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Abstract
Silica nanoparticles (SiO2-NPs), modified silica nanoparticles with cysteine (SiO2-Cys) or methionine (SiO2-Meth) were used for
sorption of uranium (VI) ion from aqueous solution. Silica nanoparticles and its modified forms were prepared and characterized
by elemental analysis, FTIR, XRD, XRF, TGA, DSC, SEM, TEM, BET and zeta potential. Sorption of uranium(VI) ion using
batch technique by silica nanoparticles, SiO2-Cys and SiO2-Meth was studied as a function of initial concentration, sorbent
dosage, pH, contact time and temperature. The percent uptakes for silica nanoparticles, SiO2-Cys, SiO2-Meth were 27%, 33%,
30% respectively for U(VI) ion at 25 °C. The kinetic studies show that sorption of U(VI) ion by silica nanoparticles, SiO2-Cys
and SiO2-Meth was well described by the pseudo second order equation. Negative values of Gibbs free energy (ΔG°) suggest the
spontaneity of the sorption process on silica nanoparticles and its modified forms (SiO2-Cys) and (SiO2-Meth). Positive values of
enthalpy (ΔH°) indicate endothermic adsorption process. The sorption isotherm was better fitted by Langmuir model with
maximum sorption capacity for silica nanoparticles, SiO2-Cys and SiO2-Meth was found to be 3.6, 4.5, 3.8 mg/g respectively.
Desorption studies indicate that the most favorable desorption reagent for uranium(VI) is 0.1 M HNO3 and the highest percent
recovery was achieved from silica nanoparticles (~71%) than its modified forms SiO2-Cys and SiO2-Meth.
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Abbreviations
S i O 2 -
NPs

Silica nanoparticles

Meth Methionine
Cys Cysteine
S i O 2 -
Cys

Modified silica nanoparticles with cysteine

S i O 2 -
Meth

Modified silica nanoparticles with methionine

Co Initial metal concentration (mg/L)
Ce

The residual concentration of the metal ion in so-
lution at equilibrium (mg/L)

V Volume of solution (L)
m Mass of SiO2-NPs, SiO2-Cys or SiO2-Meth (g)
KL Langmuir affinity constant (L/mg)
qm Langmuir monolayer adsorption capacity (mg/g)
qe The equilibrium amount of metal ion adsorbed per

unit mass of adsorbent (mg/g)
qt The amount of metal ions adsorbed (mg/g) at con-

tact time t
k2 The second order reaction constant (g/mg.min)

1 Introduction

Pollution with uranium(VI) has been studied for human health
and animals. Uranium is the most important natural radioac-
tive elements effecting the environment and caused renal dam-
age then kidney failure and death; therefore removal of urani-
um from aqueous solution is very important [1, 2]. Avariety of
techniques have been applied for removal of U(VI) from aque-
ous solutions such as, evaporation, ion exchange, solvent
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extraction, transport through membranes and precipitation are
unsuccessful for the removal of trace amount of pollutants [3].
Adsorption is efficient and convenient for removal of radio-
active elements due to its low cost, high capacity and ease of
regeneration. Natural and synthetic adsorbents such as perlite
[4], organoclay [5], alumina [6], activated carbons [7], ben-
tonite [8], zeolite [9], nanoporous [10] and biological mate-
rials [11] have been tested for sorption of uranyl ion from
aqueous solution.

Mesoporous nanosilica is considered as promising adsor-
bent due to its high surface area, tunable and uniform pore
structure, high pore volume, ordered pore structure, thermal
and mechanical stability and extraordinarily wide possibilities
for functionalization. Nanosilica is used in several scientific
and industrial applications [12], controlling the release of
medicines and as biosensors [13]. The silica surface is com-
posed of siloxane bridges (-Si-O-Si-) and silanol groups (Si-
OH). The silica surface becomes negatively charged when pH
of the solution is larger than two where the silanol groups tend
to be deprotonated as Si-O− [14]. At pH greater than its iso-
electric point (>2), silica exhibits ion exchange capabilities via
the weakly acidic silanol groups and can be used to adsorb
various types of inorganic and organic contaminant in water.

Cysteine and methionine are amino acids containing sulfur
atom. Cysteine is a hydrophilic amino acid due to the presence
of thiol group, whereas methionine has a hydrophobic and
nonpolar aliphatic side chain [15]. Thiol group in cysteine
molecule has many biological functions [16]. Amino acids
may exist either as uncharged molecule (H2N-CHR-COOH)
or as zwitterions (+H3N-CHR-COO

−) depending on the pH of
solution and the isoelectric point [17]. Due to silica excellent
stability and great abundance on earth, several applications
have been found for the pure and the modified with amino
acids or others.

The interactions between biochemical molecules and inor-
g an i c ma t e r i a l s h ave a s i gn i f i c an t impa c t on
bionanotechnology [18], drug delivery research [19],
bionanocomposite materials and biomedical applications
[20]. Numerous researches have investigated the sorption of
amino acids by various materials including polymeric adsor-
bent [21], mineral [22], activated carbon [23] and zeolite [24].
Recently, several researchers targeted the sorption of amino
acids by mesoporous silica-based. The suggested mechanisms
for sorption are electrostatic interactions, hydrogen bond for-
mation, ion exchange and ligand-exchange through carboxyl
and amino groups [25].

Particles in nano sized scale tend to agglomerate because of
the high surface energy and abundant hydroxyl groups on the
silica surface, so a modification to produce a hydrophobic
surface is necessary to improve the dispersion and compati-
bility of silica nanoparticles (SiO2-NPs) [26].

The aim of this study is to modify Aldrich silica nanopar-
ticles with cysteine or methionine amino acids in order to

decrease the agglomeration of silica nanoparticles and to in-
crease functional groups on the silica surface which enhance
the uptake of U(VI) ions from aqueous solution. Sorption of
U(VI) ions onto silica nanoparticles and its modified forms
were done at different time, pH, temperature, and metal ion
concentration using batch technique. Different models have
been used to study the sorption isotherm data such as;
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R).
The kinetic and thermodynamic parameters of sorption have
been calculated then desorption after sorption was studied.

2 Materials and Methods

2.1 Chemicals

All reagents used in this study were of analytical grade re-
agents. Silicon dioxide nanopowder, 10–20 nm particle size
(BET), 99.5% trace metals basis, L-Methionine reagent
grade ≥ 98% (HPLC) and L-Cysteine 98% cell culture tested
from Sigma Aldrich. Hydrochloric acid (HCl) 37%, nitric acid
(HNO3) 69% and glacial acetic acid from Tedia, sodium hy-
droxide pellets (NaOH) from SDS vorte partenaire chimie,
sodium perchlorate (NaClO4) from Acros, cadmium chloride
monohydrat (CdCl2. H2O) from Merck, ninhydrin from
Riedel de Haen, uranyl(VI) nitrate hexahydrate (UO2(NO3)2.
6H2O) from BDH chemicals Ltd. Poole, England. Arsenazo
(III) indicator from Janseen chimica while absolute ethanol
(99.5%) and acetone from Selvo chem.

2.2 Instruments

Weighing was done using RADWAG ® AS 220. R2,
Electronic Balance. Filtration was done using Syringe Filters
Nylon 0.4 μm. The pH of solution was measured using
EUTECH pH–meter. Fourier-transform infrared spectroscopy
(FT-IR) spectra were done using Thermo Nicolet NEXUS 670
FTIR spectrophotometer with KBr disc. Centrifugation was
done using (DJB Lab Care-AIC PK 130) at 2500 RPM speed.
Elemental analyses were obtained with a Euro EA3000
CHNS-O elemental analyzer (Milan, Italy). Thermal
Gravimetric Analysis (TGA) were carried using NETZCH
STA 409 PG/PC Thermal Analyzer in the temperature range
(0–800 °C) at a heating rate of 20 °C/min. Thermal stability
and melting was carried by NETZCH Differential Scanning
Calorimeter (DSC) 204 F1 in the temperature range (0–
800 °C) at a heating rate of 10 °C/min. X-Ray Diffraction
(XRD) was measured using Philips X pert PW 3060, operated
at 45 kVand 40mA. The chemical composition of the samples
was determined by X-ray fluorescence (Shimadzu XRF-
1800). The shape with three dimensional (3D) and surface
morphology was examined with NCFL’s FEI QUANTA 600
FEG scanning electron microscope (SEM). Samples were
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shaken using GFL-85 thermostatic shaker. The concentration
of the U(VI) ion was determined using Vis-spectrophotometer
fromMETASH model V-5100, and a 1.0 cm quartz cell. BET
(Brunauer-Emmett-Teller) method was used to measure spe-
cific surface area (SSA) of the powder from sorption desorp-
tion of N2 at 77.3 Kwith Nova 220e surface area and pore size
analyzer. Zeta potential was carried using Microtrac particle
size analyzer.

2.3 Modification of Silica Nanoparticles with Cysteine
or Methionine

A 60.0 g of the silica nanoparticles (SiO2-NPs) was mixed
with 60.0 g ± 0.1 mg of cysteine in 600.0 mL deionized water
for 48 h. On the other hand, a 60.0 g of the silica nanoparticles
was mixed with 24.0 g ± 0.1 mg of methionine in 1 Liter
deionized water for 48 h. Then the mixture in both cases
SiO2-Meth or SiO2-Cyst was centrifuged, washed with deion-
ized water several times and the solid was dried in vacuum
oven at 25 °C to a constant weight. The amount of cysteine or
methionine remaining in the filtrate solution was determined
by Vis-spectrophotometer using Cd-ninhydrine solution after
constructing up an analytical calibration curve [27].

2.4 Sorption Experiments

Kinetic studies were used to determine the equilibrium time
for sorption of U(VI) by silica nanoparticles (SiO2-NPs) and
its modified forms using batch technique. Shaking 0.1 g ±
0.1 mg of the silica nanoparticles and its modified forms in
100 mL plastic bottle with 25.0 mL of 50 mg/L U(VI) ion
solution at pH 3.0, the contact time varied from 15 to
1440 min at 25.0, 35.0 and 45.0 °C. The mixture was filtered
with nylon micro filter 0.45 μm and the amount of U(VI) ion
remaining in the filtrate solution was determined by Vis-
spectrophotometer using Arsenazo(III) indicator [28].

2.5 Rate of Metal Ion Uptake

The percent uptake of U(VI) ion from aqueous solution and
the sorption capacity (qe) have been calculated using the fol-
lowing equations:

%uptake ¼ Co−Ceð Þ=Co � 100% ð1Þ
qe ¼ Co−Ceð ÞV=m ð2Þ
Where Co is the initial U(VI) concentration (mg/L), Ce the
remaining concentration of U(VI) in solution at equilibrium,
V the volume of U(VI) solution (L) and m the mass of the
silica nanoparticles (SiO2-NPs) or its modified forms (g).

2.6 Sorption Kinetic

In order to clear the adsorption mechanism of U(VI) onto
silica nanoparticles and its modified forms, kinetic investiga-
tions were tested using the following models.

Pseudo-first-order

ln qe−qtð Þ ¼ ln qe−k1t ð3Þ

Pseudo-second-order

t=qt ¼ 1=k2qe
2 þ t=qe ð4Þ

Where, qe and qt (mg/g) are the amount of U(VI) adsorbed
onto silica nanoparticles (SiO2-NPs) and its modified forms at
equilibrium and time t (min) respectively. k1 (min−1) is the rate
constant for the pseudo-first-order and k2 is the rate constant
for the pseudo second-order (g/mg.min) adsorption process
[29].

2.7 Adsorption Isotherms

Three types of isotherm models were used to study the sorp-
tion of U(VI) onto silica nanoparticles and its modified forms:
Langmuir [30], Freundlich [31] and Dubinin–Radushkevich
[32]. The sorption isotherms of U(VI) onto silica nanoparticles
and its modified forms were carried out by shaking 0.1 g silica
nanoparticles or its modified forms with 25.0 mL of metal ion
solution of different concentrations ranging from 10 to 50 mg/
L at pH 3 for one hour and at different temperatures (25.0,
35.0 and 45.0 °C).

The following formulas are used to study the adsorption
isotherms:

& Langmuir equation (Form II)

1=qe ¼ 1= qm KLð Þð Þ 1=Ce þ 1=qm ð5Þ

& Freundlich equation

Log qe ¼ logKF þ 1=nlogCe ð6Þ

& Dubinin-Radushkevich equations

In qe ¼ lnqmax−βε
2 ð7Þ
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The Polanyi potential ε, equals to:

ε ¼ RT In 1þ 1=Ceð Þ ð8Þ

2.8 Desorption Experiments

Desorption of the U(VI) ion was carried under batch experi-
ment. By loading 0.5 g silica nanoparticles or its modified
forms; (SiO2-Cys) and (SiO2-Met) with 25.0 mL of 50 ppm
of U(VI) solution in 50.0 mL centrifuge tube and shaking for
24 h, then centrifuged, decanted and washed the remaining
solid with deionized water several times. In the same centri-
fuge tube, desorption was tested using 25.0 mL of two eluting
agents, 1.0 M HNO3 and 0.1 M HNO3 on two different sam-
ples of silica nanoparticles and its modified forms (SiO2-Cys)
and (SiO2-Met) to recover adsorbed metal ions. Desorption
procedure was repeated three times to completely remove
metal ions. The concentration of metal ion in the collected

three elutes was determined by Vis-spectrophotometer to cal-
culate percentage removal of U(VI) ion.

3 Results and Discussion

3.1 Characterization of Silica Nanoparticles and its
Modified Forms

The silica nanoparticles and its modified forms; (SiO2-
Cys) and (SiO2-Meth) were characterized by elemental
analysis, Fourier-transform infrared spectroscopy (FTIR),
X-ray fluorescence (XRF), X-ray diffraction (XRD), scan-
ning electron microscope (SEM), transmission electron
microscope (TEM), N2-sorption/desorption isotherm
(BET), zeta potential (ζ), thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC).

3.1.1 Elemental Analysis

Increasing the percentage of carbon, hydrogen and nitrogen in
modified silica nanoparticles comparing with unmodified
forms indicated a successful surface functionalization of silica
nanoparticles with cysteine or methionine and this result

Table 1 Elemental
analysis results for silica
nanoparticles and its
modified forms

Sample %C %H %N

SiO2-NPs 1.9 1.6 –

SiO2-Cys 12.8 2.6 4.2

SiO2-Meth 4.4 1.8 0.7
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Fig. 1 FTIR spectra for the silica nanoparticles, SiO2-Cys and cysteine
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agrees with the following FTIR, XRD and XRF results
(Table 1).

3.1.2 Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of silica nanoparticles (SiO2-NPs), cysteine
and modified silica nanoparticles with cysteine (SiO2-Cys) are

shown in Fig. 1, whereas the FTIR spectra of silica nanopar-
ticles (SiO2-NPs), methionine and modified silica nanoparti-
cles with methionine (SiO2-Meth) are shown in Fig. 2. All the
characteristic bands are listed in Table 2.

The FTIR analysis was performed in order to establish
the changes in the functional groups of the silica nanopar-
ticles and its modified forms (Figs. 1 and 2). The FTIR
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Fig. 2 FTIR spectra for the silica nanoparticles, SiO2-Meth and methionine

Table 2 Characteristic FTIR
bands for silica nanoparticles and
its modified forms

Assignment SiO2-NPs

Band (cm−1)

SiO2-Cys

Band (cm−1)

SiO2-Meth

Band (cm−1)

Methionine

Band (cm−1)

Cysteine

Band (cm−1)

Si–O–Si asymmetric 1059 1098 1102 – –

Si–O–Si symmetric 791 801 801 – –

Si–O–Si bending 581 466 468 – –

Si-OH stretching 955 962 960 – –

–NH3
+ asymmetric. – 3442 3444 – –

–CH2 asymmetric. – 2904 w.b* 2915 2927

–NH3
+ bending – 1588 1514 1507 1539

–COO−asymmetric. – 1625 1645 1578 1580

–COO− symmetric – 1490 w.b* 1446 1422

–S–H stretching – 2580 – – 2546

–S–CH3 stretching – – 1316 1315 –

*w.b: weak band
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spectrum of silica nanoparticles showed characteristic
peaks at 1059, 791 and 581 cm−1 which were related to
the asymmetric, symmetric, and bending modes of Si–O–
Si, respectively and 955 cm−1 for Si-OH stretching vibra-
tion of the silanol group [33]. The FTIR spectrum for the
modified silica nanoparticles with cysteine (Fig. 1)
showed additional broad peak at 3440 cm−1, correspond-
ing to the ammonium asymmetric stretching band. Also
additional peaks appearing at 1600, 1500 and 1400 cm−1

were related to COO− asymmetric stretching, N-H bend-
ing and COO− symmetric stretching respectively [34].
The presence of carboxylate and ammonium peaks indi-
cate that cysteine molecule exist in zwitterion form. Also
a weak band at 2580 cm−1 is attributed to the S-H
stretching in cysteine, the presence of this band indicated
that sulfur atom is not bound to silanol groups. Other
authors observed the vanishing of the S-H stretching band
when they studied the interaction of cysteine with differ-
ent minerals, which contributed to bonded sulfur atom
with the mineral surface [35]. The FTIR spectrum for
the modified silica nanoparticles with methionine
(Fig. 2) showed also additional broad peak at 3444 cm−1

corresponding to the ammonium asymmetric stretching
band. Additional peaks appearing at 1645, 1514 and
1316 cm−1 were related to COO− asymmetric stretching,

N-H bending stretching and S-C stretching bands, respec-
tively [36]. The differences in the spectra for silica nano-
particles and modified silica nanoparticles with cysteine
or methionine indicated that the amino acids were suc-
cessfully attached to silanol group or silica surface
through the ammonium group.

3.1.3 X-Ray Fluorescence (XRF)

X-ray fluorescence (XRF) was used to determine the metallic
ion composition of the silica nanoparticles and its modified
forms; (SiO2-Cys) and (SiO2-Meth). The results presented in
Table 3 showed the high content of sulfur in the modified
silica nanoparticles with cysteine or methionine which indi-
cated the association of cysteine or methionine with silica
nanoparticles.

3.1.4 X-Ray Diffraction (XRD)

Figure 3 represents the X-ray diffraction pattern of the silica
nanoparticles and its modified forms; (SiO2-Cys) and (SiO2-
Meth). The silica nanoparticles (SiO2-NPs) and its modified
forms patterns showed a broad peak at 2θ =22.50°, which is a
known characteristic peak for amorphous silica [37]. The
modified silica nanoparticles with cysteine (SiO2-Cys) pattern
showed the presence of two sharp peaks at 2θ =18.95° and 2θ
=33.16° related to monoclinic crystalline cysteine [38].While,
the modified silica nanoparticles with methionine (SiO2-
Meth) pattern showed the presence of two sharp peaks at
2θ = 5.16° and 2θ = 23.21° related to monoclinic crystalline
methionine [39]. The presence of sharp peaks in X-ray diffrac-
tion pattern of the modified silica nanoparticles, ensure the
existence of crystalline amino acid with silica nanoparticles.

Table 3 Chemical composition (weight %), of silica nanoparticles and
its modified forms

Chemical
composition

SiO2-NPs
(weight %)

SiO2-Cys
(weight %)

SiO2-Meth
(weight %)

Si 98.8 82.0 86.8

S 1.2 17.9 13.1

Fig. 3 X-ray diffraction pattern of
silica nanoparticles and its
modified forms

2652 Silicon (2020) 12:2647–2661



3.1.5 Scanning Electron Microscope (SEM)

The morphology for silica nanoparticles (SiO2-NPs) and its
modified forms were investigated using scanning electron mi-
croscope (SEM). All SEM images (Fig. 4) indicated that the
particles are agglomerate, various sizes, irregular morphology,
and particles size more than 1 μm [40] with no marked effect
of cysteine or methionine.

3.1.6 Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) was used to in-
vestigate the morphology information of silica nanoparti-
cles (SiO2-NPs) and its modified forms; (SiO2-Cys) and
(SiO2-Meth) such as particle size and particle shape. TEM
micrographs of silica nanoparticles and its modified forms
were presented in Fig. 5, which clearly showed the spher-
ical like morphology of silica nanoparticles and its mod-
ified forms with average particle size of 10–20 nm [41].
Figure 5a showed particle size about 23 nm for silica
nanoparticles, whereas Fig. 5b showed particle size about
16 nm for SiO2-Cys and finally Fig. 5c showed particle
size about 14 nm for SiO2-Meth.

TEMmicrographs showed that the particle size of modified
silica nanoparticles is smaller than silica nanoparticles, which

is related to sample preparation with sonication. This result
agrees with zeta potential results; the high value of negative
charge on the surface of modified silica nanoparticles with
cysteine or methionine increases the repulsion between parti-
cles which lead to decrease the agglomeration of particles and
decrease particle size [42].

3.1.7 Nitrogen Sorption/Desorption Isotherm (BET)

Brunauer-Emmett-Teller (BET) equation has been used to cal-
culate the specific surface area (m2/g) and the average pore
diameter (nm) for silica nanoparticles (SiO2-NPs) and its mod-
ified forms; (SiO2-Cys) and (SiO2-Meth). Table 4 summarized
the nitrogen sorption/desorption isotherms results. The silica
nanoparticles (SiO2-NPs) exhibited type IV sorption isotherm
with an H1 hysteresis type as shown in Fig. 6 [43].

The modified silica nanoparticles with cysteine (SiO2-
Cys) have the lowest specific surface area (92.0 m2/g)
than modified silica nanoparticles with methionine
(121.5 m2/g) and silica nanoparticles (139.9 m2/g). This
refer to coverage of silica nanoparticles surface with ami-
no acids, which decrease the available surface area of
silica nanoparticles. The lowering in surface area ensures
the modification of silica nanoparticles and related to the
percentage loading of cysteine on silica nanoparticles

a b

c

Fig. 4 SEM micrographs of a
silica nanoparticles, b SiO2-Cys,
(c) SiO2-Meth
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surface, which is more than the percentage loading of
methionine [44, 45]. The average pore diameter for silica
nanoparticles is 10.0 nm, which classified it as mesopo-
rous silica [43], whereas the average pore diameter for
SiO2-Cys and SiO2-Meth is 7.7 and 7.6 nm respectively.
The small decrease in average pore diameter with the
addition of cysteine or methionine results from the occu-
pation of pore space by the amino acids.

3.1.8 Zeta Potential

Table 4 shows that ζ potential of unmodified silica nano-
particles and its modified forms having negative values in
water at pH 3.0, which indicates negative surface charge.
The large negative value of unmodified silica nanoparti-
cles (−69.2 mV) indicated a highly stable dispersion silica

nanoparticles [42]. However, the ζ potential of modified
silica nanoparticles with cysteine (−69.7 mV) and with
methionine (−71.9 mV) showed to be more negative than
unmodified silica nanoparticles. These prove the presence
of amino acids in zwitterion forms and ammonium group
interact with silanol groups while the carboxylate is free
[46]. Zeta potential results indicated the high dispersion of
the two modified in comparison with the unmodified sil-
ica nanoparticles [47], and confirm a successful surface
functionalization of silica nanoparticles (SiO2-NPs) with
cysteine or methionine amino acids.

Table 4 Main characteristics of silica nanoparticles and its modified
forms

Sample ζ (mV) SBET (m
2/g) Average pore diameter(nm)

SiO2-NPs −69.2 139.9 10.0

SiO2-Cys −69.7 92.0 7.7

SiO2-Meth −71.9 121.5 7.6

a b

c

Fig. 5 TEM micrograph of a
silica nanoparticles, b SiO2-Cys, c
SiO2-Meth

Fig. 6 Nitrogen sorption/desorption isotherm for silica nanoparticles
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3.1.9 Thermal Properties

Thermogravimetric Analysis (TGA) Figure 7 shows the TGA
thermogram of silica nanoparticles (SiO2-Nps) and its modi-
fied forms with cysteine or methionine. The TGA thermogram
for silica nanoparticles (Fig. 7a) showed a weight loss (about
6 wt%) after 100 °C, which is related to the elimination of
physically adsorbed water on the surface [48]. The TGA

thermogram for modified silica nanoparticles with methionine
(Fig. 7b) showed two weight loss stages. The first weight loss
stage before 200 °C, can be related to the physically adsorbed
water and the second small weight loss (about 13 wt%) stage
at 300 °C may be attributed to the decomposition of methio-
nine. Also, the TGA thermogram for modified silica with
cysteine (Fig. 7c) showed two weight loss stages. The first
weight loss occurred before 200 °C, which is similar to that

a

b

c

Fig. 7 TGA thermogram of a silica nanoparticles, b SiO2-Meth, c SiO2-Cys

c

b

a

Fig. 8 DSC thermograms of a silica nanoparticles, b SiO2-Cys, c SiO2-Meth
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of SiO2-Meth, whereas the second sharp weight loss (about
26 wt%) at 230 °C attributed to the decomposition of cysteine
[49]. The percentage of weight loss of SiO2-Cys is more than
percentage of weight loss of SiO2-Meth, which is due to the
higher percentage loading of cysteine than methionine by sil-
ica nanoparticles [50].

Differential Scanning Calorimetry (DSC) To evaluate the de-
gree of purity of a compound the differential scanning calo-
rimetry (DSC) method has been satisfactorily used [39].
Figure 8a showed glass transition temperature at 90 °C for
silica nanoparticles and its modified forms; (SiO2-Cys) and
(SiO2-Meth), which is a result of the presence of the amor-
phous silica nanoparticles. Whereas, Fig. 8b showed the DSC
thermogram analysis for modified silica nanoparticles with
cysteine (SiO2-Cys). The presence of melting transition tem-
perature at 230 °C as broad peak indicated that cysteine is not
pure and it is associated with silica nanoparticles surface [49].
Also, Fig. 8c showed the DSC thermogram analysis for SiO2-
Meth. The melting transition temperature showed as weak
peak at 205 °C due to the low percentage loading of methio-
nine on surface of silica nanoparticles and this agrees with
thermogravimetric analysis results.

3.2 Effect of pH

According to literature [51], uranyl ions would be precipitated
in the form of UO2(OH)2 at pH value higher than 5.0 if uranyl
ions concentration exceeded 1.0 mmol L−1. Sorption behavior
of U(VI) by unmodified and modified silica nanoparticles has
been studied by changing the pH values of aqueous solution
from pH 1.0 to 4.0. It can be clearly seen from Fig. 9 that the
percentage uptake of U(VI) by unmodified and modified silica
nanoparticles were zero at pH 1.0~2.0, which insure the pres-
ence of competitive sorption on the surface of unmodified and
modified silica nanoparticles between H3O

+ and U(VI) at low
pH, and the existence of repulsive force between the proton-
ated surface and positive metal ions limited the approach of
U(VI). Raising the pH of solution from 3.0 to 4.0 will increase
the percentage uptake of U(VI) on silica nanoparticles (SiO2-
NPs) and its modified forms. Decreasing the concentration of
H+ could decrease the positive charges or increase the nega-
tive charges on silica nanoparticles surface so the U(VI) ions
will be adsorbed on the silica nanoparticles surface. The ad-
sorption of U(VI) by silica nanoparticles (SiO2-NPs) and its
modified forms was done at pH 3.0 to prevent hydrolysis of
uranyl ion.
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Fig. 9 Percent uptake of U(VI) by
unmodified and modified silica
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%
U

(V
I)

 u
pt

ak
e

q e
(m

g/
g)

Adsorbent dosage (g)

qe

% U(VI) uptake

Fig. 10 Effect of adsorbent dosage on the sorption of U(VI) onto silica
nanoparticles (initial concentration 50 ppm and 25.0 °C)

%
 U

(V
I) 

up
ta

ke

T(oC)

SiO2

SiO2-Cys

SiO2-Meth

Fig. 11 %Uptake of U(VI) by silica nanoparticles and its modified forms
at different temperatures

2656 Silicon (2020) 12:2647–2661



3.3 Effect of Adsorbent Dose

Figure 10 shows an increase in the percentage uptake of U(VI)
with increasing silica nanoparticles dose and reaches 100%
uptake at 0.5 g, due to the availability of more binding sites
for uranyl ions [52]. Also, it was noticed that 0.1 g of silica
nanoparticles has greatest sorption capacity (qe) for U(VI)
ions. Based on economic, environmental and experimental
obligations, 0.1 g of silica nanoparticles and its modified
forms were used throughout all the experiments.

3.4 Effect of Temperature

Studying the effect of changing temperature (25, 35, 45 °C) on
sorption of U(VI) by silica nanoparticles (SiO2-NPs) and its
modified forms, have been done. Figure 11 shows a direct
relationship between temperature and percentage uptake of
U(VI) ions, which indicated that the sorption mechanism is
energy dependent and endothermic [53].

3.5 Effect of Initial Concentration

The effect of initial concentration by silica nanoparticles
(SiO2-NPs) and its modified forms was examined with vary-
ing initial U(VI) concentrations (10, 20, 30, 40 and 50 mg/L)

with 0.5 g adsorbent dose (Fig. 12). It has been found that
increasing concentration of U(VI) solution led to qeincrease,
and % U(VI) decrease. This can be explained by the availabil-
ity of surface area and adsorption sites at low initial concen-
tration of U(VI), so it was easily adsorbed and removed. This
availability decrease as U(VI) concentration increase, causing
a decrease in percentage removal.

3.6 Effect of Contact Time and Sorption Kinetic
Models

Figure 13 shows that the percentage uptake of U(VI) by SiO2-
Cys is higher than that for SiO2-Meth and for silica nanopar-
ticles (SiO2-NPs). These results are due to higher percentage
loading of cysteine on silica nanoparticles and the binding
geometry of cysteine to metal ions (presence of carboxylate
group and –SH group). The linear plots of [t/qt vs. time] were
displayed in Fig. 14 for U(VI) sorbed on silica nanoparticles
and its modified forms; (SiO2-Cys) (SiO2-Meth). Table 5
shows the values of R2 = 1 for pseudo-second-order and the
calculated sorption capacity qe (calculated) was closer to the
experimental sorption capacity qe (experimental), indicating
that the pseudo second-order kinetic model describe the sorp-
tion process of U(VI) by silica nanoparticles and its modified
forms perfectly. Also, that chemisorption process is the rate-
controlling step for sorption of U(VI) by silica nanoparticles
and its modified forms.
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Fig. 12 Effect of initial concentration on the percentage removal and
adsorption capacity of U(VI) ions by SiO2-Cys at pH 3.0 and 25.0 °C
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Fig. 14 Pseudo-second order sorption kinetics of uranium (VI) by silica
nanoparticles and modified silica nanoparticles at pH 3.0 and 25.0 °C

Table 5 Kinetic parameters for sorption of U(VI) by silica
nanoparticles and its modified forms at pH 3 and 25 °C

Pseudo-second-order model
parameters

SiO2-
NPs

SiO2-
Cys

SiO2-
Meth

k2 (g/mg.min) 0.035 0.056 0.048

qe (mg/g) calculated 3.330 4.160 3.830

qe (mg/g) experimental 3.310 4.166 3.810

R2 1.000 1.000 1.000
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3.7 Effect of Initial Concentrations and Sorption
Isotherm Models

The sorption capacities (qe) of U(VI) on silica nanoparticles
and its modified forms increased with increasing initial con-
centration of U(VI) at pH 3 (Fig. 15). The reason may be that
increasing initial concentration of U(VI) ions provide a signif-
icant driving force to overcome the mass transfer resistance
between solid phase and aqueous phase, which enhanced the
sorption process [54]. The calculated values of isotherm pa-
rameters are shown in Table 6 and the sorption of U(VI) on
silica nanoparticles shows high correlation coefficients (R2 >
0.9) for both the Langmuir and Freundlich isotherm model.
The possible reason is that both the monolayer and multilayer
sorption existed in the sorption process of U(VI) and the pres-
ence of homogenous and heterogeneous sites on silica nano-
particles surface, these results agreed with SEM images.

The values of KL (Table 6) for sorption of U(VI) by
SiO2-Meth were higher than the other two adsorbents,
indicating that the bonding energy of sorption was higher
than other two adsorbents [55]. Langmuir isotherm can be
used to estimate the value of separation factor (RL), also
called equilibrium parameter. The obtained RL values
were greater than 0 but less than 1 as shown in Table 6,
indicating that the sorption processes of U(VI) ion on
silica nanoparticles and its modified forms was favorable.
In addition, the value of RL of U(VI) ion on silica nano-
particles and its modified forms lean towards zero (the
completely ideal irreversible case) rather than unity
(which represents a completely reversible case).

The Freundlich isotherm is the second model used to de-
scribe the sorption data of U(VI) and the Freundlich constant
KF (mg.g−1) and n are characteristic constants related to the
relative sorption capacity of the sorbent and the intensity of
sorption, respectively. Table 6 shows that the KF values for the
sorption of U(VI) on silica nanoparticles and its modified
forms increased with increasing temperatures, which indicat-
ing an endothermic sorption process [56].

Fig. 15 Plots of adsorption isotherms of U(VI) with silica nanoparticles
or its modified forms, at pH 3 and at 25 °C

Table 6 Langmuir, Freundlich andDubinin–Radushkevich isotherm parameters for sorption of U(VI) by silica nanoparticles and its modified forms, at
different temperatures

T(°C) Langmuir isotherm Freundlich isotherm Dubinin–Radushkevich (D–R)

R2 qm (mg/g) KL (L/mg) RL R2 nL/
mg))

KF(mg/
g)

R2 β mol2/kJ2 q/m(mg/
g)

E kJ/mol))

Silica nanoparticles

25.0 0.995 3.623 0.193 0.093 0.997 3.521 1.170 0.864 1.430 2.900 0.590

35.0 0.998 3.964 0.222 0.082 0.980 3.484 1.320 0.913 1.173 3.250 0.652

45.0 0.995 4.210 0.221 0.0829 0.995 3.508 1.400 0.869 0.888 3.380 0.750

SiO2-Cys

25.0 0.994 4.524 0.206 0.088 0.990 3.246 1.390 0.886 1.102 3.570 0.673

35.0 0.995 5.000 0.210 0.086 0.994 3.125 1.490 0.874 0.869 3.880 0.758

45.0 0.994 5.494 0.215 0.085 0.995 3.030 1.610 0.853 0.663 4.200 0.868

SiO2-Meth

25.0 0.997 3.876 0.241 0.076 0.990 3.690 1.370 0.889 1.090 3.190 0.677

35.0 0.995 4.048 0.236 0.078 0.996 3.703 1.425 0.871 0.902 3.290 0.744

45.0 0.994 4.464 0.245 0.075 0.997 3.610 1.550 0.851 0.676 3.580 0.860

Table 7 Thermodynamic parameters for sorption of U(VI) by silica
nanoparticles and its modified forms at 25.0 °C

Metal ion Adsorbent ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol. K)

U(VI) SiO2-NPs −0.075 9.769 33.033

SiO2-Cys −0.261 3.621 13.028

SiO2-Meth −0.863 3.626 15.065
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They indicate that SiO2-Meth has a very high sorption ca-
pacity for U(VI) ion than silica nanoparticles and SiO2-Cys.
The values of n were larger than one (Table 6), which indicate
that the sorption of U(VI) ion onto silica nanoparticles (SiO2-
NPs) and its modified forms was favorable [57] and for SiO2-
Meth is the most favorable due to the highest value of n. As
illustrated in Table 6 the free energy of sorption values (E)
calculated from D-R model is less than 8.00 kJ/mol; which
insure that physical forces affect the sorption of U(VI) by
silica nanoparticles and its modified forms [58].

3.8 Thermodynamics Studies

Thermodynamic functions can be determined using the distri-
bution coefficient, Kd = qe/Ce which depends on temperature.
The change in free energy (ΔG°), enthalpy (ΔH°) and entropy
(ΔS°) associated with the adsorption process were calculated
by using the following equations:

ΔG° ¼ ΔH°−T ΔS° ð9Þ

Where: R is the universal gas constant (8.314 J/mol K) and
T is temperature (K).

lnKd ¼ ΔS°=R–ΔH°=RT ð10Þ

According to the above equation, ΔH° and ΔS° functions
can be obtained from the slope and intercept of the plot of lnKd

versus 1/Tyields, respectively as shown in Table 7 and Fig. 16.
Results in Table 7 show that SiO2-Meth has the highest values
of Gibbs free energy, which indicated that sorption of uranium
(VI) onto SiO2-Meth is more energetically favorable than silica
nanoparticles and SiO2-Cys and that agreed with Kd values
[59]. The positive values of enthalpy change ΔH° (Table 7)
indicated that the sorption of uranium (VI) on silica nanoparti-
cles and its modified forms are endothermic process. Also,
when the value of ΔH° is less than 40 kJ mol−1, the sorption
is a physical process as explained from the value of free energy
of sorption (E) in (D-R) isotherm model. Physical sorption is
driven by van der Waals and electrostatic forces between the
adsorbate and the adsorbent surface. The explanation of the
positive values of enthalpy ΔH° is that U(VI) ions are well
solvated and in order for the U(VI) ion to be sorbed, they have
to lose part of their hydration. This dehydration requires energy
and this energy supersedes the exothermicity of the ion getting
attached to the surface [58]. The positive values of ΔS°
(Table 7) indicate the increased randomness at the solid/
solution interface during the sorption process and the affinity
of adsorbent for U(VI) ion used. The released surface water
molecules, which are displaced by the sorbed species, gain
more translational energy than is lost by the adsorbed ions, thus
allowing the prevalence of randomness in the system [60].

3.9 Desorption Studies

Desorption processes are important from two points of view:
first, the recovery of radionuclide and subsequent use in nu-
clear energy, secondly the regeneration of sorbent for reuse in
other sorption processes. Figure 17 and Table 8 show the
percentage cumulative recovery values for silica nanoparticles
and its modified forms using two concentrations of nitric acid
by cation exchange mechanism. It was found that desorption
of uranium(VI) from loaded silica nanoparticles and its mod-
ified forms using 0.1 M HNO3 is more efficient than 1.0 M
HNO3 [61] with more desorption percentage for uranium(VI)

Fig. 16 Plots of lnKd vs. 1/T for uranium (VI) on silica nanoparticles and
its modified forms

Fig. 17 % recovery for silica nanoparticles and its modified forms using
0.1 M HNO3

Table 8 Desorption percentage of U(VI) loaded onto silica
nanoparticles and its modified forms

SiO2-NPs SiO2-Cys SiO2-Meth

Conc.[HNO3]
Recovery stage

0.1 M 1.0 M 0.1 M 1.0 M 0.1 M 1.0 M
% Desorption

1st 10.0 mL 56.7% 44.7% 49.0% 41.2% 42.9% 38.5%

2nd 10.0 mL 11.6% 9.5% 9.3% 6.9% 7.2% 6.8%

3rd 10.0 mL 3.0% 1.8% 1.6% 1.0% 2.6% 1.5%

%Cumulative
recovery

71.3% 56.0% 60.0% 49.1% 52.7% 46.8%
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with 71.3% from silica nanoparticles than modified forms.
The lowest value of cumulative recovery percentage for
SiO2-Meth than SiO2-NPs and SiO2-Cys explain its greatest
tendency in holding U(VI), and these results agreed with
higher value of Kd for SiO2-Meth. SiO2-Meth could be used
in removal of metal ions from solution and concentrating them
to be removed as solid radioactive waste.

4 Conclusions

Silica nanoparticles and its modified forms with cysteine or
methionine amino acids are able to be used as efficient adsor-
bents for removal-separation of U(VI) ions from aqueous so-
lutions. Modified silica nanoparticles with cysteine (SiO2-
Cys) ~33% or methionine (SiO2-Meth) ~30% improve the
uptake of uranium ions with respect to unmodified silica nano-
particles ~27%. The experimental adsorption data was well
described by the pseudo second-order kinetic model.
Thermodynamic studies of the processes show that the ad-
sorption is spontaneous with positive enthalpy and entropy
changes. The highest percent recovery for U(VI) using
0.1 M HNO3 was achieved from silica nanoparticles (~
71%) than its modified forms SiO2-Cys and SiO2-Meth.
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