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ARTICLE INFO ABSTRACT
Keywords: In this study, purification of a benzene-lean gas stream over unimodal and bimodal silica-based mixed-metal
Benzene vapor oxides was investigated for the purpose of understanding the effects of secondary metal oxide and support pore
Adsorption structure on the adsorption capacities and kinetics. The unimodal silica fell in the borderline of micropores and

Mixed-metal oxide
Unimodal silica
Bimodal silica

mesopores, i.e., they consisted of large micropores and small mesopores with large surface area, while the
bimodal silica consisted of large micropores, small mesopores and large mesopores with large mesopore volume.
The titania and zirconia mixed-metal oxides showed reduced surface area and pore volume as a result of partial
blockage of the pores, however, they exhibited improved adsorption behavior relative to the bare silica.
Equilibrium adsorption measurements revealed unimodal adsorbents are superior to their bimodal analogues by
exhibiting higher benzene vapor uptake, with capacities reaching 10.05, 11.71 and 11.25 mmol/g for SiO,,
TiO/SiO; and ZrO,/SiO, samples at 25 °C and 101 kPa. In contrast, dynamic breakthrough tests with 465 ppm
benzene vapor concentration indicated faster adsorption kinetics for bimodal adsorbents relative to unimodal
materials as a result of their larger pores which produced lesser intraparticle diffusion resistance. It was also
found that, while titania or zirconia incorporation enhances the equilibrium adsorption capacity of the bare
silica, it deteriorates the adsorption rate. Similarly, all the adsorbents depicted partition coefficient in the range
of 0.31-1.75 mmol/g/pM. The mass transfer coefficients estimated from concentration profiles of bimodal SiO,,
TiO,/SiO, and ZrO,/SiO, samples were 0.58 and 0.45, and 0.41 s7Y respectively. Overall, the findings of this
investigation indicated that the introduction of large mesopores in the structure of microporous-mesoporous
silica is a facile approach in developing mixed-metal oxide adsorbents with improved adsorption capacity and
kinetics for the abatement of benzene vapor emissions.
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1. Introduction

Among various types of volatile organic compounds (VOCs), aro-
matic hydrocarbons, in particular benzene, toluene, xylene (BTX)
compounds, are extremely harmful to human health and environment.
BTX compounds are known carcinogens and their high concentration is
linked to urban photochemical smog and ozone depletion [1,2]. While
stringent environmental regulations imposed by governments have re-
sulted in significant reductions in BTX emissions, their high con-
centrations in waste process streams are still a concern [3]. To address
this, several biological, chemical and physical methods have been de-
veloped to capture and/or destroy these compounds [4,5]. Although
these methods can capture and sequester sizable amounts of BTX, they
suffer from some drawbacks including deficiency in treating low-con-
centration feeds, production of harmful byproducts, and high operation
costs, which make them unattractive for scale-up [6].

To address these drawbacks, alternative methods have been devel-
oped in recent years for VOCs’ emission control, among which ad-
sorption appears to be an attractive approach especially for treating
ultralow-concentration feeds because it allows for passive acquisition of
BTX compounds without the production of toxic byproducts. In that
regard, development of efficient and cost-effective adsorbents and
processes has become a necessary area of research for BTX removal. To
date, several classes of porous materials have been evaluated as BTX
adsorbents including activated carbons, zeolites, metal-organic frame-
works (MOFs), and metal oxides [7-9]. Carbon based materials possess
some limitations, particularly risk of ignition during thermal re-
generation by hot air and reduced VOC adsorptive capacity when re-
lative humidity exceeds 70% [10]. Competitive adsorption of water
over zeolites compromises the uptake capacity, thus serving as a hin-
drance toward their utilization at industrial scale. Moreover, although
several MOFs such as MIL-101 and HKUST-1 have shown superior ad-
sorption capacities for aromatic VOCs at low concentrations, their
chemical and structural stability in humid atmosphere is a major con-
cern for their utilization in this application [3,11,12].

On the other hand, metal oxides such as silica, alumina, titania, and
zirconia with polar surfaces have been shown to effectively remove a
wide variety of VOCs [13,14]. However, single metal oxides have their
own limitations, such as high degree of hydrophilicity (e.g., in the case
of silica), which leads to co-adsorption of water under normal condi-
tions, reduced surface area and pore volume (e.g., in the case of titania
or zirconia) and in general lower adsorption capacities [15-18]. To
overcome these drawbacks, single metal oxides are often doped with
heteroatoms via grafting, impregnation, or co-synthesis to form mixed
metal oxides (MMOs) such as TiO,/SiO,, ZrO,/SiO,, TiO,/ZrO, and
Zr0,/TiO, [19,20]. For instance, Ook Seo et al. [21] reported a 50%
increase in toluene dynamic adsorption capacity for TiO»/SiO, over the
bare silica under dry conditions. In a study by our group [22], we
synthesized several TiO,/SiO, and ZrO,/SiO; MMOs with varied metal
loadings using a unimodal mesoporous UVM-7 SiO, and applied them
for formaldehyde adsorption. The materials exhibited good surface
characteristics, along with high formaldehyde uptake at optimum metal
loadings, due to their high hydroxyl group content. Although in-
corporating heteroatoms that usually have higher affinity toward VOC
compounds is a facile way of enhancing adsorption capacity [19], in
many cases adsorption kinetics are compromised due to partial
blockage of the support micropores which reduces the rate of mass
transfer. In a study conducted by Liotta et al. [3] supported noble
metals were used for hybrid adsorption catalysis of VOCs. They re-
ported higher performance due to synergetic effect of the doped het-
eroatoms.

One way to address this issue and improve the mass transfer char-
acteristics of MMOs is to use hierarchically structured supports that
contain both micro- and mesopores. These solids can provide many
characteristics missing in non-porous and even unimodal porous ma-
terials, such as better accessibility to active adsorption sites or higher
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activity in the oxidation of VOCs. For instance, in a study conducted by
Wang et al. [23], hierarchical HZSM-5 zeolite doped with Ru was
shown to be an efficient adsorbent/catalyst for abatement of bulky
aromatic VOCs, because of its increased external surface and meso-
porous volume, which resulted in shortened diffusion length by redu-
cing intraparticle diffusional resistance. Recent studies have demon-
strated the feasibility of preparing hierarchical metal oxides with
macro- and mesoporosity and improved adsorption or catalytic activity
compared to their microporous nanoparticle analogues [24-26].
Aiming at developing novel adsorbents with high capacity and en-
hanced kinetics, we embarked on a study to incorporate titania and
zirconia into a bimodal microporous-mesoporous silica with two sizes
of mesopores for abatement of benzene vapor as the model component
of BTX. For comparison, we also synthesized a unimodal microporous-
mesoporous silica with one size mesopores and doped the same
amounts of titania and zirconia to demonstrate the advantages of bi-
modal silica in adsorbing benzene vapor with high capacity and fast
kinetics. Adsorption behaviors were compared based on equilibrium
and dynamic adsorption measurements. Finally, breakthrough profiles
were fitted to estimate the mass transfer parameters in order to in-
vestigate the kinetics of benzene-lean air purification in detail.

2. Experimental section
2.1. Materials

All the chemicals used in this work including tetraethyl orthosilicate
(TEOS, 99%), zirconium (IV) propoxide (ZrP, 70% in 1-propanol), ti-
tanium (IV) butoxide (TiB, 97%), triethanol-amine (TEAH, 98%), nitric
acid (HNOs, 70%), hexadecyltrimethylammonium bromide (CTAB),
and polyethylene glycols (PEG) were all purchased from Sigma-Aldrich.
Ammonium hydroxide (NH3;0H, 28.4%) was purchased from Fisher-
Scientific. These chemicals were used as purchased without further
purification. Ultrahigh purity nitrogen and helium gases were pur-
chased from Airgas.

2.2. Adsorbent synthesis

2.2.1. Unimodal Silica-based adsorbents

These materials were prepared according to a modified synthesis
route described by Ortiz De Zarate et al. [27]. Briefly, for each of the
adsorbents, about 18 g of TEOS was added dropwise to 18 mL of TEAH
at 25 °C, followed by the addition of required amount of metal alkoxide
(ZrP or TiB). Using a ramp rate of 5 °C/min, the solution was heated to
150 °C and held at this temperature for 30 min to obtain atrane com-
plexes, and subsequently cooled to 90 °C followed by the addition of
CTAB. Thereafter, the resulting solution was cooled to 60 °C, allowed to
get stabilized at that temperature for 5 min, and mixed with 150 mL of
DI water. Up to this point, the synthesis was carried out in an oil bath
under magnetic stirring at 350 rpm. The obtained solution was then left
to gel without agitation for 24 h at room temperature, after which it
was washed 3 times with DI water for 5 h then 3 times with ethanol for
5 h before drying for 2 days at room temperature. The synthesized
unimodal bare SiO, was named S1, whereas the unimodal TiO5/SiO,
and ZrO,/SiO, were denoted as S2 and S3, respectively.

2.2.2. Bimodal silica-based adsorbents

These materials were prepared by following the synthesis route
described by Smatt et al. [24]. Firstly, for each of the adsorbents, an
aqueous nitric acid solution was prepared by adding 6 g HNO3 to 97 mL
DI water. Thereafter, 10 g of PEG was added to the solution and dis-
solved via the dropwise addition of 76 g TEOS. The formed colloidal
solution was then stirred at 25 °C and 350 rpm until a clear solution was
obtained (~15 min). Next, the required amount of ZrP or TiB, as well as
CTAB, were added to the reaction mixture, and stirring was continued
until complete dissolution was observed. The gelation of the solution
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was performed at 40 °C without agitation for 10 h followed by aging
under the same condition for 48 h. The particles were acidified with a
0.1 M HNOs; solution and then washed 3 times with DI water for 5 h and
then 3 times with ethanol for 5 h before drying for 3 days at 60 °C. The
synthesized bimodal bare SiO, was named S4, whereas the bimodal
TiO5/SiO, and ZrO,/SiO, were denoted as S5 and S6, respectively. To
obtain the final porous materials from the fine powders, all the samples
(S1-S6) were calcined in static air at 550 °C for 6 h with a heating ramp
rate of 10 °C/min.

2.3. Adsorbent characterization

N, physisorption isotherms were obtained at 77 K on an automatic
static volumetric adsorption system (Micromeritics 3Flex). Prior to
measurements, samples were degassed at 250 °C in Micromeritics Smart
VacPrep under vacuum for 12 h. The surface areas of the adsorbents
were determined from the isotherms using the Brunauer-Emmett-Teller
(BET) model, whereas non-local density functional theory (NLDFT) was
used to determine the pore size distribution (PSD). X-ray photoelectron
spectroscopy (XPS) was performed to determine the chemical compo-
sition of the samples on a Kratos Axis 165 photoelectron spectrometer
with an aluminum X-ray source, while powder X-ray diffraction (XRD)
using a step rate of 0.7°/min was performed on a PANanalytical X'Pert
multipurpose X-ray diffractometer to identify the crystallinity of the
samples. Zero diffraction silicon plates (SIL’TRONIX) were used for XRD
to eliminate any background noise. Scanning electron microscopy
(SEM) was performed on a Zeiss Merlin Gemini field emission micro-
scope (FE-SEM). Energy dispersive spectroscopy (EDS) was collected on
a Bruker 5030 X-Flash diffractometer using an accelerating voltage of
25 kV.

2.4. Adsorption isotherm measurements

The equilibrium adsorption capacities of the adsorbents at 25 °C
were determined by running vapor adsorption isotherm experiments
using benzene vapor as the adsorbate. A liquid benzene-filled reservoir
was used as the source of the vapor. However, in other to properly
collect the vapor isotherms, the benzene vapor was first purified using
the freeze-thaw purification method. Prior to the vapor isotherm
measurements, about 100 mg of the sample was degassed at 250 °C
under vacuum for 6 h and then cooled to 25 °C, before being transferred
to the Micromeritics 3Flex for isotherm measurements.

Nonlinear regression fittings were carried out to mathematically
represent the benzene adsorption isotherm data. Different isotherm
models such as dual-site Sips (DSS), linear combination of the
Freundlich and dual-site Sips (FDSS), and BET models were used to
obtain the best fit. All the isotherm models tested are described in
Supporting Information.

2.5. Adsorption breakthrough experiments

To assess the dynamic performance of unimodal and bimodal silica
adsorbents, breakthrough experiments were performed at 25 °C and
101 kPa in the glass column setup depicted in Fig. 1. The adsorption
temperature was controlled by a K-type thermocouple, heating tape,
and an Omega benchtop controller, while the flow rates were controlled
by Brooks Instrument mass flow controllers. The column was packed
with about 400 mg of the adsorbent and pretreated in-situ by degassing
at 250 °C for 1 h under a 40 mL/min flow of N,. Thereafter, the system
was cooled to the adsorption temperature followed by temperature
stabilization for about 15 min. The benzene vapor was carried over to
the bed by passing a N, stream through a bubbler-saturator system
filled with liquid benzene at a flow rate of 60 mL/min. The bed outlet
concentration during adsorption was analyzed on-line by using a —
BELMass quadrupole mass spectrometer with a mass range of
1-200 amu and minimum detection limit of <1 ppm. In these
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Fig. 1. Schematic of the adsorption breakthrough experiment.

measurements, the sensitivity was set at AUTO (1 x 10~ 11 A), emission
at 1.0 mA, and the continuous secondary electron multiplier (C-SEM) at
800 V.

The dynamic adsorption capacity of benzene vapor was used as
another performance metric and was calculated by using Eq. (1):

_ (En/24‘8)(Cin/106)(tads/6o)
fa = m, &)

where F;, (mL/min) was the inlet feed flow rate, c;, (465 ppm) was the
benzene vapor bed inlet concentration, t,4 (s) was the time equivalent
to the adsorption capacity of the bed, 24.8 (mL/mmol) is the gas molar
volume at the adsorption dynamic experiment operating conditions
(25 °C and 101 kPa), 10° (ppm) to convert from ppm to fraction, and 60
(s/min) to convert from min to s, and mg (g) was the mass of the ad-
sorbent sample loaded onto the column.

The saturator output volumetric flow rate was calculated by using
Eq. (2): [28,29]

Fyp = (Peps/Prny + DFnn, @)

where Pgﬁ Hels the benzene saturation vapor pressure at the operation
temperature (25 °C) and Py, was the pressure of the carrier N, the
value of which was set at the N, cylinder pressure gauge as 140 kPa.
The benzene saturation vapor pressure, PgsHs’ was calculated using the
Antoine equation given in Eq. (3):

1196.76
0 (6.88—7)
PCaHa =10 219.16+T

3

From Eq. (3), the benzene saturation vapor pressure at 25 °C was
calculated to be 12 kPa. Four different adsorption times, tyg45 (s), were
considered in this study, namely, ty ; (), to.5 (), t1.0 (s), and ty, (s). The
stoichiometric adsorption time, ty, (s), is the time equivalent to the
stoichiometric (i.e., theoretical or total) adsorption capacity of the fixed
bed and was calculated using Eq. (4):

b = f (1 - @)dt
0 Cin

4

All other times (ty 1, to.s, and t; o) were obtained directly from the
dynamic adsorption profiles.

To make an objective comparison between the adsorbents tested in
this study, other than the use of g4, partition coefficient (kg), was also
calculated from the breakthrough data by using Eq. (5):

Qq'BT—Level _ qq'BT—Level

Cout IBT—Level Cin X (%)

Cin

Key IBr—Levet =

BT—Level (5)

The use of this equation was based on the dynamic adsorption data
rather than equilibrium adsorption (isotherm) data. Moreover, it should
be noted here that the terms in the Eq. (5) were evaluated at a
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Fig. 2. N, physisorption isotherms and PSD profiles for (a-b) unimodal S1, S2, and S3, and (c-d) bimodal S4, S5, and S6 samples. S2 and S5 were shifted vertically

upward by 150 units and S3 and S6 by 300 units.

particular breakthrough level (BT-Level), e.g., 10%, 50%, and 100%
breakthroughs.

To fit the experimental data mathematically, mass, momentum, and
energy balance equations were solved in gPROMS 5.1.1 (PSE
Enterprise, United Kingdom). The partial differential equations (PDEs)
and the corresponding initial and boundary conditions are included in
Supporting Information. Moreover, the physical parameters were esti-
mated using appropriate correlations in the literature, as noted in
Supporting Information [30,31].

3. Results and discussion
3.1. Material characterization

The N, physisorption isotherms for the two sets of adsorbents are
presented in Fig. 2. Whereas unimodal samples displayed a combina-
tion of types II and IV isotherms, bimodal samples showed a typical
type IV isotherm. From Fig. 2a, for all three samples, the onset of
multilayer coverage began at p/pp ~ 0.3 with S3 showing type H4
hysteresis indicative of the presence of narrow slit-like pores in its
structure [32]. As can be seen from Fig. 2b, for bimodal S4, S5, and S6,
the first step corresponding to monolayer-multilayer adsorption in mi-
cropores occurred in p/p, < 0.6 region, whereas filling of the large
cage-like intercrystallite voids (mesopores) through capillary con-
densation took place in p/p, > 0.6 region [17]. These isotherms also
showed type H1 hysteresis, indicative of the presence of relatively large
cylindrical pores [33].

Similarly, the PSD profiles shown in Fig. 2c revealed uniform pore
sizes for unimodal S1, S2, and S3 adsorbents mainly in the range of
1.5-4 nm. On the contrary, the heterogeneity of the pores for bimodal
samples was evident from Fig. 2d, with S4, S5, and S6 materials dis-
playing small and large pores in the range of 1.5-6 and 12-20 nm,

respectively. As also evident, for both unimodal and bimodal sets, the
incorporation of TiO5 and ZrO, resulted in reduction of pore size of the
silica supports as a result of partial pore blockage, which is consistent
with reported literature [27,34].

The summary of the corresponding textural properties estimated
from N, physisorption isotherms is provided in Table 1. The BET sur-
face areas of the unimodal adsorbents, S1 (1375 m?/; g), S2 (1254 mz/g),
and S3 (1241 mz/g), were found to be higher than those of bimodal S4
(532 mz/g), S5 (412 mz/g), and S6 (483 mz/g) adsorbents. The un-
derlying cause of this difference was the presence of a larger number of
small micropores in unimodal samples relative to the majorly meso-
porous bimodal samples. In other words, it was due to the decrease in
interior surface area as pore size increases [21]. The reduction in both
surface area and pore volumes upon incorporation of TiO, and ZrO,
was also evident from literature [17,34,35]. Another observation from
these results was the higher total pore volume for bimodal S4, S5, and
S6 samples (1.50, 1.20, 1.08 cm3/g, respectively) relative to their

Table 1
Textural properties of adsorbents.
Sample BET NLDFT Pore volume NLDFT pore Micropore
surface diameter (nm)
area
(m?/g) (em®/g) (%)
Micro. Meso. Micro. Meso.
S1 1375 0.08 0.92 1.7 2.6 8.0
S2 1254 0.15 0.68 1.4 2.4 18.1
S3 1241 0.32 0.56 1.5 2.3 36.4
S4 532 0.01 1.49 1.8 3.7,22.0 0.7
S5 412 0.02 1.18 1.3 23,195 1.7
S6 483 0.03 1.05 1.5 24,175 2.7
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Fig. 3. XPS spectra for MMO samples: (a) Si and O for S2 and S5, (b) Ti for S2 and S5, (c) Si and O for S3 and S6, and (d) Zr for S3 and S6.

unimodal S1, S2, and S3 counterparts (1.00, 0.83, 0.88 cm3/g, re-
spectively) due to their large mesopore volume. This trend was ex-
pected as the main goal of making such bimodal materials was to en-
hance mesoporosity which in turn improves the adsorption kinetics.

The XPS results are illustrated in Fig. 3 while the elemental com-
position of the MMOs are listed in Table 2. Two characteristic peaks of
Si 2p and 2s were observed at 103 and 154 eV, respectively whereas
one distinct 1s O peak was detected at 535 eV. For the S2 and S5 ma-
terials, Ti 2p was detected around 460 eV while Zr 4p was detected
around 25 eV. The XPS survey spectra of the samples are also provided
in Fig. S1, Supporting Information.

Metal loading was calculated by using metal to silica ratio. The
amounts of O and Si were nearly constant in all the materials thereby
showing uniformity in the composition of the SiO, bare supports for the
unimodal and the bimodal adsorbents. Likewise, Ti in S2 (0.93 atom %)
and S5 (1.50 atom %), and Zr in S3 (1.32 atom %) and Zr (1.20 atom %)
in S6 were reasonably close, thereby showing similarity in the amounts
of TiO, and ZrO, doped on the silica supports. The Ti or Zr weight
loading was estimated to be approximately 3-4 wt.% on all the ad-
sorbent materials, which showed uniformity in loading of the bare si-
licas.

The high-angle (10-90°) XRD patterns of the adsorbent materials
are shown in Fig. 4. Clearly, all the materials depicted the characteristic
less-crystalline nature of UVM-7 silica [22]. Furthermore, the patterns
showed at least one strong but broad diffraction peak around 26 = 23°.

Table 2
Elemental composition and metal loading of the samples determined by XPS.

Sample S (atom %) O (atom %) Tior Zr (atom %) Ti or Zr loading (wt. %)
S1 44 56 - -
S2 42 57 0.93 3
S3 44 54 1.32 3
S4 44 56 - -
S5 42 56 1.50 3
S6 42 56 1.20 4

This broadness of the peaks could be due to the small size of the par-
ticles in accordance with Scherrer equation. Moreover, since peak in-
tensity and position were essentially identical for bare and doped
MMOs, it was conclusive that the incorporation of TiO, or ZrO, on the
SiO, supports did not alter the crystal structure of the silica supports.

The materials’ surface topographies and particle sizes were assessed
by both low and high magnification SEM, as shown in Fig. 5. As can be
seen, the unimodal bare silica (Fig. 5a, b) was of nearly amorphous
structure and contained a rough surface topography with particle
conglomerates of ~2 um in diameter. Meanwhile, the diameter of the
agglomerated macroparticles exceeded 100 pm. Upon loading the un-
imodal silica with titanium oxide, the macroparticles maintained their
100 pm diameters and rough surface topographies (Fig. 5c), however,
spherical titanium oxide agglomerations — whose structure agrees with
literature [17] — were observed at high magnification (Fig. 5d). The
individual titanium oxide particles were ~500 nm in diameter. In the
unimodal silica loaded with zirconium oxide, low-magnification SEM
revealed a distinct change in the particle structure (Fig. 5e). Namely,
modifying the silica with zirconium rendered the particulate surface
less coarse and produced distinct crystalline planes. This being the case,
high-magnification SEM revealed that — similar to the titanium oxide
loaded sample - the zirconium oxide loading produced agglomerations
of particulate which were ~2 pm in length (Fig. 5f).

Moving on to the bimodal samples, low magnification SEM revealed
a much smoother texture in the bare silica as well as macropores which
were between 2 and 3 um (Fig. 5g). On the other hand, similar particle
roughness and size to the unimodal silica were observed under high
magnification (Fig. 5h). As evident, however, the differences in particle
structure did lead to variance upon oxide loading from the unimodal
silica. After loading titanium oxide, for example, the silica developed
distinct crystal planes (Fig. 5i). Moreover, it should also be noted that,
while the individual oxide particles were similar in size to those on the
unimodal silica, they were not agglomerated. A similar effect was also
observed in the zirconium oxide particles at high magnification
(Fig. 51). The loss in particle agglomeration for both samples can easily
be attributed to the macropores in bimodal silica — which allowed more
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space for nanoparticle growth during calcination — thereby eliminating
catenation between individual oxides. This being the case, it should be
noted that, unlike the unimodal S1, loading zirconium oxide did not
produce a crystalline phase (Fig. 5k). Instead, the silica retained its
coarse, amorphous, structure. Similarly, the differences in crystallinity
can likely be attributed to the density of the doping metal oxide.

The elemental maps for the oxide modified silicas are shown in
Fig. 6. In both unimodal S2 and S3 samples (Fig. 6a—f), the elemental
maps of both metals overlapped nearly perfectly with the silica maps,

indicating an even dispersion of oxides across the macroparticle sur-
face. This was in agreement with the SEM micrographs, which clearly
showed clusters of oxide nanoparticles contained on the surface. A si-
milar dispersion was also observed in the bimodal silica samples (S5
and S6 samples), however, there were slight differences between the
titania (Fig. 6g-i) and zirconia (Fig. 6j-1) modified silicas. Specifically,
clusters of oxides were observed in the latter — which can be attributed
to zirconium high density — while the former exhibited a more even
dispersion across the silica particles. In general, as clear from the maps,

Fig. 5. Low and high magnification SEM images of (a-b) S1, (c-d) S2, (e-f) S3, (g-h) S4, (i-j) S5, and (k-1) S6.
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Fig. 6. Elemental maps of (a-c) S2, (d-f) S3, (f-h) S5, and (j-1) S6.

both oxides loaded effectively on the unimodal and bimodal bare si-
licas, however, the high density of zirconium led to a less even dis-
persion between macroparticles in the bimodal sample.

The EDS spectra of the materials are displayed in Fig. 7. These
spectra clearly showed the bulk elemental composition of the samples.
In all the materials, Si Ka and O Ka were observed at 1.7 and 0.6 keV,
respectively. Characteristic peaks of Ti and Zr were also annotated in
the figure. As expected, the intensities of Ti and Zr in the MMO samples
were small relative to those of Si and O because of the small amounts of
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Ti and Zr precursors used for the doping. These small amounts were
earlier attested to in the XPS analysis.

3.2. Benzene adsorption isotherms

The benzene vapor adsorption isotherms for the six adsorbents ob-
tained at 25 °C are shown in Fig. 8. From Fig. 8a, the unimodal S1 and
S2 samples depicted three distinct regions of adsorption viz: 0 < p/
Po < 0.15, 0.15 < p/pp < 0.75 and the higher, near benzene
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Fig. 7. EDS spectral of (a) S1, S2 and S3, and (b) S4, S5 and S6.
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Fig. 8. Benzene adsorption isotherms for (a) unimodal S1, S2, and S3, and (b) bimodal S4, S5, and S6 adsorbents at 25 °C.

saturation-vapor pressure adsorption region. However, S3 only de-
picted adsorption in the first and the last regions. This indicates that S1
and S2 are more heterogeneous than S3. In the first and the lower re-
gion, 0 < p/pp < 0.15, all the unimodal adsorbents exhibited a si-
milar benzene equilibrium adsorption behavior, whereas in the inter-
mediate region, 0.15 < p/p, < 0.75, S1 and S2 had higher benzene
equilibrium adsorption capacity than S3 adsorbent. At the tail end of
equilibrium adsorption, near the benzene saturation vapor pressure, S2
and S3 isotherms were slightly steeper than S1’s isotherm and thus
equivalently showed slightly higher equilibrium adsorption than S1. It
is evident from Fig. 8b that the bimodal S4, S5, and S6 all displayed
similar shapes of adsorption isotherms describable by the BET mono-
layer-multilayer model, but with S4 having smaller benzene equili-
brium adsorption capacity throughout the entire pressure range.
Overall, all of the adsorbents exhibited a relatively large adsorption
uptake close to the benzene saturation vapor pressure. However, it is
worth noting here that adsorption up to the benzene saturation vapor
pressure, 12.7 kPa, was hardly attained due to condensation formation.

Moreover, between the two groups of adsorbents tested in this work,
the unimodal MMOs were at least 50% higher in equilibrium adsorption
capacity than the bimodal counterparts at the lower absolute pressure
of 0 < p/pp = 0.2 (the first adsorption region) on account of their
higher surface areas. For instance, at p/pp ~ 0.2, unimodal adsorbents
exhibited an uptake capacity of approximately 3.0 mmol/g compared to
the 1.0 mmol/g (S4) and 1.5 mmol/g (S5 and S6) of the bimodal ad-
sorbents. Similarly, in the intermediate adsorption region, 0.2 < p/
Do < 0.75, S1 and S2 maintained a similar trend over S4 and S5, re-
spectively, while S3 and S6 displayed adsorption capacities of about 4

and 6 mmol/g, respectively. Interestingly, while both sets of MMOs
showed similar adsorption performances at the lower and upper ad-
sorption regions, the Ti-doped silica adsorbents (S2 and S5) showed
higher adsorption capacities over their Zr-doped analogous (S3 and S6)
in the intermediate adsorption region, especially in the case of unim-
odal adsorbents. Taking into account similar textural properties of S2
and S3 as shown in Table 1, the only plausible explanation for this
behavior is a higher number of active sites on the S2 adsorbent as
compared with S3 stemming from the former’s higher lower density
which gave rise to better dispersion on the silica support [14]. On the
contrary, the slightly higher adsorption capacity of S5 over S6 could be
attributed to its relatively larger mesopore volume, as also reported
previously [21,36]. Moreover, as adsorption approached benzene sa-
turation relative pressure (> 0.75), both unimodal and bimodal sets
depicted large equilibrium adsorption capacities ~13 and 11 mmol/g,
respectively. As expected, titania and zirconia doping resulted in higher
uptakes than that of the bare silica in both cases, despite reduction in
surface area, owing to increased number of active sites and increased
affinity toward benzene molecules [16,35]. In other words, besides
lower adsorption sites, the weak hydrogen bond between the silanol
groups on the silica surface and the benzene delocalized pi electrons is
responsible for lower adsorption capacity of bare silica samples [1,16].
As reported by Jan et al. [37], most of the materials investigated for
benzene adsorption so far exhibit capacities around 10 mmol/g at p/
Po ~ 1, thus the obtained capacities reported here are comparable to
literature data, albeit some MOFs and activated carbons with capacities
as high as ~20 mmol/g have been reported [38,39].
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Fig. 9. Benzene-adsorbents equilibrium adsorption isotherms fittings (a) for S1, S2, and S3, and (b) for S4, S5, and S6: Symbols are the experimental data points while

lines are the corresponding fittings.
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3.3. Benzene adsorption isotherm fittings

The mathematical fittings of the isotherms are shown in Fig. 9. Due
to the apparent complexity in the shapes of the unimodal adsorbent
isotherms, especially those of S1 and S2, two isotherm models were
compared in fitting the isotherms, namely, DSS, BET, and FDSS models.
Between these isotherm models, the FDSS model was found to give the
best fit for the unimodal adsorbent isotherms, as evident in Fig. 9a. On
the other hand, for the bimodal adsorbent isotherms (Fig. 9b), it was
very clear at first glance that the BET isotherm model would give the
best fits, and thus was the only model used. It should be noted here that
the fitted isotherms using the FDSS model for the unimodal and the BET
model for the bimodal adsorbents were the only ones presented in
Fig. 9. The isotherm fitting parameters and statistical values can be
found in Tables S1-S3, Supporting Information. These fitting para-
meters were used in the simulation of breakthrough concentration
profiles. In all cases, R* = 0.99, indicating that the adsorbents could all
be described by the respective isotherm models.

3.4. Dynamic adsorption breakthrough profiles

The results of the dynamic adsorption experiments carried out on all
the six materials are shown in Fig. 10. In general, and in agreement
with their higher equilibrium capacities, the unimodal samples dis-
played longer breakthrough and saturation times compared to the bi-
modal analogues, as a result of their higher surface areas [40]. Like-
wise, within similar pore size distributions, the titania and zirconia-
doped MMOs showed longer breakthrough and saturation times than
the corresponding bare silicas, a trend that is attributable to increased
number of active sites and affinity toward adsorbate molecules, as
discussed earlier [21].

Adsorption front steepness is another important feature of every
adsorption breakthrough profile. It is an indication of the rate of mass
transfer to the adsorbent active sites, thereby providing a facile ap-
proach for estimation of the mass transfer and diffusion parameters.
Comparison of the concentration profiles revealed that bimodal ad-
sorbents (Fig. 10b) exhibited sharper wavefronts than those of unim-
odal adsorbents (Fig. 10a) on the account of their hierarchical pore
structure and thus less mass transfer resistances. As indicated in
Table 3, the temporal values of the mass transfer zone (MTZ) estimated
in the time interval of t; ¢ — ty.; were 1838, 3405, and 3010 s for un-
imodal S1, S2, and S3 compared to 1175, 1518, and 2110 s for bimodal
S4, S5, and S6, indicative of faster kinetics for the latter samples. In fact,
this highlights that diffusion in the adsorbent particles was the major
mass transfer resistance in adsorption column. Moreover, across pore
size distributions, the unimodal lower micro-mesoporous adsorbents
exhibited higher dynamic adsorption capacity than that of bimodal
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upper micro-mesoporous adsorbents, with dynamic adsorption capa-
cities (gq) of 9.89, 10.94, and 10.81 mmol/g for S1, S2, and S3, re-
spectively, relative to 6.88, 8.68, and 8.91 mmol/g for S4, S5, and S6,
respectively. Moreover, the dynamic adsorption capacities calculated at
ts:o and t; o were about 55% and 95% of their corresponding equilibrium
values, which further implied that t; o is a better representative of the
dynamic adsorption capacities.

Another observation from these results is the effect of metal in-
corporation on the sharpness of the wavefronts. As clearly evident, ti-
tania and zirconia-doped MMOs gave rise to broader fronts than the
bare silica samples, especially in the case of unimodal materials which
could be due to reduced pore size or partial blockage of the pores after
metal incorporation.

Table 4 shows the values of the partition coefficients calculated for
the materials tested in this study at different breakthrough times. Each
corresponding dynamic adsorption capacity was also included for
comparison. Generally, it was observed that ky was directly propor-
tional with the adsorption capacity at each breakthrough level. For
instance, among the unimodal samples, S2 showed the highest kg at 50
and 100% breakthrough levels, followed by S3. The swap observed
between S2 (kg = 1.55 mmol/g/uM) and S3 (ki = 1.74 mmol/g/puM)
at 10% breakthrough level was in agreement with the intersection seen
in their breakthrough profiles around 10% breakthrough and similarly
isotherm profile. However, among the bimodal samples, S6 showed the
highest kg at all breakthrough levels, followed by S2. These trends
depend mainly on the properties of the materials.

3.5. Investigation of benzene adsorption kinetics

To assess the kinetics of benzene adsorption on the MMOs, the
breakthrough profiles were modeled and mass transfer parameters were
estimated. The experimental and predicted breakthrough profiles are
depicted in Fig. 11. For the unimodal adsorbents, the deviation ob-
served in S1 and S2 breakthrough fittings (Fig. 11a, b) could most
probably be due to the use of the less fit DSS isotherm model rather
than the perfect fit FDSS model in the isotherm fittings. This choice was
due to the computational time involved in the breakthrough fittings,
thus resulting in a trade-off between isotherm fitting and breakthrough
computational time. Conversely, for the bimodal adsorbents the
breakthrough fronts were all well fitted by the dynamic adsorption
model. In general, the adsorption breakthrough profiles were all sa-
tisfactorily fitted as depicted in Fig. 11. This is also easily seen by the
values of their statistical error measurements, R2, shown in Table S6,
Supporting Information. For most cases R> = 0.95, which implies that
the simulated breakthrough fronts accurately predicted the measured
profiles.

The parameter estimation carried out on the gPROMS platform was
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Fig. 10. Benzene-adsorbents experimental breakthrough profiles (a) for S1, S2, and S3, and (b) for S4, S5, and S6.
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Table 3
Adsorbents dynamic adsorption data obtained from breakthrough profiles.
Sample toa tos tio tsto MTZ qe qd,0.1 qd,0.5 qd,1.0 Gsto
) (s) O] O] O] (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
s1 455 920 2080 1068 1838 10.05 1.50 3.05 9.89 5.28
S2 927 2650 4332 2671 3405 11.71 3.13 8.95 10.94 6.66
s3 1118 2105 4218 2333 3010 11.25 3.51 6.61 10.81 6.05
S4 270 510 1455 660 1175 7.25 1.93 3.65 6.88 3.12
S5 392 945 1910 957 1518 9.31 2.96 7.14 8.68 3.59
S6 405 955 2515 1040 2110 8.95 3.07 7.24 8.91 4.51
Table 4
Adsorbents performance based on the values of their partition coefficients.
Sample to1 tos tio qd,0.1 ki0.1 qd,0.5 kio5 qd,1.0 ku,1.0
(s) (s) (s) (mmol/g) (mmol/g/pM) (mmol/g) (mmol/g/uM) (mmol/g) (mmol/g/uM)
s1 455 920 2080 1.50 0.74 3.05 0.31 9.89 0.49
s2 927 2650 4332 3.13 1.55 8.95 0.89 10.94 0.54
S3 1118 2105 4218 3.51 1.74 6.61 0.66 10.81 0.53
S4 270 510 1455 1.93 0.96 3.65 0.36 6.88 0.34
S5 392 945 1910 2.96 1.47 7.14 0.71 8.68 0.43
S6 405 955 2515 3.07 1.52 7.24 0.72 8.99 0.45
used to determine the axial dispersion coefficient (D), effective pore Table 5
diffusivity (D), and film mass transfer coefficient (kg values, as ta- Estimated mass transfer parameters.
bulatted in Table 5 As can be inferred from these data, D, a.nd D,g were Sample Dy X 10° (m2/s) Dy % 10% (m?/s) ks (m/s) k(™
all higher for bimodal adsorbents compared to the unimodal con-
situents. We could also observe that the values of k; were relatively s1 0.51 0.35 0.49 0.08
equal across each group of the adsorbents. Similarly, the overall mass s2 0.49 0.22 0.41 0.03
transfer coeffcients (k), estimated from E S12b, Supportin 53 0.55 0.25 0.45 0.04
, » Q- 514D, - supporting s4 1.35 3.50 0.30 0.58
Information, were approximately one order of magnitude higher for S5 s5 1.05 1.87 0.29 0.45
and $6 (0.45 and 0.41 s~ 2, respectively) than for S2 and S3 (0.03 and S6 1.65 1.65 0.32 0.41
0.04 s~ ', respectively). The higher values of D,, for the bimodal ad-
sorbents relative to the corresponding unimodal materials could be
attributed to higher interparticle diffusion. However, for D, the trend
1.0 1.0 1.0 =
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Fig. 11. Benzene-adsorbents breakthrough curves fittings (a—c) for S1, S2, and S3, and (e, f) for S4, S5, and S6. Symbols are the experimental data points while lines

are the corresponding fittings.

10



B.O. Adebayo, et al.

observed could be readily correlated to the difference in their pore
network [41]. Specifically, the bimodal adsorbents’ increased pore
diameters reduced the adsorbate’s diffusional resistance and enhanced
the mass transfer rate, and hence showed higher overall mass transfer
coefficients (k).

4. Conclusions

In this work, we demonstrated the efficacy of novel bimodal silica-
based MMOs in abatement of benzene vapor with both high equilibrium
capacity and fast kinetics. Two sets of MMO adsorbents were prepared
using unimodal and bimodal silicas doped with similar amounts of Ti
and Zr. Analysis of N, physisorption isotherms revealed distinct dif-
ferences in the textural properties of these two sets, with unimodal
samples exhibiting approximately three-fold higher surface area and
micropore volume than those of the corresponding bimodal samples.
On the contrary, bimodal adsorbents displayed large mesopore volumes
on the order of 1.17-1.26 cm®/g. From the benzene vapor adsorption
isotherm measurements at 25 °C, unimodal samples were found to ex-
hibit relatively higher equilibrium uptakes than those of their bimodal
analogues, particularly in the low-pressure range, on the account of
their higher surface area. However, as the benzene pressure increased,
all the adsorbents served equally well for adsorbing benzene vapor.
These adsorption data also indicated more positive role of titania in
improving benzene adsorption capacity that zirconia. To verify the
better dynamic adsorption performance of bimodal adsorbents, break-
through tests were carried out and the results confirmed sharper wa-
vefronts and shorter MTZ lengths for these adsorbents relative to un-
imodal samples as a result of their larger pores which facilitated
transport of benzene molecules and reduced the intraparticle mass
transfer resistance. The mass transfer coefficient for unimodal Ti-doped
(S2) and Zr-doped (S3) MMOs were estimated to be 0.03 and 0.04 s7L
respectively, whereas under the same conditions, the values were 0.45
and 0.41 s™! for the corresponding bimodal S5 and S6, respectively.
Overall, the results of this study highlight that increasing the meso-
porosity of a micro-mesoporous silica support is a facile and effective
approach for developing MMO adsorbents that not only show high
adsorption capacity but also fast kinetics for purification of benzene-
lean streams.
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