsorption studies

Uranium separation studies were carried out at room tem-

perature. In all experiments, polypropylene centrifuge

tubes with screw lids were used in order to prevent

radionuclide sorption on the walls of the tubes. Exactly

5 mg of DGA-MWCNTs was taken in a 50 mL centrifuge

tube and suitable concentration of uranium was maintained

Table 1 Characteristics of MWCNTs

Purity [95 vol%

Amorphous carbon \2%

Ash \0.2 wt%

Diameter 10–30 nm

Length 1–2 lm

Specific surface area 300–600 m2/g
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by adding appropriate volume of aqueous solution of ura-

nyl nitrate stock solution (100 mg L-1). Dilute nitric acid

was added to maintain desired acid concentration. 10 mL

of above mixture in a 50 mL centrifuge tube was shaken

mechanically for equilibration using an orbital shaker at

room temperature for 3 h. The suspended solution then

centrifuged at 5,000 rpm. Exactly 1 mL of supernatant

aliquot was subsequently withdrawn and concentration of

uranium was measured by fluorescence spectrometry. The

sample was diluted with a 10 wt% phosphoric acid

(H3PO4) solution. The complex formation of uranium with

H3PO4 causes a large enhancement of their fluorescence

emission intensity. This provides the basis of a uranium

assay method with a detection limit of *40 ppb [37]. A

calibration graph was plotted by measuring the intensity of

fluorescence emission spectra for various concentrations of

uranium in 10 wt% H3PO4 solution. All fluorescence

emission spectra were recorded by a Jobin Yvow-spex

Fluorolog spectroflurimeter using excitation wave length

323 nm. The emission spectra were taken between 450 and

550 nm with 3 nm slit width. The intensity of the emission

peak at *493 nm was used to draw the calibration curve as

well as to determine the uranium concentration.

The percentage of adsorption (S) was calculated as

S ¼ Co � Ce

Co
� 100 ð1Þ

where, Co (mg L-1) is the initial concentration of uranium

and Ce (mg L-1) is the concentration of uranium in

supernatant after equilibrium.

The distribution coefficient (Kd) was calculated as

Kd ¼
Co � Ce

Ce
� V

m
ð2Þ

where, V (mL) is the volume of the solution and m (g) is the

amount of adsorbent.

The above experiments were repeated with various nitric

acid concentrations (0.1 to 8 M) to study the effect of acid

concentration on adsorption of uranium in DGA-

MWCNTs. Experiments were also repeated with various

uranium concentrations (2 to 20 mg/L) to study the effect

of uranium concentration. All these experiments were

carried out with constant amount of DGA-MWCNTs

(5 mg). Similarly, the effect of adsorbent dose was studied

with fixed uranium concentration (20 mg/mL) by varying

the amount of DGA-MWCNTs from 0.001 to 0.01 g.

Adsorption experiments were carried out at various

temperature between 298 and 353 K for determining the

thermodynamic parameters such as standard enthalpy

change (DHo), entropy change (DSo) and free energy

change (DGo).

Result and discussion

Characterization of functionalized CNTs

FT-IR spectroscopy

Stepwise chemical modification of MWCNTs to diglyco-

lamide functionalized MWCNTs were monitored by ana-

lyzing the FT-IR spectra of end product at each step. FT-IR

spectrum of MWCNTs (as received), carboxylated

MWCNTs and diglycolamide functionalized MWCNTs

are shown in Fig. 1a–c. Infrared spectra of MWCNTs

(as-received) are featureless (Fig. 1a). In Fig. 1b, the peaks

at 2,800–3,050 cm-1 region are characteristic of C–H

stretches and the broad shoulder band at 3,100–3,600 cm-1

region is characteristic of acid O–H stretches. The domi-

nant peak at 1,638 cm-1 can be clearly assigned to the

hydrogen bonded carboxylic acid and 1,448 cm-1 peak can

be due to O–H in plane bending of carboxylic acid. In the
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FT-IR spectrum of DGA-MWCNTs (Fig. 1c) the broad

peak at 3,425 cm-1 can be assigned to the N–H stretching

mode of the amide moiety. The peak at 1,742 cm-1 can be

due to C=O stretch of acid and the peak at 1,610 cm-1 can

be C=O stretch in amide moiety. Bands at 1,414 and

1,310 cm-1 can be identified as the C–N stretching. Peaks

at 1,125 and 1,060 cm-1 are due to C–O–C stretching

mode of diglycol amide group.

XRD analysis

Figure 2 shows XRD pattern of MWCNTs (as-received)

and diglycolamide functionalized MWCNTs. The presence

of (002) peak (2h = 26.4�) in the XRD data suggests

multiwalled nature of CNTs [38]. The XRD of DGA

functionalized MWCNTs are very similar to that of

MWCNTs (as-received). This clearly indicates that even

after the functionalization there is no change in the cylin-

drical wall structure as raw MWCNTs and inter planner

spacing [39].

SEM analysis

Figure 3 depicts the SEM image of MWCNTs (as-

received) and DGA-functionalized-MWCNTs. It is

observed that the tubular structure of multi-walled CNTs is

well retained after functionalization.

Adsorption studies

Effect of nitric acid concentration

Studies on effect of nitric acid concentration on adsorption

of uranium in DGA-MWCNTs show that the percentage of

adsorption of uranium increases sharply with acid con-

centration up to 4 M beyond which saturation in adsorption

occurs. Figure 4 shows the variation of percentage

adsorption and distribution coefficient (Kd) values for

uranium as a function of nitric acid concentration. It is also

observed that Kd value is increasing with increasing nitric

acid concentration. At 4 M nitric acid concentration, the Kd

value is 4.75 9 104 mL g-1 which is about 102 times

greater than that of various DGA modified substrates such

as chromosorb-W [34], impregnated magnetic particles

[40] and Amberchrom CG-71C [41]. This enhancement in

Kd value can be the consequences of unique nanostructures

on multiwalled CNTs.

Effect of initial uranium concentration

It was observed that adsorption of uranium is highly con-

centration dependent. Figure 5 shows the variation of

percentage adsorption and Kd with initial uranium con-

centration. The percentage adsorption or Kd value increases

with uranium concentration and reaches a maximum at the

uranium concentration 10 mg/L and then decreases with

increasing uranium concentration. In view of this, 5 mg of

DGA-MWCNTs were used in these experiments.

Effect of DGA-MWCNT dose

The dependence of uranium adsorption on the amount of

adsorbent, DGA-MWCNTs, is given in Fig. 6. The per-

centage adsorption increased sharply with increasing

amount of adsorbent up to 0.005 g beyond that saturation

was observed.

4000 3500 3000 2500 2000 1500 1000

1060

1125
1310

1414

2855
1610

1742
23582925

3425

cT
ra

n
sm

it
ta

n
ce

(%
)

Wave Number (cm-1)

1448
1638

2358

2850

2925

3450

b

a

Fig. 1 FT-IR Spectra of a MWCNTs (as received) b carboxylated

MWCNTs and c DGA functionalized MWCNTs

6040200

MWCNT

In
te

n
si

ty
 (

C
o

u
n

ts
)

Two Theta (degrees)

DGA-MWCNT

Fig. 2 XRD pattern of MWCNTs (as-received) and DGA-function-

alized MWCNTs

880 A. K. S. Deb et al.

123



Adsorption isotherm

The experimental data of uranium adsorption on DGA-

MWCNTs were analyzed with Langmuir and Freundlich

models [30]. The adsorption isotherm plotted against

experimental data is shown in Fig. 7. The equation of

Langmuir and Freundlich adsorption models are expressed

respectively in Eq. 3, 4.

Ce

qe
¼ Ce

qo
þ 1

qob
ð3Þ

ln qe ¼ ln K þ 1

n
ln Ce ð4Þ

where Ce (mg L-1) is the concentration of uranium at

equilibrium and qe (mg g-1) is the amount of uranium

adsorbed at equilibrium. qe can be estimated from:

qe ¼ Co � Ceð Þ � V

m
ð5Þ

Co is the concentration of uranium in initial solution b,

K and n are isotherm constants.
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The value of q0 and K can be correlated to the adsorp-

tion capacity of an adsorbent under particular experimental

conditions. Linear Langmuir (Ce/qe vs. Ce) and Linear

Freundlich (lnqe vs. lnCe) plots are used to evaluate the

Langmuir and Freundlich constants tabulated in Table 2. It

was observed that the Langmuir model fits the adsorption

data better than the freundlich model.

Adsorption thermodynamics

The thermodynamic parameters such as DHo and DSo were

calculated from the slopes and intercepts of the linear

regression of lnKd versus 1/T plot (Fig. 8) using the Van’t

Hoff equation:

ln Kd ¼
DSo

R
� DHo

RT
ð6Þ

The standard free energy values were calculated from:

DGo ¼ DHo � TDSo ð7Þ

The values of DHo, DSo and DGo are reported in

Table 3. The positive value of DHo confirms that this

adsorption of uranium on DGA-MWCNT is endothermic.

The standard free energy change (DGo) values are negative

at all temperature and decreases with increasing

temperature. This indicates the spontaneous nature and

feasibility of uranium adsorption on DGA-MWCNTs

which becomes more favorable with increasing

temperature. The positive values of entropy (DSo) show

the increased randomness at the solid/solution interface

during the adsorption process. The positive entropy of

adsorption reflects the affinity of the adsorbent for uranium.

The positive enthalpy change opposes the uranium

adsorption but the larger entropy allows the reaction.
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Table 2 Langmuir and Freundlich parameters for uranium adsorption onto DGA-MWCNTs

Langmuir constants Freundlich constants

q0 (mg g-1) b (L mg-1) R2 K (mg1-1/n L1/n g-1) 1/n R2

133.74 12.3 0.99 10.11 0.88 0.987

0.0028 0.0029 0.0030 0.0031 0.0032
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Fig. 8 Plot of Van’t Hoff equation for the adsorption of uranium onto
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Conclusions

Diglycolamide functionalized multi-walled CNTs is highly

promising agent for the separation of uranium from aque-

ous solution with Kd value as high as 4 9 104 mL g-1 at

4 M HNO3 and at room temperature. Adsorption of ura-

nium in DGA-MWCNTs is highly dependent on the acid

concentration of solution. The percentage adsorption and

Kd values depend on the initial concentration of uranium.

Adsorption is favoured at higher adsorbent concentration

and higher temperature. The Langmuir and Freundlich

models were used for the mathematical description of the

adsorption equilibrium of uranium on to DGA-MWCNTs

and results show that the adsorption equilibrium data is

well fitted to the Langmuir model. The temperature

dependence of adsorption of uranium was investigated and

thermodynamic parameters DHo, DSo and DGo were eval-

uated. The results show that the adsorption process is

endothermic and the percentage of adsorption increases

with increasing temperature.
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