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ABSTRACT

The cross-linking chitosan submicron particles modified by ammonium fluotitanate (Ti/CTS) was
obtained and used as a new low-cost adsorbent for radioactive uranyl ion from aqueous solutions. The
prepared adsorbent was characterized by Fourier transform infrared spectroscopy, scanning electron
microscope, Brunauer-Emmett-Teller, and X-ray diffraction. In addition, measurements and effects of
the initial pH, contact time, adsorbent dosage, initial concentration of U(VI), and temperature on the
adsorption of U(VI) ions were studied in detail. The results indicated that the Ti/CTS exhibited excel-
lent adsorption properties. The maximum adsorption capacity of Ti/CTS was 195 mg g™. It was found
that the adsorption equilibrium data could be best fitted to the pseudo-second-order model. In the
meantime, the intraparticle diffusion model and Elovich model were also used to study the adsorption
dynamics. The Langmuir isotherm model could be used to describe the adsorption process and the
thermodynamic parameters Gibbs free energy (AG®°), standard enthalpy change (AH®), and standard
entropy change (AS®) for the process were calculated. Furthermore, the Ti/CTS could be regenerated

through desorption of the uranium and could be reused for adsorption.
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1. Introduction

With the rapid development of the world economy, the
shortage of energy received more and more attention [1,2].
The nuclear energy, as a nonfossil fuels, is the only new
energy sources which can cosmically substitute fossil fuels
[3]. Uranium resources are the core of the development of
nuclear energy [4]. The production of the uranium mining
is also on the increase year by year. However, it generated
huge amounts of radioactive wastewater with U(VI) [5]. Once
the radioactive wastewater is released to the environment,
the surface water and groundwater will be contaminated
[6]. U(VI) in the surface water and groundwater, even at low
concentrations, can be accumulated in organisms. Because
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of the high chemical toxicity and radioactivity, it can cause
severely irreversible skin, lung, bladder, and kidney damage,
eventually leading to cancer when human ingested it [7-9].
Therefore, radioactive wastewater must be treated before
being discharged. To reduce the environmental pollution,
the efficient removal of uranium from aqueous solutions has
received great attentions. At present, several techniques, such
as chemical precipitation, solvent extraction, micellar ultra-
filtration, organic and inorganic ion exchange, flotation, and
adsorption have been developed [10]. Among them, adsorp-
tion is considered as a high-efficiency approach owing to its
low-cost, high efficiency, and ease of operation [11]. Today,
the adsorptions of metal ions such as U(VI) [12], Hg(II)
[13,14], Th(IV) [12], and Cr(VI) [15] have increasingly become
a research hotspot, at the same time, the uptake of the drugs
[16] and the dyes such as methylene blue [17], methyl orange,
Congo red [18], and Coomassie brilliant blue [19] is also the
focus of research in this direction. The study of adsorbent
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materials is very important for the governance of the future
environment [20,21]. Recently, a variety of adsorbents have
been developed including magnetic materials, fiber, met-
al-organic frameworks, and biopolymer polymers materials
[22]. Among them, the biopolymer materials have received
particular attention, especially chitosan [23]. The chitosan
is the deacetylated product of chitin (a linear polymer of
N-acetyl-d-glucosamine). It has a large number of functional
groups such as amino and hydroxyl groups [24]. Due to the
special structure, chitosan is unique among biopolymer with
its high affinity for heavy metal ions through different mech-
anisms, including ion-exchange, chelation, and electrostatic
attraction [25-28]. There is an abundance of citations in litera-
tures describing the performance of chitosan as an adsorbent
for pollutants from wastewater which included metals [29-
33], dyes [34], phenols, fluoride, and phthalates. However,
adsorbents based on chitosan and its derivatives have weak
mechanical properties, the poor porosity, and chemical resis-
tances, which may restrict its applications [35-38]. For these
reasons, many researches have been drawn to improve the
properties of the chitosan-based adsorbents [39,40]. This was
mainly done to improve kinetics and fixation capacities of the
polymer either by chemical or physical modifications [41]. To
develop and modify for adsorption, for example, titanium
[42], iron [43], aluminum [44], magnesium [45], and other
metallic compounds are incorporated into chitosan.

In view of the above, to develop a low-cost and efficient
novel composite adsorbent with high adsorption capacity
for uranyl, our laboratory chose chitosan for the study. It is
cross-linked by the glutaraldehyde to improve the chemical
stability and (NH,),TiF, is dopped to increase the nitrogen
content and improve the adsorption capacity. By the one-pot
method, the cross-linking chitosan submicron particles mod-
ified by ammonium fluotitanate (Ti/CTS) were synthesized.
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The new adsorbent Ti/CTS was characterized by Fourier
transform infrared spectroscopy, scanning electron micro-
scope (SEM), Brunauer-Emmett-Teller (BET), and X-ray
diffraction (XRD) techniques.

2. Experimental section

Caution! Although all of the uranyl compounds used in
these studies contained depleted uranium salts, standard
precautions were performed for handling radioactive materi-
als, and all studies were conducted in a laboratory dedicated
to studies on actinide elements.

2.1. Reagents

Analytical grade chemicals were used without further
purification in this study. Chitosan and (NH,), TiF, (98%) was
purchased from Aladdin Chemical Reagent Co., Ltd., P.R.
China. Glutaric dialdehyde (50%) was obtained from Tianjin
Damao Chemical Reagent Co., Ltd., P.R. China. Acetic
acid (99.5%) was purchased from Tianjin FuYuHuaGong
Chemical Reagent Co., Ltd., P.R. China. The stock solutions
of uranium(VI) was prepared by dissolving uranyl (VI)
nitrate (UO,(NO,),-6H,0) (99.9%,which was obtained from
Hu Bei JuShengWei Chemical Reagent Co, Ltd, P.R. China)
in double distilled water at the desired initial concentration.

2.2. Preparation of Ti/CTS

Ti/CTS was prepared by the one-pot method with
chitosan, (NH,),TiF, and glutaric dialdehyde as main
materials in an isothermal water bath at 40°C as shown
in Fig. 1. Chitosan (1 g) was dissolved in 2% acetic acid
solution (100 mL) with stirring until completely dissolved.
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Fig. 1. The schematic illustration of the synthesis route to Ti/CTS.
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Glutaraldehyde in ethanol as cross-linking reagent with the
ratio of 1/10 (w/w of cross-linker to chitosan) was added
dropwise into the chitosan solution to form a gel solution.
Then the solution of ammonium fluotitanate (0.5-2 g in
20 mL water) was added slowly. The mixed solution was
placed in an isothermal water bath at 40°C for 4 h. The pH
was adjusted to 10 with 0.5 M NaOH. Then the production
was separated by filter, fully washed with water and EtOH
several times and dried at 80°C.

2.3. Physical measurements

X-ray powder diffraction patterns were obtained on a
Bruker Advance-D8 equipped with Cu-Ka radiation, in the
range 5°< 20 < 55, with a step size of 0.02° (20) and an count
time of 2 s per step. All IR measurements were obtained
using a Bruker AXS TENSOR-27 FT-IR spectrometer with
pressed KBr pellets in the range of 400-4,000 cm™ at room
temperature. UV-vis absorption spectra were recorded
with UV-1000 spectrometer (200-800 nm, in the form of lig-
uid sample). The size and morphology of the material was
investigated using scanning electron microscope and X-ray
analyzer (SEM, KYKY-1000B). The specific surface area and
the pore size were measured with the BET method using a
Quantachrome Nova 3000 (Quantachrome Instruments,
USA) multipoint gas adsorption analyzer at the liquid
nitrogen temperature.

2.4. Removal of uranium ion

Batch experiments were performed to investigate the
adsorption behavior of Ti/CTS toward UOZ" (VI). The UOZ
was analyzed by arsenazo III using a UV-vis spectrophotom-
eter at 652 nm. 0.1 g of the adsorbent was equilibrated with
10mL of UO;" in the concentration range of 0.05-0.55 mg mL-".
The pH of solution was adjusted by 0.5 M HNO, and 0.5 M
NaOH. The adsorption capacity Q (mg g™') was calculated
according to Eq. (1) as follows:

_ ¢ -C %
m
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where Q is the adsorption capacity of adsorbent, C, (mg L™)
and C, (mg L™) are initial concentration and equilibrium con-
centration, respectively. V (L) is the volume of the solution
and m is the weight of Ti/CTS.

3. Results and discussion
3.1. Composition characterization of the Ti/CTS material

XRD was an effective method to provide the informa-
tion about the physical and chemical form of the submicron
ammonium fluotitanate embedded in chitosan matrix. The
structure of chitosan molecules in nature contained plenty of
hydroxyl and amino groups which may form strong inter-
molecular and intramolecular hydrogen bonds. As a result,
chitosan molecules can form crystalline regions easily and
exhibit the distinct crystalline peaks in the XRD patterns.
While, after the chitosan was cross-linked by glutaralde-
hyde, it could destroy hydrogen bond between chitosan
molecules and restrict the activity of the polymers. Therefore

the crystallization ability of the polymers was reduced
and resulted in the weakness of the characteristic peaks of
cross-linking chitosan as shown in Fig. 2 [25,46,47]. Several
diffraction peaks cannot be detected from XRD pattern of
cross-linking chitosan (crossed by glutaraldehyde) except
two broad peaks at 15° and 29°, indicating that cross-linking
chitosan was amorphous. The comparison of XRD pattern
of Ti/CTS is illustrated in Fig. 2(b). There were two broad
peaks, which were similar to the cross-linking chitosan. In
addition, the characteristic sharp peaks at (100), (001), (101),
(110), (200), (111), (002), (201), (102), (210), and (112) were also
observed, which was in good agreement with the XRD spec-
trum of (NH4),TiF,. These characteristics corresponded to
the existence of (NH,),TiF, in the structure which confirmed
that there is the ammonium fluotitanate phase in the Ti/CTS
structure.

To further investigate the structure of Ti/CTS, infrared
spectroscopy was used for characterizing the functional
groups on the sorbent at the different steps of the synthetic
procedure (Fig. 3). From the cross-linked chitosan (Fig. 3(b)),
it was found that the broad absorption bands centered
in region of 3,445 cm™ were referred to the O-H and N-H
stretching vibrations. The band of v_ ,, was varied at approx-
imately 2,198 cm™. Features of the vibration modes of —-C=N
were obtained at 1,642 and 1,603 cm™, as expected. The nar-
row absorption band at 1,427 cm™belonged to the band vibra-
tion of the N-H. Feature of the v__, vibration modes of -CH,
in -CH,OH was obtained at 1,379 cm™. The narrow absorp-
tion bands at 1,320 and 1,155 cm™ belonged to the stretching
vibration of the C-N. The bands at 1,076 and 901 cm™ were
attributed to the characteristic stretching vibrations of the
C-O which may be overlapped partially by the asymmetric
stretching vibrations of the C-N [48]. The IR was also tested
for Ti/CTS, as shown in Fig. 3(c). Comparing the cross-linked
chitosan, it was found the similar spectra characteristic of
cross-linked chitosan with subtle, yet significant, differences.
Slight blue shift of the absorbing peaks and change of the
intensity were observed The changing band in the higher
wavenumber at 3,427 cm™ was blue shift to the cross-linked
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Fig. 2. The XRD spectrum of (a) cross-linking chitosan, (b) Ti/CTS,
and (c) (NH,),TiF,.
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Fig. 3. The IR spectrum of (a) (NH,),TiF, (b) cross-linking
chitosan, (c) Ti/CTS, and (d) Ti/CTS after UO?" adsorbed.

chitosan about 27 cm™. It could be due to the increased amide
from (NH,),TiF,, which also increased hydrogen bonding as
has been shown before. Within the lower wavenumber range
of 500-1,800 cm™, the most significant changes were from the
decrease and sharpening of the peaks at 1,643 and 1,398 cm™,
as well as disappearing of the shoulder peaks at 1,066 cm™.
The disappearing of the split and the blue shift were both
the proof of the change in the material structure which may
be because of the existence of (NH,),TiF, on the chitosan. The
IR of Ti/CTS after UOZ" adsorbed is shown in Fig. 3(d), the

peak of 895 cm™ was significantly enhanced, which proves
that there is the uranyl ion in the structure.

The scan electron micrographs of the composite material
Ti/CTS (with the mass ratio of chitosan/(NH,),TiF : 4:1 (a), 2:1
(b), 4:3 (), and 1:1 (d)), cross-linked chitosan (e), the mag-
nification of (c) with the magnifying power of 220k (f), and
Ti/CTS after uranyl adsorption (g) are shown in Fig. 4. The
cross-linked chitosan was the porous solids and exhibited
a regular and smoother surface. The scale of the obtained
layer was 10 um thick with large specific surface area and
high porosity. When the (NH,),TiF, was doped in the cross-
linked chitosan, it was shown that the ball-like structure was
formed in the surface layer. It may be because the (NH,), TiF,
can organize to form spherical globules with around 200 nm
outer diameter as shown in Fig. 4(f). As the increase of mass
ratio, the (NH,),TiF, submicron particle was increased.
When the ratio was 4:3, surfaces of the chitosan were almost
coated with the (NH,),TiF, submicron particle. When the
ratio was 1:1, the (NH,),TiF, submicron particle was com-
pletely casted with the (NH,),TiF, submicron particle. The
structure of Ti/CTS after uranyl adsorption had almost same
structure, which indicated that Ti/CTS can still maintain its
surface structure after adsorption for 5 h. Further, elemental
maps of C, O, N, and U and their collective map are given
as Fig. 4(h). This was in good agreement with the proposed
structure of Ti/CTS and further indicated that the (NH,),TiF,
was successfully mixed in the Ti/CTS. The U energy spectra
map was correlated with those of O and N energy spectra
maps, which implied the tentative affinity of uranyl ions with
the adsorbent.

To further study the structure of the Ti/CTS, the pore
structure and surface area had been analyzed by nitrogen
adsorption methods. A typical IV N, adsorption/desorption
isotherm can be seen in Fig. S1(a). The inflection point was
found at a relative pressure P/P ranging from 0 to 0.1, which
can reveal the existence of micropores. A distinct hysteresis
loop, observed in the range from 0.1 to 1(P/P,), was classified

Fig. 4. The SEM of the composite material Ti/CTS (with the mass ratio of chitosan/(NH,),TiF : 4:1 (a), 2:1 (b), 4:3 (c), 1:1 (d)), cross-
linked chitosan (e), the magnification of (c) with the magnifying power of 220k (f), elemental mapping of uranyl ion adsorbed on

Ti/CTS (g), and EDAX spectrum of uranyl ions adsorbed Ti/CTS (h).
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as type H1. It may represent that there were particle homo-
geneously dispersed in the Ti/CTS, which was in good con-
sistent with the observed in SEM. The surface area and pore
volume of Ti/CTS were 98.841 m? g and 0.1527 cm® g7,
respectively. The pore size distribution curve is with an
average pore size of 1.9319 nm (Fig. S1(b)). This shows that
Ti/CTS is a porous solid material [49-51].

3.2. Study on the Ti/CTS material for uranium
adsorption behavior

3.2.1. Effect of mass ratio of Ti/CTS on UO?" adsorption

In order to enhance the adsorption capacity of the Ti/
CTS, a series of experiments about equilibrium adsorption
property of Ti/CTS with different mass ratio were carried
out. The results of the experiment can be seen from Fig. 5.
The experiment conditions were: 20 mL solution, 0.5 mg mL~"*
U (VI), 5 h stirring time, and 25°C. After tests, Ti/CTS with
different synthesis mass ratio (1:4, 2:4, 3:4, and 4:4) possessed
different adsorption properties. The equilibrium adsorption
ability was better when the mass radio of (NH,), TiF /chitosan
was 3:4. It might be due to amounts of the doped (NH,),TiF,
could promote the ability of adsorbent. After nimiety
(NH,),TiF, was doped in the Ti/CTS, the surface of the chi-
tosan was covered, which may hinder the effect between
hydroxyl and metal ions and cause decreased the adsorption
ability. This was consistent with the observation from SEM.
In the following test, based on the earlier result, we thought
the optimum condition to synthesize Ti/CTS was 3:4.

3.2.2. Effect of pH on UO?" adsorption

The pH value of the aqueous solution, as one of the most
important parameters, can influence the chemical proper-
ties of uranium(VI) and the adsorbents, which played an
important role in the whole sorption process and particu-
larly on sorption capacity. On the one hand, UOZ" cation was
unstable enough under strong acid and strong base, which
trended to hydrolyze and polymerize, forming a number of
polynuclear uranyl species, and even generated hydroxide
precipitation [4], as Fig. 6 illustrates. On the other hand, it
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Fig. 5. Effect of mass ratio on adsorption ability of Ti/CTS.
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Fig. 6. U(VI) various species distribution as a function of pH
at 25°C.

may influence the surface charge and the dissociation of
functional groups which presented at the surface of the
sorbent such as hydroxyl and amino groups [9]. The adsor-
bents of uranium(VI) on Ti/CTS was investigated using
0.05 g adsorbent and 20 mL UO;*(VI) (0.05 mg L) over a
range of pH values from 2 to 10. The pH of the solution was
adjusted to the required value by the solution of HNO, and
NaOH. The results are shown in Fig. 7. The equilibrium
adsorption property of uranyl in each pH value indicated
the strong impact of pH on adsorption capacity. The equi-
librium adsorption ability increased with increasing pH, to a
maximum value of pH 7.0, where Q, was 208.25 mg mL~" and
most of the uranyl ions was extracted from solution. Then a
slight decline tendency in removal efficiency was observed
at pH 8-9. After that, the declined trend is more rapid at
pH 10. When the solution was strongly acid, the relative
low sorption capacity of Ti/CTS may be due to surface pro-
tonation reaction. It was generally accepted that more pro-
tons would be available to be protonated and to form H,O"
groups, which competed with UOZ* for adsorption sites and
then reducing the number of binding sites for the adsorption
of UO;* were reduced. With the increasing of the concentra-
tion of hydroxyl, uranyl ion formed stable complexes with
hydroxyl such as UO,(CO,),(OH); and UO,(OH);. These ions
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Fig. 7. Effect of initial pH on adsorption ability of Ti/CTS.
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can form more stable hydrogen bond with amino, hydroxyl,
fluotitanic acid anion and other functional group at the
surface of Ti/CTS which was helpful for the absorption. At
higher pH, the uranium was direct precipitation from the
uranium solution. NH; left the surface of the Ti/CTS and
progressively deprotonated. UO,(OH),, as a stable precipi-
tation product, can also form. Both of them caused decrease
of the interaction between Ti/CTS and UOZ, and then led
to the decrease in removal efficiency. Therefore, according
to analysis result above, pH 6.0 was selected for the further
experiments.

3.2.3. Effect of the amount of the sorbent on Ti/CTS for
UQ? adsorption

The effect of the dosage of Ti/CTS on the uranium removal
is shown in Fig. 8. The removal efficiency clearly increases
when the amount of the Ti/CTS was increased from 0.01 to
0.025 g. That may be because the more dosage of sorption
was in the solution, the more active sites can attract the ura-
nium. The amounts of uranium removal approached equi-
librium (99%) when 0.025g Ti/CTS was used. The overdose
Ti/CTS cannot obviously increase the amounts of uranium
removal. In considering the removal efficiency, the dosage of
0.025 g was considered as an optimum dose and is used for
further study.

3.2.4. Effect of contact time and adsorption dynamics
for UOZ adsorption

Fig. 9 shows the relationship between the adsorption
capacity and the contact time. The adsorption time was
examined from 15 to 500 min at 25°C. There were two stages
in adsorption process: an initial rapid stage and a slower
approach to equilibrium phase stage. At the first stage, it was
clear that the adsorption capacity increased with the contact
time. The rate of adsorption was increasing rapidly which
can be interpreted to the instantaneous adsorption stage or
external surface adsorption process. The second stage was
also known as the gradual adsorption process, the adsorption
rate was slower. With the decrease of active sites, the rate of
adsorption gradually reduced where intraparticle diffusion
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Fig. 8. Effect of amount of sorbent on adsorption of uranium by
Ti/CTS.
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Fig. 9. Effect of contact time on uranium(VI) adsorption.

controlled the adsorption rate. Then the adsorption reached
equilibrium. Finally, it was found that the change of adsorp-
tion capacities for uranium did not show notable effects,
which proved adsorption to uranium reached equilibrium
after 300 min. It can be seen that the 300 min was enough
to reach sorption equilibration. So the follow-up experiments
were carried out for 300 min.

It was generally accepted that most adsorption reac-
tions took place through multistep mechanism comprising
(1) external film diffusion, (2) intraparticle diffusion, and (3)
interaction between adsorbate and active site [52]. To inves-
tigate the kinetic mechanism of the adsorption process, the
adsorption data was analyzed using the pseudo-first-order
kinetic, pseudo-second-order models, intraparticle diffu-
sion models, and the Elovich model. The pseudo-first-order
kinetic (Eq. (2)), also called Lagergren model, was given as
follows:

kt
2.303

log(Q,-Q,)=logQ, - @)

where Q and Q, (mg g™) are the adsorption capacity at equi-
librium and at time, and k; is the rate for the pseudo-first-order
kinetic.

The pseudo-second-order models can be shown as follows:

ot X
0 Q% Q ®)

where Q and Q, (mg g™') are the same as the pseudo-first-
order kinetic, and the k, is the rate for the pseudo-second-order
kinetic. To calculate the initial adsorption rate i, Eq. (4) can
be used with k, and Q, as follows:

h=kQ 4)

The intraparticle diffusion model was expressed as
follows:

Q =kt +C ®)



Z.X. You et al. / Desalination and Water Treatment 123 (2018) 253-264 259

where k is the intraparticle diffusion rate (mg g™ min™*°) and
C is a constant related to the boundary layer thickness which
is the intercept for the linear “”2 versus Q,” of the adsorption.

The Elovich model can be obtained by Eq. (6) as follows:

Q, :aln(uﬁ)+alnt 6)

where a in this model is the initial adsorption rate
(mmol g™ min™). B is related to the extent of surface coverage.
The data of adsorption were fitted by four kinetic models and
shown in Fig. S2(a)-(d). The parameters for each model were
calculated and listed in Table 1.

The values of Q and k, for pseudo-first-order model were
calculated from the intercepts and slopes of the “log(Q-Q,)
versus t” plot. The low-related coefficient R? (0.9800) and the
large difference between the calculated values of adsorption
capacity and the experimental values indicated that the sorp-
tion mechanism of uranium(VI) on Ti/CTS did not base on
a pseudo-first-order kinetic model and hence the adsorption
was not diffusion controlled. While when the pseudo-sec-
ond-order model was employed, the linear fit of the plot of ¢/
Q, versus t revealed high correlation coefficient (R* = 0.9933).
The k, value, determined from the intercept of the plot, was
1.776 x 107°. Furthermore the experimental data were more
closely agreed with the calculating equilibrium adsorp-
tion capacity values for the pseudo-second-order model
than the one for pseudo-first-order model. The parameter
of the initial adsorption rate h calculated from the k, and Q,
was 1.007 g mg™ min™. Thus, it could be concluded that
the sorption of U(VI) with Ti/CTS followed the pseudo-sec-
ond-order kinetics, which was based on the assumption
that the rate-limiting step may be chemical sorption. It was

Table 1
Kinetic parameters for UO2" adsorption onto Ti/CTS

Parameters
Pseudo-first order
Q. (mol kg™) 170.0
k, (min™) 6.909 x 10?
R? 0.9800
Pseudo-second order
Q. (mol kg™) 238.1
k, (g mg™ min™) 1.776 x 10
R? 0.9933
Intraparticle diffusion
K., (mg g min%) 12.20
C, -6.793
R? 0.9959
K,, (mg g min"%%) 3.186
C, 126.3
R? 0.9920
Elovich model
o 51.74
B 2.062 x 103
R? 0.9751

reasonable to inference that there were the covalent forces
through sharing or exchange of electrons between sorbent
and uranium. It can influence adsorption rate and the chem-
ical affinity of uranyl ions. And the adsorption group was
the rate limiting step for the sorption of U(IV) onto Ti/CTS.
It was also noted that the small values of k* was the proof
that the rate of uranyl uptake decreased with time. As we all
known, the solid absorption was affected by film diffusion
or intraparticle diffusion [52]. From the two kinetic models,
the adsorption of uranyl ions on Ti/CTS may be not due to
diffusion. For further understanding the adsorption mech-
anism of Ti/CTS, the adsorption data were studied in view
of intraparticle diffusion model (Fig. S2(c)). The plot of Q,
against {° revealed two linear characteristics and both were
high coincidence with the model, in which the correlation
coefficient values (R?) were 0.9959 and 0.9920, respectively.
The parameter C was a constant related to the boundary layer
thickness. If the intercept C was zero so that the plot passed
through the origin, the intraparticle diffusion was the sole
rate-determining step. Since the region of the plot did not
pass through the origin, it may be concluded that the adsorp-
tion of uranyl ions on Ti/CTS was complex. Not only surface
adsorption contributed to the rate-determining step [9], but
also the intraparticle. This is consistent with the observation
from the pseudo-second-order model. The two parts of the
line in Fig. S2(c) indicated that multiple steps influenced the
mass transfer process. From the beginning to 225 min as the
first step, with the small value of C, the diffusion occurred
from bulk phase into pores with the adsorption at the exte-
rior surface of adsorbent. The rate of the adsorption was fast
and the initial straight line corresponded to the instantaneous
adsorption due to film diffusion. Then at the equilibrium
step, the rate of the adsorption decreased obviously and the
adsorption of uranyl ions was not based on diffusion mech-
anism. It may attribute to the interaction between the adsor-
bate and the active site. To attest it, the Elovich model which
can announce the irregularities of the data that other kinetic
equations ignore was used as shown in Fig. S2(d). It is com-
monly used to describe the sorption behavior with a rapid
equilibrium rate in early period, and then the rate slowed
down at later periods of the sorption. o and 3 represented
the rate of sorption and surface coverage was calculated
for 51.74 and 2.062 x 107, respectively. The data can fit the
model well with the correlation coefficient value (R?) 0.9751.
From the four kinetic models, the process of ion adsorption
in the whole reaction was controlled by liquid film diffusion
and intraparticle diffusion. And because of the loose hollow
internal structure of the Ti/CTS, UOZ" can diffuse easily to
the inner surface, which also indicated the intraparticle dif-
fusion is not a rate-limiting step. Furthermore, Ti/CTS using
chitosan as substrate, had a large number of amine and
hydroxyl groups that are responsible for UO* binding via
chelation mechanisms.

3.3. Sorption isotherms and adsorption thermodynamics

It was well established that the amount of adsorption
was a function of concentration when the temperature was
constant in the solid-liquid adsorption system, which is also
called the adsorption isotherms. The adsorption isotherms can
be expressed by the linear in which Q was the vertical axis and
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C, was the horizontal axis. Through the shape of the sorption
isotherms, the surface structure of the porous solid, the pore
structure as well as the interaction between the adsorbent and
the adsorbate can be compendious and clearly reflected. The
adsorption of uranyl ions on Ti/CTS was in terms of Freundlich
and Langmuir adsorption isotherms at temperatures of 298,
308, and 318 K shown in Fig. S3. The adsorption of uranium
on Ti/CTS increased when temperature was increased to
demonstrate that uranium removal by adsorption favored
a high temperature. Adsorption equilibrium data have been
subjected by using Langmuir and Freundlich isotherms at var-
ious temperatures. The Freundlich isotherm was appropriate
for the monomolecular layer at the heterogenous surface and
the linear form of it is represented in Eq. (7) as follows:

logQ, =logK, +llogCE (7)
n

where K, is the Freundlich isotherm constant, and 1/n
is related to the heterogeneity parameter of the sorbent and
indicated strength of adsorption in the adsorption process
[53]. The linear fit of the plot of log(Q,) versus log(C,) was
poorly correlated (R? between 0.9415 and 0.9710), as shown
in Table 2. It can be inferred that the adsorption of uranyl ions
on Ti/CTS was not based on Freundlich isotherm model. The
data 1/n and K, can be calculated as shown in Table 2. The
values of 1/n were all ranged between 0 and 1 indicating the
strong interaction of U(VI) ions with the adsorbent. Then the
adsorption data obtained were fitted to Langmuir isotherm
model which had formed as shown in Eq. (8) as follows:

Sl ®
Qg KLQmaX Qmax

The K, is a constant related to the adsorption energy
(L mg™). The values of maximum adsorption capacity
(Q,..) and Langmuir constant (K;) were evaluated from the
intercept and slope of the Langmuir plots. It was observed
that Langmuir isotherm model yielded better fit to the
experimental data and had higher correlation coefficients
compared with those for Freundlich. With the K, another
parameter R, which indicated the type of isotherm to be
favorable was defined in Eq. (9) as follows:

1
Ru= 1+(1+K,C,)) )

where C| is the initial metal concentration. For an initial con-
centration of 0.5 mg mL", the R, was found. As shown in
Table 2, the value of R, was between 0 and 1 indicated the
adsorption was favorable. Notably, the adsorption of urani-
um(VI) increased with the increasing of temperature, which
indicated the endothermic nature of the process. To evalu-
ate it, the thermodynamic parameters were calculated using
Eq. (10) as follows:

_AS° AHP
R RT

InK

(10)

where R is the gas constant (8.314 ] mol™ K™) and T is the
absolute temperature (K), AS is standard entropy (] mol K™),
AH? is standard enthalpy (k] mol™). The values of AH® and

Table 2
Isotherm constants for UOZ2+ adsorption onto Ti/CTS

Temperature (K) 298 308 318

Langmuir Q, 181.1 200.3 218.0
K, 12.27 13.71 18.39
R? 0.9950 0.9990 0.9916
R, 0.1402 0.1273 0.09809

Freundlich n 0.2456 0.4324 0.2843
K, 2.147 2.650 2.607
R? 0.9415 0.9672 0.9710

AS° were evaluated from the intercept and slope of the linear
plot (Fig. S4). The standard free energy values (AG°) were
calculated by Eq. (11) as follows:

AG°=-RTInK, (11)

As data of AS°, AH®, and AG° were listed in Table S1, the
negative AG° can demonstrate the adsorption process was
spontaneous [8].

3.4. Sorption mechanism of UOZ* on the material of Ti/CTS

To study what the role the existence of ammonium flu-
otitanate played in the sorption process, the adsorption
capacity of cross-linked chitosan toward UO?* was studied.
The equilibrium adsorption capacity was 98 mg g which
was far below the equilibrium adsorption capacity of Ti/CTS.
According to the analysis of the structure and the study of
the adsorption kinetic as well as the thermodynamics, the
adsorption mechanism of the Ti/CTS might be attributed to
both ion exchange and electron donating acceptor coupling
reactions at the surface sites. First, the -OH, -NH,, and other
functional groups on the surface of the cross-linked chitosan
in Ti/CTS can adsorb the UO?* by surface complexation and
cation exchange mechanisms, and the relative large sur-
face area and pore diameter of the chitosan substrate can
enhance the adsorption capacity. Second, the ammonium in
the ammonium fluotitanate submicron particles can improve
the amount of N-containing material. In the third part, the
fluotitanate with the negative charge had strong electro-
static attraction toward the UOZ* group which was positively
charged and fluorine ion in the structure enhances adsorp-
tion capacity by increasing the hydrogen bond force.

3.5. Desorption studies of UOZ* on the material of Ti/CTS

The reusability of Ti/CTS was tested with 0.025 g Ti/CTS
which had been soaked in 0.5 mg mL~ UOZ* solution for 24 h.
It is found that absorbed Ti/CTS material, which was eluted
by 0.5 M HNO, solution, 0.5 M NaOH and 0.5 M EtOH solu-
tion, successively, also has still some adsorption activity.
And Ti/CTS material removal could still maintain more than
70% after repeated more than five times.

3.6. Comparison of adsorption capacity for UOZ" of Ti/CTS with
reported adsorbents

The maximum sorption capacity of Ti/CTS and other
adsorbents for UOZ* is compared in Table 3. (I), (II), (III), and
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Table 3
Comparison of adsorption capacity for UO;* of Ti/CTS with reported adsorbents
Adsorbents Metal ion Equilibration Adsorption capacity (mg g*)/ References
or dye time (min) uptake percentage
Magnetic chitosan (I) U(VI) 40 42 [54]
Cross-linked chitosan with epichlorohydrin (II) U(VI) 180 49.05 [55]
Ethylenediamine-modified magnetic chitosan (III) UVl 30 82.83 9]
Amine-functionalized magnetic-chitosan UVl 40 177.93 [28]
nano-based particles (IV)
Organic-inorganic hybrid thiostannate (V) U(VI) 300 338.43 [56]
Multilayer titanate nanotubes (VI) U(VI) 90 333 [57]
Cross-linking chitosan submicron particles modified U(VI) 300 195 This work

by ammonium fluotitanate (VII)

(IV) were slightly weaker than this work. (V) and (VI) had
better adsorption capacity than this work. While, different
functionalized modification adsorbents had different adsorp-
tion capacity. That may be because the adsorption capacity
depends on the porosity, surface area, functional group in
the structure, and the types of raw materials.

4. Conclusion

Ammonium fluotitanate-functionalized  cross-linking
chitosan submicron-based particles (Ti/CTS) have been suc-
cessfully synthesized and its application as an adsorbent for
uranyl ions has been studied. The adsorption isotherm stud-
ies, kinetic studies, and thermodynamic studies indicated the
mechanism was both the chemisorption and physisorption.
The pseudo-second-order kinetic model was used to correlate
the kinetic experimental data and the kinetic parameters
were evaluated. The Langmuir and Freundlich models were
applied to describe the adsorption isotherms. The values of
AH?®, AS°, and AG°were calculated. The positive value of AG®
indicated endothermic nature of adsorption. The adsorption
behavior of Ti/CTS clearly indicated it was an effective and
economic adsorbent for uranyl ions adsorption from aqueous
solution with high adsorption capacity.
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Supplementary information

Figures of N, adsorption/desorptionisotherm, and the plot
of pseudo-first-order kinetic model, pseudo-second-order
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ized Freundlich and Langmuir plot, the van’t Hoff equation,
and the table of thermodynamic parameters are also in the
supplementary material.
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Table S1
Thermodynamic parameters for UO;" adsorption onto Ti/CTS

Temperature (K) AH® (k] mol™) AS° (J mol? K1) AG® (k] mol™) R?

298 -6.137

308 15.823 73.69 —6.874 0.8521
318 -7.610

294 *

2.54 d

0.00315 0.00320 0.00325 0.00330 0.00335
1UT

Fig. 54. Linear relationship between In K, versus 1/T in the van’t

0.003 Hoff equation.
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Fig. S3. Adsorption of uranyl ions on ACP as modeled by (a)
Freundlich adsorption isotherm and (b) Langmuir adsorption
isotherm.
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