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ABSTRACT

The present work focuses on the adsorption of La(Ill) from aqueous solutions by amino
phosphate-functionalized nanotitania in a batch system. Surface modification was based on
anchor group using chelating ligand, 2-aminoethyl dihydrogen phosphate. The effects of
some important parameters including pH of solution, adsorbent dose, contact time, initial
metal concentration, and temperature on the adsorption process were examined. The maxi-
mum adsorption of La(Ill) on the modified nanotitania was observed to occur at pH 6.0.
Kinetic data showed that the adsorption process achieved equilibrium within 90 min and
experimental data were fitted well by the pseudo-second-order model (R* > 0.99). The
equilibrium data were correlated with Langmuir, Freundlich, and Dubinin—-Radushkevich
(D-R) isotherm models. The results indicated that La(IIl) adsorption was well described by
Langmuir isotherm model. The maximum adsorption capacity was 14.33 mg g~ for La(III).
According to the evaluated thermodynamic parameters at different temperatures, the
adsorption was a spontaneous (AG < 0) and endothermic (AH > 0) process. The effect of
interfering cations on the adsorption of La(Ill) was studied. The presence of Mg and Ca ions
up to 150 mg g~ ' caused no considerable lowering effect on the La(Ill) adsorption. The pres-
ence of Ce(Ill) with a concentration in the range of 30-70 mg L™" led to decreasing adsorp-
tion of La(Ill) from 84 to 76%. In addition, regeneration of the modified nanotitania was
performed using HNO; (0.1 mol L™ with efficiency greater than 84%.
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1. Introduction

Lanthanum as a strategically important element is
currently used as a pure element or in association
with other compounds in catalysts, special ceramics,

*Corresponding author.

super alloys, and inorganic synthesis [1,2]. Because of
many important applications for lanthanum in differ-
ent industries and discharge of effluent from them to
the environment, it's necessary to separate this metal
ion from aqueous solutions.

Numerous conventional techniques such as chemi-
cal precipitation [3], ion exchange [4], floatation [5],
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coagulation [6], membrane processes [7,8], solvent
extraction [9], and adsorption [10-13] have been devel-
oped for separation of heavy metals from aqueous
solutions. Adsorption is considered as the most popu-
lar way to remove heavy metals due to its advantages
e.g. high efficiency, easy operation, low-cost, and pro-
duction of less sludge volume [14]. Several kinds of
materials including activated carbons [15], carbon nan-
otubes [16], zeolites [17,18], chitosan [19], clays [20,21],
and agricultural wastes [22] have been investigated to
adsorb metal ions from aqueous solutions. Nanometal
oxides are classified as the promising adsorbents for
this purpose [23-25]. In particular, nanotitania has
high potential for environmental applications due to
its physical and chemical stability, non-toxicity, rela-
tively low-cost, and the resistance to corrosion [26]. A
number of nanotitania composites such as TiO,/mont-
morillonite [27], TiO,/fly ash [28], B,O5/TiO, [29],
TiO,-MCM-41 [30], titania/silica nanohybrid [31], and
dendrimer/titania composites [32] have also been
studied in recent years. Surface modification of nano-
materials is one of the promising ways to enhance the
adsorption capacity [33-35].

In this study, nanotitania was surface modified
using 2-aminoethyl dihydrogen phosphate, was char-
acterized via various spectroscopic analysis methods.
Then adsorption of La(Ill) was investigated using this
novel adsorbent. The effects of experimental condi-
tions such as pH of solution, the adsorbent dose, con-
tact time, initial concentration of ions, and
temperature were studied. The adsorption rate was
determined and compared to the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion
kinetic models. The Langmuir, Freundlich, and Dubi-
nin-Radushkevich (D-R) equations were used to fit
the equilibrium isotherm. The thermodynamic param-
eters were evaluated from the adsorption measure-
ments at different temperatures. Effect of interfering
cations on the adsorption of La(Ill) and also simulta-
neous adsorption of La(lll) and Ce(Ill) was investi-
gated and finally, the reusability of the modified
nanotitania was also determined.

2. Experimental
2.1. Materials

Titania nanopowder (80% anatase, 20% rutile,
21 nm average particle size, 99.5%) and 2-aminoethyl
dihydrogen phosphate (98%) were purchased from
Degussa and Merck (Germany), respectively. Appro-
priate amounts of Lanthanum nitrate (La(NOs;)s6
H,0, 99%) purchased from Merck were used to pre-
pare La(Ill) solutions with needed concentrations in
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deionized water. Other chemicals such as cerium
nitrate (Ce(NOs3);-6H,O, 98.5%), calcium nitrate (Ca
(NO3)-4H,O, 99%), magnesium  nitrate (Mg
(NO3),-6H,0, 98.5%), nitric acid (69%), acetate buffer
(0.1 mol L™"), and sodium hydroxide (299%) were
obtained from Merck. Ethanol (99.5%) obtained from
Bidestan, Iran, and distilled water were used for the
reaction and washing proccess. The chemicals used in
the ninhydrin dye test were ethyl acetate (99.9%,
Fluka, Germany), ninhydrin (299%, Merck), acetic acid
(100%, Merck), and heptane (99%, Aldrich). Ninhydrin
solution was prepared according to the Paunikallio
et al. [37].

2.2. Methods

Attenuated total reflectance (ATR) spectra were
recorded on a BRUKER TENSOR 27 ATR-FT IR spec-
trometer equipped with a ZnSe single crystal. Nuclear
magnetic resonance (NMR) spectra including *'P MAS
NMR and *C CP/MAS NMR spectra were recorded
on BRUKER AVANCE SPECTROSPIN 400 MHz and
BRUKER TOPSPIN spectrometer 500 MHz, respec-
tively. Thermogravimetric analyses (TGA) were per-
formed on a RHEOMETRICSCIENTIFIC STA 1500
thermal analyzer under air flow with heating rate of
10°C min™' and temperature range 25-900°C. Specific
surface area (BET) measurement was done with COV-
ANTO CROM-NOVA 2000 apparatus. The adsorption
gas was nitrogen. High-resolution transmission elec-
tron microscope images (HRTEM) and scanning elec-
tron microscope images (SEM) were obtained with a
JEOL 3010 microscope at 300 kV and REM CamScan-
4DV, respectively. The metal ion concentrations were
determined by an inductive coupled plasma atomic
emission spectrophotometer (ICP-AES, Optima, Model
7300DV American). The pH values of the aqueous
solutions were adjusted as needed (2-7) using appro-
priate concentration of HNO; or NaOH and moni-
tored using a pH meter (Sartorius PB-11). Acetate
buffer (0.1 mol L™!) was used to adjust the pH values
of the aqueous solutions to 5 and 6. Mse Mistral 1000
centrifuge and GFL 1083 shaker water bath were also
used for adsorption experiments.

2.3. Preparation of adsorbent

2-aminoethyl dihydrogen phosphate (0.141g,
0.001 mol) was dissolved in 100-mL distilled water.
Nanotitania (0.799 g, 0.01 mol) was added into the
mixture and was stirred for 24 h at room temperature.
Then the mixture was centrifuged for 30 min at
6,000 rpm. The resulted powders were eluted in a
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Soxhlet extractor with distilled water for 12h to
remove the physically adsorbed modifying agent and
probable titanium phosphates. Afterward, the pow-
ders were dried in an oven at 100°C for 12 h [36].

2.4. Batch adsorption experiments

Stock solutions of La(Ill) were prepared by
dissolving appropriate amounts of La(NOs);:6H,O in
deionized water, and the initial concentrations (Cy)
were adjusted to 50 mg L' for each experiment. A
mass of 0.2-g modified nanotitania was added into a
flask containing 30-mL La(Ill) solution at room tem-
perature and was shaken for 90 min. Afterward, the
solutions were centrifuged at 6,000 rpm for 15 min to
separate the solid adsorbents from the liquid phases.
After determining the optimal pH, the effect of
adsorbent dose was investigated in the range of 0.05-
0.5 g of adsorbent at 25°C and optimum pH. Kinetic
experiments were conducted by varying the contact
time from 5 to 150 min (5, 10, 15, 20, 30, 45, 60, 90,
120, and 150 min) at room temperature and optimum
pH. The adsorption isotherms were performed using
0.2-g adsorbent in various metal ion concentrations in
a range of 10-100 mgL™" at different temperatures
(25, 35, and 45°C). The simultaneous adsorption of La
(III) and Ce(Ill) ions and the interfering effect of
calcium and magnesium ions on La(lll) adsorption
were also investigated by contacting 30 mL of solu-
tion (containing 50 mg L™" of each ions) with 0.2 g of
modified nanotitania in a shaker at 25°C and pH 6
for 90 min. Adsorption process was quantified by cal-
culating the adsorption percentage (%Ad) and the
adsorption capacity (q., mgg ') by Egs. (1) and (2),
respectively:

%Aad = &0 - Ce o 100 (1)

o

9. = (Co—Co) x - @

where C, and C, are the initial and equilibrium metal
ion concentrations in mg L™, respectively. v is the
aqueous solution volume in mL and m is the mass of
adsorbent in mg.

The distribution coefficient (Kj) of metal ions
between the aqueous phase and the solid phase can
be directly obtained using Eq. (3) [38]:

3)
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where C, (mg L™") and C. (mg L™") are the initial and
equilibrium cerium concentrations, v/m is the ratio of
the volume of metal solution (mL) to the amount of
adsorbent (g) in a batch. Two determinations were uti-
lized to check the standard deviation for each Ky
value. Standard deviations were less than 10%.

The selectivity coefficient of La(Ill) ions over Ce
(IlT) ions was investigated by batch procedure and
determined by the ratio of the two distribution coeffi-
cients, Kq La(Ill) and Kgq Ce(IIl), which are referred as
the selectivity factors as follows:

_ KyCe(TIT)
"~ KqLa(II) @

3. Results and discussion
3.1. Adsorbent characterization

The surface-modified nanotitania was character-
ized applying different characterization methods. SEM
and HRTEM micrographs showed well dispersed,
fairly homogeneous, and spherical shape nanoparticles
with no considerable agglomeration (Fig. 1).

BET analysis result (55.78 m”> g™') showed slightly
increased surface area (5—7%) compared to the
untreated nanotitania (about 50 m* g '). Decomposi-
tion temperature for modified nanotitania particles
was high (about 600°C, ESM 1). This fact could be a
proof, that there is no free capping agent in AP-modi-
fied nano-TiO,. According to the CHN (Table 1), TGA,
and BET analyses, the amount of amino phosphate
groups on the surface of modified nanotitania was
estimated to be about 3.17 wt% and the number of
coupling agent conjugated to the surface was calcu-
lated to be ca. 2.43 molecules per nm”.

According to ATR-FTIR spectra (Fig. 2), the
observation of two sharp bands centered at 2,933 and
2901 cm™' related to symmetric and asymmetric
stretching vibration of methylene groups, together
with positive ninhydrin test (ESM 2) demonstrated
the presence of ethylamine (—CH,—CH,—NH,) into
nanotitania matrix.

In the study of modified nanotitania by magic
angle spinning NMR spectroscopy, a distinct down-
field shift for *'P signal at & 2.11 ppm has been seen
comparing to the pure capping agent (6 0.17 ppm) due
to P-O-Ti bond formation (Fig. 3).

3C CP MAS NMR showed two signals at § 41.48
and 58.12 ppm related to N-C and O-C, respectively,
confirming that aminoethyl chain stayed on the phos-
phate groups (ESM 3). Considerable upfield shift of
13C signal of O-C was a proof for amino phosphate
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Fig. 1. (a) HRTEM and (b) SEM images of modified nanotitania.

Table 1
Elemental analysis (CHN) results

Modifying agent (theoretical values)

Modified nanotitania (experimental values)

0.539
0.253
0.356
0.47

C wt% 16.95
H wt% 5.65
N wt% 9.89
H/C 0.33
100 7 e Modifying agent )
- Nano titania
80 -
] Modified nano titania
£ 60 1
w ]
g -
& 40 1
k= J
£ 20 ]
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© ]
20 e
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Wavenumber (cm)

Fig. 2. ATR-FTIR spectra of modifying agent, pure, and
modified nanotitania.

group bonding with nanotitania through phosphate
groups. The phosphate groups interact with the sur-
face via quite strong covalent interaction, while
according the analyses results, the surface amine
groups remained uncoordinated.

Positive ninhydrin test by a color change from
white to hell violet would be probably sufficient to

prove the existence of free amine groups on the sur-
face of modified nanotitania (Fig. 4).

In this study, untreated (as the reference) and trea-
ted nanotitania were separately soeked in ninhydrin
solution. After drying, the color of modified sample
changed from white to hell violet, which confirmed
the presence of amines; there was no color change to
observe for the reference. The observed colors during

ninhydrine dye test are given in Online Resource
(ESM 2).

3.2. Effect of surface modification

The results of comparative tests performed for La
(IIT) adsorption on the modified nanotitania with dif-
ferent modification degrees showed that increasing
modifier: nanotitania mole ratio from 0.01 to 0.1 led to
the increase in adsorption percentage from about 53%
to more than 97%. La(Ill) was adsorbed by untreated
nanotitania about 46%. No more adsorption enhance-
ment was observed by increasing the modifier: nanoti-
tania mole ratio any more (Fig. 5). Apparently, the
described surface modification plays an important role
in adsorption behavior. The considerably enhanced
adsorption of La(Ill) onto treated nanotitania compar-
ing with untreated one could be due to the ability of
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Fig. 3. 31p MAS NMR spectra of modified nanotitania.
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Fig. 4. The reaction between ninhydrin and free amino
groups on the surface leads to the formation of compound
1 showing hell violet color.

free -NH, groups to form complexes with La(IIl). Ten-
dency of lanthanides to be surrounded by phosphate
oxygen atoms could be another reason for enhanced
adsorption of La(Ill) (ESM 4).
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Fig. 5. Effect of modification degree on La(Ill) adsorption
by modified nanotitania.

3.3. Effect of initial pH

The initial pH value is one of the most important
parameters affecting the adsorption because of the pH
dependency of the various complexation reactions or
electrostatic interactions at the surface [39]. Since 2-
aminoethyl dihydrogen phosphate with its zwitterion
structure has aliphatic, phosphate, and amine func-
tional groups in various portions, pH dependency of
the lanthanide ions adsorption has to be determined.
Thus, the pH effect on the adsorption of La(Ill) ions
was examined by varying the initial pH values of the
solutions in the range of 2—6 (Fig. 6). Measurement of
the equilibrium pH at the end of each adsorption
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Fig. 6. Effect of pH on La(ll) adsorption by modified
nanotitania.
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processes showed no considerable changes, which can
be observed in Fig. 6. The adsorption percentages
were found to be low at more acidic pH values and
increased with increase in pH. This can be due to
competitive adsorption of H;O" and lanthanum ions
for the same active adsorption site on the surface of
adsorbent. Increasing the pH and thereby lessening of
H;O0" concentration in solution makes probably the
adsorption surface less positive and consequently elec-
trostatic attraction between the lanthanide ions and
the surface starker. To investigate this point, zeta
potential of the adsorbent was measured in the pH
range of 2-6. According to the results (Fig. 6), increas-
ing pH led to more negative zeta potential and surface
charge (18.4, —1.91, —9.57, —14, and —22.2 mV at pHs
2, 3,4, 5, and 6, respectively), which would be proba-
bly a reason for the adsorption enhancement of La(III)
cations on the adsorbent surface at higher pHs. The
amine functional groups could probably take part in
metal uptake process through complexation which is
pH-dependent and led to the adsorption vyield
enhancement. The nature of the active sites and sor-
bent may also change with pH [40]. The maximum
adsorption efficiency (93.9%) achieved at pH value of
6.0 which was used for all subsequent experiments.

Lanthanum adsorptions were not considered at pH
values higher than 6.0 due to the formation of insol-
uble metal ion hydroxides such as La(OH); [41].

3.4. Effect of adsorbent dose

The effect of adsorbent dose on the removal of La
(II) was investigated in the range of 0.05-0.5 g illus-
trated in Fig. 7. Increasing the adsorbent mass in the
range of 0.05—0.2 g led to the increase in adsorption

120 -

100 ~

Adsorption (%)
B (o)) (0]
o o o

N
o
1

o

E|) 0.2 0.4 0.6

-20 m (g)

Fig. 7. Effect of adsorbent dose on La(Ill) adsorption per-
centage by modified nanotitania.
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efficiency from 40% to more than 93%, which could be
due to an increase in the number of adsorption sites.
The adsorption percentage remained closely constant
using more than 0.2 g adsorbent; therefore, 0.2 g of the
adsorbent dose was selected as the appropriate
amount for further adsorption experiments.

3.5. Effect of contact time

The effect of contact time on the adsorption of La
(IIT) onto modified nanotitania from aqueous solutions
is shown in Fig. 8. The amount of La(Ill) adsorbed per
unit mass of the adsorbent increased quickly with
time. More than 90% of the total metal ions absorption
occurred within the first 20 min and slowly reached
the saturation at about 90 min and after this period of
time no considerable increment was observed in
adsorption capacity. So the equilibrium time was set
at 90 min for the further experiments. The high
adsorption capacity at the beginning of the process
could be due to the great number of vacant active sites
on the adsorbent surface and also the high concentra-
tion of solution.

3.6. Effect of initial concentration and temperature

The initial concentrations of La(Ill) were varied
from 10 to 100 mgL™'. The measured amounts of
equilibrium concentrations of La(IIl) ions after adsorp-
tion were lower at high initial concentrations. This
trend may be attributed to higher accessibility of lan-
thanum ions available per unit surface area of adsor-
bent in the solution leading to increase the probability
of surface adsorption and decrease the equilibrium
concentration. The measured adsorption capacity at

R I
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|
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) 20 40 60 80 100 120 140 160

q(mgg?)
O L N W b U1 OO N 00 O
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=
P=o¥

|
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L
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Fig. 8. Effect of contact time on La(Ill) adsorption capacity
by modified nanotitania.



27760

25°C was enhanced from 1.48 to 10.18 mgg ' with
increasing initial concentration from 10 to 100 mg L™".
This could be due to an increase in the initial concen-
tration of lanthanum ions providing a larger driving
force to overcome the total mass transfer resistance of
the lanthanum ions between the liquid and solid
phases, so resulting in higher collision between adsor-
bates and surface of adsorbent [42].

The observed improvement of the adsorption
capacities with increasing temperature could be
related to increased mobility of lanthanum ions and
their tendency to be adsorbed from the aqueous solu-
tion. Moreover, it was also found that the adsorption
of La(Ill) ions onto the modified nanotitania was an
endothermic process (Fig. 9).

3.7. Adsorption kinetics

Kinetic studies of adsorption process provide
important information about the mechanism and the
rate-limiting step. In order to investigate the
adsorption kinetics, three kinetic models including
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were applied to the experi-
mental data. The pseudo-first-order kinetic model that
so-called Lagergren equation considers is that the
adsorption rate is proportional to the number of free
sites [43,44]. The rate constant of adsorption can be
determined using Eq. (5):

d
T =kilg.—a) )

where g, and g; (mg g') are the adsorption capacities
at equilibrium and at any time, ¢ (min), respectively.

14
12

10

de (mgg?)

0 + T T T T T T T T T T T T T T 1
0 10 20 30

C. (mg L)

Fig. 9. Effect of initial concentration and temperature on
La(IIl) adsorption by modified nanotitania.
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After integration and applying boundary conditions,
we have:

g, =q,(1— e 6)

where k; (min~") is the pseudo-first-order rate constant
for adsorption and can be obtained from Eq. (5) using
the MATLAB software.

The pseudo-second-order kinetic model is based
on the assumption that the adsorption rate is related
to the square of the number of unoccupied sites
[43,45]. It can be expressed as follows:

d
T =klg.—q,) @

The pseudo-second-order equation and its linear form
are given in Eqgs. (8) and (9), respectively:

. qzsz
=1 q.kot ®)

t 1 t
0 kil ' a, ®
where k; (gmg ' min') is the pseudo-second-order
rate constant for adsorption and can be determined
from Egs. (7) and (8) using the MATLAB software and
plotting t/q; vs. t, respectively. Chemical reaction may
be considered as the rate-limiting step for pseudo-
first-order and pseudo-second-order kinetic models.
The intra-particle diffusion kinetic model assumes
that diffusion phenomenon is the rate-controlling step
[45,46]. This kinetic model is described by the Eq. (10):

g, =kat"® + C (10)
where kg (mg g ' min %) is the intra-particle diffu-
sion rate constant and C (mgg ') is the boundary
layer thickness. The value of C is proportional to the
boundary layer effect on the adsorption process and
can be calculated from Eq. (9) by plotting g, against
t°5. If this plot produces a single straight line passing
through the origin (C = 0), then intra-particle diffusion
only controls the adsorption process. But, if the plot
yields multi-linear portions, then two or more steps
like external diffusion, pore diffusion, surface diffu-
sion, and adsorption onto the pore surface influence
the adsorption process. The kinetic parameters of the
described models were calculated for La(lll)
adsorption onto modified nanotitania. The results are
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presented in Table 2 and the fitting curves are shown
in ESM 5, 6, and 7.

The coefficient of correlation for pseudo-second-
order kinetic model (R*>0.99) was higher than the
pseudo-first-order and intra-particle diffusion kinetic
models (Fig. 10).

Moreover, the calculated adsorption capacity (qe)
from pseudo-second-order kinetic model is close the
experimental data. According to these results, it could
be explained that the pseudo-second-order kinetic

model successfully described the kinetics of
lanthanum ions adsorption onto the modified
nanotitania.

3.8. Adsorption isotherms

The equilibrium adsorption isotherm describes the
interactive behavior between the adsorbate and
adsorbent, and is necessary in the design of new
adsorption systems. In this study, the Langmuir,
Freundlich, and Dubinin—-Radushkevich (D-R) iso-
therm models were used to fit the experimental data
for La(Ill) adsorption. These models were analyzed at
three different temperatures including 25, 35, and
45°C. The Langmuir isotherm model assumes that all
adsorption sites are energetically identical and adsorp-
tion occurs on a homogenous surface by monolayer
adsorption without any interaction between the
adsorbed species [47,48]. This model can be expressed
by Eq. (11):

Table 2
Kinetic parameters for La(Ill) adsorption by modified
nanotitania

Jexp (Mg g ") 6.8529
Non-linear pseudo-first-order model

k1 (min™ ") g (mg g_l) R?
0.3656 6.4560 0.980

Non-linear pseudo-second-order model
ky (g mg ' min™") g (mgg™" R?
0.0923 6.890 0.9914

Linear pseudo-second-order model
ky (g mg ' min™") q (mgg™ R?
0.0633 6.9013 0.9998

Linear intra-particle diffusion model
kiq (mg g_1 min %) C (mg g_l) R?
0.1155 5.5672 0.9087
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Fig. 10. Linear pseudo-second-order kinetic fitting curve
for La(Ill) adsorption by modified nanotitania.

_ KLque
T =1 K.C, an

where g. (mgg ') is the amount of solute adsorbed
per mass unit adsorbent and C. (mg L") is the equi-
librium concentration of the metal ions. g, (mgg™)
and K, (L mg ") are the Langmuir constants related to
monolayer capacity and energy of adsorption, respec-
tively. One of the crucial parameters of Langmuir iso-
therm model is the separation factor (Rp) that
indicates the favorability of adsorption reaction. The
adsorption is considered to be (i) favorable when
0< Ry <1, (i) irreversible when Ry =0, (iii) linear
when R; =1, and (iv) unfavorable when Ry > 1. This
dimensionless parameter is calculated using Eq. (12):

1

R=—
LT 11K.G,

(12)

where C, (mg L") is the initial concentration of metal
ions.

The Freundlich isotherm model is valid for multi-
layer adsorption process with a non-uniform distribu-
tion of heat of adsorption on heterogeneous surfaces
[49]. This empirical equation is given as Eq. (13):

9. = KeC (13)
where Kg (mg g ' x (L mg")") is Freundlich constant
related to the adsorption capacity. The parameter # is
Freundlich constant which represents the degree of
dependence of the adsorption on the equilibrium
concentration.
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The Dubinin-Radushkevich isotherm [12] is
described by Eq. (14):
4. = QDReXP(*kEZ) (14

The Dubinin-Radushkevich constants gpg (mmol gfl)
and Kpg (mol® J7) are related to the adsorption capac-
ity and adsorption energy, respectively. The Polanyi
potential (¢) is defined by Eq. (15):

1
=RTIn(1+ =
€ Tn( +Ce)

where R (8.314Jmol ' K™) and T (K) are the gas
universal constant and the absolute temperature,
respectively.

E (K mol™") is one of the other parameters of
(D-R) equation which defines the free energy change
of transferring one mole of solute to the surface of the
adsorbent from infinity in the solution. The type of
the adsorption process can be specified by E value
according to Eq. (16):

(15)

(16)

The E value less than 8 k] mol™!, indicates that the
physical adsorption becomes a dominant mechanism.

Table 3
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The estimated parameters of the isotherm models
were reported in Table 3. Higher correlation coefficient
showed that Langmuir model described the experi-
mental data better than Freundlich and Dubinin-
Radushkevich models, which may be due to the
homogeneous distribution of active sites on the
nanoadsorbent (Fig. 11).

Also the values of Ry were all between 0 and 1,
indicating that the adsorption was favorable. The val-
ues of K increased as the temperature increased
showing the enhancement of adsorption at higher
temperatures. The Langmuir maximum adsorption
capacity increased from 10.34 to 14.33 mg g ' with a
rise in temperature from 25 to 45°C for La(Ill) ions.
These results reflected the endothermic nature of the
adsorption process.

The maximum adsorption capacity of La(Ill) on the
modified nanotitania was comparable with some other
adsorbent investigated, showing the effectiveness of
amino phosphate modification process to improve the
adsorption capacity (Table 4).

3.9. Thermodynamic studies of the adsorption

Thermodynamic parameters for the adsorption
such as Gibbs free energy change (AG®, k] mol™),
enthalpy change (AH®, k] mol™"), and entropy change
(AS°, Ky mol ' K™') were determined using the fol-
lowing Van’t Hoff thermodynamic equations [49]:

Isotherm parameters for La(Ill) adsorption by modified nanotitania

Langmuir isotherm

Temp. (°C) Im (mg g™h) Ky (Lmg ") Ry, R?
25 10.34 0.9080 0.0113-0.1021 0.997
35 10.90 1.2754 0.0081-0.0749 0.997
45 14.33 1.9497 0.0053-0.0503 0.99

Freundlich isotherm

KF (mglfn Ln gfl) n RZ
25 3.961 0.3273 0.939
35 4.717 0.3007 0.850
45 7.345 0.3944 0.886

Dubinin—-Radushkevich isotherm

gpr (mmol gfl) Kp_g (mol® kJ 2 E (k] mol™) R?
25 0.0843 0.0061 9.027 0.993
35 0.0900 0.0050 9.942 0.897
45 0.1388 0.0049 9.997 0.905
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Fig. 11. Langmuir isotherm fitting curve for La(IIl)
adsorption by modified nanotitania.
AS®  AH°
In(Kp) = - 17
n(Ky) R RT 17)
AG® = AH® — TAS® (18)

where K; (L mol™) is the Langmuir constant. The val-
ues of AH® and AS® can be obtained from the slope
and intercept of the linear plots of In(Ky) vs. reciprocal
temperature, T~ ', respectively (Fig. 12). The results are
shown in Table 5. The positive value of AH® confirmed
the endothermic nature of La(Ill) adsorption ions on
the adsorbent surface. Accordingly, some other phe-
nomena of chemical nature like La(Ill) complexation
with phosphate or amine functional groups on the
surface could be probably involved in the adsorption
process. In addition, the calculated positive value of
AS® indicated the increasing randomness at solid-lig-
uid interface during the adsorption of lanthanum ions
on the surface. The Gibbs free energy change is the
basic criterion of spontaneity. The increasing negative
values of AG® at higher temperatures suggested the
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Fig. 12. The Vant Hoff’s plots for thermodynamic parame-
ters of La(Ill) adsorption by modified nanotitania.

adsorption to be a feasible and spontaneous process,
which led to better adsorption at higher temperatures.

3.10. Effect of interfering cations on the adsorption of
La(III)

The influence of Ca and Mg cations, which are
found commonly in aqueous solutions, was investi-
gated on the adsorption of lanthanum ions in mono-
and multi-metal reaction systems in a range of
50-150 mg L™". No significant change was observed in
the adsorption percentage of lanthanum ions in the
presence of Ca and Mg cations (Fig. 13).

3.11. Investigation on the simultaneous removal of La(IIl)
and Ce(1Il)

Distribution coefficient (Kg) can be used as a useful
parameter for comparing the adsorptive capacity of a
sorbent for different ions under the same experimental
conditions and is defined as the ratio of the metal
ion concentration in the solid phase to that in the
equilibrium solution after a specified reaction time. It

Table 4

Comparison of adsorption capacity of modified nanotitania and other adsorbents for La(IIl) adsorption

Adsorbent Im (mg g™ Refs.

Barium carbonate 16 [50]

XAD-4 impregnated with Aliquat-336 resin 11.49 [51]
Magnesium silicate functionalized with dibenzo-18-Crown-6 11.45 [52]

Carbon nanoparticles 0.52 [53]
Hydroxyapatite 0.25 [54]

Modified nanotitania (optimized condition) 14.33 Present study

Notes: The bold value 14.33 shows the adsorption capacity of modified nanotitania in our work and compare it with other adsorbents,

reported in literatures.
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Table 5
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Thermodynamic parameters for La(IIl) adsorption by modified nanotitania

AG° (k] mol™)

AH* (k] mol ") AS® (k] mol ' K™ 298 K 308 K 318K
0.3009 0.1984 —58.8561 —60.8403 —62.8244
120 trend of La(ll) adsorption in the presence of Ce(III)
] compared to the single component system of Ln(III)
100 1M M N u (more than 97%) could be due to competition of the
80 metal ions for the adsorption sites. The similarity in
9 chemical properties and the ionic radiuses of La(Ill) and
= 603 OCe(ll)  Ce(II) (1.216 and 1.196 A [55], respectively) could be
2 40 1 & Mg(ll) regarded as the reason for competition. However,
e ] .
o ] B Ca(ll) adsorption percentage and Ky value for La(Ill) was
5 20 1 always acceptable, even when Ce(Il) concentration was
< 0 1 , é__lé & bz more than La(III).
-20 & @Qa & ,Ss,o %x(’q> %Cb
¢ © d,xé 3.12. Desorption and regeneration studies

Single and multi-metal aqueous solutions

Fig. 13. Effect of Ca and Mg ions on La(IIl) adsorption by
modified nanotitania.

has been showed that lower and higher K4 values
indicated lower and higher affinity of metal cations
for retention onto solid adsorbent, leading to higher
and lower metal availability in the solution,
respectively [54].

Adsorption of La(Ill) in the presence of Ce(Ill) as
the adjacent element was also performed to investigate
the possibility of simultaneous removal of La(ll) and
Ce(Il) as lanthanides in bimetallic systems. Three
adsorption experiments were performed, in which
concentration of La(Ill) was 50 mg L™', whereas con-
centration of Ce(Il) was adjusted to 30, 50, and
70 mg LY. The adsorption efficiency for La(Ill)
reduced to about 86, 78, and 76%, respectively
(Table 6).

The results showed that increasing Ce(III) concen-
tration led to lower K4 value for La(Ill) ions. Decreasing

Desorption, a phenomenon whereby the adsorbate
(e.g. heavy metal ion) is released from the adsorbent
surface, is important to evaluate the economic justifi-
cation for regeneration and reuse of the adsorbent. In
other words, the success of adsorption process
depends on the possibility of recovering metal ions,
reusing the adsorbent and thus desorption efficiency
especially in industrial application to remove heavy
metal from wastewater. According to the results cor-
responding to the desorption experiments, 0.1 mol L™"
HNO; was more effective than 0.01 and 0.05 mol L ™!
HNO;. It seemed that increase in H;O" concentration
led to more competition for the active sites where
the metal ions hosted on the adsorbent. For amino
phosphate functionalized nanotitania adsorbent,
adsorption capacity of La(lll) ions decreased from
6.85 to 58mgg ' after five cycles of adsorption—
desorption using optimum concentration of HNO;.
No significant loss in adsorption performance after
frequent use was observed indicating modified nan-
otitiania as a promising adsorbent for La(Ill) removal
(Fig. 14).

Table 6

Kg4 values for La(Ill) in the presence of Ce(II)

Entry La + Ce (mg L"), respectively Ad (%), La K4 (mLg™), La a (La/Ce)
1 50, 0.0 93.88 - -

2 50, 30 86.20 6,147 1.59

3 50, 50 78.54 549.12 0.99

4 50, 70 76.10 477.73 0.98
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Fig. 14. Five cycles of La(Ill) adsorption—-desorption pro-
cesses using HNO; with different concentrations.

4. Conclusion

The surface of nanotitania powder was modified
using 2-aminoethyl dihydrogen phosphate. Organic
amino phosphate groups bonded covalently to the
nanotitania surface and amino groups remained free.
The modified nanotitania was utilized to remove La
(III) from aqueous solutions. The considerably
enhanced adsorption of La(Ill) onto treated nanotita-
nia comparing with untreated one could be due to the
ability of -NH, and partly -OH groups of phosphate
on the nanotitania surface to coordinate to La(Ill). The
effect of important parameters was investigated. The
results indicated that the adsorption was strongly
dependent on pH and the optimum pH was 6.0. The
kinetic and equilibrium data were exactly described
by the pseudo-second-order and Freundlich models
for lanthanum. According to the Langmuir model,
Maximum adsorption uptakes was obtained as 25.74
for La(Il). In addition, from the equilibrium parame-
ter (Ry) values, it was concluded that modified nanoti-
tania was useful for La(Ill) adsorption from aqueous
solutions. The surface modification led to the enhance-
ment of the adsorption capacity for La(Ill) ions. Ther-
modynamic parameters showed that the adsorption
process was spontaneous and endothermic in nature.
The presence of cations commomly present in aqueous
solutions such as Ca and Mg ions had no significant
effect on the adsorption of La(Ill). 0.1 mol L™ HNO;
was considered as an efficient agent for desorption
studies and the results revealed no appreciable loss in
efficiency over the studied five adsorption-desorption
cycles. The presence of Ce(Ill) with increasing concen-
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tration from 30 to 70 mg L' led to decreasing La(IIl)
adsorption from 84 to 76%. Due to high adsorption
percentage, and low-cost, it is concluded that the use
of amino phosphate-modified nano TiO, as an appro-
priate adsorbent is promising for the removal of lan-
thanide elements especially La(lll) and Ce(Ill) from
contaminated sites.

Supplementary material

The supplementary material for this paper is available
online at http:/ /dx.d0i.10.1080/19443994.2016.1177734.
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