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Abstract 16 

Titanium dioxide-supported platinum (Pt@TiO2) is regarded as a highly efficient catalyst to degrade various 17 

volatile organic compounds (VOCs). To learn more about the hybrid adsorption/catalysis process of 18 

Pt@TiO2, the adsorption behavior of FA onto Pt@TiO2 was studied both as single and as multicomponent 19 

phases (FA plus four aromatic compounds of benzene, toluene, m-xylene, and styrene (BTXS) through the 20 

control of key process variables (e.g., VOCs concentration, relative humidity (RH) levels, and dosage). 21 

Moreover, the adsorption performance of Pt@TiO2 against FA was evaluated in terms of key performance 22 

metrics such as breakthrough volume (BTV), partition coefficient (PC), and adsorption capacity (Q). The 23 

doping of TiO2 with Pt metal ions was demonstrated as an efficient option to enhance the FA adsorption 24 

capacity (e.g., by 50% higher than pristine TiO2) with increased OH (OII) surface active sites and surface 25 

porosity. However, the co-presence of BTXS and water vapor greatly reduced its adsorption affinity for FA 26 

vapor (e.g., by 2 to 3 folds of magnitude) due to their competitive inhibition on the adsorption interaction. 27 

According to the kinetic and isotherms analysis, a complex, multilayered physicochemical process appears 28 
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to govern the overall adsorption of FA molecules onto Pt@TiO2 surface. Overall, the outcomes of this work 29 

are helpful to verify the enhanced removal potential of Pt@TiO2 against FA through sequential adsorption 30 

and catalytic reaction mechanisms. 31 
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 69 
Abbreviations 70 
B Benzene 
BTV Breakthrough volume 
BT Breakthrough 
BET Brunauer-Emmet-Teller 
BJH Barrett - Joyner - Halenda 
BE Binding energies 
CE Ethylenediamine functionalized covalent organic polymers 
DI Deionized 
EDS Energy dispersive spectrometry 
FA Formaldehyde 
FESEM Field-emission scanning electron microscope 
GPS Gaseous primary standard 
GWS Gaseous working standards 
GC-FID Gas chromatography-flame ionization detector 
ICP-OES Inductively coupled plasma optical emission spectrometry 
IPD Intraparticle diffusion 
LVI Large volume injection 
MDL Method detection limit 
MOF Metal organic framework 
OV Oxygen vacancies 
Pt@TiO2 Titanium dioxide-supported platinum 
PXRD Powder X-ray diffractometer 
PEA Polyester aluminum 
PFO Pseudo-first-order 
PSO Pseudo-second-order 
PC Partition coefficient 
PPCPs Pharmaceuticals and personal care products 
Q Adsorption capacity 
RH Relative humidity 
RSE Relative standard error 
S Styrene 
T Toluene 
VOCs Volatile organic compounds 
X M-xylene 
XPS X-ray photoelectron spectroscopy 
χ2 Chi-squared value 
R2 Correlation coefficient of determination 

 71 
 72 
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1. Introduction 73 

Air pollution control, especially the emission of volatile organic compounds (VOCs), has attracted great 74 

attention in recent years with the growing recognition of their detrimental effects on climate (e.g., key 75 

precursors of ozone formation) and human health (Bai et al., 2023; Liu et al., 2023). Among the many 76 

VOCs, formaldehyde (FA) is identified as one of the most hazardous VOCs with high toxicity (gene 77 

mutation) upon direct contact with skin (i.e., allergic dermatitis, spots, and necrosis) (Lou et al., 2022) or if 78 

exposed for long durations (Bellat et al., 2015; Zhang, 2018). Various sources contribute to the emission of 79 

FA in indoor air such as anthropogenic activities (e.g., cooking or smoking) and building and furnishing 80 

materials (e.g., glue, varnishes, plastic castings, rubber, and wooden furniture) (Salthammer et al., 2010). 81 

As people spend more of their time indoors, proper control of FA levels in indoor air is necessary to avoid 82 

adverse effects on human health. 83 

To date, various methods have been developed and introduced to remove VOCs from indoor air such 84 

as thermal catalysis (Zhang et al., 2017), photocatalysis (Na et al., 2019; Liu et al., 2022a), spray tower-85 

photocatalysis technique (Chen et al., 2017b), biological/botanical filtration (Wang et al., 2014), and 86 

adsorption (Robert and Nallathambi, 2021). Among these methods, adsorption is a cost-effective method 87 

for the removal of toxic VOCs form air due to its multiple advantages (e.g., facile operation, low energy 88 

consumption, good regeneration/reuse cycle feasibility, and high adaptability) (Dutta et al., 2019; González 89 

et al., 2019; Khan et al., 2019; Vikrant et al., 2020a). However, a plethora of VOCs (such as aromatic 90 

hydrocarbons (e.g., BTXS) and aldehydes (FA)) exist together in the indoor air environment in residential 91 

complexes and offices (Guo et al., 2004; Gallego et al., 2009). Hence, it is highly desirable to develop 92 

advanced adsorbent materials that can treat VOCs with diverse properties for proper control of air quality.  93 

Recently, numerous types of advanced adsorbent materials (such as biochar, activated carbon, and metal 94 
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oxides) have been developed for the removal of environmental pollutants (e.g., pharmaceuticals, heavy 95 

metals,and VOCs) (Wang et al., 2020; Xiang et al., 2020; Zhu et al., 2022). The utility of various metal 96 

oxides (e.g., TiO2, Fe2O3, Al2O3, MnO2, ZnO, and ZrO2) has been recognized due to their great capturing 97 

potential of VOCs (e.g., high thermo-chemical stability and abundant surface-active sites for 98 

adsorption)(Batault et al., 2015; Wang et al., 2020). Among them, titanium dioxide (TiO2)-based materials 99 

(e.g., TiO2/graphene, TiO2/SiO2, Cu/TiO2 and TiO2 hollow sphere) have been used broadly for the catalytic 100 

oxidation of environmental pollutants (e.g., VOCs and CO) due to their high photoactivity, chemical 101 

stability, and redox potential (Chen et al., 2011; Chen et al., 2013; Dong et al., 2015; Chen et al., 2021; 102 

Khan et al., 2021). For instance, the Cu/TiO2 showcased good CO catalytic oxidation ability with the aid 103 

of its high dispersion of Cu species, large surface area, and abundant active sites (Khan et al., 2021). 104 

However, the indigent adsorption capacity of TiO2 for polar and nonpolar VOCs was one of the main 105 

reasons for its lower catalytic performance in both laboratory and industry (Shayegan et al., 2018a). It 106 

should be noted that the adsorption process is an essential step in the activation of VOC molecules on the 107 

surface active sites, as photogenerated radicals could oxidize only surface-bound molecules during the 108 

heterogeneous catalytic reaction. Therefore, various modification strategies were pursued to enhance the 109 

adsorption of VOCs on the surface of TiO2 to promote its adsorption/catalytic performance (Shayegan et 110 

al., 2018a). In this respect, doping TiO2 with Pt nanoparticles (Pt@TiO2) is a highly effective modification 111 

strategy to accelerate the catalytic oxidation of VOCs (e.g., benzene, cyclohexane, and m-xylene). As such, 112 

the high catalytic reactivity of Pt active sites provide an electron reservoir to accelerate the catalytic reaction 113 

with adsorbed molecules (Korologos et al., 2012; Murcia et al., 2013; Shayegan et al., 2018b). In another 114 

study, doping Pt catalyst on the TiO2 support was also reported to generate surface defects and oxygen 115 

vacancies (OV) (Xiao et al., 2020). Such defects of TiO2 could cause strong electronic modification of the 116 
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Pt catalyst, leading to an increase in its adsorption strength against VOCs (e.g., CO) (Xiao et al., 2020).  117 

Due to heterogeneous catalytic reactions, the face defects and OV sites of catalysts help promote 118 

photo/thermal catalytic reactivity for various target species (Xiao et al., 2020; Khan et al., 2023). It is also 119 

well known that the role of adsorption is particularly critical in the advanced heterogeneous oxidation 120 

process for VOC treatment (Batault et al., 2015; Thevenet et al., 2015). To date, Pt@TiO2 has been 121 

employed broadly for catalytic degradation of VOCs (e.g., BTX) at room temperature (Liu et al., 2022b; 122 

Zhang et al., 2022a; Zhang et al., 2022b). However, relatively little is known about its adsorption behavior 123 

while being commonly employed for the sequential adsorption and catalytic treatment of air streams laden 124 

with polar and non-polar VOC pollutants. Accordingly, it would be of significant interest to study the effects 125 

of metallic Pt active sites doped onto TiO2 surfaces with respect to their adsorption capacities against 126 

different types of target gas compositions such as FA only (as aldehyde VOCs) and their mixture with other 127 

common VOCs (i.e., in the presence of non-polar aromatic VOCs like BTXS).  128 

In this study, the adsorption of Pt@TiO2 (relative to pure TiO2) was investigated towards the dynamic 129 

removal of FA vapor under controlled process variables (e.g., adsorbent mass, inlet vapor concentration, 130 

and relative humidity (RH) levels). To simulate the complex composition of VOCs (e.g., mixture) under 131 

real-world conditions, the competitive adsorption breakthrough (BT) profile of VOCs onto Pt@TiO2 was 132 

studied by comparing (i) a gas stream laden with FA (as model target VOC pollutants) only and (ii) a multi-133 

component system of FA plus BTXS. Various kinetic (e.g., pseudo-first-order, pseudo-second-order, and 134 

intraparticle diffusion models) and isotherm models (e.g., Freundlich, Temkin, and Langmuir models) were 135 

also used account for the BT adsorption data and the associated adsorption mechanism of target VOCs on 136 

the Pt@TiO2 adsorbent. Furthermore, the adsorption performances of Pt@TiO2 were assessed and 137 

compared with pure TiO2 in terms of the key performance metrics (e.g., PC, BTV, and adsorption capacity 138 
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(Q)). As such, this study is expected to offer valuable insights into the basic removal mechanism of 139 

Pt@TiO2 in the sequential adsorption and catalysis reactions of FA between single and multicomponent 140 

VOC systems.  141 

 142 

2. Materials and methods 143 

2.1 Materials and chemicals 144 

All chemicals (such as chloroplatinic acid hexahydrate (H2PtCl6·6H2O; ≥37.5% Pt basis), 145 

paraformaldehyde (pFA (HO(CH2O)nH); 95%), TiO2 (P25) nanopowder (~21 nm, ≥99.5% trace metal 146 

basis)) and liquid analytical reagents (e.g., benzene (B), toluene (T), m-xylene (X), and styrene (S)) were 147 

purchased from Sigma-Aldrich (USA). Nitrogen (N2; 99.999%) cylinders were procured from Union Gas 148 

Co., Ltd. (Yong-in, Republic of Korea). All synthesis experiments related to material preparation were 149 

carried out in deionized (DI) water. 150 

 151 

2.2 Preparation of Pt@TiO2  152 

The Pt@TiO2 was prepared by a facile wet impregnation method (Kim et al., 2021a). In this procedure, 153 

TiO2 nanopowder (500 mg) was suspended in an aqueous platinum (Pt, 1% wt./wt.) solution (19 mg of 154 

H2PtCl6·6H2O in 100 mL DI) under continuous stirring for 24 h at room temperature. The obtained 155 

suspension was left for evaporation and drying at 100°C for 12 h. Then, Pt@TiO2 adsorbent (Pt = 1%wt./wt.) 156 

was finally obtained via annealing the above dried powder at 450°C for 3 h under ambient air in a muffle 157 

furnace. Pure TiO2 (as a pristine adsorbent) was thermally treated in the same way to assess the role of 158 

doped platinum in the adsorption of VOCs.  159 

 160 
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2.3 Characterization  161 

A powder X-ray diffractometer (PXRD) (MiniFlex600, Rigaku co., Japan) was employed to analyze 162 

the crystal phase of the as-prepared materials. Surface morphology and elemental composition of Pt@TiO2 163 

were evaluated using the field-emission scanning electron microscope coupled with energy dispersive 164 

spectrometry (FESEM-EDS: Nova Nano SEM 450; FEI Co., USA), X-ray photoelectron spectroscopy 165 

(XPS: K-alpha TM system, ThermoFisher Scientific Co., USA), and inductively coupled plasma optical 166 

emission spectrometry (ICP-OES: SPECTRO ARCOS, SPECTRO Analytical Instruments Co., 167 

Germany).The textural features (i.e., surface area, pore volume, and surface pore size) were measured by 168 

recording N2 adsorption-desorption isotherms at 77K (3Flex, Micromeritics Instruments Co., USA), 169 

following Brunauer-Emmet-Teller (BET) and Barrett - Joyner - Halenda (BJH ) methods.  170 

 171 

2.4 Adsorption experimental procedures 172 

2.4.1. Preparation of single and multicomponent VOCs gaseous working standards 173 

A fresh gaseous primary standard (GPS) of FA was prepared by the thermal cracking paraformaldehyde 174 

at 130℃ in the presence of N2 (99.99%) flow as an inert gas carrier by following the procedure of our 175 

previous study (Vikrant et al., 2023) . The individual GPS of B, T, X, or S (each ~1000 ppm = 100 Pa) were 176 

prepared by injecting a certain volume of their liquid reagents into a separate 10 L polyester aluminum 177 

(PEA) (Top trading Eng., Korea) bag with N2 gas (99.99%) and then kept further at ambient conditions for 178 

24 h to achieve diffusion equilibrium. The pre-prepared GPS of B, T, X, S, and FA were used to prepare a 179 

single and multicomponent gaseous working standards (GWS; 50 L PEA bags) of B, T, X, and S (BTXS: 180 

at 0.5, 1, 5, 10, and 14 ppm each) with FA at different concentration levels (e.g., 25,50, 250, 500, and 700 181 

ppm). The dry GWS samples (at RH= 0%) were prepared by diluting the respective GPS to the desired 182 
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concentration with N2 gas. To assess the humidity effect, the humidified GWS samples (e.g., at RH = 20, 183 

50, 80, and 100%) were obtained through injecting 230, 575, 920, and 1150 μL of DI water into the 184 

corresponding PEA bags (50 L) filled with the gaseous VOCs (single or mixed) at a pre-determined 185 

concentration level. The humidified PEA bags containing target VOCs were then stored overnight under 186 

ambient conditions to ensure the complete volatilization/vaporization and equilibration of humidified 187 

components before the adsorption experiments (Liu et al., 2021b). 188 

 189 

2.4.2. Adsorption study 190 

For the adsorption study, packed-bed adsorbent tubes were prepared by packing Pt@TiO2 (10, 20, and 191 

40 mg) into quartz tubes (90 mm length ´ 4 mm inner diameter ´ 1 mm thickness) containing quartz wools 192 

(5 mg) at both ends to secure the adsorbent. The prepared packed-bed adsorbent tubes were thermally 193 

conditioned (CT2000 Tube Cleaner) at 150°C for 2 h under N2 (99.999%) flow (200 mL min-1) to remove 194 

possibly adsorbed moisture and atmospheric gases on the adsorbent surface. For the adsorption study, a 195 

packed-bed adsorbent tube covered by aluminum foil was placed in between the GWS bags and a large 196 

volume injection (LVI: 315 mL min-1), which was attached to an online gas chromatography-flame 197 

ionization detector (GC-FID; Shimadzu Model GC-2010, Japan), as shown in Fig. 1. During the 198 

experiments, the LVI system pulls the VOCs gaseous streams (single or mixed) from the dry and humidified 199 

GWS bags through the adsorbent material, while the effluent gas (treated stream) was simultaneously 200 

analyzed using the GC-FID system. The detailed operations and parameters used for VOC analysis using 201 

the LVI-GC-FID system are listed in Table S1. 202 

2.4.3 Regeneration/ reusability study 203 

The ability of Pt@TiO2 adsorbent to be regenerated and reused for adsorption removal of VOCs 204 
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multiple cycles is important from a practical perspective. Accordingly, the spent Pt@TiO2 adsorbent 205 

collected after the VOCs adsorption process was subjected to thermal regeneration at 150℃ for 2 h under 206 

N2 gas flow (200 mL/min). The regenerated Pt@TiO2 (20 mg) was tested again to remove 50 ppm FA vapor 207 

in single and multicomponent VOC-laden (e.g., in the presence of diluted BTXS vapors, at 1 ppm each) 208 

dry gas (i.e., at 0% RH level). 209 

 210 

2.5 Data analysis 211 

In this work, the basic quality assurance and quality control parameters (e.g., method detection limit 212 

(MDL) and relative standard error (RSE)) for the GC-FID system were determined based on the fixed 213 

standard volume method (Ha et al., 2021; Liu et al., 2021a). Using the data obtained from seven consecutive 214 

runs, the MDL values for B, T, X, S, and FA by the GC-FID analysis were 0.01, 0.04, 0.03, 0.03, and 1.76 215 

ng, respectively. Similarly, based on three experiment runs, their RSE values were 0.25, 0.12, 0.48, 0.20, 216 

and 0.50%, respectively. 217 

Several adsorption performance metrics were also computed to evaluate the affinity of Pt@TiO2 for VOC 218 

removal, including breakthrough (BT: Cout/Cin , Eq. 1) ratio, BT volume (BTV: L atm g-1, Eq. 2), adsorption 219 

capacity (Q: mg/g, Eq. 3), and partition coefficient (PC: mol kg-1Pa-1, Eq. 4) (Vikrant et al., 2020c; Wang 220 

et al., 2023). 221  = [(    )(   )]/                  (1) 222   = � ∆                                                             (2) 223 

where   and   are the outlet and inlet concentrations of target VOCs.  /  is obtained by 224 

considering the average value of the outlet concentrations of target VOCs for the n-1 run and n run and 225 

further normalized by the inlet concentration. � ∆ stands for the loaded G-WS volume (L) during the 226 
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adsorption process. 227  = � ∆                                                              (3) 228 

Based on the determined Q values, the PC metric was calculated as follows:  229  = ∗                                                           (4) 230 

Where  (g) stands for the adsorbent mass, while � ∆  represents the total mass of adsorbed VOCs 231 

(mg) vapor during adsorption.   is the outlet partial pressure (Pa).  is molecular weight (g/mol) of 232 

target VOCs.  233 

Pseudo-first-order (PFO, Eq. 5), pseudo-second-order (PSO, Eq. 6), and intraparticle diffusion (IPD, 234 

Eq. 7) models (Liu et al., 2021a; Wang et al., 2022) were utilized to study the rate-controlling adsorption 235 

mechanism for Pt@TiO2 against FA in single and multicomponent VOCs systems.  236 

 = (1 − )   (5) 237 

 =         (6) 238 

 = . +                         (7) 239 

Here, the qe (mg g-1) and qt (mg g-1) represent the equilibrium adsorption capacities at equilibrium (BT=100%) 240 

and varying BT time (t, min), respectively. The k1 (min-1) is the for PFO models. k2 (g mg-1 min-1) is the kinetic 241 

rate constants for PSO models. In the IPD model, ki (mg g-1 min -0.5) and C, stand for the diffusion rate constant 242 

and boundary layer thickness, respectively. 243 

To investigate the adsorption mechanism of Pt@TiO2 against FA between single and mixed phases, 244 

the adsorption isotherm of FA was analyzed by non-linear expressions of Freundlich (Eq. 8), Temkin (Eq. 245 

9), and Langmuir (Eq. 10) isotherm models(Wang et al., 2018; Tran et al., 2022) . 246  = /       (8) 247  =  ( ∗ )    (9) 248 
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 =      (10) 249 

 250 

where qe (mg g-1) and P (Pa) are the equilibrium adsorption capacity and the partial pressure of target VOC 251 

vapor, respectively. KF (mg g-1 Pg -(1/n)) and n are the Freundlich constants related to the adsorption intensity 252 

and surface heterogeneity, respectively, depending on the nature of the adsorbent at a given temperature. The 253 

B and A Temkin isotherm constants represent the adsorption heat (J mol-1) and maximum binding energy (L 254 

g-1) of target VOCs on the surface of Pt@TiO2, respectively. For the Langmuir model, the qm (mg g-1) 255 

represents the maximum theoretical adsorption capacity with monolayer coverage, while KL (Pa-1) indicates 256 

the extent of interactions between VOC adsorbates and the Pt@TiO2 surface.  257 

The fitting adequacy of isotherm and kinetic models to the obtained adsorption capacity data of FA over 258 

Pt@TiO2 adsorbent was evaluated based on the error analysis between the experimental and theoretical data 259 

obtained from the applied models using the reduced chi-squared value (χ2,  Eq. 11) and the correlation 260 

coefficient of determination (R2, Eq. 12) formula (Aykın-Dinçer and Erbaş, 2018).  261  = �()                                                          (11) 262  = 1 −                                                            (12) 263  = �( −  )                                               (13) 264  = �( −  )                                              (14) 265 

where n is the number of observations, and z is the number of constants in the model. For the R2 determination, 266 

the SSres and SStot represent the residual sum of square errors (Eq. 13) and the total sum of square errors (Eq. 267 

14) between experimental and theoretical adsorption capacities, respectively. The Qexp, Qcalc, and Qmean (mg 268 

g-1) are the experimental, theoretical, and mean experimental adsorption capacities, respectively. 269 

 270 
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3. Results and discussion 271 

3.1 Physicochemical characteristics of Pt@TiO2 adsorbent 272 

The PXRD data obtained from Pt@TiO2 and pristine TiO2 (P25) are shown in Fig. 2(a). As can be 273 

seen, the PXRD pattern of Pt@TiO2 was similar to that of TiO2 (P25), with major characteristic peaks at 274 

2ϴ= 25.4°, 38.1°, 48.3°, 54.2°, 55.2°, 62.9°, 69.1°, 70.5°, and 75.3°. These diffraction peaks correspond to 275 

the (101), (004), (200), (105), (211), (204), (116), (220), and (215) lattice planes of TiO2 anatase phase 276 

(JCPDS Card No. 21-1272), respectively (Lee et al., 2021). Note that the Pt@TiO2 showed no characteristic 277 

diffraction peaks for doped Pt active sites (e.g., 39.2° (111) and 45.7° (200)) due to the low concentration 278 

(1%wt./wt.) and uniform dispersion of Pt species on the surface of TiO2 particles, as verified by the FE-279 

SEM (Fig. S1) (Guo et al., 2019). The FE-SEM analysis with the corresponding EDS mapping images (Fig. 280 

S1 a-f) for Pt@TiO2 (in reference to pristine TiO2) revealed that the Pt species were deposited uniformly 281 

throughout the TiO2 surface without altering its spherical morphology (Chen et al., 2007).  282 

Debye-Scherrer formula (  = 0.9/  )  was used to determine the alteration in the 283 

crystallite size of TiO2 after Pt impregnation (Pt@TiO2 ), where Dhkl is crystallite size in the direction 284 

perpendicular to the lattice planes, λ (= 1.54 Å) is the wavelength of the X-ray source used, Bhkl  is the full 285 

width at half maximum of the diffraction peak at the (101) lattice plane, and θ is diffraction angle 286 

(Holzwarth and Gibson, 2011). From the PXRD pattern (Fig. 2a), the crystallite sizes of pure TiO2 and 287 

Pt@TiO2 were estimated to be 22.4 and 20.0 nm, respectively. Such a slight decrease in the crystallite size 288 

of Pt@TiO2 implies a decrease in the anatase phase crystallinity after Pt doping to reflect the stress 289 

generated in the TiO2 lattice as a result of the discrepancy between Ti and Pt ionic radii (Ti4+
ionic radius = 0. 290 

61 Å, Pt2+
ionic radius = 0.80 Å, and Pt4+ 

ionic radius = 0.65 Å) (Ahrens, 1952; Li and Li, 2002; Aboud et al., 2019). 291 

From the ICP-OES analysis, the Pt content (wt.%) in Pt@TiO2 was 1.21%, which agrees with the theoretical 292 
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prediction of 1%. These above findings confirm the successful formation of Pt @TiO2.  293 

The effect of Pt loading on the texture properties of TiO2 was investigated based on the N2 adsorption-294 

desorption isotherm (Fig. 2b). Accordingly, both TiO2 and Pt@TiO2 exhibited a typical type-IV isotherm 295 

with a H3 type hysteresis loop (Fig. 2b), which might be ascribable to their mesoporous structure with a 296 

complex pore network because of the aggregation of the nanoparticles (Pierotti and Rouquerol, 1985; 297 

Giannakoudakis et al., 2020). As shown in Fig. 2c, similar pore size distribution curvatures, ranging from 298 

around 9 to 40 Å, were observed for both TiO2 and Pt@TiO2. However, the pristine P25 (TiO2) has a slightly 299 

lower BET surface area and pore volume (40 m2 g-1 and 0.05 cm3 g-1) than that of Pt@TiO2 (43 m2 g-1 and 300 

0.07 cm3 g-1). This might be attributed to the formation of complex pore network caused by the synergistic 301 

role of doped Pt species and reallocation (and/or rearrangement) of the nanoparticles after thermal 302 

calcination at high temperature (Giannakoudakis et al., 2020).  303 

The XPS analysis was also carried out to study the chemical and electronic state of elements on the 304 

surface of Pt@TiO2 relative to pure TiO2 (Fig. 3). As shown in Fig. 3 (b- e), there was no change or track 305 

shift in the binding energies (BE) of Ti 2p and O1s core-level spectra for TiO2 after the Pt impregnation. 306 

The core level of Ti 2p (Fig. 3b and d) in pure and Pt-doped TiO2 showed the same spin-orbit doublet peaks 307 

for Ti4+ species at BE values of 459.3 eV (Ti 2p3/2) and 465.1 eV (Ti 2p1/2), indicating that Pt loading does 308 

not influence the chemical state of Ti in the TiO2 crystal (Zhang et al., 2022a). The core level of O1s in both 309 

pure TiO2 and Pt@TiO2 (Fig. 3c and e) also revealed the existence of two types of oxygen species including 310 

lattice oxygen (OI: 530.5 eV) and surface hydroxyls (-OH (OII): BEs of 531.6 and 531.7 eV in TiO2 and 311 

Pt@TiO2, respectively) (Lee et al., 2019; Zhang et al., 2022a). Additionally, the increase in the content of 312 

OH (OII) species (e.g., from 35.8% (pristine P25) to 43.4% in the Pt-doped TiO2) supports the possibility 313 

that the impregnation of Pt species might change the electronic environment for surface hydroxyl groups.  314 
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Similar phenomena were also observed after introducing other metallic components (e.g., Ag and Er) 315 

into the TiO2 crystal lattice (Chen et al., 2017a; Rao et al., 2019). From Fig. 3(f), the deconvoluted spectrum 316 

of Pt 4f in Pt@TiO2 reflects the existence of Pt0 (metallic Pt), Pt2+, and Pt4+ (Kim et al., 2016; Zhang et al., 317 

2022a). Among these, the metallic Pt (39.5% Pt0) and cationic Pt2+ (44.6%) species are the major forms in 318 

Pt@TiO2, while the existence of Pt4+ was minor (around 15.6%). From Fig. 3(f), the metallic Pt0
 peaks were 319 

observed at BEs of 72.6 and 75.0 eV, which were assigned to Pt0+ 4f7/2 and 4f5/2, respectively(Lee et al., 320 

2021). Similarly, the deconvoluted peaks at about 74.3 and 75.9 eV implied the presence of Pt2+ species 321 

( Pt-O), while that observed at 78.2 eV was attributed to the Pt4+ species (O-Pt-O (PtO2)) in the prepared 322 

Pt@TiO2 composite (Zhang et al., 2022a). These results consistently confirmed the successful doping of Pt 323 

active sites on the TiO2 crystal surface. 324 

 325 

3.2 Adsorption study of VOCs onto TiO2 and Pt@TiO2 326 

As a simple means to assess the synergistic role of Pt impregnation in the adsorption of aldehyde and 327 

aromatic VOCs, the BT adsorption profiles established for the removal of multi-component VOCs system 328 

(FA (50 ppm) and BTXS (1 ppm each) at RH level= 0%) were compared between pristine TiO2 and 329 

Pt@TiO2 (20 mg mass) (Fig. 4). Accordingly, all of them showcased a higher affinity for FA uptake as 330 

compared to non-polar targets (B, T, X, S), with the roll-up effect in the BT profiles of BTX components 331 

(i.e., Cout/Cin>1). The roll-up phenomenon is caused by the partial displacement of adsorbed BTX molecules 332 

(i.e., weaker adsorbates) from the TiO2 or Pt@TiO2 surfaces by polar FA molecules (i.e., a stronger 333 

adsorbate) as a result of competitive adsorption effects in the multi-component gas stream (Samaddar et al., 334 

2019). 335 

In general, the maximum obtainable performance for a tested adsorbent is achieved at the saturation 336 
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status (100% BT level (BTV100)). However, 10% BT values (BTV10) also have been recommended as a 337 

proper metric for evaluating adsorbent performance and service lifetime (Liu et al., 2021a; Liu et al., 2021b). 338 

Table 1 summarizes the adsorption performance of Pt@TiO2 adsorbent (relative to pure TiO2 adsorbent) 339 

for the selective uptake of FA (50 ppm) from a multi-component VOCs gaseous stream containing BTXS 340 

vapor mixture (1 ppm each). Note that because of very rapid adsorption of benzene and toluene in the very 341 

initial stage of a run, their adsorption affinity at the 10% BTV level could not be determined from a Pt@TiO2 342 

(and TiO2) packed bed. The BT adsorption times to achieve 100% BT for benzene/toluene were 0.6±0.2 343 

min (Pt@TiO2) and 0.4±0.2 min (TiO2) (Fig. 4). At a 100% BT level, the equilibrium capacity of BTXS 344 

and FA molecules over TiO2 adsorbent bed was significantly improved by 0.5 to 2.6-fold after impregnation 345 

with Pt species. The BTV100 values increased from 5.84 to 11.13 L atm g-1 (for B), from 11.73 to 31.27 L 346 

atm g-1 (for T), from 18.44 to 67.43 L atm g-1 (for X), from 809.41 to 1290.09 L atm g-1 (for S), and from 347 

818.85 to 1381.15 L atm g-1 (for FA) after the impregnation of TiO2 with Pt species. These data revealed 348 

that Pt@TiO2 should possess a higher adsorption affinity for polar FA molecules, followed by S > X > T > 349 

B targets. The same ranking was also observed in the BTV10, PC value, and adsorption capacities (Table 350 

1). Such above findings revealed that Pt impregnation on the TiO2 surface enhances the adsorption affinity 351 

towards VOCs capture, specifically polar FA molecules. 352 

The higher affinity for FA adsorption could be ascribed to the formation of hydrogen bonding as a 353 

result of interactions between the FA aldehyde group (H-CHO) and the surface hydroxyl group of TiO2 or 354 

Pt@TiO2 (Ao et al., 2004; Nie et al., 2013). On this basis, the improved capacity of Pt@TiO2 for FA 355 

adsorption could be accounted for by the increased fraction (43.4%) of OH (OII) species in Pt@TiO2 than 356 

that of pure TiO2 (35.8%), as is evident from XPS analysis. As the van der Waal force could act as the rate-357 

limiting adsorption mechanism for BTXS on the Pt@TiO2 surface, it was noted that the van der Waal 358 
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interaction force is directly proportional to the number of carbon atoms in the aliphatic/aromatic 359 

hydrocarbons (Allinger and Lii, 1987; Samaddar et al., 2019). In this case, VOCs with the lower volatility 360 

(higher boiling points: e.g., m-xylene and styrene) should exhibit stronger adsorption on the Pt@TiO2 361 

surface relative to lighter (benzene and toluene) aromatic ones (Samaddar et al., 2019; Vikrant et al., 2020a). 362 

Furthermore, styrene (boiling point: 145℃) showed more competitive adsorption onto a Pt@TiO2 surface 363 

as compared to that of m-xylene (boiling point: 139℃) (Fig. 4). The excellent performance of Pt@TiO2 364 

towards all VOCs adsorption (e.g., relative to the pristine TiO2) could be ascribed to its higher surface area 365 

and pore volume than pure TiO2. The increased BET surface area and surface porosity accelerated the 366 

adsorption diffusion mechanism and raised the number of free available sorption sites available for 367 

interactions with VOC molecules (Tran et al., 2022). In the recognition of the high affinity of Pt@TiO2 368 

towards FA from a multiple VOC mixture (e.g., compared with pure TiO2), the selectivity of Pt@TiO2 was 369 

explored mainly towards FA uptake (from single and multi-component VOCs mixtures) in the next stage 370 

under varying operating conditions. 371 

 372 

3.3. Effect of operating variables on FA adsorption by Pt@TiO2 adsorbent  373 

3.3.1 Fixed-bed mass 374 

The effect of Pt@TiO2 bed mass on the BT adsorption profiles of FA molecules from the single (FA: 375 

50 ppm) and multicomponent (FA: 50ppm + BTXS each: 1ppm) gas phases was evaluated at RH = 0%, as 376 

seen in Fig. S2. The corresponding performance data are presented in Tables 2-3 and Table S2. Since the 377 

initial BT point of BTXS components over Pt@TiO2 adsorbent was higher than 10%, the adsorption 378 

performance metrics of Pt@TiO2 for FA and BTXS at varying mass loads were calculated and compared at 379 

100% BT (equilibrium/saturation phase). As summarized in Table 2-3, the adsorption affinity for FA capture 380 
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from both single and mixed VOC gas phases increased by 2 – 2.8 fold upon increasing the loaded Pt@TiO2 381 

adsorbent bed mass from 5 to 20 mg. However, the adsorption capacity of FA onto Pt@TiO2 declined by 382 

1.4 to 1.8 times upon introducing the BTXS mixture simultaneously in the gas stream. At the highest bed 383 

mass (20 mg), the adsorption capacity of FA onto Pt@TiO2 increased by 11250, 1125, 233, and 26 times as 384 

compared to benzene, toluene, m-xylene, and styrene, respectively (Table 3, Fig. S3a). It was noted that the 385 

adsorption performance of Pt@TiO2 for aromatic VOC (i.e., BTX molecules) capture slightly decreased 386 

with increasing packed bed masses from 5 to 20 mg (Table 3). In particular, the BTV100 values of B, T, 387 

and X components (i.e., aromatic/ non-polar VOCs) decreased from 31.87 to 11.13, 69 to 31.27, and 125.62 388 

to 67.43 L atm g-1 upon increasing Pt@TiO2 bed mass from 5 to 20 mg, respectively. This phenomenon 389 

could be explained based on the factors influencing the extent of the adsorption process, such as surface 390 

reactivity and nature of the adsorbate. Due to the preferable Pt@TiO2 surface active sites for interactions 391 

with polar FA (H-bond formation), an increase in the Pt@TiO2 bed mass increases the number of free 392 

available active sites for FA adsorption. In this case, the higher occupation of FA onto the Pt@TiO2 surface 393 

could reduce the bed porosity and the mass transfer zone to suppress the adsorption probability of non-polar 394 

VOCs (BTX molecules) with increasing bed mass. This is verified by the adsorption capacity of FA with 395 

increasing Pt@TiO2 bed mass. At the 100% BT level, the BTV100 values of FA (i.e., polar VOCs) from 396 

single/mixed VOC gas phases increased as the packed Pt@TiO2 bed masses increased such as 397 

976.41/685.67, 1085.74/995.93, and 1466.53/1381.15 L atm g-1 at 5, 10, and 20 mg of Pt@TiO2 adsorbent 398 

bed mass, respectively. The corresponding maximum adsorption capacities of FA onto Pt@TiO2 adsorbent 399 

from single/multi-component gas phases also increased to 4.26/2.35, 8.64/5.19, and 9.61/6.75 mg g-1 at 5, 400 

10, and 20 mg bed mass, respectively (Tables 2 and 3, Fig. S3a). Likewise, at 100% BT, the Q and BTV 401 

values of styrene (polar VOCs) significantly increased by 1.7 and 1.3 times upon increasing Pt@TiO2 bed 402 



19 
 

mass from 5 to 20 mg, respectively (Table 3). The reduction of FA uptake on the Pt@TiO2 might be 403 

attributed to the competitive adsorption due to the co-presence of BTXS in the mixed gas phase (relative to 404 

the single gas phase).. In contrast, the improved adsorption capacity at a higher bed mass load was caused 405 

by an increased number of active theoretical plates and adsorption sites within the fixed-bed adsorbent tube 406 

with increased adsorbent mass (Kim et al., 2022).  407 

 408 

3.3.1 Inlet VOC concentration 409 

To further understand the surface reactivity of Pt@TiO2, the adsorption performance of Pt@TiO2 for 410 

FA capture was studied from single and multicomponent VOC gas streams by varying the inlet 411 

concentrations of FA (25- 700 ppm) and BTXS (0.5-14 ppm) components. At higher bed mass (20 mg), the 412 

respective adsorption performance data of Pt@TiO2 for FA and BTXS capture are summarized in Tables 2-413 

3 and S2. Notably, the adsorption performance of Pt@TiO2 was 1.1 – 2 fold higher for FA uptake in the 414 

single system than in the multicomponent VOCs system (Tables 2-3 and S2) for all studied concentration 415 

levels. Although the adsorption capacity of FA increased with increasing inlet vapor concentrations, the 416 

overall adsorption performance of Pt@TiO2 (in terms of BTV and PC metrics) decreased. Specifically, the 417 

BTV100 values of single FA were 2331, 1466.5, 451.02, 213.96, and 149.11 L atm g-1 at inlet concentrations 418 

of 25, 50, 250, 500, and 700 ppm, respectively. In the case of multicomponent VOCs, the counterpart 419 

BTV100 values of FA significantly declined to 1330.9, 1381.15, 276.58, 97.1, and 70.23 L atm g-1 when 420 

the inlet FA/BTXS concentrations were 25/0.5, 50/1, 250/5, 500/10, and 700/14 ppm, respectively. In 421 

contrast, we observed that the presence of 0.5ppm BTXS had little effect on the maximum adsorption 422 

capacity of FA at lower inlet concentrations of 25 ppm. Compared to the Q value of single FA, the maximum 423 

Q values of FA decreased by 6.8, 42.3, 28.4, 31.6, and 27.7% when switching the inlet gas phase from 424 
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single FA to multicomponent VOC mixture with increasing FA/BTXS inlet concentrations of 25/0.5, 50/1, 425 

250/5, 500/10, and 700/14 ppm, respectively. According to the Q metric at saturation state (100% BT), the 426 

adsorption performance ranking of Pt@TiO2 in VOCs capturing was as follows: FA (Q = 6.29 – 11.76 mg 427 

g-1) > styrene (Q= 0.16 – 0.34 mg g-1) > m-xylene (Q = 0.062 – 0.14 mg g-1) > toluene (Q= 0.019 – 0.052 428 

mg g-1) > benzene (Q=0.0072 – 0.021 mg g-1) at all tested concentrations (Fig. S3b).  429 

In the fixed bed column, the increased adsorption capacity of VOCs can be attributed to the larger 430 

mass transfer coefficient and higher adsorption rate with increasing inlet VOC concentration. In this case, 431 

the Pt@TiO2 surface adsorption sites were quickly saturated by VOCs (BTXS and/or FA) at the highest 432 

inlet concentrations, allowing a faster BT time for more VOCs molecules in the outlet gaseous streams due 433 

to the limited surface active sites available for adsorption on the adsorbent surface. Such a phenomenon 434 

causes a decrease in the performance of Pt@TiO2 adsorbent for FA capture in both single and 435 

multicomponent gas phases (Zhang et al., 2020). As a result, the decrease in the capturing capacity of FA 436 

in the multicomponent phase (e.g., relative to the single phase) was apparent, which should be ascribable 437 

to the competitive adsorption of BTXS species in the multicomponent phase.  438 

3.3.2 Relative humidity (RH) 439 

Relative humidity (RH) is a vital real-air condition parameter that affects the adsorption capacity of 440 

VOCs onto metal oxides. Thus, the effect of RH levels (0-100%) on the BT profile of Pt@TiO2 packed bed 441 

adsorbent are shown for FA adsorption from single and multicomponent VOC mixture in Fig. 5. Early in 442 

the BT profile, the adsorption affinity of Pt@TiO2 for FA from single and multicomponent gas mixture 443 

decreased by more than 80% (from 0.6 to 0.1 L) and 85% (from 0.2 to 0.03) with an increased RH level 444 

from 0 to 100%, respectively (Fig. 5a -b). At higher RH levels (>50%), a fast BT point of FA was observed 445 

after 0.3/0.03 L feeding volume of single/mixed gaseous systems. Obviously, the BTV100 values of FA 446 
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from single and multicomponent gas phases significantly declined from 1466.53/1381.15 to 802.43/518.66 447 

L atm g-1 as the RH level rose from 0% to 100%, respectively. Similarly, the adsorption capabilities of 448 

Pt@TiO2 for BTX components showed a descending trend with increasing RH levels (Table 3, Fig. S3c). 449 

When the gaseous RH level increased from 0 to 100%, the BTV100 value of benzene, toluene, and xylene 450 

over Pt@TiO2 bed sorbent declined by 71%, 72%, and 36%, respectively. Compared to dry conditions 451 

(RH = 0%), the maximum adsorption capacities (Q values) of FA, B, T, X, and S onto Pt@TiO2 were 452 

significantly lowered by about 70, 99, 95, 83, and 74% upon introducing a humidified gas stream (RH = 20 453 

– 100%) (Fig. S3c).  454 

Among VOCs, the adsorption capacity of Pt@TiO2 for non-polar BTX molecules is more susceptible 455 

to the presence of water vapor than polar VOCs (FA components). In the case of polar VOCs adsorption, 456 

the water vapor had a higher negative impact on the adsorption ability of Pt@TiO2 for S capture than FA 457 

from the multicomponent gas phase. The water vapor exhibited more intensely competitive inhibition effect 458 

on FA adsorption onto Pt@TiO2 adsorbent in the presence of BTXS components as compared to that in a 459 

single gas phase, as verified by the BTV, Q, and PC metrics (Tables 2 and 3). Compared with the adsorption 460 

data in the dry phase (RH=0%), the maximum adsorption capacities of FA onto Pt@TiO2 at 100% RH levels 461 

declined by 66 and 70% in single and mixed phases, respectively (Table 2-3 and S2). Such observations 462 

might be attributed to the combined inhibition effects of both BTXS and water vapor molecules on FA 463 

adsorption by Pt@TiO2 surface active sites.  464 

In light of the above findings, we inferred that the relative humidity adversely affected the adsorption 465 

capability of Pt@TiO2 for polar and non-polar VOCs. More specifically, as the relative humidity increases, 466 

the increased water clusters in the gas phase might compete with VOC molecules for surface/pore diffusion 467 

within porous Pt@TiO2 adsorbent are accompanied by the formation of H-bonds between two or more 468 
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neighboring water molecules. Also, the layer (e.g., monolayer) of water molecules might be generated on 469 

the surface of TiO2 through the formation of HO···H2O in the presence of moisture (Patrick and Giustino, 470 

2014). As such, the reduction in the adsorption capacity may become apparent as the clustered water on the 471 

Pt@TiO2 surface diminishes the number of binding sites available for capturing FA molecules (Zhang et 472 

al., 2020). A similar antagonistic effect of moisture on FA removal was also observed from other materials 473 

such as activated carbon and covalent organic polymers with water molecules blocking the surface-active 474 

sites (Pei and Zhang, 2011; Lee et al., 2013; Vikrant et al., 2020c). 475 

 476 

3.5 Adsorption mechanism of FA onto Pt@TiO2 477 

3.5.1 Adsorption kinetic modeling 478 

The effects of gas phase composition (single vs. mixed VOCs) on the surface and pore diffusion 479 

mechanisms were investigated using FA over Pt@TiO2 packed bed adsorbent based on three kinetic models 480 

such as pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD) models 481 

(Tan and Hameed, 2017; Vellingiri et al., 2018). It is demonstrated that the use of non-linear fitting modes 482 

should be more reliable and free from the statistical/mathematical side effects (e.g., alteration of the error 483 

distribution) than those of linear fitting modes (Tan and Hameed, 2017; Xiao et al., 2018). The obtained 484 

experimental adsorption data of FA in single and multicomponent phases onto Pt@TiO2 were fitted by the 485 

non-linear expression of PFO and PSO models (Fig. 6). The corresponding kinetic results are expressed in 486 

terms of kinetic rate constants and fitting results (e.g., R2 andχ2) for both single and multicomponent VOC 487 

phases as summarized in Table 4.  488 

As is evident from the compilation of R2 values in Table 4, the experimental adsorption of FA onto 489 

Pt@TiO2 from single and multicomponent VOC gas streams can be explained by PFO and PSO kinetic 490 
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models, with high fitting accuracy between experimental and predicted capacities (R2 > 0.9). However, the 491 

PSO kinetic model yielded a better fit (R2 = 0.989-0.999) for describing FA adsorption by Pt@TiO2 492 

adsorbent (for both single and multi-component gas phase), with lower error values ( χ2 = 0.0345-0.181) in 493 

comparison to the PFO model (R2 = 0.978-0.992, χ2 = 0.122-0.192). These observations imply that a 494 

complex physical and chemical adsorption mechanisms might govern the FA adsorption process onto the 495 

surface of Pt@TiO2 (Ha et al., 2020). Note that the estimated PSO kinetic rate of FA (k2 value= 0.0131 g 496 

mg-1 min-1) from a single gas system was lower than that of the mixed VOC system (k2 value= 0.0232 g 497 

mg-1 min-1). Moreover, the initial adsorption rate (h0=K2Qe
2 (mg g-1 min-1)) of FA declined from 1.42 to 498 

1.38 mg g-1 min-1 when feeding gas stream composition was altered from a single FA to its mixture with 499 

BTXS. As such, it can be inferred that FA and BTXS components should actively compete for Pt@TiO2 500 

surface active sites, which should be accompanied by the rapid saturation of packed bed adsorbent. 501 

Note that the enhancement of adsorption process for target adsorbate species can be assessed in terms 502 

of surface interaction and pore diffusion mechanisms (Figaro et al., 2009; Kim et al., 2022). In this respect, 503 

the IPD model has been used for studying the rate-limiting adsorption diffusion mechanism (e.g., pore-504 

diffusion or surface diffusion mechanisms) onto porous adsorbents (Kim et al., 2021b; Liu et al., 2021a; 505 

Kim et al., 2022). As displayed in Fig. 6(b) and (d), the IPD profiles of FA adsorption by Pt@TiO2 studied 506 

herein consist of three linear curvature stages (R2 values= 0.975-0.993) in single and multi-component gas 507 

systems such as the surface/pore diffusion stage (first/second stage) and micropore diffusion stage (third 508 

stage). Note that none of these linear regions in the IPD plots pass through the origin point (C≠0) (Verma 509 

and Dutta, 2015). This implies that surface/pore-diffusion as well as chemical interaction mechanisms 510 

might exert the control on the adsorption rate of FA onto Pt@TiO2  (Shikuku et al., 2018; Liu et al., 2021a). 511 

In the IPD model, the FA uptake rate in all three regions followed the order: Kid2= 2.268 mg g-1 min-1/2 512 



24 
 

(Region II) > Kid1=0.964 mg g-1 min-1/2 (Region I) > Kid3= 0.467 mg g-1 min-1/2 (Region III) for a single 513 

component, while those of the mixed system were in the order of Kid2= 1.825 mg g-1 min-1/2 (Region II) > 514 

Kid1=0.961 mg g-1 min-1/2 (Region I) > Kid3= 0.361 mg g-1 min-1/2 (Region III). It is apparent that the IPD 515 

rates for the first and second regions in both single and mixed systems were higher than those estimated for 516 

the third region. As such, surface/pore diffusion in Pt@TiO2 may be proactive for controlling the FA 517 

adsorption. It can thus be inferred that the increased surface porosity and surface hydroxyl (OII) fraction in 518 

Pt@TiO2 should significantly contribute to the enhancement of adsorption capacity for FA in both single 519 

and multicomponent systems. 520 

3.5.2 Adsorption isotherm modeling 521 

To provide better insight into the nature and properties of adsorbate-adsorbent interactions, our 522 

adsorption data were fit using Freundlich, Langmuir, and Temkin isotherm models (Aziz et al., 2018; 523 

Vikrant et al., 2019). The Freundlich model was used based on the assumption that a reversible uptake 524 

phenomena commonly appears in the multilayered adsorption of adsorbate onto heterogeneous surface sites. 525 

In contrast, the Langmuir model assumes that the monolayer coverage of adsorbate molecules can reach 526 

the dynamic equilibrium on those microporous sorbents with isoenergetic surface active sites. In the case 527 

of the Temkin isotherm model, the decrease in the heat of adsorption is accompanied by the increased 528 

coverage of the adsorbent surface (Foo and Hameed, 2010; Tran et al., 2022). In light of such conditions, 529 

the obtained adsorption experimental data were non-linearly fitted using Freundlich (Eq. 8), Temkin(Eq. 9), 530 

and Langmuir (Eq. 10) isotherm models, as shown in Fig. 7. Table 5 summarizes the fitting results (e.g., 531 

isotherm constants, R2, and χ2) for the applied isotherm models  . 532 

According to the fitting metrics, the fitting adequacy of FA adsorption isotherm models can be ranked as 533 

follows: Freundlich (R2 = 0.986-0.991) > Temkin (R2= 0.963-0.971) > Langmuir (R2=0.852-0.927). Such 534 
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an observation suggests the higher surface heterogeneity of Pt@TiO2 for the multi-layer adsorption 535 

mechanism of FA molecules from single/multicomponent systems. Due to the poor fitting adequacy of the 536 

Temkin isotherm model (relative to Freundlich isotherm), it can be inferred that the adsorption heat of FA 537 

does not linearly decrease with the increased monolayer coverage of the Pt@TiO2 adsorbent surface with 538 

VOC molecules (Foo and Hameed, 2010). In Table 5, the higher Freundlich intensity constant (n) values 539 

(i.e., n = 4.771 to 4.812 and n >1) may imply favorable multi-layer coverage of Pt@TiO2 surface with FA 540 

molecules via a complex physicochemical adsorption mechanism (e.g., surface interactions and diffusion 541 

processes) (Ha et al., 2020). However, the binding coefficient value of FA in single mode (KF:6.262 mg g-542 

1 Pa-(1/n)) was higher than that in a multicomponent system (KF: 4.924 mg g-1 Pa-(1/n))(Table 5) because of 543 

the competitive inhibition effects of BTXS molecules in a multi-component gas phase. This observation 544 

was also in line with our previously mentioned findings (Section 3.5.1) in that the feed gas composition 545 

significantly influences the adsorption performance of Pt@TiO2 toward FA capture. 546 

 547 

3.5.3 Assessment of regeneration and performance comparison 548 

The reusability of an adsorbent is an important factor to consider for the assessment of practical 549 

applications. As seen in Fig. 8, Pt@TiO2 could be easily regenerated with an appreciable adsorption 550 

performance against gaseous FA in both single and multi-component systems (e.g., up to three adsorption-551 

desorption cycles). The Pt@TiO2 system exhibited good adsorption performance stability for FA capture 552 

over three reuse cycles, with a negligible decline in the maximum adsorption capacities by 1.3% and 4.9% 553 

for single and multicomponent VOC systems, respectively (Fig. 8). It is thus suggested that the Pt@TiO2 554 

can be easily subject to thermal regeneration (e.g., at 150℃ for 2 h under nitrogen gas flow of 50 mL min-555 

1). The results of this study also reveal that the thermal regeneration process exerted almost no effect on the 556 
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FA adsorption affinity of Pt@TiO2 over reuse cycles. Similarly, the adsorption capacity value of 557 

aminosilane-functionalized activated carbon was noted to have a negligible decline of 2% (from 1.43 to 1.4 558 

mg g-1) after three regeneration cycles (at 300℃ for 3h at the nitrogen flow of 200 mL min-1) (Vikrant et 559 

al., 2020b). These results might be accounted for by the dominance of physisorption (e.g., pore diffusion) 560 

of FA onto aminosilane-functionalized activated carbon (Vikrant et al., 2020b). In contrast, the 561 

ethylenediamine functionalized covalent organic polymers (CE) could not be completely regenerated at 562 

150℃ for 3h under nitrogen gas flow of 50 mL min-1 (Vikrant et al., 2020c). This CE showed a significant 563 

decrease in its capacity by 60% (from 105 to 42 mg g-1) for the first regeneration cycle due to the strong 564 

interactions (e.g., formation of imine) between FA molecules and the amine functionalities of CE (Vikrant 565 

et al., 2020c). Likewise, the adsorbed FA cannot significantly desorb from UiO-66-NH2 after regeneration 566 

(e.g., 150℃ for 3 h under nitrogen gas flow of 200 mL min-1) because of strong chemical linkages (e.g., 567 

imine formation) between FA molecule and amine groups of UiO-66-NH2. As a result, the adsorption 568 

capacity of UiO-66-NH2 toward FA dropped significantly after each cycle to record a 77.7% reduction of 569 

the performance in the third cycle (from around 76 to 18 mg g-1) (Tran et al., 2022).  570 

The FA adsorption performance of Pt@TiO2 was assessed and compared with other commonly used 571 

adsorbents (e.g., metal organic frameworks (MOFs)) in terms of key performance metrics such as 572 

adsorption capacity (Q) and partition coefficient (PC) (Table S3). If the Q values are compiled for 573 

performance comparison, the ethylenediamine functionalized covalent organic polymers (CE) achieved the 574 

highest Q values (105 mg g-1) for FA adsorption followed by Pt@TiO2 (single phase system, 9.61 mg g-1) > 575 

Pt@TiO2 (multicomponent phase system, 6.75 mg g-1) > UiO-66 (4.3 mg g-1) > MOF-5 (prepared at 25℃, 576 

4.1 mg g-1) (Table S3) (Vikrant et al., 2020c; Vikrant et al., 2020d). However, the performance evaluation 577 

based on adsorption capacity alone can be biased considerably because of the arbitrary selection of the 578 
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operation conditions (e.g., inlet VOC concentration) (Na et al., 2019; Ahmadi and Kim, 2022). To reduce 579 

such biases, the use of PC concept has been recommended for evaluating the adsorption performance of 580 

materials, as it can help the lower the biases stemming from large differences in the initial feeding 581 

concentration of target species (Vikrant et al., 2020b; Tran et al., 2022). In terms of the PC (mol kg-1 Pa-1), 582 

their relative order is slightly altered such as ethylenediamine functionalized covalent organic polymers 583 

(CE) (0.35 mol kg-1 Pa-1) > Pt@TiO2 (single phase system, 0.061 mol kg-1 Pa-1) > Graphene (0.06 mol kg-584 

1 Pa-1) > UiO-66 (0.054 mol kg-1 Pa-1) > MOF-5 (prepared at 25℃, 0.047 mol kg-1 Pa-1) (Wu et al., 2017; 585 

Vikrant et al., 2020c; Vikrant et al., 2020d). The superior adsorption performance (Q/PC, 105 mg g-1/0.35 586 

mol kg-1 Pa-1) of CE should be attributable to the reasons as follows: (i) the formation of chemical 587 

interaction (non-covalent interaction) between carbonyl groups of FA and the amine functional group of 588 

CE. (ii) The physical interaction (van der Waals interactions) between FA and the surface of CE (Vikrant et 589 

al., 2020c). However, the complex synthesis process for CE might limit its practical application (Vikrant et 590 

al., 2020c). Among all adsorbents listed in Table S3, the Pt@TiO2 had the second highest Q/PC values (9.61 591 

mg g-1 and 0.061 mol kg-1 Pa-1) at single FA phase system (Table S3). The good performance of Pt@TiO2 592 

may reflect the effects of interaction between the FA aldehyde group (H-CHO) and the surface hydroxyl 593 

group of Pt@TiO2. As such, Pt@TiO2 can be considered as one of the recommendable options for FA 594 

adsorption. 595 

 596 

4 Conclusion 597 

In this study, platinized titanium dioxide (Pt@TiO2) was prepared and utilized as an adsorbent for the 598 

enhanced removal of formaldehyde (FA) as a single component or as a mixture with aromatic compounds 599 

(BTXS). The FA adsorption affinity of Pt@TiO2 was also investigated under the control of various operation 600 
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variables (e.g., relative humidity (RH), adsorbent dosage, and inlet VOC concentration) in the absence and 601 

presence of BTXS components (FA+BTXS). Doping of TiO2 with Pt metal ions likely increased OH (OII) 602 

surface active sites and surface porosity (relative to that of pristine TiO2) to lead to the enhancement of 603 

adsorption capacity against FA (through hydrogen bonding formation with the aldehyde group of FA 604 

molecules). As such, the maximum adsorption capacities (6.75 mg g-1) of Pt@TiO2 was around 50% larger 605 

than that of its pristine form, i.e., TiO2 (4.62 mg g-1). Moreover, the higher surface porosity of Pt@TiO2 606 

accelerated the adsorption diffusion of smaller FA molecules (compared with larger, nonpolar BTX 607 

molecules) to interact with free available sorption sites in the micropore volume. The maximum adsorption 608 

capacities of Pt@TiO2 towards FA in single/multicomponent phase systems were found to increase from 609 

4.32/2.35 to 9.61/6.75 mg g-1 with the increases in utilized bed-masses (i.e., 5, 10, and 20 mg). Such 610 

improved adsorption capacity at higher bed mass load should be associated with the increased number of 611 

active sites for FA molecules. Further, it was observed that the increased water vapor (RH: 20-100%) greatly 612 

diminished the adsorption performance of Pt@TiO2 for FA molecules, especially from the multi-component 613 

VOC gas phase (due possibly to the enhancement in competitive inhibition effects toward FA adsorption 614 

on the surface active site of the Pt@TiO2 adsorbent). In addition, the adsorbed water molecules might 615 

interfere with hydrogen bonding formation between the FA aldehyde group and surface OH groups of the 616 

Pt@TiO2 to weaken the adsorption interactions between FA and surface active sites. Such competition, if it 617 

occurs, can also lower the number of adsorption sites available for capturing FA molecules. Consequently, 618 

maximum adsorption capacities of Pt@TiO2 in single/multicomponent phase system were reduced from 619 

9.61/6.75 mg g-1 to 3.15/2.03 mg g-1 with the increase in RH level from 0 to 100%. According to the 620 

isotherms and kinetics modeling, the FA adsorption process over Pt@TiO2 might involve complex 621 

physicochemical adsorption such as surface/pore diffusion with multi-layer adsorption mechanisms. 622 



29 
 

Moreover, the reusability study revealed the good adsorption stability of Pt@TiO2 adsorbent in 623 

single/multicomponent gas phases (only 1.3%/4.9% reduction in adsorption capacity) for FA capture (e.g., 624 

over three consecutive reuse cycles), confirming its potential for a real-world application. Further 625 

researches should be made to address the effects of different variables such as temperature and presence of 626 

more polar VOCs (relative to FA) on its adsorption activity. Overall, this study is expected to help broaden 627 

the utility of noble metal-impregnated TiO2 nanoparticles, especially in the sequential adsorption and 628 

catalytic abatement of VOCs.  629 
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Tables 854 

 855 

Table 1. The performance comparison against BTXS (1 ppm each) + FA (50 ppm) between pure TiO2 and Pt@TiO2. 856 

    Benzene (B) Toluene (T) m-Xylene (X) Styrene (S) Formaldehyde (FA) 

Order Materials BTVa Qb PCc BTV Q PC BTV Q PC BTV Q PC BTV Q PC 

    (L atm g-1) mg g-1 
mol kg-1  

Pa-1 
(L atm g-1) mg g-1 

mol kg-1  
Pa-1 

(L atm g-1) mg g-1 
mol kg-1  

Pa-1 
(L atm g-1) mg g-1 

mol kg-1 

 Pa-1 
(L atm g-1) mg g-1 

mol kg-1  
Pa-1 

  
a. 10% BT 

                              

1 TiO2 - - - - - - - - - 2.06  0.008  0.007  15.98  0.91  0.002  

2 Pt@TiO2 - - - - - - 4.13  0.016  0.016  9.98  0.038  0.040  23.77  1.48  0.021  

  
b. 100% BT 

                              

3 TiO2 5.84  0.0004  0.00001  11.73  0.001  0.0001 18.44  0.019  0.002  809.41  0.043  0.004  818.85  4.62  0.031  

4 Pt@TiO2 11.13 0.0006 0.00008  31.27   0.006  0.0006  67.43 0.029  0.003 1290.09  0.26  0.024   1381.15  6.75  0.043  

aBTV: breakthrough volume 857 

bQ: adsorption capacity 858 

cPC: partition coefficient 859 

 860 

 861 

 862 

 863 



41 
 

 864 

 865 

 866 

 867 

Table 2. Summary of FA adsorption experiments onto Pt@TiO2 across varying sorbent mass, formaldehyde (FA) concentration, and relative 868 

humidity (RH) levels. 869 

Order 
Variables BTVa (L atm g-1) Partition coefficient 

(PC: mol kg-1 Pa-1) 
Adsorption capacity (Q: 

mg g-1) 
Sorbent FA RH 10% 

  
100% 

  
10% 

  
100% 

  
10% 

  
100% 

  mg ppm % 
1 5 50 0% 18.85  976.41  0.009  0.027  1.13 4.32  
2 10 50 0% 20.11  1085.74  0.088  0.054  1.27  8.64 
3 20 50 0% 32.17  1466.53  0.13  0.061  2.01  9.61  
4 20 25 0% 44.86  2331.00  0.23  0.086  1.40  6.72 
5 20 250 0% 7.90  451.02  0.041  0.016  2.34  11.93  
6 20 500 0% 9.95  213.96  0.045  0.010  5.43  14.33  
7 20 700 0% 11.55  149.11  0.065  0.007  9.28  15.01  
8 20 50 20% 19.31  1024.68  0.11 0.037  1.01  4.98  
9 20 50 50% 20.65  1140.08  0.12  0.034  1.08 4.57 
10 20 50 80% 11.04  997.29  0.051  0.027  0.56 3.51 
11 20 50 100% 6.95  802.43  0.032  0.021  0.45 3.15 

aBTV: breakthrough volume 870 

 871 

 872 
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 873 

 874 

 875 

 876 

 877 

 878 

Table 3. Summary of BTXS + FA adsorption experiments onto Pt@TiO2 across varying process variables (e.g., sorbent mass, FA+BTXS 879 

concentration, and relative humidity (RH) levels) at BTV100.  880 

Order 
Variables (unit) Benzene (B) Toluene (T) m-Xylene (X) Styrene (S) Formaldehyde (FA) 

Sorbent FA BTXS RH Qb 
 (mg g-1) 

BTVa 
 (L atm g-1) 

Q 
(mg g-1) 

BTV 
 (L atm g-1) 

Q 
 (mg g-1) 

BTV 
(L atm g-1) 

Q 
 (mg g-1) 

BTV 
(L atm g-1) 

Q 
 (mg g-1) 

BTV 
(L atm g-1) mg ppm ppm % 

1 5 50 1 0% 0.001  31.87  0.007  69.00  0.039  125.62  0.15  992.03  2.35  685.67  

2 10 50 1 0% 0.001  21.44  0.006  56.37  0.025  53.78  0.11  841.71  5.19  995.93  

3 20 50 1 0% 0.0006  11.13  0.006  31.27  0.029  67.43  0.26  1290.09  6.75  1381.15  

4 20 25 0.5 0% 0.0072  12.60  0.019  29.28  0.062  153.83  0.16  799.42  6.29  1330.88  

5 20 250 5 0% 0.004  4.55  0.012  7.39  0.045  20.97  0.29  603.88  9.30  276.58  

6 20 500 10 0% 0.005  11.23  0.028  15.40  0.12  15.45  0.34  221.05  10.89  97.09  
7 20 700 14 0% 0.021  4.02  0.052  5.58  0.14  11.26  0.34  31.52  11.76  70.23  

8 20  50  1  20% 0.0005  4.28  0.002  11.12  0.011  63.25  0.10  798.12  4.47  916.00  

9 20  50  1  50% 0.0002  4.54  0.001  8.06  0.005  43.76  0.10  704.52  3.49  882.43  

10 20  50  1  80% 0.0002  4.57  0.001  9.58  0.003  47.15  0.077  658.48  2.68  833.28  

11 20  50  1  100% 0.0000009  3.19  0.0003  8.08  0.005  43.18  0.067  494.26  2.03  518.66  

aBTV: breakthrough volume 881 
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bQ: adsorption capacity 882 
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 883 

Table 4. Results of pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD) 884 

kinetic model for FA adsorption over Pt@TiO2 between single (FA) and multicomponent (FA+BTXS) gas 885 

phases. 886 

Order Model Parameter Single Multicomponent 

  qe, experimental (mg g- 9.61 6.75 

1 PFO Qm,1 (mg g-1) 9.03 6.61 

2  k1 (min-1) 0.110 0.155 

3  χ2 0.122 0.192 

4  R2 0.992 0.978 

5 PSO Qm,2 (mg g-1) 10.41 7.71 

6  K2 (g mg-1 min-1) 0.0131 0.0232 

7  χ2 0.034 0.181 

8  R2 0.999 0.989 

9 IPD Kid1 (mg g-1 min-1/2)  0.964  0.961  

10  Cid1(mg g-1) -0.211  -0.212  

11  Rid1
2 0.985  0.985  

12  Kid2 (mg g-1 min-1/2)  2.269  1.825  

13  Cid2 (mg g-1) -1.144  -0.707  

14  Rid2
2 0.991  0.986  

15  Kid3 (mg g-1 min-1/2)  0.467  0.361  

16  Cid3(mg g-1) 5.543  3.717  

17  Rid3
2 0.975  0.993  

 887 

 888 



45 
 

 889 

Table 5. Summary of the Langmuir, Freundlich, and Temkin isotherm constants for FA adsorption onto 890 

Pt@TiO2 from single and multicomponent gas phases. 891 

Order Model Parameter Single Multicomponent 

1 Langmuir Qm (mg g-1) 14.899  11.321  

2  KL (Pa-1) 0.327  0.378  

3  χ2 0.855  0.869  

4  R2 0.927  0.852  

5 Freundlich KF (mg g-1 Pa-1/n) 6.262  4.924  

6  n 4.812  4.771  

7  χ2 0.440  0.143  

8  R2 0.991  0.986  

9 Temkin A (L Pa-1) 8.820  14.517  

10  B (J mol-1) 2.323  1.647  

11  χ2 0.432  0.168  

12  R2 0.963  0.971  

 892 

 893 

 894 

 895 
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Figure 896 

 897 

 898 

Fig. 1. Schematic of the adsorption unit for FA and BTXS in this study. 899 

 900 

 901 

 902 
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 903 
Fig. 2. Characterization of TiO2 and Pt@TiO2 materials: (a) PXRD patterns of Pt@TiO2 (red) and TiO2 904 

(black), (b) N2 adsorption-desorption isotherms of TiO2 and Pt@TiO2, and (c) their pore size distributions. 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

  913 



48 
 

 914 

 915 

 916 

Fig. 3. XPS analysis of TiO2 and Pt@TiO2 materials: (a) full survey scan, (b) and (d) deconvoluted Ti 2p, 917 

(c) and (e) deconvoluted O 1s, and (f) deconvoluted Pt 4f. 918 

 919 

  920 
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 921 

 922 

Fig. 4. Adsorption breakthrough profiles of multicomponent VOCs: (a) TiO2 and (b) Pt@TiO2 adsorbents 923 

(concentration of benzene, toluene, m-xylene, and styrene (BTXS) = 1 ppm each, formaldehyde (FA) = 50 924 

ppm, RH = 0%, and adsorbent mass = 20 mg).  925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 

 939 

 940 
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 941 

Fig. 5. Dynamic BT profiles for the adsorption of FA at different relative humidity (RH: 0%, 20%, 50%, 942 

80%, and 100%) onto Pt@TiO2: (a) single phase formaldehyde (FA) and (b) multi-component phase FA 943 

(FA 50 ppm in single phase system, FA 50 ppm + BTXS 1 ppm (each) in multicomponent phase systems, 944 

adsorbent mass = 20 mg, and RH = 0%).  945 

 946 

 947 

 948 

 949 

 950 

 951 
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 952 

 953 

 954 

Fig. 6. Non-linearly fitted kinetic models for formaldehyde (FA) adsorption by Pt@TiO2 in varying gas 955 

compositions: (a-b) single FA gas system (fitting profiles with (a) pseudo-first-order (PFO)/pseudo-second-956 

order (PSO) models and (b) intraparticle diffusion (IPD) model) and (c-d) multicomponent VOC gas 957 

mixture (fitting profiles with (c) PFO/PSO models and (d) IPD model)  (conditions: VOC concentration 958 

= FA 50 ppm for single component system, FA 50 ppm + BTXS 1 ppm (each) for multicomponent systems, 959 

adsorbent mass = 20 mg, and RH = 0%). 960 

 961 

 962 

 963 

 964 
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 965 

 966 

 967 

 968 

Fig. 7. Non-linear isotherm fitting profiles of Langmuir, Freundlich, and Temkin isotherm models for 969 

formaldehyde (FA) adsorption by Pt@TiO2: (a) single FA gas phase and (b) multicomponent VOC gas 970 

phase (conditions: VOC concentration = FA 50 ppm in single phase system, FA 50 ppm + BTXS 1 ppm 971 

(each) in multicomponent phase systems, adsorbent mass = 20 mg, and RH = 0%). 972 

 973 

 974 

 975 

 976 

 977 

 978 

 979 

 980 

 981 

 982 

 983 

  984 
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 985 

 986 

 987 

Fig. 8. Regeneration performance of Pt@TiO2 against gaseous formaldehyde (FA) from single and 988 

multicomponent VOC gas phases (Conditions: VOC concentration = FA 50 ppm in single phase system, 989 

FA 50 ppm + BTXS 1 ppm (each) in multicomponent phase systems, adsorbent mass = 20 mg, and RH = 990 

0%). 991 

 992 
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 1000 

Supporting information 1001 

 1002 

Table S1. Operating conditions/parameters of the LVI-GC-FID system used to analyze FA+BTXS 1003 
adsorption. 1004 

Order Condition/Parameter Value 

Column (DB-1) 

1 Length 30 m 

2 Inner diameter 0.32 mm 

3 Film thickness 5 µm 

4 Temperature 80˚C hold for 1.3 min, then increased to 150 ˚C 

with 30 ˚C/min and hold for 2min 

LVI 

1 Temperature 240 ˚C 

2 Injection mode Split 

3 Carrier gas N2 

4 Flow control mode Pressure 

5 Pressure 128.7 kPa 

6 Total flow rate 27 mL min-1 

7 Column flow rate 4 mL min-1 

8 Linear velocity 60.9 cm sec-1 

9 Purge flow rate 3 mL min-1 

10 Split ratio 5 

Detector and miscellaneous 

1 Detector type FID 

2 Detector temperature 250 ˚C 

3 Makeup gas N2 

4 Makeup flow rate 30 mL min-1 

5 H2 flow rate 30 mL min-1 

6 Air flow rate 300 mL min-1 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 
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 1011 

 1012 

 1013 
Table S2. The partition coefficient (PC) values for BTXS + FA adsorption onto Pt@TiO2 for changes in 1014 
sorbent mass, BTXS+FA concentration, and relative humidity (RH) levels at 100% BT level.  1015 

Order 

Variables (unit) 
Benzene (B) 

 
  

Toluene (T) 
 
  

m-Xylene (X) 
 
  

Styrene (S) 
 
  

Formaldehyde 
(FA) 

 
  

Sorbent FA BTXS RH 

mg ppm ppm % 

1 5 50 1 0% 0.00011  0.001  0.003  0.013  0.016  

2 10 50 1 0% 0.00012  0.001  0.003  0.011  0.034  

3 20 50 1 0% 0.00008  0.0006  0.003  0.024  0.043  

4 20 25 0.5 0% 0.00182  0.0013  0.011  0.032  0.084  

5 20 250 5 0% 0.00010  0.0001  0.0009  0.006  0.010  

6 20 500 10 0% 0.00006  0.0003  0.0011  0.003  0.007  
7 20 700 14 0% 0.00021  0.0004  0.0010  0.003  0.006  

8 20  50  1  20% 0.00006  0.0002  0.001  0.010  0.031  

9 20  50  1  50% 0.00002  0.0001  0.000  0.010  0.024  

10 20  50  1  80% 0.00003  0.0001  0.000  0.009  0.019  

11 20  50  1  100% 0.0000001  0.00003  0.0004  0.007  0.015  

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 
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Table S3. Performance comparison of Pt@TiO2 and other commonly used adsorbents for the removal of gaseous FA. 1028 

Order Materials 
FA concentration  

(ppm) 
Partial pressure 

(Pa) 
Temperature 

(℃) 
Maximum adsorption 

capacity (mg g-1) 
Partition coefficient 

(mol kg-1 Pa-1) 
Reference 

1 Activated carbon 1 0.1 25 0.11 0.04 
(Vikrant et al., 

2020b) 
2 Activated carbon 2.18 0.218 25 0.08 0.012 (Ma et al., 2011) 

3 Activated carbon 14 1.4 ambient 0.02 0.04 
(Vikrant et al., 

2020d) 

4 

Nitrogen and sulfur 
heteroatom modified 
activated carbon by 

solvothermal method  

1 0.1 25 0.13 0.04 
(Vikrant et al., 

2020b) 

5 MOF-5 (prepared at 120℃) 22.7 2.27 20 0.11 0.002 (Gu et al., 2010) 

6 MOF-5 (prepared at 25℃) 14 1.4 ambient 4.1 0.047 
(Vikrant et al., 

2020d) 

7 UiO-66 14 1.4 ambient 4.3 0.054 
(Vikrant et al., 

2020d) 

8 CE 100 10 25 105 0.35 
(Vikrant et al., 

2020c) 
9 Graphene 3.7 0.37 - 0.62 0.06 (Wu et al., 2017) 

10 Pt@TiO2 

50  
(single phase system) 

5 RT 9.61 0.061 This work 

11 Pt@TiO2 

50  
(multicomponent 

phase system) 
5 RT 6.75 0.043 This work 

 1029 

 1030 
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 1031 

 1032 

 1033 

Figure S1. FE-SEM images of analyzed materials: (a) TiO2 and (b) Pt@TiO2; EDS elemental mapping of 1034 

the Pt@TiO2: (c) Pt@TiO2, (d) O, (e) Pt, and (f) Ti. 1035 

 1036 

 1037 
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 1038 

 1039 

 1040 

Figure S2. Dynamic BT profiles for the effect of Pt@TiO2 bed mass on FA adsorption: (a) single FA gas 1041 

phase at 5 -20 mg bed masses and (b-d) multicomponent VOC gas phase system ((b) 5 mg bed mass, (c) 10 1042 

mg bed mass, and (d) 20 mg bed mass). Experimental setups: VOC concentration = FA 50 ppm for single 1043 

phase system, FA 50 ppm + BTXS 1 ppm (each) for multicomponent phase systems, and RH = 0%. 1044 

 1045 
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 1046 

Figure S3. The equilibrium adsorption capacities of BTXS+FA onto Pt@TiO2 in multicomponent VOC gas 1047 

phase system at varying experimental parameters: (a) adsorbent masses (Experimental conditions: BTXS 1 1048 

ppm each + FA 50 ppm and RH = 0%), (b) BTXS + FA concentrations (Experimental conditions: adsorbent 1049 

mass = 20 mg and RH = 0%), and (c) RH levels (Experimental conditions: BTXS 1 ppm each + FA 50 ppm 1050 

and adsorbent mass = 20 mg). 1051 


