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A B S T R A C T   

A dual-functional adsorption-catalytic system for elimination of volatile organic compounds (VOCs) in a cyclic 
mode, consisting of various configurations of three components, i.e. carbon adsorbent, inert silica separator and 
Pt/ZrO2 catalyst, was developed. Both adsorbent and ZrO2 support were synthesized by the nanoreplication 
method using spherical silica as a template, whereas the Pt active phase was deposited by the polyol approach. 
Properties of the functional materials were studied by several techniques, including N2 adsorption, SEM-EDS, 
TGA, XRD, XRF and XPS. It was shown that the inert silica separator played an essential role protecting the 
carbon adsorbent from undesirable partial oxidation. The highest possible effectiveness of the toluene removal 
(conversion of 94.5%) was obtained for the configuration with 150 mg of Pt/ZrO2 per 40 mg of the adsorbent. A 
fair stability of the optimal dual-functional system was proved by performing five consecutive adsorp
tion–desorption-oxidation cycles. The experimental study was complemented by energy demand calculations, 
which confirmed the superiority of the hybrid system over a classic catalytic flow reactor in terms of energy 
requirements for the desorption-oxidation step. It was demonstrated that the system might operate autothermally 
due to a substantial amount of generated heat. Additionally, a simplified dynamic mathematical model of the 
system was developed, which enabled the identification of key aspects, including directions towards more 
complex mathematical description, to be taken into account in further research aimed at optimization of the 
hybrid system. The proposed hybrid dual-functional system can therefore be a step forward in developing cost- 
effective elimination technologies of VOCs from lean waste gases.   

1. Introduction 

Polluted air in urban areas can be harmful not only for human health, 
but also for plants and animals after a long-time exposure. Among 
different types of environmental hazards, the photochemical smog has 
been identified as a serious problem in last decades. The formation of 
this specific type of smog driven by ultraviolet radiation from the sun
light and accelerated by warm conditions of built-up cities is related to 
an increased emission of various pollutions due to industrialization and 
fast economic growth [1,2]. In contrast to a near-ground haze 
(commonly known as smog), a combination of smoke and fog, the 
essential constituents of detrimental photochemical smog are ozone (O3) 
and peroxyacetyl nitrate (PAN) produced from directly emitted airborne 
species like NOx and volatile organic compounds (VOCs) [3]. The latter 

includes dozens of chemicals belonging to different families (e.g. al
kanes, alkenes, aromatic compounds, alcohols, aldehydes, ketones, 
halogenated hydrocarbons) and are massively used in various fields of 
industry. These substances are also often categorized as primary pol
lutants, because they can be toxic and carcinogenic themselves [4]. The 
annual non-methane volatile organic compound (NMVOCs) emission in 
the European Union countries (EU-28) was estimated to be 6,409 Gg in 
2019 [5]. Despite the global VOCs emission from natural sources 
dominate over discharges from a variety of anthropogenic activities by a 
factor of ~10, the concentration of anthropogenic VOCs in urban areas 
is significantly higher [6,7]. 

In order to control the VOCs emission, diverse elimination tech
niques, including adsorption [8], membrane separation [9], biological 
treatment [10] and oxidation methods [11,12], have been developed. 
The adsorption with subsequent reuse of discharged VOCs as well as the 
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thermal total oxidation of VOCs are the two most promising solutions for 
purification of polluted air streams where the concentration of VOCs is 
relatively high. However, the treatment of low-concentrated waste gases 
by these methods is unprofitable. Hence, highly diluted VOCs are 
emitted into the atmosphere, contributing to the formation of photo
chemical smog in the same way as those released from more concen
trated sources. 

To enable cost-effective elimination of VOCs from lean waste gases, 
the application of hybrid method coupling adsorption, subsequent 
desorption, and finally catalytic combustion of condensed stream of 
organic pollutants can be applied. In the literature some systems con
taining one specific material, which acts as both adsorbent and catalyst, 
have been described [13–22]. Recently, Adebayo et al. constructed 
hybrid systems for simultaneous adsorption and oxidation of VOCs on 
TiO2(ZrO2)/SiO2 [23], Ni/ZrO2-SiO2 [24] and Pd(TiO2)/MIL-101 [25]. 
In the elimination of toluene and benzene (used as model VOCs repre
sentatives) encouraging conversions of 71–86% were achieved. How
ever, such approach seems to be a kind of compromise, because the 
developed material must exhibit sufficient performance in both pro
cesses (adsorption and catalytic oxidation), which are quite different in 
their nature. Consequently, the overall effectiveness of a one-component 
dual-functional system would be limited. Moreover, up to date the 
combined adsorption-catalytic processes have been examined mostly in 
continuous flow converters. We suppose that a more reliable strategy is 
based on combining two suitable materials working effectively in the 
specific process (one would be responsible solely for adsorption while 
another one for catalytic combustion of VOCs). The beneficial effec
tiveness of this kind of dual-functional system is based on the principle 
of operation, where adsorption of VOCs takes place without energy 
demand. This stage is the longest one, especially when lean waste gases 
are purified. In consequence, the heat necessary for catalytic oxidation is 
required only for the relatively short time of VOCs desorption and 
combustion. Such hybrid adsorption-catalytic systems have been 
scarcely described in scientific literature. In the recent study, Xie et al. 
[26] reported a promising dual-functional system, in which the modified 
carbon fibers were used as an adsorbent and a Pt/Ni material as a total 
oxidation catalyst. Adsorption of VOCs followed by their combustion 
was also studied on different materials by Kullavanijaya and co-workers 
[27], but the information provided is rather scant. An interesting study 
was shown by Guillemot et al. [28] who carried out the adsorption/ 
catalysis process on modified faujasite zeolites using two separate ma
terials beds and a movable furnace. Nevertheless, kinetics of the entire 
process was not controlled. On the other hand, an analysis of energy 
efficiency for dual-functional adsorption-catalytic systems is limited. 
Atwood et al. [20] compared the energy demand for hybrid and classic 
combustion-based systems. However, they considered only simple time 
differences and energy required to raise temperature in a feed stream 

from ambient to reaction temperature. 
In the presented study we discuss physicochemical features of a 

sucrose-derived carbon adsorbent and a Pt-ZrO2 catalyst, both synthe
sized by the nanoreplication technique using the same silica gel template 
in order to provide comparable morphology of the components adsor
bent and catalyst beds. The synthesized materials were investigated in a 
hybrid adsorption-catalytic system for toluene removal at different 
conditions. We validated hypothesis regarding a positive energetic effect 
of the hybrid adsorption-catalytic system, and we distinguished crucial 
parameters responsible for the efficient toluene removal. In the calcu
lations, which complement the performed experiments, the heat 
necessary to increase temperature of all components and the enthalpy of 
reaction is taken into account. In addition to the calculations focused on 
determining the energy demand, a simplified model of the hybrid system 
dynamics was formulated. To the best of our knowledge, such a 
comprehensive insight into the design and operation of the combined 
adsorption-catalytic system for the removal of VOCs using very active 
functional materials has not yet been presented and confirms the utility 
of this solution on a commercial scale. 

2. Materials and methods 

2.1. Synthesis of materials 

A carbon adsorbent was synthesized using the incipient wetness 
impregnation technique. In a typical procedure, 1.00 g of a spherical 
silica gel template (fraction 40–75 µm, Supelco) was initially dried at 
120 ◦C for 1 h and impregnated with a solution containing 0.77 g of 
deionized water, 0.19 g of sucrose (POCH) and 0.022 g of sulfuric acid 
(95–97%, Sigma-Aldrich). The obtained composite was placed in an 
oven at 100 ◦C for 6 h. Subsequently, the temperature was raised to 
160 ◦C and the sample was kept at this temperature for the next 6 h. The 
procedure of impregnation and heating was repeated once, with a so
lution containing 0.64 g of H2O, 0.16 g of sucrose and 0.018 g of H2SO4. 
Then, 1.20 g of the composite was carbonized in a N2 environment (flow 
rate = 35 cm3/min) in a tubular furnace at 800 ◦C for 4 h (heating rate =
1 ◦C/min). In the final step, the SiO2 template was removed by disso
lution in a 10% hydrofluoric acid solution at room temperature for 1 h. 
The obtained carbon replica was filtered, washed with 500 cm3 of 
deionized water and 50 cm3 of ethyl alcohol (96%, Avantor) and dried at 
room temperature overnight. The procedure of silica dissolution was 
repeated once. The spherical silica and the obtained carbon replica are 
denoted as SPH and C_SPH, respectively. 

In the preparation of a zirconium oxide support, the incipient 
wetness impregnation method was used. Firstly, 45.0 g of spherical silica 
gel (fraction 40–75 µm, Supelco) after drying at 120 ◦C for 1 h was 
impregnated with an aqueous solution containing 45.0 g of ZrOCl2⋅8H2O 

Nomenclature 

AC adsorption capacity of a particular adsorbent-catalyst 
system towards toluene, mmol/g 

cp,i specific heat capacity of a solid component i, J/(kg⋅K) 
Cp,i isobaric heat capacity of a gas component i, J/(mol⋅K) 
CVOC molar concentration of VOC in a gas phase, mol/m3 

din reactor inner diameter, mm 
dout reactor outer diameter, mm 
ΔHdes heat of desorption, J/mol 
ΔHreac heat of reaction, J/mol 
kapp apparent rate constant of a chemical reaction, 1/s 
mi mass of a component i, kg 
ni number of moles of a component i, mol 
ṅi,j molar flow rate of a component i in layer j of a reactor, 

mol/s 
NC non-combusted toluene, mmol 
PC performance coefficient, mmol/cycle 
q concentration of adsorbed molecules, mol/kg 
qAC specific adsorption capacity of C_SPH, mol/kg 
Q heat, J 
rVOC reaction rate per unit volume of a reactor, mol/m3 

t time, s 
T temperature, K 
Vi total volume (including voids) of a layer i of the reactor, m3 

Xvoc toluene conversion degree 
yi molar fraction of a component i 
εb bed porosity 
εp,i particle porosity made of material i 
ρapp,j apparent density of material i, kg/m3  
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(≥99.5%, Sigma-Aldrich) in 30.0 g of deionized water. The sample was 
dried at 90 ◦C for 24 h and calcined in a muffle furnace in air at 900 ◦C 
for 2 h (heating rate = 2 ◦C/min). The silica template was etched by a 
NaOH solution (3.0 mol/dm3) in a polypropylene bottle at 50 ◦C for 24 h 
(20.0 cm3 for 1 g of the composite). Finally, the resulting ZrO2 replica 
was filtered, washed copiously with deionized water and dried at 90 ◦C 
for 24 h. 

Platinum nanoparticles were deposited on the synthesized ZrO2 
support by a polyol process. Briefly, 0.0224 g of NaOH (p.a., POCH) was 
dissolved in 7.0 cm3 of ethylene glycol (99%, anhydrous, J.T. Baker) in a 
round-bottom three-neck flask (25 cm3) equipped with a reflux 
condenser and placed on a magnetic stirrer in an oil bath. Subsequently, 
0.0468 cm3 of PtCl4 (96%, Sigma-Aldrich) was added and the suspen
sion was stirred vigorously for 10 min. After the metal salt dissolution, 
the temperature was increased to 160 ◦C and maintained for 3 h. After 
cooling down, the brown solution containing colloidal Pt was deposited 
onto the ZrO2 surface to obtain 1 wt% Pt loading in the final catalyst. 
The doped sample was mixed carefully, dried at 50 ◦C overnight, then 
washed copiously with deionized water and dried again at 70 ◦C. 
Finally, the material was ground in a mortar and calcined in air at 400 ◦C 
for 2 h (heating rate = 5 ◦C/min). The obtained supported catalyst is 
denoted as Zr_Pt. 

2.2. Characterization of materials 

Thermogravimetric analysis (TG) was performed with an SDT Q600 
thermobalance (TA Instruments) in flowing air (100 cm3/min) from 
30 ◦C to 1000 ◦C (heating rate = 20 ◦C/min). 

Powder X-ray diffraction (XRD) pattern of the Zr_Pt catalyst was 
collected with a Bruker D2 Phaser instrument using a Cu Kα radiation (λ 
= 1.54184 Å) and a LYNXEYE detector in the 2θ range from 15.0 to 
70.0◦ with the step of 0.02◦ and 1 s or 5 s counting times per step. 

Textural properties were determined on the basis of low-temperature 
nitrogen adsorption–desorption isotherms collected at − 196 ◦C using a 
Micromeritics ASAP 2020 sorptometer. Prior to each measurement, a 
sample was degassed under vacuum (10-3 Pa) at 250 ◦C for 6 h. Specific 
surface areas (SBET) were calculated using the Brunauer–Emmett–Teller 
model (BET). Values of total pore volume (Vtotal) were obtained from 
amounts of N2 adsorbed at relative pressure p/p0 ~ 0.97. Volumes of 
micropores (Vmicro) were calculated using the t-plot method. Pore size 
distribution (PSD) was calculated with the equilibrium model of non- 
local density functional theory (NLDFT). 

Quantitative analysis of the Pt active phase and Si residuals in the 
Zr_Pt catalyst was done by X-ray fluorescence spectroscopy (XRF) using 
a Thermo Scientific ARL Quant’x spectrometer. 

X-ray photoelectron spectroscopy (XPS) was used to determine the 
surface composition of the Zr_Pt sample. The XPS spectra were collected 
in a Prevac photoelectron spectrometer equipped with a mono
chromatized aluminum source Al Kα (E = 1486.6 eV), a hemispherical 
analyzer (VG SCIENTA R3000) and a low energy electron flood gun 
(FS40A-PS) to compensate a charge of the nonconductive sample. Base 
pressure in the analytical chamber was 5 × 10-9 mbar. Areas and binding 
energies of Pt 4f, Zr 3d, Si 2p, Na 1s and C 1s photoelectron peaks were 
used to evaluate the chemical state of the surface. The deconvolution of 
the spectra was performed with the Shirley background model using 
CasaXPS software. 

A field emission scanning electron microscope (Hitachi S-4700, 
Tokyo, Japan) equipped with an X-ray energy dispersive spectrometer 
(NORAN 7 with NSS Spectral Imaging System, Thermo Scientific, USA) 
was used for imaging and determination of distribution of elements 
(elemental mapping). For imaging, samples were mounted on carbon 
adhesive discs and coated with gold. A secondary electrons (SE) signal 
was used for observations at an accelerating voltage of 20 kV. The 
elemental mapping was performed on carbon coated samples. K-line for 
O and L-lines for both Zr and Pt were selected for the analyses. The 
acquisition time was selected experimentally. 

2.3. Adsorption-catalytic tests 

Adsorption of toluene, subsequent desorption and following catalytic 
combustion tests were carried out in a tubular flow quartz microreactor 
(8 mm i.d.) containing a multilayer bed consisting of various arrange
ment and volumes of the adjacent C_SPH adsorbent, inert SPH silica 
separator and Zr_Pt catalyst, all placed on a quartz wool plug. The 
configuration of the adsorption-catalytic system is schematically shown 
in Fig. 1. Gaseous reactants were fed through thermal mass flow con
trollers (Brooks SLA5800) from the top of the reactor. Temperature was 
measured with a thermocouple, protected by a quartz capillary inserted 
directly into the top layer (C_SPH). Toluene vapour was introduced into 
a flow of synthetic air (20% O2/80% N2, 6.0, Air Products) by passing it 
through a glass scrubber filled with a liquid toluene kept at − 8.0 ◦C in a 
thermostatic bath. In a typical procedure, the adsorption-catalytic test 
consisted of four consecutive steps: (i) adsorption of the pollutant mol
ecules on the surface of the C_SPH adsorbent performed in air saturated 
with toluene (40 ◦C, 100 cm3/min), (ii) desorption of physisorbed forms 
of toluene by passing of pure air (40 ◦C, 100 cm3/min), (iii) desorption 
of chemically adsorbed forms of toluene by flash heating to 250 ◦C (at 
the air flow stopped), and (iv) catalytic oxidation of desorbed toluene 
molecules in air (250 ◦C, 10 cm3/min). Prior to the adsorption step, the 
materials were outgassed in nitrogen (5.2, Air Products) at 275 ◦C for 20 
min. The temperature and time profile of the typical adsorption-catalytic 
experiment is depicted in Fig. 2. All products were continuously ana
lysed with a quadrupole mass spectrometer (PREVAC UMS) connected 
on-line by a capillary to the reactor outlet. The adsorption capacity of 
toluene was determined with the same procedure as described above for 
the adsorption-catalytic tests, but performed entirely in inert environ
ment (flowing N2). The catalytic performance was evaluated in terms of 
toluene conversion (XVOC) and performance coefficient (PC) defined as 
follows: 

XVOC = ((AC − NC) /AC ) × 100% (1)  

PC = AC × XVOC[mmol/cycle] (2)  

where AC – adsorption capacity of a particular adsorbent-catalyst sys
tem towards toluene (chemically or physically adsorbed); NC – non- 
combusted toluene. 

The Zr_Pt catalyst was also tested individually in the total oxidation 
of toluene at various temperatures. The catalytic test was carried out for 
100 mg of the sample in the temperature range of 125–350 ◦C with the 
step of 25 ◦C (heating rate = 5 ◦C/min). The vapor concentration of 
toluene in flowing air (100 cm3/min) was equal to 1000 ppm. Prior to 
the catalytic run, the sample was outgassed in an air stream (100 cm3/ 
min) at 350 ◦C for 30 min. 

2.4. Calculation of energy requirement 

The performance of the multilayer bed consisting of various ar
rangements and volumes of C_SPH, SPH and Zr_Pt was evaluated in 
terms of energy consumption during the process. The results were 
compared with those obtained for a competing system, i.e. a catalytic 
flow reactor. In both cases no heat losses were assumed. The calculations 
were carried out for the actual process occurring at 250 ◦C. Thus, 
initially, the temperature of the solids (i.e. reactor walls and bed parti
cles) and adsorbate (in the case of the multilayer bed) needs to be 
increased from the ambient temperature to the process temperature. The 
amount of heat consumed for the system preheating was evaluated as: 

Qpreheat =
∑

micp,i(Tproc − Tamb) (3)  

where cp,i – specific heat capacity of a solid component i, mi – mass of a 
component i, Tamb and Tproc – ambient and process operation tempera
ture, respectively. 

The energy supplied to preheat gas introduced into the reactor from 
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Fig. 1. Scheme of the adsorption-catalytic system (A) and enlarged fragment of multilayer bed configuration (B).  

Fig. 2. Temperature and time profile of typical adsorption-catalytic experiment.  
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Tamb to Tproc, which depends on the process duration, gas composition 
and volumetric flow rate, was evaluated as: 

Qgas =
∑

niCp,i(Tproc − Tamb) (4)  

where Cp,i – isobaric heat capacity of a component i, ni – number of moles 
of a component i fed to the reactor within entire duration of the process. 

For the adsorption-catalytic system operated with flowing air at the 
volumetric flow rate of 10 cm3/min, the duration of the process was 
estimated based on the kinetics of desorption of toluene from C_SPH 
performed in the N2 environment at 250 ◦C. The energetic performance 
of the catalytic flow reactor (with the bed containing Zr_Pt only) was 
evaluated based on the conditions used during the catalytic tests, i.e. for 
the stream of air saturated with 1000 ppm of toluene and supplied at the 
rate of 100 cm3/min. The duration of the process was assumed to be 
equal to the time necessary to supply the conventional reactor with the 
same amount of toluene that is adsorbed on C_SPH in the corresponding 
adsorption-catalytic system. 

For the multilayer bed, considering endothermic character of the 
desorption process, it is also necessary to account for the contribution of 
total heat of desorption, expressed here as: 

Qdes = nVOCΔHads (5)  

where nVOC – number moles of adsorbed toluene. 
The above energy inputs to the system are balanced by the heat 

released during the toluene combustion: 

Qreac = XVOCnVOCΔHreac (6) 

The net energy consumption for the flow reactor and adsorption- 
catalytic system was calculated as: 

Qnet,flow = Qpreheat +Qgas +Qreac (7)  

Qnet,ads cat = Qpreheat +Qgas +Qdes +Qreac (8)  

2.5. Mathematical model 

To better understand the behavior of the studied multilayer bed, a 
simplified dynamic model of the adsorption-catalytic system was 
formulated. The proposed model was based on the following assump
tions: (i) the entire adsorption-catalytic system operates under 
isothermal conditions, (ii) pressure drop across the bed is neglected, (iii) 
gas-to-particle and intraparticle mass transport resistances are negli
gible, and (iv) gas is perfectly mixed within each layer of the bed. Small 
particle sizes, a very low length-to-diameter ratio of the operating bed 
and relatively low gas flow rates justify the mentioned simplification 
made within the model. 

Given the above assumptions, the toluene mass balance in the 
adsorption-catalytic system was described by the following equations: 

[
εb + (1 − εb)εp,1

] dnVOC,1

dt
= ṅVOC,in − ṅVOC,1 − (1 − εb)ρapp,1

dq
dt

V1 (9)  

[
εb + (1 − εb)εp,2

] dnVOC,2

dt
= ṅVOC,1 − ṅVOC,2 (10)  

[
εb + (1 − εb)εp,3

] dnVOC,3

dt
= ṅVOC,2 − ṅVOC,3 − rVOC,3V3 (11)  

where εb – bed porosity, εp,i – particle porosity (1 – C_SPH, 2 – SPH, 3 – 
Zr_Pt), nVOC,i – number of moles of toluene in a layer i, ṅVOC,i - molar flow 
rate of toluene, Vi – total (i.e. including voids) volume of a layer i, ρapp,1 – 
apparent density of C_SPH, q – concentration of adsorbed toluene, rVOC,3 
– toluene combustion rate per unit reactor volume. The inlet and initial 
conditions associated with the above equations are: 

ṅVOC,in(t) = 0
nVOC,1(0) = nVOC,0
nVOC,2(0) = nVOC,3(0) = 0

(12) 

The toluene balance equation in the third layer (Eq. (11)) is valid also 
for the conventional catalytic flow reactor. Considering steady-state 
operation mode of the conventional system, the balance equation for 
the Zr_Pt bed can be described as follows: 

0 = ṅVOC,2 − ṅVOC,3 − rVOC,3V3 (13) 

The rate of desorption dq/dt in Eq. (9) was described using lognormal 
distribution approximation [29] of the experimental data collected 
during the desorption tests at 250 ◦C using pure N2 as a purge gas. The 
instantaneous amount of the adsorbed toluene per unit adsorbent mass 
was thus expressed as: 

q(t) = qAC − qAC

[
1
2
+

1
2

erf
(

lnt − μ
̅̅̅
2

√
σ2

)]

(14)  

where qAC – specific adsorption capacity of C_SPH, μ and σ – adjustable 
model parameters determined by the least square method. 

For the conventional system, due to the presence of excess air, a 
simple first-order kinetic model (with respect to toluene) may be used to 
describe the oxidation rate rVOC [30]. More complex rate formula, ac
counting for the oxygen consumption might be necessary for the 
adsorptive system. One possibility is the following kinetic model [31]: 

rVOC =
kpVOCpO2

(1/KVOC+pVOC)(1/KO2+pO2 )
(15)  

3. Results and discussion 

3.1. Physicochemical properties of adsorption-catalytic system 
components 

The thermogravimetric measurement in air was performed to 
examine possible residues of SiO2 in the structure of the C_SPH replica 
after the HF treatment in the last step of the synthesis. The registered 
curve is presented in Fig. 3. In the temperature range of 500–650 ◦C a 
steep loss of sample weight is observed as a result of carbon oxidation. 
The achieved weight loss of 100% clearly confirms that dissolving of the 
silica template was complete. 

Table 1 presents calculated textural parameters of all the synthetized 
materials. Specific surface area of the spherical silica gel template is 
relatively high (SBET = 294 m2/g), however significantly lower than 
determined for the C_SPH carbon replica (SBET = 1318 m2/g). Such high 

Fig. 3. Thermogravimetric curve of the C_SPH carbon replica registered in air.  
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surface area as well as total pore volume of C_SPH originate from 
microporosity created inside of the carbon rods by the liberation of 
gaseous products during the carbonization process. The presence of 
these additional micropores was confirmed by the t-plot calculations – 
an evident difference in the volume of micropores for SPH and C_SPH 
can be seen (cf. Table 1). Fig. 4A depicts low-temperature nitrogen 
adsorption–desorption isotherms collected for all the samples. In the 
case of the carbon replica, at a low relative pressure (p/p0 < 0.05) a 
much higher amount of nitrogen is adsorbed compared to SPH, which 
corroborates the presence of higher contribution of micropores. The 
surface area of the Zr_Pt sample is significantly lower (SBET = 104 m2/g) 
in comparison to C_SPH, despite the same general synthesis strategy 
based on the SPH silica template. In this case, no additional porosity 
could be generated inside the ZrO2 oxide structure, because of its 
chemical nature and progressive crystallization process. The incorpo
ration of Pt species can additionally promote a decrease in the SBET value 

as well as depletion of the hysteresis loop (cf. inset of Fig. 4A). According 
to IUPAC Technical Report, all the measured isotherms can be assigned 
to type IV(a) typical of mesoporous materials, where adsorption is 
similar as for type II, but followed by pore condensation with a hyster
esis loop (type H2(b)) and final saturation plateau [32]. The charac
teristic feature of type H2(b) hysteresis loop is a gentle desorption 
branch attributed to blocking of pore necks with a quite broad size 
distribution. Pore size distribution of the SPH sample (Fig. 4B) shows 
narrow maximum at ca. 9 nm, confirming mesoporosity of the SiO2 
separator. No additional pores are observed in contrast with the C_SPH 
sample, where both micro- and mesopores are found. However, the peak 
related to mesopores is much wider than in SPH, indicating broad range 
of mesopore diameters in the carbon sample. Such broadening is related 
with the fact that carbon replica is a negative of the SPH template and 
porosity originates from dissolution of silica walls of SPH. Micropores of 
the C_SPH sample were generated mostly inside the carbon walls of the 
material during the carbonization process. The PSD of the Zr_Pt catalyst 
shows relatively small peak at ca. 6 nm, which confirms mesoporosity 
and its low total pore volume (cf. Table 1), estimated earlier from the 
isotherm. 

The X-ray diffraction pattern of the Zr_Pt sample is presented in 
Fig. 5A. The diffraction peaks can be identified at 31.0◦, 35.0◦, 51.0◦ and 

Table 1 
Textural properties and adsorption capacity of toluene for the SPH, C_SPH and 
Zr_Pt samples.  

Sample SBET 

[m2/g] 
Vtotal 

[cm3/g] 
Vmicro 

[cm3/g] 
Adsorption capacity of 
toluene [mmol/g] 

SPH 294  0.83  0.03  0.00 
C_SPH 1318  2.92  0.15  8.31 
Zr_Pt 104  0.16  0.00  0.00  

Fig. 4. Low-temperature nitrogen adsorption–desorption isotherms (A) and 
calculated pore size distributions (B) for the SPH, C_SPH and Zr_Pt samples. 

Fig. 5. XRD patterns of the Zr_Pt catalyst measured in 2θ range of 15-70◦ with 
counting time of 1 s (A) and 35-50◦ with counting time of 5 s (B). ZrO2 – (●), Pt 
– (▴). 
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60.0◦ 2θ and indexed as (101), (110), (112) and (221) Miller indices, 
respectively. These crystallographic planes are typical of ZrO2 crystal
lized in the tetragonal P42/nmc space group [JCPDS 79–1764]. At the 
calcination temperature below 1000 ◦C, a more stable monoclinic ZrO2 
crystallographic phase is usually formed [33]. The formation of the 
tetragonal ZrO2 phase is explained by the presence of SiO2 residues, 
which exist in the material after incomplete dissolution of the silica 
template with NaOH. This supposition was confirmed by XRF analysis, 
which showed the Si content of 2.1 wt%. A similar effect of ZrO2 
tetragonal form formation caused by various additives, e.g. Y, Ca, Ce, Si, 
La was reported [34]. The XRD measurement was repeated with a pro
longed counting time per step (5 s) in a 2θ region where diffraction 
peaks related to the Pt active phase are expected (Fig. 5B). The (111) 
and (200) reflections corresponding to metallic platinum crystallo
graphic phase are distinguished more precisely at 41.0◦ and 45.5 ◦2θ 
[ICDD, PDF No. 00–004–0802]. 

The XRF analysis revealed the bulk Pt content of 0.66 wt% in the 
Zr_Pt catalyst. Furthermore, the XPS measurements gave more detailed 
information on the form of Zr- and Pt-containing surface species. In the 
XPS survey spectrum (not shown), the emission of photoelectrons was 
observed, which confirmed the presence of Pt, Zr, O, C, Si and Na on the 

Zr_Pt surface. The appearance of Na 1s and Si 2p peaks should be 
assigned to an incomplete removal of silica from the template structure 
and a possible formation of sodium silicate residues [35]. This claim is in 
accordance with the XRF results. The Zr 3d core-level XPS spectrum 
(Fig. 6A) shows a spin–orbit doublet at 182.4 eV (3d5/2) and 184.7 eV 
(3d7/2) with an energy gap of 2.3 eV, which corresponds to Zr4+ in ZrO2 
[36]. In turn, the presence of metallic Pt is approved by well-separated 
spin–orbit asymmetric components of Pt 4f7/2 and Pt 4f5/2 at 71.1 eV and 
74.4 eV, respectively (Fig. 6B) [37]. 

SEM measurements were performed to investigate morphology of the 
SiO2 template as well as the corresponding C_SPH and Zr_Pt samples. 
The intended spherical structure of the synthesized materials is related 
with the concept of minimizing potential influence of grain morphology 

Fig. 6. XPS core level spectra of Zr 3d (A) and Pt 4f (B) regions for the 
Zr_Pt catalyst. 

Fig. 7. SEM pictures of SPH silica (A), C_SPH carbon replica (B), and Zr_Pt 
catalyst (C). 
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of the dual-functional system components on diffusion of gas molecules. 
The SEM image of SPH (Fig. 7A) reveals quite regular, spherical shape of 
particles with a diameter of ca. 60 μm. The C_SPH carbon particles ob
tained by the nanoreplication method are slightly less spherical 
(Fig. 7B). Some of them are partially cracked with visible macrodefects 
and rough surface. Moreover, diameter of the replicated SPH spheres 
decreased to ca. 30 μm or less. Such effect is typical of sucrose-based 
carbon nanoreplicas. Similar outcome was reported earlier for CMK-3 
type carbon, where distinct shrinkage of a structure was observed 
after carbonization process [38]. The nanoreplication quality was the 
weakest for the ZrO2 support. The SEM picture of the Zr_Pt sample 
(Fig. 7C) clearly shows that the spherical structure has not been pre
served after all synthesis steps, which corresponds with a broad peak 
observed in pore size distribution (cf. Fig. 4B). The synthesis of inorganic 
nanoreplicas is usually more problematic than carbon ones, due to dif
ficulties in penetration of pores with a liquid precursor as well as effects 
of its thermal decomposition. Similar observations have already been 
reported for MgO nanoreplica – using of a CMK-3 carbon template 
resulted only in partial replication even at optimized conditions [39]. 
Nevertheless, in spite of low sphericity, the Zr_Pt catalyst exhibits a 
relatively high specific surface area and sufficient porosity, which allow 
to use it as catalyst in the next stages of the presented study. The SEM/ 
EDS mapping was performed to determine dispersion of Pt, Zr and O 
elements in Zr_Pt (Fig. 8). High dispersion of all elements is observed 
with no local aggregation of platinum active phase. Furthermore, a 
temperature-programmed desorption of NH3 measurement for the Zr_Pt 
catalyst showed a relatively low total surface concentration of acid sites 
(10.2 μmol/gcat). 

3.2. Performance of adsorption-catalytic system 

Adsorption capacity of toluene was determined individually for all 
three components of multilayer adsorption-catalytic system after 
removing physically bound VOC molecules. The results summarized in 
Table 1 indicate that no noticeable traces of toluene remained on the 
surface of the SPH and Zr_Pt samples prior to the final thermal desorp
tion step. It can be therefore assumed that these two components do not 
contribute to the overall toluene adsorption capacity of the multilayer 
bed. As intended, only C_SPH exhibited the relatively high adsorption 
capacity of toluene (8.31 mmol/g). The adsorption test was repeated 
over the same sample. A very similar value of adsorption capacity was 

reached during the second adsorption/desorption run, confirming sta
bility of the developed adsorbent. 

Catalytic performance of the Zr_Pt catalyst was examined to deter
mine the optimal operating temperature, which ensures total toluene 
conversion in the designed multilayer system. As can be seen in Fig. 9, 
toluene combustion over Zr_Pt begins at 150 ◦C and achieves 90% 
conversion (T90) at 210 ◦C. To obtain the highest possible catalytic 
performance in the combined adsorption-catalytic system, the temper
ature of 250 ◦C (giving more than 97.0% of toluene conversion) was 
selected. On the other hand, the chosen temperature is low enough to 
preserve the carbon adsorbent from undesirable oxidation which is very 
likely in the oxygen rich reaction environment. 

After the thorough characterization of all individual components of 
the adsorption-catalytic system, adsorption followed by immediate total 
oxidation of desorbed toluene was tested. These experiments involving a 
multilayer bed are denoted as a_s_c, where a – mass of C_SPH adsorbent 
[mg], s – mass of SPH separator [mg], c – mass of Zr_Pt catalyst [mg]. 
Firstly, a double layer bed consisting of 10 mg of the C_SPH adsorbent 
and 50 mg of the Zr_Pt catalyst (indicated as 10_0_50) was examined. 

Fig. 8. SEM picture (A) and SEM/EDS elemental maps of Pt (B), Zr (C) and O (D) collected for the Zr_Pt sample.  

Fig. 9. Conversion of toluene with increasing reaction temperature over the 
Zr_Pt catalyst. 
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The conversion of toluene reached 97.6%, thus almost entire chemically 
adsorbed toluene was oxidized. We also noticed that the bed mass after 
such run decreased significantly. Taking into account the chemical na
ture of the bed components, only C_SPH carbon could be lost due to 
burning by oxygen present in air. However, this process requires tem
peratures higher than 250 ◦C (cf. Fig. 3). In that case, the necessary heat 
energy was most probably generated locally by the exothermic reaction 
of toluene combustion, quite intensive at the beginning of the process. 
The reaction took place on the surface of the Zr_Pt catalyst, which in this 
peculiar adsorbent/catalyst bed configuration was in close contact with 
C_SPH, where the heat flux might be easily transferred. In order to 
exclude that effect, the adsorption-catalytic tests with an additional 
protective layer of SPH were performed. Two distinct volumes of this 
component were used, i.e. 200 mg (10_200_50) and 400 mg 
(10_400_50). The SiO2 separator was placed between exactly the same 
amounts of the C_SPH adsorbent (10 mg) and the Zr_Pt catalyst (50 mg). 
The results presented in Table 2 confirm that a negligible mass drop 
(~2.0 %) was detected after the runs with the bed containing the inert 
separator. A slightly higher conversion of toluene was also observed, up 
to 98.3% (+0.7%) for 10_400_50. Thus, the implementation of the SPH 
separator successfully protects the C_SPH carbon adsorbent from the 
unwanted oxidation. Moreover, this additional layer may play a sup
porting role of buffer space, which preserves desorbed toluene mole
cules present within the adsorbent bed (air flow stopped) from diffusion 
towards the catalyst bed before the temperature of Zr_Pt reaches the 
operation level of 250 ◦C. Such hypothetical situation may happen, 
when a larger amount of adsorbent is used and consequently, more 
toluene desorbs in a time unit and moves towards an open end of reactor. 
For the following measurements, 200 mg of SPH was selected as optimal, 
since no significant changes in the mass drop and conversion of toluene 
was found in the experiment involving 400 mg of SPH. 

In the next stage, the catalytic efficiency of Zr_Pt was investigated to 
determine how much of toluene could convert under such conditions. 
The amounts of SPH (200 mg) and Zr_Pt (50 mg) were fixed, whereas the 
C_SPH mass was changed (20 mg or 40 mg), providing different amounts 
of toluene dosed into the catalyst layer during the thermal desorption. 
The obtained results are presented in Fig. 10. A slight decrease in the 
conversion of toluene from 97.9% for 10_200_50 to 96.7% for 20_200_50 
was noticed. Thus, 50 mg of the catalyst can simply oxidize twice as 
much of toluene. A further increase in the adsorbent content (up to 40 
mg) gave a more distinct drop of toluene conversion to 86.1%. 
Evidently, the 40_200_50 adsorption-catalytic system works insuffi
ciently at such conditions. 

In order to optimize the amount of catalyst, which would be 
adequate to restore the level of toluene conversion to that observed for 
20_200_50, an additional experiment (40_200_100) with amounts of the 
C_SPH, SPH and Zr_Pt components fixed at 40, 200 and 100 mg, 
respectively, was performed. Twice the weight of the Zr_Pt catalyst 
resulted in the toluene conversion of 89.4%, thus lower than expected 
and obtained for the 20_200_50 experiment (cf. Fig. 10). Therefore, one 
more test was carried out with triple quantity of Zr_Pt (40_200_150). The 
toluene conversion reached 94.5% and was comparable to the previ
ously observed during the 20_200_50 experiment. Concluding, for the 
same conversion of toluene, the mass of catalyst had to be tripled. 

The optimal mass ratios of Zr_Pt to C_SPH were calculated for the 
experiments where the comparable toluene conversion was achieved, 

but differed in the amount of adsorbent and catalyst layers. For the 
20_200_50 and 40_200_150 tests, the ratios were equal to 2.50 mg and 
3.75 mg of Zr_Pt per 1.00 mg of C_SPH, respectively. The Zr_Pt mass 
required to complete oxidation of desorbed toluene increases out of 
proportion to the amount of C_SPH. Evidently, in this kind of multilayer 
adsorption-catalytic systems, straightforward upscaling in order to 
simply increase the overall performance of the system is possible, but 
complex and challenging. The specific conditions may play a crucial 
role, including external and/or internal diffusion limitation. Moreover, 
utilization of carbon materials with a large specific surface area is of 
fundamental significance. On the one hand, as high as possible 
adsorption capacity, which is favourited by a high surface area, is 
desirable. On the other hand, volume of desorbing VOCs molecules is 
relatively high in comparison to physical dimensions of a reactor. Taking 
into account the mass of the adsorbent (40 mg) and its adsorption ca
pacity towards toluene (8.31 mmol/g), the approximate volume of a 
liberated gas (at standard temperature and pressure) is equal to ca. 7.5 
cm3. That volume of toluene is a dozen times greater than the void space 
inside and over the separator-adsorbent layers in the reactor. The 
reactor void space that is clearly insufficient to contain the liberated gas 
could generally lead to the situation in which a part of toluene molecules 
would pass through the catalyst bed, before the temperature in the 
reactor reaches the operation level. In our case such effect was not 
observed, since the conversion level was quite high. In fact, the kinetics 
of desorption is slow enough to prevent too fast release of the adsorbed 
toluene molecules. Most probably, firstly desorbed toluene molecules 
located inside the C_SPH pores inhibit further desorption because of 
increased partial pressure of toluene vapour. The impeded desorption of 
toluene corresponds with the hysteresis observed during the N2 
adsorption–desorption measurements (cf. Fig. 4A), which usually in
dicates pores with nonuniform diameters responsible for such effect. 

For the most efficient 40_200_150 adsorption-catalytic system for the 
removal of toluene, five consecutive runs were performed in order to 
verify its stability (Fig. 11). The relatively high stability was maintained 
for all experiments. A slight increase in the toluene conversion from 
94.0% to 95.8% was noticed for runs 4 and 5 in contrast with matching 
levels of runs 1–3. The difference lies within the uncertainty range of 
94.2 ± 2.1% estimated for runs 1–3, thus turned out to be negligible. 
Moreover, none of mass loss was observed after the sequence of 
adsorption/catalysis tests. It can therefore be concluded that both 
adsorption capacity of C_SPH and catalytic activity of Zr_Pt layers are 

Table 2 
Conversion of toluene and mass loss of C_SPH part for the adsorbent-catalyst bed 
with different contents of the SPH separator.  

Experiment 
name 

Mass of SPH separator 
[mg] 

Conversion of toluene 
[%] 

Mass drop 
[%] 

10_0_50 0  97.6  29.0 
10_200_50 200  97.9  2.0 
10_400_50 400  98.3  2.1  

Fig. 10. Conversion of toluene for the series of experiments a_200_50 where a 
is mass of the C_SPH adsorbent, and 40_200_c where c is mass of the 
Zr_Pt catalyst. 
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stable enough to work in repeated cycles. 
The above discussed experimental procedure involved desorption of 

physisorbed toluene molecules in order to precisely control the amount 
of toluene adsorbed on C_SPH before the catalytic combustion. How
ever, to simulate more practical and environmental-effective conditions, 
the performance of the 40_200_150 system was tested for all forms of 
toluene adsorbed on the surface of 40 mg of C_SPH until the break
through of the multilayer bed. One should take into consideration that 
physisorption of toluene molecules is not as predictable and repeatable 
as chemisorption, since adsorbate multilayers can be easily formed. In 
the discussed experiment, after the complete saturation of C_SPH with 
toluene (when the breakthrough of the toluene signal appeared), the 
flash heating up to 250 ◦C started immediately, followed by the same 
oxidation procedure as described earlier. The adsorption capacity of 
physically adsorbed toluene (taking into account the value calculated 
from the experiment performed in pure nitrogen) was at the level of 
38.23 mmol/g, therefore ca. 4.6 times greater than chemisorbed one. 
The conversion reached 39.3%, which gave the total amount of oxidized 
toluene ca. 1.9 times more (per one cycle) than in the case of chemi
sorption. It is apparent that the majority of the adsorbed toluene was not 
oxidized, most probably because of oxygen deficit and/or an insufficient 
amount of the catalyst. 

3.3. Evaluation of energy requirement of adsorption-catalytic system 

Given that the main drawback of thermal desorption is its rather long 
duration and thus relatively low energetic efficiency, the net energy 
requirement to operate the adsorption-catalytic system under 
isothermal conditions was evaluated. The energetic performance of the 
proposed hybrid system was compared with a conventional system, i.e. a 
catalytic flow reactor converting toluene in a continuous mode and with 

a constant but low feed concentration (1000 ppm), typical for such 
apparatuses. The key parameters used in the calculations are given in 
Table 3. Only the part of the quartz reactor actually loaded with the 
particles was taken into account in calculating the energy necessary to 
heat the apparatus walls. Its mass was determined on the basis of the 
inner and outer diameters, i.e. din and dout, and lengths of individual 
zones, derived from the bed mass and porosity. The values of the net 
energy requirement determined for both systems are summarized in 
Table 4. The conventional continuous flow system is indicated by: (a) 
_0_c, where c denotes mass of the catalyst in mg, while a in round 
brackets indicates that the contribution of Qgas to Qnet was determined 
based on such an amount of toluene that is adsorbed in the multilayer 
system, respectively, on 10, 20 or 40 mg of C_SPH in the multilayer bed. 
Keeping in mind that the conventional monolayer catalytic bed is fed 
continuously with the stream of air saturated with 1000 ppm of toluene 
and supplied at 100 cm3/min, the duration of the process, and hence 
that time of gas preheating was set, respectively, to 1220, 2440 and 
4880 s. 

The process duration for the multilayer system was estimated based 
on the desorption of toluene from C_SPH determined at 250 ◦C in N2 (10 
cm3/min). It was then assumed that the total oxidation can be inter
rupted when 99% of toluene is desorbed from C_SPH, which yields the 
process duration in the adsorption-catalytic system equal to 3000 s. The 
estimated process duration is independent of the mass of C_SPH used, 
and is in a perfect agreement with the experimental observations. Dur
ing the measurements the total conversion of toluene was observed 
approximately after 2500–3300 s from the start of air supply. The energy 
requirement for the system preheating (Qpreheat) was evaluated as the 
heat necessary to increase the temperature of reactor walls, bed material 
and adsorbate from 25 ◦C to 250 ◦C. For the adsorption-catalytic system 
Qdes contribution was estimated assuming a typical value of the heat of 
desorption of toluene from activated carbon, that is 85 kJ/mol [40,41]. 
Note that the accepted value is more than twice greater than the heat of 
toluene vaporization, which is in line with a chemical nature of the 
analyzed adsorption–desorption process. The heat released upon the 
chemical reaction Qreac was calculated as the product of the actually 
oxidized amount of toluene and the heat of reaction evaluated at 250 ◦C 
(ΔHreac = –3768.79 kJ/mol). 

For the flow system (Table 4), due to negligible contribution of 
Qpreheat term to Qnet, comparable values of XVOC obtained experimentally 
with 50 mg and 100 mg of Zr_Pt (96.3% and 97.0%, respectively) and 
Qgas term being always around twice greater than Qreac (with the 
opposite sign), the obtained net energy consumption is practically pro
portional to the amount of toluene supplied to the reactor. The specific 
heat consumption for the cases evaluated here varies from 3078.76 J/ 
mmol (for (40)_0_100) to 3198.97 J/mmol (for (10)_0_50) of toluene. 

The overall energy requirements obtained for the multilayer 
adsorption-catalytic system are quite surprising. It turns out that for 
most arrangements (i.e. 20_200_50, 40_200_50 and 40_200_100) a sub
stantial amount of heat is generated by the system. It must be recalled 
that the heat losses were neglected in the evaluation of energy 
requirement. However, considering that the process duration in the 

Fig. 11. Conversion of toluene for the optimal 40_200_150 adsorption-catalytic 
system observed in five consecutive runs. 

Table 3 
Properties of solids and reactor used in energetic calculations and dynamic 
simulations.  

Parameter Value Parameter Value 

cp,wall 964 J/(kg⋅K) εp,C_SPH  0.7879 
cp,C_SPH 1000 J/(kg⋅K) εp,SPH  0.6759 
cp,SPH 1100 J/(kg⋅K) εp,Zr_Pt  0.4773 
cp,Zr_Pt 517 J/(kg⋅K) ρapp,C_SPH  269.8 kg/m3 

din 8 mm ρapp,SPH  814.3 kg/m3 

dout 10 mm ρapp,Zr_Pt  2983.3 kg/m3 

εb 0.4    

Table 4 
Net energy requirement to operate the catalytic bed and the adsorbent-catalyst 
bed with different contents of the SPH separator during toluene combustion.  

Experiment name Qpreheat [J] Qgas [J] Qdes [J] Qreac [J] Qnet [J] 

(10)_0_50  13.31  554.12  – –301.60  265.83 
10_200_50  194.16  135.77  7.06 –306.61  30.38 
10_400_50  353.53  135.77  7.06 –307.86  188.50 
(20)_0_50  13.31  1108.23  – –603.20  518.34 
20_200_50  215.64  135.77  14.13 –605.70  –240.16 
(40)_0_50  13.31  2216.47  – –1206.40  1023.38 
40_200_50  258.60  135.77  28.25 –1078.61  –655.99 
(40)_0_100  26.63  2216.47  – –1213.91  1029.19 
40_200_100  271.91  135.77  28.25 –1119.95  –684.02  
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multilayer bed was estimated to be 3000 s, that is much shorter than in 
the cases indicated by (40)_0_50 and (40)_0_100 (4880 s), and only 
slightly longer than for (20)_0_50 (2440 s), a substantial energetic su
periority of the hybrid system over the flow reactor is unquestionable. As 
a result of a significant contribution of the SPH separator to Qpreheat and 
more diverse performance of the adsorption-catalytic system in terms of 
conversion (varying from 86.1% for 40_200_50 to 98.4% for 10_400_50), 
there is no straightforward relationship between the specific multilayer 
arrangements in terms of Qnet. The arrangements that perform best, in 
terms of specific net heat, are 40_200_50 and 40_200_100 with the heat 
released by the system being equal, respectively to − 1973.49 and 
− 2057.82 J/mmol. However, it must be reminded that these arrange
ments are characterized by the lowest conversion of toluene. Therefore, 
the choice of optimal system – in terms of energy – definitely has to go in 
pair with the choice of the system that is also optimal in terms of the 
efficiency in VOCs processing. Here, this is the 20_200_50 system, for 
which the estimated specific net energy released is − 1445.00 J/mmol of 
toluene desorbed from C_SPH. 

3.4. Transient behavior of adsorption-catalytic system 

The experimental results for the adsorption-catalytic system and 
evaluation of its energetic requirements clearly indicate that the overall 
performance is strictly related to the transient character of the process 
and, to different time scales of the physical and chemical phenomena. A 
relatively high amount of heat released during the total oxidation of 
toluene in the hybrid system may suggest that the system could be 
operated autothermally. However, in a contrast to the flow system, the 
rate of supply of toluene to Zr_Pt layer strongly depends on the 
desorption rate that varies in time. Thus, especially in the final stages, 
when the gas phase concentration of toluene is very low, the heat of 
combustion is insufficient to sustain the process. Different time scales, i. 
e. variable kinetics of desorption combined with relatively low residence 
time of gas in each layer and very rapid catalytic reaction, determine in 
turns the overall dynamics of the process. 

Fig. 12 shows temporal evolution of the concentration of toluene q(t) 
in the C_SPH layer during its desorption from the adsorbent surface. The 
experimental curve was derived based on the desorption tests performed 
at 250 ◦C in N2 and was approximated using Eq. (14). Additionally, the 
gas phase molar fraction curves of toluene yVOC,1(t) in the C_SPH layer 
are plotted. They were determined for three values of the adsorbent 
mass employed in the experiments, i.e. 10, 20 and 40 mg, using the 
model for C_SPH zone only, i.e. Eq. (9), resolved in the MATLAB soft
ware with the aid of ode15s solver. The physical properties appearing in 
the model are reported in Table 3. 

While initially the solid phase concentration of toluene q drops quite 

rapidly, a complete desorption of toluene molecules from the C_SPH 
surface requires, as already mentioned, more than 3000 s. Another 
important issue, from the point of view of efficient operation of the 
hybrid system, is the peak molar fraction of toluene in gas phase yVOC,1 
that reaches values of 0.0252, 0.0492 and 0.0938, respectively for 10, 
20 and 40 mg of C_SPH. Considering the combustion of toluene: 

C7H8 + 9O2→7CO2 + 4H2O (16) 

an oxygen deficiency might be encountered in the Zr_Pt zone in the 
interval characterized by the highest rate of desorption, and thus the 
highest rate of supply of combustible from the C_SPH to the Zr_Pt layer. 
This observation explains the poorer performance, in terms of conver
sion, of the adsorption-catalytic system operated with 40 mg of the 
adsorbent. 

Fig. 13A shows representative oxygen and toluene molar fraction 
curves used to derive the kinetic equation for toluene combustion in the 
hybrid system. They were registered at the reactor outlet during a test 
performed using the arrangement labeled as 20_200_50. The location of 
the toluene peak and the corresponding minimum of oxygen concen
tration is quite surprising since the maximum molar fraction of toluene 
in the gas stream leaving the Zr_Pt layer is observed around 40 s after the 
start of air supply. On the other hand, the highest rate of toluene supply 
from C_SPH to the Zr_Pt layer predicted using the empirical model of 
desorption (Fig. 12) is observed slightly later, i.e. ~ 3 min. The toluene 
molar fraction at the reactor outlet yVOC,3(t) (Fig. 13A) suggests that it is 
the effect of a much faster desorption process than expected. Note that 
the desorption rate was determined based on desorption tests performed 
at 250 ◦C in N2. Although the system temperature was also maintained at 
250 ◦C during the combustion experiments, as already mentioned, the 

Fig. 12. Temporal evolution of the concentration of toluene in gas and solid 
phases in the C_SPH layer. 

Fig. 13. Measured concentration of oxygen and toluene at the outlet of Zr_Pt 
layer (A) and modified toluene concentration curves in gas and solid phases of 
C_SPH layer (B) for 20_200_50 system. 
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heat generated locally in the Zr_Pt layer can be dissipated towards the 
separator, and also towards the adsorbent. This in effect enhances the 
desorption rate, especially at the beginning of the process when the 
thermal energy generation rate is very high. Therefore, prior to deter
mination of the combustion rate, the parameters of desorption model 
were modified to follow the peak of unconverted toluene by imposing a 
fixed peak location within the fitting procedure. Fig. 13B shows a 
comparison of q(t) and yVOC,1(t) curves determined for 20 mg of C_SPH 
before (μ = 5.749 and σ = 0.892) and after modification of μ and σ (μorg 
= 4.024 and σorg = 0.625). 

The above observation about the effect of thermal energy released 
during the toluene combustion on the desorption dynamics from C_SPH 
also indicates an additional role of the SPH separator. It can thus be 
argued that separating the desorption layer from the reaction (catalytic) 
layer not only protects C_SPH from unwanted oxidation, but also allows 
to control more easily the desorption process and thus the rate of toluene 
supply to the catalytic layer. The larger the separator, the easier it is to 
avoid overheating of C_SPH at the initial stage of the process and, 
consequently, too high a rate of desorption leading to oxygen deficiency 
in the Zr_Pt bed and, as a result, lower system performance. 

A qualitative prediction of the dynamic behavior of the system with 
respect to changes in the geometrical properties of the system is shown 
in Fig. 14. Since less severe conditions from the point of view of oxygen 
consumption were used as a reference (system labeled as 20_200_50), 
the first-order kinetic equation with respect to toluene, i.e. rVOC =

kappCVOC turned out to fit the experimental data much better than the 
more elaborate formula (e.g. Eq. (15)). The value of the determined 
apparent rate constant is kapp = 7.357⋅103 1/s. Fig. 14A shows the 
prediction of the dynamics of the hybrid system when the mass of C_SPH 
is varied, the reference being 20 mg, while the results obtained when the 

mass of SPH is varied are shown in Fig. 14B. For the reference condi
tions, i.e. the arrangement 20_200_50, the predicted molar fraction of 
toluene at the outlet of Zr_Pt, yVOC,3(t), is additionally compared with the 
experimental result (dotted line). Due to the complexity of the process, 
the peak value of the molar fraction of toluene at the outlet determined 
from the model is slightly underestimated. Furthermore, it can be 
observed in Fig. 14A that the experimental curve has a much heavier tail 
than the calculated one. The inflection of the experimental curve 
yVOC,3(t), which can be observed ~ 100 s, suggests a change in the 
desorption kinetics from C_SPH, which may be due to the temperature 
effect or due to near-equilibrium conditions. From a qualitative point of 
view, a decrease and an increase in the mass of C_SPH (with the mass of 
SPH and Zr_Pt unchanged) lead to a decrease and an increase in the 
outlet toluene concentration, respectively (Fig. 14A). The effect of the 
change in SPH mass is much less pronounced here (Fig. 14B). The 
separator primarily plays a lagging role in the delivery of toluene from 
C_SPH to the Zr_Pt layer. This is reflected in a slight shift of the peak 
positions of yVOC,3(t) in time. Furthermore, due to the additional volume 
added to the system, this leads to a reduction in the toluene concen
tration delivered to the Zr_Pt layer, which in turn results in slightly lower 
peak values at the reactor outlet. 

4. Conclusions 

Porous carbon adsorbent and ZrO2 support were synthesized by 
nanoreplication using commercial spherical silica as a template and 
sucrose or ZrOCl2⋅8H2O as final material precursors, respectively. The Pt 
active phase (0.66 wt%) was incorporated with the polyol process using 
PtCl4 and ethylene glycol. Characterization techniques (including TGA, 
low-temperature adsorption of N2, XRD, XPS, SEM-EDS) revealed that 
both active constituents of a dual-functional adsorptive-catalytic system 
exhibited desirable physical and chemical properties, such as relatively 
high specific surface area, tetragonal crystallographic structure of the 
ZrO2 support and high dispersion of metallic Pt active phase. The per
formance of the multilayer bed consisting of carbon adsorbent, silica 
separator and Pt/ZrO2 catalyst was optimized. It was shown that the 
presence of the inert silica separator was required to prevent the carbon 
adsorbent from partial oxidation induced by heat of exothermic toluene 
oxidation in the catalyst bed. An influence of the mass ratio of catalyst to 
carbon adsorbent on the effectiveness of the combined system was 
studied. Interestingly, the Pt/ZrO2 catalyst mass required to completely 
oxidize of desorbed toluene increased out of proportion to the amount of 
carbon adsorbent. The detailed considerations of adsorption capacity 
and dimensions of a reactor and layers showed that the amount of 
toluene to be liberated from the adsorbent, influenced by diffusion, 
played a crucial role. Finally, the repeated adsorption–desorption- 
oxidation cycles confirmed stability of the developed system, which 
could work with constant efficiency and with no noticeable drop in the 
carbon adsorbent mass. 

Assessment of the energetic performance of the multilayer bed 
proved that the developed hybrid system is not only superior, in terms of 
the energy input required to sustain the combustion of toluene to the 
traditional catalytic reactor, but for an appropriately chosen mass ratio 
of adsorbent and catalyst a substantial amount of heat is generated 
within the system. However, considering the dynamic nature of the 
desorption process, the autothermal operation of the dual-functional 
adsorptive-catalytic system seems to be very challenging. Indeed, as 
shown by analysing the concentration of toluene in the C_SPH layer 
during thermal desorption and calculations performed using a simplified 
mathematical model of the hybrid system, the VOCs concentration in the 
gas phase is relatively high only during the first few minutes of the 
desorption-reaction process, while its completion requires hours. 

The toluene peak in the adsorbent layer appears to be further 
enhanced by heat transport from the catalytic zone towards the adsor
bent. This effect can be compensated by selecting a separator with suf
ficient volume. As shown in this study using an isothermal model, from a 

Fig. 14. Influence of geometric modifications of the hybrid system onto toluene 
concentration in gas phase of C_SPH and at the reactor outlet. 
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mass balance point of view, the separator has mainly a retarding role in 
mass transport from C_SPH to Zr_Pt. However, one has to keep in mind 
that thorough optimization of the protective layer of SPH may not only 
prevent partial burning of C_SPH, encountered during experimental 
tests, but also may help control more easily the desorption process and 
thus the rate of toluene supply to the catalytic layer. This, in turn, can 
prevent the risk of oxygen deficiency resulting from too rapid an inflow 
of VOCs towards the catalyst bed. Despite significant simplifying as
sumptions of the formulated mathematical model, the combination of 
the results of numerical simulations of qualitative nature with the results 
of experimental studies and energetic analysis enabled the identification 
of key aspects, including directions for more complex mathematical 
description, to be considered in the further rigorous optimization of the 
proposed hybrid solution. 
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