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Comparative investigation of structure and operating parameters on the 
performance and reaction dynamic of CO conversion on silica aerogel and 
fumed-silica-supported Pd catalysts 

Rola Mohammad Al Soubaihi a, Khaled Mohammad Saoud b, Joydeep Dutta a,* 

a Functional Materials, Department of Applied Physics, KTH Royal Institute of Technology, Hannes Alfvéns väg 12, 114 19 Stockholm, Sweden 
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A B S T R A C T   

The catalyst morphology, metal-support interaction, and reaction conditions greatly influence the catalytic 
performance and reaction dynamics. Similarly, the dispersion of the metal within the support plays a crucial role 
in the thermal stability and sintering of the catalyst. Furthermore, temperature-dependent conversion hysteresis 
is well-known to occur during ignition and extinction of exothermic CO oxidation over supported Pd catalysts 
due to the variation of CO adsorption on the surface or bulk oxidation of Pd and the ability of the catalyst to 
regenerate the active sites. Herein, the catalytic performance and the hysteresis behavior of mesoporous silica 
aerogel supported Pd (Pd/a-SiO2), and commercial fumed silica-supported Pd (Pd/f-SiO2) were investigated and 
compared using CO oxidation as a probe reaction under different reaction conditions and operating parameters 
(i.e., catalyst weight, ramp rate, and flow rate). Surface and morphologic examination using XPS, FTIR, and TEM 
of Pd/a-SiO2 and Pd/f-SiO2 reveal a strong correlation between the catalyst surface and structure and its catalytic 
performance and stability under different reaction parameters. Moreover, this study presents the effect of surface 
area, particle size, and size distribution on diffusion and mass transport of reactants (CO, O2) and products (CO2) 
and active sites accessibility. 

This study showed that Pd/f-SiO2 had better efficiency under high (turbulence) flow. Moreover, intrinsic 
apparent activation energy (Ea) and the number of active sites were calculated from the Kinetics of CO oxidation 
fitted using Arrhenius plots indicate that the ramp rate has less effect on Pd/f-SiO2 catalytic behavior. Even 
though, Pd/f-SiO2 had higher relative active sites than Pd/a-SiO2, (Ea) was lower. Cyclic stability and long-term 
stabilities showed that both catalysts are stable and can regenerate the active sites. The current study contributes 
to understanding the catalysts’ surface, structural and morphological properties on the catalysts’ performance 
toward CO oxidation and other reactions under dynamic conditions.   

1. Introduction 

CO oxidation reaction has attracted significant attention, and it is 
considered a crucial reaction today in the field of heterogeneous catal
ysis, primarily due to its significant applications in the automotive in
dustry and the protection of environmental contamination [1]. Noble 
metals (Pt, Pd, Au, etc.) [2], base metals (Cu, Mn, Co, Fe, etc.) [1,3,4], 
and metal alloys [5] have been used as a low-temperature catalyst for 
CO oxidation with enhanced catalytic activity. Pd stands out as a cata
lyst of choice for many applications due to its high intrinsic activity. Pd 
catalysts are considered crucial for many reactions and used as a model 
reaction for studying catalyst structure-activity relationship, 

metal-support interaction, and other nonlinear dynamic behavior during 
CO oxidation [6–8]. However, Pd catalysts’ properties are susceptible to 
preparation and operation conditions, i.e., the nature of support and 
dispersion of the Pd nanoparticles within the support matrix influences 
its activities [9]. Catalyst support materials play a crucial role in the 
catalytic activity and catalytic behavior of the Pd catalyst, where the 
nature of supports influences the synergistic effect between Pd and the 
supports. Pre-treatment conditions can induce the formation of oxygen 
vacancies and hydroxyl groups around Pd particles or on the support’s 
surface, facilitating Pd dispersion and influencing the electronic struc
ture of the active sites for CO oxidation [10]. Silica supports are used for 
anchoring and dispersing metal nanoparticles on the functional silica 
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surfaces [11], high surface area and tunable surface properties, good 
thermal stability, and varied morphologies [12]. Aerogel [7], meso
porous silica [13], rods, etc., have been widely explored also for CO 
oxidation [14,15]. 

Silica aerogels with high porosity consist of a silica network and have 
been used in many catalyzed reactions [9], wherein the aerogels were 
reported to show enhanced catalytic activity due to local heating and 
heat retention properties [10,14]. Fumed silica is used as a raw material 
for additives in various chemical industry products [16,17]. Fumed 
silica could be promising catalyst support due to its lower cost, small 
particle sizes, and high surface area. For example, Kang et al. reported 
the synthesis of sustainable heterogeneous fumed silica-supported Pd 
nanocatalyst for Suzuki-Miyaura reactions with good recycling proper
ties [18]. 

Pd catalysts can exhibit nonlinear dynamics under oxidizing condi
tions such as hysteresis, as observed in different heterogeneous catalytic 
reactions. Hysteresis is a common phenomenon in the oxidation of CO 
[19] that has been reported for many oxidation reactions on noble metal 
catalysts [6,20] and attributed to noble metal oxidation [21] or over
heating of the active site [22]. Reaction exotherm and the interplay 
between kinetics and mass transfer play a crucial role in the hysteresis 
phenomenon. The diffusion resistance and total mass transfer effects on 
the CO conversion hysteresis were reported and attributed to gas 
propagation through the catalyst bed and the catalyst structure [23]. 

To the best of our knowledge, there are very few reports on the effect 
of operation parameters on the catalytic activity and the hysteresis 
phenomenon during ignition/extinction CO oxidation. Recently, we 
reported the synthesis, effect of porosity, and preparation conditions on 
the catalytic properties and hysteresis behavior of the Pd/a-SiO2 cata
lyst. In this work, we compare the CO catalytic performance, and the 
occurrence of hysteresis effects in the CO oxidation reaction over silica 
aerogel supported palladium (Pd/a-SiO2) and commercial fumed silica- 
supported palladium (Pd/f-SiO2). Furthermore, we investigate the effect 
of catalyst’s structure (i.e., type of silica support) and operation pa
rameters (i.e., catalyst weight (mass), flow rate, weight hourly space 
velocity, and ramp rate) on the catalytic CO conversion, hysteresis 
behavior, and stability of both under controlled conditions and as a 
function of catalyst temperature. This study contributes to a better un
derstanding of catalyst structure and operation conditions on the cata
lytic performance, dynamic hysteresis, and CO oxidation stability, 
which can aid chemical reactions using these catalysts. 

2. Experimental methodology 

2.1. Catalyst preparation and characterization 

Pd/a-SiO2 catalyst was prepared using the sol-gel technique using 
tetraethyl orthosilicate (TEOS) and ethanol as starting materials, as 
explained in details elsewhere [24], dried under conditions with su
percritical ethanol at 260 ◦ C. The Pd precursor (palladium chloride 
(PdCl2), Sigma-Aldrich) was impregnated during the gelation step 
before the drying step to achieve a good dispersion of Pd particles on the 
silica aerogel support, which is achieved by replacing the solvent inside 
the pores with Pd precursor [7]. The synthesized Pd/a-SiO2 catalyst 
ensures that the palladium particles are located inside the pores or 
within the silica particulate network with a very small agglomeration of 
Pd particles [25]. Dried Pd/a-SiO2 aerogels were then removed from the 
autoclave and calcinated by annealing at 450 ◦C (heating rate of 10 ◦C) 
under atmospheric pressure (1 atm) in ambient conditions. The 
Pd/f-SiO2 catalyst was prepared using the deposition preparation 
method (DP), where the Pd precursor was introduced onto the f-SiO2 
support [26]. In a typical synthesis procedure, a chosen amount of 
anhydrous PdCl2 was first dissolved in 10 mL of ethanol to obtain a 
solution of Pd wt% corresponding to a (5% wt.) Pd loading. The solution 
was added drop-wise to 1 g of fumed silica (Nanonext Ltd, UK) under 
continuous stirring in distilled water for 1 h. 15 ml 2 M NaOH solution 

was added drop-wise to this solution until the pH became neutral. The 
solution was subjected to another 30 min of continuous stirring. The 
resultant Pd/f-SiO2 catalyst was filtered, washed several times with DI 
water and ethanol, then dried at 105 ◦C in an atmospheric oven for 1 h, 
then calcination in air at 450 ◦C for another hour.  Surface area and 
porosity analyzer Rise 1010 (Jinan Rise Science and Technology Co., 
Ltd., China) was utilized and nitrogen adsorption-desorption isotherms 
were recorded at 77 K using the multiple-point BET method in the 
relative pressure range of P/P0 = 0.05–0.2 and fitted based on Bru
nauer–Emmett–Teller (BET) and Langmuir models. Inductively coupled 
plasma–optical emission spectroscopy (ICP-OES) (iCAP 6000 series, 
Thermo Scientific) was used to measure the amount of palladium in the 
catalyst samples. X-ray diffraction (XRD) (X’Pert PRO X-ray diffrac
tometer, USA) to study the crystallography, X-ray photoelectron spec
troscopy (XPS; Omicron Nanotechnology, Germany) to study the surface 
states of the catalyst. XPS data were calibrated using the C 1 s located at 
285 eV as a reference [27]; transmission electron microscopy (TEM) 
measurements were carried out using a (JEM2100F field emission 
transmission electron microscope (TEM), JEOL Ltd., Japan). Fourier 
transform infrared (FTIR) spectroscopy and FTIR650 Spectrometer with 
LA-025–1100 universal ATR unit (Labfreez Instruments (Hunan) Co., 
Ltd., Hunan, China). 

2.2. Catalyst activity testing 

The catalytic activities of the synthesized samples were carried out 
following a procedure described elsewhere [7]. In a typical test, a 
custom-built fixed-bed continuous flow reactor placed inside a tube 
furnace connected to an infrared gas analyzer (ACS- CO2 Infrared 
analyzer), a 20 mg of powdered metal loaded aerogel catalyst was 
placed in the middle of the quartz tube and sandwiched between two 
pieces of glass wool to form a cylindrical pallet. The catalyst tempera
ture was recorded using Omega K-type thermocouple inserted in the 
middle of the catalyst. A reactant gas mixture containing 3.50 wt% CO 
and 20.0 wt% O2 balanced with helium was flown through the catalyst 
bed at a 100 cm3/min flow rate. The CO oxidation reaction was per
formed by changing the catalyst mass, flow rate, heating rate, keeping 
the catalyst bed diameter and length at 10 mm and 2 mm, and fixed gas 
hourly space velocity (GHSV) of the feed gas mixture at 38,200 h− 1. 
Temperature and the concentration data were collected using the Na
tional Instruments data acquisition board and recorded using a 
custom-built LabVIEW data acquisition program. The gas flow rate was 
controlled by digital mass flow controllers. The flow rate of the mixture 
was maintained at 100 mL/ min while the catalyst was heated to 
different temperatures (35 ◦C–600 ◦C) and atmospheric pressure (1 atm) 
with a heating rate of 10 ◦C/min (Ignition or activation) until the CO 
conversion reached 100% conversion when the samples were left to cool 
naturally under a continuous flow of the gas mixture until the CO con
version reaches (0%) (extinction or relaxation). The samples were cal
cinated at 450 ◦C in air for 1 h before the catalytic activity test to reduce 
the metal precursor and remove moisture and adsorbed impurities. 
Ignition (light-off) and extinction (light-out) temperatures are the tem
peratures where the concentration of CO2 is 3% during heating and 
cooling cycles [28]. In the present study, we define the 
ignition-extinction hysteresis as (ΔT50= T50-h- T50-c); the difference be
tween the catalyst (reaction) temperature at which the CO conversion 
efficiency reaches 50% during ignition (T50-h) and the temperature at 
which the CO conversion efficiency reaches 50% during extinction 
(T50-c). 

3. Results and discussions 

BET surface area of Pd/a-SiO2 was ~x223C1114 m2/g, while the 
surface area of Pd/f-SiO2 was ~x223C287 m2/g. ICP-OES analysis of Pd/ 
a-SiO2 showed an average concentration of Pd ~x223C162 ppm (± 0.02 
ppm), approximately 6.0% of the catalyst mass. On the other hand, Pd/f- 
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SiO2 showed an average concentration of Pd ~x223C144 ppm (± 0.02 
ppm), approximately 5.3% of the catalyst mass. The crystal structure of 
both catalysts was identified in XRD spectra, Fig. S1. The samples consist 
of Pd, SiO2 phases with a small fraction of PdO noticeable only in Pd/a- 
SiO2 as observed from the diffraction line detected at 2θ = 44.5◦ from 
PdO (112) plane. 

3.1. Catalytic performance of Pd/a-SiO2 and Pd/f-SiO2 catalysts at 
different reaction conditions 

3.1.1. Effect of catalyst weight 
The ignition and extinction profiles of Pd/a-SiO2 (Fig. 1(a) and 

Table S1) vary significantly as the catalyst weight varies. It can be 
observed that 20 mg of catalysts showed the lowest Tig, highest catalytic 
activity, and widest hysteresis width (ΔT50). Increasing the catalyst 
weight increases the number of active sites, thus improving the catalytic 
CO conversion. Further increase in catalyst weight does not improve the 
conversion, as reported in other work [29]. These results could be 
attributed to the resistance to diffusion of reactant species in the catalyst 
when higher catalyst mass was used, inducing mass transfer limitations 
in the reaction zone where the competition between the reaction ki
netics and diffusion leads to a wider hysteresis curve. These are mainly 
caused by the heat generated from the exothermic reaction at the igni
tion zone, which heats the catalyst during the continuous reduction of 
the inlet gas temperature (below the ignition temperature) [30]. 

However, Pd/f-SiO2 catalyst (Fig. 1(b) and Table S1) show different 
behavior wherein the ignition and extinction profiles increase linearly as 
the catalyst weight increases. It can be observed that the catalyst weight 
of 30 mg showed the lowest Tig and highest catalytic activity. Similar 
results were obtained in previous reports suggesting that increasing 
catalyst weight increases the catalytic activity for CO oxidation due to 
the increase in the total surface area and the number of active sites on 
the catalyst surface that would lead to enhanced CO and O2 adsorption 
on the catalyst surface, followed by dissociation of O-O bonds to react 
with CO, finally forming CO2 molecules [31]. ΔT50 showed a similar 
trend for Pd/a-SiO2, where the conversion and hysteresis go through a 
maximum with increasing catalyst weight. ΔT50 at 20 mg catalyst 
showed the widest CO conversion hysteresis; This behavior is attributed 
to mass transfer limitations when using high catalyst weight, similar to 
the explanations above. 

3.1.2. Effect of ramp rate 
The catalytic activity, hysteresis, and ignition/extinction profile of 

Pd/a-SiO2 and Pd/f-SiO2 catalysts were compared at 5, 10, and 20 ◦C/ 
min, for a constant catalyst weight of 20 mg and 100 mL/min flow rate, 
as shown in Table S2 and Fig. 2(a) and (b). The heating rate significantly 
impacts the catalytic ignition/extinction profile of the Pd/a-SiO2 cata
lyst, with the ignition/extinction curve shifted to higher temperatures 
for higher heating rates. The sample heated at 10 ◦C/min yielded higher 
CO conversion at a lower Tig at ~x223C175 ◦C. All ramp rates showed 
normal hysteresis. Pd/f-SiO2 catalyst showed a different behavior, 
where the ramp rate has less effect on catalytic behavior. The sample 
heated at 5 ◦C/min yielded higher CO conversion at a lower ignition 
temperature of 184 ◦C, slightly lower than samples heated at 10 ◦C/min 
and 20 ◦C/min. All ramp rates showed normal hysteresis; however, the 
sample heated at 5 ◦C/min showed a narrower hysteresis width at 50% 
conversion. 

The behavior in Pd/a-SiO2 can be attributed to the low reaction rate 
at the temperature below the Tig, where the reaction is only kinetically 
controlled. The conversion is controlled by the internal diffusion and 
mass transfer limitation at a temperature higher than the Tig and lower 
than the 100% conversion. When the temperature is above T50, the re
action rate is high and controlled by external diffusion with no mass 
transfer limitation. As a result, a low ramp rate leads to a higher acti
vation energy. The kinetic and reaction rates are high in the higher ramp 
rate, leading to less collision, higher light-off temperature, and less 
conversion. In contrast, the case on the fumed silica is different because 
there is no internal diffusion and mass transfer limitation; the effect of 
ramping rate is negligible. 

These results agree well with previous reports [22,32]; thus, 
increasing the heating rate increases the thermal energy of gas mole
cules, enhancing the collision frequency where there is a sufficient 
molecule with energy higher than the activation energy, which results in 
faster kinetics and less diffusion. 

3.1.3. Effect of flow rate 
Table S3 summarizes the catalytic activities and the hysteresis width 

for both catalysts during the ignition and extinction for different flow 
rates in 20 mg catalyst at 10 ◦C /min ramp rate. CO conversion activity 
and the hysteresis width variation of both catalysts become more 
evident during the extinction curves. For Pd/a-SiO2 catalyst (Fig. 3(a)), 
Tig= 175 ◦C observed at 100 mL/min is the least compared to Tig at 50 
mL/min and 200 mL/min. However, T50-h is less at 200 mL/min. 

Fig. 1. Catalytic ignition and extinction profiles of Pd/a-SiO2 aerogel and Pd/f-SiO2 catalysts at different catalyst weights (mass); 10 mg (black), 20 mg (red), and 30 
mg (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Furthermore, hysteresis width ΔT50 was slightly increased by 10 ◦C 
when the flow rate was doubled. The results suggest that although Tig 
with 100 mL/min flow of gas is the lowest, the catalytic activities of Pd/ 
a-SiO2 do not appreciably depend upon flow rates of reactant gas. Fig. 3 
(b) shows the CO conversion hysteresis of Pd/f-SiO2, where 50 mL/min 
flow seems to be the most optimum, leading to the lowest Tig= 172 ◦C, 
T50-h, and T100. Increasing the flow rate reduced the overall activity and 
caused ignition temperatures to shift to higher temperatures due to 
reduced contact time and increased mass transport. At higher flow rates, 
CO conversion showed lower ignition and extinction temperatures at 
200 mL/min due to turbulence flow of gas mixture, which leads to better 
mixing and increases the contact time of reactants compared to the100 
mL/min laminar flow that leads to forming of a laminar film on the 
catalyst surface causing the lower catalytic activity. 

During the extinction, increasing the flow rate reduced the T50-c and 

increased ΔT50, which increased by ~x223C50 ◦C when the flow rate 
was doubled. Increasing flow rate has a more prominent effect on CO 
conversion hysteresis of Pd/f-SiO2 than Pd/a-SiO2, which shows that the 
changing of flow rate has less effect on the activity of porous catalysts. 
The widening of hysteresis for increasing flow rates of reactants could be 
attributed to the isothermal behavior of the catalysts and the external 
mass transport at higher temperatures. The results show that the 
changing of flow rate has less effect on the activity of porous catalysts. 

TEM, FTIR, XPS were used to explore the morphology of the two 
catalysts. TEM images of aerogel and fumed silica-containing Pd nano
particles (Fig. 4) show that the distribution of Pd nanoparticles and 
morphology are uniform in both samples. However, it can be observed in 
Fig. 4a that Pd/a-SiO2 is highly porous and showed finely dispersed 
small Pd particles with a size (~x223C2–5 nm) located inside the 
microporous framework of SiO2 aerogels with a few larger particles 

Fig. 2. Catalytic ignition and extinction profiles for a 20 mg catalyst and 100 mL/min flow rate of (a) Pd/a-SiO2 and (b) Pd/f-SiO2 catalysts as a function of ramp rate 
at 5◦C/min (black), 10 ◦C/min (red), and 20 ◦C/min (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 3. Catalytic ignition and extinction profiles of (a) Pd/a-SiO2 and (b) Pd/f-SiO2 at flow rates 50 ml/min (black), 100 ml/min (red), and 200 ml/min (blue). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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(~x223C15–35 nm) quite similar to reports in the literature [24,25]. 
This unique texture is advantageous to the sol-gel synthesis that results 
in a sinter-proof Pd particle. Pd/f-SiO2 samples are less porous, and the 
Pd nanoparticles are (~x223C5–16 nm) but poorly dispersed on the 
surface of fumed silica, as shown in Fig. 4b. Fourier transform diffraction 
spectra in the aerogel and fumed silica samples are shown in Fig. 1e and 
1f, respectively. 

FTIR spectra of samples (Fig. 5) show the presence of a considerable 
amount of silanol groups on the silica surface or the pores in the Pd/a- 
SiO2 sample indicated by the peak centered at 962.3 cm− 1 corresponds 
to the stretching vibration of silanol groups (Si-OH) in the silica lattice 
[33]. Pd/f-SiO2 catalysts revealed typical silica material peaks at 808 
cm− 1 (with ~x223C13.5 cm− 1 shift), 1076 cm− 1 (with ~x223C 23 cm− 1 

shift) corresponding to stretching vibrations of siloxane groups (Si–O–Si 
bonds). The shift of the Pd/f-SiO2 sample peaks to a higher wavenumber 
indicates the interaction between Pd and SiO2 that can affect the for
mation of the Si-O-Si network, as observed in Cu/SiO2 [34]. The absence 
of the peak centered at 962.3 cm− 1 indicates that the Pd/f-SiO2 sample 
contains no silanol groups (Si-OH). 

XPS analysis of Pd 3d was used to investigate the interaction between 
Pd and the underlying SiO2 in either sample. Fig. 6 shows Pd 3d of Pd/a- 
SiO2, Pd/f-SiO2 catalysts, and their deconvoluted peaks, as in Fig. 6a. 
Spectral fitting leads to two distinct peaks at binding energy (BE) of 
334.1 and 339.7 eV corresponding to metallic Pd in the form of Pd0, 
respectively. Two other peaks at BE of 336 eV and 341.2 eV correspond 
to form Pd2+. BEs of 334.1 and 341 eV correspond to metallic Pd in the 

Fig. 4. Transmission electron micrographs (TEM) of fresh Pd/a-SiO2 (a, c) and Pd/f-SiO2 (b, d) catalysts.  
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form of Pd0 and very small peaks of Pd2+. XPS data showed that all the 
peaks were shifted to slightly lower binding energies, suggesting a 
strong interaction between the silica support and palladium. This shift 
indicates an electron transfer from Pd to the silica support [26], thus 
indicating a strong metal-support interaction at the interface between 
Pd and Si [35]. These results conform to the XRD studies’ observations 
that Pd and PdO fraction are present in Pd/a-SiO2 while Pd in its 
oxidized form does not form in Pd/f-SiO2. 

3.2. Kinetics of CO oxidation over Pd/a-SiO2 and Pd/f-SiO2 catalysts 

The effect of residence time and space velocity on the apparent 
activation energy of CO oxidation reaction was investigated as a func
tion of the reactant’s flow rate. The space velocity corresponds to the 
reciprocal of the residence time (g s μmol− 1), defined as the ratio of the 
mass of catalyst (Wcat) to the molar flow rate of CO at the reactor inlet 
(FCO). Residence time provides valuable information about the catalytic 

Fig. 5. FTIR spectra of fresh Pd/a-SiO2 aerogel and Pd/f-SiO2 catalysts.  

Fig. 6. High-resolution Pd 3d XPS spectrum obtained for fresh (a) Pd/a-SiO2 and (b) Pd/f-SiO2 catalysts.  
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activity and activation energy (Ea) for CO oxidation over supported Pd catalysts and 

is expected to allow obtaining a limiting Ea, which is directly related to 
the adsorption potential of the active centers [36]. Several studies have 
reported the flow rate effect on the catalytic activity for oxidation re
actions and hysteresis [37,38]. Fig. S2 and Table S4 showed the CO 
conversion as a function of weight hourly space velocities (WHSV) over 
Pd/a-SiO2 and Pd/f-SiO2 catalysts under different flow rates. 

The CO conversion over 20 mg of Pd/a-SiO2 and Pd/f-SiO2 catalysts 
at different temperatures and flow rates (50, 100, 200, and 400 ml/min) 
was found by comparing the activation energy (Ea) and the space ve
locities over the two catalysts. 

CO oxidation experiments were performed under differential con
ditions to collect intrinsic kinetic data in the initial rates range. The 
reaction rates (-rCO) used to obtain the intrinsic activation energy of the 
Eley–Rideal mechanism of CO oxidation to CO2 from fractional CO 
conversion versus residence time (Wcat / FCO) data: 

(− rCO) =
XCO

Wcat/FCO
…………………. (1) 

The apparent activation energies of the catalysts were determined 
from the Arrhenius plots according to the following equation: 

Ea =
Ln (rCO)

1/T
……………………. (2) 

Where XCO is the fractional CO conversion, FCO is the CO flow rate in 
μmol s− 1, Wcat is the catalyst weight in g, and (-rCO) is the reaction rate in 
μmol g− 1s− 1. CO conversions were kept well below 15% in kinetic 
measurements performed under differential conditions and data ob
tained at different flow rates (50- 400 ml/min). 

The apparent activation energy is lower for Pd/a-SiO2, as shown in 
Fig. 7(a) and (b). Lower Ea may be attributed to the small particle size 
shown in the TEM analysis and the high dispersion of Pd in the Pd/a- 
SiO2 sample [39]. Furthermore, the calculated relative active sites from 
the pre-exponential factor in Arrhenius plots in both catalysts are higher 
in Pd/f-SiO2 (~x223C252) than Pd/a-SiO2 (~x223C153). 

The results agree with the previous experimental and theoretical 
analysis [2,40] that the lower inlet gas flow and the higher 
surface-to-volume ratio will cause the lower Ea. 

3.4. Catalyst stability 

3.4.1. Cyclic stability of the catalysts 
Preparation of the highly stable Pd/a-SiO2 and Pd/f-SiO2 catalysts 

with active sites’ regeneration ability under the same reaction condi
tions is crucial to maintain reliable run-to-run CO conversion. The cyclic 
stability test can emphasize the influence of reaction conditions on 
catalytic activity and stability. For this purpose, the catalyst recycles 
experiments for both catalysts were carried out for four subsequent runs, 
and the results are shown in Fig. 8. CO conversion was measured as a 
function of reaction temperature for four consecutive heating and 
cooling cycles under a continuous flow of CO/O2 mixture over the 
catalyst bed without removing the catalyst. After each run, the catalyst 
was recovered by cooling to room temperature for 1 h, and then the 
subsequent test was performed wherein even after four cycles of the 
catalyst usage, no decline of catalytic activity was observed. Fig. 8(a) 
and (b) show the ignition/ extinction conversion curve as function of 
time. The four cycles show similar results, which indicate that both 
catalysts are stable and active sites can be reproduced. 

3.4.2. Long-term catalyst stability 
The long-term catalytic activity of Pd/a-SiO2 and Pd/f-SiO2 catalysts 

with 5% Pd loading was performed under a continuous flow of gas under 
specific reaction conditions (3.5% CO, 20% O2, and 100 ml/min flow 
rate) until 100% CO conversion to CO2 was achieved, following which 
the catalysts were left to cool normally (after turning off the furnace) at 
150 ◦C.  The temperature was stabilized at 150 ◦C (by turning on the 
furnace) for 27 h. The results show that both catalysts are very stable for 
long-term usage. It can be concluded from Fig. 8(c) and (d) that both 
catalysts exhibited high catalytic activity without any decrease in CO 
conversion and exhibited catalytic stability during the entire 27 h sta
bility test. The catalyst maintains at full conversion without any deac
tivation during the whole 27 h reaction time on stream 

Evaluating the catalytic activity and investigating the hysteresis in 
humidity is important in any real-life application. The catalytic activity 
and the hysteresis behavior of both catalysts were investigated in dry 
conditions (RH =1%) and humid conditions; approximately (RH = 20%) 
relative humidity and shown in Fig. S3. 

4. Conclusions 

We compared the CO conversion efficiency and hysteresis behavior 

Fig. 7. Arrhenius plots for (a) Pd/a-SiO2 and (b) Pd/f-SiO2 catalysts.  
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over palladium catalysts supported on silica aerogel to commercial 
fumed silica with 5% Pd loading. The two catalysts exhibited high cat
alytic performance and stability under the same conditions. XPS surface 
analysis and XRD results and confirms the presence of Pd0. XPS also 
showed the presence of Pd2+ in Pd/a-SiO2 and mainly Pd0 and very 
small peaks of Pd2+in Pd/f-SiO2. All the peaks are slightly shifted to 
lower binding energies, suggesting a strong interaction between the 
silica support and Pd, where electrons transferred from Pd to the silica 
support indicating a strong metal-support interaction at the interface 
between Pd and Si, which can play a crucial role in the reaction 
dynamics. 

Moreover, reaction parameters were found to play an important role 
in the CO oxidation reaction. The two catalysts showed different be
haviors at different reaction parameters.  Pd/a-SiO2 catalyst was very 
sensitive to the catalyst weight, and the highest activity was achieved at 
20 mg optimal catalyst weight compared to Pd/f-SiO2, where the ac
tivity increased linearly with catalyst weight; the highest activity was 
achieved at 30 mg. CO conversion efficiency was better on Pd/a-SiO2 at 
low flow rates (Laminar flow dominant), a 99.5% conversion was 
reached at an optimal flow rate of 100 cm3/min, while Pd/f-SiO2 
showed better conversion at high flow rates (turbulence flow).  Relative 
active sites were calculated from the pre-exponential factor in Arrhenius 
plots to support these results. Pd/a-SiO2 has relative active sites 
~x223C153, the apparent activation energy ~x223C88 kJ/mole, Pd/f- 

SiO2 has ~x223C252, and the apparent activation energy ~x223C96 
kJ/mole. Ignition-extinction hysteresis behavior was similar for both 
catalysts, where the hysteresis width shows sensitivity to catalyst weight 
and reached the largest width for 20 mg of catalyst, while it increases 
linearly with the ramp rate and flow rate. The maximum hysteresis 
width was obtained at 10 ◦C/min and 200 mL/min. 

This study demonstrates that both catalysts have high catalytic ac
tivities and can be tuned by varying the surface, morphology, and re
action parameters and exhibit ignition-extinction conversion hysteresis 
and excellent catalytic stability CO oxidation reaction. The catalyst’s 
surface, morphology, and porosity can influence the diffusion of re
actants through the catalyst, the mass transfer, and active site accessi
bility. This study suggests that hysteresis is sensitive to thermal effects 
and mass transfer. Cyclic CO conversion and long-term stability tests 
confirm that both catalysts are recyclable and highly stable with the 
active sites’ regeneration ability and maintain a full CO conversion 
without a decline in catalytic performance during the whole 27 h re
action time on stream. 
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