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ARTICLE INFO ABSTRACT

Keywords: The goal of taking out As(III) from water is to reduce the detriment that poisonous metals can do
Covale“f organic frameworks to people and nature. A substance that can absorb As(Ill), TFPOTDB-SOsH, was made by
Adsorption combining 2,5-diaminobenzenesulfonic acid and 2,4,6-tris-(4-formylphenoxy)-1,3,5-triazine in a
gz&nnzal reaction that joins molecules together. This substance can adsorb As(Ill) very well and has

excellent qualities like being easy to use again, separate substances, and filter out liquids. At pH
= 8 and at room temperature, TFPOTDB-SO3H adsorbed a lot of As(IIl). It achieved a removal rate
of 97.1 % within 10 min and could adsorb up to 344.8 mg/g. A research was conducted to
investigate the effect of co-existing anions on the elimination of arsenic. The findings indicated
that the presence of anions had a minimal adverse impact, reducing As(IIl) uptake by approxi-
mately 1-7 %. The kinetics of the uptake process were found to be controlled by the quasi-second
order kinetic model, while the Langmuir isotherm model validated that the mechanism for As(IIl)
removal was monolayer chemisorption. According to the thermodynamic analysis, the adsorption
process was endothermic and occurred spontaneously. Moreover, even after 4 successive
adsorption-desorption cycles, the adsorbent preserved a substantial uptake productivity of 88.86
% for As(III). The results collectively indicate that TFPOTDB-SO3H holds considerable promise
for the efficient adsorption and elimination of As(III) ions from wastewater.

Aqueous solutions

1. Introduction

Water contamination is a significant global issue leading to numerous deaths [1]. The escalation in energy generation and the
expanded utilization of heavy metals in industrial activities have led to an increased human contact with harmful elements. Specific
transition metals, such as chromium, cadmium, arsenic, mercury, and, lead are of particular concern due to their harmful impacts on
human health, which include damage to organs, birth anomalies, and properties that can cause cancer [2]. To protect the environment
and human well-being, it is crucial to find cost-effective and energy-efficient methods for removing trace contaminants from water [3].
Inorganic arsenic is a particularly problematic groundwater pollutant due to its high toxicity and ability to spread under various
conditions. Approximately 140 million people are estimated to be exposed to this chemical, putting them at risk of developing lung,
skin, bladder cancer [4]. Current market solutions for the remediation of heavy metals, including chemical precipitation, membranes,
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and sorbents, possess a number of drawbacks, including high costs, low removal efficiency, challenging regeneration, fouling issues,
and the generation of large amounts of chemical sludge. Among these methods, adsorption shows promise due to its affordability and
ease of implementation [5]. However, traditional adsorbents like natural amorphous iron oxides [6] and amorphous carbon [7] have
limited effectiveness. Artificial iron nanoparticles have been engineered to enhance the absorption of arsenic by enlarging the surface
area [8], however, they present challenges in terms of recovery and regeneration, and they lack selectivity due to their heightened
reactivity [9]. Consequently, researchers are focusing on designing new materials like MOFs [10,11], zeolites [12], MgO nanoflakes
[13,14], polymers [15], and covalent organic frameworks (COFs) [16] to enhance arsenic removal from contaminated water.

Covalent organic frameworks, or COFs, represent a category of crystalline substances characterized by a porous configuration made
up of organic elements linked through robust covalent connections [17]. COFs display strong chemical resilience in both water-based
and organic settings, distinguishing them from metal-organic frameworks which typically show instability under moist and aqueous
conditions [18,19]. Their distinct structural features, including a large surface area, adjustable pore dimensions, and outstanding
stability, render them particularly suitable for use in water purification applications [20-23]. Different molecules can be added or
changed to tailor and enhance COFs at the level of atoms, which enables exact manipulation of their physical and chemical attributes to
boost the effectiveness of pollutant extraction and the treatment of wastewater [24-32]. Within the field of separation science, the
utilization of COFs has largely been dependent on their n—x stacking interactions and innate hydrophobic traits. Adding different
groups of atoms to the COF structure can greatly increase how well it adsorbs and separates substances. Li and his team created a COF
compound with sulfonate groups (called Fe304@COF(TpBD)@Au-MPS nanocomposites) that was made to capture a type of antibiotics
called fluoroquinolones [33]. Zhao and his team created a substance with sulfonic acid groups (called Ni/CTF-SOsH) by changing a
COF material made of triazine after making it. They then used this to separate carbendazim and thiabendazole more effectively in a
variety of juices, vegetables, and fruits [34]. Changing COFs after making them can enhance how well they separate substances, but it
requires a complex and lengthy method to make the substance. So, making COFs with different groups of atoms already in them can
make the substance preparation easier. As a result, these materials show great potential as substances that can adsorb and measure how
well metal ions are removed from water solutions.

In the conducted research, a porous COF, named TFPOTDB-SOsH, was produced using a systematic design strategy. The COF
incorporated sulfonic acid groups and N, O atoms, which were instrumental in its superior efficiency in arsenic removal. A pliant
binding block and a triazine-derived monomer were used to construct TFPOTDB-SOsH, which had a network structure that showed
high resonance in the polymerization process. This distinctive structure facilitated the direct interaction of the lone pair electrons with
arsenic species.

2. Experimental
2.1. Materials

The experiment utilized chemicals procured from trading vendors without any further refinement. The special chemicals and their
corresponding providers included: p-phenylenediamine sulfonic acid (DB-SO3H) sourced from Sigma-Aldrich (with a purity of at least
97.0 %), glacial CH3COOH also from Sigma-Aldrich (with a purity of at least 99 %), 1,4-dioxacyclohexane obtained from Merck,
CoHsOH procured from Alfa Aesar (with a purity between 94 and 96 %), 2-propanone from Alfa Aesar (with a purity of 99.5 %), and
HNOs also from Alfa Aesar. Trichlorotriazine and p-hydroxy benzaldehyde were acquired from Merck. All mixtures were formulated
using water that had been deionized. The creation of As(III) stock solutions involved the dissolution of NaAsO- salt in deionized water.
To modify the pH of the solution as required, HNO3 and NaOH, both with a concentration of 0.1 mol/L, were utilized.

2.2. Characterization of materials

A variety of analytical methods were employed in the experimental examination of the sample. We performed the scanning electron
microscopy (SEM) using the HITACHI, S-4160 scanning electron microscope. The Philips CM 120 microscope was used for the analysis
involving transmission electron microscopy (TEM). The Thermo Nicolet 370 instrument, a product of Thermo Fisher in the USA, was
used to acquire ATR-FTIR spectra, with the measurements being recorded in the range of 400-4000 cm ™!, employing a resolution of 4
cm™! and an average of 64 scans. The surface area and pore size distribution assessment were conducted using the Micromeritics
TriStar II Series, GA 30093 instrument from the USA, where N gas served as the adsorbate, and measurements were carried out at 77
K. The thermogravimetry analysis (TGA) involved heating the sample from ambient temperature to 800 °C at a rate of 10 °C min*
under an N atmosphere using the STA503 TA instrument. X-ray diffraction (XRD) patterns were obtained within the 2-80° range using
CuK, radiation and a Bruker instrument from Germany. Finally, atomic absorption spectroscopy (AAS) (PerkinElmer 2380-Waltham)
was utilized to determine the remaining concentrations of As(IIl) present in the solution.

2.3. Production and refinement of TFPOT (2,4,6-tris-(4-formylphenoxy)-1,3,5-triazine)

Initially, p-hydroxy benzaldehyde and NaOH were dissolved in a round bottom flask containing a mixture of acetone and water.
The flask was then cooled to 0 °C using an ice bath. Subsequently, cyanuric chloride dissolved in acetone was slowly added to the
solution over a span of 60 min, resulting in the formation of a white solid. The reaction proceeded for 12 h at room temperature. Once
the reaction was complete, the white solid was filtered, thoroughly washed with water, and subjected to recrystallization using
ethanol. Finally, the product was dried in a vacuum oven at 80 °C, resulting in a pure final product with a yield of 92 % in the form of a
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Scheme 1. A thorough approach to the synthesis of TFPOTDB-SO3H.

white solid [35].

2.4. Method for producing covalent organic frameworks with sulfonate linkages (TFPOTDB-SOsH)

A sulfonated covalent organic framework (TFPOTDB-SO3H) was synthesized using a solvothermal reaction. We obtained a ho-
mogeneous dispersion by mixing TFPOT (132.42 mg, 0.3 mmol), DB-SOsH (85 mg, 0.45 mmol), 1,4-dioxane (20 mL), and aqueous
CH3COOH (3 M, 2 mL) and applying ultrasonic waves (80 W, 15 min). The autoclave was used to heat this mixture for 72h at 120 °C. A
dark red brown solid was obtained, which was cleaned with ethanol, water, and ethanol sequentially, and then desiccated under
vacuum at 50 °C for 12 h. The yield was impressive at 78 %.

2.5. Sequential adsorption trials conducted in batches

The adsorption experiments were conducted using a 250 mL Erlenmeyer flask. The flask contained varying initial concentrations of
metal ions and specific amounts of TFPOTDB-SO3H, and the experiments were carried out at different times under non-continuous
conditions. For the experiments involving As(IIl), solutions with desired concentrations were prepared by diluting a 1000 ppm As
(III) solution. The removal procedures were studied to determine the optimal conditions by investigating the effects of pH (ranging
from 2 to 10) and time (from 0.5 to 60 min). The initial concentration of As(IIl) ranged from 5.0 to 120 mg/L, while the dosage of the
adsorbent was between 1.0 and 100 mg/100 mL. After achieving adsorption equilibrium, the mixture was filtered to separate the
adsorbent, and the remaining filtrate was analyzed using AAS. Each experiment was repeated three times to ensure accuracy and
reliability. The following mathematical formulas (1-2) were utilized to determine the efficiency of removal (% Removal) and the
equilibrium adsorption capacity (qe) for As(III):"

% Removal _G6-C x 100 1)

0

—C)V
o (C—C) .

m

At time t, the solution has an initial As(III) concentration of Cy (mg/L) and a remaining As(III) concentration of C; (mg/L). The
adsorbent adsorbs an equilibrium amount of As(III) of q. (mg/g) and leaves a remaining As(III) concentration of C. (mg/L) in the
solution at equilibrium. The adsorbent has a mass of m (g) and the As(III) solution has a volume of V (L).

2.6. A sequential procedure for the discriminative uptake of As(II)

The selective adsorption of As(III) ions was done using a conventional method. Several Erlenmeyer flasks with a capacity of 250 mL
each containing 50 mL aqueous solution of 10 mg/L As(IIl) and containing PO3 ™, Cl~, Si03~ and SO%~ respectively were prepared. The
concentration of each substance was 10 ppm and a buffer solution was used to keep the pH at 8. A slurry was formed by adding 10.0 mg
of TFPOTDB-SO3H to each solution. The slurry was then mixed for 10 min at room temperature. Filtration was used to remove the
adsorbent from the mixture. The resulting filter was subjected to AAS analysis to measure the residual concentration of As (III).
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Fig. 1. (a) PXRD pattern of TFPOTDB-SO3H, (b) FT-IR spectra of TFPOT, DB-SOsH and TFPOTDB-SO3H, (c) N5 sorption isotherm and pore-size
distribution of TFPOTDB-SO3H and (d) TGA plot of TFPOTDB-SO3H.

2.7. A comprehensive method for material reuse

Initially, a quantity of 10.0 mg of TFPOTDB-SOsH was placed into a 250 mL Erlenmeyer flask. Following this, a 10-ppm solution
(50 mL) was incorporated into the flask. The concoction was then agitated at ambient temperature for a duration of 10 min. Afterward,
the mixture was strained using a piece of filter paper and cleansed with a 50 mL volume of water. The TFPOTDB-SO3sH material, which
had adsorbed As(III) to its maximum capacity, was restored by immersing it in a 5 M NaCl solution for a duration of 2 h. Subsequently,
the adsorbent underwent thorough rinsing with DI water multiple times until reached a neutral pH. Once all the salts were removed,
the regenerated adsorbent was employed again in comparable adsorption processes, and this recycling procedure was carried out 4
times consecutively.

3. Results and discussion
3.1. Fabrication process of TFPOTDB-SOsH

The solvothermal method was used to produce a covalent organic framework with sulfonic groups. The process entailed a Schiff-
base condensation reaction involving p-phenylenediaminesulfonic acid (DB-SO3H) and 2,4,6-tris-(4-formylphenoxy)-1,3,5-triazine
(TFPOT). A catalyst of 3 M acetic acid was present to activate the aldehyde groups. The reaction was conducted at a temperature
of 120 °C for a duration of 72 h in a 1,4-dioxane environment. Compared to the conventional vacuum solvothermal conditions, the
method of synthesis is simpler and more accessible to users as shown in Scheme 1.

3.2. Examinations via PXRD, FT-IR, BET, and TGA

The TFPOTDB-SO3H adsorbent synthesis resulted in a dark red brown colored solid material. Its crystalline structure was confirmed
by the powder X-ray diffraction (PXRD) method. Fig. 1a shows the PXRD pattern of TFPOTDB-SO3H. The pattern has distinct peaks at
4.4°, 8.1°, and 25° that correspond to the facets (100), (110), and (001), respectively. The ordered structures of TFPOTDB-SO3H in the
covalent organic framework are revealed by these peaks, which are in line with the n-n stacking of the COF layers. The observation is
confirmed by the peak of facet 001 in the PXRD spectrum [36]. The structure of TFPOTDB-SO3H (shown in Fig. 1b) was confirmed by
the FT-IR (Fourier transform infrared) spectroscopy results, which agreed with the PXRD findings. The FT-IR spectrum of the COF
material lacked absorption peaks for the DB-SOsH amine functional group and the TFPOT carbonyl functional group at approximately
3400 and 1700 cm™?, respectively. On the other hand, a clear peak at 1005 cm ™! for TFPOTDB-SO3H showed the S-OH stretching
mode of the ~-SO3H unit [37]. The successful synthesis of the COF was confirmed by a new peak at 1621 cm ™!, which showed the imine
condensation reaction. The successful synthesis of the framework material was suggested by these observations together [38,39]. Ng
sorption measurements at 77 K were used to study the porosity of the porous material. The results, shown in Fig. 1c, displayed type I
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Fig. 2. SEM (a) and TEM (b) imaging of TFPOTDB-SO3H, accompanied by EDS analysis results for TFPOTDB-SO3H (c).

sorption isotherms. The surface area was calculated as 190.73 m?/g using the Brunauer—Emmett—Teller (BET) equation. Moreover,
the Barrett-Joyner-Halenda (BJH) method was used to estimate the average pore diameter and pore volume from the adsorption
branches. The values were about 2.5 nm for pore diameter and 1.55 cm®/g for pore volume. The stability of the adsorbent is essential
for its real utilization. The thermal analysis conducted (Fig. 1d) revealed that the TFPOTDB-SO3H remained undamaged until reaching
a temperature of 280 °C, indicating its impressive resistance to heat. At a temperature of 600 °C, it is likely that the imine bonds, as well
as any other covalent bonds in the framework, are breaking down due to thermal decomposition. This is supported by research
conducted by Altarawneh et al., which showed that COFs with imine bonds can be destroyed at temperatures higher than 400 °C [40].
Therefore, it is reasonable to assume that the complete destruction of the COF structure at 600 °C is due to thermal decomposition of its
constituent bonds [41-43].

3.3. Analysis of data from SEM and TEM

SEM and TEM images of TFPOTDB-SO3H are shown in Fig. 2 (a,b), respectively. The structure of the COF is made of spherical
particles, as suggested by the SEM image. Additionally, the TEM image displays a flake and layered configuration which is likely due to
hydrogen bonding between layers. The elemental analysis using energy-dispersive X-ray spectroscopy (EDS) is depicted in Fig. 2c,
revealing the presence of sulfur in the COF called TFPOTDB-SO3H. The image provides evidence of this. Additionally, it was deter-
mined that the percentage of sulfur in TFPOTDB-SOsH is 12.72 %.
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Fig. 3. Investigation of time-dependent As(IIl) removal efficiency by TFPOTDB-SO3H (a), evaluation of pH-dependence (b), establishing the pHpz¢
of TFPOTDB-SO3H (c), evaluating the effect of adsorbent dosage on the removal of As(IIl) (d), impact of initial As(III) concentrations on the
effectiveness of TFPOTDB-SO3H (e), regeneration of TFPOTDB-SO3H utilizing a 5 M NaCl solution (f).

3.4. As(IIl) removal

PXRD was used to check the water resistance of TFPOTDB-SOsH prior to the adsorption tests. The water-soaked TFPOTDB-SOsH
samples and the original ones were compared using PXRD patterns after 24 h. The crystallinity of TFPOTDB-SOsH was maintained for
both the non-immersed and the water-immersed samples. This finding validated the compounds’ stability in water (Fig. S1).

The adsorption of As(II) was affected by the contact time, which was investigated utilizing the TFPOTDB-SOsH product (refer to
Fig. 3a). The adsorption of As(IIl) was initially swift, achieving equilibrium in just 10 min. Beyond this point, no additional increase in
As(IIT) adsorption was detected. The quick adsorption of As(III) in the early stages can be ascribed to the presence of many accessible
surface sites on the TFPOTDB-SOsH substance. The level of pH is vital for the effective elimination of As(III). The pH of the solution and
the point of zero charge (pHpzc) of TFPOTDB-SO3H were considered to assess the impact of pH on the adsorption outcomes. Fig. 3b
depicts how the pH influences the removal of As(IIl) ions using TFPOTDB-SOsH. The surface of TFPOTDB-SOsH shows a point of zero
charge at 3.42 (refer to Fig. 3c), which implies that the surface charge is positive when the pH is less than 3.42 and negative when the
PH exceeds 3.42. At pH values below 9.2, As(III) is present in its neutral form (H3AsOs3), so neither attraction nor repulsion is possible.
This suggests that other mechanisms, like surface complexation, may control the adsorption process [44]. The efficiency of As(IIl)
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Fig. 3. (continued).

removal improved from a pH of 4 to approximately 8, but then decreased as the pH went above 8. The form of As(III) and the surface
charges of the nanocomposites influenced the adsorption capacity and removal proficiency of As(IIl), which were optimal at a pH of 8.
No electrostatic interaction can occur at this pH, where the TFPOTDB-SO3H is negatively charged and the As(IIl) is in its neutral form
[45]. This trend has been seen previously [46-48]. However, at pH levels greater than 8, it undergoes a transformation into the
negatively charged form known as HoAsOg, as indicated by its pK, values [49]. However, at pH levels above 8.0, electrostatic repulsion
becomes significant, leading to reduce As(IIl) uptake at pH 10. This reduction in uptake can be ascribed to the negatively charged
repulsion between the negative TFPOTDB-SO3H surface and the HoAsO3 form of As(IIl), which predominates at pH 10. The maximum
removal efficiency of 99.8 % was achieved at pH 8.0, which was determined as the optimal pH for TFPOTDB-SO3H in this study.
The optimal dosage of the adsorbent was determined by performing tests with different amounts of TFPOTDB-SOsH, from 1.0 to
100 mg/100 mL (refer to Fig. 3d). An increase in the amount of TFPOTDB-SO3H resulted in a proportional rise in the adsorption of As
(I1D), due to the availability of more binding sites for the As(III) ions. The As(III) ions were removed by 99.56 % with just 10 mg/100 mL
of TFPOTDB-SO3H. Further increases in dosage did not significantly affect the fraction of As(III) ions removed. The adsorption of As
(II1) by TFPOTDB-SO3H was examined at varying As(III) ion concentrations (from 5 to 120 mg/L), with the duration, pH, and
TFPOTDB-SO3H dosage maintained at 10 min, 8.0, and 10 mg/100 mL, respectively. It was noted that the rate of As(III) adsorption
declined from 97.0 % to 54.1 % as the As(III) concentration raised from 5 to 120 mg/L (refer to Fig. 3e). The reduction in uptake can be
ascribed to the restricted number of uptake locations on the TFPOTDB-SO3H surface, resulting from the increased concentration of As
(III) ions. In order to make adsorption more economically viable for practical applications, it’s essential to minimize costs by dis-
charging the adsorbed As(III) from TFPOTDB-SO3H and reproducing it. It was found that desorption was most productive in a 5 M NaCl
solution. After 4 cycles of recycling, the TFPOTDB-SO3H only saw a minor reduction of 6.6 % in its adsorption capacity, demonstrating

its superior regenerative ability (refer to Fig. 3f). TFPOTDB-SOsH is regarded as a cheap and effective adsorbent for eliminating As(III)
from contaminated wastewater.

3.5. As(Il) adsorption kinetics

Various kinetic models, including the pseudo-first-order model (Eq. (3)), pseudo-second-order model (Eq. (4)) and Elovich model
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(Eq. (5)) were utilized to understand the kinetics of the adsorption process. Egs. (3)-(5) representing these models are as follows:

Ln(ge — qv) = Inqe — kit

t 1 t

= J,- J—
@ kg q.
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Table 1
Assessing the adsorption isotherms of As(III) ions on TFPOTDB-SOsH: a comparative study of Langmuir, Freundlich, and Temkin models.
Langmuir Freundlich Temkin
T (K) Qm (mg/g) K;, (L/mg) R’ range R? Ke [(mg/g) (L/mg)*/™] 1/n R? Ar (L/g) br (J/mol) R?
298 344.83 1.933 0.0938-0.0043 0.998 171.633 0.420 0.907 9.533 21.994 0.978
308 454.55 1.571 0.1129-0.0053 0.999 203.892 0.404 0.889 14.036 22.242 0.982
323 666.67 1.071 0.1574-0.0077 0.998 254.859 0.328 0.828 44.662 27.674 0.954

 Initial concentrations of As(III) ions varied between 5 and 120 mg/L.

1 1
q: :ﬁln(aﬂ) + (/;) Int 5)

The model of pseudo-first order incorporates elements like q. (mg/g) and q; (mg/g). These represent the ability to adsorb As(III) ions
when in equilibrium and at a specific time t (min), respectively. The reaction speed is dictated by the rate coefficient of the quasi-first
order reaction, symbolized as k; (min ). In the quasi-second-order model, the terms qe (mg/g) and qt (mg/g) are used to represent the
steady-state and time-variant uptake capacity of As(III) ions, respectively. The speed coefficient for this quasi-second-order reaction is
represented as ko (g/mg.min). In the context of the Elovich model, the symbols a (mg/g. min) and p (g/mg) are used to denote the
initial rate of adsorption and a constant that provides details about the extent of surface coverage, respectively.

The outcomes of the fitting analysis can be found in Table S1 and Fig. S2. The pseudo-second-order model appears to be the most
suitable for characterizing the adsorption process, as indicated by the R? values. This implies that chemisorption, which includes ion
exchange and coordination between As(III) ions and the sorbent, could be the step that most influences the rate of As(III) ions
adsorption onto TFPOTDB-SO3H.

3.6. As(II) adsorption isotherms

The equilibrium distribution of adsorbate molecules between the solid and liquid phases can be assessed by conducting adsorption
isotherm studies. In this study, the Langmuir, Freundlich, and Temkin isotherm models were employed to analyze the results obtained
from the isotherm experiments (Fig. 4). Egs. (6)—(8) represent the linear forms of the Langmuir, Freundlich and Temkin adsorption
isotherm equations, respectively:

C, 1 C,
= 4= 6)
qe KLqm qm
1
log g, =log Kr + — log C, 7)
n
RT RT
g =—InAs + —InC, 8)
by br

The equations are composed of several signs and coefficients. The equilibration concentration of As(IIl) is C. (mg/L), and the
quantity of arsenic sorbed at equilibrium is q. (mg/g). The constant for the Langmuir isotherm is K, (L/mg), and the constants for the
Freundlich isotherm are K¢ ([(mg/g) (L/mg)l/ ") and 1/n. The equilibrium binding coefficient, and the heat of adsorption are related
to the Temkin isotherm constants, At and br, respectively, and their units are L/g. The global gas constant is R, which is 8.314 J/mol ‘K,
and the temperature in Kelvin is T. The adsorption is favorable if the amount of n from the computations is more than 1. On the other
hand, the adsorption is irreversible if the value of n is 0 [50].

The isotherm models’ related elements and their regression factor (Rz) are briefed in Table 1 and can be derived from the relevant
charts (Fig. 4 (a—c)), as described. The appropriateness of the model can be evaluated by contrasting the R? amounts of various models.
A superior R? signifies a more fitting model. The findings in Table 1 show that the Langmuir model has a higher R? than the Freundlich
and Temkin models at various temperatures. This implies that the Langmuir model offers a superior characterization of the impact of
As(IIT) uptake on adsorbent. Additionally, it indicates that the uptake of As(III) on adsorbent adheres to a monolayer uptake process
[51,52]. At the outset, the TFPOTDB-SO3H ’s surface locations with the greatest energy are filled. The finding is supported by the
Langmuir isotherm, which supposes an equal surface with the same uptake sites, no interaction between adsorbed particles, and a
one-layer formation at utmost uptake. When a location is occupied, no further adsorbates can attach to that spot, leading to saturation
and utmost uptake on the surface [53,54]. The formula R; = - establishes the dimensionless factor Ry, where its magnitude
represents the adsorption traits. An Ry, value from 0 to 1 denotes suitable adsorption, Ry, exceeding 1 implies unsuitable adsorption, and
Ry, equating to O signifies unalterable adsorption [55]. In the current research, the observed RL values varied between 0.1574 and
0.0043, signifying the efficient adsorption of As(III) onto the TFPOTDB-SOsH substance. To test whether TFPOTDB-SOs is also
effective at low concentrations, we utilized an extremely minimal concentration of 10 pg/L, which is the World Health Organization’s
limit for As(IIl) in drinking water. Remarkably, even with an adsorbent concentration of just 0.01 g/100 mL, TFPOTDB-SOsH
demonstrated an impressive capability by removing 96.3 % of As(IIl) and reducing the final concentration to 0.37 pg/L. The
TFPOTDB-SO3H exhibits impressive performance in relation to its adsorption capability for As(III) ions. This is probably attributable to
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the plentiful presence of sulfonic acid groups and N, O atoms on the TFPOTDB-SO3H framework, which amplifies the density of co-
ordination locations ion and exchange, resulting in a substantial metal-loading capacity and affinity.

3.7. As(Il) adsorption thermodynamics

The uptake capacity of an adsorbent is greatly influenced by the temperature. The absorption of As(III) ions by TFPOTDB-SO3sH was
examined at various temperatures, from 298 to 323 K. The study found that with an increase in temperature, there was a corresponding
increase in adsorption, suggesting that the uptake process is heat-absorbing. This finding agrees with previous studies [56-58]
(Fig. S3). To evaluate the practicality and comprehend the uptake mechanism, the thermodynamical variables such as change in
enthalpy (AH), change in free energy (AG), and change in entropy (AS) were scrutinized. The calculations for AH and AS were
performed using the gradients and y-intercepts obtained from the graphs of In K. against 1/T (refer to Fig. S4), utilizing the corre-
sponding formulas (9-11).

qe —-AG
In(K,) =In( 3} ==2% 9
n(K.) “(Q) RT ©)
~AH AS
n(K,) =t 4+ 22 10
(ko) =+ 2 10)
AG=AH — TAS an

The ratio of q./C. determines the thermodynamic constant K (L/mg), where R (8.314 kJ/mol.K) is the gas constant and T (K) is the
absolute temperature. The quantities of AG, AH and AS for the adsorption of As(III) onto the adsorbent are presented in Table S2. The
positive value of AH indicates an endothermic character to the adsorption process. The AH value provides interesting information
about the type of adsorption process. Table S2 shows that the adsorption of As(III) onto TFPOTDB-SO3H has an AH value of 65.129 kJ/
mol, indicating a certain percentage of chemical adsorption [59]. The entropy changes (AS) with positive values indicate that there is
an increase in disorder at the solid/liquid interface in agreement with the adsorption of As(III). Additionally, the negative AG values
obtained indicate that the adsorption process is spontaneous and feasible within the studied temperature range.

3.8. Analyzing the selectivity of arsenic adsorption

In practical scenarios, the presence of other species poses a significant challenge to the adsorption performance of the adsorbent. It
has been established that phosphates can interfere with the adsorption of As(III) [60]. To further explore this concept, an experiment
was conducted using anions such as PO3~, Cl~, Si0%~, and SOF . Results showed that only PO3 hada significant effect on the removal
of As(IIl) in water, decreasing the uptake to 90.5 % (Fig. S5).

3.9. Examining the humic acid on As(IIl) adsorption

Our research focused on the impact of humic acid (HA), a crucial natural organic compound, on the As(III) adsorption by TFPOTDB-
SOsH. As depicted in Fig. S6, varying quantities of HA had distinct influences on the TFPOTDB-SO3H’s adsorption ability. When the HA
concentration was 5 mg/L, it enhanced the TFPOTDB-SO3sH’s As(IIl) adsorption, but when the concentration increased to 10 mg/L, it
hindered the process. Previous researches indicated that an abundance of negatively charged HA molecules could vie with As(III) for
active adsorption sites [61,62]. Consequently, introducing high concentrations of HA diminished the TFPOTDB-SOsH’s As(III)
adsorption capacity. This is primarily because low concentrations of HA allow TFPOTDB-SO3H to offer more adsorption sites, and there
is no competitive adsorption between HA and As(IIl). The introduction of HA might also alter the solution’s pH, thereby augmenting
the quantity of adsorption. However, when the HA quantity is elevated to a certain level, it begins to compete with As(III) for
adsorption, which impacts the TFPOTDB-SO3H’s As(III) adsorption efficacy.

3.10. Investigating the effectiveness of the TFPOTDB-SOsH on As(II) adsorption in tap water

The effect of some common ions on the adsorption process of As(II) was investigated in previous experiments. Since all ions are
present in real environments such as tap water, it is necessary to check the performance of the adsorbent in the real environment. For
this purpose, the adsorption capacity for a volume of 100 mL tap water containing a concentration of 10 mg/L As(III) at pH = 8 was
investigated. The temperature was set at 25 °C. After stabilizing the temperature, 10 mg of TFPOTDB-SO3H was added to the solution
and C. was measured according to the procedure in Section 2.5 and the adsorption capacity were calculated. The obtained results show
that the efficiency of the TFPOTDB-SO3H in the real environment is lower than that of distilled water (Fig. S7). In the real environment,
due to the effect of ions in tap water on the As(III) adsorption, the removal efficiency and adsorption capacity of the TFPOTDB-SOsH
decreased slightly.

3.11. Arsenic adsorption mechanism
The research into the adsorption of As(III) onto TFPOTDB-SOsH considers the influence of pH and pHpzc. It was found that the
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Scheme 2. The adsorption process of As(III) by TFPOTDB-SO3H and its probable mechanism.

Table 2

Evaluating the maximum adsorption capacities of As(III) using various adsorbents.
Adsorbent Langmuir adsorption capacity ¢, (mg/g) References
DU66 204.2 [49]
y-Fe,03@CTF-1 198.0 [64]
Fe/Mn bimetallic MOF 138.0 [65]
MOF-74(Zn) 211.0 [66]
Iron Oxyhydroxide-COF 272.0 [4]
Fe304@TA@UiO-66 97.8 [67]1
Zirconia nanostructures 105.0 [68]
TFPOTDB-SOsH 344.8 This study

greatest removal rate was at pH 8, where electrostatic attraction is not possible because the adsorbent is negatively charged (pHpzc =
3.42), and arsenic is neutral H3AsOs. Instead, as depicted in Scheme 2, the adsorption is thought to be mainly caused by complexation
between surface functional groups (-C=N, -SO3 and C-O) on TFPOTDB-SO3H and H3AsOs, diffusion, van der Wall’s forces and
hydrogen bonding at pH 3-8. This trend has been seen previously [46,48,63].

3.12. Assessments of performance

The maximum adsorption capacity of As(IIl) by the TFPOTDB-SO3H was compared to other adsorbents mentioned in Table 2. The
TFPOTDB-SO3H’s high porosity, which results in a large surface area for As(IIl) adsorption, indicates its significant advantages. This is
attributed to its high adsorption capacity of 344.83 mg/g at 298 K and rapid removal within 10 min. Consequently, the TFPOTDB-
SOsH nano adsorbent shows promise as an effective and selective solution for removing As(III).

4. Conclusion

COFs are notably effective in the eradication of heavy metals, a capability that stems from their distinct properties such as their
considerable porosity, enduring stability, expansive surface area, and an abundance of readily available active locations. To sum-
marize, this research demonstrates an easy method for synthesizing TFPOTDB-SO3H as a potent adsorbent to remove As(III) ions from

aquatic environments. The structure and composition of TFPOTDB-SO3H were examined using various analytical techniques.

11



M. Khosravani et al. Heliyon 10 (2024) e25423

Experimental tests revealed that the optimal adsorption occurred at pH 8, contact time: 10 min and adsorbent dosage: 10 mg for As(III)
ions. The adsorption behavior of As(III) ions onto TFPOTDB-SOsH followed the Langmuir isotherm model and the pseudo-second order
model, describing monolayer adsorption on the sorbent surface with a maximum adsorption capacity of 344.8 mg/g at 298 K.
Thermodynamic analysis indicated that the adsorption process was spontaneous and endothermic. Complete desorption of adsorbed
As(III) ions was achieved using 5 M NaCl. Reusability investigations demonstrated that TFPOTDB-SO3H maintained over 88 % of its
initial efficiency after 4 cycles. These findings highlight that the TFPOTDB-SOsH COF has shown itself to be a potent, cost-effective,
and environmentally friendly adsorbent. It offers additional advantages such as simple manufacturing processes and zero by-product
creation. As such, it presents a promising solution for mitigating environmental pollution.
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