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ARTICLE INFO ABSTRACT

Keywords: In this work, Pt nanoparticles were loaded on SiO», TiOs-thin-film-modified SiO3 (TiO2-SiO2), or ZrO,-thin-film-

voc modified SiO2 (ZrO2-SiO3) particles and the composites were investigated for sequential adsorption and

Ad‘sgrp-tion desorption/catalytic oxidation of benzene. The SiO, was prepared via sol-gel method, while TiO5-SiO2 and ZrO»-
8::; tsliosn SiO, were synthesized via atomic layer deposition (ALD) thin film coating of TiOy or ZrO on SiO, particles
Mixeé’-metal oxide substrate. In the sequential capture-reaction tests, the materials were first exposed to ca. 500 ppm, benzene gas
Pt at 25 °C and 1 atm until 5% breakthrough was attained, followed by tandem desorption and catalytic oxidation
ALD while raising bed temperature to 200 °C. The benzene vapor adsorption isotherms followed type-IV isotherm

classification, revealing a combination of monolayer, multilayer and capillary condensation adsorption mecha-
nisms in sequence. The xPt/ZrO»-SiO, materials exhibited superior capture-conversion capabilities relative to
their xPt/Ti02-SiO,. In particular, 3Pt/ZrO,-SiO,, prepared with 3 cycles of Pt ALD, exhibited the maximum in-
situ conversion at ~ 100% and turnover frequency of 17.1 mmolcene/molpy/s with a dynamic adsorption capacity
of 0.45 mmol/g, indicating synergistic effects of Pt nanoparticles and ZrO, in the ALD-based dual-function

materials.

1. Introduction

One of the largest emissions of volatile organic compounds (VOCs) is
found in a group of aromatic hydrocarbons comprising benzene,
toluene/methylbenzene, ethylbenzene and xylene/trimethylbenzene
(BTEX) [1]. The removal of these compounds from air or process streams
has been accomplished by adsorption, thermal or catalytic oxidation,
and less commonly by biofiltration and absorption [2,3]. Despite sub-
stantial advancements in VOC abatement methods, they continue to
have serious flaws. Adsorption, for example, has been shown to be
effective in the removal of VOCs from dilute to ultra-dilute streams, but
its efficacy degrades in humid conditions. Thermal oxidation is effective
in handling concentrated streams of VOCs and all VOCs burn, unfortu-
nately it requires a large amount of energy and even more for dilute
streams making it less efficient. On the other hand, the catalytic
oxidation that has been used to address the drawback of thermal
oxidation often requires a large amount of catalyst inventory, which is
paired with catalyst deactivation commonly via aging/sintering,
fouling/coking, and poisoning. As a result, there is still room for
advancement in such systems, particularly for handling dilute to ultra-
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dilute VOC streams. Concentrating ppm-level VOCs in-situ, before
their oxidation, offers a practical approach to reduce the catalyst in-
ventory and capital cost associated with VOC emissions abatement.
Currently, integrated approaches such as adsorptive reactors, are
being investigated to address the challenges of the conventional VOC
abatement techniques. Adsorptive reactors allow for process intensifi-
cation while reducing capital investment, catalyst inventories, and the
need for external energy or cooling capacity. The combined adsorption-
catalysis strategy involves first concentrating the adsorbate through
adsorption, followed by combustion, in which the adsorbed VOCs are
transformed in-situ to H,O and CO». For example, Kullavanijaya et al.
[4] in their work employed an integrated technique to concentrate a
VOC-lean stream over a solid adsorbent in a low-temperature adsorption
bed before being combusted directly or catalytically in an incinerator for
conversion to innocuous chemicals. Same Kullavanijaya et al. [5] in
their later work treated binary VOC mixtures by adsorption on activated
carbon followed by catalytic oxidation on a CeO,/Aly,O3-supported
palladium catalyst. Similarly, Nikolajsen et al. [6] evaluated the efficacy
of a sintered-metal-fiber (SMF) supported adsorbent-catalyst in
sequential adsorption and oxidation of a dilute VOC-laden air stream. In
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a similar effort, Wang et al. [7] recently succeeded in removing bulky
aromatics (toluene, o-xylene, and 1,3,5-trimethylbenzene) from bi-
functional Ru/HZSM-5 via a hybrid adsorption-combustion approach.
Furthermore, numerical modeling was used to investigate the applica-
tion, practicality, and possible benefits of an adsorptive reactor for VOC
abatement [8]. The right selection of materials for increased perfor-
mance is one of the most important parts of the integrated approach.

Carbonaceous materials [9], metal oxides [10], zeolites [11], and
metal-organic frameworks (MOFs)[12] have all been studied for
adsorption of VOCs from industrial waste streams or contaminated air.
As for the catalytic oxidation of VOCs, although noble metals (most
notably Pd, Pt, Ru, Rh, Ir, Os, Ag, and Au) are the best materials due to
their high activity, stability and selectivity [13], their high cost has
prompted research into more cost-effective alternatives such as transi-
tion metal oxides (e.g., Ti, Zr, Al, Ni, Cu, Fe, and Zn) [14]. Lone tran-
sition metal oxides are however less active and less stable than the noble
metals [15], prompting the development mixed-metal oxides (MMOs)
whose synergistic effects considerably increase their catalytic activity.
Moreover, supported noble metals perform better than bulk noble
metals as catalysts on the basis of high dispersion of the metals on the
support. Silica is commonly used as a support because it is cheap and has
high interior surface area. Unfortunately, it has weak metal-support
interaction which frequently leads to sintering/aging of the catalyst.
Zirconia or titania has frequently been used to enhance the interaction
between Pt and SiO; support which further enhances the dispersion and
redox activity of Pt.

Atomic layer deposition (ALD) is a promising technique for MMOs
coating. It is a surface-controlled layer-by-layer coating process based on
self-limiting surface reactions and has been used to deposit nano-
structure metal oxide films on supports. It is very suitable and efficient
for this application [16]. Lee et al. [17], for example, found that ALD-
coated TiO thin films on a nano-structured Al,O3 membrane anode
had a high toluene adsorption capacity and selectivity. Their results
showed that about 277 mg/g of toluene can be captured via dynamic
adsorption. Similarly, Liotta et al. [13] in their investigation used sup-
ported noble metals for hybrid adsorption-catalysis of VOCs. The au-
thors attributed the improved performance of these materials to the
synergetic effects of the doped heteroatom. Despite scientific substan-
tiation of thin-film materials’ potential as an adsorbent and/or catalyst
for VOC abatement [18], there is little evidence of their application in
the literature.

In our previous work [19], Ni nanoparticles were deposited on ZrO»-
SiO4 via ALD method and the materials were investigated for sequential
adsorption anddesorption/catalytic oxidation of benzene. The materials
depicted good surface characteristics with excellent benzene adsorption
performance. Benzene conversions of 85-95% and turnover frequencies
(TOF) of 1.28-16.42 mmolcens/molyi/s were reported over these ma-
terials. Aiming at developing novel dual-function materials (DFMs) with
efficient adsorptive and catalytic performances, we embarked on a
follow-up study to explore the concerted advantages offered by hybrid
adsorption-catalysis and ALD methods. Specifically, in this study we
incorporated a supposedly better catalyst, Pt nanoparticles into zirconia-
silica and titania-silica supports (Pt/ZrO»-SiO2 and Pt/TiO,-SiOa,
respectively) and, for comparison, on bare porous silica (Pt/SiO3), via
ALD with varied Pt loadings. The SiO, was synthesized by the sol-gel
method while the mixed-metal oxide supports (ZrO,-SiO5 and TiO»-
SiO3) were prepared by depositing ZrO5 or TiO; thin films on the pre-
viously prepared porous SiO, particles by ALD. The materials were then
tested for their adsorption capacities and thereafter evaluated for their
sequential adsorption-catalytic performance to oxidize benzene to less
benign compounds.
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2. Experimental section
2.1. Materials

Tetraethyl orthosilicate (TEOS, 99%), hexadecyl-
trimethylammonium bromide (CTAB, 99%), tetrakis(dimethylamido)
zirconium (IV) (TDMAZ, electronic grade, > 99.99%), triethanolamine
(TEAH, 98%), and tetrakis(dimethylamido)titanium (IV) (TDMAT,
electronic grade, > 99.99%) were purchased from Sigma-Aldrich, while
(methylcyclopentadienyDtrimethyl platinum (IV) ((MeCp)PtMes, >
98%) was purchased from Strem. Ultrahigh purity helium, hydrogen,
nitrogen, and oxygen gases were purchased from Airgas. These chem-
icals and gases were used as purchased without further purification.

2.2. Materials synthesis

A detailed procedure for the synthesis of the UVM-7 silica support
used in this work is reported in our previous work [10]. On this silica
support, a supposedly ultra-thin ZrO, film was deposited via ALD. On
top of the ZrO, film, well-dispersed Pt nanoparticles were deposited also
via ALD. The details of the home-made fluidized bed reactor used for the
ALD are described elsewhere [20]. The synthesized silica was outgassed
at 200 °C for 3 h under vacuum before the ALD process. Thereafter, Pt/
SiO, was prepared by depositing Pt nanoparticles on the outgassed silica
using ALD. (MeCp)PtMes was delivered into the reactor after it was
heated to 100 °C. Typically, a cycle of Pt ALD consisted of a (MeCp)
PtMejs dose, followed by an N flush, which was followed by an Hy dose
and, finally, an N5 flush. A temperature of 300 °C was maintained for the
Pt ALD reaction. For the Pt/Ti0,-SiO5 and Pt/Zr0O,-SiO5 materials, TiOo
or ZrO, film was first deposited on SiO, through 5 cycles of ALD and
subsequently Pt ALD on the outgassed porous silica. A typical TiO; or
ZrO2 ALD cycle consisted of a TDMAT or TDMAZ dose, followed by an
Ny flush, which was followed by a deionized water dose and, finally, an
Ny flush. During the TiO3 and ZrOy ALD, a temperature of 200 °C was
maintained, and TDMAT or TDMAZ was delivered into the reactor after
it has been heated to 80 °C. The samples were named xPt/Si (group-1
materials), xPt/TiSi (group-2 materials) and xPt/ZrSi (group-3 mate-
rials), where “x” denotes the number of Pt ALD cycles administered on
the materials. In this study, only 3 cycles of ALD was used to deposit Pt
nanoparticles mainly because to keep its loading below 0.5 wt%.

2.3. Materials characterization

High-angle (5-90°) powder X-ray diffraction (XRD) was carried out
on the materials using a PANanalytical X'Pert multipurpose X-ray
diffractometer with Cu Ku radiation (\; = 1.5406 }o\, Ay = 1.5444 A with
Koay/Ka; = 0.5) and a scan rate of 20 = 0.7°/min to determine the
crystallinity and phase composition of the materials. Zero diffraction
silicon plates (SIL’TRONIX) were used for the XRD measurement to
eliminate any background noise from the XRD analysis. On a Micro-
meritics 3Flex Surface Characterization analyzer, Ny physisorption ex-
periments were carried out at —196 °C to assess the textural properties
of the materials. Prior to each experiment, 0.1 g of the test sample was
loaded in a BET tube and then degassed under vacuum at 250 °C for 12 h
in a Micromeritics Smart VacPrep. Using the isotherm, the surface areas
of the materials were determined by using the linearized Brunauer-
Emmett-Teller (BET) model in the relative pressure range of 0.05 < P/
Py < 0.35, whereas non-local density functional theory (NLDFT) cylin-
drical geometry classical Harkins and Jura Nz-model was used to
determine the pore volume, and pore size distribution (PSD). Moreover,
transmission electron microscopy (TEM) was performed on each sample
on a Zeiss Merlin Gemini field emission microscope (FE-SEM). X-ray
photoelectron spectroscopy (XPS) spectra were collected on a Kratos
Axis 165 photoelectron spectrometer with an aluminum X-ray source to
quantify the surface elemental compositions and determine the surface
elemental chemical states on the materials. The platinum weight
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percentages of the bulk materials were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES) using a 2000D
Perkin Elmer, and the samples were dissolved by a mixture of H,SO4 and
HNOs;. Finally, ammonia (NH3) temperature-programmed desorption
(NH3-TPD) experiments were performed in a flow reactor system to
assess the surface acidity of the materials. For each experiment, 0.1 g of
material was placed in a U-shaped quartz tube (8 mm I.D.) and degassed
at 400 °C for 1 h under a He flow. After cooling to 80 °C under the same
He flow, the loaded sample was exposed to a 5% NHs/He flow for 30
min, and then to a He flow to remove physisorbed NH3. Thereafter, the
temperature was ramped from 80 to 800 °C at 10 °C/min for NHj3
desorption to take place under a He flow, and the desorbed amount
being measured volumetrically using a mass spectrometer (MS, MKS
Cirrus 2). When required, the flow rate used was set at 30 mL/min in the
experiments.

2.4. Equilibrium adsorption measurements

Isotherm experiments were carried out on the materials to determine
their equilibrium adsorption capacity and thus their economic feasibility
for separation/purification purposes. In order to do this, volumetric
measurements of the benzene vapor adsorption isotherms of the mate-
rials were carried out at 25 °C on the Micromeritics 3Flex Surface
Characterization analyzer. Liquid benzene held at 25 °C and 1 atm was
used to generate the vapor used for the measurements. The generated
benzene vapor was thoroughly purified using the freeze-thaw purifi-
cation method, by which the benzene liquid was purified at 77 K to
remove any trapped gas impurities and then vaporized at 25 °C. The
liquid benzene reservoir was immersed in a water bath kept at 25 °C
throughout the duration of the experiment. For each experiment, 0.1 g of
the test sample was loaded in a BET tube, degassed in-situ at 250 °C for 6
h under vacuum and then cooled to 25 °C, before being transferred to the
Micromeritics 3Flex for the isotherm measurements.

(a) Step I: Adsorption @ 25 °C

100 mL/min

500 ppm, CHg/Ar

Benzene

EO  Electric Oven
FB Fixed Bed
GS Gas Scrubber
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2.5. Dynamic adsorption experiments

Adsorption breakthrough experiments at 25 °C and 1 atm were
carried out in a stainless-steel column setup depicted in part (a) of Fig. 1
to assess the dynamic adsorption capacity of benzene vapor on the
materials. The flow rates through the system were controlled by using
the Brooks mass flow controllers (5800), while the temperature was
controlled by a heating tape, K-type thermocouple, and an Omega
benchtop controller. For each material, 0.2 g was packed into the col-
umn and then degassed at 200 °C for 1 h under a 40 mL/min Ar flow. The
column was subsequently cooled to the adsorption temperature (25 °C)
followed by temperature stabilization for about 30 min. Then, 100 mL/
min benzene/Ar feed at 25 °C and 1 atm was flown to the inlet of the bed
to allow adsorption to take place. The bed outlet concentration was
monitored on-line by a mass spectrometer (MS, BELMass). The bed exit
gas stream was sent to a trap before discharging to the atmosphere.

2.6. Sequential adsorption and desorption/catalytic oxidation
experiments

For these experiments, adsorption was executed until the VOC con-
centration of the bed outlet reached 5% of the bed inlet concentration,
Pout/Pin =~ 0.05 (i.e., 5% breakthrough or 95% instantaneous capture).
This was done to avoid release of benzene beyond environmentally
permissible limit in breakthrough, otherwise it leads to counter-intuitive
endeavor. At this junction, the process set-up was switched from the
adsorption mode (Fig. 1a) to the preheating/desorption-catalytic
oxidation mode (Fig. 1b) to initiate catalytic oxidation. In between the
5% breakthrough adsorption and the catalytic oxidation was preheating
step when the bed was heated externally in a furnace to required reac-
tion temperature (200 °C), passing through the desorption temperature
(100 °C) under a regenerative airflow of 20 mL/min. During the cata-
lytic oxidation step, 20 mL/min regenerative airflow was continuously
fed into the fixed bed. At the attainment of the reaction temperature, the

(b) Steps II & I1I: Preheating & Desorption/Reaction

s

20 mL/min

GS

MFC Mass Flow Controller
MS  Mass Spectrometer
TC Thermocouple

Fig. 1. Schematic of the single-column hybrid adsorption-catalytic oxidation experiment for (a) adsorption, and (b) preheating and desorption/reaction steps.
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heat source was switched off to allow the process to run autothermally
utilizing its exothermic heat of combustion. The bed outlet concentra-
tion during the sequential adsorption and catalytic oxidation process
was collected on-line using the same MS (BELMass) used during the
dynamic adsorption experiments. Carbon monoxide generation during
the reaction was monitored by using Enerac 700 device.

3. Results and discussions
3.1. Materials Characterization

High-angle XRD patterns of the materials are shown in Fig. 2. Firstly,
high-angle XRD was used here because it has been shown to contain a
characteristic diffraction peak of silica, either synthetic or natural,
around 20 = 22-23° [21]. In all the materials, one peak situated around
20 = 22.5°, the characteristic diffraction peak of silica, has been indexed
as plane (101) [22]. This peak is a bit broad, indicating that the ma-
terials are amorphous and thus lack any long-range orderly arrangement
of atoms. Going to the patterns, we can see clearly that no significant
difference is present either within any group or across groups of mate-
rials with the ZrO5 or TiO; and/or Pt nanoparticles deposited on the base
SiO4 support. This suggests that the ZrOy or TiOy formed an ultrathin
layer on the support or that it was amorphous and that the Pt nano-
particles were small and well dispersed thereon. Moreover, the non-
appearance of Pt and/or TiO3 or ZrO5 peaks in the XRD patterns of all
these materials may be due to the fact that the support had large surface
area and that the Pt and TiO5 or ZrO, particle sizes were small in the
nanometer range as shall be confirmed later [23].

The TEM images of the materials 3Pt/Si, 3Pt/TiSi, and 3Pt/ZrSi are
presented in Fig. 3 to reveal their interior surface morphology. TEM was
carried out only for these three materials because each one of them came
out to be the best material in its group as shall be seen later. In these
images, dark spots represent Pt nanoparticles with sizes in the range of
2-3 nm. As evident from these images, the Pt nanoparticles were
deposited uniformly throughout the surface for the three materials.
Moreover, it also appears that the type of support does not significantly
affect the size of deposited Pt nanoparticles, which may be due to lower
Pt loading in these materials (i.e., only three ALD cycles were used). The
uniformity in distribution of the Pt nanoparticles on the materials also
appears to be similar in all the three samples. Given a very low thickness
of TiOy or ZrO, films on the bare SiO,, no significant changes in the
morphology of these three samples can be observed. Moreover, TiO2 and
ZrO, deposition on the SiO, support in Fig. 3b,c seems to be present as
few-nanometer thin layers, thus making it difficult for their identifica-
tion by TEM [16]. On the basis of these results, it can be argued that Pt
nanoparticles were uniformly dispersed into a previously-deposited thin
layer of ZrO; or TiOs in the silica-based MMOs via ALD method.

Not only the distribution of Pt nanoparticles but also their electronic
state is expected to be dependent on the nature of the metal oxide
support. To assess any changes in the electronic state of these Pt nano-
particles in the three groups of materials and to confirm their
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composition, XPS analyses were performed. Changes in the binding
strength of other elements such as O, Si, and Zr were also tracked. The
profiles derived from the analyses are depicted in Fig. 4. It should be
noted that these spectra have been adjusted with the adventurous C 1s
peak at 284.5 eV due to observed charging effects during the XPS ana-
lyses. In Fig. 4a,c,f, Pt characteristic peaks were detected at 75.5 and
72.5 eV corresponding to POt 4f5 /2 and 4f7 /5, respectively. Comparison
of the Ti spectra across three sets of samples revealed no significant
changes in the electron state of Pt nanoparticles dispersed in different
domains, indicating that the nature of metal oxide does not impact the
electron state of Pt in these ALD-prepared samples. Expectedly, increases
in Pt 4f peaks intensities and/or areas were observed as the number of
the cycles of Pt ALD increased. Similarly, Si was detected across all the
materials (Fig. 4b,d,g) at 103.5 eV, which corresponds to SiO; in the 2p
atomic level. It is noteworthy that the intensity of Si 2p decreased with
Pt loading similar to what was observed by Seo et al. [24]. In the group-2
materials, Ti was detected as Ti 2p located at 465 eV (3d;,2) and 459 eV
(3ds,2) (Fig. 4e) corresponding with Ti*t, while in the group-3 mate-
rials, a doublet of Zr 3d was detected, Zr 3d3/; and Zr 3ds,, at 185 and
182 eV, respectively (Fig. 4h) corresponding to Zr**. In Fig. 4e,h, there
was not much difference in the intensity spans therein implying that the
Ti and Zr amounts on the samples were fairly constant as expected in
each group.

The materials surface elemental wt. % (via XPS) and bulk platinum
wt. % (via ICP-OES) are shown in Table 1. First, it should be noted that
the adventitious carbon C 1 s wt. % contribution has been deducted from
the XPS data. As expected, Pt surface weight % loading increased line-
arly (0.13-0.33 wt% in group-1, 0.16-0.43 wt% in group-2 and
0.19-0.49 wt% in group-3) as the number of cycles of Pt administered on
the materials increased from 1 to 2 to 3. The corresponding bulk wt. %
via ICP-OES followed the same trend but with far higher values:
0.70-1.57, 1.39-5.01 and 2.38-5.37%, respectively. Expectedly, the Pt
bulk weight % was higher than its surface weight % because of the high
porosity (equivalently, high interior surface area) of the materials where
most of the Pt nanoparticles are deposited deep in the pores of the
materials. The surface amounts of Ti on the group-2 materials
(2.39-2.60%) and Zr on the group-3 materials (1.36-1.50%) were very
similar. Silicon surface wt. % is in the range of 31-34% while the oxygen
wt. % is in the range of 65-67%, which shows Si/O atomic ratio to be ca.
Y. This confirms that silicon exists in the form of SiO, in all the
materials.

The Ny physisorption (adsorption/desorption) isotherms and the
pore size distributions (PSDs) of the materials are shown in Fig. 5.
Within each group and across groups of materials, all the isotherms are
similar in shape as was observed in the XRD patterns. Moreover, these
materials have heterogeneous surface as three distinct stages of
adsorption can be seen: first and monolayer adsorption, second and
multilayer adsorption, and last and saturation adsorption. Across all the
materials, the monolayer adsorption occurred in the range of P/Py < 0.3,
the multilayer adsorption in the range of 0.3 < P/Py < 0.4, while the
saturation adsorption occurred in the range of P/Py > 0.4. The last and
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Fig. 2. High-angle XRD patterns of (a) xPt/Si, (b) xPt/TiSi and (c) xPt/ZrSi.
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Fig. 3. TEM images of (a) 3Pt/Si, (b) 3Pt/TiSi, and (c) 3Pt/ZrSi. Black dots indicate Pt nanoparticles.
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Fig. 4. XPS spectra of (a,b) xPt/Si, (c-e) xPt/TiSi and (f-h) xPt/ZrSi.

saturation adsorption is associated with capillary condensation of Ny
taking place within the pores in the mesopore range [25]. The materials
showed some level of sorption hysteresis which can be classified as the
type H3, observed with aggregates of plate-like particles indicating the
presence of slit-shaped pores in the materials [26]. The Ny uptakes
decrease in Fig. 5a,b but increase in Fig. 5¢ with Pt amount in accor-
dance with the textural properties depicted in Table 1. Fig. 5d-f reveals
that the PSDs maintain the same shape across all the materials and that

the materials have bimodal mesopores with peaks centered about 3 and
5 nm, however with small amount of microporosity just below 2 nm
pores. Finally, the Ny physisorption and the PSD of the bare silica are
higher than those of the composites, which was as expected.

The summary of the textural properties of the materials gathered
from the Ny physisorption results is shown in Table 2. Among the group-
1 and group-2 materials, the surface area and pore volume decrease with
Pt loading: xPt/Si has 1276, 1206 and 1155 mz/g, and 1.15, 1.06 and
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Table 1
Materials surface elemental wt. % by XPS and bulk Pt wt. % by ICP-OES.
Sample o Si Ti Zr XPS-Pt ICP-OES Pt
Atomic Atomic Atomic Atomic Atomic Atomic
[wt. %] [wt. %] [wt. %] [wt. %] [wt. %] [wt. %]
1Pt/Si 66.61 33.27 - - 0.13 0.70
2Pt/Si 66.60 33.23 - - 0.18 1.26
3Pt/Si 66.11 33.56 - - 0.33 1.57
1Pt/TiSi 66.12 31.24 2.49 - 0.16 1.39
2Pt/TiSi 65.73 31.67 2.39 - 0.21 2.96
3Pt/TiSi 65.93 31.04 2.60 - 0.43 5.01
1Pt/ZrSi 66.06 32.26 - 1.50 0.19 2.38
2Pt/ZrSi 66.15 32.17 - 1.36 0.32 4.17
3Pt/ZrSi 66.10 32.00 - 1.44 0.49 5.37

1.03 cm3/g while xPt/TiSi has 1140, 1066 and 832 mz/g, and 0.94, 0.84
and 0.75 cm®/g for x = 1, 2 and 3 respectively. The progressive loss in
surface area and pore volume among the groups-1 and 2 materials is
attributable to pore-blocking. In contrary, the group-3 (xPt/ZrSi) ma-
terials depicted an increasing trend in surface area (962-1205 m?/ g) and
pore volume (0.78-1.10 m3/g) with Pt loading. For group-3 materials,
there is a strong metal-support interaction which increases with metal
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that there were no differences in the near micropore sizes of these ma-
terials within each group probably because of the limited number of
cycles of Pt deposited on the SiO; support, while the mesopores slightly
decreased for the groups-1 and 2 but decreased for the group-3.

In this study, the type (weak, intermediate/medium and strong),
density (volume of desorption: a measure of number of acid sites per
desorption peak or in total), and strength (desorption temperature: a
measure of desorption activation energy) of the acid sites present on the
materials were determined through NHs-TPD analysis, the profiles of
which are shown in Fig. 8. The peak around 200 °C constitutes weak acid
sites while the one above 400 °C constitutes medium to strong acid sites.
Because the peak around 200 °C is common to all the materials, it could
be attributed to Pt acid sites, which has been observed by other re-
searchers [28,29]. Similarly, the peak above 400 °C could be attributed
to SiOs acid sites. In Fig. 6a for the group-1 materials, the two types of

Table 2
Textural properties of the ALD materials and the bare silica.

Sample BET Surface NLDFT Pore NLDFT Pore

Area [mz/g] Volume [cm3 STP/g] Diameter [nm]

loading due to high crystallinity of ZrO,, which can also create intra- Micropore _ Mesopore _ Total
mesopores, whereas for group-2, Pt nanoparticles more likely deposit Bare Silica 1376 0.19 0.98 117 3.0,5.2
within the mesopores, thereby reducing the mesopore volume and sur- ;tj :‘ 1%2 8'12 8'22 1'(1)2 z'g’ gi
. . . . t/Si : \ . .9, 5.
face area. Sl'rmlar trend was obseered in our first set of ALD DFMs .w1th 3PS 1155 019 0.84 103 2951
respect to Ni/ZrO, samples [19]. With respect to pore size, no significant 1Pt/TiSi 1140 0.18 0.76 094 27,50
changes to the pore size were observed within each group of materials, 2Pt/TiSi 1066 0.18 0.66 0.84  27,5.0
albeit a small decrease across group-1 to group-2 and group-3 was 3Pt/TiSi 832 0.18 0.57 075 27,50
noticed at fixed Pt loading. The ALD ZrO; film in the group-3 materials ;z i::: ??(2)8 8'1; g'g; (1)'33 Z;’ g'i
may not be continuous, which can contribute to the increased surface 3pt/zrsi 1205 017 0.93 110 27.54
area with Pt loading for this group [27]. Moreover, it should be noted
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acid sites mentioned above are present, with peak maxima at 183 and
558 °C, respectively. Clearly, as the Pt loading increased, the intensity
and the area of the strong acid sites peak decreased with corresponding
increase in those of the weak acid sites. In depth analysis revealed that a
shift in the peak maxima values of NH3-TPD profiles of the group-2
materials are shown in Fig. 6b. While 1Pt/TiSi clearly showed two
distinct peaks, the other two materials of higher Pt loading showed just
one peak (for Pt), the intensity of the other peak for SiO5 was very small
so that the peak could not be clearly observed. Fig. 6¢ shows the NHs-
TPD profiles of the group-3 materials. The Pt acid sites peak (around
200 °C) is clearly present, large and broad while the SiO, acid sites
formed a shoulder around 450-800 °C. Going across the groups at a
fixed Pt loading, we could see that the desorption peak maxima tem-
peratures of all these materials were located at 183 and 558 °C, 180 and
547 °C, and 175 and 535 °C (for xPt/Si); 164, 558 and 458 °C, 180, 547
and 698 °C, and 175, 535 and 741 °C (for xPt/TiSi); and 183, 558 and
653 °C, 180, 547 and 698 °C, and 175, 535 and 741 °C (for xPt/ZrSi) for
x = 1-3 respectively. The total acid sites concentration and acid sites
density of the materials are shown in Table 3. Clearly, the acid sites
concentration increased with Pt loading, 0.0104-0.0168 mmol NH3/g in
group-1, 0.0518-0.2761 mmol NHs3/g in the group-2, and
0.2327-0.3024 mmol NH3/g in group-3 same way the acid sites density
increased. It is clear that when the Pt loading increased from cycle 1 to
cycle 3, the NH3 desorption peak increased correspondingly while the
silica peak decreased. It is also clear that the higher the Pt content (up till
0.5 wt%), the higher the catalytic activity. It was conclusive that the
presence of TiO2 or ZrO, as part of the support increased the surface
acidity of the bare SiO2 and thus enhanced the material performance
[30,31].

3.2. Bengzene adsorption isotherms

The benzene vapor adsorption isotherms are presented in Fig. 7. The
insets therein are the isotherms in the range 0 < P/Py < 0.025, around
the dynamic adsorption VOC inlet partial pressure (P/Py =~ 0.02). In this
low-pressure region, the adsorption capacity was more dependent on
surface active sites than to surface area. Here, the adsorption capacity
followed the order group-1 (0.69, 0.67 and 0.65 mmol/g) < group-2
(0.95, 0.91, and 0.80 mmol/g) ~ group-3 (0.84, 0.88, and 0.97 mmol/g)
at P/Py =~ 0.02 because of the more hydroxyl active sites created by TiO5
or ZrO5 [10]. However, as P/Py increased, the adsorption capacity fol-
lowed the order group-1 > group-2 > group-3. For instance, at P/Pj ~
0.7, 1Pt/Si, 2Pt/Si, 3Pt/Si, 1Pt/TiSi, 2Pt/TiSi, 3Pt/TiSi, 1Pt/ZrSi, 2Pt/
ZrSi, and 3Pt/ZrSi exhibited uptakes of 8.95, 8.35, 7.75, 8.05, 7.41,
6.45, 6.27, 6.79, and 7.35 mmol/g, respectively. For the groups-1 and 2
DFMs, equilibrium adsorption uptake decreased gradually with Pt
loading, but increased in group-3. The trend observed herein is more
dependent on the mesopore pore volume (due to higher adsorbate-
—adsorbate interactions at higher pressures) than the surface function-
ality by TiOg or ZrO,. Across the entire relative pressure range, it is clear
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Table 3
Material dynamic adsorption data obtained from breakthrough profiles.

Sample Pt Pt Acid Sites Concentration Pt Acid Sites

Loading Density#

[wt. %] [mmol NH3/g] [mmol NH3/n‘l2]
1Pt/Si 0.13 0.0104 8.1505 x 107°
2Pt/Si 0.18 0.0163 1.3516 x 10°°
3Pt/Si 0.33 0.0168 1.4546 x 107°
1Pt/TiSi 0.16 0.0518 4.5439 x 107°
2Pt/TiSi 0.21 0.2466 2.3133 x 107*
3Pt/TiSi 0.43 0.2761 2.3185 x 104
1Pt/ZrSi 0.19 0.2327 2.4188 x 10~*
2Pt/ZrSi 0.32 0.2770 2.5000 x 10~*
3Pt/ZrSi 0.49 0.3024 2.5096 x 10~*

# Acid Sites Density = Acid Sites Concentration/BET Surface Area.

that all the materials depicted the same isotherm shape, typical of type
IV isotherm according to the IUPAC classification [26]. Similar to the
patterns observed in the Ny physisorption experiments, the isotherms in
Fig. 7 clearly display three consecutive stages of adsorption, namely
monolayer adsorption, multilayer adsorption, and capillary condensa-
tion in the range of 0 < P/Py < 0.15, 0.15 < P/P, < 0.25, and 0.25 < P/
Py < 1.00, respectively. Moreover, it should be noted that the small and
gradual change in equilibrium adsorption capacity observed within each
group of materials especially at low pressure corresponds with the small
difference in the number of cycles (1-3) of Pt deposited on these ma-
terials [32]. Similarly, it is worth to mention that these experiments
could not be run till P/Py ~ 1 due to condensation formation at high
pressure. In general, comparing the vapor isotherm of the bare silica to
those of the composites revealed a gradual decrease in benzene uptake
as similarly observed in the N physisorption measurements.

3.3. Benzene dynamic adsorption experiments

Fig. 8 shows the results of the benzene dynamic adsorption experi-
ments carried out on the materials, the blank run which helped in un-
derstanding the hydrodynamics of the empty column was also included.
In the groups-1 and 2 materials, breakthrough characteristic times (5, 50
and 95% breakthroughs) decreased progressively with increasing Pt
loading. However, only slight increases were observed in these charac-
teristic times for the group-3 materials. In general, pore size, volume and
size distribution, surface area, polarity/charge, roughness and func-
tional groups, bed porosity and size, and inlet conditions (e.g., tem-
perature, pressure/concentration and flow rate) are the major
determinants of these times [33,34]. Because the dynamic adsorption
experiments were all carried out under similar bed design variables and
same operating conditions, then it is logical that material properties are
the determinants of trends observed here. Moreover, it should be noted
that the characteristic times were all in accordance with the trends
observed in equilibrium adsorption uptakes at P/Py ~ 0.02 within each
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group. Furthermore, it should also be noted that the adsorption char-
acteristic times of the bare silica are higher than those of the composites
because of decrease in surface area.

Key parameters from the breakthrough profiles depicted in Fig. 8 are
summarized in Table 4. The equilibrium adsorption capacities of the
materials at P/Py =~ 0.02 (equivalent to 500 ppmy at the bed inlet con-
dition) were also included for comparison. With increasing Pt loading,
the characteristic times t s, to.5 and ty 95 decreased linearly in the range
of 1823-1050, 2454-1883 and 3085-2716 s in group-1, 1893-1297,

Table 4
Dynamic adsorption data obtained from breakthrough profiles.
Sample  to.05 tos to.95 4d,0.05 dd,0.5 44d,0.95 Geq @ P/
[s] [s] [s] [mmol/ [mmol/ [mmol/ Py~
gl gl gl 0.02
[mmol/
gl

Bare 1930 2545 3215 0.35 0.51 0.64 0.95
Si0,

1Pt/Si 1823 2454 3085 0.31 0.46 0.61 0.67

2Pt/Si 1472 2221 2971 0.25 0.33 0.40 0.64

3Pt/Si 1050 1883 2716 0.21 0.29 0.37 0.61

1Pt/ 1893 2766 3639 0.32 0.42 0.52 0.87
TiSi

2Pt/ 1501 1948 2394 0.25 0.38 0.50 0.85
TiSi

3Pt/ 1297 1747 2196 0.18 0.32 0.46 0.76
TiSi

1Pt/ 798 1523 2248 0.13 0.26 0.38 0.81
ZrSi

2Pt/ 1054 1712 2370 0.17 0.29 0.40 0.85
ZrSi

3Pt/ 1082 1880 2677 0.19 0.32 0.45 0.92
ZrSi

2766-1747 and 3639-2196 s for group-2 but increased in the range of
798-1028, 1523-1880 and 2248-2677 s in group-3. Similar trends were
also observed in the values of gq,0.05, gd,05 and gq,0.95. As expected,
qd,0.905 was lower than geq. Mokhatab et al. [35] showed that dynamic
adsorption capacity (gq,0.95) discrepancy from equilibrium adsorption
capacity (qeq) is usually about 30-50%, although the range in this work
was 10-50% and the group-3 materials had the largest discrepancy. This
discrepancy is usually due to flow effects, such as axial dispersion and/
or mixing which suggests that there was higher flow dispersion and/or
mixing in the group-3 materials, compared to the other two.

3.4. Sequential adsorption and desorption/catalytic oxidation
performances

The results of the sequential adsorption and desorption/catalytic
oxidation experiments performed on the DFMs are shown in Fig. 9.
Because Oz and Ny were in excess in the system during the catalytic
oxidation process, only the profiles of C¢Hg, CO2, and H,0 are included
in Fig. 9. It is noticeable that the transition from 5% breakthrough
adsorption to desorption/catalytic oxidation started with initial roll-ups
above Poy/Pin ~ 0.05. The overall inter/intraparticle holdup concen-
tration of C¢Hg at the attainment of 5% breakthrough adsorption, as well
as the difference between the amount desorbed and the quantity
oxidized, was responsible for these initial roll-ups. Because the inter/
intraparticle concentration of CgHg at the end of the 5% breakthrough
adsorption had been completely pushed out of the bed or otherwise
reacted, while the rate of desorption was still greater than the rate of
oxidation, CgHg concentration began to decrease shortly after the roll-
ups had climaxed, as shown in Fig. 9. The CgHg detection at this
moment was due to higher desorption rate over catalytic oxidation rate.
Complete oxidation of desorbed benzene was however accomplished
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approximately 15-20 min after the roll-ups climax, as shown in the
profiles. As shown in Fig. 9a,d,g, C¢Hg thermal runaway, i.e., desorbed
but unreacted C¢Hg decreased with Pt loading within each group.
Similarly within any group, COz and H2O formation increased with Pt
loading as shown in Fig. 9b,c,e,f,h,i. When going across the groups at a
fixed Pt loading, C¢Hg thermal runaway slightly decreased from xPt/Si
to xPt/TiSi to xPt/ZrSi [36], revealing that performance increased from
xPt/Si to xPt/TiSi to xPt/ZrSi. Similarly, within each group, perfor-
mance increased with Pt loading based on the C¢Hg thermal runaway
amounts. The trends observed herein were all in accordance with the
acid sites densities of these materials (Table 3).

Table 5 shows the summary of the process key performance in-
dicators (benzene overall in-situ conversion and turnover frequency
(TOF) on the DFMs). Within group-1, CcHg overall conversion increased
lineally with Pt loading: 19.9, 29.6, and 38.8% with corresponding TOF
values of 0.57, 0.88, and 1.15 mmolCgHg/molp;/s. A similar trend was
also observed within groups-2 and 3 with values 27.9, 30.5 and 40.3%,
and 97.1, 98.1, and 99.6%, respectively and corresponding values of
0.83, 0.91 and 1.21 mmolCgHg/molpy/s and 10.6, 12.5 and 17.1
mmolCgHg/molp/s. That the group-3 materials performed far better

Table 5
Oxidation performance variables (Overall in-situ conversion and TOF).
Sample Overall in-situ Reaction
Conversion TOF
(%) (mmolcerie/molpy/s)
1Pt/Si 19.9 0.59
2Pt/Si 29.6 0.88
3Pt/Si 38.8 1.15
1Pt/TiSi 27.9 0.83
2Pt/TiSi 30.5 0.91
3Pt/TiSi 40.3 1.21
1Pt/ZrSi 97.1 10.6
2Pt/ZrSi 98.1 12.5
3Pt/ZrSi 99.6 17.1

than the other two groups’ was due to their high acid sites densities: a
measure of the proximity of the Pt acid sites on the supports and also due
to relatively lower dynamic adsorption loading [37]. The higher dual-
functional capability of the Pt/ZrSi materials compared with Pt/TiSi
materials could be attributed to their higher pore diameter, facilitating
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easy transfer of oxidant molecules to the catalytic active sites [38].
Comparison of the Pt/ZrSi materials with other bifunctional materials
that have been reported in the literature, e.g., Ni/ZrSi materials for the
same purpose revealed that these materials perform better for sequential
adsorption and oxidation of benzene, a situation that is attributed to the
higher catalytic activity of platinum relative to transition metal-based
catalysts [19,37].

In summary, silica-supported and titania- or zirconia-promoted sil-
ica-supported Pt nanoparticles catalysts were investigated as adsorbent-
catalyst DFMs for the abatement of dilute stream of benzene. Benzene
equilibrium adsorption revealed type IV isotherm in all materials.
Moreover, equilibrium uptake decreased with Pt loading among the
groups-1 and 2 materials (xPt/SiO2 and xPt/TiO2-SiO9, respectively),
but increased among the group-2 materials (xPt/ZrO-SiO3). Similarly,
the benzene dynamic adsorption revealed a large uptake capacity up to
about 7.5 mmol/g and fast adsorption kinetics. Successive adsorption
and desorption/catalytic oxidation performed on the materials revealed
that xPt/Zr0O,-SiOy completely outperformed the other two groups of
materials for destruction of benzene. Results further revealed that the
total conversion of benzene linearly increased with Pt loading: 97.1,
98.1, and 99.6% for xPt/ZrO»-SiO, with x = 2.4, 4.2, and 5.4 wt%,
respectively. Moreover, for all the materials investigated here, a higher
H,0 yield was observed compared to that of CO5. Overall, the findings of
this investigation highlight the potential of novel ALD-prepared xPt/
Z1Si as efficient DFMs for application in VOC abatement processes.
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