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Abstract

Formaldehyde is a known carcinogen and a major indoor air pollutant, which has led
authorities to regulate its levels in the air. To reduce indoor airborne concentrations, several
strategies can be adopted, namely the reduction of the emissions or the elimination of this pollutant
by different depollution processes. Among them, adsorption on highly porous solid materials
remains one of the most efficient processes.

This study aims to provide experimental data on formaldehyde adsorption capacity over
different microporous materials at realistic levels (~164 ppb), being representative of the

performance of the investigated materials in a real environment. For that purpose, gaseous
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formaldehyde breakthrough experiments were performed under laboratory-controlled conditions
over several porous solids, focusing on cation-exchanged zeolites and metal-organic frameworks
(MOFs). These materials were fully characterized in terms of textural and structural properties.
Cu-based MOFs acted as more promising HCHO adsorbents than zeolites, exhibiting at
least one order of magnitude higher adsorption capacity under realistic indoor conditions. Among
MOFs, SUM-102 (Strasbourg University Material) exhibited the highest surfacic adsorption capacity
(0.52 Ug HecHo M2), yielding more than 1 kg ncho adsorbed per m3soment being superior to the zeolite

family by at least one order of magnitude.

Keywords: formaldehyde, sorption, adsorption capacity, zeolites, MOFs, indoor air.

1. Introduction

Formaldehyde is considered as one of the major pollutants in indoor air [1,2]. Although it can be
found in outdoor air emitted or produced by traffic [3-6] or photochemical reactions [3,5,7], it is
typically found indoors due to the presence of several sources. Among these sources, a distinction can
be made between continuous sources and point sources [8,9]. Continuous sources are, for example,
construction materials (chipboard, OSB, laminate flooring, etc.) [10,11], decorative materials (paint,
stains, etc.) [10,12,13] and furniture [5,9,10,12,13], especially those made from particleboard glued
with urea-formaldehyde glue [14-17]. Point sources include all combustions (unvented paraffin
stoves, candles, incense sticks, etc.) [5,6,13,18], the use of disinfectants and other cleaning products
[4,19], etc. In addition, formaldehyde can be produced in situ by the reaction of ozone from outdoor

air with terpenes emitted by wood-based materials [7,20-23].

Hence, formaldehyde is present in almost all indoor environments with concentrations typically
ranging from 10 to 100 pg m= in domestic environments or up to several hundred pg m? in
occupational environments [1,2,5,7]. Formaldehyde leads to adverse effects on human health, being
considered as a carcinogen (group 1) by the IARC since 2006. Due to these harmful effects, French

legislation regarding this pollutant in indoor air in public buildings has become stricter. According to



Decree No. 2011-1727 of December 2011, a limit value of 30 pg m™ has been set for long-term
exposure to formaldehyde since 2015. This value will be drastically lowered to a threshold of 10 ug m-
% starting from 2023 [24]. Its ubiquitous nature, its occurrence in indoor environments and its impact
on human health make formaldehyde of great societal and scientific interest [8,18,25-28]. Scientists
are continuing to develop measurement methods for this pollutant and in particular real-time
instruments such as analysers [29-36] and sensors [37—42] for monitoring indoor air. In addition, low
cost indoor air quality measurement devices are now available for individuals willing to improve the

quality of the air they breathe [43,44].

Adsorption techniques are widely used for air pollution control [45-47] and sampling of pollutants
before desorption and analysis by off-line or on-line methods [29-31,33,34,48,49]. However, the
efficiency of common adsorbents towards the formaldehyde molecule is limited due to its high
polarity and small size. In this context, many studies have focused on the characterisation of
formaldehyde adsorption over a wide variety of materials commercially available as well as

synthesised in research institutes [50-57] (see Table 1).

Formaldehyde adsorption studies under perfectly controlled conditions involve firstly the
generation of known concentrations of gaseous formaldehyde. Gaseous formaldehyde is rarely
available in gas cylinders and must therefore be generated in situ from calibrated permeation tubes
[58-61] or aqueous formaldehyde solutions [59,61-63]. Both generation systems need to be regulated
in temperature and gas flow rate to ensure a stable concentration. A second difficulty relies on the
measurement of formaldehyde in the gas phase by means of a high-performance analytical instrument
able to monitor the concentration in real time. Although several analytical methods are reported in the
literature, most of them [29-36], including sensors [37—42], are only reliable to measure high
concentrations because of their limited sensitivity. Due to these aforementioned technical constraints,
most of the studies have been carried out at high formaldehyde concentrations (1 to 150 ppm) [50-54]
which are not representative of the concentrations encountered in indoor environments. In contrast,
our research institute has carried out studies using ~164 ppb formaldehyde concentration [56]. For the

same adsorbent material, working at a lower concentration of gaseous formaldehyde implies a longer



time to reach the saturation during the adsorption experiment and therefore a very stable gas
generation over periods typically varying from a few hours to roughly ten days, depending on the
adsorption capacity of the material. All these constraints and technical difficulties justify the scarce

data obtained at realistic concentrations of gaseous formaldehyde as illustrated in Table 1.

Table 1. Formaldehyde adsorption capacities achieved over different porous materials and various

formaldehyde concentrations

Adsorbent Ad_src;/l;)lzent (rﬁZB E]Tl) Po(;erﬁ)ize Con;:;;tr;?tion Ag:\;;ﬁ{;n Reference
(mg g* ads)
HKUST-1 MOF 1733 0% 0.164 0.504 Lara-lbeas et al., 2020
CBV3020E - Mg Zeolite 296 0.55 0.164 0.035 Lara-Ibeas et al., 2020
AC AC 942 n. a. 10 2 Bellat et al., 2015
SBA-16 MS 572 3.4/6.0 0.164 0.029 Lara-1beas et al., 2020
CBV3020E Zeolite 369 0.55 0.164 0.026 Lara-lbeas et al., 2020
ZSM-5_79 Zeolite 348 0.55 0.164 0.022 Lara-beas et al., 2020
ZSM-5_132 Zeolite 352 0.55 0.164 0.015 Lara-beas et al., 2020
ZSM-5_198 Zeolite 367 0.55 0.164 0.01 Lara-1beas et al., 2020
Ag/HZSM-5 Zeolite 310 0.55 29.7 0.77 Zhao et al., 2015
Carbopack® B AC 112 - 0.164 0.004 Lara-Ibeas et al., 2020
MIL-53 (Ga) MOF 560 n. a. 10 0.2 Bellat et al., 2015
Cu/HZSM-5 Zeolite 314 n. a. 29.6 0.49 Zhao et al., 2015
HZSM-5 (SAR = 360) Zeolite n. a. n. a. 244 0.35 Zhao et al., 2015

AC: activated carbon; MS: mesoporous silica

However, the adsorption capacity depends strongly on the partial pressure of the gas. At low
concentrations, the adsorption capacity increases linearly with the partial pressure in accordance with
the Langmuir model [64,65], which potentially allows the extrapolation of the experimental data to
other gas concentrations. Conversely, at higher concentrations, this relationship is no longer linear,
which prohibits any extrapolation to lower concentration values. Lara-Ibeas (2020) [56] gathered

experimental data regarding adsorption studies of gaseous formaldehyde over different materials



(Figure 7 in [56]). This figure highlights a clear lack of existing experimental data in the literature on

the adsorption of formaldehyde at concentrations in the range of tens to hundreds of ppb.

Since adsorbents need to possess a high specific surface area (SSA) to reach high adsorption
capacities, zeolites and metal-organic frameworks are often selected. Indeed, the presence of
numerous micropores increases the surface area per volume, rendering these highly microporous

solids efficient and hence a suitable choice.

Herein, formaldehyde adsorption was investigated over a series of cationic-exchanged FAU
zeolites and as-synthesized SUM (Strasbourg University Materials) metal-organic frameworks
(MOFs) at ppb levels. This allowed the evaluation of the effect of the cation nature, present in the
zeolite as charge compensation, as well as the nature of the porous sorbent on the adsorption

performance.

The main objective of this study is therefore to provide accurate and quantitative information
on the adsorption performance of a range of materials at realistic formaldehyde concentrations, using
an experimental device combining a stable source of gaseous formaldehyde and a formaldehyde

analyser developed in our laboratory.

2. Materials and methods

2.1. Adsorbents
2.1.1 Cation-exchanged zeolites
Commercially available HUSY (Zeoflair 200, Zeochem, Uetikon, Switzerland) was used as
received for performing adsorption tests. In order to prepare cation-exchanged faujasite (FAU)
zeolites, CuCl,.2H,0 (Alfa Aesar, 97%), Ca(NOs)..4H,O (Prolabo, 99%), Zn(NQs)..6H,0 (Sigma
Aldrich, 99%) and Ag.SO4 (Prolabo, 99%) were used without any purification step. All cationic
exchanged zeolites were prepared according to the following protocol inspired by Maia et al. [66]: 3g

of HUSY zeolite was dispersed in 100 mL of distilled water in a 250 mL round-bottomed flask and



stirred vigorously. Then, the appropriate amount of metal salt (between 1-5 wt.% nominal value) was
added to the mixture and stirred at 70 °C for 2 h. After, the solution was dried in a rotavapor at 50 °C
under vacuum until complete removal of water. Finally, the solid was dried at 110 °C overnight and
calcined at 550 °C for 5 h (ramp 1°C min). A white powder is obtained in the cases of Ca-, Zn- and

Ag-USY zeolites, whilst Cu-USY exhibited its classical blue color.

2.1.2 Metal-organic frameworks
HKUST-1 (Basolite® C300, Sigma-Aldrich) was used as received as a benchmark adsorbent.
Polyethylene glycol modified terphenyl tetracarboxylate ligands were used for the preparation of
copper-based MOFs: SUM-102 and SUM-103 materials [67]. The MOF named herein as Cu@HA4L1,
also called UTSA-90 was first synthetised by Zhou et al. [68]. Detailed synthesis protocols SUM-102
(glyme), or Cu@H4L2, and SUM-103 (diglyme), or Cu@H4L3, can be found in a former publication
[67]. Figure 1 presents the chemical structure of the different ligands used to generate their associated

Cu MOFs.
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Figure 1. Ligands used to generate corresponding Cu-based MOFs

2.2. Characterization

X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer, with a Ni

detector side filtered Cu Ka radiation (1.5406 A) over a 20 range of 5-60° for zeolites and 4-40° for



MOFs. Scanning electron microscopy (SEM) images were acquired in a ZEISS GEMINI SEM 500
microscope using an electron high tension (EHT) voltage ranging from 2 to 6 kV. To determine the
elemental distribution, EDX and mapping analyses were also performed using an EDAX SDD
detector.

Nitrogen adsorption-desorption isotherms for all zeolites were recorded at 77 K using a
Micromeritics ASAP 2420, while ASAP 2050 equipment was used for all MOFs. The specific surface
area and pore volume were calculated using the Brunauer—Emmett-Teller (BET) method. Prior to
analysis, MOF samples were pre-treated in-situ at 180°C for 5 h under vacuum. Zeolites were pre-

treated at 250°C under vacuum during 10 h.

2.3. Formaldehyde monitoring and adsorption

Formaldehyde was monitored on-line using a patented and marketed device initially
developed in our institute and detailed in previous studies [31,69,70]. Briefly, this analytical method is
based on three highly coupled steps: i) uptake of gaseous formaldehyde into an aqueous acetylacetone
solution at room temperature (gas and liquid flow rates set to 20 mL min?® and 17 pyL min?,
respectively); ii) chemical reaction between formaldehyde and acetylacetone at 65°C via the Hantzsch
reaction [71]; and iii) on-line fluorescence detection of the reaction product, i.e., 3.5-diacetyl-1.4-
dihydrolutidine (DDL), excited by a LED centered at 415 nm and fluorescence collected on a
photomultiplier (Hamamatsu) coupled to a 530 + 40 nm band pass filter. The commercial
formaldehyde analyser (microF, Chromatotec, Val-de-Virvée, France) has a temporal resolution of 2 s,
a response time of 10 min and a detection limit of about 1 pg m= (0.81 ppb). These data can be
averaged to obtain time steps typically varying between 10 min and 1 hour [12]. In this work, zeolite

and MOF data were averaged over 1-5 and 20 minutes, respectively.

Each investigated material was introduced separately in a copper tube (1/8-inch outer
diameter) where it was packed between two quartz wool plugs. The exact amount of adsorbent was
weighted with a precision balance, with an error of 0.2 mg. This tube was then mounted in the

experimental setup shown in Figure 2. To ensure a constant gaseous formaldehyde concentration of



164 ppb, a synthetic air flow (10 mL min?) was passed through a formaldehyde aqueous solution
(0.0925 wt.%) maintained at 20°C thanks to a Peltier modulus and then diluted in a second synthetic
air flow (390 mL min?). A resulting formaldehyde gaseous flow of 164 ppb could therefore be
generated [31,33,69]. The resulting overall relative uncertainty of the pre-calibrated and generated
gaseous concentration was calculated to be in the range of 9-11%. Before the adsorption experiments,
the gas was flown through the bypass, diluted and analysed. The obtained intensity corresponds to the
initial concentration (Co) and, therefore, it was used as an indicator to determine when saturation was
reached, i.e., when the outlet concentration was equal to the inlet concentration (C = Co). All the
adsorption experiments were performed at room temperature, i.e., 20 £ 3 °C.

Bypass Synthetic Air
> > > 30 mL min!

[ J Vent
Formaldehyde gas |
— >

(164 ppb) 15 mL min?

20 mL mint
Tube + Adsorbent 3

—[ T T

Formaldehyde
Analyser

Figure 2. Scheme of the experimental set-up

3. Results and discussion

3.1. Samples characterisation

3.1.1 Zeolites

Pristine and cationic exchanged-FAU zeolites were characterised to assess their metal loading,
their textural and their structural properties. summarizes these data along with the adsorption capacity
of formaldehyde and breakthrough time which will be deeper discussed in Section 3.2. It is worthy to
mention that all exchanged zeolites (Cu?*, Zn?*, Ag* and Ca?") exhibit similar pore volumes and BET

surface areas, thus enabling the evaluation of metal nature and loading effects. Indeed, a limited



decrease to 15% both in BET area and pore volume values could be observed in the highest loaded
3Ag-HUSY zeolite. Likewise, the crystalline structure integrity was preserved after the cationic
exchange step as shown in Figure 3. Besides, the loading of the different cations within the FAU

structure corresponds to the amount introduced in the aqueous solution, in line with our former studies

[56,57].
Table 2. Textural and adsorption properties of the exchanged FAU zeolites
Adsorbent | Cation SSA Pore Mass | Adsorption | Breakthrough | Saturation
loading | values volume | [mg] | capacity time [min] time [min]
[cm® g] (g 7]
[Powt] | [m*g?]
HUSY 0 644 0.43 6.3 140+1.6 2 95
Cul- 0.9 568 0.36 5.3 374142 15 220
HUSY
Cus- 3.0 569 0.36 6.5 209+29 2 85
HUSY
Agl- 1.0 662 0.43 4.2 20.3+2.8 1 100
HUSY
Ag3- 2.1 549 0.37 34 | 225+0.38 5 125
HUSY
Ca3- 34 594 0.37 3.6 214 +3.1 3 100
HUSY
Zn3- 4.1 644 0.42 5.3 34.1+05 5 210
HUSY
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Figure 3. XRD patterns of pristine and cation-exchanged FAU zeolites

3.1.2 MOFs

The textural properties of Cu-based MOFs were evaluated by N adsorption-desorption at -
196°C, showing classical Type | isotherms (see Fig. S1). Table 3 presents the specific surface area
values as well as their pore volumes. In contrast to benchmark HKUST-1 material, SUM-102 and
SUM-103 exhibit both lower SSA and pore volume values which may negatively impact their
adsorption capacity.

The structure of the different MOFs was evaluated by powder XRD (Figure 4). It is important
to highlight that both SUM-102 and SUM-103 materials exhibit the same topology and connectivity
mode of tetracarboxylate ligands as pristine NOTT-101 [72]. The presence of either glyme (SUM-102)
or diglyme (SUM-103), as lateral chains of tetracarboxylate ligands (Figure 1), did not alter the MOF

structure integrity.
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Figure 4. XRD patterns of NOTT-101, SUM-102 and SUM-103 materials

(@) (b) (c)
Figure 5. (a) view from ¢ axis of NOTT-101, (b) SEM image of SUM-102 and (c) SUM103.

Figure 5a shows the pore aperture of MOFs, solved from a single crystal diffraction study of NOTT-
101, (without the presence of glyme side chains). However, it has been shown that the presence of
those chains led to a drastic improvement in the stability in water ranging from NOTT-101 up to
SUM-103 [67]. According to SEM micrographs, crystals in the range of 10-20 um could be observed

(Figure 5b et 5c).
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3.2. Evaluation of formaldehyde adsorption capacity

3.2.1 Calculations

Dynamic adsorption experiments were performed to obtain the corresponding breakthrough
curves representing the evolution of the adsorbate concentration in the effluent leaving the adsorbent
bed as a function of time. In air treatment, the breakthrough time is usually defined as the time in
which 5% of the feed concentration (Co) is leaving the adsorbent bed. Additionally, breakthrough
curves allow determining the total adsorption capacity of each material. This capacity can be

calculated from each curve using equation (1):

0= L2 (1-Ya ®

1——
m-Je, Co
where g represents the dynamic adsorption capacity per gram of adsorbent, Q is the gas flow rate, m is
the mass of adsorbent, t, corresponds to the initial time and ¢, to the saturation time, C, is the initial

concentration, and C is the outlet concentration at a given time.

The error on the calculation of the dynamic adsorption capacity was estimated according to Eq.2 :

A A ACy, At Am
Aq _AQ  AG At Am 2
q Q Co t m
where Aq is the error on the adsorption capacity. AQ is the error on the flow rate, AC, is the error on

the initial concentration and Am is the error on the adsorbent mass.

3.2.2 Zeolites

Preliminary experiments were performed by varying the mass of pristine HUSY and Cu-USY
(loading 1% in weight) in the reactor set-up (Figure 6a). Since the adsorption capacities did not vary
significantly and to maintain the pressure drop in the reactor acceptable, the value of 3 mg was set

arbitrarily to compare all adsorbents.
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It is important to highlight here that whatever the nature of the cation exchanging the proton in
the FAU structure, a higher adsorption capacity was achieved. Figure 6b shows the results obtained
with 3% wt. of the different elements. Adsorption capacities were assessed by numerical integration of
the area above the breakthrough curve and are also presented in Figure 6. The best performance was
achieved by Zn3-HUSY which exhibited a 2.5 higher adsorption capacity with respect to pristine
HUSY, i.e., 34 versus 14 pg / gzeoiie. Likewise, the breakthrough time increased from 2 to 5 min over
the former Zn-loaded zeolite (Table 2). To evaluate the kinetics of formaldehyde adsorption, it is
important to compare the profile of those breakthrough curves. The adsorption of formaldehyde was
complete during the first minutes (Figure 7a). The shape of the obtained breakthrough curves
remained similar in all cases (Figure 7a). A focus on the first 20 min of the adsorption test is

displayed in Figure 7b.
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Figure 6. Adsorption capacity (a) by varying the mass of adsorbent (b) by varying the nature of the

cation in the zeolite.
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The breakthrough points of formaldehyde adsorption reached 2, 5 and 15 min for HUSY, Zn3-

concentration = 164 ppb, flow rate = 15 mL mint).
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Figure 7. Breakthrough curves at room temperature and at 164 ppb of formaldehyde (a) for different

metal-exchanged zeolites (b) zoom on the first 20 min of the adsorption test (formaldehyde

HUSY and Cul-HUSY, respectively. After the breakthrough point, two different slopes can be
distinguished thus providing information regarding a different kinetic behavior. At first, a sharp

increase in the outlet concentration is observed which indicates fast kinetics followed by a continuous




but slow increment of the concentration until the initial concentration was reached, suggesting that the

adsorption Kkinetics close to the adsorbent saturation becomes much slower.

The results obtained in the present contribution are in line with our former study dealing with
MFI-type zeolite [57]. Indeed, breakthrough times were also observed to be in the same range of 4-7
min over H-ZSM-5 and Mg-doped ZSM-5, respectively. In addition, the same trend could be
confirmed herein that an exchange of a proton by another cation led to an enhanced adsorption

capacity.

The less efficient sorbent remained the HUSY zeolite in which full saturation was reached in
less than one hour. This behaviour might be related to the surface chemistry, minimising adsorbate-
adsorbent interactions. The latter should therefore solely rely on London forces or limited interactions
with the zeolite bridged hydroxyl groups. It is therefore beneficial to exchange protons by other extra-
framework cations to modulate those adsorbate-adsorbent interactions [73,74]. Recently, Megias-
Sayago et al. demonstrated a 30% adsorption capacity increase while partially exchanging zeolite
protons by Mg?* cations under similar conditions [57]. Though the adsorption of formaldehyde
molecules was shown to be directly related to the Al content, thus to the amount of Brgnsted acid sites
in zeolites [75], the adsorption process seems to be ruled by the interactions between the carbonyl

group and the zeolite counter cation.

The enhancement in the adsorption capacity, observed over all cation-exchanged FAU
zeolites, suggests that formaldehyde established stronger interactions with Ca2*, Cu?*, Zn?* Ag* than

with H*, in line with the observations from Bellat et al. [50,76].

Such order of enhanced interaction with Ag* or Cu?* may be related to the Hard-Soft Acid and Bases
(HSAB) theory developed by Pearson in 1963 [77]. Indeed, soft cations such as silver, copper and to
less extent zinc, demonstrate a higher affinity towards a relatively soft base as the HCHO molecule
[78,79]. Kleiber et al. have shown that the metal ion-aldehyde interaction generally occurs in an end-
on M* - OCRH configuration [80]. These considerations may explain, at least partially, the longer

breakthrough times observed over Ag-, Cu- and Zn-HUSY .
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From those adsorption experiments with metal-doped zeolites, it appears that the rational
design of efficient formaldehyde adsorbents needs to combine both high microporosity and (soft)
Lewis acid content. We have therefore selected Cu-based MOFs as potential candidates to fulfil these

two necessary conditions.

3.2.3 MOFs

Breakthrough curves for the different Cu-MOFs are presented in Figure 8.
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Figure 8. Breakthrough curves for the different Cu-based MOFs at room temperature and at 164 ppb

of formaldehyde

It is worthy to highlight here that Cu@H4L1 material exhibited an exponential adsorption
behavior. In stark contrast, SUM-102 and SUM-103 showed a similar stepwise adsorption
phenomenon. HKUST-1 led also to stepwise HCHO adsorption but less pronounced (Figure 8). The
stepwise desorption of formaldehyde indicates the presence of different active sites in the SUM series,
which induced a slower release with respect to Cu@H4L1. This indicates that the presence of side

chains on L2 and L3 ligands (Figure 1) induced a different adsorption behavior than pristine UTSA-
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90 material. It appears however that the necessary time to reach saturation is almost the same (as

shown in Table 3).

Table 3. Textural properties of MOFs and their HCHO adsorption capacity data

SSA Pore Mass | Adsorption Breakthrough Saturation HCHQ HCHO.
surfacic volumetric
Adsorbent | values volume | [mg] capacity time [min] time [min] adsorp'gon adsorp'glon
capacity | capacity
[m>g'] | [cmigT] (Mg 9] [Hg m?] [g m]
Bas%'(')ge®c 1733 089 | 30 | 504+87 70 1040 0.29 566
HKUST-1
CU@HALL | 153 063 | 52 513 + 58 490 1152 0.41 814
UTSA-90
Cu@HALZ | g9 045 | 56 453 + 50 10 1110 0.52 1007
SUM-102
Cu@HAL3 | 145g 057 | 65 302 +33 60 834 0.29 530
SUM-103

HKUST-1 has been shown to achieve the highest HCHO adsorption performance among
benchmark adsorbents [57,81]. This remarkable capacity can be explained by several factors: i) a high
specific surface area that provides numerous adsorption sites; ii) micropores with diameters of 5.4 and
6.9 A suitable for formaldehyde adsorption (kinetic diameter = 2.5 A); iii) a coordination bond

between the copper atoms and the O-atom from the carbonyl group.

Table 3 shows the SSA values and pore volumes of HKUST-1 benchmark adsorbent and
homemade SUM family of Cu-MOFs. The former commercial material exhibited the highest SSA
(1733 m? g'*) and pore volume (0.89 cm? g1) with respect to as-prepared MOFs, corresponding to the

double of those from SUM-102. As ‘a priori’ expected, HKUST-1 led to a high adsorption capacity of
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504 ug g* (see Table 3). However, Cu@H4L1 (UTSA-90) led roughly to the same result (513 pg g?)
despite its 30% lower SSA value. According to the normalization of the adsorption capacity per
surface and volumetric unit (Table 3), it is important to highlight that SUM-102 outperformed both
UTSA-90 and HKUST-1 with an adsorption of 0.52 Ug ncHo M2 and 1007 g ncho M. A further
increase in the side chain length of the ligand (Figure 1), ranging from Cu@H4L2 to Cu@HA4L3, led
to a drastic decrease in the sorption performances (Table 3). SUM-102 seems therefore to be a proper
compromise in terms of pore size (~ 9-10 A) and interactions provided with HCHO molecules. The
longer chain length found in the H4L3 ligand which built SUM-103 led to a drastic decrease in the
MOF porosity and SSA value, thus probably to formaldehyde molecules’ accessibility. It is however
important to highlight that SUM-103 led to nearly the same surfacic and volumetric adsorption
capacity as HKUST-1, in spite of 60% lower SSA. Supramolecular interactions created by these glyme
and diglyme moieties may probably explain this different behaviour, as suggested by Israfilov et al.
[67].

The measurement of saturation times remains a mean to get precious insights into adsorbate-
adsorbent interactions (Table 3). Again, extremely high values were obtained with SUM MOFs
family: 1152, 1110 and 834 min for Cu@H4L1, Cu@H4L2 and Cu@H4L3, respectively. Those
values are in line with the one obtained with HKUST-1 (1040 min). In stark contrast, the breakthrough
time reached only limited values for HKUST-1 (70 min) and SUM materials (10 and 60 min,
respectively for SUM-102 and SUM-103) with respect to Cu@H4L1 which demonstrated a prolonged
time of 490 min before releasing 5% of HCHO concentration. It seems therefore that a high affinity
between HCHO molecules and Cu@H4L1 surface could be assessed. The design of SUM materials,
using glyme or diglyme moieties on the ligand, probably led to specific and different modes of
interaction between HCHO and those side-chains. This may induce the rapid release of a significant
fraction of barely adsorbed HCHO molecules. Moreover, these side chains may hinder the
accessibility and diffusion of formaldehyde inside and outside the micropores. Indeed, the stepwise
desorption observed over SUM-102 and SUM-103 could be tentatively explained by such a
phenomenon. The pore size decrease from 10.9 to 9.8 and 9.2 A, ranging from Cu@H4L1 to

Cu@H4L3 is certainly due to a lower accessibility of N2 molecules in the MOF internal porosity.
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Despite HKUST-1 exhibiting a high adsorption capacity (compared with zeolites), it is
therefore important to point out that the rational design of NOTT MOFs, led to further enhancing
breakthrough time (Cu@H4L1) and volumetric adsorption capacity (Cu@H4L2, SUM-102).

Finally, a significant decrease in formaldehyde adsorption capacity is usually observed over
HKUST-1 in humid environments due to its hydrophilic character, hence leading to a significant loss
in stability [55,82]. In contrast, the amphiphilic character of the pores introduced by the ethylene

glycol chains in SUM materials gave birth to specific stability in water, thus to a strong potential for

use in a humid atmosphere.

3.2.4 Comparison between zeolites and MOFs
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Figure 9. Breakthrough curves comparison between zeolite Zn3-HUSY (adsorption capacity of 34
ug gl) and MOF Cu@H4L2 SUM-102 (adsorption capacity of 453 pg g*), obtained at room

temperature and at 164 ppb of formaldehyde

Figure 9 shows a clear comparison of breakthrough curves for representative Zn3-HUSY

zeolite and SUM-102 MOF which highlights both a much higher adsorption capacity and saturation
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time over MOFs. Finally, this tendency could be confirmed for all-tested adsorbents as shown in
Figure 10.
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Figure 10. Adsorption capacity comparison between MOFs in green and Zeolites in blue, obtained
at room temperature and at 164 ppb of formaldehyde.

Motivated by its occurrence in indoor air and the underlying harmful effects, formaldehyde
adsorption has been studied over porous solids such as metal-promoted zeolites and MOFs. As shown
in Table 1, only a few studies were conducted at realistic formaldehyde concentrations from 0.16 to 1
ppm, being representative of ambient conditions. Herein, we achieved similar results over Cu-, Zn-,
Ca- and Ag-doped FAU zeolites (Table 2) to the ones obtained in the literature under such a low
formaldehyde concentration. Interestingly, Metal-Organic Framework materials led to nearly one
order of magnitude higher adsorption capacity, especially Cu-based MOFs. For instance, MIL-53(Ga)

did not yield high performance at 10 ppm HCHO concentration (Table 1).

Our findings suggest that special adsorbate-adsorbent interactions could be created in Cu-
based MOFs, especially in as-prepared SUM-102 and SUM-103 materials. To avoid possible

misinterpretation, the Henry constant (Kj) is commonly calculated for comparison purposes instead of
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adsorption capacity [83-86]. K5 (mol kg™ Pa?) is a key parameter to explain the gas-solid adsorption
phenomena, evaluating the adsorption affinity of a material for a certain adsorbate. Ky, calculated
according to Eq. 3, can only be considered valid at relatively low pressures (< 100 Pa corresponding
to ~1,094 ppm), where it is assumed that the adsorption capacity raises linearly with the adsorbate

partial pressure [85].

q
Ky= - 3
P; M; ®3)
where ¢ (kg kg™ adsorbent) is the adsorption capacity, Py is the formaldehyde partial pressure (Pa) and

Mg is the molecular weight of formaldehyde (kg mol™).

The Ky values obtained for the M-HUSY zeolite series ranged from 0.03, for pristine HUSY, up to
0.10 mol kg* Pa! for Ag-HUSY (0.08 mol kg* Pa? for Cu-HUSY). Similar values were calculated by
Bellat et al. for NaY zeolite (Ky = 0.13 mol kg Pa) thus confirming that surface chemistry, i.e.,
adsorbate-adsorbent interactions might govern the adsorption of formaldehyde [76]. Moreover, Ky
values lower than 0.1 mol kg Pa! are generally characteristic of weak adsorbate-adsorbent

interactions [87].

Regarding Cu@H4L1, Cu@H4L2 and Cu@H4L3, Henry constant values, Ky = 1.14; 1.01; 0.67 mol
kgt Pa! were obtained, respectively. This confirms a decreasing affinity between formaldehyde and
the NOTT- MOF surfaces, being in line with decreasing breakthrough times. Surprisingly, HKUST-1
led to Ky = 1.12 mol kg Pa* which indicates a high affinity between HCHO and the surface, without
a sufficient breakthrough time. Further studies need to be performed to understand the behaviour and
also try to further improve those values, possibly by following the approach undertaken by Fu et al.

which yielded an 8-12 higher adsorption capacity while shifting from ZIF-8 to Ag@ZIF-8 [88].

Hence, adsorbents showing K values from 0.1 to 1.2 mol kg Pa* exhibit a non-negligible

formaldehyde adsorption capacity, being suitable for pollutant removal and enabling a quantitative
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sampling for gas analysis applications. Furthermore, the intermediate strength of the interactions may

presumably lead to milder conditions for desorption and are therefore expected to be more appropriate.

Finally, higher formaldehyde adsorption capacity was achieved at low concentration, rendering
SUM-102 material (mainly) a potential candidate for pollutant removal purposes in real atmospheric
conditions. Consequently, its use in humid environments seems possible and should avoid an upstream

device for water trapping.

4. Conclusions
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Figure 11. Formaldehyde adsorption capacities of diverse materials at a formaldehyde
concentration of 0.164 ppm from the work of Lara-Ibeas et al. [56] and this work.

Thanks to the recent development of a new formaldehyde analyser operating in real time
enabling adsorption experiments at realistic initial level of gaseous formaldehyde (164 ppb), it was

possible to conduct adsorption measurements over different microporous materials. In these
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experiments, the adsorption capacities of the microporous materials differing in structure, porosity and
chemical composition were evaluated. Among them, SUM-102 material was demonstrated to be the
more promising adsorbent for HCHO capture. Peculiar adsorbate-adsorbent repulsions between glyme
or diglyme moieties and formaldehyde molecules were probably responsible for directing/hindering
the diffusion of the latter molecules to reach the active sites. In addition, the side-chains present on
SUM-102 and SUM-103 materials enhance the stability towards water/steam, thus allowing to avoid
the integration of water-trapping devices when using them for formaldehyde removal applications.
Figure 11 demonstrates that Cu-based MOFs are more promising HCHO adsorbents than zeolites at
least under realistic indoor conditions. Among the investigated MOFs, SUM-102 exhibited the highest
surfacic adsorption capacity (0.52 Ug ncro m2), yielding more than 1 kg ncho adsorbed per m3sorbent

being superior to the zeolite family by at least one order of magnitude.
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Figure S1. N adsorption-desorption isotherms for home-made Cu-MOFs

30




