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ABSTRACT: Volatile organic air pollutants such as aldehyde compounds have been
identified as progressively damaging chemicals impacting human health at small albeit
dangerous quantities. This study focuses on evaluating the dynamic adsorption of
formaldehyde over binary mixed-metal oxides (MMOs) such as ZrO,/SiO, and TiO,/SiO,
with different metal ratios. In addition, a metal—organic framework (MOF), namely, MIL-
101(Cr), was synthesized and used as a base adsorbent to which the performance of
MMOs was compared. The formaldehyde dynamic adsorption capacity of the materials
was determined through breakthrough experiments. Our results indicated that zirconia-
based materials exhibit a comparatively higher affinity toward formaldehyde than their
titania-based counterparts at very dilute concentrations. In particular, ZrO,/SiO, with
weight ratio of 25/75 exhibited a dynamic adsorption capacity of 2.9 mmol/g at room
temperature using a formaldehyde concentration of 170 ppm,, which was comparable to
that of MIL-101(Cr). Characterization of the materials before and after formaldehyde
exposure indicated that formaldehyde was chemically adsorbed on the MMOs. This study
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highlights the potential of MMOs for efficient abatement of airborne formaldehyde.

1. INTRODUCTION

As one of the most common types of volatile organic
compounds (VOCs), aldehydes are considered as the primary
indoor air contaminants. In particular, airborne formaldehyde
is among the most toxic VOC compounds in enclosed
environments such as commercial or residential buildings.
While identifying emissions from individual products may be
challenging, the largest sources of formaldehyde in the indoor
environment have been identified to be wood floor finishes,
wood-based furniture, carpets, and paints." > The concen-
tration levels are typically dependent upon various factors such
as formaldehyde sources, temperature, humidity, and air
exchange rate. Catalytic oxidation is a highly efficient approach
for abating formaldehyde; however, this method requires the
use of expensive noble metals and external thermal energy.”
The abatement of airborne pollutants in enclosed environ-
ments by adsorption has been shown to be the most effective
method for air quality control.”™® This method is particularly
efficient given the dilute concentration of formaldehyde.

To date, various materials such as activated carbons,
amine-modified mesoporous silica,'*”'® metal—organic frame-
works (MOFs),'” mesoporous alumina,'® layered manganese
oxide,'” boron nitride,” transition metal doped graphene,21
and mixed-metal oxides (MMOs)*>** have been investigated
for formaldehyde removal from indoor air with activated
carbon being the most widely used adsorbent. One of the early
studies on the adsorption of formaldehyde was performed by
Eriksson et al.”* on different adsorbents such as activated
carbon and alumina in a household environment. Although the
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experiment showed positive results, the accurate adsorption
potential of HCHO was not determined due to its interactions
with other pollutants. Due to the polar nature of formaldehyde,
the adsorption on activated carbon is not very efficient, and
thus surface modifications by primarily nitrogen and amines
have been widely practiced to address this issue. Boonamnuay-
vitaya et al.” evaluated a series of activated carbons for
formaldehyde adsorption and demonstrated that ZnCl,-
impregnated carbon activated with nitrogen shows highest
affinity toward formaldehyde due to the hydrophilic functional
groups (e.g, O—H, C=0, C—0) on the surface. It was
concluded that surface chemistry and physical properties play
an important role in formaldehyde abatement. Similar findings
were reported by Rong et al.'”'' In another study, amine
functionalization proved to be a facile strategy to significantly
improve adsorptive performance of activated carbon in
formaldehyde abatement.'” Passive control of formaldehyde
by air-cleaning materials by which formaldehyde gas is
decomposed into CO, at room temperature has also been
reported.”> The air-cleaning materials consisting of activated
carbon particles and manganese oxides reduced formaldehyde
concentration from 0.21 to 0.04 ppm,.

Srisuda and Virote'> tested amine-modified mesoporous
silica for the adsorption of formaldehyde vapor, and results
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showed a much higher adsorption capacity as compared to
activated carbon owing to their amine groups and large pore
size of the mesoporous silica support. Moreover, the
characterization results confirmed the reaction between
formaldehyde molecules and amine groups on pore surface
of the adsorbents. In another investigation, © the use of amine-
functionalized MCM-41 and SBA-15 as adsorbents for
formaldehyde vapor from contaminated air was studied and
it was concluded that NH,-MCM-41 is capable of reducing
formaldehyde in indoor air by 80%. Furthermore, the
performance of amine-functionalized hierarchically hollow
SiO, microtubes was evaluated for indoor air purification
and a maximum formaldehyde adsorption capacity of 20.65
mg/g was reported for these materials.'* In recent works by
Nomura and Jones,”*** amine-functionalized silicates were
used for formaldehyde abatement. The authors reported an
adsorption capacity of 5.7 mmol/g for silica-supported
poly(allylamine) amine when formaldehyde gas concentration
was kept at 100 ppm,.””

MOF materials have been largely studied as formaldehyde
sensors;>’ however, their capability in adsorptive removal of
formaldehyde has been rarely explored. In a recent
investigation by Wang et al,'” the formaldehyde capture of
diamine-modified MIL-101 was studied and an adsorption
capacity of 5.49 mmol/g was reported for this material using
an initiall HCHO concentration of 150 ppm,, whereas the
unmodified MIL-101 exhibited a capacity of 3.34 mmol/g.
Although functionalization of porous adsorbents with amine
moieties contributes to enhanced formaldehyde capture, there
is a potential health risk associated with the amines leaching
from the adsorbents in enclosed environments, especially for
aminopolymers that have weak bonds with the support.

Various MMOs, in particular TiO,/SiO, and TiO,/ZrO,,
have been commonly evaluated for the capture of aromatic
hydrocarbons such as benzene, toluene, and xylene (BTX
compounds).’*~*> However, their use as formaldehyde
abatement adsorbents has been scarcely discussed. In a study
done by Carlos-Cuellar et al,* a range of metal oxides were
studied for the adsorption of formaldehyde, among other
carbonyl compounds. It was shown that SiO, has the lowest
uptake when compared to Fe and Al based oxides. Further
analysis also showed that a weak hydrogen bonding was
responsible for the interaction between the adsorbent and
adsorbate. The acidic character of the material was revealed to
be an important factor contributing to a higher uptake
potential. Typically, in their elemental state, the use of metal
oxides for adsorption faces many challenges including low
surface area or low adsorption capacity while utilization with
other metal oxides or porous materials broadens their potential
in adsorption. In a recent investigation by Yu et al,* SiO,/
TiO, composite adsorbents with different TiO, content were
used for the adsorption of formaldehyde and dehumidification
and it was shown that the introduction of TiO, improved
formaldehyde adsorption capacity under typical indoor
concentration levels. Xu et al.”” synthesized a series of
hierarchical porous Ni(OH),/SiO, composites with flake-like
nanostructure and evaluated their performance in the removal
of formaldehyde from air. A maximum adsorption capacity of
8.30 mg/g was obtained for the composites with a better
stability than the parent Ni(OH), over six adsorption—
desorption cycles. The authors attributed the improved
performance to the specific framework and synergistic effect
between Ni(OH), and SiO,. Most recently, Chen et al.>” used

hierarchical TiO, nanospheres functionalized with diethylene-
triamine (DETA) for airborne formaldehyde removal at room
temperature. The materials exhibited ~100% removal
efficiency with good degree of recyclability when exposed to
200 ppm, of formaldehyde.

As noted above, although formaldehyde abatement by
adsorption has been the subject of several studies, the majority
of the materials investigated so far suffer from low adsorption
capacity. Furthermore, the removal of formaldehyde from
indoor air has not been investigated over MMO materials that
have been shown efficient in capturing other VOCs. In this
investigation, we synthesized two different types of MMOs,
TiO,/Si0, and ZrO,/SiO,, with varying metal oxide ratios and
evaluated their formaldehyde adsorption characteristics by
performing dynamic breakthrough experiments in a fixed-bed
system. In addition, the performance of MIL-10(Cr), as a base
adsorbent that has been proven efficient in abating form-
aldehyde,'” was evaluated and compared with that of MMOs.
The adsorbents were systematically characterized, and their
textural and physical properties were correlated with their
adsorption performance in abating airborne formaldehyde.

2. EXPERIMENTAL SECTION

2.1. Materials. Tetraethyl orthosilicate (TEOS, 99%),
zirconium(IV) propoxide solution (70% in 1-propanol),
titanium(IV) butoxide (TBT, reagent grade, 97%),
hexadecyltrimethylammonium bromide (CTAB), triethanol-
amine (TEAH), formaldehyde solution (ACS reagent, 37% in
H,0), chromium nitrate nonahydrate (Cr(NO,);9H,0),
terephthalic acid (H,BDC), and nitric acid (HNO;) were all
purchased from Sigma-Aldrich. Moreover, all solvents were of
analytical grade and purchased from Sigma-Aldrich. Ultrahigh
purity nitrogen gas was purchased from Airgas.

2.2. Adsorbents Synthesis. Preparation of Mixed-Metal
Oxides. Binary metal oxides were prepared according to the
modified atrane synthesis route described by Ortiz De Zarate
et al.’® Briefly, TEOS was added dropwise to 17.7 mL of
TEAH. The required amount of metal alkoxide was added
dropwise to the above solution and subsequently heated to 150
°C to obtain atrane complexes. The solution was then cooled
to 90 °C followed by the addition of CTAB to the solution.
The mixture was then cooled to 60 °C, and 75 mL of DI water
was added, and the obtained white colored liquid was set to gel
for 24 h at room temperature. The samples were then washed
with DI water and ethanol multiple times before drying at 80
°C overnight. The obtained white powders were then calcined
at 550 °C for 6 h. The samples obtained were denoted as Ti/Si
(x) and Zr/Si (x), where x is the Ti/Zr loading.

Preparation of MIL-101(Cr). The synthesis method
followed was a slightly modified procedure used by Zhao et
al.*” Briefly, about 800 mg of chromium nitrate nonahydrate
(Cr(NO4);9H,0) and 328 mg of H,BDC were mixed
together and subsequently 180 mg of HNO; was added to
the mixture. The reactants were mixed and sonicated until a
fairly homogeneous solution was obtained. The contents were
then transferred to an autoclave and kept at 220 °C for 8 h.
The material was then cooled, filtered, and solvent-exchanged.
The obtained solid was washed with DMF and DI water and
then refluxed in hot ethanol at 70 °C for S h.

2.3. Adsorbents Characterization. Low-angle powder X-
ray diffraction (XRD) was performed using a PANanalytical
X’Pert multipurpose X-ray diffractometer. Diffraction patterns
were recorded for all prepared samples to identify their crystal
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structure. By use of crystal structure file obtained from the
open crystal database, a simulated pattern for MIL-101(Cr)
was generated and compared with the synthesized material.
Scanning electron microscopy (SEM) was used to assess
structural morphology of the materials. This was performed
using a Hitachi model S4700 field-emission SEM instrument.
N, physisorption isotherms were obtained using a Micro-
meritics 3Flex gas analyzer at 77 K. Degassing in a
Micromeritics Prevac was performed for various temperatures
at elongated time frames, depending on the material. Surface
area was consequently determined using Brunauer—Emmett—
Teller (BET), while pore volume was estimated at P/P, = 0.9.
The nonlocal density functional theory (NLDFT) method was
also used to determine pore size distribution (PSD) profiles. X-
ray photoelectron spectroscopy (XPS) was performed using
Kratos Axis 165 photoelectron spectrometer using an
aluminum X-ray source to excite the samples. Fourier
transform infrared (FTIR) analysis was employed to character-
ize the chemical structure of the MMOs before and after
HCHO adsorption on a Nicolet FTIR model 750 spectrom-
eter.

2.4. Formaldehyde Breakthrough Experiments. Dy-
namic adsorption capacities of the synthesized materials were
measured by performing breakthrough experiments in a lab-
scale setup consisting of a borosilicate packed column with the
dimensions of 2.5 cm X 20 cm and a mass spectrometer
(BELMass), as depicted in Figure 1. About 300 mg of the
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Figure 1. General scheme of the breakthrough setup used for HCHO
adsorption tests.

adsorbent was loaded into the bed and degassed at 130 °C
under nitrogen with the flow rate of 40 mL/min prior to test.

For breakthrough measurements, first formaldehyde solution
(37%) was filled into a saturator and a pure N, stream at a flow
rate of 40 mL/min was used to carry an HCHO vapor
concentration of ~170 ppm, to the column. Experiments were
performed at 25 °C and atmospheric pressure. It should be
noted here that this concentration is much higher than the
realistic formaldehyde levels at an indoor environment (<$
ppm,); however, to accurately quantify the uptake capacities of
the materials, the experiments were conducted under these
conditions.

3. RESULTS AND DISCUSSION

3.1. Adsorbents Characterization. The low-angle XRD
patterns for all adsorbents are presented in Figure 2. Low-angle
XRD was considered in this study due to the nature of the
adsorbent particles, which showed low-angle diffraction
patterns, typical of interplanar spacing in mesoporous
materials.”” The nanosized particles did not display any
diffraction peaks over the angular range of 10—50°. For bare
silica, a low-intense peak was observed at 26 = 2.5° which
could be associated with the (100) reflection. For both sets of
MMOs, the obtained patterns were characteristic of
interparticular short-range hexagonal ordered mesoporous
materials, similar to the case of MCM-41.*' In both cases,
the characteristic peaks of 15 and 25 samples were clearly
visible but for high loading samples (50 and 75), they were less
intense and thus not visible after compiling the spectra (the
corresponding XRD spectra for high loading samples are
presented in Figure S1, Supporting Information). It is also
noted from Figure 2a and Figure 2b that the peak intensity
decreased with Ti and Zr loadings indicating that the degree of
crystallinity of the silica was lowered by incorporating more
Ti/Zr atoms into the mesoporous silica walls. Ortiz De Zarate
et al.”” reported the same decreasing trend in the degree of
orderness for their Si/Zr samples.

The XRD diffraction pattern of MIL-101(Cr) was also
obtained and compared with a simulated pattern for MIL-
101(Cr) obtained from the crystallographic open database in
project mercury. As evident from Figure S2, Supporting
Information, the XRD profile of the MIL-101(Cr) synthesized
in this work corresponded well with the simulated pattern,
thereby confirming the successful synthesis of this adsorbent.

N, physisorption isotherms obtained at 77 K along with
PSD profiles are displayed in Figure 3. As evident from this
figure, all MMOs showed a combination of types II and IV
isotherms with a H4 hysteresis indicative of their mesopo-
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Figure 2. XRD patterns for (a) Ti/Si and (b) Zr/Si adsorbents.
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Figure 3. N, physisorption isotherms and PSD profiles for (a, b) Ti/Si and (c, d) Zr/Si materials.

rous—macroporous nature. As shown in Figure 3a, increasing
Ti loading from 15 to 75 wt % gave rise to dramatic reduction
in nitrogen uptake. Moreover, the pore size distribution of
titania-doped silica samples ranged from 2 to S nm, as shown
in Figure 3b. For zirconia-doped silica samples, a similar
decreasing trend with Zr content was observed (Figure 3c)
with Zr/Si (75) showing essentially zero uptake indicative of
its nonporous structure. The PSD profiles displayed in Figure
3d revealed an increase in the average pore size from 2.3 to 3.1
nm for zirconia-doped silica adsorbents. The bare silica showed
two distinct adsorption/desorption steps, as demonstrated in
Figure S3s, Supporting Information. The first step at lower P/
P, corresponded to the filling of mesopores.*” This process
seemed to be gradual, unlike the second step at higher P/P,
which indicated rapid filling of large mesopores and possibly
macropores, implying large concentration of uniform meso-
pores, which can be confirmed in the PSD curve shown in
Figure S3b. For MIL-101(Cr) sample, a typical type I isotherm
indicative of microporous nature of this MOF was observed
(Figure S3c) with uniform pores having sizes on the order of
1.9 nm, as can be observed in Figure S3d.

Textural properties of the adsorbents determined from N,
physisorption isotherms are quantitatively presented in Table
1. Overall, the BET surface area and pore volume of the MMO
samples were lower than those of bare silica material. This was
expected as the doped oxides occupy the interparticular,
ordered, mesoporous silica during doping process, thus
contributing to lower pore volume and surface area. For
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Table 1. Textural Properties of the MMOs, Bare Silica, and
MIL-101(Cr) Adsorbents

sample Sper (m?/g) V (em®/g) d, (nm)
bare silica 1483 1.35 33
Ti/Si (15) 1115 0.64 2.8
Ti/Si (25) 1030 0.60 2.7
Ti/Si (50) 271 0.18 2.7
Ti/Si (75) 73 0.08 3.1
Zr/Si (15) 768 0.56 2.3
Zr/Si (25) 635 0.40 2.5
Zr/Si (50) 226 0.18 2.3
Zr/Si (75) 4 0.01 3.1
MIL-101(Cr) 2200 1.16 19

instance, Ti/Si (15) and Zr/Si (15) exhibited surface areas of
1115 and 768 m?*/g, respectively, compared to 1483 m*/g
surface area of the bare silica. Similarly, they exhibited pore
volumes of 0.64 and 0.56 cm?/ g, respectively, while the bare
silica displayed a pore volume of 1.35 cm®/g. A large mesopore
volume can be attributed to the ordered and fairly regular sized
mesopores obtained due to the incorporation of surfactant
molecules within the matrix. This also corresponded to the
hexagonal mesophases, commonly detected in such materi-
als,"" which was also confirmed by XRD results, presented
earlier.

Although the textural properties of lower loaded samples (15
and 25) were found to be comparable to those of the bare
support, a dramatic loss in surface area and porosity was

DOI: 10.1021/acs.iecr.8b02962
Ind. Eng. Chem. Res. 2018, 57, 12916—12925


http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02962/suppl_file/ie8b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02962/suppl_file/ie8b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02962/suppl_file/ie8b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02962/suppl_file/ie8b02962_si_001.pdf
http://dx.doi.org/10.1021/acs.iecr.8b02962

Industrial & Engineering Chemistry Research

noticed with increasing metal content to SO and 75 wt %. The
BET surface area dropped to 73 and 4 m?/ g, and pore volume
decreased to 0.08 and 0.01 cm®/g for Ti/Si (75) and Zr/Si
(75), respectively. Another observable trend was the
comparatively better surface properties of Ti/Si (x) when
compared to Zr/Si (x) which stemmed from the larger size of
ZrO, nanoparticles with a greater portion of the surface being
occupied when compared to its TiO, counterpart. MIL-
101(Cr) was shown to have superior surface characteristics
when compared to the metal oxide samples, as expected, with a
BET surface area of 2200 m?/ g and a pore volume of 1.16
cm’/g.

Figure 4 illustrates the SEM images of MMOs with low (15)
and high (75) metal loadings. High- and low-level magnifica-

Figure 4. High- and low-magnification SEM images of (a, b) Ti/Si
(15), (¢, d) Ti/Si (75), (e, ) Zr/Si (15), and (g, h) Zr/Si (75).

tion images were obtained to compare the surface morphology
of different adsorbents. What can be observed from Figure 4a,b
is spherical nanoparticles similar to that of UVM-7 silica** for
Ti/Si (15), whereas for highly loaded sample, Ti/Si (75), the
particles sintering and agglomeration were observed (Figure
4c,d). A relatively similar morphology was obtained for Zr-
based samples, with lower-doped adsorbent having a more
pronounced spherical particle shape (Figure 4e,f), as opposed
to the higher-doped sample which exhibited a high degree of
particles agglomeration and irregular particle shapes, as seen in
Figure 4gh. Such high degree of agglomeration may explain
the dramatic decrease in pore volume of both highly loaded
titania and zirconia MMOs, as shown in Table 1. Comparison
of the higher-doped Ti/Si and Zr/Si materials revealed that the
degree of agglomeration and sintering was much higher for Zr/
Si (75) than for Ti/Si (75) which can explain the large
difference in their surface characteristics. Notably, almost all
adsorbents showed some macropores in the range 60—100 nm.
Considering the microporous MIL-101(Cr), Figure S4ab
confirms the formation of well-intergrown crystals with

octahedron shape and sizes in the range of 20—300 nm, as
expected.

Figure § illustrates the XPS spectra obtained for the MMO
samples. From Figure Sa and Figure Sc, two distinct Si peaks
were detected at 103 and 154 eV which correspond to SiO, in
the 2p and 2s atomic levels, respectively. The presence of these
peaks confirmed the existence of SiO, groups within the MMO
materials prepared. The most prominent oxygen peak, which
was detected in all samples at 530 eV, corresponded to oxygen
in the 1s atomic level. This peak also had the highest intensity,
which can be seen in the results derived from XPS, listed in
Table 2 and is the atomic level of oxygen present in metal
oxides in general. What was also noticeable was the decrease in
intensity of the peaks as the Ti or Zr content increased. Shown
in Figure Sb are the Ti spectra obtained for Ti/Si samples. Ti/
Si (15) and Ti/Si (25) showed a lack of Ti 3s and 3p atomic
levels which could be correlated to the smaller content of TiO,
in these samples. All samples, however, showed a spin orbital
splitting at Ti 2p and Ti 2p, /, atomic levels. This corresponded
to the atomic levels commonly detected in TiO, which further
confirmed the formation of TiO, on the SiO, support. With
the increase in TiO, content, the expected reduction in peak
intensities was detected. In the case of Zr/Si materials (Figure
5d), a larger number of atomic levels were detected, possibly
implying a larger degree of bonding between the two metal
oxides when compared to Ti/Si materials. Notably, the Zr 4s
and 4p atomic levels were not detected in Zr/Si (15) and (25)
samples, whereas, the Zr 3s, 3p, and 3d levels were observed in
all samples, with decreasing intensities with ZrO, content.
Figure S4, Supporting Information, depicts the results obtained
for the bare silica. There were no peaks detected in the Ti and
Zr range; however, the Si and O peaks were found to be similar
to those of MMO samples with lowest loadings.

Table 2 illustrates the atomic concentrations calculated from
the XPS results. The concentrations were calculated using Si
2p, O 1s, Ti 2p, and Zr 3d. Silica atomic levels were found to
be quantitatively fairly constant, while the amount of doped
metal oxide was changed. Metal loading was calculated by the
metal to Si ratio. The estimated titania loadings actually
achieved were found to be slightly different from target
loadings with no particular trend observed with the Si or O
concentrations. The actual zirconia concentration was found to
be lower than expected which could be attributed to the
leaching process during the sol—gel preparation method. Si
content was also found to decrease with an increase in zirconia
loading. Notably, Zr/Si (25) was found to have a fairly large O
concentration (49%), which could also be in reference to the
large hydroxyl groups concentration within the adsorbent
matrix. It should be pointed out here that C Is was also
detected in the spectra due to the carbon tape used in the
measurement.

3.2, Dynamic Adsorption Performance. Fixed-bed
adsorption experiments were performed to determine dynamic
adsorption capacity of the adsorbent materials. Formaldehyde
vapor concentration in the inlet gas stream was calculated to be
~170 ppm, at room temperature and atmospheric pressure.
Moreover, we used eq 1 to estimate the amount of
formaldehyde adsorbed onto the adsorbents,

_ QFCOts
="y (1)

where Qg is the inlet feed flow rate, Cy, formaldehyde feed
concentration, W is the weight of the adsorbent, and ¢, is the
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Figure S. XPS spectra for MMO samples: (a) Si and O spectra for Ti/Si, (b) Ti spectra for Ti/Si, (c) Si and O spectra for Zr/Si, and (d) Zr spectra

for Zr/Si materials.

Table 2. Elemental Composition and the Metal Loading of
the MMOs Determined by XPS

Ti or Zr Si Ti or Zr loading
sample (atom %) (atom %) O (atom %) (wt %)
Ti/Si (15) 2 24 66 8
Ti/Si (25) s 34 56 15
Ti/Si (50) 13 24 45 54
Ti/Si (75) 19 23 49 82
Zx/Si (15) 3 23 51 13
Zr/Si (25) S 22 49 22
Zx/Si (50) 7 17 41 43
Z1/Si (75) 10 16 40 62

stoichiometric time, which can be estimated from the
breakthrough profile using eq 2,

o C
t. = 1— —|ot
) /o ( Co] @)

In the above equation, C is the formaldehyde concentration at
the column outlet at time t.

Figure 6 illustrates the formaldehyde breakthrough profiles
over the adsorbents investigated, while Figure 7 and Table 3
show the comparison of the corresponding dynamic capacities
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(qq) estimated from eq 1. Overall, the formaldehyde
adsorption on MIL-101(Cr) was higher than on the MMOs,
as characterized by a longer breakthrough time with an uptake
capacity of 3.3 mmol/g. The capacity obtained for MIL-
101(Cr) was comparable with the literature data reported
before.”” What was immediately noticeable was that the
incorporation of the second metal oxide led to an enhance-
ment of adsorption capacity of formaldehyde in comparison to
the bare silica. For the family of Ti/Si samples, 25 wt % titania
supported on silica was found to have the highest capacity at g4
= 1.7 mmol/g, whereas the other samples were in a slightly
lower range (approximately 1.1—1.2 mmol/g). It was also
found that increasing the Ti content from 0 to 25 wt % led to
improved capture capacity but with further increase to 75 wt
%, an opposite trend resulted (see Figure 6a). This behavior
could be explained by the fact that the amount of doped titania
increases the amount of surface hydroxyl groups, which have
been previously identified to be the main active sites for
adsorption of formaldehyde over metal oxides by forming
hydrogen bonds with formaldehyde molecules.**** Through in
situ DRIFTS and step scanning XRD measurements, Wang et
al."” showed that formaldehyde adsorption over layered
manganese oxide is promoted by bonded water via hydrogen
bonding. It is also important to note that adsorption kinetics
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Figure 7. Dynamic adsorption capacity of formaldehyde estimated
from breakthrough profiles obtained at room temperature and
atmospheric pressure using 170 ppm, of formaldehyde vapor.

Table 3. Comparison of Stoichiometric Time and Dynamic
Adsorption Capacity of Formaldehyde for All Adsorbents

sample t, (min) q4 (mmol/g)
bare silica 12 0.8
Ti/si (15) 40 12
Ti/Si (25) sS 1.7
Ti/si (50) 43 L5
Ti/Si (75) 17 1.0
Z1/Si (15) 56 2.1
Zu/5i (25) 72 29
Zr/Si (50) 62 2.7
Zt/Si (75) 39 11
MIL-101(Cr) 90 33

were shown to be slightly slower in the case of Ti/Si (25)
when compared to other materials in its family, indicated by a
long tail, which may limit the use of this material for cyclic
operations. As the loading of titania increased, the semi-
equilibrium capacities decreased which could be attributed to
the decrease in surface area and pore volume with metal
loading.

In the case of zirconia samples, a similar trend was observed
in which the highest semiequilibrium capacity was displayed by
Zr/Si (25) at qq = 2.9 mmol/g, which was close to that of MIL-
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101(Cr). However, upon increasing the ZrO, loading from 25
to S0 wt %, a slight drop in capacity (g4 = 2.9—2.7 mmol g™")
was observed. Although increasing the loading from 15 to 25
wt %, showed a 45% enhancement in formaldehyde
adsorption, an opposite trend was observed for higher loadings
and the capacity dropped by ~45% for Zr/Si (75).
Furthermore, investigating the breakthrough profiles in Figure
6b revealed that unlike titania-based adsorbents, diffusional
resistances became more pronounced for zirconia-based
samples resulting in relatively broad profiles, which could be
attributed to the large degree of agglomeration for ZrO,
particles, as observed by SEM images, which limited the
accessibility and diffusion of the adsorbate molecules to the
adsorption sites in the pores of the adsorbent. The higher
capacities obtained from the Zr/Si (x) samples compared to
the Ti samples can be explained by surface acidity. It has been
proven that Zr/Si materials show a higher acidity than Ti/Si
materials, which could be an influential factor in the uptake
values recorded in this investigation.46 Furthermore, the level
of hydroxyl bonding in case of zirconia materials has been
shown to be much higher** than their titania counterparts. As a
control experiment, bare silica (SiO,) was also tested for
HCHO adsorption, as evident from Figures 6 and 7. Despite
very high surface characteristics, it showed the lowest semi-
equilibrium capacity at 0.8 mmol/g when compared to all the
MMO samples, owing to the poor interaction of formaldehyde
molecules with its surface. Overall, these results indicated that
Zr/Si adsorbents have a higher affinity toward HCHO when
compared to Ti/Si adsorbents for the airborne abatement of
formaldehyde and that the incorporation of titania and zirconia
into the mesoporous silica promotes the formaldehyde uptake
of silica. Considering the low costs to prepare this material and
its comparable performance to MIL-101(Cr), a MOF
commonly used for VOC abatement that is expensive to
synthesize, zirconia-based materials could potentially be
promising candidates for abating formaldehyde and other
VOCs.

To determine the presence of hydroxyl groups in MMOs,
FTIR analysis was employed and the corresponding FTIR
spectra are illustrated in Figure 8. For all materials, a band
detected between 998 and 1234 cm™' corresponded to the
fundamental component of these materials. This range
depicted the SiO, and Si—O—Si absorption bands and was
indicative of the role of silica in these materials as a support
and as a building block for these MMO materials."” An
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Figure 8. (a) FTIR spectra obtained for (a) Ti/Si, (b) Zr/Si adsorbents along with the bare silica, and (c) fresh and used samples.

absorption band observed at around 920 cm™" for both classes
of MMO samples correlated to Si—O—M bond,"*** where M
= Si/Ti. The broad peaks beyond 3000 cm ™" were assigned to
O—H stretching vibrations. These bands depict the hydroxyl
groups that are present in the materials. From Figure 8a, in the
case of the titania samples, multiple smaller peaks were also
observed in the S00—700 cm™' range for titania samples,
suggesting that titania was present in its anatase phase within
the MMO system.’® Higher loadings of titania displayed a shift
in SiO, vibration modes, suggesting that the loading of titania
affected the primary silica structure. Peaks around 1639 cm™
referred to the bending modes of H-O—H, which was an
indication of chemisorbed water on the surface of the
materials.”’ Peaks in the range of 3235—3554 cm™!
represented the surface hydroxyl groups present in the samples.
Ti/Si (25) showed the largest concentration of surface
hydroxyl groups quantitatively, which fell in line with
semiequilibrium adsorption measurements. As the titania
loading increased, a drop in the number of hydroxyl groups
was observed for these samples. Figure 8b illustrates the
spectra obtained for zirconia samples. Peaks between 998 and
1063 cm™! were assigned to asymmetric stretching of the SiO,
unit.** Peaks observed in the zirconia samples displayed a more
similar absorption band when compared to bare SiO,,
indicating that the silica network was fairly maintained for
the zirconia sample. This also highlights the fact that each Zr
atom was coordinated with the SiO, molecule through an edge
and corner connection.”> The peak obtained around 1050—
1063 cm™" indicated the presence of SiO,” tetrahedra. In
contrast to their titania counterparts, zirconia samples showed
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either very minimal or no peaks at the 1640 cm™" range, which
suggested the effect of humidity could potentially be
insignificant. As observed with titania samples, the number of
surface hydroxyl groups reached a maximum for the 25/75
loading, proving our hypothesis that the hydroxyl groups were
indeed responsible for improved HCHO adsorption. Compar-
ing the FTIR spectra of the MMO samples in both figures
revealed that while hydroxyl group peaks were observed for the
titania samples as well, they were less intense compared to
zirconia samples. This could also be the reason for zirconia’s
superior adsorption characteristics over titania samples.

Figure 8c compares the FTIR spectra obtained for fresh and
used Ti/Si (25) and Zr/Si (25) samples that exhibited the
largest HCHO uptake among their family. The range of peaks
below 1200 cm™ seemed to be less evident in the used
samples, suggesting the slight deformation of the MMO matrix
due to the adsorption of formate ions on the surface hydroxyl
groups. Furthermore, the different types of charged ions being
adsorbed onto the surface could have caused structural
changes, as shown previously.”” Comparison of the FTIR
spectra of fresh and used adsorbents revealed that the adsorbed
HCHO affected the structure of the adsorbents for both
samples. Notably, beyond 3000 cm™', a shift in the hydroxyl
group peaks was observed, which depicted the reduction in the
number of available surface hydroxyl groups after adsorption.
Wang et al."” showed that both bonded water and water in the
air can stimulate the desorption of formate formed on the
metal oxide surface as a result of formaldehyde adsorption at
room temperature, thereby recovering the adsorption capacity
and regenerating the materials.
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4. CONCLUSIONS

This paper provides insight into the formaldehyde removal
from indoor air using mixed-metal oxide adsorbents. A series of
titania- and zirconia-doped silica materials were synthesized,
and their formaldehyde adsorption performance was inves-
tigated by dynamic breakthrough experiments. In addition,
MIL-101(Cr) was synthesized and used as a base adsorbent for
comparing the adsorptive characteristics of MMOs. The
obtained capacities were correlated with the titania/zirconia
loading, and it was demonstrated that zirconia samples are
more efficient in abating airborne formaldehyde than their
titania analogues. A maximum dynamic capacity of 2.9 mmol/g
was observed for Zr/Si (25) which was comparable to that of
MIL-101(Cr) with a capacity of 3.3 mmol/g when exposed to
170 ppm, formaldehyde vapor. Furthermore, the character-
ization of the materials after experiments highlighted
chemisorption of formaldehyde on the surface of MMOs
which could be desorbed upon exposure to water in air. The
findings reported in this investigation reveal the potential of
titania- and zirconia-based mixed-metal oxides as efficient solid
adsorbents in the abatement of formaldehyde vapor.
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B NOMENCLATURE

C = formaldehyde concentration at the column outlet at
time ¢, mmol mL™

C, = formaldehyde feed concentration, mmol mL™"

d, = average pore size, nm

qq = amount of formaldehyde adsorbed onto the adsorbent,
mmol g~

Qg = inlet feed flow rate, mL min~
Sger = BET surface area, m” g™

t = adsorption time, min

t, = stoichiometric time, min

V = pore volume, cm® g™*

W = weight of the adsorbent, g
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