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ABSTRACT: Formaldehyde (FA) is a harmful chemical product largely used for producing resins
found in our living spaces. Residual FA that leaches out the resin contributes to our indoor air pollution
and causes some important health issues. Systems able to capture this volatile organic compound are
highly desirable; however, traditional adsorbents are most often restricted to air filtration systems.
Herein, we report novel waterborne coatings that are acting as a FA sponge for indoor air
decontamination. These coatings, of the poly(hydroxyurethane) (PHU) type, rich in primary amine
groups, are prepared by the polyaddition of a hydrosoluble dicyclic carbonate to a polyamine in water
at room temperature under catalyst-free conditions. We highlight the importance of the choice of the
polyamine on the curing rate of the formulation and on the FA capture ability of PHU. The excellent FA
capturing ability of the best candidate is rationalized by investigating the action mode of the polyamine
used to construct PHUs. With poly(vinyl amine), FA is covalently and permanently bound to PHU, with
no release over time. The performance of the coating in FA abatement is impressive, with more than
90% of captured FA after one day of contact. The facility to prepare these transparent and colorless
coatings from waterborne formulations gives access to new efficient indoor air depolluting solutions,
potentially applicable to various surfaces of our living spaces (wall, ceiling, etc.).
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INTRODUCTION

Formaldehyde (FA), a colorless gas under ambient condition, is largely used in chemical industries and,
in particular, in the manufacture of synthetic resins (urea formaldehyde and melamine urea
formaldehyde, melamine formaldehyde) found in many daily-life applications (e.g., furniture, carpet,
flooring, coatings). Residual FA is however continuously released from these products and accumulates
in closed areas such as schools, houses, workspace, etc. As FA is highly hydrophilic, its absorption by
human respiratory or gastrointestinal tracks is facile. Its high reactivity toward a large variety of
chemical functions (e.g., amines) promotes its binding to biological tissues causing serious
pathogenicity like headaches, asthma, cancer.!® Therefore, the World Health Organization
recommends to limit the formaldehyde concentration in residential indoor air to 0.8 ppm* and to
below 0.2 ppm for workers manipulating this gas during complete work life, to 0.75 ppm for an 8 h/day
or 40 h/week, and to 2 ppm for 15 min exposure.®

Several methods to decrease FA concentration in indoor air emerged recently to tackle these
objectives. The first solution consists of reducing the FA emission from high formaldehyde containing
resins by the addition in the resin formulation of FA scavengers like amines,®’ tannin,®*® urea,'*? Al,O5
nanoparticles, 13 or sodium metabisulfite.'? However, such changes may impart a strong modification
of the resin properties or affect the application process.®® Other solutions consist of eliminating FA
after its emission. In this case, the (photo)-catalytic oxidation, bioremediation, or adsorption in various
substrates are the most widely investigated techniques.'* In the photocatalytic approach, the most
preferred TiO, promotes the transformation of FA into CO, and water under UV light irradiation.>-2°
Advantageously, this technigue is compatible with humidity since the presence of water tends to
increase the degradation capacity of the catalyst.?! The catalytic oxidation uses noble-metal or oxide
catalysts embedded within (in)-organic or metallic matrices,**?? and also turns FA into CO, and water.
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Although promising, room-temperature degradation of FA is only possible with some expensive noble-
metal catalysts?>~® and their efficiency was not proven at a low FA concentration (<ppm).i®??
(Photo)catalytic oxidation methods are however nonselective to FA and degrade any organic
compounds with the formation of radicals able to react with other substances with the risk of
formation of harmful byproducts.’®?” On the other hand, the enzymatic bioremediation is highly
selective to FA and can convert this waste into nontoxic products under ambient conditions. In this
field, compost extracts,?® i.e., FA-degrading microorganisms like fungi’®*° or bacteria,*! or purified
specific enzymes were employed for FA abatement.*? However, maintaining the stability and activity
of the biocatalyst is challenging under gaseous conditions,?®*? which currently limits their use to FA
waste water remediation. Besides, the FA adsorption in (in)organic matrices is often exploited as a low-
cost and simple alternative technique for VOC abatement. Unlike (photo)catalytic oxidation and
bioremediation, the gas is not decomposed but (permanently) sequestered within the material.
Activated carbons, potentially doped by metals (aluminum, silver, or copper), permitted the capture
of FA.*3%8 Nevertheless, with these systems, the presence of humidity was detrimental to the FA
adsorption,**~*! the condensed water limiting the FA diffusion into the absorbent. Other inorganic
porous substrates such as silicas, phosphates, or aluminosilicates were also used.* The modification
of the outer surface of the absorbents by amino groups increased their FA capture capacity. 3436:41:43-45
Although not fully clear yet, the formation of a Schiff base adduct by reaction with FA was suggested
for this improved FA abatement.**“¢ Finally, carboxylic acid-functionalized terpyridine/KOH-based
hydrogels were also reported for their ability to capture FA and to degrade it into nontoxic salts such
as HCOOK and CH3OK.*’ Surprisingly, only a few studies were dedicated to the use of polymer matrices
for FA capture, while multiple examples are found for other VOCs, e.g., hexane,*® chlorinated VOCs,*
methyl ethyl ketone,*® benzene,*®>! or alcohols.®” Rare examples of FA capture were reported for
polymer coatings containing polyethyleneimine (PEI),* chitosan,>*=° secondary amine,*” or other
pendant primary amines.*®

Recently, we reported the polyaddition of polyamines to polycyclic carbonates for producing
nonisocyanate polyurethanes hydrogels at room temperature without using any organic solvent nor
toxic isocyanates.>*®® These hydrogels, of the poly(hydroxyurethane) (PHU) type, were directly
prepared in water under ambient conditions with short gel times, and their properties were easily
tuned on-demand by adapting the nature of the polyamines and polycyclic carbonates, their
composition, and also by introducing inorganic (e.g., clay) or natural fillers (e.g., gelatin). We
hypothesize that these PHU hydrogels present a serious potential for developing depolluting coatings
for FA capture, especially for PHU hydrogels bearing a high content of pendent amines.

In this work, we engineered novel amino-functionalized hydrophilic PHU coatings/hydrogels for FA
capture. To design the best-performing depolluting material, we first establish the relationship
between the PHU microstructure and its FA capture potential prior to extending the utilization of these
new materials to capture formaldehyde in aqueous or gaseous conditions.



DOI: 10.1021/acsami.1¢16917

Published in: Applied Materials & Interfaces (2021), vol. 13, pp. 54396-54408 ; =
% ® LIEGE
Status : Postprint (Author’s version) b universite

EXPERIMENTAL SECTION

Synthesis of Poly(hydroxyurethane) (PHU) Hydrogels and Coatings. In a representative experiment,
polyvinylamine (PVam, 17 mg, NH,= 0.4 mmol) was solubilized in 0.8 mL of water after vigorous stirring
and the pH was adjusted to 10 using HCI 35%. The PVam solution was then added to poly(ethylene
glycol) dicyclic carbonate (PEG-di5CC, 33 mg, 5CC = 0.1 mmol) diluted in 200 uL and then stirred for
30 s. The solution was then placed into a plastic mold or onto a stainless steel plate with a bar coater
(200 um thickness, using Garco Microm Il bar coater system). The mixture is left to cross-link at room
temperature.

Model Reaction between PVam and Ethylene Carbonate. In a representative experiment, poly(vinyl
amine) (PVam, 17 mg, NH, = 0.4 mmol) was solubilized in 0.8 mL of deuterated water (D,0) after
vigorous stirring, and the pH was adjusted to a desired value (8.5 or 10) using DCI 35%. The PVam
solution was then added to ethylene carbonate (EC, 8.8 mg, 5CC = 0.1 mmol) diluted in 200 pL of water
and then stirred for 30 s. Crude product was purified by precipitation in 10 mL of acetone. The
precipitate was recovered and dried under vacuum for 24 h at 40 °C.

Preparation of NASH Test Reactant. Ammonium acetate (750 mg, 9.7 mmol), acetyl acetone (10 pL,
0.97 mmol), and glacial acetic acid (15 pL, 0.16 mmol) were mixed in 5 mL of water just before testing.

Formaldehyde Capture Assays by Amines. The amine solution in water (0.56 M) was adjusted at
desired pH values (i.e., pH = 10.5, 8.5, 7.2, and 3.5) by the addition of concentrated HCI (12M).
Formaldehyde was quantified by the colorimetric NASH test following the standard procedure.
Formaldehyde (0.1 mL at 10 mM in water) was added to the solution containing the amine (900 pL) to
reach a final concentration in FA of 1 mM. The solution was left to react at room temperature in a
closed glass vial to avoid evaporation. The sample (160 pL) was picked out and added to 160 pL of the
solution of the freshly prepared NASH reagent. The mix was reacted 10 min at 60 °C before analyzing
by UV spectroscopy at 412 nm. All experiments were carried out in triplicate. Results are presented in
Figure 1.
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Figure 1. Formaldehyde capture experiments by various amines and under various conditions. (A) Structures of the
different tested amines. FA capture efficiency by different amines (B) at pH = 10.5 for [NH2]/[FA] = 500, (C) at pH
= 8.5 for [NH2]/[FA] = 500, and (D) at pH = 10.5 for [NH:])/[FA] = 50. (E) Influence of [NH]/[FA] molar ratio on
FA capture by PVam at pH = 10.5. (F) Influence of pH on FA capture by PVam for [NH]/[FA] = 5. (G) Influence
of pH on FA capture by PVam for [NH;]/[FA] = 1. Conditions: 1 h of incubation in water at rt, [FA] =1 mM.

Capture of Formaldehyde by PHU Hydrogels. PHU hydrogels were prepared by mixing PVam solution
(4.25 mg, NH2 = 0.1 mmol, in 0.2 mL of water, pH 10) with PEG-di5CC solution (8.25 mg, 5CC =
0.025 mmol in 0.05 mL of water) in a 24-well plate for 24 h according to the procedure described
above. Then, 1 mL of a solution containing FA (1 mM) was added on the PHU coating. The mixture is
left to react at room temperature in a closed vial to avoid evaporation. The supernatant (160 plL) was
picked out and added to 160 pL of the NASH reagent. The solution was reacted 10 min at 60 °C before
analyzing by UV spectroscopy at 412 nm. The concentration in FA was determined using a
formaldehyde calibration curve (ranging from 0.05 to 1 mM in FA by dilution of FA in water, Figure S25).
All of the experiments were carried out in triplicate. Results are summarized in Figure 6B.
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Assessment of FA Released by PHU Hydrogels. PHU hydrogels were prepared by mixing PVam solution
with PEGdI5CC solution in a 24-well plate for 24 h according to the procedure described above. Then,
1 mL of solution containing FA (1 mM) was added on the PHU hydrogel and was left to react for 1 h at
25 °C in a closed vial. The amount of captured formaldehyde was calculated using NASH test as
described above. After removing the supernatant, 1 mL of water was added on the hydrogel to extract
unbonded FA. The released FA was measured after 24 and 48 h by the NASH test. For that purpose,
160 pL of the supernatant was picked out and added to 160 pL of the NASH reagent. The solution was
reacted 10 min at 60 °C before analyzing by UV spectroscopy at 412 nm. The concentration of FA was
determined according to the calibration curve presented in Figure S25. All experiments were carried
out in triplicate. Results are summarized in Figure 6C.

Gaseous Formaldehyde Capture and Release Assay. PVam (25 mg, NH, 0.6 mmol) was solubilized in
1 mL of water, and pH was adjusted to 10 with concentrated HCI. The PVam solution was added to a
PEG-di5CC solution (49 mg, 5CC = 0.15 mmol in 350 pL of water) and was mixed before coating on a
stainless steel plate (15 cm x 5 cm, 10 g of PHU/m?) with a bar coater (200 um thickness, using Garco
Microm Il bar coater system). The coating was then dried at room temperature for 24 h. Gaseous FA
assay was carried out according to a standard protocol as described below.*°® An emission vial with FA
(5mL, 10 mM in water), a reception vial with water (5 mL), and a stainless steel surface coated by PHU
was placed in a plastic container that was hermetically closed. The system was left to equilibrate for
different times (24 h, 3 days, or 7 days). Then, 160 pL of the reception vial was picked out and mixed
with 160 pL of the Nash reagent. The solution was reacted 10 min at 60 °C before analyzing at 412 nm
by UV spectroscopy. The concentration of FA was determined using a calibration curve presented in
Figure S25. The emission and reception vial were replaced between each measurement. All
experiments were carried out in triplicate. Results are summarized in Figure 7.

For FA release assays, the emission vial containing FA was removed after 16 days of capture, and PHU
coatings used for FA capture were left to equilibrate for 1 and 4 days at room temperature in the
presence of a reception vial containing 5 mL of water in the same closed vial. The concentration of FA
in the reception vial was measured according to the same procedure. Results are presented in
Figure S23B. The procedure for FA release at 40 °C is described in Section 12.2 in the Supporting
Information.

Thermal and Mechanical Analyses of PHU Films before and after FA Capture. PHU films were
prepared by casting 5 mL of a solution of PVam (17 mg/mL) and PEG-di5CC (33 mg/mL) at pH 10 into
a plastic mold (surface = 23 cm?). The films were left to dry under ambient condition for 24 h.
Formaldehyde (20 mL, 1 mM or 10 mM) was added on PHU films for 1 h to promote FA capture by the
films. The supernatant was discarded, and the coating was left to dry for 48 h. The films were peeled
off and then analyzed by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
TGA was performed on a TGA2 instrument from Mettler Toledo. Around 10 mg of the sample was
heated at 10 °C/min until 600 °C under a nitrogen atmosphere (50 mL/min). Results are presented in
Figure S27a. DSC was performed on a DSC250 TA Instruments calorimeter. The samples were analyzed
at a heating rate of 10 °C/min over a temperature range of -80 to 150 °C. Results are presented in
Figure S27b. Tensile strength tests were performed with an Instron 5586 machine linked to the BlueHill
software on sample rods (size =8 mm x 10 mm x 0.08 mm) at room temperature at a rate of 2 mm/min.
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Modulus was determined by measuring the slope at the beginning of the curve. Results are presented
in Figures 8 and S26.

RESULTS AND DISCUSSION

Scheme 1 illustrates the strategy used to develop high performance FA depolluting PHUs, as well as
the structure of the different PHU precursors already validated for constructing PHU hydrogels.>*° As
the properties of PHUs are notably dictated by the nature of their precursors, i.e., polycyclic carbonate
and polyamine, we decided to evaluate the potential of these precursors to scavenge FA when taken
alone. In a second step, the candidates presenting the highest capture ability will be selected to
construct the depolluting PHU.

Scheme 1. Strategy for the Development of PHUs for FA Capture®
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FA Capture Potential of the PHU Precursors and Selection of the Most Relevant Candidates. The
capture experiments were carried out at a fixed concentration of formaldehyde ([FA] =1 mM) at room
temperature (rt) in water. Free FA that did not interact or react with 5CCs bearing polymers or
polyamines was titrated by the colorimetric NASH test according to a standard protocol that is detailed
in the Experimental Section.

None of the 5CC polymers, whether cationic, anionic, or neutral, was efficient for capturing FA as
illustrated in Figure S3 as only a negligible reduction of the FA concentration upon contact for 1 h at rt
was noticed. This observation is correlated to the absence of appropriate chemical groups able to react
with FA.

Importantly, all amines represented in Figure 1A were able to capture FA as expected, however with
an impressive difference between poly(vinyl amine) (PVam) and all other tested amines. While at a pH
of 10.5, almost 100% of FA was captured by PVam and triethylenetetramine (TETA) (when using a
[NH2]/[FA] ratio of 500), less than 50% of FA was captured by the other amines (Figure 1B). Under
identical conditions at pH 8.5, only PVam was able to capture 100% FA, with about 65% for TETA and
less than 20% for the other amines (Figure 1C). The decrease in the performance of all amines (except
for PVam) with pH reduction is in line with some reported studies performed on other amines.® The
outstanding FA capture ability of PVam was better exemplified by decreasing the [NH2]/[FA] ratio from
500 to 50, with a complete FA adsorption by PVam, while the other amines were almost inactive (Figure
1D). Longer incubation times, from 1 to 4 h, did not improve the capture efficiency for these less active
amines (Figure S4). PVam was also highly active at a much lower amine excess ([NH:]/[FA] = 5), with
more than 90% of captured FA in 1 h (Figure 1E). When using an equimolar content of amine groups
and FA, about 37% of FA was still captured. Importantly, for the lower optimal [NH:]/ [FA] ratio of 5,
the PVam activity was almost similar regardless of the tested pH (3.5, 7.2, or 10.5) (Figure 1F). The yield
of capture for a [NH]/[FA] ratio of 1 was no more influenced by pH (Figure 1G).

The action mode of FA capture by PVam was studied by analyzing the reaction medium in D0 by *H
NMR spectroscopy at two different pHs (10.5 and 3.5) for the [NH2]/[FA] ratio of 5 ([FA] = 0.1M).
Figure 2A shows the 1 H NMR of PVam at a pH of 10.5 with the characteristic resonances at 1.35 ppm
for -CH,- and at 2.95 ppm for -CH-NH, of the polymer backbone. In the presence of FA (Figure 2B),
new resonances appeared at 2.75 and 3.6 ppm corresponding to methylene bridges created from the
reaction of FA with two adjacent amines, in line with observations also reported for other systems®*©?
and for PVam.®
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Figure 1. Formaldehyde capture experiments by various amines and under various conditions. (A)

Structures of the different tested amines. FA capture efficiency by different amines (B) at pH = 10.5 for

[NH:]/[FA] = 500, (C) at pH = 8.5 for [NH]/[FA] = 500, and (D) at pH = 10.5 for [NH2]/[FA] = 50. (E)

Influence of [NH2]/[FA] molar ratio on FA capture by PVam at pH = 10.5. (F) Influence of pH on FA

capture by PVam for [NHz]/[FA] = 5. (G) Influence of pH on FA capture by PVam for [NH.]/[FA] = 1.
Conditions: 1 h of incubation in water at rt, [FA] =1 mM.
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Figure 2. '"H NMR spectra of (a) PVam at a pH of 10.5, (b) PVVam + FA at a pH of 10.5, (c) PVam at a
pH of 3.5, and (d) PVam + FA at a pH of 3.5. Conditions: RT, D20, [NH:] = 0.5 M, [NH2]/[FA] = 5,
reaction time = 16 h (the resonance of methanol at 3.3 ppm results from methanol that is used as a FA
stabilizer in the commercial FA aqueous solution).

With PVam, the driving force of the reaction relies on the formation of a six membered ring adduct.®®
These assignments were confirmed by HSQC and COSY experiments (Figure S5).

At pH 3.5, the resonances of Pvam (without FA) were shifted downfield at 2.1 and 3.8 ppm due to the
protonation of the amines (Figure 2C). In the presence of FA, the methylene bridges were also
observed at higher values compared to the product formed at pH 10.5, also as the result of the
protonation of the amines (Figure 2D). All assignments were also confirmed by HSQC and COSY
experiments (Figure S6). This experiment clearly demonstrates that FA was reacting with PVam even
when the amines were almost all protonated (protonation state > 90%°%‘), confirming the excellent FA
capture ability of Pvam even under acidic conditions (Figure 1F). Quantification of the capture
efficiency was realized via 1 H NMR spectroscopy. Based on the integration of protons c assigned to
methylene bridges, 97% of FA has reacted with PVam at a pH of 10.5, supporting the remarkable
potential of PVam for FA capture.

Synthesis of PHU Hydrogels with FA Capture Ability. To the best of our knowledge, PVam was never
used to construct PHU hydrogels nor exploited for FA abatement applications. As PVam is highly
soluble in water, the PHU hydrogels were prepared by the polyaddition of Pvam to the hydrosoluble
dicyclic carbonate (PEG-di5CC) in water (pH of 10) at rt under catalyst-free conditions as illustrated in

10
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Figure 3A. As an excess of NH groups was required for FA capture, we investigated the influence of
the [NH2]/[5CC] ratio (from 1 to 7) on the properties of the PHU gel for a constant concentration in
PHU (5 wt %). We have indeed to ensure that all PVam was chemically anchored to the polymer matrix
to avoid its diffusion out of the hydrogel.

The curing of all formulations was followed by rheology by monitoring the time evolution of the
storage (G') and loss (G") moduli values and to determine the gel time (corresponding to the crossover
point between G’ and G") (Figures 3B and S7). The transformation of the cyclic carbonate units into
hydroxyurethane linkages was evidenced by infrared spectroscopy after 24 h of polymerization for the
freeze-dried samples (Figure 3C). When an equimolar ratio between NH, and 5CC groups was used, no
gelation was noted as no crossover between the storage modulus curve (G') and the loss modulus one
(G") was observed within 1 h of reaction (Figure 3B). The IR spectrum of the freeze-dried hydrogel
obtained after 24 h of reaction indicated that only limited amounts of 5CCs were converted into
hydroxyurethane linkages as attested by the slight decrease of the band at 1790 cm™ (related to the
carbonyl of 5CC) and the appearance of a low-intensity band at 1690 cm™ related to the carbonyl of
the urethane function (Figures 3C and S8). For a [NH]/[5CC] ratio of 2, a gel point was observed after
32 min of reaction (Figure 3B). However, G’ values remained low, around 30 Pa after 2 h, indicating
that the cross-linking density of the hydrogel was low. FT-ATR characterization corroborated the
limited 5CC conversion after 24 h by the presence of an intense band at 1790 cm (Figures 3C and S9).
For [NH2]/[5CC] = 4, animpressive short gel time of 2.5 min was noted, with a sharp and strong increase
of G' till 1451 Pa, suggesting a highly cross-linked hydrogel (Figure 3B). After about 105 min of reaction,
the G’ value did not evolve further, which indicated that the reaction was finished, in line with the total
consumption of the 5CC evidenced by FT-ATR with no visible residual carbonyl signal at 1790 cm™
(Figures 3C and S10). When the [NH]/[5CC] ratio was further increased to 7, although a short gel time
was noted (<1 min), G’ values at the plateau were twice lower than that for the previous ratio of 4
(670 Pa vs 1451 Pa) (Figure 3B). This decrease was explained by the lower theoretical cross-linking
density. Indeed, at a constant mass of solid content in hydrogel (5 wt %), a higher [NH;]/[5CC] ratio
corresponds to a lower concentration in 5CC and so lower hydroxyurethane crosslinks. Moreover, the
very short pot life (<1 min) will render the future preparation and the application of the coating
challenging. Therefore, a [NH2]/[5CC] ratio of 4 was selected as the most appropriate for the formation
of PHU hydrogels since it will guarantee a fast reaction with a high storage modulus. At this optimal
ratio, we then evaluated the influence of pH on the hydrogel formation. Rheology measurements
(Figure 3D) showed that gel time was considerably increased from 2.5 to 20 min when the pH was
decreased from 10 to 8.5. The plateau in G’ values was rapidly reached at pH 10 (90 min, suggesting
that the reaction was complete), while it was not at a pH of 8.5 even after 5 h of reaction. After 24 h
of polymerization, the FT-ATR spectra of the two hydrogels were similar and evidenced the complete
disappearance of the carbonyl band representative of the 5CC moieties at 1790 cm™ and the
appearance of the urethane carbonyl signal at 1690 cm™, in line with the completeness of the reaction
(Figure 3E). For a given [NH2]/[5CC] ratio, the gel time (and thus the pot life of the formulation) can
therefore be adjusted by simply modulating the pH of the reaction medium.
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Figure 3. Formation of PHU hydrogels by polyaddition of PVam to PEG-di5CC. (A) Scheme of the reaction. (B)
Storage modulus and gel times for PHU prepared with different [NH2]/[SCC] ratios at pH 10. (C) Infrared spectra
of PHU hydrogels prepared from the different [NH2]/[SCC] ratios after 24 h at pH 10 (complete spectra are
presented in Figures S8-S11). (D) Rheology experiments for the formation of PHU at different pHs with a constant
[NH2]/[5CC] of 4. (E) Infrared spectra of PHU prepared with a [NH2]/[SCC] ratio of 4 after 24 h at pHs 8.5 and 10.
Synthesis conditions: PHU 50 mg/mL in water at 25 °C.
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Besides the formation of hydroxyurethane linkages, we suspected a side reaction coming from the
nucleophilic attack of an (adjacent) amine on the carbonyl group of hydroxyurethane leading to the
formation of (cyclic) urea (Figure 3A) as already reported at the interface of the polycarbonate-PVam
composite.®® Urea linkages are characterized by a CEO elongation between 1600 and 1670 cm™in IR
spectroscopy® and were detected by the presence of a band at 1630 cm™ for [NH.]/[5CC] = 1 and
[NH2]/[5CC] = 7 when the reaction occurred at pH 10 (Figures S8 and S11). This signal was more difficult
to observe for [NH2]/[5CC] = 2 and 4 (Figures S9 and S10) due to some overlapping with the HU band
at 1690 cmand the amine one at 1540 cm™.

To provide additional clues to the formation of this urea, the reaction of PVam with a low molar mass
5CC used as a model compound (i.e., ethylene carbonate, EC) was carried out in D0 at pHs 8.5 and 10
at the optimal [NH2]/[5CC] ratio (i.e., [NH2]/[5CC] = 4) (Figure 4A). The formation of urea was confirmed
by IR with the presence of a peak at 1610 cm™, which was not found in native reagents (i.e., PVam and
ethylene carbonate) or ethylene glycol formed by hydrolysis of EC (Figures 4C, S12, and S13). The
polymer was also characterized by liquid-state *H NMR spectroscopy, and the proportion of the
different adducts calculated after 8 h of reaction are presented in Figure 4D. The individual spectra
before and after purification as well as the quantification by NMR spectroscopy are presented in
Supporting Information (Figures S15 and S16 for pH 10 and Figures S17 and S18 for pH 8.5). First, the
yield of urethane was slightly higher at pH 8.5 (24 mol %) in comparison to pH 10 (21 mol %). However,
the total amount of functionalized amines was higher at pH 10 (40% vs 35% at pH 8.5), which indicated
that a larger amount of urea was formed at pH 10 (19 mol % of the amines) than at pH 8.5 (11 mol %
of the amines). It underlined that the nucleophilic substitution that transforms urethane into urea was
influenced by the pH and was facilitated when amines were deprotonated.
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Figure 4. Characterization of the model reaction between PVam and EC in D0 after 8 h of reaction. (A) Scheme
of the different possible reactions in basic condition. (B) Proposed mechanism to explain the influence of pH. (C)
Infrared spectra of purified products at pHs 8.5 and 10. (D) Table of conversion of amine of PVam into urethane or
urea, and conversion or hydrolysis of EC at different pHs calculated by *H NMR (see Figures S15—-S18 for complete
spectra). Condition [NH;] = 0.4 M, D0, 8 h of reaction.

As reported earlier, when PHU hydrogels are prepared in water, some hydrolysis of 5CCs was noted,
with a hydrolysis degree that increased with the pH of the reaction medium. This extent of hydrolysis
was therefore quantified by calculating the content of ethylene glycol formed during hydrolysis at pHs
of 8.5 and 10 (see the Supporting Information for details). We found that for [NH,]/[5CC] = 4, 5% of EC
was hydrolyzed at a pH of 10 and 0% at a pH of 8.5, in line with other published results.>°

Figure 5 illustrates the evolution of urethane/urea function conversion along time under the same
conditions (i.e., [NHz])/ [5CC] = 4 at pH 8.5 or 10, in water) according to *H NMR spectroscopy
(Figure S19). At pH 10, the formation of urea largely increased during the first day of reaction and then
increased to a lower but constant level for 3 weeks (Figure 5a). Besides, the amount of urethane
linkages decreased, in line with the transformation of urethane into urea. At pH 8.5, the contents of
urethane and urea rapidly stabilized between 1 and 5 days and kept constant for 3 weeks (Figure 5b).
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Figure 5. Evolution of amine, urethane, or urea groups with the time of reaction between PVVam and EC
calculated by *H NMR at (A) pH 10 and (B) pH 8.5. Conditions: RT, D20, [NH,])/[5CC] = 4, and [NH;] =
0.4 M.

These initial studies showed that pH influenced the urethane/urea formation under wet conditions. As
the final target application of the hydrogels is coating in dried state under ambient condition, we
followed the evolution of the hydrogel at the dried state by IR spectroscopy. The coatings were
prepared from a fresh formulation of PEG-di5CC and PVam (5 wt %, [NH2]/[5CC] = 4) at pH 10 and 8.5
and were dried at rt under ambient atmosphere. They were analyzed after 24 h and 7 days to identify
any evolution of the polymer structure during aging (Figure S20). First, we observed that remaining
5CC characterized by a band at 1790 cm™ was more important at pH 8.5 than 10 after 24 h of drying
(Figure S20a). However, signal corresponding to the hydroxyurethane linkages (HU) at 1690 cm™ had
the same intensity at both pHs. A small band assigned to urea at 1630 cm™ was also observed in all
spectra. All 5CCs were consumed at both pHs after 7 days. It was noted that between 24 h and 7 days,
no evolution of HU band at 1690 cm™and urea band at 1630 cm™ was observed at both pHs of 10 and
8.5, indicating that under dried conditions, the transformation of urethane to urea was less prone to
happen than in solution (Figure S20).

Ability of PHU Hydrogels for Formaldehyde Capturing in Water. Capitalizing on our optimization
study, the most promising PHU hydrogel for FA capturing (Figure 6A) was prepared with an amine
excess ([NH2])/[5CC] = 4) at rt for 24 h. The pH was fixed to 10 to promote a short gel time and to limit
the content of unreacted 5CCs within the network. After 24 h of reaction, a FA solution was added on
the PHU hydrogel and the quantification of free FA by the NASH test was monitored over time to
evaluate the ability of PHU to FA capturing (see the Experimental Section). The evolution of the FA
concentration in contact with PHU was compared to a solution of FA that did not contain PHU (Figure
6B). This figure shows a rapid decrease in the FA concentration from 1 to 0.14 mM in the presence of
PHU, which corresponded to an impressive FA abatement of 86% within 1 h. When the concentration
of FA was increased to 10 mM (thus with a ratio [NH2]/[FA] = 10), we observed an abatement of 70%
of FA after 1 h, further highlighting the ability of the hydrogel to capture FA. During these experiments,
an important swelling of the PHU hydrogel was noted when immersed in water, i.e., around 1800%
after 1 h and 7000% after 24 h. Importantly, there was no significant difference in the swelling of the
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hydrogel in water in the presence or absence of FA (regardless of its concentration, 1 or 10 mM) as
illustrated in Figure S21a. To evaluate the robustness of the process, we also assessed the FA capture
ability of the PHU hydrogel in the presence of some inorganic salts (NaCl, CaClz, NasPOs) in the solution
containing FA. Although NaCl and CaCl; (both at 50 mM) were slowing down the FA capture after 1 h
(61 and 63% of FA captured, respectively), NasPO4 had almost no influence (82% of capture vs 86%
without this salt) (Figure S22). These results were correlated to the lower swelling of the hydrogel in
saline solution in comparison to water (2.6-fold lower for NaCl or CaCl,, and 1.6-fold lower for NasPO4
in comparison to water; Figure S21b). The rate of diffusion of FA was thus expected to be reduced in
the less swollen hydrogels containing NaCl or CaCl,. After 24 h exposure, all hydrogels presented a
similar and high FA abatement (> 90%). Conclusively, salts that were decreasing the swelling of the
hydrogel were reducing the rate of diffusion of FA inside PHU but did not inhibit its FA capture ability
nor the content of FA that can be scavenged for long contact times.
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Figure 6. Formaldehyde removal in solution by PHU at 25 °C for [NH2]/[FA] = 100. (A) Scheme of FA
capture by PHU. (B) Evolution of FA concentration with time evaluated by the NASH test (conditions:
PHU 5 wt %, [NH:]/[5CC] = 4, pH 10, water, rt, FA 1 mM, [NH2]J/[FA] = 100). (C) Released FA after
immersion of the hydrogels for 24 and 48 h in water at 25 °C (conditions: PHU 5 wt %, [NH]/[5CC] =
4, pH 10, water, rt, immersed first in 1mL of FA 1 mM and then in 1 mL of water at rt).

We then evaluated whether FA captured by PHU could be released over time. The hydrogel was thus
immersed in water and released FA was quantified by the NASH test after 24 and 48 h. Figure 6C shows
that less than 2% FA were released after 24 and 48 h of immersion, in agreement with the formation
of a stable covalent adduct between FA and PHU (Figure 6A). These experiments demonstrate that the
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PHU hydrogel drastically reduced the concentration of FA in solution by a strong and permanent
capture process.

PHU Coatings for Gaseous Formaldehyde Capturing and Indoor Air Purification. Although PHU
hydrogels were able to capture FA in solution (thus at the hydrated state), their ability to scavenge
gaseous FA when deposited as coatings (i.e., at the dried state) is unknown. For real-life applications,
the performance of these PHU coatings for indoor air depollution has thus to be evaluated. For that
purpose, the PHU ([NH2]/[5CC] = 4) coating was prepared by depositing an aqueous solution of a
mixture of PEG-di5CC (33 mg/mL) and PVam (17 mg/mL) on a stainless steel substrate by a bar coater
(10 g of PHU/m?) and was then dried under ambient atmosphere at rt for 24 h. The capacity of the
coating to capture FA was then evaluated using a standardized procedure adapted from EN717-3,°®
detailed in the Experimental Section and illustrated in Figure 7A. In brief, the coated substrate was
placed in a closed and hermetic plastic container that contained a FA emission vial ([FA] =10 mM) and
a water reception vial (Figure 7A). Emitted FA was thus interacting with the coating and solubilized in
the reception vial. The more captured FA by the coating, the less FA was solubilized in the reception
vial. The FA concentration in the reception vial was then assessed according to the colorimetric Nash
test. The depolluting performance of PHU coating was compared to the nude stainless steel substrate
used as a control. The experiment was carried out for 16 days. At each FA quantification, the reception
vial was cleaned and the emission vial was refilled with FA at the same initial concentration ([FA] =
10mM).

Figure 7B shows an impressive decrease of FA concentration when using the substrate coated by PHU
after 24 h only. This FA abatement was of 94% for PHU in comparison to nude stainless steel. The same
observation was made after second and third days of exposure of the same coatings after adding a
new fresh feed of FA for the new testing. This experiment evidenced that the PHU coating was not
saturated by FA after the first and second tests and was thus able to further react with FA. Leaving
these coated substrates for a longer period of time up to 16 days showed that the PHU coating was
still highly active (the coated substrate was not changed before recharging the emission vial by FA),
highlighting a remarkable capture capability for gaseous FA.
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Figure 7. Gaseous formaldehyde capture by PHU coated on stainless steel plates. (A) Scheme of the
gaseous FA assay. (B) Results normalized to nude stainless steel (blank). Condition: 5 wt % precursor
in water at rt, [NH2]/[5CC] = 4, 10 g of PHU/m?.

We then studied whether the loaded PHU obtained after 16 days of FA exposure was releasing FA over
time at room temperature. Figure S23b does not show any release of FA from the PHU coating. A
similar experiment was conducted at 40°C for 24 h, as this procedure was used by others to evaluate
under accelerated conditions the desorption of physically adsorbed FA in wood-based panels.?
Negligible FA release was also observed (Figure S24), in agreement with the permanent capture of FA
in the PHU coating.

Mechanical and Thermal Properties, as well as Visual Aspect of PHU Films. We then evaluated the
influence of the fixation of FA onto PHU on the mechanical properties of the PHU coating. The
mechanical properties of the films were evaluated by measuring the tensile properties of the dried
PHU films (thickness = 80 um). The FA-loaded films were obtained by immersing the film in a solution
of FA (1 mM with [NH]/ [FA] = 100 or 10 mM with [NH.]/[FA] = 10; see the Experimental Section for
details).

Stress-strain curves of the different films are illustrated in Figure S26, and Young’s modulus, stress at
break, and strain at break values are summarized in Figure 8. The Young’s modulus decreased from
137 MPa for pristine PHU to 87 and 40 MPa for PHU loaded by FA 1 and 10 mM, respectively (Figure
8A), while the stress at break remained in the same range for all samples (4.6-6 MPa; Figure 8B).
Importantly, strain at break remained high (~325%) for PHU loaded with FA and higher than that for
pristine PHU (Figure 8C). It can therefore be concluded that FA affected the mechanical properties of
the PHU film that changed from a tough plastic-like material to a more elastomeric-like one, which is
not deleterious for the target application as the film is able to accommodate more deformation after
FA fixation.
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Figure 8. Tensile properties of dried PHU film before and after FA capture. (A) Young’s modulus, (B)
stress at break, and (C) strain at break. Condition: PHU film 5 wt %, [NH]/[SCC] = 4, at pH 10 for 48
h. Incubation in FA 1 mM ([NH]/[FA] = 100) or 10 mM ([NH]/[FA] = 10) for 1 h.
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Then, the thermal properties of PHU films loaded or not with FA were investigated. Thermogravimetric
analysis (TGA) presented in Figure S27a showed similar thermograms between the different films,
indicating that FA did not significantly affect the thermal stability behavior of PHU (at least in the FA
loading range investigated in this study). It has to be noted that the first decrease in mass at a low
temperature (10% of mass loss between 60 and 140 °C) was imparted to water evaporation from the
highly hydrophilic coating stored under ambient condition after drying under air. The degradation
temperature of these PHUs was high (Tq> 265 °C), in the same range as the ones measured for other
more hydrophobic PHUs used as coatings.®*®’

The glass-transition temperature of the films was also very similar whether they were unloaded (T =
-39 °C) or loaded by FA (T4 =-34 °C), and no crystallization/melting transition was observed, proving
the amorphous nature of the PHU films (Figure S27b).

Scanning electron microscopy of PHU loaded with FA (10 mM) did not show any cracks; a slight
structuration of the film was however observed in comparison to pristine PHU (Figure S28). Although
further investigation would be required to explain the reason for such structuration, the film remained
perfectly transparent and colorless after FA capture (Figure 9).

Figure 9. Images of PHU and PHU + FA (10 mM) films (thickness = 80 um).

It is important to note that our colorless PHU films contrast to most of PHU films/coatings of the
literature that are yellowish to brown.®”*® This difference in coloration is the result of the processing
of our films that occurred at room temperature, in comparison to elevated temperatures in the state-
of-the-art developments that lead to the occurrence of side reactions responsible for yellowing. ®°

CONCLUSIONS

Although amines are often considered as good scavenging agents for formaldehyde (FA), the structural
difference between them can largely influence their FA scavenging ability. This work showed that, in
contrast to common polyamines, poly(vinyl amine) (PVam) presented outstanding capture ability for
FAin a large range of concentrations and pHs, with the formation of methylene bridges between two
amines by reaction with FA. The incorporation of PVam in material design for FA abatement appeared
thus an evidence. We thus reported the synthesis of PHU hydrogels for FA capture by the polyaddition
of a hydrophilic poly(cyclic carbonate) (polyethylene glycol bearing a cyclic carbonate at both ends) to
PVam in water at room temperature. Without any catalyst, short gel times were noted (2 min) at a pH
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of 10 when an excess of amines was used ([NH-]/[5CC] = 4), and the reaction was complete within 2 h.
Based on model reactions, this amine excess was found to be optimal for FA capture, while enabling
the formation of PHU hydrogels. Some side reactions within the PHU network were observed when
the hydrogel was maintained in wet state at a pH of 10, due to the transformation of some urethane
linkages into urea ones. Decreasing this pH to 8.5 strongly limited this side reaction. Importantly, when
PHU was processed as a coating and dried under ambient conditions, this side reaction did not occur.
The FA capture performance of amine-functionalized PHU was then evaluated in solution and showed
an impressive FA abatement without any significant release of FA after scavenging in line with its
covalent and permanent grafting to PHU. We have also processed this PHU as a coating on a stainless
steel substrate, and it displayed high FA scavenging ability over a long period of time, without
noticeable saturation. The preparation of the PHU formulation is straightforward in water at room
temperature without using any catalyst, and its pot life can be easily tuned by adapting the pH of the
solution. The PHU coatings are transparent and colorless, even after FA capture. As the formulations
can potentially be deposited on various surfaces of our living spaces (wall, ceiling, furniture, etc.), this
work demonstrates that coatings made of poly(vinyl amine)-based PHUs are highly promising for
providing sustainable solutions for depolluting indoor air from toxic formaldehyde.
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