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Abstract

The primary aim of this work is to test a novel adsorbent prepared by cross-linking of tetrafluoroterephthalonitrile
with chitosan (CS-TFT) for the removal of Cr(VI) and U(VI). The CS-TFT is stable until 250 °C and possesses amino
functional groups due to the presence of CS that remain intact even after the cross-linking reaction, thus being a benefit
for adsorption properties; while the TFT brought roughness to CS-TFT that keeps its high porosity. The adsorption
efficiency of CS-TFT is evaluated in the batch experiment of Cr(VI) and U(VI) adsorption along with the effect of
different experimental parameters (pH, time, temperature, initial concentrations, and co-existing inorganic cations). The
maximum adsorption capacity of CS-TFT for adsorption of Cr(V1) and U(VI) was 265.96 mg-g™ at pH = 3 and 346.06
mg-g™* at pH = 5, respectively, at 298 K and the corresponding partition coefficients were 12454 and 6181 mg g™* mM-
! respectively. The kinetics of the adsorption process is identified as a pseudo-second-order model and the Langmuir
isotherm model is considered. The CS-TFT shows satisfactrory reusability since it can be used after 6 cycles of
regeneration with a removal efficiency of Cr(VI) and U(VI) higher than 90%. The adsorption mechanism is also
proposed based on investigation of CS-TFT by FTIR, XPS and SEM-EDS before and after adsorption. The results show
that hydroxy (OH) and amino (NH2) groups play a key role in the chemical adsorption. All these findings suggest that

CS-TFT could be a promising adsorbent for wastewaters treatment.
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1. Introduction

The environmental pollution can affect all the compartments including air, water, and soil. Heavy
metals and radionuclides are two kinds of highly toxic inorganic contaminants that can be found in soil and
water, thus being a serious threat to the ecosystem and human health [1-3]. The heavy metals mainly include
copper (Cu?"), cadmium (Cd?"), arsenic (As®*"), lead (Pb?"), cobalt (Co?*), chromium (Cr®"), and mercury (Hg)
[4] while radioactive pollutants include radium (**°Ra), uranium (*°U), cobalt (®°Co), polonium (*°Po),
iodine (**1), strontium (°°Sr), and cesium (**’Cs) [5]. In the present work, chromium (Cr(V1)) and uranium
(U(VD)) are tested as model inorganic pollutants elements because of their strong carcinogenicity and high
mobility [6]. For example, they can induce cell and DNA damage, causing organ failure [7,8]. The industrial
sector, especially mining, is the main contributor to this contamination by the discharge of improperly
cleaned wastewater [9]. Indeed, conventional treatment methods are not 100% efficient and they include
coagulation-precipitation, membrane separation technology, ion exchange, and adsorption [4]. For example,
the coagulation-precipitation method is very easily controlled and highly efficient, but it can produce a high
amount of sludge and strongly affect the pH of waters. In addition, the membrane separation method has
very high selectivity but with a very high cost. On the other hand, the adsorption method is one of the most
widely used methods because of its simple operation and low cost. Innovative and efficient adsorbents are
required to improve the removal efficiency of heavy metals and radionuclide contaminations [10-13].

Various materials have been developed as adsorbents for treating Cr(V1) and U(V1), for instance, algae
[14], layered double hydroxide (LDH) [15,16], and activated carbon [1]. Cr(VI) and U(VI) can transfer from
the liquid phase to the solid surface by binding to the adsorbent through physical and/or chemical
interactions. Chitosan (CS), which is known as a natural biopolymer, can be used as an adsorbent to remove
a wide range of contaminants, such as heavy metals, radionuclides, and organic dyes [17,18]. In addition,
CS is cheap, available, biodegradable, and non-toxic [17,18]. The preparation of CS is usually performed by
the deacetylation of chitin [18], which is the most widespread biopolymer in nature (arthropods in marine
environments produce more than 10'? kg of chitin per year) [19]. More importantly, the wastes from these
arthropods can be reused, thus integrating the circular economy to produce CS. However, chitosan exhibits

some disadvantages like low surface area, poor mechanical properties, and high solubility in acidic solution



[18,20]. Therefore, modification of CS by either physical or chemical methods is necessary to overcome
these shortcomings [17,18].

One of the most frequently used techniques to improve such adsorbents is the cross-linking process
since it increases the molecular weight. Therefore, such a method can improve the mechanical strength and
chemical stability of CS, especially in an acidic solution [20]. Glyoxal, formaldehyde, glutaraldehyde, and
epichlorohydrin are the most common cross-linking agents [17,18,20]. However, the cross-linking process
can negatively affect the adsorption capacity of CS since it decreases the number of surface functional
groups, like —OH or —NHz>, that are involved in the adsorption process [20]. Hence, it is quite challenging to
choose the appropriate cross-linking agent for achieving high mechanical strength, chemical stability, and
an adequate number of surface functional groups.

A viable alternative is the use of tetrafluoroterephthalonitrile (TFT) as a cross-linking agent [21].
Indeed, Alsbaiee et al. have studied the TFT cross-linked B-cyclodextrin as an adsorbent to remove organic
micropollutants in water [22]. Such an adsorbent has shown higher specific surface area after cross-linking
reaction where the surface functional groups were still present, so the adsorption process could be efficient
[22]. The explanation was that covalent bonds were formed between TFT and surface OH groups of -
cyclodextrin, thus remaining intact the other type of surface functional group that was involved in the
adsorption process i.e., -NH> [22].

In the present work, the tetrafluoroterephthalonitrile cross-linked chitosan (CS-TFT) adsorbent is
prepared and used for the first time for the removal of Cr(VI) and U(VI), respectively. Along with the
comprehensive characterization of CS-TFT, its performance is investigated at different experimental
conditions and a mechanism of adsorption is proposed. In addition, since the surface CN group in TFT can
be hydrolyzed into amide (—-OCNHy), it can potentially increase the number of active sites for adsorption

[23]. This approach was also clarified for the first time here.

2. Materials and methods

2.1. Materials



Chitosan (CS, deacetylation degree > 95%) and tetrafluoroterephthalonitrile (TFT, CgFsN2 > 99%)
were purchased from Aladdin Reagent Co., Ltd. Tetrahydrofuran (THF, C4sHsO, AR), potassium carbonate
(K2COs3, AR), and diphenylcarbazide (C13H14N4O, AR) were purchased by Sinopharm Chemical Reagent
Co., Ltd. Potassium dichromate (K.Cr,O7, GR) was purchased from Tianjin Chemical Reagent Research
Institute Co., Ltd. Uranium nitrate oxide (UO2(NOs),, GR) was purchased from Shanghai Macklin
Biochemical Co., Ltd. Water (Milli-Q, resistivity 18 MQ c¢cm, DOC < 0.1 mg L™) was used to prepare the

solutions. All the chemicals were used without further purification.
2.2. Preparation of CS-TFT

The TFT cross-linked chitosan was prepared by nucleophilic substitution reaction. To this end, 1.5 g
of CS and 100 mL of THF were mixed and sonicated for 15 min. Subsequently, 0.1 g of TFT and 1.5 g
K,COs3 (catalyst) were added, and the mixture was ultrasonically shaken in an ice-water bath for 10 min, and
the mixed solution was then stirred at 85 °C in a water bath under nitrogen for 2 days and the refluxed solvent
was collected using a condensing unit. After the filtration at ambient temperature, the obtained solid was
washed with deionized water, methanol, and dichloromethane in sequence. Finally, after a drying process in
a vacuum, the yellow CS-TFT powder was obtained. The reaction diagram is shown in Figure S1. A series
of CS-TFT was prepared by using different concentrations of TFT solution i.e., 2.5, 5.0, 7.5, 10.0, and 20.0

mM.

2.3 Characterization methods

The CS-TFT adsorbents were characterized using different methods. The FTIR analyses were recorded
on an FTIR spectrometer (Thermo-Fischer Nicolet 380) equipped with advanced diamond ATR accessories
(Specac-Golden Gate) to investigate the functional groups at the surface of CS-TFT. The morphology and
microstructure of the adsorbent were recorded by an SEM (JSM-6490LV, JEOL) equipped with an energy-
dispersive spectral analyzer (EDS). The BET analyses were carried out in a BET analyzer (Nova 3000e,
Quantachrome). Zeta potential was determined by a laser particle size analyzer (ZEN 3700 Zetasizer,
Malvern). The XPS measurements were conducted with an XPS spectrometer (Escalab 250Xi, Thermo

Fisher) using 150W Al-Ka X-ray radiations source to investigate the changes in chemical composition at the



surface resulting from (i) modification of CS by the TFT cross-linker and (ii) the adsorption of Cr(VI) and
U(VI). The XPS data were processed using the CasaXPS program. Thermogravimetric (TG) and differential
thermogravimetric (DTG) curves were recorded with a thermogravimetric analyzer (Netzsch TG209F1). All
analyses were performed with 10 mg sample in air atmosphere. The temperature was set between 30 and

800 °C at a scanning rate of 10 °C min™,
2.4 Adsorption of Cr(VI) and U(VI)

The adsorption of Cr(VI) and U(VI) on CS-TFT was performed in batch experiments. In each
experiment, 50 mg of CS-TFT was added into 100 mL 100 mg L™* Cr(VI) and U(V1) solutions, respectively.
The suspension was put in a water bath at constant temperature and a speed of 200 rpm min™ for 3h. Then,
aliquots of the mixture were sampled out at fixed interval times, filtrated with PTFE filters (CHROMAFIL®
Xtra RC-20/25, 25 mm, Macherey-Nagel), and analyzed by UV-Visible spectrophotometer (AquaMate
8100, Thermo Fisher) to calculate the concentrations of Cr(V1) [24] and U(VI) [25], respectively. The effect
of different experimental parameters on the adsorption capacity of CS-TFT was assessed and it included the
TFT concentration (0-20 mM), pH (2-10), ion strength (0.01-1.00 M), and coexisting ions (K*, Na*, Ca*",
Mg?*, AI**, Cu®"). The adsorption kinetics, adsorption isotherm, adsorption thermodynamics, and adsorbent
reusability were also investigated. The adsorption kinetics data were fitted by using pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle-diffusion models. In addition, the adsorption isotherm data
were studied by using Freundlich, Langmuir, Temkin, and D-R models. All adsorption experiments were

run in triplicate, with a variation systematically less than 5%.
3. Results and discussion

3.1. Preparation and characterization of CS-TFT

3.1.1. Optimal amount of TFT

The amount of TFT is an important parameter since it can affect the adsorption properties of the final
adsorbent. Indeed, a low amount of cross-linker does not form a stable cross-linked chitosan structure while

a high amount leads to a decrease in active adsorption sites and specific surface area. The effect of the amount



of TFT on the adsorption properties of CS-TFT was investigated by preliminary tests i.e., the removal
efficiency of Cr(VI) and U(VI) at pH =5 (Figure 1). The adsorption capacity of Cr(V1) and U(V1) increased
with increasing the amount of TFT from 0.0 to 5.0 mM and then decreased with TFT increasing from 5.0 to
20.0 mM. Therefore, the optimal amount of TFT that is required during the preparation of CS-TFT is 5 mM,

and all the following discussion is based on 5 mM TFT cross-linked chitosan.
3.1.2. Characterization of CS-TFT

The functional groups at the surface of CS and CS-TFT were analyzed by FTIR (Figure 2a). The
characteristic absorption bands of chitosan (CS) were present. Indeed, the wide absorption band ranging
from 3000 to 3700 cm™ was assigned to the overlapping of the O—H and N—H stretching vibrations [26—28].
The bands at 2920 and 2876 cm™ were ascribed to symmetric and asymmetric stretching of aliphatic C—H
[26-28]. In addition, the bands at 1423 " were assigned to the -CH, bending [28]. It is interesting to notice
the band at 1157 cm™ which was attributed to the asymmetric stretching of bridge oxygen (i.e. glycosidic
bond) [26,29], as well as the characteristic band for the C—H deformation of the B-glycosidic bond (at 894
cm™) [28]. Furthermore, the bands at around 1629 and 1325 cm™ were assigned to the stretching vibration
of the C=0 bond [26,28] and the C—N bond [27,28], respectively. The band at 1382 cm™ was assigned to
secondary amide Il [30]. Therefore, small amounts of amide groups were still present in commercial
chitosan polymer chains. The bands at 1033 and 1087 cm™ corresponded to C—O stretching vibration and
bending frequencies of the C-OH groups of carbohydrates, respectively [30]. The band at 662 cm™ was
assigned to the N—H rocking vibration [26]. On the other hand, some discrepancies in the FTIR spectrum of
TFT cross-linked chitosan (CS-TFT) were observed. Indeed, nitrile (C=N) stretching vibration of TFT at
2235 cm™ was not observed after cross-linking reaction [31]. Instead, the bending vibration of the N—H bond
at 1606 cm™ was detected [28], thus indicating that the nitrile (C=N) group on the benzene ring of TFT had
been converted to primary amide (O=C—NHy>) [23], thus being potentially used in the adsorption process.

To confirm the reaction between CS and TFT occurred and to further assess the differences in the
surface chemical composition between CS and CS-TFT, the XPS characterization was performed (Figure
2b). The binding energy (BE) of the observed C1s, Ols, and N1s peaks along with their assignment were

summarized in Table S1. The full XPS spectra of CS and CS-TFT (Figure 2b1) confirmed the presence of



carbon (C), oxygen (O), and nitrogen (N) in both CS and CS-TFT. However, fluorine (F) was only detected
in CS-TFT, thus suggesting the cross-linked reaction between TFT and CS was successful (Figure 2b1).
High-resolution C1s spectra for CS and CS-TFT represented an asymmetric peak that can be deconvoluted
into several peaks, as shown in Figures 2b2 and 2b3, respectively. For CS, three deconvoluted peaks at
284.6 eV, 286.0 eV, and 287.6 eV corresponded to C—(C, H), C—(O, N), and O—C-0O/O=C-N, respectively
[32]. For CS-TFT, two additional deconvoluted peaks (Figure 2b3) at 292.6 eV and 295.6 eV corresponded
to covalent and semi-ionic C—F bonds, respectively [33,34], thus indicating that TFT had been successfully
cross-linked into CS. The high-resolution N1s spectra of both CS and CS-TFT (Figure 2b4) exhibited a
symmetric peak at about 399.0 and 399.1 eV, which can be easily assigned to C—NH,. Although the O1ls
peak which corresponds to C—(O, OH) was symmetric in CS (Figure 2b5 - left), this peak appeared
asymmetric in CS-TFT (Figure 2b5 - right) and was deconvoluted into two peaks at 531.1 and 532.5eV
which were assigned to O=C=NH; and C—(O, OH), respectively. Finally, in Figure 2b6, the F1s peak which
was only present in CS-TFT was an asymmetric peak that was deconvoluted into two peaks at 687.2 and
689.1 eV, thus corresponding to the covalent and semi-ionic C—F bond [33,34].

The morphology of CS and CS-TFT was investigated by SEM (Figure 2c). It was clearly observed
that the particle size in CS-TFT (from 120-170 um, Figure 2c1) was bigger than those in CS (70-100 um,
Figure 2c3) indicating that the cross-linking reaction was successful. Moreover, in CS, the particle surface
was smooth and flat (Figure 2c2), while the surface of CS-TFT particles became rough after the cross-
linking reaction (Figure 2c4). The increase in roughness was due to the surface modification caused by the
cross-linking reaction. From the BET analysis (Table S2), the specific surface area of chitosan after cross-
linking slightly increased from 2.6 to 2.9 m? g%, but the pore volume of CS-TFT (0.032 cm?® g*) increased
significantly compared to pure CS (0.004 cm® g!). Consequently, the TFT cross-linker led to an increase in
the particle size of CS without negatively affecting the specific surface area, thus being a potential advantage
for adsorption capacity. In addition, the surface of CS-TFT had been significantly modified in terms of
chemical composition and morphology which are also potential advantages for adsorption processes. The
stability of CS and CS-TFT was investigated by thermogravimetric analysis (TG/DTG) and results are shown
in Figure S2. The CS and CS-TFT underwent two main stages of mass loss. The first stage of degradation

occurred in the temperature range of 50~100°C, with a mass loss of 4% in CS-TFT (7% in CS), due to the



evaporation of adsorbed water [35]. The second stage occurred in the temperature range of 250 to 600 °C,
with a mass loss of 63% in CS-TFT (61% in CS), which was assigned to the thermal decomposition of
chitosan and elimination of volatile products [35]. For this second mass loss, a shift in the DTG peak value
from 300 °C for pure CS to 306 °C for CS-TFT was observed, thus suggesting that the cross-linking reaction
increased the thermal stability of CS-TFT.

To summarize the mechanism of synthesis of CS-TFT, the hydroxyl groups of the CS monomers
underwent a nucleophilic substitution reaction with TFT in the presence of K,COj catalyst, thus leading to
the cross-linking into CS-TFT. During the reaction, TFT lost fluorine atoms to form covalent bond with the
oxygens of the hydroxyl group on CS. In addition, the nitrile group (C=N) on the TFT was converted into a

primary amide group. The reaction scheme for the cross-linking process was proposed in Figure S3.

3.2. Adsorption properties of CS-TFT

The effect of various experimental parameters including pH and ionic strength on the adsorption
performance of CS-TFT were investigated while the adsorption kinetics and isotherms were determined.
Since Cr(VI1) and U(VI) are highly hazardous and toxic, the reusability of the innovative adsorbent was not
investigated. It is worth noting that Qmax is widely used to indicate the performance of adsorbents, but its
value can be affected by variables such as the adsorbent dosage, contact time, etc. Therefore, the partition
coefficient (PC) was also used in this study to correlate the tendency observed using Qmax values [36]. In
general, the higher the PC, the greater the adsorption affinity of the adsorbent i.e., the adsorption affinity

increases with increasing the partition coefficient (PC) which is defined as:

PC (mg g uM™) = Q./Ce (eq. 1)

where Q. is the equilibrium adsorption capacity and Ce is the final adsorbate concentration [36,37].

3.2.1. Effect of initial pH on Cr(VI) and U(VI) adsorption

The pH is an important factor for the adsorption mechanism because it can influence the Zeta potential

of the adsorbent and the ionic form of the pollutant in the solution [38]. Hence a wide range of pH (from 2



to 10) was used to study the effect of different initial pH for the adsorption of 100 mg L™ Cr(VI) and 20 mg
L U(VI) solutions onto 0.2 g L™ CS-TFT (Figure 3a). The adsorption temperature was 308 K and the
adsorption time was 3 h. The ionic strength was also investigated by the addition of NaCl (0.01, 0.1, and 1.0
M, respectively) (Figure 3a).

The speciation of Cr(VI) and U(VI) was simulated by Visual MINTEQ software, providing better
insights into the adsorption process of these species (Figures 3c and 3d). For Cr(VI) adsorption, an increase
in adsorption capacity was observed with the increase of pH from 2 to 3, and then it was followed by a strong
decrease until pH = 4 (Figure 3a). It is worth noting that increasing the ionic strength led to a decrease in
the adsorption capacity. This is due to the competitive adsorption between Cl-and Cr®*. In addition, the point
of zero charges (pHpzc) of CS-TFT is at 6.44 (Figure 3b). Therefore, at pH < 6.44, the amino groups on the
surface of CS-TFT are protonated i.e., its surface is positively charged. Since the predominant Cr(VI) species
are HCrO4 at pH < 6.5 (Figure 3c), there are attractive electrostatic forces between the CS-TFT and the
Cr(V1), thus leading to an efficient adsorption process, especially at pH = 3 (200 mg g™). Although a large
amount of —NH, was protonated at pH = 3, the CS-TFT was not dissolved and still showed a high adsorption
capacity, thus indicating the mechanical properties of CS were successfully consolidated by the TFT cross-
linking process. However, at pH = 2, the value of the Zeta potential of CS-TFT was lower than the value at
pH = 3, which probably was due to the structure of CS-TFT being partially destroyed at such a low pH. In
addition, at pH between 4 and 6.44, the adsorption of Cr(VI) slightly decreases which is due to a decrease in
the protonated amino group. Furthermore, at pH > 6.44, the surface of CS-TFT was negatively charged, thus
CrO4* (which was the predominant species in the solution according to Figure 3c) could not be adsorbed
due to the electrostatic repulsion.

On the other hand, for the adsorption of U(VI) onto CS-TFT, the adsorption capacity increased with
the increase of pH from 2 to 5, and then it was followed by a decrease in pH from 7 to 10 (Figure 3a). The
effect of the ionic strength on U(VI1) adsorption is similar to that of Cr(VI) adsorption. At pH < pHz, the
predominant U(VI) species are UO,*" and UO,OH" (Figure 3d), thus leading to electrostatic repulsion.
However, the adsorption of U(V1) species was due to their coordination or complexation of the surface NH»
group [39]. Therefore, the mechanism was different than in the case of Cr(VI), and adsorption capacity

remained higher at pH from 4 to 7. At pH > 8, the predominant U(VI) species were (UO2)3(OH)7; and



UO,(OH);™ (Figure 3d), so the electrostatic repulsion between CS-TFT and these species led to poor

adsorption capacity.
3.2.2. Adsorption kinetics

The study of adsorption kinetics allowed us to obtain the time to reach the adsorption equilibrium,
which is a crucial parameter for the design of the potential adsorption process for wastewater treatment
plants. In Figures S4a and S4b, the adsorption kinetics of 100 mg L™ Cr(VI) and 20 mg L* U(VI) on 0.2 g
L CS-TFT at pH = 3.0 and pH = 5.0, respectively, are shown. The removal of Cr(VI) and U(VI) by CS-
TFT occurred significantly fast in the first 30 min and 60 min, respectively, before reaching equilibrium
after about 60 min for Cr(VI) and 180 min for U(VI). The pseudo-first-order (eq. 2), pseudo-second-order
(eg. 3), Elovich (eg. 4), and intraparticle diffusion (eg. 5) kinetic models were used to simulate the adsorption

process [40]:
IN(Qe — Qr) = INQe — Kit (eq. 2)
Qi = 1/(KzxQe%) + /Qe (eq. 3)
Qi = (Ua)Int+(/o)In(aB)  (eq. 4)
Qi= Kint?+ C (eq. 5)

where Q: (mg g*) and Q. (mg g™*) represent the adsorption extent of Cr(\V1) or U(VI) at time t and equilibrium
time e; and Ky (h™) and Kz (g mg™ min™) represent the reaction rate constants of the pseudo-first-order and
pseudo-second-order model, respectively. o and B represent the initial adsorption rate and desorption
constant of the Elovich model [41]. Kin: corresponds to the diffusion rate constant and C is a constant of the
intraparticle diffusion model.

The calculated kinetic parameters are shown in Table S3. The pseudo-second-order kinetic model was
more suitable to explain the adsorption process, thus indicating that the adsorption process was likely
controlled by a chemical reaction process rather than a physical parameter [42]. Although the intra-particle
diffusion model could be assumed, the adsorption processes can be divided into three stages, including (1)

Cr(VI1) and U(VI) diffusion from solutions to the surface of the adsorbent, (2) slow diffusion into the pores



and (3) the final equilibrium status. However, none of these stages passed through the origin, thus indicating
that intraparticle diffusion is not the only rate-controlling step [43]. In addition, the Elovich model can also
simulate the adsorption process well, suggesting that the adsorption of Cr(VI) and U(VI) could be controlled

by a chemical process on a heterogeneous surface [44].
3.2.3. Adsorption isotherms

The adsorption isotherms of Cr(VI) and U(VI) on CS/TFT were monitored at 298, 308, and 318 K
(Figure 4). The removal capacity of Cr(VI) and U(VI) by 0.2 g L™* CS-TFT decreased with increasing
reaction temperature. Therefore, the adsorption process was promoted at a lower temperature because the
removal of Cr(VI) and U(VI) is an exothermic process. In addition, the experimental data were fitted by
Freundlich, Langmuir, Temkin, and D-R isotherm models (Figure 4). It is worth noting that the Langmuir
model (eq. 6) is used to describe monolayer adsorption processes on a surface [45], while the Freundlich

model (eq. 7) is used to describe heterogeneous adsorption [40,46].
Ce/Qe = 1/(Qmax><KL) + Ce/Qmax (eq 6)
INQe = InKr + 1/nxInC; (eq. 7)

where Q. (mg g?) is the amount of Cr(VI) and U(VI) adsorbed on CS-TFT; C. is the equilibrium
concentration; Qmax (Mg g?) is the saturated sorption capacity; Ky is the Langmuir sorption constant; Kr and
n are the Freundlich constants. These parameters are reported in Table S4.

Other models were also used to describe the adsorption isotherm including Temkin and D-R models.
The Temkin model describes the effects of indirect adsorbate/adsorbate interactions on the adsorption
process [47]. The heat of adsorption would decrease linearly with the coverage of the species in the layer
due to the interactions between adsorbates. The Temkin model equation is the following [47]:

Qe = BixLn(ArxCe) (eq. 8)

where and Ar and B; correspond to the equilibrium binding constant (L mg™) and the heat of adsorption. By

= RT/b where T =273 Kand R = 8.314 J mol* K.



By plotting Qe as a function of C. (Figure 4a’ and 4b’), the B1 and At parameters can be determined (Table
S4) and the heat of adsorption (B1) decreased with increasing the temperature, thus indicating this adsorption
process is exothermic [47].

Concerning the D-R model, it does not assume homogeneous surface or constant adsorption potential
[48] and its mathematical form is the following:

INQe = InQs - B x &2 (eq. 9)
with & = RxTxIn(1+1/C.) and Qs is the D—R constant.
By plotting InQe as a function of & (Figure 4a’’and 4b°°), the Qs and B can be determined (Table S4). The
constant B is related to the free energy of sorption per molecule (E) in the following mathematical equation
[48]:

E = 1/(2B)*2 (eq. 10)
The type of the adsorption process can identified thanks to the magnitude of E. The free energy for Cr(VI)
and U(V1) adsorption was in the range of 995-2253 kJ mol™ and 287-460 kJ mol™, respectively, which were
higher than the energy range of adsorption reactions i.e., 816 kJ/mol [48]. Therefore, it can be deduced that
the type of adsorption for Cr(VI) and U(VI) onto CS-TFT was a chemical adsorption.

According to the coefficient of determination (R?), the adsorption process was better fitted by the
Langmuir model than the Freundlich model, thus indicating a monolayer adsorption process. Therefore,
based on this model, the maximum adsorption capacity was 265.96 and 346.02 mg g at 298 K for Cr(VI)
at pH = 3.0 and pH = 5.0, respectively (Table S4). For comparison with other chitosan-based adsorbents
from the literatures, which were also used for the removal of Cr(VI) and U(V1), the present CS-TFT showed
very high adsorption capacity (Table 1). Therefore, CS-TFT could find promising application output for

wastewater treatment, especially for the removal of Cr(VI) and U(V1).

Table 1. Literature review of Cr(VI) and U(VI) adsorption using different adsorbents.
Adsorption Best-Fitted

Elements Material Opt||_r|nal Equilibrium Isotherm Qma"_l Ref.
P Time (h) Model ~ (M39")
CS-TFT 3.0 1.0 Langmuir  265.96 S
study
Cr(VI) Tetraethylenepentamine
crosslinked chitosan 3.0 15 Langmuir 148.1 [49]

oligosaccharide hydrogel



Malic acid cross-linked

chitosan 2.0 0.3 Langmuir 427.0 [50]
Nanoscale

FeS/chitosan/biochar 2.0 >15 Freundlich 103.9 [51]
composite

Chitosan/B-cyclodextrin 4.0 ; Freundlich  555.6  [52]

beads
Po_lyanlllne@magn(_etlc 2.0 1.0 Langmuir 186.6 [53]
chitosan nanomaterials

CS-TFT 6.0 1.0 Langmuir 3460 1S

study

Indole-functionalized cross- 6.5 6.0 Langmuir 8475 [54]

linked chitosan
Phosphorylation modification
Ui of hydrothermally cross- 55 0.5 Langmuir 384.6 [55]
linked chitosan
Nanoscale zero-valent iron
loaded chitosan
Polyvinylpyrrolidone/chitosan
blended nanofibers

6-8.0 0.5 Langmuir 591.7 [56]

5.5-8.0 3.0 Freundlich 192.0 [57]

3.2.4. Adsorption thermodynamics

To evaluate the effect of temperature on the adsorption process of Cr(V1) and U(VI) on CS-TFT, the

thermodynamic parameters were also calculated using the following equations:

AG°= - RxTxIn K° (eq. 11)
AG°=AH° - TxAS® (eq. 12)
In K°=AS°/R-AH°/(RxT) (eq. 13)

where AG°, AH®, and AS° represent the change of Gibbs free energy, enthalpy, and entropy, respectively; R
and T correspond to the ideal gas constant and the temperature (in K); K° is the adsorption equilibrium

constant. Since the Langmuir model was assumed, K° can be calculated using the following equation [58]:

K° =1 000xK_ xMaxC® (eq. 14)

where Ma and C° represent the molecular weight of adsorbate (L mol™) and the normal concentration (1 mol
L), respectively.
The calculated thermodynamic parameters are reported in Table 2. The negative value of AH®

confirmed that the adsorption of the Cr(VI1) and U(VI) process is an exothermic process, so the increase in



temperature is not conducive to the adsorption process. The negative values of AG® indicated the spontaneity

of the Cr(VI1) and U(VI) adsorption on CS-TFT.

Table 1. Thermodynamic data of Cr(VI1) and U(VI) adsorption on CS-TFT

Elements T(K) (kJArﬁol'l) (kJArEol'l) & ol K1)
208K 43.99
Cr(vI) 308K -45.05 1312 102.96
318K -46.05
208K -39.35
UV 308K -40.42 11,51 93.57
318K 41.22

3.2.5. Adsorption discussion using partition coefficient

The PC represents the ratio of the concentration of the analyte in and on the solid adsorbent phase to
its concentration in the liquid phase at the adsorption equilibrium [36,37]. The detailed experimental data of
the PC under different parameters is shown in Table S5. For adsorption of Cr(V1), the highest values of PC
for every single parameter, i.e, pH = 3.0, adsorption time = 180 min, Cr(V1) concentration = 20 mg L™, and
temperature = 298 K are 172.75, 274.81, 12454.67, and 12297.37 mg g™ mM™, respectively. On the other
hand, similar results were obtained for adsorption or U(VI). Indeed, the highest PC values for U(VI)
adsorption are 6181.00, 1651.87, 4076.81, and 4072.98 mg g* mM™ at pH = 5.0, adsorption time = 180 min,
and U(V1) concentration = 20 mg L™, and temperature = 298 K, respectively. For comparison, the PC values
obtained for other materials used for the removal of Cr(VI) and U(VI) are reported in Table S6. It is clear
that the present CS-TFT showed higher Cr(VI) and U(VI) adsorption performance (x1000 times higher
Cr(V1) adsorption than SDS-chitosan [37]. Finally, one of the most important points is the high performance
of CS-TFT obtained at low concentrations of contaminants, i.e., showing high PC values. Therefore, it

highlights that CS-TFT can be used to treat wastewater with low or trace concentrations of Cr(VI) and U(V1).

3.2.6. The selectivity and reusability of the CS-TFT



It is important to investigate whether the adsorbent is also efficient in media containing other species
as wastewaters contaminated by Cr(V1) and U(V1) usually contain other inorganic metal ions. Therefore, to
study the selectivity of CS-TFT, adsorption experiments were performed in solution containing Na*, Ca®",
Mg?®*, AP**, and Cu®* at 50 mg L™ at pH = 3 for Cr(V1) removal (Figure 5a) and at 20 mg L™ at pH = 6 for
U(VI) removal (Figure 5b). At such conditions, the removal efficiency of Cr(VI) and U(VI) reached to
64.8% at pH = 3.0 and 99.7% at pH = 6.0 respectively. In regard with the removal efficiency of the other
metal cations, the selectivity of CS-TFT towards Cr(VI) and U(VI) adsorption was satisfactory.

To test the reusability of CS-TFT, desorption of Cr(VI) and U(VI) (i.e., regeneration of CS-TFT) was
first performed before re-adsorption of these inorganic metal cations. Two different regenration methods
were utilized: (i) NaOH or HCI solutions and (ii) alkaline and acidic Na;EDTA solutions. The reuse of CS-
TFT for Cr(VI1) adsorption after regeneration in alkaline solutions showed a removal efficiency in the range
98.2-99.3% at first utilization (Figure 5c). After 6 cycles, the Cr (V1) removal efficiency decreased slightly
but still remained high i.e., more than 90% (Figure 5c). This decrease might be attributed to the desorption
that cannot remove 100% of the adsorbed Cr(V1) on the CS-TFT surface [59]. In Figure 5d, the reusability
of CS-TFT for U(VI) adsorption after regeneration in acidic solutions is presented. The removal efficiency
of U(VI) remained almost constant after 6 cycles i.e., about 75% (Figure 5d). Overall, neither the desorption
methods (regeneration) nor the reusabilitry for Cr(VI) and U(VI) adsorption has an important impact of the

efficiency of CS-TFT which is considered a stable adsorbent.
3.3. Insights into the adsorption mechanism

To understand the mechanism of Cr(VI1) and U(VI) adsorption on CS-TFT, SEM, EDS, FTIR, and
XPS were performed before and after adsorption processes. Figure 6 shows the SEM images of CS-TFT
after adsorption of Cr(VI) (Figure 6a and 6a’) and U(V1) (Figure 6b and 6b’). It can be seen from the EDS
mapping (Figure S5) that Cr(VI) and U(VI) were successfully adsorbed on the CS-TFT surface, whereas
the morphology of CSC-TFT (Figures 6 and S5) did not change significantly after adsorption. In addition,
Cr(VI) and U(VI) are uniformly dispersed on the surface of CS-TFT after adsorption.

The FTIR spectra of CS-TFT after adsorption of Cr (VI) and U(V1) showed differences with pure CS-

TFT (Figure 6¢). Indeed, CS-TFT before adsorption exhibited peaks at 1087, 1382, and 1606 cm that were



assigned to C-O bending vibrations of the C-OH groups, bending vibration of amide 111, and N-H bending
vibration, respectively. The Cr(VI) and U(VI) loaded adsorbent exhibited a shift of these peaks toward lower
wavenumber i.e., 1063, 1376, and 1587 cm™, respectively. In addition, the peak at 3449 cm™ which
corresponds to OH and N-H stretching vibration shifted to a lower wavenumber of 3323 cm™. These FTIR
results suggested that the amino, amide, and hydroxyl groups of CS-TFT were the adsorption sites of for
Cr(VI1) and U (V1) ions, thus being consistent with a previous report [60].

XPS was performed to investigate the surface changes of CS-TFT, especially the chemical
composition after adsorption (Figure 7). The full XPS spectra of CS-TFT after adsorption of Cr(VI) and
U(VI1) exhibited the characteristic peaks of chromium and uranium (Figure 7a), thus indicating their
successful adsorption, i.e. their immobilization on the CS-TFT surface. Indeed, the high-resolution Cr2p
spectrum (Figure 7b) consisted of two asymmetric peaks assigned to Cr2p1, and Cr2ps.. These peaks can
be deconvoluted into Cr(VI) and Cr(l11) signals, respectively at 587.5 eV and 585.5 eV (for Cr2pi2) and
578.3 eV and 576.0 eV (for Cr2ps2) [61]. In addition, the high-resolution U4f spectrum (Figure 7¢) exhibited
also two asymmetric peaks assigned to U4f7,, and U4fs;, and each of them can be deconvoluted into U(VI)
signals (at 391.4 eV and 380.5eV) and (1V) signals (at 389.7 eV and 378.9 eV) [62,63]. Therefore, Cr(VI)
and U(VI) were reduced during the adsorption process probably due to the involvement of the lone electron
pair on —NH; [64,65]. Since Cr(l11) is less toxic and more stable than Cr(VI1), and U(IV) is more likely to
form precipitates than U(V1), the reduction process is an advantage in case of potential leaching from the
adsorbent. Regarding these XPS results, it can be proposed that chromium and uranium were probably
chemisorbed on the CS-TFT surface since reduction reactions occurred.

To confirm this hypothesis, the high-resolution spectra of N1s (Figures 7d and 7e) and O1s (Figures
7f and 7g) were investigated. After the adsorption of either Cr(V1) or U(VI), the asymmetric N1s peaks can
be deconvoluted into three peaks at about 398.9 eV, 399.6 eV, and 401.6 eV. These peaks were attributed to
the single bong with hydrogen (—NHy), interaction with Cr(VI)/U(VI), and interaction with Cr(111)/U(1V),
respectively [66]. Therefore, it indicated that electron transfer occurred between —NH- and Cr(V1) and U(VI),
so reduction reactions took place i.e., chemisorption [67,68]. Similarly, the high-resolution spectra of Ols
exhibited asymmetric peaks that can be deconvoluted into three signals. Besides the peak of CS-TFT at 532.7

eV, two other ones at 530.2 eV and 530.5 eV were due to Cr(VI) and U(VI) adsorption and were assigned



to chromium and uranium oxides [69,70]. To resume, a proposed insight into the adsorption mechanism is

the chemisorption of chromium and uranium (Figure 8).
4. Conclusion

The tetrafluoroterephthalonitrile cross-linked chitosan (CS-TFT) was for the first time prepared and
tested for the removal of Cr(V1) and U(V1) in water. During the CS-TFT preparation, new surface functional
groups were formed, especially -O=C=NH,. The CS-TFT exhibited excellent adsorption capacity of Cr(\V1)
and U(VI) i.e., 265.96 mg-g™ at pH = 3 and 346.02 mg-g™* at pH = 5.0, respectively. During the adsorption
process, Cr(VI) and U(VI1) were reduced to Cr(l11) and U(IV) respectively. The proposed mechanism for the
removal of Cr(VI) and U(VI) is a chemisorption process where the ions are immobilized on the surface of
CS-TFT via interactions with hydroxy, amino, and amide groups. To conclude, CS-TFT is an innovative and
efficient adsorbent that can be potentially applied at a larger scale for the removal of heavy metals and

radionuclides in wastewater.
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Figure 2. (a) The FTIR spectra of CS and CS-TFT; (b) The XPS spectra of CS and CS-TFT: (b1) full scan, and high-

resolution spectrum of (b2, b3) C1s, (b4) N1s, (b5) Ols, and (b6) F1s; (c) Low and high magnification SEM images of

CS (c1, c2) and CS-TFT (c3, c4) - the high magnification images were taken at the red framed area
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Figure 3. The effect of different pH and ionic strength on the adsorption of Cr(VI) and U(VI) onto CS-TFT (a). [CS-
TFT]=0.2g L% [Cr(VI)] =100 mg L™ or [U(VI)] = 20 mg L™*; T= 308K; The Zeta potential of CS-TFT (b). The
speciation of 100 mg L™ Cr(VI) and 20 mg L* U(VI) as a function of pH with 0.01 M ionic strength was obtained by

the Visual MINTEQ program (c and d).
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Figure 4. Adsorption isotherms at three different temperatures by using Freundlich, Langmuir, Temlin, and D-R

models for adsorption of (a, a’ and a”) Cr(VI) and (b, b’ and b’) U(VI) on CS-TFT.
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Figure 5. The selectivity (a, b) and the reusability of CS-TFT for adsorption of (¢) Cr(VI) and (d) U(VI).

TFT after adsorption of (a and a”) Cr(VT) and (b and b”) U(VI). (¢) FTIR spectra of CS-
TFT before and after adsorption of Cr(VI) and U(VI).

Figure 6. SEM images CS



o1 ——— After Adsorption of Cr (V1)
a —— After Adsorption of U (V1)

oo sl K
v :'

e
4 | Afier Adsorption of U(VI)

After Adsorption of Cr(VT)

£ 588 84 580 57 2 39 0 388 384 380 3%
B.E.(eV) B.E.(eV)
o Observed After Adsorption of Cr(V])| o Observed After Adsorption of U(VI)
—— Curve fitting —— Curve fitting
—— Background 4 d —— Background Nis e
——N-Cr{lll) N1 —N-uav)
——N-Cr(V) ——N-U(VD)
——NH, NP
Reocte 2
v <0 s o TORo . A4
404 4n 400 398 3% 404 an 00 398 3%
B.E. (eV) B.E. (V)
o Observed After Adsorption of Cr(VD)| o Observed After Adsorption of U(VT)|
—— Curve fitting i

s
—co f

B.E.(eV)

Figure 7. The XPS spectra of CS-TFT after the adsorption of Cr(\VI) and U(V1): (a) full scan, and high-resolution
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Figure 8. The scheme of the adsorption mechanism of Cr(V1) and U(VI) on CS-TFT.
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Highlights

CS-TFT is an innovative adsorbent prepared by cross-linking reaction.
Efficient removal of Cr(VI) and U(VI) by CS-TFT even after 6 cycles.
The adsorption kinetics follow a pseudo-second-order model.
Chemisorption of Cr(VI) and U(VI) on CS-TFT.

The adsorption mechanism has been proposed.





