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MCM-41 has been synthesized and modified in order to graft amine groups on its surface. The modified
NH2–MCM-41 adsorbent was characterized by using XRD, SEM, surface area and porosity analyzer, and
FT-IR. This characterized adsorbent was investigated for uranium adsorption using the batch method.
The central composite design (CCD) combined with the response surface methodology (RSM) was
selected to determine the effects of parameters and their interactions for the removal of UO2þ

2 ions.
The optimum values of the parameters determined were 4.2 for the initial pH, 60 �C for the temperature,
90 mg L�1 for the initial concentration and 173 min for the shaking time using the response surface meth-
odology. DH� and DS� were calculated from the slope and the intercept of plots of ln Kd versus 1/T. The
isotherm models, Langmuir, Freundlich, Dubinin–Radushkevich (D–R) have been studied to explain the
adsorption characteristics.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Uranium is likely to occur as a contaminant in the environment
as a result of emissions from the nuclear industry, releases in mill
tailings, the combustion of coal and other fuels, the use of phos-
phate fertilizers that contain uranium, machining of depleted-U
munitions and natural weathering of igneous rocks and ore bodies
which can produce groundwater seeps in the hundreds to thou-
sands of l lg L�1 (ppb) range of dissolved uranium [1]. The permis-
sible discharge level of uranium for nuclear industries ranges from
0.1 to 0.5 mg L�1. As per the standards of World Health Organiza-
tion, the U(VI) concentration in water should not exceed 0.05
mg L�1 [2].

The use of conventional treatment methods such as chemical
precipitation, reverse osmosis, ion-exchange, filtration, and evapo-
rative recovery are most effective for the treatment of liquid efflu-
ents containing high concentration of metal ions. However these
technologies become expensive or inefficient for the treatment of
effluents containing metal ions in the range of 100 mg L�1 [3].

Adsorption is one of the important techniques in separation and
purification processes. Adsorption of uranium onto various solids is
important from the purification, environmental and radioactive
waste disposal points of view [4]. The adsorption of uranium has
been the subject of several investigations; activated carbon [5],
natural zeolite [6], kaolinite [7], bentonite [8] and montmorillonite
[9], alginate [10], iron oxides species; goethite [11] and akaganeite
[12] were used as adsorbents for uranium.
ll rights reserved.
Mesoporous molecular sieve materials, known as M41S, were
discovered by Kresge et al. and Beck et al. in 1992 [13,14]. In the
M41S family, the main structures are hexagonal phase MCM-41;
cubic phase MCM-48; and MCM-50, a non stable lamellar phase
[15]. MCM-41, which stands for Mobil Composition of Matter No.
41, shows a highly ordered hexagonal array of uni-dimensional
pores with a very narrow pore size distribution [16]. The striking
features of MCM-41 such as having a very large BET surface area,
large pore volume and fast kinetics of sorption attracted many
researchers to utilize it as a sorbent and study its sorption behavior
towards chemical and radio-toxic metal ions from various waste
streams. Stamberg et al. investigated sorption of uranium on
MCM-41 as a function of pH, time, U(VI) and CO�2

3 concentrations
[17]. Salicylaldehyde functionalized mesoporous silica (MCM-41)
was utilized for the separation, pre-concentration and determina-
tion of uranium in natural waters [18]. The spherical mesoporous
silica (MCM-41) is investigated for the recovery of uranium ions
from sea water by Lee et al. [19]. Carbamoylphosphonate silane
was used for the modification of MCM-41 for sequestration
of actinides [20,21]. Lanthanide separations were studied by
Gly-UR., Ac-Phos., and Prop-Phos. silane modified MCM-41 [22].

The adsorption of pollutant metal ions by functionalized
mesoporous silicas containing amino or thiol groups has been
previously investigated. MCM-41 grafted with aminopropyl
(NH2–MCM-41), functionalized with tris-(methoxy) mercapto-
propylsilane, amino-functionalized with Fe3+ coordination, and
modified with thiol were used for Cr2O�2

7 [23], mercury [24], oxya-
nions [25], and Hg+2 [26], respectively.

In this work, aminopropyl modified MCM-41 (NH2–MCM-41) is
prepared for the adsorptions of UO2þ

2 from aqueous solutions. The
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effects of initial pH, shaking time, initial concentration and temper-
ature on the sorption are discussed using experimental design
methodology. Experimental design aims at limiting the number
of experiments normally required to study the influence of the
most important factors involved in a give reaction [27]. In order
to identify the adsorption process, the adsorption data are fitted
by Langmuir, Freundlich and D–R isotherm models and the ther-
modynamic parameters such as DH�, DS� and DG� are calculated.
Fig. 1. A scanning electron microscopy picture of MCM-41.
2. Materials and methods

Mesoporous molecular sieve, MCM-41 preparation and amino-
propyl modification were adapted from the previously reported
methods [18,28,30]. The reactants for the synthesis of mesoporous
molecular sieves at room temperature were tetraethylorthosilicate
(TEOS, 99%, Merck), distilled water, hexadecyltrimethylammonium
bromide (CTABr, 99%, Merck). Ammonium hydroxide (NH4OH, 25%
Merck) was used as a base source. The MCM-41 was crystallized
from the alkaline synthesis solution with a molar composition of
525(H2O)/69(NH4OH)/0.125(CTABr)1(TEOS). The detailed prepara-
tion procedure can be described as follows: 205 mL of NH4OH
(25 wt.% solution) were mixed with 270 mL of distilled water;
2.0 g of surfactant were added into the solution with stirring until
the solution became homogenous. 10 mL of TEOS were introduced,
giving rise to a white precipitation. After 2 h, the resulting product
was filtered, washed with distilled water, and dried at 50 �C fol-
lowed by calcinations in air at 823 K for 4 h at a heating rate of
1 �C min�1 [28].

The MCM-41 material is modified by nitrogen donor atoms that
are expected to favor the binding and the adsorption of uranyl ions
from aqueous medium [29]. Modification of the prepared MCM-41
was performed as follows: 2 g of MCM-41 was suspended in 70 mL
of dry toluene (99%, Merck) and then 1 g of 3-aminopropyl tri-
methoxysilane (AMPS, 99%, Merck) was added under dry nitrogen
atmosphere and the mixture was refluxed for 12 h. The resulting
adsorbent was recovered by filtration, washed with acetone then
water, and dried under vacuum [18,30].

Uranium stock solutions (1 g L�1) were prepared from UO2

(NO3)2�6H2O (Merck) in deionized water. The working solutions
were prepared by diluting the stock solutions to appropriate vol-
umes. The pH values of these solutions were adjusted with
1 mol L�1 Na2CO3 and 1 mol L�1 HNO3 solution by using Metrohm
654 pH meter with a combined pH electrode. Ultrapure water
(resistivity 18.2 MW cm, TOC level 1–5 ppb) was prepared by the
Milli-Q (Millipore, Milford, MA, USA) water purification system.
2.1. Characterization of materials

Several instrumental techniques were used for sample charac-
terization. Scanning electron microscope (SEM) images were taken
using Phillips XL-30S FEG scanning electron microscope. The SEM
image (Fig. 1) showed that MCM-41 particles had similar morphol-
ogy; hexagonal or the ellipsoid shape originating from hexagonal
analogs in the 500–1000 nm scale.

Powder X-ray diffraction (XRD) data were collected using Phil-
lips X’Pert Pro diffractometer with Cu Ka radiation. The data were
collected at room temperature in the range of 1.75–7.00 Å. Fig. 2
shows a sample which displays all the characteristic X-ray diffrac-
tion peaks of MCM-41 [16]. The XRD pattern of MCM-41 showed
three diffraction peaks that can be indexed to (1 1 0), (1 1 0) and
(2 0 0). A strong diffraction peak in the low angle region is associ-
ated with the (1 0 0) reflection. Two additional weak peaks indexed
to the (1 1 0) and (2 0 0) reflections of the typical hexagonal cell are
observed.
Surface area and porosity were determined from the nitrogen
adsorption–desorption isotherms obtained on a Micromeritics
ASAP 2020 analyzer. The nitrogen adsorption–desorption iso-
therms (Fig. 3) of both unmodified and amine-modified samples
can be considered as being type IV. The specific (BET) surface area,
the pore diameter and the total pore volume are found from the
corresponding nitrogen sorption isotherms and summarized in
Table 1. It can be seen in Table 1 that grafting of organic functional
moieties on MCM-41 results in the decrease of the specific surface
area and pore size. The surface area decreased by 40% after the
grafting of C3H6NH2 groups on MCM-41. The pore size of NH2–
MCM-41 (1.9 nm) is smaller than that of MCM-41 (2.9 nm) due
to the alkyl chain.

Fourier transform infrared spectroscopy (FT-IR) was performed
by the Shimadzu FT-IR-8400S spectrometer using the KBr pellet
method. The FT-IR spectra of MCM-41 and NH2–MCM-41 are
shown in Fig. 4. The broad absorption band in the region 3765–
3055 cm�1 can be attributed to the stretching of the framework
Si–OH group with defective sites and physically adsorbed water
molecules. The vibrations of Si–O–Si can be seen at 1095 cm�1

(asymmetric stretching), 814 cm�1(symmetric stretching) and
460 cm�1 (bending) [31]. Typical (C–H) stretching vibrations of
the propyl chains at ca. 2900 cm�1 together with (NH2) bending
bands at 1570 cm�1 confirmed the grafting of amino propyl groups
in all functionalized samples [32].

2.2. Batch adsorption experiments

Batch adsorption experiments were performed by a thermostat-
ically controlled shaker (GFL-1083 model). In the experiments,
0.005 g NH2–MCM-41 adsorbent was shaken with 30 mL UO2þ

2

solutions at varying experimental conditions in 50 mL Erlenmeyer
flasks at a speed of 150 rpm.

The supernatants were filtered through a filter paper (Whatman
No. 41) and the concentration of UO2þ

2 in the solution was mea-
sured by a Perkin–Elmer Optima 2000 DV ICP-OES before and after
the establishment of equilibrium. The amount of UO2þ

2 ions ad-
sorbed by NH2–MCM-41 was calculated using the following
equation:

Q ¼ ðCo � CeÞ �
V
m
; ð1Þ

where Q is the metal uptake (mg g�1), Co and Ce are the initial and
equilibrium UO2þ

2 concentrations in the solution (mg L�1), respec-
tively, V is the solution volume (L) and m is the mass of sorbent



Fig. 2. X-ray diffractions of MCM-41.

Fig. 3. Adsorption isotherm of nitrogen on MCM-41 and NH2–MCM-41.

Table 1
Physical and chemical properties of the prepared adsorbents.

Surface functional
group

BET surface
area (m2 g�1)

BJH adsorption
average pore
diameter (nm)

MCM-41 –OH 956 2.9
NH2–MCM-41 –CH2CH2CH2NH2 577 1.9
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(g). The distribution coefficient Kd (mg L�1) of metal ions between
the aqueous phase and the solid phase can be directly obtained
using:
Kd ¼
Co � Ce

Ce
� V

m
; ð2Þ

where Co (g L�1) and Ce (g L�1) are the initial and equilibrium UO2þ
2

concentrations, respectively, V/m is the ratio of the volume of metal
solution (mL) to the amount of adsorbent (g) in a batch.
2.3. Experimental design for adsorption studies

The optimum condition for sorption of UO2þ
2 ions by NH2–MCM-

41 was determined by means of the central composite design



Fig. 4. FT-IR spectra of MCM-41 and NH2–MCM-41.
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(CCD) under response surface methodology (RSM). Statistical de-
sign of experiments refers to the process of planning to experi-
ments so that appropriate data that can be analyzed by statistical
methods will be collected resulting in valid and objective conclu-
sions [33]. Response surface methodology is a collection of mathe-
matical and statistical techniques based on the fit of a polynomial
equation to the experimental data, which must describe the behav-
ior of a data set with the objective of making statistical previsions
[34].

The experiments were carried out by the four independent pro-
cess variables, initial pH (X1), temperature (X2), initial UO2þ

2 con-
centration (X3) and shaking time (X4) chosen according to the
central composite design (CCD). The optimization of UO2þ

2 removal
was performed using the four chosen independent process vari-
ables with seven replicates at centre points, employing a total of
31 experiments in this study. The design matrix for the four vari-
ables is varied at five levels (�a, �1, 0, +1, +a). The full model equa-
tion with linear and quadratic terms for predicting the optimal
response was given as,

yi ¼ b0 þ RbiXi þ RbiiX
2
ii þ RbijXiXj; ð3Þ

In the equation, b0 represents the intercept. The terms, bi, bii, and bij

represent the linear effects, second order effects, and dual interac-
tion between the investigated parameters. For the current model
investigated in this study, the second-order polynomial equation
can be presented as,

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ b11X2
1 þ b22X2

2 þ b33X2
3

þ b44X2
4 þ b12X1X2 þ b13X1X3 þ b14X1X4 þ b23X2X3

þ b24X2X4 þ b34X3X4: ð4Þ

The range and the level of experimental variables investigated
in this study are shown in Table 2.
Table 2
Experimental independent variables.

Factor Factor code Levels and range (coded)

�2 �1 0 +1 2

Initial pH X1 3.5 4.5 5.5 6.5 7.5
Temperature (�C) X2 20 30 40 50 60
Initial concentration (mg L�1) X3 10 30 50 70 90
Shaking time (min) X4 15 75 135 195 255
The four variables were varied at two levels (+1 and �1). The
higher and the lower levels of the variables were designated as
+1 and �1, respectively. The centre point was designated as 0, with
�2 and +2 showing star points (a) which are calculated using the
following equation:

a ¼ ½number of factorial points�
1
4: ð5Þ

Codification of the variable levels consists of transforming each
real value investigated into a coordinate on a scale with dimen-
sionless values proportional to its localization in the experimental
space [34].

The following equation can be used to transform a real value (zi)
into a coded value (xi) for statistical calculations:

xi ¼
ðzi � z0

i Þ
Dzi

; ð6Þ

where Dzi is the difference between the real values designed for
experiments and z0 the real value at the central point. MatLab 7.1
and Excell were used for regression and graphical analysis of the
data obtained. The optimum values of the selected variables were
obtained by solving the regression equation and by analyzing the
response surface contour plots [33].
3. Result and discussion

3.1. The optimization of adsorption parameters

The effects of experimental variables such as the initial pH, the
shaking time, the initial concentration and the temperature on
UO2þ

2 adsorption capacity of the adsorbent were investigated using
RSM according to the CCD. The experiments were carried out with
16 factorial points, nine star points (1 at the center) and six repli-
cate points used in the central composite design. The coded exper-
imental data points along with the predicted and observed
responses are given in Table 3.

The relationship between the independent variables and the re-
sponses are expressed by the following quadratic model:

Y ¼ 249� 30:3X1 þ 18:4X2 þ 58:8X3 þ 5:24X4 � 29:5X2
1

� 7:03X2
2 � 14:0X2

3 � 17:9X2
4 � 3:18X1X2 � 21:2X1X3

þ 3:77X1X4 þ 14:1X2X3 þ 7:84X2X4 þ 3:42X3X4: ð7Þ



Table 3
Experimental data points used in CCD statistical design and observed and predicted
values for UO2þ

2 uptake capacity of NH2–MCM-41.

Run no. Coded values Responses (Y)

X1 X2 X3 X4 Observed Predicted

1 1 1 1 1 213.29 237.10
2 1 1 1 �1 172.96 196.54
3 1 1 �1 1 125.13 127.12
4 1 1 �1 �1 107.84 100.25
5 1 �1 1 1 142.12 162.96
6 1 �1 1 �1 142.61 153.76
7 1 �1 �1 1 96.81 109.18
8 1 �1 �1 �1 91.66 113.67
9 �1 1 1 1 356.69 338.99

10 �1 1 1 �1 320.71 313.53
11 �1 1 �1 1 150.03 144.07
12 �1 1 �1 �1 148.81 132.29
13 �1 �1 1 1 239.34 252.13
14 �1 �1 1 �1 255.69 258.03
15 �1 �1 �1 1 132.67 113.41
16 �1 �1 �1 �1 151.60 133.00
17 2 0 0 0 119.64 70.32
18 �2 0 0 0 151.74 191.54
19 0 2 0 0 249.91 257.45
20 0 �2 0 0 201.07 184.01
21 0 0 2 0 340.24 310.19
22 0 0 �2 0 54.64 75.18
23 0 0 0 2 197.33 187.65
24 0 0 0 �2 166.51 166.68
25 0 0 0 0 255.26 248.86
26 0 0 0 0 255.83 248.86
27 0 0 0 0 241.49 248.86
28 0 0 0 0 254.08 248.86
29 0 0 0 0 238.78 248.86
30 0 0 0 0 245.27 248.86
31 0 0 0 0 251.29 248.86

Table 5
Estimated regression coefficient and corresponding t and P values.

Regression Coefficients Standard error t P

Intercept 248.8566 9.4556 26.3181 1.339E�14
X1 �30.3054 5.1066 �5.9344 2.097E�05
X2 18.3600 5.1066 3.5953 0.0024
X3 58.7526 5.1066 11.5050 3.778E�09
X4 5.2434 5.1066 1.0267 0.3197
X1X1 �29.4812 4.6783 �6.3016 1.054E�05
X2X2 �7.0311 4.6783 �1.5029 0.1523
X3X3 �14.0439 4.6783 �3.0019 0.0084
X4X4 �17.9225 4.6783 �3.8309 0.0014
X1X2 �3.1800 6.2543 �0.5084 0.6180
X1X3 �21.2358 6.2543 �3.3953 0.0036
X1X4 3.7727 6.2543 0.6032 0.5548
X2X3 14.050 6.2543 2.2464 0.0391
X2X4 7.8399 6.2543 1.2535 0.2280
X3X4 3.4209 6.2543 0.5469 0.5919
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The ANOVA (analysis of variance) of data was carried out at 95%
confidence level to check the fitting of the experimental values to
the predicted ones (Table 4). F-test for the significance level of data
gave P < 0.05 with a model F value of 18.20 revealing that this
regression is statistically significant. The correlation coefficient va-
lue (R2) of 94% indicated that there was a high correlation between
the observed values and the predicted ones.

Significance of each coefficient present in Eq. (7) is determined
by the student’s t-test and P-values [33]. The main effects, main af-
fects squares and the interactions of main affects were statistically
analyzed and influences of affects on the adsorption process were
considered. The coefficients of independent variables t and P values
according to the investigated parameters are given in Table 5.

The influences of initial pH, temperature and initial concentra-
tion on the adsorption process were considered to be statistically
significant as main affects (P < 0.05). Also the squared values of
main affects of initial pH initial concentration and shaking time
were considered to be statistically significant.

The interaction affects of initial pH, initial concentration, tem-
perature and initial concentration were considered as significant
parameters on the adsorption process.
Table 4
Analysis of variance (ANOVA) for the regression model for UO2þ

2 uptake capacity of
NH2–MCM-41.

Sources of
variation

df Sum of
squares

Mean
squares

F-value Probability > F

Regression 14 159,454 11,390 18.20 <0.0001
Residual 16 10,014 626
Total 30 169,468

R2 = 0.94.
It is known that the larger the coefficient, the larger is the effect
of the related parameter. The positive sign also shows that there is
a direct relation between the parameter and the dependent vari-
able [35]. When the effect of a factor is positive, an increase in
the value of the removal efficiency is observed if the factor changes
from low to high level. In contrast, if the effect is negative, a reduc-
tion in removal efficiency occurs for the high level of the same fac-
tor [36].

The positive values of coefficients related to the initial concen-
tration (X3 = 58.75) and temperature (X2 = 18.36) indicate that the
initial concentration and temperature have positive effects on the
adsorption. However, initial pH coefficient (X1 = �30.30) has a neg-
ative cumulative effect on the adsorption of UO2þ

2 from aqueous
solution by NH2–MCM-41. However, the observation that the
adsorption of UO2þ

2 increases between pH = 3.5–5 and decreases
between pH = 5–7.5 (Fig. 5) should also be taken account when
considering the initial pH effect.

The model equation is useful in indicating the direction in
which the variables should be changed in order to optimize the up-
take capacity of UO2þ

2 . The optimum experimental values in coded
form were found for each parameter for the uptake capacity of
UO2þ

2 by double differentiation:
Fig. 5. pH effect on adsorption of UO2þ
2 from aqueous solution by NH2–MCM-41

(temperature: 40 �C, concentration: 50 mg L�1, shaking time: 135 min).
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dy2

dx2
1

¼ 0 x1 ¼ �1:3;

dy2

dx2
2

¼ 0 x2 ¼ 2;

dy2

dx2
3

¼ 0 x3 ¼ 2;

dy2

dx2
4

¼ 0 x4 ¼ 0:63:

These coded values can be transformed to real values using Eq.
(6). The optimum values giving the maximum uptake of uranium
ions (435 mg g�1) were calculated to be at initial pH of 4.2, temper-
ature of 60 �C, initial concentration of 90 mg L�1 and shaking time
of 173 min.

3.2. Effect of initial pH and initial concentration on the UO2þ
2 uptake

Effluents from nuclear industry containing uranium have a var-
iable pH (acidic to alkaline) [37]. The effects of initial pH and initial
UO2þ

2 ion concentration on the uptake are shown in Fig. 6. The me-
tal uptake increased with increasing initial solution pH ranging
from 3.5 to 5.0; pH values higher than 5.0 reduced the UO2þ

2 up-
take. On the other hand, metal uptake increased with increasing
initial metal ion concentration ranging from 10 to 90 mg L�1 in
all pH ranges.

The increase of metal uptake by increasing initial metal ion con-
centration is due to an increase in the driving force of the concen-
tration gradient, rather than the increase in the initial metal ion
concentration. Under the same conditions, if the concentration of
metal ions in the solution is higher, the active sites of adsorbent
are surrounded by more metal ions, and the process of adsorption
is carried out more effectively. Therefore, the value of Q increased
with increasing initial metal ion concentration [38].

At lower pH conditions, UO2þ
2 uptake was decreased due to

increasing positive charge of the adsorbent surface. The NH2–
MCM-41 is completely protonated at pH’s less than 2.8 [23]. The
metal ions which are expected to be adsorbed are also positively
charged, thus the adsorption is not favored. Besides this, H+ ions
present at higher concentrations in the reaction mixture compete
with positive ions for the adsorption sites resulting in the further
reduction of uranium uptake. On the contrary, as the pH increases,
the adsorbent surface becomes more negatively charged and there-
fore the adsorption of positively charged species is more favorable.
Fig. 6. Response surface plot for the effects of initial concentration and pH on
adsorption of UO2þ

2 from aqueous solution by NH2–MCM-41.
As pH is increased from 2.0 to 6.0, the amount of U(VI) adsorbed on
NH2–MCM-41 increased with it [39].

The observed decrease in the uptake of UO2þ
2 at pH = 5.5 can be

explained on the basis of the formation of different uranyl species
with lower adsorption affinities. At pH P 4.8, formations of various
oligomeric and monomeric hydrolyzed species of UO2þ

2 are
reported. In the presence of carbonate anions, monomeric and
oligomeric carbonate species such as [UO2CO3]0, [UO2(CO3)2]2�,
[UO2(CO3)3]4�, and [(UO2)3(CO3)6]6� may also form at different
concentrations depending on the pH and the total concentration
of UO2þ

2 ions [40].

3.3. Effect of initial concentration and temperature on the UO2þ
2 uptake

The effect of initial concentration and temperature on the up-
take of UO2þ

2 is shown in Fig. 7. The metal uptake increased with
increasing temperature ranging from 20 to 60 �C as well as with
initial metal ion concentration ranging from 10 to 90 mg L�1. But
the adsorption process increases sharply in high temperatures
compared to that at low temperatures. This reveals that the tem-
perature affects on adsorption process dramatically.

The increase in uptake starts to decrease around 50 �C under
initial concentrations of 60 mg L�1. Initial concentration and tem-
perature combinations are comprised of different maximum
adsorption points. This situation can be explained by the establish-
ment of different chemical equilibria between the adsorbent active
sites and UO2þ

2 ions or desorption of UO2þ
2 ions at high temperature

in the given range.

3.4. Determination of thermodynamic parameters

The adsorption processes were carried out 20–60 �C for UO2þ
2

ions. Adsorption enthalpy was measured using the method based
on the van’t Hoff plot. The values of DH� and DS� were calculated
from the slopes and intercepts of the linear variation of ln Kd, ther-
modynamic stability constant with reciprocal of temperature 1/T,
(Fig. 8) [41], using the relation:

ln Kd ¼
DS�

R
� DH�

RT
; ð8Þ

where DH� and DS� are the changes in the standard enthalpy
(kJ mol�1) and the standard entropy (J mol�1 K�1) of adsorption,
respectively. T is the absolute temperature (K) and R is the gas con-
stant (8.314 J mol�1 K�1). The free energy change, DG�, of adsorp-
tion is calculated using the equation:
Fig. 7. Response surface plot for the effects of temperature and initial concentration
on adsorption of UO2þ

2 from aqueous solution by NH2–MCM-41.
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DG� ¼ DH� � TDS�; ð9Þ

The values ofDH�, DS� andDG� are given in Table 6 for UO2þ
2 adsorp-

tion on NH2–MCM-41.
The positive value of DH� (28.89 kJ mol�1) indicates the endo-

thermic nature of the adsorption process and decrease in the value
of DG� with rising temperature show that the adsorption is more
favorable at high temperatures. In addition, the value of
DS�(164.12 J mol�1 K�1) was found to be positive due to the ex-
change of metal ions with more mobile ions present on the exchan-
ger which would cause an increase in the entropy during the
adsorption process [42].

3.5. Isotherm models

In order to understand the adsorption capacity of the adsor-
bents, the equilibrium data were evaluated according to the Fre-
undlich, Langmuir and Dubinin–Radushkevich isotherms. These
isotherm equations are commonly used for describing adsorption
equilibrium for water and wastewater treatment applications [12].

The Langmuir equation, which has been successfully applied to
many adsorptions, is given by

Ce

Q e
¼ 1

bnm
þ Ce

nm
; ð10Þ

where Ce is the equilibrium concentration (mg L�1), Qe is the amount
absorbed at equilibrium (mg g�1), nm and b are the Langmuir con-
stants related to monolayer capacity and energy of adsorption.
Langmuir isotherm models the monolayer coverage of the adsorp-
Table 6
Thermodynamic parameters for the UO2þ

2 adsorption on the NH2–MCM-41.

DH� (kJ mol�1) DS� (J mol�1 K�1) DG� (kJ mol�1)

293 K 303 K 333 K

29.74 167.00 �19.32 �20.99 �26.02

Table 7
Langmuir, Freundlich and D–R constants for the adsorption of UO2þ

2 on NH2–MCM-41.

Adsorbent Langmuir model Freundlich model

NH2–MCM-41 R2 nm (mg g�1) b (L mg�1) R2 K (m

0.995 625 0.106 0.9239 86.19
tion surface. This model assumes that adsorption occurs at specific
homogeneous adsorption sites within the adsorbent and intermo-
lecular forces decrease rapidly with the distance from the adsorp-
tion surface. The Langmuir adsorption model is further based on
the assumption that all adsorption sites are energetically identical
and adsorption occurs on a structurally homogeneous adsorbent
[41].

The empirical Freundlich equation, based on sorption on a het-
erogeneous surface was also applied for the adsorption of UO2þ

2

[12]:

Qe ¼ KC1=n
e ; ð11Þ

Eq. (11) can be rearranged to linear form:

log q ¼ log K þ ð1=nÞ log Ce; ð12Þ

where q is the amount of solute adsorbed per unit mass of adsor-
bent, Ce is the equilibrium concentration, K and n are the Freundlich
constants characteristic of a particular adsorption isotherm and can
be evaluated from the intercept and slope of the linear plot of log q
versus log Ce.

The sorption D–R isotherm model is applicable at low concen-
tration ranges and can be used to describe sorption on both homo-
geneous and heterogeneous surfaces. This is postulated within an
adsorption ‘‘space” close to sorbent surface. If the surface is heter-
ogeneous and an approximation to a Langmuir isotherm is chosen
as a local isotherm for all sites that are energetically equivalent,
then the quantity b (a constant related to energy and Polanyi po-
tential) can be related to the mean sorption energy, e, which is
the free energy of transfer of 1 mol of UO2þ

2 ions from infinity to
the surface of the sorbent [12]. This model can be represented by
the general expression:

ln X ¼ ln Xm � Ke2; ð13Þ

where e is Polanyi potential and is equal to,

e ¼ RT lnð1þ 1=CeÞ; ð14Þ

X is the amount of metal adsorbed per unit mass of adsorbent, Xm is
the theoretical adsorption capacity, Ce is the equilibrium concentra-
tion of metal, K is the constant related to adsorption energy, R is the
universal gas constant and T is the temperature in Kelvin. From the
slopes and intercepts of the linear graphs of ln X and e2, the param-
eters K and Xm were calculated (Table 7). The mean energy of sorp-
tion (E) is the free energy change when one mol of ion is transferred
to the surface of the solid from infinity in the solution and it is cal-
culated from:

E ¼ �ð2KÞ�1=2
; ð15Þ

The value of E is used to estimate the reaction mechanism occur-
ring. If E is in the range of 8–16 kJ mol�1 sorption is governed by
ion exchange. In the case of E < 8 kJ mol�1, physical forces may af-
fect the sorption mechanism. On the other hand, if E > 16 kJ mol�1

sorption may be dominated by particle diffusion:
The corresponding Freundlich, Langmuir and D–R parameters

along with their correlation coefficients are reported in Table 7.
Based on the value of the correlation coefficient (R2 = 0.99)

it can be seen that the behavior of UO2þ
2 adsorption onto

NH2–MCM-41 is a Langmuir type isotherm. The calculated E value
D–R model

g g�1) n R2 Xm (mmol g�1) E (kJ mol�1) K

2.21 0.9542 0.0105 12.31 0.003
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for UO2þ
2 adsorption is 12.31 kJ mol�1. This value is in the range of

8–16 kJ mol�1, so sorption is governed by ion exchange for
adsorbent.

4. Conclusion

In this work, MCM-41 has been synthesized with very high sur-
face area and is modified in order to graft amine groups on the sur-
face. The uranium uptake experiments have been carried out by
the batch method. The affecting parameters were analyzed by
using central composite design as the experimental design meth-
od. Variance analysis of data was carried out at 95% confidence le-
vel and the fitting of experimental values to predicted ones was
checked using ANOVA. The F-test gave P < 0.05 with a model F va-
lue of 18.20 which revealed that this regression is statistically sig-
nificant. The correlation coefficient value (R2) of 94% indicated that
there was a high correlation between the observed values and the
predicted ones.

The initial concentration and temperature have positive effects
on the adsorption. The adsorption of UO2þ

2 increases at pH =
3.5–5.5 and decreases at pH = 5.5–7.5. However, initial pH has a
negative cumulative effect on the adsorption. Interaction affects
of both initial pH and temperature with initial concentration were
considered as significant parameters on the adsorption process.

The optimum points giving the maximum uptake of uranium
ions (435 mg g�1) were found to be at initial pH of 4.2, temperature
of 60 �C, initial concentration of 90 mg L�1 and shaking time of
173 min.

In order to identify the adsorption process, adsorption data
were fitted by isotherm models and thermodynamic parameters
were calculated. The results showed that the adsorption of ura-
nium on NH2–MCM-41 was described as an isotherm of Langmuir
monolayer type, ion exchange mechanism, endothermic, spontane-
ous and favorable.

It can be concluded that NH2–MCM-41 may be used as an effi-
cient adsorbent for UO2þ

2 uptake from aqueous solutions. The
experimental studies showed that NH2–MCM-41 can be used for
preventing environmental contamination and for the removal of
uranium from wastes in various stages of nuclear fuel production
depending on the uranium fuel cycle.
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