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Abstract

In this work, four triazole-based poly(ether-pyridine)s polymers were synthesized and
used as an adsorbent for the removal of phenolic compounds from aqueous solu-
tions. For this purpose, new fluoromonomers containing 1,2,3-triazole units were
prepared by the Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction and then used for
the elaboration of novel poly(ether-pyridine-triazole)s (PEPTs) by direct polyconden-
sation with isosorbide and bisphenol A. Chemical structure of fluorinated pyridinic
monomers as well as resulting polymers was confirmed by *H and *F NMR spectro-
scopic methods. The thermal behavior of the obtained PEPTs was characterized using
differential scanning calorimetry and thermogravimetric analysis. Results of sorption
showed that polymers can be effectively used as a sorbent for the removal of polar
organic pollutants. The isosorbide-based poly(ether-pyridine-triazole) which contains
hydrophilic hydroxyl groups as pendants chains (P4) exhibited the highest sorption
efficiencies (78%-100% after 1 h). In order to explain the results an adsorption mech-
anism mainly based on n-x interactions and hydrogen bonding with the pendent

groups is proposed.

KEYWORDS
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environment.®~° For the removal of these contaminants from waste-

11-16

water, different treatment methods involving chemical (oxidative

The increasing contamination worldwide of aquatic ecosystems with
thousands of industrial chemical compounds is one of the most signifi-
cant environmental problems facing humanity. Organic micro-
pollutants such as pesticides, substituted phenols, benzene deriva-
tives, and pharmaceuticals are considered major threats to water qual-
ity. These toxic molecules are not biodegradable and thus tend to
persist in both surface®? and groundwater sources,®~> causing severe
health problems in humans and in other organisms in the

processes, Fenton's reagent, photochemical and electrochemical tech-
niques), physical (adsorption, membranes processes) and biological
treatments (microbial cultures, fungal degradation) have been used.
Among these numerous techniques for water decontamination,
adsorption is the most efficient and popular method for pollutant
removal.'” For instance, activated carbon is the most widely used
adsorbent material to eliminate organic pollutants from water. How-

ever, its ability to purify the water is comprised by several limitations,
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including its rather expensive production, slow pollutant uptake®®?

and poor removal of many hydrophilic micropollutants.?° Furthermore,
activated carbon is difficultly regenerated requiring high energy?%22
(heating to 500-900°C) with loss in performance (10%-15% loss of
adsorbent and adsorption capacity).?®> Therefore, many studies have
been undertaken for the development of inexpensive and more effec-
tive adsorbent phases based on polysaccharide derivatives such as
chitin,242¢ starch,?”"2? chitosan®>®! and cycIodextrin.Sz’34 The sorp-
tion onto these natural polymers has received increasing attention
because of their particular characteristics (easily available, renewable,
and biodegradable resources) and properties such as their chemical sta-
bility, high reactivity, and excellent selectivity towards aromatic com-
pounds and metals. Despite their numerous advantages these materials
can suffer from some drawbacks like the insolubility due to the high
degrees of cross-linking and the selectivity towards hydrophobic pollut-
ants, they are also not efficient to remove simultaneously various
organic pollutants present in water at low concentration (>0.1 mmol/
L).353¢ The limited removal of hydrophilic pollutants from water have
led researchers to find alternative adsorbent phases that are able to
efficiently eliminate these pollutants.

In the present work, we are interested to create new aromatic poly-
mers that are partially biosourced for high adsorption efficiency of
organic micropollutants. Since, the synthesis of polymeric materials based
on monomers derived from renewable feedstock has attracted a growing
attention nowadays because not only of the abundance of these sustain-
able resources, but also of their possibility to limit environmental issues
and the depletion of petroleum resources.®” Among the important bio-
based byproducts are the 1,4-3,6-dianhydrohexitols existed under three
isomers, depending on the positions of their two hydroxyl groups, isosor-
bide, isomannide, or isoidide. These sugar-based diols were identified as
the most useful biosourced monomers for high performance polymers
due to their rigid structure, non-toxicity, chirality, as well as biodegrad-
ability. Thus, a large variety of dianhydrohexitol-based materials, that is,

38,39 4041 4243 44,45

polyesters, polyethers, polyamides, polycarbonates,

4647 and polyethersulfones*®? has been generated and

polytriazoles,
characterized. These polymers presented promising high glass transitions,
excellent thermal stabilities, and interesting physical properties. Another
useful and interesting property has been shown, in the class of poly
(ethersulfone)s,*® is their higher polarity and hydrophilicity compared to
bisphenol-A based poly(ether sulfone)s.

Research efforts are therefore underway to take advantage of
these properties to study the ability of biobased polymers to remove
environmentally toxic pollutants from aqueous media. Recently, Chatti
et al.>° have reported the use of poly(ether-sulfone)s derived from
dianhydrohexitols as adsorbents for a large variety of chemical com-
pounds. They demonstrated that isosorbide based- polymers can be
useful as alternative adsorbent to remove contaminants from water.
In order to enhance the isosorbide adsorption capacities, Gomri
et al.°! incorporated a perfluoro heterocyclic unit in the polyether
backbone, since heterocycles are among the interesting chemical
structures to modify the properties of polymers because they usually
impart excellent thermal stability with improved solubility. The intro-

duced heteroatomic ring consists on pentafluoropyridine. The

combination of this fluorinated pyridine and dianhydrohexitols led to
materials with good flexibility and high hydrophilicity which improved
their adsorption efficiency towards polar organic pollutants.

Continuing with our line of research, we have working herein on
the development of novel partially biosourced poly(ether-pyridine)s
with new design, enhanced thermal properties and higher pollutants
uptake. In this process, we have investigated the introduction of a
second heterocycle moiety in the lateral chain of poly(ether-pyridine)
s. Among the various structures of heterocycles we have chosen the
1,2,3-triazole group due to its rigidity and its stability under a variety
of conditions, that it cannot be oxidized or reduced and the fact that
triazole ring is a mild Lewis base and the nitrogen atoms can act as
hydrogen bond acceptors®? which open the possibility of bonding
with polar compounds. Furthermore, it was reported that the pres-
ence of 1,2,4 or 1,2,3-triazole units in the main chain increases the
chemical stability, the mechanical and thermal properties of the result-
ing polymers as well as the hydrophilicity, necessary to extract organic
molecules from water media, giving then rise to materials with high
affinity towards the polar micropollutants in agueous solutions.

In this context, several studies were conducted in introducing 1,2,4
triazole moieties in the main chain of aromatic polymers including
polyamides,>® polyimides®* and poly(amide-imide)s>> for the elimination
of metallic ions such as Cr'", Co", Zn", Pb", Cd", Hg", Mn", and CrV' as
Cr,05%~ from aqueous solutions. The results show that triazole groups
were found to be efficient chelating units for ions thus made polymers
effective solid adsorbent phases in the extraction of cations especially
Hg" and anions from water media. As a consequent, the inclusion of
1,2,3-triazole units into macromolecular chains allowed the generation
of a series of novel poly(ether-pyridine-triazole)s with improved adsorp-
tion capacity. In this study, polyethers bearing pyridine and triazole
moieties in the main chain and lateral structure, respectively, are
obtained by polycondensation of new 1,2,3-triazole-containing fluori-
nated monomers with diols. These kind of monomers are synthesized,
starting from pentafluoropyridine, via the copper (l) catalyzed azide-
alkyne cycloaddition reaction (CUAAC) which is the most studied and
reliable click reaction.’®>” To the best of our knowledge, the copper
will be removed much more efficiently from triazole-containing mono-
mers than from polytriazoles made by CUAAC polyaddition.>®

On the other hand, our approach relies upon the fact that penta-
fluoropyridine is highly electrophilic due to the presence of five electro-
negative fluorine atoms attached to the ring. Thus, all fluorine atoms
may be substituted by various nucleophiles to provide a wide range of
polyfunctional pyridine derivatives. It is well-established that the nucle-
ophilic attack on pentafluoropyridine is regioselective following this
order; 4 (para)-fluorine > 2 (ortho)-fluorine > 3 (meta) fluorine so the
reaction with nucleophiles in stoichiometric amounts is selectively at
the 4-position.””*® However, a few documented examples have been
reported on the exploitation of the regioselectivity of nucleophilic sub-
stitution of pentafluoropyridine towards preparing monomers for poly-
mer, dendritic, or network architectures. So we will synthesize partially
fluorinated aromatic compounds from perfluoropyridine to serve as
attractive monomers for high performance materials. The adsorption

efficiency of the new developed polymers to remove hydrophobic and
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TABLE 1  Structures and physicochemical properties of phenolic compounds.

Target compounds Chemical structure Molecular weight (g/mol) pKa? Log Kow? Water solubility (g/L)
Hydroxytyrosol HO:©/\/OH 154.16 9.45 -0.7
HO
Tyrosol /@/\/OH 138.16 10.12 0.04
HO
Caffeic acid 0] 180.16 4.62 1.15 <1
HOD/\)‘\OH
HO
Ferulic acid (0] 194.18 4.58 1.51 5.97
HSCOD/\)L oH
HO
4-Hydroxybenzoic acid O 138.12 4.5 1.58 5
HO—< >—<
OH
Benzoic acid C O 122.12 4.2 1.87 3.4
OH
P-anisic acid O 152.15 447 1.96 0.53
OH
P-toluic acid O 136.15 4.37 2.27 0.34
H3C—< >—<
OH
Eugenol =\ <:E oH 164.20 10.19 2.49 2.46
OCHj,
P-chlorobenzoic acid O 156.56 3.98 2.65 0.072
CI—< >—<
OH
(E)-Anethol 148.20 —-4.8 3.4 0.11

#Acid dissociation constant.
bOctanol-water partition coefficient.

hydrophilic organic micropollutants from aqueous media is determined.
The studied organic pollutants present different structures and degrees
of polarity (Table 1). The elimination of these kinds of contaminants has
attracted a great interest due to their difficult extraction from water
because of their high affinity to water.®?

The main aim of this study is to design triazole-containing
poly(ether-pyridine)s as new synthetic adsorbent phases for pollutants
removal in water. The obtained polymers were fully characterized
using NMR spectroscopy, GPC, DSC and ATG and then their uptake
performance to eliminate organic compounds was determined using

High performance liquid chromatography (HPLC).

2 | EXPERIMENTAL SECTION

2.1 | Reagents and standards

N,N-dimethylformamide (DMF, 99.9%), tetrahydrofuran (THF, 99.9%),
(CH,Cl,, 99.9%), pentafluoropyridine (99%),
2,6-difluoropyridine (99%), morpholine (99%), triethylamine (99.5%),
propargy! alcohol (99%), potassium carbonate (99%), sodium azide

dichloromethane

(99,5%), copper (l) bromide (98%), copper (ll) acetate monohydrate
(99%), sodium ascorbate (98%), 2-methyl-3-butyn-2-ol (98%), and
anhydrous magnesium sulfate (99.5%) were purchased from Sigma-
Aldrich and used as received. Bisphenol A (Aldrich, 99.0%) was recrys-
tallized from toluene and isosorbide (99%) was recrystallized from
acetone and dried under vacuum.

A total of 11 phenolic compounds (hydroxytyrosol, tyrosol, caffeic
acid, ferulic acid, 4-hydroxybenzoic acid, benzoic acid, p-anisic acid, p-
toluic acid, eugenol, p-chlorobenzoic acid, [E]-anethol) were selected
as target pollutants for the present study because they showed mark-
edly different physicochemical properties in terms of water solubility,
molecular weight, Log K., and pKa. All the organic pollutants were
purchased from Sigma-Aldrich with a purify higher than 99%. The
molecular structures of these compounds and their physicochemical
properties are given in Table 1.

2.2 | Characterization methods

1H, 13¢, and F NMR spectra were recorded on a Bruker Advance
spectrometer (300 MHz) in CDCl; or DMSO-d¢ using TMS and CFCl3
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as internal references. The MALDI-TOF mass spectra were performed
on an Ultraflexlll (BrukerDaltonics) mass spectrometer including a
time-of-flight analyzer.

Water contact angle measurements on the polymeric film surface
were obtained using a Dataphysics Digidrop contact anglemeter
equipped with a CDD2/3 camera with the sessile drop method and by
using Milli-Q quality water as probe liquid (volume of the drop: 2 pl).
The presented results are the average of at least three measurements
on different parts of each sample.

Thermogravimetric analysis (TGA) measurements were performed

under nitrogen using a TGA Q50 (TA Instruments) at a heating rate of

SCHEME 1 Synthesis of
1,2,3-triazole-based fluorinated
monomers (6-7).

Cu(OAc),.H,0
sodium ascorbate
DMF, 25°C, 1h

OH

10°C/min from 25 to 500°C. Polymer glass transition temperatures
(Tg) were determined by differential scanning calorimetry (DSC) using
a Mettler-Toledo DSC822e. DSC experiments were performed under
nitrogen at a heating rate of 10°C/min from 25 to 230°C.

Molecular weights were obtained by size exclusion chromatogra-
phy (SEC) using a system consisting of a pump, three PL gel-mixed col-
umns Styragel HRO.5-HR1-HR2 (polystyrene/divinylbenzene), a
refractive index (RI) detector and Shimadzu RID-10A refractometer.
THF was used as the mobile phase at a flow rate of 1 ml/min. Molar
masses were evaluated by means of a relative and universal method

based on polystyrene standards.



BRIRMI ET AL.

polymers

advanced. _WILEY. >

N
F F
| A + HO—IEI—OH _K2COs, DMF_|
N J N 120°C, 24h
N ONTONTONT

Z / — z

<) _)/' (6) \\<_ <
F7 N0 07 NTF

K,CO; DMF
, ,

technologies
0.
®
Ff\IF
N |N/ N’\N\‘N =
R—OQO—E—O*}-
n

route (a)

X~

N<
Z N
99
N (0]

®
N
(oo
| n
route (b) Ny N/ NELN
Z N N Z
FON I of \\<~o SN l F
P1/ R=BPA
P2/ R=I1SB
®

7 N N N7
N 120°C, 24h ) N
— ~ N ,/N N N\\ N
HO @ OH
HO OH
P3/ R=BPA
P4/ R=I1SB
H
=0
- LT
0T~
A
BPA ISB
SCHEME 2 Synthesis of poly(ether-pyridine-triazole)s P1-P4.

2.3 | Monomer synthesis
The synthetic pathway leading to the synthesis of target fluorinated

monomers (6 and 7) is shown in Scheme 1.

2.3.1 | Synthesis of 4-morpholino-2, 6, 3,
5-tetrafluoropyridine (2)

In a 500 ml three round-bottom flask equipped with a condenser and
N2 inlet, pentafluoropyridine 1 (10 g, 0.059 mol) and triethylamine
(15.564 g, 0.153 mol) were dissolved in THF (160 ml). A solution of
morpholine (5.227 g, 0.06 mol) and THF (16 ml) was added dropwise
and the mixture was then stirred 48 h at room temperature. After evap-
oration of the solvent (THF), 70 ml of water was added to the residue
and then extracted with diethyl ether (3 x 60 ml). The organic layer
was dried over MgSOy, filtered, and concentrated under reduced pres-
sure. The crude product was crystallized into petroleum ether, filtered,
and dried under vacuum, giving a white crystal with a yield of 78%. Its

chemical structure was confirmed by 1H, 13C and *F NMR (Figure S1).

1H NMR (300 MHz, CDCl,): & (ppm): 3.49 (m, 4H); 3.82 (m, 4H).
13C NMR (75 MHz, CDClg): & (ppm): 50.42 (t, “Je.p = 4.5 Hz); 66.67
(s); 135.0, 139.76, 144.81 (3 m). *2F NMR (282 MHz, CDCly): & (ppm):
—92.69 (s, 2F); —154.31 (s, 2F).

2.3.2 | Synthesis of 4-morpholino-2,6-diazido-
3,5-difluoropyridine (3)

In a 100 ml two necked round-bottomed flask, a solution of com-
pound (2) (3 g, 12.7 mmol) and NaN3 (3.30 g, 50.81 mmol) in 25 ml of
DMF was stirred for 7 h at 100°C. After cooling, the reaction mixture
was poured into water, filtered, and dried under vacuum, giving a light
brown powder (71%). Its structure and purity were checked through
NMR spectra (Figure S2).

1H NMR (300 MHz, CDCl5): & (ppm): 3.38 (m, 4H); 3.78 (m, 4H).
13C NMR (75 MHz, CDCl3): 5 (ppm): 50.49 (t, “Jc.r = 4.5 Hz), 67.05
(s), 136.93 (m), 138.83 (dd, XJ c.¢ = 255 Hz, ®J c.r = 1.5 Hz). *F NMR
(282 MHz, CDCl5): 6 (ppm): —146.02 (s, 2F).
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FIGURE 1 Y F NMR spectra of PFP (1), (2) and (3) in CDCl,

233 |
pyridine (4)

Synthesis of 2-fluoro-6-(propargyloxy)

Propargyl alcohol (3.165 g, 56.47 mmol) was added dropwise to a
solution of 2,6-difluoropyridine (5 g, 43.44 mmol) and potassium car-
bonate (14.40 g, 104.25 mmol) in 30 ml of DMF. After 20 h at 100°C,
the mixture was extracted with ethyl acetate (3 x 50 ml), dried with
MgSQO, and the solvent evaporated to dryness to afford the title com-
pound (4) as yellow oil in 84% vyield. This product was characterized
by *H, ¥3C, and °F NMR analysis (Figure S3).

"H NMR (300 MHz, CDCly): & (ppm): 2.49 (t, 1H); 4.92 (d, 2H);
6.50 (dd, 1H, 3 .y = 6 Hz, ¥ 4y = 3 Hz); 6.66 (dd, 1H, %J
ww = 6 Hz, %) y_y = 3 Hz); 7.66 (dd, 1H, %) y = 9 Hz, %
nn = 9 Hz). 13C NMR (75 MHz, CDCl3): & (ppm): 53.93 (s); 74.74 (s),
78.40 (s); 100.82 (d, % ¢ ¢ = 34.5 Hz); 107.3 (d, *J c ¢ = 4.5 Hz);
142.88(d,®) ¢ F = 7.5 Hz); 161.46 (d, ®J c ¢ = 13.5 Hz); 161.95 (d, 1J
c_r = 240 Hz). F NMR (282 MHz, CDCly): & (ppm): —70.13 (s, 1F).

2.34 | Synthesis of monomer (6)

A mixture consisting of 3 (3 g, 10.63 mmol), 4 (3.23 g, 21.36 mmol),
EtsN (7.74 g, 76.53 mmol), and CuBr (0.22 g, 1.488 mmol) in CH,Cl,

N., — =N,
F1 ~ NUONTONTONTNY 2
Q\Oﬁ 6 ‘§<_ \Nl F
F N O 1

(30 ml) was stirred at room temperature for 5 h. The reaction solution
was then passed through a column of celite using 100% CH,CI, to
remove residual copper (was then filtered on celite). After evaporation
of solvent, the crude product was purified again by column chroma-
tography on silica gel, eluting with a 8:2 mixture of petroleum ether
and ethyl acetate to remove any residual starting materiel 3 and
4. The monomer 6 was isolated as a yellow powder (93%).

This product was characterized by *H, *3C, and *°F NMR analysis
(Figure S4).

1H NMR (300 MHz, CDCly): & (ppm): 3.55 (m, 4H); 3.80 (m, 4H); 5.49
(s, 4H); 6.44 (dd, 2H, °J 1y = 6 Hz, *J {_ = 3 H2); 6.60 (dd, 2H, °J
wn=6Hz,% 4 y=3Hz);7.60(dd, 2H,% 4 =9 Hz, %) gy = 9 H2),
8.25 (5, 2H). *C NMR (75 MHz, CDCla): 5 (ppm): 50.83 (t, *J ¢ = 3.75 Hz);
59.30 (s), 67.02 (s); 10063 (d, ¥ ¢ ¢ = 3525Hz); 10745 (d, Y
c_F = 5.25 Hz); 123.77 (s); 132.67 (m); 139.29 (t, %) _¢ = 9 Hz); 142.92 (d,
%) cr=7.5Hz); 14345 (dd, Y _r = 266.25 Hz,%J ¢ ¢ = 3.75 Hz); 14348
(s 162.01 (d, Y c_¢ = 240 Hz); 162.04 (d, ®J c_¢ = 13.5 Hz). F NMR
(282 MHz, CDCly): 8 (ppm): —70.21 (s, 2F); —133.76 (s, 2F).

2.3.5 | Synthesis of monomer (7)
A 2 g (7.08 mmol) of 3, 1.198 g (14.24 mmol) of 2-methyl-3-butyn-
2-ol, Cu(OACc),. H,0 (20 mol%), and sodium ascorbate (40 mol%) were
mixed in DMF (12 ml) at room temperature for 1 h. The mixture was
extracted with dichloromethane (3 x 30 ml), dried over MgSQ,, and
concentrated by rotary evaporation. The crude product was further
purified by column chromatography on silica gel with 100% ethyl ace-
tate as eluent to afford the corresponding pure monomer 7 as white
powder with a yield of 80%.

This product was characterized by *H, *3C, and *°F NMR analysis
(Figure S5).

1H NMR (300 MHz, CDClg): & (ppm): 1.63 (s, 12H); 2.88 (s, 2H);
3.54 (m, 4H); 3.79 (m, 4H); 8.04 (s, 2H). 3C NMR (75 MHz, CDCls): &
(ppm): 30.36 (s); 50.80 (t, *J c.r = 4.5 Hz); 67.03 (s, Cb); 68.59 (s, Ch);
119.57 (s); 132.69 (m); 139.20 (t, % ¢ = 9 Hz); 143.3 (dd, Y .
F = 26625 Hz, %) ¢ = 3.75 Hz); 155.56 (s). F NMR (282 MHz,
CDCl3): & (ppm): —134.06 (s, 2F).

- FIGURE 2 'F NMR spectrum of
monomer (6) and PEPT (P1)
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FIGURE 3 (A) Possible reaction products of P1 obtained after polycondensation of monomer (6) with BPA. (B) MALDI-TOF mass

spectrum of P1

24 | Polymer synthesis

The following general procedure, as illustrated in Scheme 2, was used for
the preparation of all PEPTs (P1-P4). In a two-necked reactor equipped

with a N2 inlet and a mechanical stirrer, a mixture of 0.8559 mmol iso-
sorbide or bisphenol A, 0.8559 mmol (6) or (7), 1.883 mmol K,CO3 and
3 ml of DMF (20% solid) was stirred and heated at 120°C for 24 h. The
solution was then poured into a large volume of water. The precipitate
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FIGURE 3 (Continued)

was collected by filtration, washed thoroughly with water and dried in a
vacuum oven at 80 °C for 24 h. The yields of the polymerization reac-

tions were in the range of 78%-96%.

2.5 | Adsorption studies

2.5.1 | Preparation of doped solution

Preparation of polyphenols solution MC1

Solution of target molecules MC1 were prepared by dissolving a
defined weight of phenolic compounds in 1 L of distilled water in
order to obtain an equal molar concentration (25 pmol/L). A 2 ml of
orthophosphoric acid was then added to adjust the pH solution to
2. The mixture was stirred over a night until the total dissolution of

the pollutants.

3000 3500 4000 4500 5000
m/z
2.5.2 | Chromatographic analysis and conditions

The adsorption of phenolic compounds was performed by High Per-
formance Liquid Chromatography (HPLC) equipped with an Agilent
XDB C18 column (3 mm x 100 mm x 1.8 pm) at an oven tempera-
ture of 40°C. The diode array detector was set at the wavelength of
210 nm. The elution rate of mobile phase, which consisted of 0.1%
(vol/vol) of orthophosphoric acid in water (eluent A) and acetonitrile
(eluent B), was fixed at 1 ml/min. The injection volume of samples
was adjusted at 5 pl. The amount of target molecules adsorbed by the
polymer was determined by the difference between areas of chro-
matographic peaks, before and after extraction.

The retention times of: hydroxytyrosol, tyrosol, P-hydroxybenzoic
acid, caffeic acid, ferulic acid, benzoic acid, P-anisic acid, P-toluic acid,
P-chlorobenzoic acid, eugenol, and (E)-anethol under the above HPLC
conditions were: 2.2-2.5, 3.8-4.2, 5.5-6.0, 6.7-7.2, 9.0-9.5, 10.0-
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10.5, 10.7-11.2, 12.3-12.8, 12.8-13.3, 13.5-14.0, and 15.8-

16.3 min, respectively.

2.5.3 | Adsorption experiments

Adsorption tests of polymers towards polyphenols were performed
by batch technique, in 20 ml scintillation flasks, 60 mg of polymers

T T T T T
2000 3000 4000 5000 6000

m/z

(adsorbents), 3 g of sodium chloride (NaCl) and 10 ml of pollutants
solution (MC1) were mixed with magnetic stir bars (900 tr/min) at
room temperature. At predetermined sampling times (1, 3, 5, and
24 h), 0.5 ml of samples were collected via a 2.5 ml syringe and fil-
tered through a 0.45 um PTFE filter into vial. The vials were then
transferred for HPLC analysis.

The efficiency of pollutants removal (in %) by the sorbent phase

was calculated by the following equation
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TABLE 2 Calculated masses (including K_doping) of the potential
reaction products C, La, Lb, and Lc (P1)

DP C La Lb Lc

2 1584.6 1604.6 1812.9 2169.1
3 2357.4 23774 2585.7 2941.9
4 3130.2 3150.2 3358.5 3714.7
5 3902.9 3923.0 4131.2 4487.4
6 4675.7 4695.7 4904.0 5260.2
7 5448.5 5468.5 5676.8 6033.0

TABLE 3 Calculated masses (including K_doping) of the potential
reaction products C, La, Lb, and Lc (P2).

DP C La Lb Lc

2 1420.3 1440.3 1566.5 2004.8
8 2111.0 2131.0 2257.1 2695.5
4 2801.6 2821.6 2947.7 3386.1
5 3492.2 3512.2 3638.3 4076.7
6 4182.8 4202.8 4329.0 4767.3

Pollutant removal efficiency = (Acmix — Act/Acmix) x 100

where Acmix and Acy are the areas of chromatographic peak of
organic pollutants in the original solution and the filtrate after extrac-

tion, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of monomers

New fluorinated monomers containing 1,2,3-triazole units (6, 7) were
successfully prepared in three steps from pentafluoropyridine (1). The
first step of the strategy, outlined in Scheme 1, requires the synthesis
of 4-substituted tetrafluoropyridine via nucleophilic aromatic substitu-
tion of pentafluoropyridine (1) with morpholine. The reaction was car-
ried out in the presence of EtzN in THF, as reported in the

5162 white

literature, giving a crystal  of  4-morpholino-
tetrafluoropyridine (2) in 78% vyield. Upon treatment of 4-morpholine-
tetrafluoropyridine (2) with an excess (molar ratio 1:4) of sodium azide
in DMF at 100°C for 7 h afforded 4-morpholino-2,6-diazido-
3,5-difluoropyridine (3) in modest isolated yield (71%). The regioselec-
tivity of the various nucleophilic substitution reactions of pentafluoro-
pyridine was established by *F NMR studies.

The ?F NMR spectrum, illustrated in Figure 1, shows the sequen-
tial conversion of pentafluoropyridine (1) to intermediate (2) and to
compound (3). The spectrum of (1) shows three chemically shifted
peaks at —86.39 ppm (ortho-F, F1), —132.38 ppm (para-F, F3) and
—162.52 ppm (meta-F, F2) with a relative integration ratio of 2:1:2. In
the F NMR spectra of (2), two peaks for fluorines are observed at

—92.69 and —154.31 ppm attributed to ortho and meta fluorine

atoms, respectively, while the signal assigned to fluorine atom located
at the 4-position of pentafluoropyridine (F3) has disappeared. These
results confirm that the nucleophilic substitution of fluorine occurs, as
expected, at the para-position to ring nitrogen due to the strong -1
effect of N-atom.®3%* Only one signal related to metha fluorine atoms
(F2) is appearing in the F NMR spectra of diazide (3) at
—146.02 ppm, which indicates that the two azide groups in the mole-
cule are located in ortho position of the pyridine ring.

The 2-fluoro-6-(propargyloxy)pyridine (4), used for the prepara-
tion of monomer (6), was obtained by nucleophilic substitution of
2,6-difluoropyridine with propargyl alcohol in the presence of potas-
sium carbonate in DMF yielding (4) as yellow oil in 84% yield. Finally,
the 1,2,3-triazole- based fluorinated monomers (6 and 7), were syn-
thesized by Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction
(CuAAC) with calculated stoichiometric molar ratios 1:2 of diazide
(3) and propargyl compounds (4) or (5) for 6 and 7 synthesis, respec-
tively. The CuUAAC reaction of (3) with (4) was catalyzed by CuBr (0.14
equiv) and triethylamine (7.2 equiv) according to azide or alkyne func-
tionalities in CH,Cl, at room temperature. Following a previously
described procedure,65 the synthesis of monomer (7) was carried out
in the presence of 20% of Cu(OAc),.H,0 and 40% of sodium ascor-
bate as the catalyst in DMF for 1 h at room temperature. In the syn-
thesis progress of (6) the solution was colorless, after the catalyst was
added the color became green 10 min later then turned to black after
1 h, and the reaction released heat during the process. The yields of
(6) and (7) were 93% and 80%, respectively.

The obtained 1,2,3-triazole-based monomers (6 and 7) were char-
acterized by H, 13C, and *’F NMR given in the experimental sections.
The cycloaddition reactions between diazide and alkyne compounds
were confirmed by the appearance of the characteristic signal of tria-
zole rings in *H NMR spectra at 8.25 for monomer (6) and 8.04 ppm
for monomer (7) as well as the disappearance of the alkyne signals
(Figures S4 and S5).

3.2 | Synthesis and characterization of polymers
The obtained monomers were employed to synthesize a series of
novel poly(ether-pyridine)s bearing 1,2,3-triazole moieties as pendent
chains (P1-P4) by polycondensation with two diols: isosorbide and
bisphenol A (Scheme 2). The polymerization of equimolar amounts of
monomers was performed in the presence of potassium carbonate in
DMF at 120°C. The polymers were isolated in different yields (78%-
96%) after precipitation in water and dried under vacuum. The chemi-
cal structures of the synthesized polymers were confirmed by *H, *°F
NMR and MALDI-TOF mass spectrometry.

The structural composition of the resulting monomer (6)-based
polymers (P1 and P2) was determined using MALDI-TOF mass spec-
trometry by comparison between the calculated and measured peak
intensities related to each of the possible produced structures La, Lb,
Lc, and C as shown in Figures 3A and 4A. The corresponding calcu-
lated masses of each of the formed structures illustrated in Figures 3A

and 4A are summarized respectively in Tables 2 and 3.
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from the condensation of OH functional groups of BPA with ortho-
fluorine (structures C’) or meta-fluorine atoms of monomer (6) (struc-
tures C”) followed by a cyclization reaction. In fact, there are two pos-
sibilities which F-atoms of monomer (6) can react. On the one hand,
the ortho F-atoms to the N of difluoropyridine (F1) can react with the
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TABLE 4 Calculated masses (including K_doping) of the potential
reaction products C, La, Lb, and Lc (P3).

DP C La Lb Lc

2 1316.6 1336.6 1544.8 1767.0
8 1955.3 1975.3 2183.6 2405.7
4 2594.0 2614.0 28223 3044.5
5 3232.7 3252.8 3461.0 3683.2
6 38715 3891.5 4099.8 4321.9
7 4510.2 4530.2 4738.5 4960.7

diol via SaoN (Scheme 2, route a) or on the other hand the F atoms in
meta-position to the N of pentafluoropyridine (F2) react with diol
(Scheme 2, route b).

In order to investigate which of the F-atoms of monomer (6) were
displaced by OH-diol, since the reactivities of F-atoms in this mono-
mer for nucleophilic displacement reactions are different, the polymer
P1 was characterized with 1?F NMR. The °F NMR spectra of polymer
P1 (Figure 2) shows one peak at —70.14 ppm attributed to (ortho)
fluorine atoms (F1) by comparing the spectra of monomer and the sig-
nal at —133.76 ppm related to (meta) fluorine atoms (F2) of monomer
has disappeared after polymerization. The obtained results illustrate
that the condensation of monomer (6) with bisphenol A
(or isosorbide) proceeds regioselectively at the meta position to afford
the corresponding PEPT P1 (Scheme 2), contrary to the results previ-

ously obtained by Gomri et al.>*

They reported that the polyconden-
sation of pyridinium fluorinated monomers with diols was performed
in the positions 2 and 6 of pentafluoropyridine and the fluorine atoms
in meta positions were not activated even at a high temperature. The
regioselectivity of nucleophilic addition in our process can be
explained by the high electron-withdrawing effect of triazole units
that activate the meta site towards diol attack. Based on the polymeri-
zation results of monomer (6), we are interested in our study to syn-
thesize a second 1,2,3- triazole based- monomer (7) containing
hydroxyl groups in order to increase the hydrophilicity of the resulting
PEPTs (P3 and P4) which contributed to the enhanced adsorption
capacity of these polymers.

The *H NMR spectrum of polymer P1 presented in Figure S6
exhibited the characteristic protons of BPA (Hh-Hj) and of the mono-
mer (6) (Ha-Hg). The absence of end-groups on the NMR spectra con-
firmed the high-molecular weight of the resulting polymer (96%), as
well as the formation of cyclic structures C.

The MALDI-TOF mass spectrum of produced PEPT P2 given in
Figure 4B revealed the formation of three linear chains La, Lb, and Lc
that differ by the nature of end groups (Figure 4A, Table 3). The NMR
analysis confirmed the interpretation obtained of by MALDI-TOF
analysis. We find in the *H NMR spectra all the characteristic protons
of the repeat unit (Ha-Hm). Moreover, end-group signals (Hi*, HI*)
and (Ha*, Hb*, Hc*, Hd*) which characterized La, Lb, and Lc terminals
are detectable (Figure S7). The °F NMR spectrum presented only one
signal at —70.25 ppm attributed to the fluorine F1 (Figure S7).

The examination of structural composition of PEPT P3 derived
from the second fluorinated monomer (7) and BPA by MALDI-TOF
spectra (Figure 5B), reveals the presence of three main series of peaks
with repeating unit 638.73 Da attributed to the cyclic structures C
and the linear structures Lb and Lc (Figure 5A, Table 4). The presence
of functional OH and F end groups indicated the incomplete conver-
sion of monomers which justified the low molecular weight
(M = 4849 g mol™?) of polymer P3. This result was in agreement with
the *H NMR spectra (Figure $8), which indicated the total protons
characteristic of the repetitive unit with the presence of low intensity
peaks corresponding to protons on the end groups of bisphenol A
(Hg*et Hf*) and difluoro monomer 7 (Ha*, Hb*, Hc*, Hd*).

The MALDI-TOF mass spectra of P4 (Figure 6B) displays two
series of peaks separated by 556.58 Da attributed to cyclic struc-
tures (C) and difluoro linear structures (Lc) (Table 5). The linear Lc
structure was evidenced by signals corresponding to protons Hc*
and Hd* related to fluorinated monomer (7). Furthermore, the dou-
blet located at 5.26 ppm in the *H NMR spectrum (Figure $9) attrib-
uted to proton (He) related to hydroxyl group of difluoro monomer
(7) can be explained by the endo and exo effect of isosorbide
hydroxyl group.

Solubility of these PEPTs was tested by dissolving 10 mg of poly-
mers in 1 ml of solvent; if there are insoluble we tested 1 mg of poly-
mer in 1 ml of solvent. The results are summarized in Table 6.

The obtained PEPTs (P1- P4) exhibited excellent solubility in
aprotic polar solvents such as DMSO, DMF and NMP and in less polar
solvent like THF. They are insoluble at 1 mg/mL in hexane, ethyl ace-
tate, diethyl ether and water. The monomer (7) based-PEPTs (P3, P4)
are soluble in methanol compared to monomer (6) based- PEPTs (P1,
P2). The methanol as protic polar solvent very strongly solvate the
polymers P3 and P4 thanks to hydrogen bonds formed between
hydroxyl groups in the polymers and methanol.

The surface hydrophilicity of the polymers was assessed by con-
tact angle measurements. The contact angle and thus the hydrophilic-
ity of the
P1 > P2 > P3 > P4 (Figure 7). These results are in good agreement
with the observed solubility of P3 and P4 in methanol (Table 6).

Among the poly(ether-pyridine)s series of polymers, P4 is the most

polymers decrease in the following order:

hydrophilic while P1 is the more hydrophobic. Replacing the pyridinic
fluoro group and bisphenol A in the polymeric phases P1, with
hydroxyl groups as pendant chains and isosorbide in main chain,
enhances the hydrophilicity. The wettability of the sorbent phase P4
is highly improved by the insertion of the bio-based monomer, isosor-
bide, and the polar hydroxyl groups will then improve the adsorption
of more polar organic compounds.

Solubility of PEPTs P1-P4 in THF allowed their characterization
by SEC using THF as eluent and calibrated with polystyrene stan-
dards. The molecular weight (M,,) values of the obtained polymers are
ranging from 3735 and 22,372 Da and the dispersity index (PD) is
between 1.3 and 2.9 (Table 7). The polymer based on monomer
(6) and BPA (P1) exhibit the highest weight
(M,, = 22,372 Da) due to the high reactivity of BPA compared to iso-
sorbide. We can also observe that polymers based on monomer

molecular
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(6) (P1 and P2) showed M, values much higher than those obtained 3.3 | Thermal properties of polymers

from monomer (7) (P3 and P4). P3 and P4 can be considered as oligo-
mers since their M,, values (4849 and 3735 Da) are in the range of The thermal properties of PEPTs were studied by TGA and DSC. DSC
1000-5000 Da. experiments clearly demonstrated the amorphous behavior of poly(ether-
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TABLE 5 Calculated masses (including K_doping) of the potential
reaction products C, La, Lb, and Lc (P4).

petro-based polymers (P1 and P3), as previous work revealed,®¢¢7

because of the high rigidity promoted by the combined presence of

DP C La Lb Lc 1,2,3-triazole and dianhydrohexitol heterocyclic moieties. The T values of
2 11523 1172.3 1298.4 1602.7 PEPTs derived from monomer (7) (P3, 178°C) are higher than those of
3 1708.8 1728.8 1855.0 21593 PEPTs based on monomer (6) (P1, 144°C) due to the presence of inter
4 2265.4 2985.4 2411.6 2715.9 and intra-chains hydrogen bonding between hydroxyl groups that can
decrease the flexibility of the polymer chains with increasing in their Tg.
5 2822.0 2842.0 2968.1 32724 .
The TGA analyses (Figure 9 and Table 7) showed that all
6 3378.6 3398.6 3524.7 3829.0 o . .
poly(ether-pyridine triazole)s P1-P4 were thermally stable with the
TABLE 6 Solubility of PEPTs
Solvants
N° nC7H16 MeOH EtOAc Et20 Acetone THF CH2C|2 CHC|3 CH3CN DMSO NMP H20
P1 - - - - - ++ ++ ++ ++ ++ ++ -
P2 - - - ~ ++ ++ ++ ++ ++ ++ -
P3 - ++ - ~ ++ ~ ~ - ++ ++ -
P4 - ++ - - - ++ - - - ++ ++ -
Note: (++) soluble at 10 mg/ml; (~) partially soluble at 1 mg/ml; (—) totally insoluble at 1 mg/ml.
P4 FIGURE 7 Contact angles of

P1 P2 P3

a water droplet on the polymer
substrates: P1-P4

0= 0=
A°=89 -8 A°=T71 A°= 64
TABLE 7 Polymerization results and thermal properties of the resulting polymers P1-P4
Polymer Monomers Yield® (%) T (°C) Tys° (°C) Ty25% (°C) M,¢ (g/mol) M,.® (g/mol) PD®
P1 6/BPA 96 144 238 389 22,372 66,862 2.99
P2 6/ls 92 146 234 313 16,171 17,602 1.09
P3 7/BPA 85 178 234 315 4849 6693 1.38
P4 7/1s 78 187° 239 290 3735 4910 1.32

2After precipitation into water.

bDetermined by DSC under nitrogen at a heating rate of 10°C/min.
“Temperature at 5 wt% loss.

9Temperature at 25 wt% loss.

*Number and weight-averaged molecular weights and polydispersity (PD) determined by GPC in THF (calibrated with polystyrene).

fDetermined by thermomechanical analysis (TMA).

pyridine-triazole)s with the presence of a single transition corresponding
to their glass transition temperature (Tg) (Figure 8). The high T, values
ranging from 144 to 180°C (Table 7) for these polymers, depending on
the structure of the diol and fluorinated components in chains. The bio-
based PEPTs (P2 and P4) exhibit higher Tg compared to those of the

decomposition temperatures for 5% weight losses (Tys) at ~236°C,
which could be attributed to thermal decomposition of the triazole
pendant groups of poly(ether-pyridine)s. Then, the main chain of the
polymers started to break and decompose by the elevation of the

temperature to >300°C depending on the structure of the polymers.
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The temperatures at 25% weight losses are in the range of 290-
389°C. The BPA-based polymers (P1, P3) display better thermal stabil-

ities than polymers on isosorbide (P2, P4).

3.4 | Adsorption behavior of the polymers

Phenolic compounds constitute an important class of water pollutants
that should be removed from wastewater due to their high toxicity for
plant and aquatic organisms.

They are discharged in the liquid effluents from various factories:
chemical, petrochemical, paper, wood, metallurgy and cocking plants.
They are also found in the waste waters of agroindustrial processes
like the olive oil mills, tomato processing and wine distilleries. Among
the phenols that have been detected in olive oil mill waste waters
(OMW)s are: hydroxytyrosol, tyrosol, caffeic acid, ferulic acid, and
4-hydroxybenzoic acid, which are among our target molecules. The

FIGURE 9 Thermogravimetric analysis traces 100
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TABLE 8 Adsorption efficiency (%)

100 200 300 400 500

Temperature (°C)

of benzene derivatives on polymers P1 UITEEITE) ! 3 3 24

and P2. Polymers P1 P2 P1 P2 P1 P2 P1 P2
Benzene derivatives Adsorption (%)
Hydroxytyrosol 5 13 8 17 9 21 13 27
Tyrosol 9 20 13 23 17 30 20 45
4-hydroxybenzoic acid 18 33 24 47 27 79 29 100
Caffeic acid 20 36 26 50 29 89 35 100
Ferulic acid 31 56 51 80 60 100 64 100
Benzoic acid 39 58 44 71 65 100 70 100
P-Anisic acid 58 63 74 86 82 100 88 100
P-Toluic acid 46 80 69 87 85 100 90 100
P-Chlorobenzoic acid 68 84 84 100 90 100 92 100
Eugenol 85 92 95 100 99 100 100 100

(E)-Anethol

100 100 100 100 100 100 100 100
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TABLE 9 Adsorption efficiency (%)

UL ! 3 3 24 of benzene derivatives on polymers P3
Polymers P3 P4 P3 P4 P3 P4 P3 P4 and P4.
Benzene derivatives Adsorption (%)
Hydroxytyrosol 45 78 47 87 51 91 55 93
Tyrosol 50 85 55 90 60 96 64 97
4-hydroxybenzoic acid 71 99 83 100 85 100 100 100
Caffeic acid 65 97 86 100 86 100 100 100
Ferulic acid 82 99 89 100 92 100 100 100
Benzoic acid 85 100 91 100 83 100 100 100
P-Anisic acid 90 100 92 100 93 100 100 100
P-Toluic acid 94 100 95 100 96 100 100 100
P-Chlorobenzoic acid 96 100 100 100 100 100 100 100
Eugenol 95 100 100 100 100 100 100 100
(E)-Anethol 100 100 100 100 100 100 100 100
/C1
1 Cy C /C3
A—A + . ] /é\ L — c
Cz/ Cs { C2 G J
BPA or ISB

monomer 6 or 7

C4, C,, C3: pendent groups C, Cs

FIGURE 10 Representative scheme of resulting polymers with effects of entanglements and pendent group structures.

FIGURE 11
adsorption of target molecules onto the polymers.

Possible adsorption mechanism involved in

aim of this study is to evaluate the adsorption efficiency of phenolic
compounds on the candidate polymer adsorbents P1-P4. The influ-

ence of the hydrophobicity/hydrophilicity of pollutants and of the

different chemical structures of polymers on adsorption process is
also studied.

The chemical characteristics of phenolic compounds described in
Table 1 ultimately determine their treatability and adsorption by poly-
meric phases. These compounds have an aromatic ring (benzene) and
hydroxyl groups in their chemical structure and present different
molecular weights. The pKa of phenolic compounds shows the acid
dissociation constant of the compound. The phenols that present a
carboxylic hydroxyl (OH) group all dissociate in the same pH range
between 3.98 and 4.62. Therefore, at neutral pH (pH > pKa) these
compounds are mainly in the form of negatively charged phenoxy
ions. In order to maintain the neutral state (uncharged) of benzene
derivatives compounds in water, the pH of the working solution is
adjusted at 2 using orthophosphoric acid. Log K, parameter mea-
sures the hydrophobicity of the target pollutants by repartitioning
between octanol and water. As a general rule, compounds with log
Kow >2.5 are considered as hydrophobic as low-polar compounds, and
they are expected to accumulate on polymeric solid phases instead of
being soluble in the aqueous phase.® According to log K, values of
phenolic compounds, (E)-Anethol (log K,,, = 3.4) is the most hydro-
phobic, followed by P-chlorobenzoic acid (log K, = 2.65). On the
contrary, hydroxytyrosol (log K, = —0.7) and tyrosol (log K, = 0.04)
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TABLE 10 Comparison of maximum adsorption capacity of 4-hydroxybenzoic acid into PEPT (after 1 h of contact) with reported adsorbents.

Adsorbents

Polyethersulfone

Polyetherpyridine from 2,6-difluropyridine

Polyetherpyridine from pentafluropyridine

Polyether-pyridine from pentafluropyridine
containing triazole groups

C
C,

Cs

Cy

[SRe

Cy

G2, Cs

CHj3

-n
n

Adsorption
efficiency
after 1 h (%)

80

95

93

99
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are the most hydrophilic compounds, which are difficult to be
extracted from water because of their strong interactions with the
molecules of water via H-bonding. In order to fully remove these pol-
lutants from water, the sorbent phases have to establish stronger
interactions with hydroxytyrosol and tyrosol.

Hence, we studied the performance of these polymers to adsorb
simultaneously 11 polyphenols in agueous solutions and the impact of
their varied chemical structure on the adsorption efficiency of polar
pollutants. The adsorption efficiency of phenolic compounds after dif-
ferent times (1, 3, 5, and 24 h) for the PEPTs based on monomer
(6) (P1, P2) and on monomer (7) (P3, P4) are presented respectively in
Tables 8 and 9.

Adsorption results for polymers P1 and P2 obtained from
monomer (6), showed that the polymer P1 obtained from BPA dis-
play interesting sorption properties during the first hour of contact
for (E)-anethol (100%), eugenol (85%) and P-chlorobenzoic acid
(68%) due to their hydrophobicity. In contrast, this polymer exhib-
ited lower adsorption efficiency towards hydrophilic pollutants such
as hydroxytyrosol (5%), tyrosol (9%), and 4-hydroxybenzoic acid
(18%). Hydrophobic interactions between the non-polar compounds
and polymer P1 are expected to dominate in aqueous systems.
Comparing the values obtained for P1 and polymer P2, a slight
increase of adsorption efficiency was observed for hydrophilic and
hydrophobic compounds. This increase was mainly related to the
introduction of isosorbide unit in the polymer P2, which is known
to be responsive of the hydrophilic characters of the polymer.
Indeed, after 24 h most of the phenols were completely adsorbed
by polymer P2, with the exception of hydroxytyrosol and tyrosol
whose adsorption efficiency remains low (27% and 45%) even after
24 h of contact. The sorption results showed that the biosourced
P2 used is not able to establish strong enough interactions with
these high polar pollutants.

For the adsorption on monomer (7)-based polymers (Table 9), the
polymer P3, shows higher percent of adsorption in comparison with
polymers P1 and P2 derived from monomer (6). It was found that after
1 h of contact, with polymer P3 45% of hydroxytyrosol (Table 9) was
adsorbed whereas 5% and 13% was retained by P1 and P2, respec-
tively. This finding can be explained by the difference in the chemical
structure of this polymer, which contains hydrophilic hydroxyl groups
as pendants chains, contributing as well to other hydrogen bonds
interactions between polymer P3 and micropollutants. The important
increase in the adsorption efficiency of benzene derivatives observed
with polymer P3 is due to these additional interactions. For the bio-
based polymer P4, we clearly note that this polymer exhibits very high
sorption efficiency (87%-100% after 3 h) and then increased slightly
until 93%-100% for all pollutants after 24 h. This is another confirma-
tion that isosorbide group make bio-based polymers much more
hydrophilic which increases their tendency to remove polar pollutants
in water. The low-polarity compound was adsorbed via n-rn interac-
tions, whereas polar pollutant prefer to bond with active functional
groups of polymer P4. Hydroxyl and carboxyl groups of pollutant form
intermolecular hydrogen bonds with hydroxyl groups and oxygen and

nitrogen atoms in the polymer.

The adsorption results of phenolic compounds on polymers P1-
P4 indicate that the hydrophilicity of polymers (presence of oxygen
and nitrogen functional groups) plays an important role in the adsorp-
tion capacity of polar micropollutants on polymers. The adsorption
was increased with increasing polymer hydrophilicity.

According to these results, the incorporation of 1,2,3-triazole
groups as pendent chains in the backbone of poly(ether-pyridine)s can
be considered as an important parameter, that can affect the adsorp-
tion efficiency of the polymers. In our work, the fluorinated mono-
mers 6 and 7 (B-B) used for the elaboration of novel adsorbents
presented three pendent groups in their main chains, including mor-
pholine group (C4) and two triazole units (C, and Cj) (Figure 10).

In fact, these pendent groups precisely 1,2,3-triazoles can form
an attractive polar cavity for the trapping of hydrophilic pollutants
from water. The cavity has a Lewis base character and the nitrogen
atoms at the 2 and 3 positions of triazole can act as hydrogen-bond
acceptors, then the phenols are expected to be retained into this cav-
ity (Figure 11).

The  obtained
4-hydroxybenzoic acid by P4 after 1 h of contact was compared to
reported literature (Table 10).

As shown in Table 10, it appears that the linear polyethersulfone

maximum adsorption efficiency of

without pendent groups presents the lower sorption efficiency (80%)
for 4-hydroxybenzoic acid. For the polyetherpyridines, the introduc-
tion of pendent groups clearly enhanced their affinity for this pollut-
ant (>93%). For instance, these groups make our polymer P4 efficient
adsorbent for 4-hydroxybenzoic acid (99%) as well as for more hydro-

philic phenolic compounds like hydroxytyrosol and tyrosol.

4 | CONCLUSION

This study was carried out to synthesize innovative poly(ether-pyri-
dine)s containing 1,2,3-triazoles groups in order to be used as adsor-
bents of phenolic compounds from water. These polymers were
successfully prepared by polycondensation of two novel
1,2,3-triazole- based fluorinated monomers derived from pentafluoro-
pyridine with isosorbide and bisphenol A diols. Their chemical struc-
tures were confirmed by H, F NMR and MALDI-TOF mass
spectrometry. These polymers were characterized by TGA and DSC
analysis. They have been then evaluated for the adsorption of 11 poly-
phenols from water. The results of sorption showed that the polymer
P4, based on isosorbide with hydroxyl groups as pendent chains, pre-
sented the highest adsorption efficiency of hydrophilic pollutants. This
indicated that the incorporation of pendent groups in the backbone of
polymers plays a major role in the increases of the adsorption capacity

of linear polymers.
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