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Abstract

The main objective of this work was to design new advanced sorbent phases, alter-

nating copolymers, derived from isosorbide and 2,6-difluorpyridine, to be used for

the removal of aromatic organic pollutants present in water at low concentrations.

Six different monomers, dianhydrohexitols isomers and bisphenol derivatives, were

synthesized in order to make it possible to study their hydrophilic and hydrophobic

effect on the sorption efficiency of the resulting polymeric phases. Before this study,

we have confirmed the chemicals structures, molecular weights, and thermal proper-

ties of the obtained polymeric phases. Sorption results show a higher adsorption effi-

ciency of P6 co-poly(ether-pyridine) based on bisphenol substituted with pyridine

units, for all tested pollutants, hydrophobic and hydrophilic ones, due to its less com-

pact structure. Two aromatic organic pollutants, p-hydroxybenzoic acid and toluic

acid, were selected as sorbates to study the adsorption characteristic, kinetics and

isotherms of the co-poly(ether pyridine) P6. Langmuir model led to a better fitting of

the sorption isotherms; the sorption of toluic acid is easier than of that p-

hydroxybenzoic acid. Comparing 1/n values for benzoic acid was two time lower for

P6 compared to that for biochar and for cross-linked methacrylate resin, showing a

higher efficiency.

K E YWORD S

alternating co-poly(ether pyridine)s, aromatic organic compounds, biosourced isosorbide,
sorption isotherm, sorption mechanism

1 | INTRODUCTION

Benzene derivatives are the most important organic pollutants.1 Some

of these compounds are abundantly occurring in nature, extracted

from plants or produced by the degradation of animals, others are

synthesized by humans and are often used as herbicides, pesticides,

drugs, disinfectants, or food additives.2 They are often found in water

bodies due to the discharge of polluted wastewater from domestic,

industrial, and agricultural activities.3

Combining properties of high toxicity, poor degradability, and

high reactivity, benzene derivative compounds present in water have

high tendencies of interacting with other components of the aquatic

environment,4 which can result in significant impacts on human health

and safety. Indeed, exposure to benzene derivative compounds may
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affect the endocrine system of humans and animals, which leads to

the development of liver cancer,5 kidney damage,6 anemia skin,7 and

systemic poisoning.8 Therefore, these chemical compounds are con-

sidered to be the major hazardous wastes and have been enlisted by

European Union and U.S Environmental Protection Agency (USEPA).9

On the other hand, because of the complexity of these compounds

and their presence at low concentrations, which does not exclude

their toxicity, their detection, and analysis remains difficult.10

Furthermore, the elimination of these pollutants from wastewater

constitutes a major challenge. Therefore, a number of technologies

have been employed to remove the benzene derivatives from

wastewater, such as membrane filtration,11 advanced oxidation,12

ozonation,13 photocatalytic degradation,14 electrochemical

degradation,15 phytoremediation,16 extraction method,17 biological

methods,18 reverse osmosis,19 and adsorption.20 Some of these

methods and techniques present high-removal efficiency. Nevertheless,

the adsorption process remains the most widely used treatment among

them. In fact, it is used for the removal of a wide variety of chemical

compounds and heavy metals from wastewaters; it consumes less

energy, it does not involve solvent release and the adsorbent is recycla-

ble after desorption. To eliminate benzene derivatives compounds from

aqueous systems a broad range of adsorbents have been used, includ-

ing activated carbon,21 silica gel,22 clays,23 zeolite,24 metal organic

framework-based materials.25 Recently, several polymer adsorbents

have been developed such as poly(styrenesulfonate),26 cyclodextrin,27

hyper-crosslinked polymers,28 conjugated microporous polymers

(CMPs),29 styrene-divinyl benzene copolymer30 and polypyrrole.31

These polymeric materials present a desirable pore size distribution,

large surface area, hydrolytic stability, and ability of regeneration under

mild conditions, which is very important for contaminant removal. In

spite of all these advantages, some aspects that may compromise the

efficiency of the process must be taken into account. Among the most

critical criteria, these polymeric adsorbents are not able to simulta-

neously remove several organic contaminants with various chemical

structures present in water at low concentrations (<0.1 mmol/L) and in

particular the removal of hydrophilic pollutants.

Recently, it has been shown that the development of biopolymers

derived from Glux,32 furan derivatives33 and sugar isomers of

1,4:3,6-dianhydrohexitol (isosorbide),34 are an attractive and unavoid-

able alternative to replace monomers derived from petrochemicals.

Indeed, the latter offers a good capacity to remove a wide variety of

contaminants with diverse chemical structures and different polarity

at low concentrations (25 μmol/L).35 With this in mind, the main

objective of this study is the elaboration of a new adsorbent phase

based on a natural bio-product in order to remove nine pollutants of

various hydrophobicity. In fact, the challenge consists in the synthesis

and characterization of a new partially biosourced synthon from the

combination of isosorbide and pyridine that can participate in the

design of six new co-poly(ether-pyridine)s in order to develop new

adsorbent phases based on isosorbide with different structures. The

integration of isosorbide into synthon can generate attractive hydro-

philicity, wettability, superior rigidity, high-thermal property and bio-

degradability, as well as nontoxicity.36 Lately, homopolymers

containing a pyridine structure substituted with a basic character

motif have shown particular interest as potential adsorbents for

micropollutants. This is particularly due to the existence of a polarized

bond, which improves the solubility of the final products, through

increased dipole–dipole interaction of the polymer-solvent system37

as well as their chemical stability and nucleophilicity.

Inspired by the previous work of Chatti et al.,38 six series of

polymers were prepared from the new synthons: Family A—isomanide,

isoidide, isosorbide (commercial monomers from biomass) and Family

B—bisphenol A, bisphenol S (commercial monomers from petrochemi-

cal) and pyridine-modified bisphenol. In fact, the family A was chosen

in order to study the effect of the isomers of isosorbide in sorption

efficiency. In the family B, the bridge (dimethyl, sulfone, and methyl-

pyridine) present between the two-benzene groups distinguishes the

bisphenols. This difference of chemical structures makes it possible to

obtain polymers with different structures that will present different

sorption efficiency. Nine benzene derivatives compounds (toluic acid,

anisic acid, benzoic acid, ferulic acid 4-chlorobenzoic, caffeic acid euge-

nol, and anethole) with different polarity, were selected as model con-

taminants to evaluate the sorption performance of the new partially

biosoursed poly(etherpyridine)s. Each synthesized polymer was fully

characterized using NMR spectroscopy, thermal and viscosimetric

methods. After the structural characterization and the thermal analysis,

the sorption process was conducted in batch experiments under varying

operation conditions. This work is expected to provide new insight for

the conception and application of advanced adsorbents in the simulta-

neous and recyclable removal of organic pollutants.

2 | MATERIALS AND METHODS

2.1 | Reagents and standards

Isosorbide (1) was purchased from Sigma Aldrich and recrystallized from

acetone, then dried over P4O10 in a desiccator. Isomannide (4) and isoidide

(5) were purchased from the Roquette-Frères company (Lestrem,France)

and dried over P4O10 in vacuum. Bisphenol A (6) and Bisphenol S (7) were

purchased from Sigma Aldrich and were purified by crystallization.

4-Acetylpyridine (98%) and mercaptoacetic acid were purchased from

Acros Organics. Phenol (analytical grade) was purchased from Merck. The

targeted pollutants: caffeic acid (95%), 4-hydroxybenzoic acid (99%), fer-

ulic acid (98%), benzoic acid (99.5%), eugenol (99%), p-anisic acid (98%),

p-toluic acid (98%), p-chlorobenzoic acid (99%), and t-anethole (99%),

were all purchased from Sigma Aldrich. Their structures and log p values

are presented in Figure 1. All other chemicals: 2,6-difluoropyridine (99%),

dimethylformamide (DMF, 99%), ethyl acetate, petroleum ether, anhy-

drous potassium carbonate (K2CO3), NaCl, Na2SO4, and sulfuric acid

(95%) were commercially available and used as received.

2.2 | Polymer synthesis

The generic synthetic routes for the synthesis of six new co-poly

(ether-pyridine)s are presented in Figure 2. The synthesis of the differ-

ent monomers is detailed in this part.
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2.2.1 | Synthesis of the monomer (3, type A-B-A)

(Figure 3) In a 100 ml tricol flask, 1.4616 g of isosorbide (1) was added

(10 mmol) to 20 ml DMF, the solution was magnetically stirred until

the isosorbide dissolved, then 500 mg of NaH was added slowly. After

20 min, a solution of 25 mmol of 2,6-difluoropyridine (2) in 10 ml

DMF was added drop by drop with a dropping funnel. Then the reac-

tion was heated to 60–70�C for 24 h and then the temperature was

increased to 80�C (transparent staining) for 24 h. The mixture was

then extracted with ethyl acetate and water (three times), the organic

layer was dried over MgSO4. The solvent was evaporated using a

rotary evaporator. To separate the monomer type B-A (30), the mono-

mer type A-B (300) and the monomer type A-B-A (3), a silica gel

chromatography column with a mixture of petroleum ether and ethyl

acetate (9:1) as eluent were used to obtain, after evaporation, the

novel bio-based difluoro monomer (3), a yellow viscous liquid

(yield = 47%).

2.2.2 | Synthesis of the pyridine-modified
bisphenol: 4,40-(1-[pyridin-4-yl]ethane-1,1-diyl)
diphenol (8)

(Figure 4) Into a three round bottom flask equipped with a magnetic

stirrer, a potassium hydroxide trap and N2 inlet, were added

4-acetylpyridine (30.0 g, 243 mmol), phenol (100 g, 1.06 mol), and

F IGURE 1 Chemical structures and log Kow values of the targeted benzene derivative pollutants

F IGURE 2 Synthetic routes of the poly(ether-pyridine)s polymers P1–P6 (P1: (1)/(3), P2:(4)/(3), P3: (5)/(3), P4: (6)/(3), P5: (7)/(3), P6: (8)/(3)).
Isosorbide (1), 2,6-difluoropyridine (2), bio-based difluoro monomer (3), isomannide (4), isoidide (5), bisphenol A (6), bisphenol S (7), bisphenol:
4,40-(1-[pyridin-4-yl]ethane-1,1-diyl)diphenol (8)
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mercaptoacetic acid (3.00 ml). The solution was stirred for a period of

15 min. Thereafter, sulfuric acid (100 ml) was added dropwise with a

dropping funnel and then the reaction mixture was stirred overnight

at room temperature. The reaction was monitored by 1H NMR spec-

troscopy. After the reaction, the mixture was poured into 1 L of water.

The obtained acidic solution was neutralized with a saturated solution

of sodium carbonate. The obtained precipitated white powder was fil-

tered, washed with water and then dried under vacuum at 80�C for

7 h. (yield = 55%).
1H NMR: (300 MHz, DMSO-d6); δ (ppm) = 9.25 (s, 2H1, OH);

8.45 (d, 2H9,
3J9-8 = 5.9 Hz); 7.02 (d, 2H8,

3J8-9 = 5.9 Hz); 6.82 (d,

4H3,
3J3-2 = 8.4 Hz); 6.70 (d, 4H2,

3J2-3 = 8.4 Hz); 1.94 (s, 3H6).
13C NMR: (75 MHz, DMSO-d6)); δ (ppm) = 159.4 (C1); 156.4 (C7);

150.2 (C9); 138.8 (C3); 130.0 (C4); 124.4 (C8); 115.6 (C2); 51.5 (C5);

30.4 (C6).

2.2.3 | Synthesis of the polymers

(Figure 2) About 5 mmol of diol (1, 4, 5, 6, 7, and 8), 5 mmol of the

difluoro monomer (3) and 11 mmol of potassium carbonate were

added to 25% of DMF and heated to 140�C for 24 h, in a two-necked

glass reactor equipped with a nitrogen inlet and a mechanical stirrer.

The resulting viscous solution was poured slowly into methanol. Then

the resulting polymer was isolated by filtration, washed with cold

methanol, and dried under vacuum at 80�C for 10 h. (yield 86%–96%).

2.3 | Characterization methods

The inherent viscosities (η) of the resulting polymers (P1–P6) were

measured with Ubbelohde viscometer at 20�C in DMSO containing

2 vol% of trifluoric acid (TFA).

TGA of the co-poly(ether pyridine)s were performed using a TA

instruments apparatus (model 2950). Scans were run from 25 to

500�C at a heating rate of 10�C/min under a nitrogen atmosphere.

The glass transition temperatures (Tg) were obtained by DSC (Mettler

Toledo DSC 822e). Scans were run from 25 to 300�C at a heating rate

of 10�C/min in a nitrogen atmosphere.

The 1H and 13C NMR spectra were recorded at ambient tempera-

ture using a 300 MHz Bruker Advance 300 spectrometer, with

DMSO-d6 as solvent and tetramethylsilane as internal standard.

2.4 | Sorption studies

Sorption studies of benzene derivatives on the resulting polymers

were carried out in a batch system by varying the contact time

F IGURE 3 Synthesis of the monomers (3, type A-B-A); (30, type B-A), and (300, type A-B)

HO OH

N

O

N

+
OH H2SO4

Mercaptoacitic acid

(8)

1
2 3

4 5

6

7

8

9

F IGURE 4 Synthesis of bisphenol:
4,40-(1-[pyridin-4-yl]ethane-1,1-diyl)
diphenol (8)
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(5–300 min) and the initial concentration of the targeted pollutants

(5–50 mg L�1). The sorption experiments were conducted in glass

flasks (20 ml) containing 60 mg of the sorbent, 10 ml of adsorbate

benzene derivatives solution and 3 g of NaCl–the optimum amount

for an optimum adsorption yield32,35–under constant agitation (stir-

ring rate of 900 rpm) at room temperature (25 ± 1�C). The initial pH

value of benzene derivatives solution was adjusted with

orthophosphoric acid at pH = 2.

The samples of targeted pollutants after sorption tests were

filtered with a PTFE 0.45 μm membrane filter and then analyzed

using a HPLC/DAD equipment (wavelength: 210 nm), the analyti-

cal conditions were described in more detail in our previous

work.32

The removal efficiency of benzene derivatives pollutants by the

resulting poly(ether pyridine)s was calculated as follows:

Sorption efficiency¼ Ci�Ct
Ci

� �
�100, ð1Þ

where Ci (mg L�1) is the initial concentration of the targeted pollut-

ants and Ct (mg L�1) is their equilibrium concentration after

adsorption.

The adsorbed amount of adsorbate per unit of mass of the sor-

bent, qe (mg/g) was calculated as follows:

qe ¼ C0�Ceð Þ�V
m
, ð2Þ

where C0 and Ce are the initial and equilibrium concentrations of the

targeted pollutants in mg L�1, respectively. V (L) is the volume of solu-

tion and m (g) is the amount of the dry polymer.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of the
polymers

A novel difluoro bio-based monomer (3, type A-B-A) was prepared via

reaction of 2,6-difluoropyridine and isosorbide (Figure 3): in this

reaction applying non-stoichiometric ratio of 2,6-difluoropyridine ver-

sus isosorbide (2.5 to 1), it was the optimum ratio to reach the high-

percent yield of the targeted monomer type A-B-A (3) compared to

the monomer type B-A (30) and the monomer type A-B (300). The novel

difluoro A-B-A monomer was purified on a chromatography column

to get 100% purity (1H NMR spectrum and 13C NMR data of the

monomer (3) is exemplified in Figure S1.

The main benefits of using this bio-based monomer containing

pyridine units (containing nitrogen atoms, molecular symmetry, and

aromaticity) and isosorbide (heterocyclic structure) is the improve-

ment of the hydrophilicity, by producing polarized bond and improved

hydrogen bond with oxygen and nitrogen atoms of the resulting

polymers.

Another monomer was successfully synthesized, in one-step

(Figure 4), for testing its effect on the resulting copolymer, a bisphenol

containing a pyridine unit (8). The purity of this monomer was

ascertained by NMR spectroscopy (Figure S2).

The novel bio-based difluoro monomer was incorporated in alter-

nating copolymers structures by aromatic nucleophilic substitution

(Figure 2).

As shown in Table 1, the resulting copolymers were obtained with

satisfactory yields (86%–96%). The results demonstrate that moderate

to high-molecular weights were obtained, with an inherent viscosity

in the range of 0.75–1.23. The difference between these values can

be explained by the reactivity of the used diols. The chemical compo-

sition of the prepared copolymers was ascertained by NMR spectros-

copy. A detailed description of the 1H NMR data recorded from the

resulting polymers are given in Figure S2. The absence of end-groups

on the NMR spectra can be explained by the high-molecular weight of

the resulting polymers, as well as the possibility of the formation of

cyclic molecular structures.39 The 1H NMR spectrum of the resulting

polymer P6, for illustration, exhibits the characteristic protons of iso-

sorbide (H1–H6), pyridine unit (H7–H9) and of the monomer

(3) (H12–H16) (Figure S2).

In Table 1, the Tg values of the resulting copolymers were found

in the 121–143�C range (Figure S3). It can be noted that these values

are suitable for engineering plastic to conserve their strength and

shape at elevated temperature. The obtained Tg values for P2 and P3

copolymers based on isomanide and isoidide respectively show clearly

the effect of the chemical reactivity of these two isomers on thermal

TABLE 1 Involved monomers in
resulting polymers P1-P6, the obtained
yields, their densities and their thermal
properties

Polymer numbers Monomers Yielda (%) ηinhb (dl/g) Tgc (�C) Td5%
d (�C)

P1 (1)/(3) 89 0.83 136 341

P2 (4)/(3) 86 0.75 132 340

P3 (5)/(3) 91 0.91 143 351

P4 (6)/(3) 93 1.12 121 347

P5 (7)/(3) 90 0.77 141 323

P6 (8)/(3) 96 1.23 142 352

aPrecipitation into water and washing with methanol, evaporation under a vacuum at 80�C.
bMeasured at 20�C with c = 2 g L�1 in DMSO containing 2 vol% of trifluoric acid (TFA).
cObtained by DSC with a heating rate of 10�C/min under nitrogen atmosphere.
dTd5% temperature of 5% weight loss, determined by TGA at 10�Cmin�1 heating rate under inert gaz.
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behavior of the resulting copolymers. Such as, the most reactive iso-

mer shows the highest Tg (143�C) compared to the lowest one

(132�C). As observed in Table 1, a 5% weight loss, as a criterion for

thermal stability, was in the 323–352�C range indicating that the pre-

pared copolymers present good thermal behaviors (Figure S4).

3.2 | Comparative sorption efficiency of benzene
derivatives pollutants on P1–P6 polymers

Adsorption is based only on physical or noncovalent interaction

between the polymer and the pollutant molecules; it takes place at

the opened surface of the sorbent particles. These interactions can be

due to many interactions such as π–π interactions, hydrophobic inter-

actions, weak Van der Waals interactions, H-bonding and even elec-

trostatic interactions.

The adsorption efficiency of P1–P6 polymers was observed after

three time periods (0.33, 1, and 24 h), as described in the experimental

section, for an initial aromatic pollutant concentration of 5 mg L�1

(Table 2).

The chemical structures of the targeted pollutants were investi-

gated as illustrated in Figure 2, where the pollutants were classified

according to their value of the octanol–water partitioning (log Kow).

As well as, we present their water solubility values in Table 2

(Experimental values are used when available, otherwise ChemAxon

estimated values are presented).

Among all the pollutants used, (E)anethol which presents the

highest Log Kow and the lowest solubility in water (Log Kow = 3.3;

Solubility in water at 20�C = 0.11 g L�1) was completely adsorbed

(at a sorption efficiency of 100%) by all the polymeric phases within

only 20 min with no regard to their molecular structures. This clearly

shows that all the sorbents used were able to establish stronger inter-

actions with the molecules of anethol than those that already

established by this molecule with the water molecules (generally weak

interactions like Van der Waals due to the anethol nonpolar nature).

On the other side, the sorption results have shown that the

4-hydrobenzoic acid was the most persistent polluting compound in

water. In fact, most of the polymeric phases were unable to efficiently

remove this pollutant from water. The high persistence of the

4-hydrobenzoic acid can be due to the fact that it is the most polar

compound (Log Kow = 1.15; Solubility in water at 25�C = 50 g L�1)

among all the sorbates, meaning that it can establish strong or rela-

tively high-energy interactions with the water molecules (H-bonding).

In order to fully remove this pollutant from water, the sorbent has to

establish stronger interactions with the 4-hydrobenzoic acid. The

sorption results have shown that most of the sorbents used were not

able to establish strong interactions with the 4-hydrobenzoic acid and

thus its adsorption efficiency was low with most polymers, with the

exception of P6. In fact, this polymer was the only sorbent able to

establish strong enough interaction with this pollutant.

This approach allowed us to understand the importance of the

chemical structures of the sorbates. In fact, the sorption process

depends strongly on the hydrophilicity and on the solubility of the

pollutant in water, the more the sorbate is hydrophilic and soluble in

water the more it establishes strong interactions with the molecules

of water and thus the more difficult it can be sorbed onto the solid

phase.

It was found that after 1 h of contact with polymer P1, only 12%

of the P-hydroxybenzoic acid (log Know = 1.58) was adsorbed

whereas 100% of the (E) anethol (log Kow = 3.3) was retained. It can

be seen also that the sorption efficiency of the polymers based on

dianhydrohexitols isomers (Family A: isosorbide: P1/isomanide:

P2/isoidide P3), have the same sorption efficiency for the targeted

pollutants. The stereochemistry of the dianhydrohexitols has no influ-

ence on the sorption efficiency of the resulting polymers.

For the Family B, polymers based bisphenols, have sorption

results increased following the order P4 (based bisphenol A) < P5

(based bisphenol S) < P6 (based bisphenol containing pyridine units.

These results can be explained by the effect of the functional group

between the two benzene rings. For P4, the two methyl in the

bisphenol A structure make the polymer more hydrophobic and thus

the contact surface with the targeted pollutants is considerably

decreased. In the case of P5, sulfone group in the bisphenol S struc-

ture make the polymer more hydrophilic, which explains that the sorp-

tion efficiency is close to that obtained with the polar structure based

on dianhydrohexitols. The most efficient polymer, polymer P6, 93% of

the p-hydroxybenzoic acid was adsorbed after 1 h and 100% of the

(E) anethol. This polymer contains 4,40-(1-[pyridin-4-yl]ethane-

1,1-diyl)diphenol units and monomer 3, which gives good sorption

efficiency due to the different types of interactions: π–π interactions

and H-bonding. According to the structure of the Family A polymers

(containing atoms of oxygen, nitrogen, not aromatic rings), their struc-

ture is properly more hydrophilic than that of the most efficient adsor-

bent P6. According to these results, there is another parameter, other

than the hydrophilicity, that can affect the sorption efficiency of the

linear polymers. In fact, the distance or the interaction between poly-

mer chains can be adjusted to be smaller or larger by modifying the

structure of polymer, precisely in our case the modification of the

repeating units of polymers. Such as, more compact the polymer

chains, lower the sorption efficiency, less compact the polymer chain,

higher the sorption efficiency. In our work, the bisphenol-based poly-

mer (Family B), including a 3D spacer (Figure 5) present a similar or a

higher sorption efficiency than the bio-based polymers (Family A),

because their structure is less compact and more porous structure.

Based on the results mentioned above, the polymer P6 was

selected as being the most efficient polymer, able to adsorb the maxi-

mum of pollutant molecules after 1 h of contact.

3.3 | Sorption characteristics of P6 polymer

3.3.1 | Effect of initial concentration of the
pollutant

The initial concentration of pollutant is an important factor affecting

the mass transfer of the molecules between the aqueous and the solid
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phases. The effect of initial concentration on the sorption efficiency

of the more efficient sorbent, polymer P6 was studied toward two

pollutants (p-hydroxybenzoic acid and toluic acid). These pollutants

are subject of many interests and are the metabolites of many organic

hazard pollutants. The sorption experiments of the target pollutants

were carried out by varying pollutant concentrations in the range of

5–50 mg L�1 on 60 mg of the polymer P6 as a function of time

(Figure 6).

As shown in Figure 6, a rapid initial sorption efficiency of the

two-targeted pollutants took place for all the tested initial

concentration followed by a slower removal rate. These results can be

explained by the presence free active sites allowing strong interaction

with the targeted molecules. For 5 and 10 mg L�1 concentrations, the

sorption efficiency approaches the equilibrium after 60 min. For the

other tested concentrations, the sorption needs more time to reach

equilibrium. These results imply that the ratio of active site to the total

molecules in the solution at low-initial concentration is high. It can be

seen also that the more hydrophilic pollutant (p-hydroxybenzoic acid)

presents the slower sorption rate compared to that of the more

hydrophobic one (toluic acid).

F IGURE 5 Compared compactness of
the polymer chains: bio-based polymers
(Family A), bisphenol-based polymer
(Family B)

F IGURE 6 Effect of initial concentration of the pollutant on the sorption efficiency of (A) p-hydroxybenzoic acid and (B) toluic acid.
Experimental conditions: 60 mg of polymer P6; NaCl concentration: 300 g L�1; pH 2; stirring speed = 900 rpm; at room temperature
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3.3.2 | Sorption kinetic modeling

In order to investigate the sorption kinetics of p-hydroxybenzoic acid

and toluic acid on the poly(ether pyridine) P6, three widely used

kinetic models were applied to describe the sorption process, pseudo-

first-order model,40 pseudo-second order model,41 and intraparticle

diffusion model.42 The nonlinear form expressions of the pseudo first-

order and pseudo-second-order, and the linear form of the

intraparticle diffusion models are represented by Equations (3), (4),

and (5), respectively.

Qt¼Qe 1�e�k1t
� �

, ð3Þ

Qt¼ k2tQe
2

1þk2Qe t
, ð4Þ

Qt¼Kp� t1=2
� �

þC, ð5Þ

where Qt and Qe are the quantity of pollutant adsorbed by the poly-

mer P6 (in mg/g) respectively at time t and at equilibrium. k1 and k2

are respectively the pseudo-first-order rate constant (min�1) and the

pseudo-second-order rate constant (mg mg�1 min�1). Kp is the intra-

particle diffusion rate parameter. C is the thickness of pollutants spe-

cies at the adsorbent surface.

In order to quantitatively compare the applications of the kinetic

model, the regression.

coefficients (R2) were calculated by the following formula:

R2 ¼
P

Qtexp�Qtaver,exp

�� ��2
P

Qtexp�Qtaver,exp

�� ��2þP
Qtexp�Qtmod

�� ��2 , ð6Þ

where Qtexp and Qtmod(mg/g) are the sorption quantities, at time

t, experimental and predicted by the models, respectively; Qtaver,exp is

the average of Qtexp.

The nonlinear (a) pseudo-first-order and (b) pseudo-second-order

(c) intra-particle diffusion models for the sorption kinetics of the four

selected target pollutants onto P6, for different initial concentrations,

are presented in Figures S5 and S6.

The sorption kinetics data are fitted with pseudo-first-order and

pseudo-second-order models. The obtained kinetic parameters and cor-

relation coefficients (R2) by nonlinear regressions are presented in

Table S1. The correlation coefficients (R2) of the pseudo-second-order

model for both target pollutants are higher than that of the pseudo-first

order model. Moreover, the experimental sorption capacities (Qe.exp)

for both target pollutants are very close to the calculated values (Qe2.

cal) from the pseudo-second-order model, indicating that the pseudo-

second-order model is well suitable for describing the sorption process.

The intraparticle diffusion model was applied to determine

the effect of intraparticle diffusion on sorption process that is

generally controlled by liquid mass transport or intraparticle mass

transport and also gives an idea about the mechanism steps that

took place in this process. The linear plots of intraparticle diffu-

sion model are shown in Figures S5c and S6c. From this model it

comes that adsorption process was carried out in three consecu-

tive steps:

1. Instantaneous adsorption of adsorbate on the adsorbent surface.

2. Diffusion of adsorbate molecules in adsorbent pores.

3. Adsorption of adsorbate molecules on the inner surface of the

adsorbent pores.

The values of intraparticle rate kint (Table S1) decrease with the pas-

sage of the first step (kint1) toward the second step (kint2) and toward

the third step (kint3). From this results, it comes that the sorption

mechanism is mainly governed by boundary layer diffusion and

intraparticle diffusion. Similar sorption mechanism was observed in

the work of35 for adsorption of p-hydroxybenzoic acid, toluic acid,

deisopropylatrazine, 2,4,6-trichlorophenol on a bio-sourced

poly(ether-pyridine).

3.3.3 | Sorption isotherms

Sorption isotherm models are widely used to describe the sorption

process and investigate the sorption mechanisms. Two sorption iso-

therms models, the Freundlich and Langmuir models were used for

fitting the experimental data. The nonlinear Freundlich isotherm

model is represented by Equation (7):

Qe¼KFCe
1
nF , ð7Þ

where Qe is the sorbed amount of the pollutant at equilibrium

(in mg/g), Ce is the concentration of pollutant solution at equilibrium

(in mg L�1), KF (mg/g [mg L�1]-1/nF) is the Freundlich constant related

to sorption capacity and nF the heterogeneous factor related to the

sorption intensity.

The Langmuir isotherm model is based on the following assump-

tions: (1) the sorption takes place as a monolayer on the sorbent, and

only one molecule is adsorbed at each adsorption site (2) there is no

interaction between the sorbed molecules, (3) the enthalpy values of

all sorbed molecules are equal. The nonlinear Langmuir isotherm

model is given by Equation (8):

Qe¼ CeKLQmaxð Þ= 1þKLCeð Þ, ð8Þ

where Qmax is the maximum amount of sorption with a complete

monolayer coverage on the sorbent surface (in mg/g), and KL is the

Langmuir sorption constant (L/mg).

In order to quantitatively compare the applications of the iso-

therm model, the regression.

coefficients (R2) were calculated by the following formula:

R2 ¼
P

Qe�Qe averj j2P
Qe�Qe averj j2þP

Qe�Qemodj j2
, ð9Þ
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where Qe is the experimental sorbed amount at equilibrium (mg/g), Qe

mod is the sorbed amount predicted by the Langmuir or Freundlich

model (mg/g) and Qeaver is the average of the experimental sorbed

amount.

As shown in Figure 7, the fit with Langmuir model appears better

than that with Freundlich model for (a) p-hydroxybenzoic acid and

(b) toluic acid. This point is verified by the found values of R2 in

Table 3. The lower value of 1/n and the higher value of Qmax for

toluic acid, compared to those of p-hydroxybenzoic, show that its

sorption on P6 is easier.

The characteristics of the adsorption of benzoic acid on different

adsorbents are compared in Table 4. When comparing the 1/n values

for benzoic acid for biochar (0.62), cross-linked methacrylate resin

(0.64) and for bio-based poly(ether-pyridine) (0.311), to the 1/n value

for polymer P6 (0.365), it appears that the alternating co-poly(ether

pyridine) P6 presents a high affinity for this compound. Nevertheless,

P6 polymer presents a very low sorption capacity, 6.46 mg/g, com-

pared to the cross-linked methacrylate resin and a higher sorption

capacity than bio-based poly(ether-pyridine). This higher sorption

capacity compared to the bio-based poly(ether-pyridine) can be

explained by the difference in the structures. In fact, 3D spacers in

the P6 copolymer make this polymeric phase more available for π–π

interactions, due its lower compactness.

4 | CONCLUSION

The developed adsorbents are new alternating copolymers derived

from isosorbide and 2,6-difluorpyridine. Six different monomers,

dianhydrohexitols isomers and bisphenol derivatives, were synthe-

sized in order to make it possible to study their hydrophilic and hydro-

phobic effect on the sorption efficiency of the resulting polymeric

phases. The structure of these copolymers were characterized by 1H

NMR spectroscopy, DSC and ATG. These polymers have a good ther-

mal stability, a 5% weight loss is observed above 340�C. Benzene

derivative sorption efficiency of polymers was successfully measured

using high-performance liquid chromatography. The results show the

F IGURE 7 Nonlinear fitting curves of the Freundlich and Langmuir sorption isotherms at 25�C: (A) p-hydroxybenzoic acid, (B) toluic acid;
Experimental conditions: initial concentration = 5–50 mg L�1; NaCl concentration: 300 g L�1; pH 2; stirring speed = 900 rpm

TABLE 3 Langmuir and Freundlich isotherm constants for sorption of p-hydroxybenzoic acid and toluic acid onto P6 and regression
coefficients of the fitting of the experimental data

Pollutants
Langmuir constants Freundlich constants

Log Kow Qmax (mg/g) KL (L/mg) R2 KF (L/g) 1/n R2

p-hydroxybenzoic acid 1.58 6.462 0.486 0.993 2.178 0.382 0.965

Toluic acid 2.35 7.717 1.007 0.988 3.399 0.365 0.928

TABLE 4 Comparison of 1/n values, inverse of the sorption
intensity, for different sorbents for benzoic acid

Adsorbent Benzoic acid

Biochar 1/n = 0.6221

Cross-linked methacrylate resin 1/n = 0.6443

Qmax = 245 mg/g43

Bio-based poly(ether-pyridine) 1/n = 0.31135

Qmax = 4.941 mg/g35

Polymer P6 (this work) 1/n = 0.382

Qmax = 6.462 mg/g
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high sorption efficiency of the resulting polymer (P6) toward all the

aromatic compounds (more than 95% after 1 h) with log Kow

between 1.43 and 3.3. The sorption kinetic data, using polymer P6 as

sorbent, fitted well to a pseudo-second-order model. Sorption equilib-

rium data reveal that the sorption mechanism obeys better to Lang-

muir isotherm model that assume the adsorption was made onto a

homogenous surface, sorption sites presenting a high affinity com-

pared to that of current adsorbents such as biochar and methacrylate

resin. The preparation of microporous materials based on the polymer

P6 will be able to increase its sorption efficiency and make them

promising polymers to have applications in water remediation or in

SPME analytical devices.
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