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Abstract

Turbostratic boron nitride (tBN) surface is modified with polyindole (PIn) by a

facile polymerization technique and the uranyl adsorption efficiency of this

mesoporous hybrid is investigated. The successful surface modification is con-

firmed by FT-IR, Raman, XRD, TEM, SEM, EDX, EDS mapping XPS, BET,

and zeta potential techniques. The batch experiments are performed in various

temperatures (T), contact times (t), pH, and initial solution concentrations (C0)

to evaluate its adsorption performance. The optimum adsorption performance

is achieved at pH = 5.0–5.5, T = 307 K, t = 10 min, C0 = 18 mg L�1. These

experimental results are evaluated using Freundlich, Redlich–Peterson, and
Langmuir isotherm models, which presents equivalent regression coefficients.

Maximum adsorption capacity (qm) of the nanoadsorbent (tBN/PIn), deter-

mined by the Langmuir isotherm, is 315.29 mg g�1. The adsorption kinetics of

uranyl ions on tBN/PIn are in harmony with the pseudo-second order model.

tBN/PIn nanoadsorbent provides high adsorption efficiency even at exception-

ally low UO2
2+ concentration range (4–40 mg L�1) and low adsorbent mass

(0.005 g). XPS analysis results show that 0.05% of uranium is adsorbed on

tBN/PIn via mainly U-O coordination. The results of present study demon-

strate that tBN/PIn can a potential adsorbent for removing uranium from

aqueous solutions.
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1 | INTRODUCTION

Uranium radionuclides are hazardous pollutants because
of their high radioactivity and chemical toxicity.1 The
World Health Organization (WHO) allows maximum
30 μg L�1 of total uranium content in potable water.2

Higher amounts of uranium can cause serious health
issues and even death.3 Therefore, uranium effluents
must be adequately treated.4 For this purpose, various
separation and purification processes are used to remove
uranium from wastewater. Some of these processes are
precipitation,5 adsorption,6 biological treatment,7 ion
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exchange,8 and so on.9 Amongst them, adsorption is a
commonly preferred technique for water purification due
to its high selectivity, ease of use, adaptability, recyclabil-
ity, and environmental safety.1,6 Numerous organic and
inorganic materials including graphene, carbon nano-
tubes, activated carbon, metal organic frameworks,10,11

polymers,12 MXenes,13 and their derivatives are utilized
as effective adsorbents for water treatment research.9,14

These adsorbents present both some advantages and dis-
advantages.10 Therefore, there is still an increasing need
and interest in development of these kind of effective
adsorbent materials.

Boron nitride (BN), named as also white graphite, is a
charming nanomaterial for the adsorption of uranium.15

BN has various crystalline phases such as hexagonal-BN,
cubic-BN, wurtzite-BN, amorphous-BN, and turbostratic
BN (tBN).16 The desired BN structure can be obtained by
adjusting the synthesis conditions.16 tBN has a semi-
crystalline structure, and its two-dimensional hexagon
layers are stacked in partly parallel positions with ran-
dom rotations.17

Boron nitride nanomaterials have remarkable charac-
teristics such as high thermal and mechanical strength,
oxidation resistance, low density, and large surface
area.6,14 These properties make BNs preferred materials
for hydrogen storage, protective coating, and gas purifica-
tion applications.6 BN-based materials are also used as
effective adsorbents for heavy metal, dye, and organic
compound removal.6

Application areas of BNs are expanded by their sur-
face modification.18 For example, various functional
groups, such as amine, hydroxyl, acryl, and carboxyl, are
attached to BN main skeleton for these purposes.19

Another method for functionalizing of BN surface is to
prepare its nanocomposites with functional polymers.
Such a functionalization process improves the compati-
bility and dispersibility properties of the BN.19,20 For
instance, BN nanocomposites with polyaniline, and poly-
acrylic acid were prepared. These nanomaterials were
effective adsorbents for removal of various pollutants.21,22

Conductive polymers are highly researched materials
because they exhibit interesting physical and chemical
characteristics that belong to both organic polymers and
metals. Studies are particularly focused on nitrogen-
containing heterocyclic conductive polymers such as
polypyrrole, polyaniline and their derivatives.23 PIn is a
member of heterocyclic conductive polymers and has an
aromatic structure consisting of pyrrole and benzene
rings.24 It has particularly good thermal stability and a
slower hydrolytic decomposition rate compared to polya-
niline and polypyrrole.24 PIn has been exploited on sen-
sor, electrocatalysis, anticorrosion, energy storage,
supercapacitor, and photocatalysis applications.24 It can

also be used in water purification applications as an
adsorbent due to the presence of chelating functional
groups in its structure.23 PIn-ZnO/MgO nanocomposites
were used to remove the heavy metals from effluents.25

In this study, tBN surface was functionalized with
PIn by a simple in situ polymerization process. To the
best of our knowledge, this kind of BN composite has not
been reported previously. The prepared composite was
used for adsorption of U (VI) from liquid phase. The
parameters effecting the adsorption capacity were opti-
mized. tBN/PIn exhibited high uptake in low uranium
concentrations and low adsorbent amounts. The kinetics
and thermodynamic parameters related to adsorption
process were determined. A possible adsorption mecha-
nism was suggested using XPS and zeta potential
measurements.

2 | MATERIALS AND METHODS

2.1 | Materials

Urea (99%) and B2O3 (99.5%) were purchased from
Tekim, and Carlo Erba, respectively. Indole monomer
(In) (≥99%) and UO2(CH3COO)2 2H2O (uranyl acetate)
were supplied from TCI and Merck Co. (Germany),
respectively.

2.2 | Methods

2.2.1 | Preparation of tBN

tBN was produced according to the literature26: 2 g of
boron oxide and 4 g of urea were mixed and finely
grounded in a mortar. Then, this powder mixture was
heated in an oven at 220�C for 2 h. The precursor mate-
rial was further heated at 900�C for 2 h in an alumina
crucible. The crude product was treated with 10% HCl
and washed with ethanol, then dried at 100�C.

2.2.2 | Preparation of PIn and tBN/PIn
composite

tBN/PIn was prepared by a facile chemical oxidation
reaction of indole/tBN dispersion.20 For this, tBN
(320 mg/100 mL distilled water [DW]) dispersion and In
(80 mg/20 mL methanol) solution were ultrasonically
mixed for 20 min and then combined. This reaction mix-
ture was cooled to below 5�C. An aqueous solution of
ammonium persulfate (200 mg/1 mL DW) was mixed at
once with the dispersoid prepared above and stirred for
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further 6 h. After centrifugation, it was washed four
times with water and methanol. The synthesis of PIn was
carried out under the same conditions without the use
of tBN.

2.2.3 | Adsorption experiments

The batch method was used in the adsorption experi-
ments. The effects of contact times (2–90 min), pH (2.0–
8.0), solution concentrations (4–40 mg L�1), and temper-
atures (297–336 K) on the adsorption were investigated.
pH was adjusted with CH3COOH and NaOH solutions.
In the experiments, 0.005 g adsorbent and diluted uranyl
acetate solutions (prepared from 100 mg L�1 stock) were
used. The arsenazo-III complex method was used to
determine the final U (VI) concentration after adsorption.
In a flask, 1 mL of U (VI) solution was mixed with chlor-
oacetic acid/sodium acetate buffer solution and arsenazo-
III reagent, then diluted with 25 mL DW. Absorbance at
650 nm was recorded.27,28

The adsorbed U (VI) amount at equilibrium was
determined with the Equation (1).

qe ¼
C0�Ceð Þ

m
V ð1Þ

In the Equation (1) qe is the adsorbed uranyl amount
(mg g�1) at equilibrium, C0 and Ce were the uranyl ion
concentrations (mg L�1) for initial and equilibrium,
respectively. V is initial solution volume (L), and m is the
adsorbent mass (g).

2.2.4 | Point of zero charge (pHPZC)
determination

pHpzc values were determined using drift method.29,30

0.005 g adsorbent was added to 0.01 M NaCl (pH 2–10).
After mixing for 24 h, final pH was taken, and it was
plotted versus the initial pH value.

2.2.5 | Zeta potential determination

Zeta potential measurements of tBN/PIn were conducted
before and after adsorption. Before adsorption, 0.005 g
adsorbent samples were prepared in 20 mL of DW at dif-
ferent pHs (pH: 3.0–7.0). The zeta potentials of these
solutions were measured. For post-adsorption measure-
ments, U (VI) solutions were prepared at the optimum
adsorption conditions and different pH values by adding
0.005 g of adsorbent and then the measurements were
conducted.

2.2.6 | Selectivity experiments

To determine the adsorbent selectivity, batch experi-
ments were also performed in presence of K+, Ca2+,
Mg2+, Fe3+, and Mn2+ solutions. For this, 0.005 g
adsorbent was added to 10 mL of aqueous solution of
U (VI) and other ions (metal concentration
C0 = 18 mg L�1, pH 5.5, t = 10 min, T = 307 K). After
adsorption equilibrium, the concentration of residue ions
in the solution was measured by atomic absorption spec-
troscopy (AAS). The concentration of U (VI) was deter-
mined using a spectrophotometric method.

2.2.7 | Characterization techniques

Characterization of the materials was performed via Fou-
rier transform infrared (with a Perkin Elmer Spectrum
100), Raman (using a Witec Alpha 300RA), and UV–Vis
(a PerkinElmer Win Lab-25) spectrometers. XRD tests
were conducted using a diffractometer (Bruker AXS).
TEM analyses were carried out with a Tecnai G2 Spirit
Biotwin instrument. Each sample were dispersed in
2 cm3 methanol, ultrasonically and several drops were
added on copper grid and dried before the analyses. A
Zeiss Sigma 300 instrument was used for scanning elec-
tron microscope analyses (SEM). Before the tests, sam-
ples were dispersed in methanol (about 1 mg
sample/1.5 mL solvent). Micrometrics 3 Flex model
instrument was used for Brunauer–Emmett–Teller (BET)
measurements. The degassing was done at 200�C for 5 h.
WTW model pH meter (Series 720, Germany) and UV–
Vis spectrophotometer (Mecasys, Optizen POP, Korea)
were used in adsorption studies. XPS analyses were con-
ducted using Thermo Scientific K-Alpha model instru-
ment equipped with Monochromatic, Al Kα ray source.
The acquired XPS spectra was analyzed using a Casa-XPS
software. A Malvern Zetasizer Nano ZSP was used for
determination of zeta potential of samples before and
after adsorption. The concentration of metal ions after
adsorption was determined using AAS (Thermo Scien-
tific, ICE-3000 series).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
tBN, PIn, and tBN/PIn

tBN/PIn composite was synthesized by O'Connor and
oxidative polymerization methods.26 Urea and B2O3 were
used as precursor materials to produce tBN. A white col-
ored residue was acquired by calcining the precursors at
900�C for 2 h. tBN/PIn was prepared by chemical
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oxidative polymerization of tBN-indole dispersion in the
presence of APS. The brown colored product was precipi-
tated. Figure 1 schematically illustrates the functionaliza-
tion of tBN with PIn.

3.1.1 | UV–Vis analysis

The formations of PIn, tBN and tBN/PIn were confirmed
by UV–Vis analysis (Figure S1) and matched well with
literature reports.31–33 PIn displayed an absorption peak
at 272 nm, which was assigned to π–π* transition.31 tBN
was characterized by absorption maxima at 206 nm, and
an absorption tail extending up to 800 nm.32 For

tBN/PIn, the absorptions at 214, 272, and 286 nm were
observed. The absorption maxima shifted slightly to
higher wavelengths after composite formation as a result
of interfacial interaction between the PIn and tBN
components.33

3.1.2 | FT-IR analysis

FT-IR spectra of tBN, PIn, and tBN/PIn hybrid were
given in Figure 2.

tBN exhibited two characteristic peaks at 1336 cm�1

(B-N stretching vibrations), and 754 cm�1 (B-N-B bend-
ing vibrations).34 IR spectrum of PIn exhibited following

FIGURE 1 The synthesis

scheme of tBN, and tBN/PIn.

[Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 FT-IR spectra of

tBN, PIn, and tBN/PIn. [Color

figure can be viewed at

wileyonlinelibrary.com]
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main peaks: 3420, 3051, 1708, 1615, 1575, 1454, 1383,
1084, 1040, and 738 cm�1. The peaks at 3420, 1615, and
738 cm�1 were observed due to N–H stretching, N–H
and benzene ring deformations, respectively.35 The peaks
at 1454 and 1575 cm�1 belong to the stretching vibrations
of C–C bonds in PIn benzene rings.36 The peak at
1383 cm�1 corresponded to the C–N vibration bonds. The
peak around at 1708 cm�1 was assigned to carbonyl
stretching vibrations of pyrrole ring (N–C=O).35 The
absorption intensities and positions of the bands of tBN
were changed after oxidation process due to the interac-
tion between PIn and tBN matrix. B-N stretching
(1336 cm�1) and B-N-B (754 cm�1) bending vibrations
shifted to 1357, and 762 cm�1, respectively. These shifts
in the FT-IR absorption peaks was probably the result of
secondary interactions between PIn and tBN.34 These
similar spectral findings were also reported for composite
of BN with polypyrrole.20

3.1.3 | Raman analysis

Figure S2 belongs to Raman spectra of the tBN, PIn and
tBN/PIn. The major scattering peak at 1373 cm�1 was
characteristic vibrational mode for tBN.37,38 For PIn, the
broad peaks centered at 1335 cm�1 (C�N stretching
vibrations), and 1565 cm�1 (C=N stretching vibrations)
were noticed. tBN/PIn exhibited a major peak at
1356 cm�1 belong to BN component, and minor and
weaker peaks at 1544 and 1613 cm�1 belong to PIn com-
ponent, respectively. It was noted that major scattering
peak of tBN shifted to 1356 cm�1 after polymerization
process because of interaction between tBN and PIn con-
stituents. These results verified the successful indole
polymerization on the tBN surface.

3.1.4 | XRD analysis

XRD pattern of tBN, PIn and tBN/PIn hybrid are repre-
sented in Figure 3.

XRD pattern of PIn revealed three broad peaks at 2θ
value of 8.3, 19.8, and 26.6�. The presence of broad dif-
fraction peaks confirmed the formation of an amorphous
polymer structure.39 The diffraction peak observed at 2θ
value of 8.3� was attributed to the distance between nitro-
gen atoms and dopant molecules.40 tBN were character-
ized with two main diffraction peaks: the sharp
diffraction peak at 2θ value between 23 and 29� (centered
at 27.0�) and the broad peak at 40–45� (centered at 42.3�)
were in harmony with the Bragg angles of (002) and
(10�) reflections (inseparable 100 and 101 peaks of BN),
respectively. These data proved the formation of tBN
structure.41,42 After the surface modification of tBN with

PIn, a slight shift in the peak position at 2θ = 27.0� was
observed. In addition, a slight attenuation of (10�) plane
peak intensity (centered 42.3�) was realized. This
assigned tBN surface was functionalized successfully with
PIn. The diffraction spectrum of the composite did not
exhibit any characteristic peaks for PIn. This may be
attributed to its amorphous structure or low amount on
the tBN surface.43

3.1.5 | TEM and SEM analysis

Morphological analysis of tBN, PIn and tBN/PIn were
studied by TEM and SEM techniques. Figure 4 belong to
TEM images of the samples.

As seen in Figure 4a, b, tBN were composed of
agglomerated nanoparticles. Particle population was
almost homogeneous, and the nanoparticle size ranged
from 7 to 10 nm. It was interesting that PIn also exhibited
a similar morphology (Figure 4c, d). The particle sizes
changed between 7 and 10 nm. These images were con-
sistent with the morphology of indole polymers previ-
ously reported.44 However, as seen in Figure 4e, f, hybrid
structure exhibited a web-like more ordered morphology.
This assigned that PIn was dispersed on the tBN matrix
during the in-situ polymerization. tBN-polyaniline com-
posite was also presented a similar morphology.45

Figure 5a–d shows the SEM images of samples before
adsorption.

SEM images of tBN (Figure 5a) showed the presence
of tightly packed, unshaped nanoparticles having differ-
ent dimensions. However, template-free synthesis of PIn
presented well defined microspheres (Figure 5b). The
similar SEM images were reported before for FeCl3

46 and
APS40 triggered synthesis of polyindole. SEM images of
the composite before and after adsorption were presented
in Figure 5c–f, respectively. After the oxidation process,

FIGURE 3 XRD spectra of tBN, PIn, and tBN/PIn. [Color

figure can be viewed at wileyonlinelibrary.com]
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original tBN morphology was changed. As seen in
Figure 5c, d, tBN/PIn had sub-micron sized, heteroge-
neous and tightly packed particles. Due to the difficulty
of determining the presence of PIn on the tBN matrix by
SEM and TEM analysis alone, EDX elemental analysis
and elemental mapping techniques were used (Figures S3
and S4).34 C, N, O, and S elemental ratios of PIn revealed
by EDX analysis (as mean weight %) were 72.22, 8.63,
7.88, and 11.27, respectively. B, O and N ratios for tBN

were found to be 35.65, 45.38, and 18.97, respectively. As
for tBN/PIn (after adsorption process), B, C, N, and O ele-
mental ratios were 22.84, 17.02, 46.29, and 13.34, respec-
tively. The presence of C atoms (Figure S3c) showed the
successful coating of tBN surface with PIn. In addition,
high N content of the hybrid (46.29% as mean weight)
may be an indication of the alkaline nature of adsorbent
surface. The distribution of elements on the t-BN matrix
was monitored by elemental mapping technique

FIGURE 4 TEM images of

tBN (a, b), PIn (c, d), and

tBN/PIn. (e, f) (Bar shows 50 nm

in the left column, and 100 μm
in the right column).

6 of 14 EMRE ET AL.
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(Figure S4). As seen in Figure S4, carbon, and nitrogen
elements were uniformly distributed on tBN surface. This
indicates the almost homogeneous PIn distribution on
the tBN.

3.1.6 | XPS analysis

Elemental composition and functional groups of the
tBN/PIn were investigated by XPS analysis (Figure S5).
As seen from XPS full spectrum, N1s, B1s, C1s, and O1s
signals of the tBN/PIn were located at 398.58, 190.88,
284.63, and 532.80 eV, respectively (Figure S5a). B1s
spectra given in Figure S5b exhibited a B-N peak at
190.69 eV, and a B-O peak at around 191.86 eV. B-O peak
may result from the hydroxylation of BN surface.47 Three
peaks at 284.34, 284.98, and 285.18 eV were observed in
C1s spectrum of sample, corresponding to aromatic C=C,
C�C, and C�N bonds, respectively (Figure S5c).35 In the
N1 spectra, three peaks were observed at 398.05, 398.78,

and 400.71 eV, corresponding to the B–N, C–N, and –
NH2 bonds, respectively (Figure S5d).47 O1s spectra dis-
played a peak at 532.79 eV due to the hydroxyl groups in
the composite structure (Figure S5e).47 Atomic ratios
of N, B, C, and O were found to be 31.61%, 37.84%,
22.27%, and 8.28%, respectively (Figure S5a). The atomic
ratio of the C in the tBN/PIn nanocomposite (22.27%)
were close to the experimental amount of PIn added to
composite (20%), which confirmed the successful synthe-
sis of the tBN/PIn.

3.1.7 | BET analysis

The total pore volumes, average pore diameters, and spe-
cific surface areas of PIn, tBN, and tBN/PIn were deter-
mined by multi-point BET analysis and Barrett–Joyner–
Halenda (BJH) adsorption–desorption method and were
given in Table S1. N2 adsorption–desorption isotherms of
the adsorbent (Figure S6) were observed to be in

FIGURE 5 SEM images of

tBN (a), PIn (b), and tBN/PIn

before (c, d) and after (e, f)

adsorption. [Color figure can be

viewed at

wileyonlinelibrary.com]
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harmony with the type IVa physisorption isotherm typi-
cally given by porous adsorbents in the IUPAC classifica-
tion, and it was assumed that the initial monolayer-
multilayer adsorption on the mesopore walls was fol-
lowed by pore condensation.48 Furthermore, the
adsorption–desorption isotherm resembled the H4 loop,
one of the hysteresis loops defined by IUPAC, which
associated with the filling of reversible micropores at low
p/p0 followed by multilayer physical adsorption and cap-
illary condensation. The activated carbons and some
other nanoporous adsorbents exhibited similar loop.48,49

According to BET analysis data, a decrease was observed
in the surface area of the hybrid material compared to
tBN. On the contrary, there was an increase in total pore
volume and average pore diameter. Average pore diame-
ters of PIn, tBN, and tBN/PIn were 32.522, 20.06, and
49.815 Å, respectively. The same proportional changes
were also presented in the data obtained from the BJH
method. This presumably caused by the reduction of the
pore wall thicknesses and the destruction of the walls of
the hybrid structure.49–51

3.2 | Adsorption applications

The adsorption tests were carried out to determine the
effects of pH, initial U (VI) concentration, adsorption
time and temperature on the adsorbent. In these experi-
ments, stirring speed was 720 rpm, and adsorbent
amount was 0.005 g/10 mL.

3.2.1 | pH effect

In order to determine the effect of pH on adsorption, the
studies were performed at pH values in the range of 3.0–
8.0, at U (VI) concentration of 10 mg L�1 for 1 h contact
time. The highest of adsorbed U (VI) amount at equilib-
rium (qe) was obtained in the pH range of 5.0–5.5
(Figure S7). The changes in pH could affect both the sur-
face charge and binding sites of the adsorbent.48 There-
fore, zeta potentials of tBN/PIn were measured before
and after adsorption and plotted versus pH (Figure S8).
As seen in Figure S8, the surface of the adsorbent became
positively charged before adsorption due to the surface
protonation at low pH values and became negatively
charged as the pH increased. However, after adsorption,
tBN/PIn surface were negatively charged at all pH values
studied. The negative zeta potential at all pH values after
adsorption indicated that the adsorbent surface was
coated with U (VI) ions and that the adsorption process
led to the formation of negatively charged groups on the
adsorbent surfaces.52 Hence, the zeta potential values of
tBN/PIn became less negative as pH of the aqueous

solution decreased, possibly due to the protonation of
tBN/PIn functional groups (hydroxyl and amino groups).
In low pH values (2.0–5.0), U (VI) cationic species such
as UO2

2+, UO2OH
+, and (UO2)3(OH)5

+ were available in
the solution.53 A competitive adsorption between H3O

+

ions and U (VI) cationic species were formed in the solu-
tion, and this leads to electrostatic repulsion between
them. This results to a decrease in the adsorption.54 The
increase in pH from 5.0 to 5.5 resulted in the formation
of negatively charged U (VI) species, which enhanced the
electrostatic attraction, thus increasing the adsorp-
tion.9,48,55,56 Above pH 5.5, anionic species of U
(VI) complexes such as (UO2)3(OH)7�, UO2(OH)3�, and
UO2(OH)4

2� were formed and this leads to a significant
decrease in adsorption.53,57

As seen in the pHPZC graph (Figure S9), at low pH
values, adsorbent surface was positively charged, while it
was negatively charged as pH values increased. The pro-
tons and cations in the solution are more adsorbed on
surface at low pH, while as the pH rises, deprotonation
on the adsorbent surface begins and the retention of
hydroxyl ions on the surface increases.

3.2.2 | Contact time effect and adsorption
kinetics

The effects of contact time between 2 and 90 min were
investigated as other parameters constant. The adsorp-
tion equilibrium was established in the 10th minute and
the highest adsorption efficiency was obtained in this
period (Figure 6a). The initial stage of adsorption (up to
10th minute) was rapid likely due to the abundance of
reaction sites on the adsorbent surface. However, the
decrease in adsorption efficiency after reaching equilib-
rium (after 10th minute) may be attributed a gradually
decrease in these sites and saturated by U (VI) ions.

To determine the U (VI) adsorption kinetics, different
kinetic models (pseudo first-order [PFO],58–60 pseudo-
second-order [PSO], and intra-particle diffusion [IPD]),
were applied to the data obtained from the experiments
for various contact times. Related Equations (2)–(4) are
given below.

ln qe�qtð Þ¼ lnqe�k1t ð2Þ

t
qt
¼ 1
k2qe2

þ 1
qe
t ð3Þ

qt ¼Kidt
1=2þ I ð4Þ

In Equations (2)–(4) qt and qe are the amount of
adsorbed radionuclide for a t time and equilibrium,
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respectively (mg g�1)�k1 (min�1), k2 (g mg�1 min�1), and
Kid (mg g�1 min–1/2) are the PFO, PSO, and IPD rate con-
stants, respectively.

Kinetic parameters calculated using Equations (2)–(4)
were given in Table 1. These data indicated that the U
(VI) adsorption kinetics fitted for the PSO kinetic model
(Figure 6). Additionally, the graph drawn using the non-
linear equations of the kinetic models is shown in
Figure S10.

The PSO kinetic model is suitable to describe the adsorp-
tion phenomenon at low concentrations.61 Azizian (2004)
also reported that the adsorption kinetics could be clarified
better by PSO kinetics when the solution concentration (C0)
was low.62 However, the adsorption fitted for PFO kinetics
as the C0 values increased. In addition, the line drawn in the
IPD model did not intersect the origin. This indicated the
adsorption process took place in a short time.63

3.2.3 | Initial concentration effect and
equilibrium of adsorption

The initial U (VI) concentration was another parameter
affecting the adsorption. The experiments were

conducted in the adsorbent concentration of 4–40 mg L�1

while keeping the other parameters constant (contact
time: 10 min, uranyl concentration: 10 mg L�1, tempera-
ture: 25�C, adsorbent amount: 0.005 g). As initial ion
concentration (4 mg L�1) increased up to 18 mg L�1, an
adsorption equilibrium was established, and the maxi-
mum adsorption was observed.

Data obtained from these experiments were applied
to four different isotherm models (Freundlich, Langmuir,
Redlich-Peterson, and Dubinin-Radushkevich) to eluci-
date the adsorption equilibrium.64–67 The non-linear
equations of the isotherms and the calculated isotherm
parameters were demonstrated in Table S2, and the plots
drawn for these isotherms given in Figure 7.

Non-linear adsorption isotherms were applied to
define the adsorption equilibrium. As seen that the
adsorption equilibrium was compatible with both Lang-
muir and Freundlich, and Redlich-Peterson
(RP) isotherms (R2 = 0.994 in three isotherms). This data
(R2 = 0.994) indicated that U(VI) adsorption on tBN/PIn
was monolayer. As the β value in the RP equation
approached 1, the isotherm resembled the Langmuir
equation. As the K value is big enough, the isotherm
resembles the Freundlich equation.68 RL value calculated
using the Langmuir constant (b) was between 0 and
1 (RL = 0.575). This indicated that adsorption process
was appropriate. Freundlich constant n takes a value

FIGURE 6 The time dependent amount of adsorbed U

(VI) ions (a), PFO (- - in b), PSO (- - in b), and IPD (c) kinetic

plots of U (VI) adsorption on tBN/PIn at C0 = 10 mg L�1,

pH = 5.0–5.5, 25�C, m/V = 0.005 g adsorbent/10 mL solution.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 The kinetic parameters of U(VI) adsorption onto tBN/PIn.

Pseudo-first-order Pseudo-second-order Intra-particle diffusion

k1 (min�1) qe1 (mg g�1) R2 k2 (g mg�1 min�1) qe2 (mg g�1) R2 Kid (mg g�1 min–1/2) I R2

0.315 21.46 0.957 0.018 30.488 0.993 6.062 8.232 0.999

Experimental value qexp (mg g�1) 26.95

FIGURE 7 Influence of solution concentration on the U

(VI) adsorption and related non-linear isotherm plots. [Color figure

can be viewed at wileyonlinelibrary.com]
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between 1 and 10 (n = 1.167). This also indicated the for-
mation of the adsorption process between uranyl ions
and tBN/PIn.69,70 However, the heterogeneity factor, 1/n,
which was calculated from the Freundlich constant (n)
and expressed the surface heterogeneity between the
adsorbent and the adsorbate, was found to be 0.856.
More heterogeneity of the surface is expressed by the 1/n
being close to 0.71 The average energy value of adsorption
(E) obtained from the Dubinin-Radushkevich equation
gives information about the nature of the adsorbent-
adsorbate interaction (E < 8 kJ mol�1: physical forces,
8 < E < 16 kJ mol�1: ion exchange, E > 16 kJ mol�1:
chemical sorption).72 E value was found to be
0.658 kJ mol�1 implied that the adsorption process was
controlled by weak Van der Waals interactions and phys-
ical forces, such as physical sorption.

The maximum adsorption capacity (qm) was
315.29 mg g�1 as given above. The allowed uranium level
in drinking water is 30 μg L�1.2,73 Therefore, it is impor-
tant to develop innovative adsorbents, which eliminate
exceptionally low uranium concentrations from liquid
phase. Even if the amount of uranium remaining after
absorption is very low, this is a significant risk to health.
It was noted that the uranium levels remaining after
adsorption in this study were too low to pose a health
threat. Our results were compared with those of recently
published studies (Table 2). For a simple comparison, the
adsorption efficiency of tBN was also studied in the con-
ditions of pH = 5.0–5.5, T = 307 K, t = 10 min,
C0 = 18 mg L�1 (optimum conditions for tBN/PIn). tBN

removed the 66.88% of the U (VI) from aqueous solution,
while tBN/PIn removed 98.91% at same conditions.

3.2.4 | Temperature effect and adsorption
thermodynamics

The experiments were also performed in the range of
283–338 K to determine the temperature effect on the
adsorption process. It was found that adsorption was
endothermic at low temperatures (283–298 K), and exo-
thermic at high temperatures (307–338 K) (Figure S11a).
The standard enthalpy (ΔH�) and entropy (ΔS�) changes
were obtained from the graph (ln Keq vs. 1/T) drawn
using the Van't Hoff Equation (5), and the Gibbs free
energy change (ΔG�) values at each temperature were
found from the Equation (6).79,80

lnKeq ¼�ΔH�

RT
þΔS�

R
ð5Þ

ΔG� ¼ΔH� �TΔS� ð6Þ

In Equations (5) and (6), Keq, R, and T correspond to
the coefficient for thermodynamic distribution, the gas
constant (8.314 J mol�1 K�1), and temperature (K),
respectively.

Thermodynamic parameters for different temperature
ranges, calculated from the graph given in Figure S11b,
are presented in Table 3.

TABLE 2 Comparison of U(VI) removal efficiency of various composite adsorbents.

Adsorbent
C0

(mg L�1)
Adsorbent
dosage (g)

Adsorption
capacity (mg g�1) References

Ap-ZnO/PSBN nanocomposite 70–800 0.10 139.80 74

Poly(vinyl alcohol)/carbon nanotube
composites

100–1000 0.03 232.55 75

Hydroxyapatite/white clay nanocomposite 119 0.05 570–670 76

MXene/graphene oxide nanocomposites 100 0.10 1003.50 77

Magnetically modified hydroxyapatite 150–300 0.025–0.09 310 78

tBN/PIn 2–40 0.005 315.29 This study

TABLE 3 Thermodynamic parameters for U (VI) adsorption.

Temperature range ΔH� (kJ mol�1) ΔS� (kJ/mol–1 K�1) ΔG� (kJ mol�1)

283–298 K 81.88 0.31 283 288 293 298

�5.01 �6.54 �8.07 �9.61

307–338 K �47.36 �0.12 307 316 326 336

�11.44 �10.39 �9.22 �8.05
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A positive adsorption enthalpy value (ΔH�) at low
temperatures indicated that the U (VI) adsorption onto
tBN/PIn was endothermic, while at elevated tempera-
tures, adsorption decreases, and the adsorption became
exothermic. The adsorption entropy value (ΔS�) was pos-
itive at low temperatures, indicating that adsorption
tended to be spontaneous. The adsorption at low temper-
atures had lower Gibbs free energy values (ΔG�) as the
temperature increased; this was also an indication of
the possibility of the adsorption process and supported
the tendency of adsorption to be spontaneous.

3.3 | Predicted adsorption mechanism

The adsorption mechanism on the adsorbent surface can
be explained by interface interactions such as electro-
static interactions, weak physical adsorption via Van der
Waals forces, Lewis acid–base interactions, hydrogen
bonds, steric interaction, complex formation, ion
exchange and covalent bonding.81,82 FTIR, SEM, EDX,
zeta potential measurements, and XPS analysis were per-
formed to evaluate the changes in composite structure
after U (VI) adsorption. Figure 2 shows the FTIR spectra
of tBN/PIn surface before and after uranyl adsorption.
After adsorption, FTIR absorption peaks of tBN/PIn
(1357, and 762 cm�1) were red-shifted. In addition, new
absorption bands were observed in range from 2300 to
3860 cm�1, and 880 to 1750 cm�1, which were in har-
mony with amine and imine stretching vibrations.3

tBN/PIn contained substantial amount of free amino/
imine groups, thus its surface presented alkalinity.3 SEM
images showed that the original surface morphology of
tBN/PIn was almost maintained after U(VI) adsorption
(Figure 5e, f). SEM–EDX analyses confirmed the high
nitrogen content of tBN/PIn after adsorption process, as
seen in Figure S3. These groups may coordinate with
U(VI) via electrostatic interactions as described before.83

Zeta potential measurements confirmed the existence of
this interaction discussed above. To gain further informa-
tion about the adsorption mechanism, XPS analysis of
tBN/PIn were conducted before and after uranium
adsorption. After adsorption, the peaks of U 4f5/2 and U
4f7/2 were observed around 381.81, and 392.87 eV, respec-
tively. U content was determined to be 0.05%. As com-
pared the O 1 s peaks of tBN/PIn before and after
adsorption, the presence of a new O-U peak (531.02 eV)
was realized (Figures S5e and S5j).35 This assigned the U
atom was coordinated with O atoms of the adsorbent as
shown in Figure 8, and in harmony with the results of
Zhang and coworkers.84 As a result, at first, adsorption
mechanism could involve electrostatic interaction in
solution between U (VI) ions and oxygen atoms of com-
posite as shown. Following this, a complexation and
redox reaction were developed between them as sug-
gested by Lai and coworkers.53

3.4 | Selectivity studies

The adsorption batch experiments were also performed
in presence of other metal ions (K+, Ca2+, Mg2+, Mn2+,
Fe3+) prepared at equivalent concentrations. Multiple ion
mixtures were prepared synthetically considering the
composition of nuclear industrial wastewater.85–87

The percentage of adsorption value determined are pre-
sented in Figure 9. As seen in Figure 9, the tBN/PIn was
better adsorbent for UO2

2+ ions as compared to other
metal ions, except for Fe3+ ions. It was observed that the
affinity of TBN/PIN to other metals changed in the fol-
lowing order: Fe+3 > UO2

2+ > Mn+2 > Mg+2 > K+1

> Ca+2. Fe3+ and Mn2+ ions, being in the same hard acid
group as UO2

2+ ions and interfering with each other in

FIGURE 9 Selective adsorption percentages of UO2
2+ and

other ions by tBN/PIn (C0 = 18 mg L�1, pH 5.5, t = 10 min,

madsorbent = 0.005 g, T = 307 K). [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Predictive UO2
2+ adsorption mechanism onto

tBN/PIn surface. [Color figure can be viewed at

wileyonlinelibrary.com]
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the solution. Although Ca2+ and Mg2+ ions were divalent
cations such as UO2

2+ ions, they did not reduce the selec-
tivity of the adsorbent for uranium. This competitive
adsorption means that UO2

2+ ions can be adsorbed on
the tBN/PIn composite even in the presence of other
metal ions without any significant interference, except
for Fe3+ ions.

4 | CONCLUSION

A novel tBN composite (tBN/PIn) was prepared, charac-
terized, and used as a potential adsorbent for U
(VI) removal from aqueous solution. When tBN was
functionalized with PIn, Lewis basic groups increased on
its surface. After the hybridization, total pore volume and
average pore diameter of tBN/PIn (0.196 cm3 g�1,
49.815 Å) increased as compared to those of tBN
(0.157 cm3 g�1, 20.06 Å) and PIn (0.0047 cm3 g�1,
32.522 Å). The optimum uranyl adsorption conditions
were determined to be pH = 5.0–5.5, T = 307 K,
t = 10 min, C0 = 18 mg L�1. Freundlich, Langmuir and
Redlich-Peterson isotherms were used to explain the
adsorption model fitting analysis. From the Langmuir
isotherm, the maximum U (VI) adsorption capacity (qm)
of tBN/PIn was determined to be 315.29 mg g�1

(R2 = 0.994). U (VI) adsorption kinetics were better
explained by PSO kinetic, which was more suitable for
describing the adsorption event at low concentrations.
Adsorption thermodynamics parameters (ΔG�, ΔH�, and
ΔS�) were also determined and it was observed that the
adsorption process was endothermic at low temperatures,
tended to occur spontaneously, and increased spontane-
ously as the temperature increased. The development of
new types of tBN—conductive polymer composites will
contribute to the production of innovative adsorbents
with developed functionality and surface properties.
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