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ABSTRACT: A series of aminopropyl-functionalized silicas
containing of primary, secondary, or tertiary amines is
fabricated via silane-grafting on mesoporous SBA-15 silica
and the utility of each material in the adsorption of volatile
aldehydes from air is systematically assessed. A particular
emphasis is placed on low-molecular-weight aldehydes such as
formaldehyde and acetaldehyde, which are highly problematic
volatile organic compound (VOC) pollutants. The adsorption
tests demonstrate that the aminosilica materials with primary
amines most effectively adsorbed formaldehyde with an
adsorption capacity of 1.4 mmolHCHO g−1, whereas the
aminosilica containing secondary amines showed lower
adsorption capacity (0.80 mmolHCHO g−1) and the aminosilica containing tertiary amines adsorbed a negligible amount of
formaldehyde. The primary amine containing silica also successfully abated higher aldehyde VOC pollutants, including
acetaldehyde, hexanal, and benzaldehyde, by effectively adsorbing them. The adsorption mechanism is investigated by 13C CP
MAS solid-state NMR and FT-Raman spectroscopy, and it is demonstrated that the aldehydes are chemically attached to the
surface of aminosilica in the form of imines and hemiaminals. The high aldehyde adsorption capacities of the primary
aminosilicas in this study demonstrate the utility of amine-functionalized silica materials for reduction of gaseous aldehydes.
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■ INTRODUCTION

Because air quality is an area of emerging importance for
human health, the development of commercially viable
materials that can reduce volatile organic compounds
(VOCs) is attracting increasing research interest.1−5 Among
several common VOCs, airborne formaldehyde is the most
targeted compound in the view of its toxicity and ubiquitous
use in resins and adhesives. Formaldehyde is a carcinogen and
allergen, and it can intensely irritate the eyes and mucous
membranes.
To this end, several materials have been reported for the

purpose of gaseous formaldehyde abatement. There are two
main strategies for removing formaldehyde from air; one is
catalytic removal by combusting formaldehyde into carbon
dioxide and water, and the other is adsorptive removal of
airborne formaldehyde. There are many reports on catalytic
removal methods, clarifying approaches for the efficient
conversion of formaldehyde into carbon dioxide gas.6−10

However, this method still faces problems for practical
formaldehyde abatement due to the use of expensive precious
metals (palladium or platinum) and the potential need for
thermal energy. Photocatalytic combustion of airborne form-
aldehyde has also been reported, but the poor availability of UV
light sources in some scenarios can prove problematic for air
qualification methodologies.11−14

Whereas research targeting formaldehyde abatement catalysts
has targeted materials free of precious metals, the adsorptive
removal method has focused on developing amine-function-
alized materials that efficiently and strongly bind aldehydes.
Aldehydes can be effectively captured on amine-modified
surfaces via covalent amine and aldehyde coupling reactions,
targeting formation of imines.15 Since Gesser first disclosed use
of a polymeric amine coating of poly(ethyleneimine) on various
materials to capture aldehyde air pollutants,16 several amine-
functionalized materials have been developed specifically
targeting airborne formaldehyde removal.17−19 The structure
of the amine moieties and the site density of the amines are
both important to the development of highly efficient
formaldehyde sinks. This adsorptive removal method may be
a much more practical way for air purification, as the adsorption
occurs at ambient conditions, and is suitable to a wider array of
conditions, as no heat or UV light is needed. To this end, many
methods of applying amine-functionalized materials for air
purification have been disclosed in several patents.16,20−31

However, the adsorption mechanism has been less discussed.
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Tanada et al. demonstrated that aminated activated carbon
materials with higher amine loadings showed higher adsorption
capacities for formaldehyde from aqueous solution, linking the
amine loading directly to uptake capacity.32 Later, Boonam-
nuayvitaya et al. synthesized amine-functionalized mesoporus
silica materials via co-condensation of tetraethyl orthosilicate
(TEOS) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
and found that there was an optimal amine-loading for
maximizing gaseous formaldehyde adsorption. Specifically,
they demonstrated that medium loading aminosilica exhibited
the highest formaldehyde adsorption ability compared to lower
or higher amine loaded materials.33 Similar results have been
shown in our lab for CO2 adsorption, whereby higher amine
loadings led to steric constraints that made some amine sites
inaccessible to gas phase species on practical time scales.34

Drese et al. functionalized the surface of mesoporous silica with
several aminosilanes and demonstrated the materials in the
selective removal of aldehydes from bio-oils, and they reported
primary amine moieties were most effective for aldehydes
trapping.35 Very recently, Gibson and Patwardhan et al.
reported amine-functionalized silica as an airborne form-
aldehyde gas adsorbent at an air contaminant level of 1 ppm,
and found amine-functionalized surfaces to be highly effective
for trapping formaldehyde. However, the correlation between
the adsorption ability and mechanism is still unclear.36 These
previous works strongly indicate that the effective design of the
support porosity coupled with the use of specific molecular
amine structures can be used to achieve further improved
aldehyde adsorbing materials.
In this work, we demonstrate that amine-functionalized

porous silica materials are excellent candidate materials for
gaseous aldehyde abatement, having high adsorption capacities
for formaldehydes as well as several higher aldehydes.
Mesoporous SBA-15 silica was used as the substrate for surface
tethering of a variety of aminosilanes, including silanes
containing primary (APS), secondary (MAPS), and tertiary
aminosilanes (DMAPS), respectively.37 We demonstrate that
the primary amine treated silica is particularly effective for
capturing aldehydes, probe the adsorption mechanism in detail
using FT-Raman spectroscopy and 13C CP-MAS solid state
NMR with 13C labeled aldehydes. Our work demonstrates how
air purification materials may be designed for better perform-
ance. Thus improved air quality could be achieved thru their
incorporation into air purifying systems, filters, or coatings.

■ EXPERIMENTAL SECTION
Materials. The following chemicals were used as received from the

suppliers: tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich),
pluronic EO-PO-EO triblock copolymer (P123, Sigma-Aldrich)
hydrochloric acid (HCl, 37% fuming, EMD Millipore), 3-amino-
propyl-trimethoxysilane (APS, >95%, Gelest), N-methylaminopropyl-
trimethoxysilane (MAPS, >95%, Gelest), N,N-dimethylaminopropyl-
trimethoxysilane (DMAPS, 96%, Sigma-Aldrich), propyltrimethoxysi-
lane (nPS, >98%, Alfa Aesar), and 3-chloropropyl-trimethoxysilane
(ClPS, >97%, Alfa Aesar), formaldehyde (36.5% aqueous solution,
BDH), acetaldehyde (98.5%, Alfa Aesar), hexanal (98%, Alfa Aesar),
benzaldehyde (99%+, Aldrich), acetone (99.5%, BDH), propylamine
(99+%, Acros Organics). Acetonitrile (HPLC grade, EMD) and water
(HPLC grade, J. T. Baker) were used as HPLC eluent solvent. 13C
labeled formaldehyde (H13CHO) and acetaldehyde (13CH3

13CHO)
were obtained from CIL Inc. UHP grade dry air gas (water and carbon
dioxide (CO2) free air, synthetic blend of nitrogen and oxygen) was
obtained from Airgas Inc., and 1% CO2 in helium was purchased from
Matheson Tri-Gas. The commercial mesostructured silica gel
PD09024 was obtained from the PQ Corporation. Sorbent tubes

filled with 2,4-dinitrophenylhydrazine (DNPH) coated silica gel were
purchased from SKC Inc. (cat. 226−119) for the determination of
aldehyde gas concentrations. Standard acetonitrile solutions of
formaldehyde-DNPH, acetaldehyde-DNPH, hexanal-DNPH, benzal-
dehyde-DNPH, and acetone-DNPH were purchased from Sigma-
Aldrich for HPLC peak calibration. All other reagents and solvents
were general laboratory grade and used as received from the
commercial source.

Synthesis. Mesoporous silica SBA-15 was used as the amine-
functionalized silica support for these studies and was synthesized
following a procedure in the literature.35,38 The synthetic procedure
began with dissolving P123 (12 g) in a solution 320 g of deionized
water and 60 g of HCl at room temperature. After complete
dissolution of P123, the solution was vigorously stirred at 40 °C for 2
h and then 23.1 g of TEOS was added to the solution and stirred at 40
°C overnight. The solution was heated to 100 °C and kept stirring
overnight. The reaction mixture was quenched with deionized water
(200 g) before the resulting solid was filtered, washed with copious
amounts of deionized water, dried overnight at 75 °C, and then
calcined in air at 550 °C with a 1.2 °C min−1 ramp. Approximately 6.6
g of SBA-15 silica was collected with this method.

Aminosilane-functionalized SBA-15 was prepared according to a
previously published procedure.35,39 In a typical synthesis, the
aminosilane (ca. 22 mmol, in the case of APS) was added to SBA-
15 (2.0 g) dispersed in toluene (ca. 100 mL). The mixture was stirred
at room temperature for 24 h. The solid amine-functionalized silica
was filtered, washed with copious toluene, and dried overnight at 75
°C. The same procedure was followed for MAPS and DMAPS treated
silicas, including propyltrimethoxysilane (nPS) and 3-chloropropyl-
trimethoxysilane (ClPS) treated silicas.

Characterization of Materials. Thermogravimetric analysis was
performed on a Netzsch STA409. Samples were heated from r. t. to
900 °C at a rate of 10 °C min−1 under a stream of nitrogen and air.
The organic loading was determined by weight loss between 150 and
800 °C, assuming two methoxy linkages from the silane were
hydrolyzed to link the silane to the surface. FT Raman spectra were
obtained on a Bruker Vertex 80v optical bench with a RAMII Raman
module at a resolution of 4 cm−1. Nitrogen physisorption analysis was
performed on a Micromeritics Tristar II at 77 K, with surface area
determined by the Brunauer−Emmett−Teller (BET) method.40 Pore
volumes and pore diameters of bare SBA-15 silica supports and silane-
treated silicas were calculated using the BdB-FHH method.41,42 13C
CP-MAS solid state NMR was performed on a Bruker DSX-300
spectrometer. The samples were spun at a frequency of 10 kHz. 13C
and 1H solution NMR spectra were recorded on a Bruker AMX 400
(400 MHz).

Airborne Aldehyde Abatement Tests. Before aldehyde abate-
ment tests, all adsorbent samples were dried under vacuum overnight
at ca. 100 °C to remove physisorbed water and carbon dioxide. The
silica (ca. 15 mg) was enclosed in a gas sampling bag (Tedlar, 10 L,
Restek Corp.) before 8 L of dry air was added to fill the gas sampling
bag. For the formaldehyde abatement test, 10 μL of aqueous solution
of formaldehyde (10 wt %) was injected into the gas sampling bag by a
microsyringe to set the initial formaldehyde gas concentration inside
the gas sampling bag to ca. 100 ppm, and then the system was
equilibrated at room temperature. For the acetaldehyde abatement
test, 10 μL of acetonitrile solution of acetaldehyde (20 wt %) was
injected to set the gas concentration at ca. 100 ppm. The same
procedure was followed for the abatement tests using other higher
aldehydes and acetone, except that the exact volumes of neat liquids
were injected to set their initial gas concentrations as ca. 100 ppm.

Aldehyde gas concentrations were determined by following the US
EPA method TO-11/IP-6A. In a typical procedure, 500 mL of the gas
content was extracted by gas sampling pump (Grab Air Sample Pump,
SKC Inc.) through a DNPH sorbent tube. The gas flow rate (typically
200 − 250 mL min−1) was measured each sampling time with a mass
flow meter (FMA1814, Omega Engineering Inc.) to determine the
suction time securing a fixed volume (500 mL) of extracted gas. The
sorbent section was then placed in a 2 drum vial and 2.5 mL of
acetonitrile was added. The vial was periodically shaken to extract the
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DNPH-aldehyde adduct, and the extract was analyzed using an HPLC
system from Shimadzu, consisting of ODS silica gel columns
(Chromegabond WR C18 5 μm 120 Å, 15 cm × 4.6 mm, ES
Industries) and a UV−vis detector (SPD-10AVP, Shimadzu Corp.).
The separation was conducted at 40 °C, typically with the mobile
phase of 60/40 acetonitorile/water mixture at a flow rate of 1.0 mL/
min. The UV response was monitored at the wavelength of 360 nm.
The reduction of the aldehyde gas concentration inside the gas
sampling bag was determined by the peak area ratio of the DNPH-
aldehyde adduct with that of the initial gas sampling with no adsorbent
(blank gas sampling bag having ca. 100 ppm aldehydes), and its exact
molar concentration was determined by calibrating the peak area with
DNPH-aldehyde standard solutions.
The adsorption capacity, q, and amine efficiency, μ, are to evaluate

the adsorption abilities of aminosilicas in this study. The adsorption
capacity q, which is defined as molar quantity of adsorbed gas per unit
weight of aminosilica adsorbent, was calculated using the assumption
that all of the abated gas was trapped into the silica adsorbent. The
amine efficiency, μ, which is defined as the molar ratio of adsorbed gas
to amine moiety, was calculated by dividing q by the amine loading.

■ RESULT AND DISCUSSION

Airborne Aldehydes Adsorption. Though it is known
that amine-treated materials dramatically enhance adsorption of
airborne aldehydes,18,32,33,35,36 an understanding of the role of
amine structure on the adsorption capacity and mechanism has
not been developed. For a systematic study of aldehyde vapor
adsorption by amine-functionalized materials, three aminosilica
adsorbents were prepared using silane chemistry to graft
mesoporous silica SBA-15 with primary, secondary, and tertiary
aminopropylsilanes of APS, MAPS, and DMAPS, respectively.
The SBA-15 silica support has a large surface area, large pore
volume, and large pore diameter,43 which allow for fast
diffusion of gaseous or vapor adsorbates to adsorption sites. S-
AP, S-MAP, S-DMAP denote the corresponding samples for
the three aminosilane-treated SBA-15 silicas. As all of the
amines are structurally similar, being linked to the surface via
propyl groups, systematic comparison of amine reactivity of the
different types of amine sites is possible. Silica materials
functionalized with n-propyl and 3-chloropropyl groups (nPS
and ClPS) were also prepared on SBA-15 (S-nP and S-ClP) so
that the contribution of an unfunctionalized alkyl chain and or a
nonamine-containing polar functional group could be assessed.
A similar approach has been used previously by our group and
others for examining the effect of structural differences on
carbon dioxide gas adsorption.37,44−46 Table 1 shows the
characteristics of the silica adsorbents used in this study (TGA

data are given and nitrogen adsorption−desorption isotherms
are available in the Supporting Information). Although the BET
surface area of SBA-15 decreased by about half after the silane-
coupling reactions, the obtained silica adsorbents had nearly the
same amine loading density, surface area, and pore volume, so
that direct comparisons could be made between adsorption
characteristics over the various solids.
Formaldehyde abatement was conducted with those

functionalized silicas. At first, abatement tests at 10 ppm
formaldehyde concentrations were completed. However, the
airborne aldehyde concentrations dropped to undetectable
concentrations (∼0 ppm) within an hour with the S-AP
adsorbent and the total adsorption capacity could not be
evaluated (see the Supporting Information). Thus, we chose to
conduct the abatement tests with higher formaldehyde
concentrations of 100 ppm to systematically evaluate the
adsorption capacities of the aminosilica adsorbents used in this
study. Although this concentration is much higher than the
realistic atmospheric air contaminant concentrations (i.e., ca. 1
ppm), this study demonstrates the adsorption potential of
aminosilicas as aldehyde adsorbents under conditions that allow
accurate quantification of adsorption capacities and character-
ization of adsorbed intermediates.
Panels a and b in Figure 1 show the results of the ca. 100

ppm formaldehyde abatement tests. The gas sampling bag with

no silica adsorbent maintained the initial formaldehyde
concentration (88 ppm), showing that no significant leakage
of formaldehyde gas occurred within the examined time period
(Figure 1 (a)). The initial formaldehyde concentration of 88
ppm was slightly less than the calculated volume of form-
aldehyde needed to set its initial concentration at 100 ppm,

Table 1. Physical Characteristics of Functionalized
Mesoporous Silicas in This Study

amine
loading
(mmolN
g−1)

organic
content
(%)

pore
diameter
Dp (nm)

pore
volume Vp
(cm3 g−1)

surface
area SBET
(m2 g−1)

SBA-15 n/a n/a 7.6 1.14 922
S-AP 1.9 14 7.0 0.72 422
S-MAP 1.8 16 6.6 0.69 401
S-DMAP 1.7 17 6.5 0.68 392
S-nPa 1.4a 8.0 7.5 0.98 676
S-ClPb 1.9b 18 7.1 0.77 546
PD09024 n/a n/a 17 1.03 364
P-AP 0.97 7.1 17 0.86 289

aPropyl chain loading density was listed. bChloride loading density
was listed.

Figure 1. Formaldehyde concentrations inside the gas sampling bags
plotted against elapsed time after its injection. (a) Each data point
denotes gas sampling bags with: no adsorbent (□), SBA-15 (○), S-AP
(●), and S-AP under 1% CO2 atmosphere (gray dot). (b) Each data
point denotes the gas sampling bags with: S-MAP (■), S-DMAP (▲),
S-nP (◊), and S-ClP (△).
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showing that not all of injected formaldehyde was successfully
vaporized inside the gas sampling bag. This may be due to the
formation of nonvolatile formaldehyde polymers (polyacetals)
within the injected formaldehyde aqueous solution. Bare SBA-
15 silica slightly decreased the gas concentration to 78 ppm,
88% of its initial concentration, suggesting that formaldehyde
was partially adsorbed onto the silica surface. Though it is not
clear in this case the precise surface interactions that captured
the formaldehyde, surface silanols on silica are presumed to
interact with the carbonyl function of the aldehyde, which could
promote aldehyde adsorption.47 The high surface area of SBA-
15 undoubtedly also promotes this adsorption, by providing a
large number of adsorption sites. On the other hand, the gas
sampling bag with the S-AP primary aminosilica adsorbent
dramatically decreased the formaldehyde concentration to 22
ppm (25% of starting concentration) within an hour. This
clearly indicates that surface amine moieties play a crucial role
in the formaldehyde adsorption, and supports the notion that
S-AP may be a valuable aldehyde abatement material. It has
been reported that such aminosilica materials are carbon
dioxide (CO2) adsorbents that can remove CO2 efficiently from
ambient air.48 To probe whether CO2 may outcompete
formaldehyde for amines sites, we carried out a formaldehyde
abatement test under a 1% CO2 atmosphere (air is about 400
ppm CO2, or 0.04%). The results shown in Figure 1
demonstrate that even CO2 concentrations 25 fold higher
than that found in ambient air do not result in substantially
reduced aldehyde adsorption.
While the S-AP sample proved to be quite useful, the

adsorption of formaldehyde became less significant when the
secondary amine containing S-MAP was used, decreasing the
formaldehyde concentration to 51 ppm, or 58% of the initial
value. The S-DMAP sampled proved even worse, showing
negligible formaldehyde adsorption (Figure 1b). This suggests
that the primary amine group shows the highest utility, as
expected, assuming imine formation as the primary adsorption
mode. The S-nP and S-ClP silicas did not decrease the
formaldehyde concentration at all, indicating that propyl chain
or propyl halides have no effect on formaldehyde adsorption, or
adversely, they were ill-designed for the purpose of form-
aldehyde adsorption by removing the surface silanols that
presumably allowed the bare silica to capture some form-
aldehyde. These control experiments clearly show that amines
are the active moieties that remove the aldehydes.
Table 2 shows the tabulated results of the formaldehyde

abatement tests. The adsorption capacity, q, was derived with
an assumption that all of the decreased formaldehyde was
trapped into the silica adsorbent. The q of S-AP (1.4
mmolHCHO g−1) is high, similar to the values observed for
aminosilicas when used as CO2 adsorbents, and can be
understood as nearly the maximum possible value for this S-
AP silica adsorbent, by referring to the aldehyde capturing
efficiency. The capturing efficiency, μ, of S-AP, defined as the
molar ratio of adsorbed formaldehyde to amine nitrogens, was
0.76. This value of close to unity indicates that nearly all of
amine moieties were consumed during the aldehyde adsorption.
Thus, if the formaldehyde reacted with the primary amine in a
one to one ratio, then the q value could be further improved if
one could increase the primary amine density while maintaining
good site accessibility.34 The μ of S-MAP was about half the
value of the μ of S-AP, and the μ of S-DMAP was zero,
confirming the particular activity of primary amines for
capturing formaldehyde.

As primary amines were found to be most effective for
formaldehyde abatement, APS was also treated on a
commercially available silica, PD09024, from the PQ
Corporation. This PD09024 silica has a mesocellular foam
(MCF) type of pore structure and its characteristics are given in
Table 1. P-AP is the nomenclature used to denote the APS-
treated PD09024 silica sample. Figure 2 shows the results of

formaldehyde abatements with bare PD09024 and P-AP silicas,
and their numerical data are tabulated in Table 2. Both the bare
PD09024 and P-AP silicas reduced the formaldehyde
concentration, though they took about 1 h longer to reach a
constant formaldehyde concentration than the abatement with
bare SBA-15 and S-AP silicas. This slower adsorption may be
associated with larger particle size of PD09024 silica (average
particle size of 6.5 μm) compared to SBA-15 (<1 μm from
SEM image, see the Supporting Information), requiring longer
time to diffuse the adsorbate gas into the center of the particle.
However, it still can be said that PD09024 and especially amine
treated P-AP are quite effective for formaldehyde abatement.
The q of P-AP was as high as that of S-AP, but the P-AP sample
had about half the amine loading of S-AP, a reduction
proportional to the respective support surface areas. Therefore,
the μ value of P-AP (1.2) was greater than unity. However, the
bare PD09024 silica also showed much higher formaldehyde
adsorption relative to SBA-15, which likely increases the base
adsorption capacity of P-AP. If one recalculates the μ value of
P-AP by subtracting the adsorption capacity of PD09024, the μ
value becomes 0.82, similar to that of the SBA-15 supported

Table 2. Formaldehyde Adsorption Capacities, q, and Amine
Efficiencies, μ

q (mmolHCHO g−1) μ (mmolHCHO mmolN
−1)

SBA-15 0.22 n/a
S-AP 1.4 0.76
S-APa 1.5a 0.78a

S-MAP 0.80 0.43
S-DMAP 0.0 0.0
S-nP 0.0 0.0b

S-ClP 0.0 0.0c

PD09024 0.41 n/a
P-AP 1.2 1.2 (0.82d)

aAdsorption data corrected under 1% CO2 in helium atmosphere.
bMolar ratio of captured formaldehyde and propyl chain. cMolar ratio
of captured formaldehyde and chloride. dThe capturing efficiency was
derived by subtracting the adsorption capacity q of bare PD09024.

Figure 2. Formaldehyde concentrations inside the gas sampling bags
with PD09024 (○) and P-AP (●) plotted against elapsed time after its
injection.
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sample, thereby supporting this hypothesis. The reason for the
increased formaldehyde adsorption of PD09024 is not clear,
but may be associated with some metal or other impurities
present in the commercial PD09024 silica.49 In any case, this
success using a commercial silica as the amine substrate for
formaldehyde adsorption shows that well-defined, expensive
supports such as SBA-15 are not needed for this application.
The driving force for the formaldehyde adsorption by amine-

functionalized silica is the chemical reaction between the
carbonyl function and the amine, as discussed below. The
reaction is not limited to airborne formaldehyde, and should
also be applicable to other airborne aldehydes and ketones. To
this end, we carried out VOC abatement tests using
acetaldehyde, hexanal, benzaldehyde, and acetone, which are
also irritant VOCs or appropriate test molecules. Figure 3
shows the results of the VOC abatement tests, and their
tabulated data are summarized in Table 3. Adsorption of these
molecules required much longer times, 10 h or more, to reach
equivalent surface loadings as observed for formaldehyde,
probably due to two factors, the lower volatility and the larger
molecular size of the adsorbates, leading to lower diffusion rates
through the silica, the latter of which likely plays a more
important role. However, the primary S-AP aminosilica was
shown to be effective for the abatement all of these VOCs
except for acetone. The adsorption behavior of acetaldehyde
and hexanal can be discussed in the same way as with that of
formaldehyde (Figure 3a, b), because the q increased from the

bare SBA-15 to S-MAP and finally to S-AP. The initial gas
concentrations of acetaldehyde and hexanal for their abatement
tests were 99 and 106 ppm, respectively, close to the 100 ppm
targeted injection concentration. Hexanal was more effectively
abated by all the silica adsorbates including SBA-15, S-MAP,
and S-AP, compared to formaldehyde and acetaldehyde. Water
and acetonitrile were added also present in the injected liquids
in the case of formaldehyde and acetaldehyde, respectively,
which might have somehow hindered their adsorption relative
to hexanal. Benzaldehyde showed self-reduction behavior, as
the initial gas concentration of 67 ppm was much less than the
intended concentration of 100 ppm and the gas concentration
within the gas sampling bag with no adsorbate silica clearly
decayed along with time (Figure 3c). This self-reduction results
from aerobic auto-oxidation, in which aldehydes are oxidized to
corresponding carboxylic acids (benzoic acid, in the case of
benzaldehyde) under the presence of oxygen in the air.50 As the
aerobic auto-oxidation proceeds via a radical process,
benzaldehyde is much more affected by the oxidation than
the other aldehydes here, because of the presence of phenyl
group that stabilizes the benzoyl radical intermediate. There-
fore, the q and μ values of benzladehyde could not be accurately
calculated. Nonetheless, it still can be stated that S-AP showed
an ability to adsorb benzaldehyde, as the gas sampling bag with
S-AP showed faster and greater reduction than the others.
While it proved effective for higher aldehydes adsorption, S-AP
was not effective for airborne acetone abatement (Figure 3d,

Figure 3. (a) Acetaldehyde, (b) hexanal, (c) benzaldehyde, and (d) acetone gaseous concentrations inside the gas sampling bags plotted against
elapsed time after its injection. Each data point denotes the gas sampling bags with: no adsorbent (□), SBA-15 (○), S-AP (●), and S-MAP (■).

Table 3. Adsorption Capacities, q, and Amine Efficiencies, μ, of SBA-15, S-AP, and S-MAP for Airborne Acetaldehyde, Hexanal,
and Acetone Gases

acetaldehyde hexanal acetone

q (mmol g−1) μ (mmol mmolN
−1) q (mmol g−1) μ (mmol mmolN

−1) q (mmol g−1) μ (mmol mmolN
−1)

SBA-15 0.08 n/a 0.50 n/a 0.35 n/a
S-AP 1.1 0.56 1.8 0.96 0.11 0.06
S-MAP 0.48 0.26 1.5 0.84 0.04 0.02
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initial acetone concentration was 94 ppm), under the
conditions used. In fact, bare SBA-15 showed better adsorption
of acetone than S-AP. This indicates that diffusion of acetone
into the silica surface pores was efficient, but the reaction rate
between the ketone and amine was much slower than for the
aldehydes.
Adsorption Mechanism. The adsorption of aldehydes

with aminosilica is driven by reaction between the carbonyl and
the amine, and the reaction scheme is described elsewhere.51−53

Though the previous literature discusses the reaction in
solution in light of its use in organic synthesis, the same
procedure can be proposed for airborne aldehyde/ketone
capture,15,33 although some changes may be possible because of
the tethering of the amines to a surface, inhibiting the rotational
and translation freedom that is found in solution. Scheme 1

shows the possible reaction scheme of an aldehyde and a
primary amine, in which the lone pair of amine nitrogen attacks
the carbonyl carbon, and then undergoes proton exchange to
form an unstable hemiaminal intermediate, and then finally the
imine is formed by dehydration from the hemiaminal. The
reaction steps are reversible reactions and the reaction is driven
to the imine by removal of water. A secondary amine cannot
form an imine because it does not have a proton available to be
dehydrated from its hemiaminal; instead, hemiaminals from
secondary amines often react further with another amine to
form an aminal. In this case, two secondary amine molecules
react with one aldehyde molecule, which likely explains the
lowered efficiency, μ, of S-MAP compared to S-AP in all the
aldehyde abatement tests in this study. Tertiary amines have no
protons that can undergo hydrogen exchange and dehydration,
and this is the likely reason why S-DMAP had no adsorption
ability.
The reaction was initially verified by FT-Raman spectroscopy

of S-AP samples after aldehyde VOC abatement tests (Figure
4). All the spectra in Figure 4 had a peak at 490 cm−1 that was
assigned to the Si−O−Si vibration from the silica support, and
S-AP spectrum before and after VOC adsorption showed
strong peaks derived from the propyl chain, 2900 cm−1 for C−
H stretching and 1450 cm−1 for CH2 bending. In addition to
these peaks, they also showed a strong Raman band at 1640
cm−1 on the acetaldehyde, hexanal, and benzaldehyde adsorbed
S-AP samples, which were attributed to CN stretching
modes, signifying the formation of the imine species via reactive
adsorption.54 S-AP after benzaldehyde adsorption had addi-
tional peaks that are assigned to vibrations of phenyl group

(3070, 1600, 1220, 1000 cm−1), supporting that aldehydes are
covalently attached to the amines on the silica surface. These
peaks did not lose their intensities after remeasurement after
one week of storage under an ambient atmosphere, indicating
that the adsorbed aldehydes are stably trapped, even though the
reaction (Scheme 1) is formally reversible. This evidence of
stably captured aldehydes demonstrates an advantageous aspect
of aminosilicas as airborne aldehyde abatement materials, as
they show no significant leakage of aldehydes after adsorption
under the conditions used.
Interestingly, the FT-Raman spectrum of the S-AP material

after acetone and formaldehyde abatement tests did not show
any significant changes from the original spectrum of fresh S-
AP. A similar spectrum for S-AP before and after acetone
abatement tests is quite reasonable, as we noted above that
acetone was not efficiently captured by the material within the
examined range of time. Acetone can potentially react with an
amine following the same scheme as for aldehydes, but the
reaction rate is much slower than with aldehydes due to the
stabilized carbonyl carbon associated with two neighboring
methyl groups. Thus, the lack of acetone capture with these
materials, as verified by FT-Raman spectroscopy, can be
rationalized.
In contrast, the observation of a FT-Raman spectrum for S-

AP before and after formaldehyde adsorption was initially
unexpected, as the S-AP material clearly reduced the airborne
formaldehyde concentration. One difference in the tests is that
for formaldehyde abatement tests, a much higher concentration
of water (900 ppm) was added to the gas sampling bag during
the injection of formaldehyde. We hypothesized this water may
prohibit the elimination of water from the hemiaminal
intermediate and prevent formation of the imine in Scheme 1.
NMR spectroscopy was therefore used to further confirm the

reactions occurring during the aldehyde adsorption. Figure 5a
presents the 13C CP MAS solid-state NMR spectrum of S-AP
that adsorbed airborne 13C labeled formaldehyde (13C-form-
aldehyde). The native formaldehyde carbon peak at 197 ppm
completely disappeared, and instead, two intensive peaks at 75
and 153 ppm were observed, including a small shoulder peak at
85 ppm. The three minor peaks that also appear at 12, 23, and

Scheme 1. Reaction Scheme between an Aldehyde and an
Amine during Aldehyde Adsorption

Figure 4. FT Raman spectra of pristine SBA-15 and S-AP (lower
bottom two). FT Raman spectra of S-APs after abatement tests of
formaldehyde, acetaldehyde, hexanal, benzaldehyde, and acetone gases
are also depicted.
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43 ppm are assigned to the carbons of the propyl group of S-
AP.37 The two intense peaks suggest that adsorbed form-
aldehyde was chemically attached to the amine surface and
converted to hemiaminal (75 ppm) and imine (153 ppm)
species. These 13C NMR data do not quantitatively depict the
hemiaminal and imine ratio derived from adsorption of 13C-
formaldehyde. However, it can be deduced that the captured
formaldehyde species are dominantly in the hemiaminal state,
as no imine structure was observed by Raman spectroscopy.
Hemiaminals are often considered to be unstable compounds
that are likely to be converted to the imine or the initial amine,
but in this case, we hypothesize the species on the S-AP surface
remained as a stable hemiaminal due to the humidity in the air.
Although the Raman spectroscopic data (Figure 4) presented
no evidence of the imine structure after formaldehyde
adsorption, we could confirm by 13C NMR that the imine
was partially produced. Figure 5b shows the 13C NMR of an
equimolar solution of aqueous 13C-formaldehyde and propyl-
amine. Propylamine was used as a liquid phase model for the
surface bound primary amine of the S-AP material. Formation
of the hemiaminal was also observed in the solution phase, and
the conversion from propylamine to the hemiaminal was ca.
44% from the 1H NMR spectrum (see the Supporting
Information). The imine structure was not found in the
solution phase, which may be due to the excess of water that
was contained in the formaldehyde solution. The other peaks
around 83−95 ppm in Figure 5b are unreacted formaldehyde
derivatives that are poly(acetals) or trioxane, and these peaks
may appear in the solid state 13C CP MAS NMR spectrum
(Figure 5a) as a shoulder peak around 85 ppm. These
observations indicate that some of the adsorbed formaldehyde
is not reacted with amines, but rather adsorbs or deposits on
the aminosilica surface in the poly(acetal) or trioxane states,
and demonstrates another driving force for formaldehyde
adsorption outside the amine-aldehyde chemical reaction.

The adsorption of acetaldehyde by S-AP was also monitored
using 13C labeled acetaldehyde (13C2-acetaldehyde). Figure 6a
shows the 13C CP MAS solid-state NMR spectrum of airborne
13C2-acetaldehyde adsorbed on S-AP. Both of the carbon peaks
derived from the hemiaminal (13CH3-

13CHOH-, 17 ppm; and
13CH3-

13CHOH-, 50 ppm) and the imine (13CH3-
13CHN-,

17 ppm and, 13CH3-
13CHN-, 163 ppm) structures were

observed. The spectrum presented two new peaks at 143 and
132 ppm, which can be attributed to the carbons of an enamine
that was tautomerized from the imine, as illustrated in Scheme
2.55 13C NMR of an equimolar solution of 13C2-acetaldehyde
and propylamine (Figure 6b) also showed the formation of the
imine, and its conversion from propylamine to the correspond-
ing imine was estimated to be about 51% based on the 1H
NMR spectrum (see the Supporting Information). Traces of
the hemiaminal structure of acetaldehyde-propylamine produce
were observed (Figure 6b superimposed, the conversion to this
hemiaminal could not be explicitly calculated). However, as
opposed to the formaldehyde reaction, the imine was the
dominant product even if excess water was added to the
acetaldehyde-propylamine mixture. This is because the methyl
group of acetaldehyde (phenyl group for benzaldehyde and
pentyl group for hexanal) stabilized its imine structure. In the
case of solution phase NMR, the enamine structure of
acetaldehyde-propylamine reactant was not clearly observed,
whereas solid-state NMR data suggested its existence. As the
imine is more stable than the enamine in imine-enamine
tautomarization equilibria, the reason why the enamine
structure was clearly observed in the solid phase reactions is
not clear. However, the enamine produced is a secondary
amine, and this can further react with excess of airborne
acetaldehyde, as with S-MAP silica. Such extended reaction
pathways in the solid phase may thus present the enamine
product in the solid phase NMR spectra. In any case, those
NMR spectra verify the reaction shown in Scheme 1 for the
acetaldehyde adsorption, as with formaldehyde, and those
reactions are the driving force for airborne aldehyde adsorption
by amine-functionalized silicas.

■ SUMMARY

We have investigated amine-functionalized mesoporous silica as
an airborne aldehyde adsorbent material, and studied the
adsorption mechanism. Mesoporous SBA-15 silica with high
surface area and large porosity was functionalized by three
aminosilanes to create three aminosilica adsorbents with
primary, secondary, and tertiary amines. The primary amino-
silica, S-AP, was the most effective aldehyde adsorbent,
reducing the airborne formaldehyde concentration with an
adsorption capacity (at 88 ppm initial aldehyde concentration)
of 1.4 mmolHCHO g−1. The same material also adsorbed
significant amounts of acetaldehyde, hexanal, and benzaldehyde
gases. Although the airborne aldehyde concentrations used here
are approximately 1−2 orders of magnitude higher than those
found in contaminated air streams, they promote large
aldehyde loadings on the surface that facilitated detailed
spectroscopic studies that were used to verify the adsorption
mechanisms. High adsorption capacities were achieved because
of the nature of the supported mesoporous silica samples,
having high surface areas, pore volumes, and amine loadings.
Commercially available porous silica with a lower surface area
and pore volume than SBA-15 was also used as the aminosilica
support, and the resulting aminosilica composite was also quite

Figure 5. (a) 13C CP MAS NMR spectrum for 13C-formaldehyde
adsorbed S-AP and (b) 13C solution NMR spectrum for equimolar
solution of 13C-formaldehyde and propylamine in acetone-d6. The h
and i assigned on peaks denote carbons derived from hemiaminal and
imine, respectively.
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effective. The adsorption mechanism was studied by NMR and
FT-Raman spectroscopy, to assess the products of the amine
reaction with aldehydes, confirming the formation of imine and
hemiaminal structures on the aminosilica surface after aldehyde
adsorption. The generated imine to hemiaminal ratio depended
on the presence or absence of water in the experimental system,
but both forms effectively trapped airborne aldehydes stably on
the aminosilica surface. As expected from this reaction scheme,
the adsorption capacity and capturing efficiency decreased

when the secondary aminosilica was used, and the tertiary
aminosilica was not effective for aldehyde adsorption. This
work demonstrates the utility of amine-functionalized silica as
efficient gaseous aldehyde adsorbents, depicts the aldehyde
adsorption modes, and demonstrates that such materials hold
promise as air purification materials by themselves or by
incorporation into air purification materials such as filters or
coatings.

■ ASSOCIATED CONTENT
*S Supporting Information
Chemical structures of the target VOCs for adsorptive
abatement and 13C labeled aldehydes in this study are shown
in Figures S1 and S2, respectively. TGA data and nitrogen
isotherms of functionalized silicas are shown in Figures S3 and
S4, respectively. The results of formaldehyde abatement tests at
10 ppm initial concentration are shown in Figure S5. SEM

Figure 6. (a) 13C CP MAS NMR spectrum for 13C2-acetaldehyde adsorbed S-AP and (b) 13C solution NMR spectrum for equimolar solution of
13C2-acetaldehyde and propylamine in acetone-d6. The h, i, and e assigned on peaks denote carbons derived from hemiaminal, imine, and enamine
respectively. (b) The imine carbon peaks (i-d* 160 ppm and i-e* 22 ppm) had a coupling constant of 48 Hz between the neighboring 13C nuclei.
The hemiaminal carbon peaks (superimposed) (h-d* 50 ppm and h-e* 21 ppm) had a coupling constant of 37 Hz between the neighboring 13C
nuclei.

Scheme 2. Tautomerization between Imine and Enamine
Structures
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images of SBA-15 and PD09024 silicas are shown in Figure S6.
1H NMR spectra of equimolar solutions of 13C-formaldehyde-
propylamine and 13C2-acetaldehyde-propylamine in acetone-d6
are shown in Figures S7 and S8, respectively. This information
is available free of charge via the Internet at http://pubs.acs.
org/.
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