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Evaluation of Decomposition Performance of
Asphalt Odor Components

by Direct Combustion and Catalytic Combustion

1. Introduction
　An asphalt plant (hereina�er referred to as “AP”) is 
construction equipment used to produce asphalt mixtures 
for road pavement materials (hereina�er referred to as 
“asphalt mixtures”). From the AP, volatile organic 

comp ounds  ( VO Cs) ,  wh ich are  a spha lt- derive d 
odor-causing substances, are generated in the form of blue 
smoke and sticky mist, and these emissions constitute a 
major source of o�ensive odors1). 
　A sp ha lt  c on cre te  wa ste  g en erate d  during  th e 
replacement of deteriorated road pavements (hereina�er 
referred to as “asphalt concrete debris”) is designated as a 
speci�ed construction material under the Construction 
Recycling Act (Act on the Recycling of Construction 

Materials), which aims to promote the e�ective use of 
resources and reduce waste generation. Asphalt concrete 
debris produced from demolition work that meets certain 
scale requirements is  legal ly required to underg o 
appropriate treatment and active recycling. In current 
practice, asphalt concrete debris is crushed and graded to 
produce reclaimed aggregates (hereina�er referred to as 
“R aggregates”). �ese reclaimed aggregates are dried and 

heated and then incorporated at a speci�ed proportion 
into asphalt mixtures for reuse.  Asphalt mixtures 
produced using reclaimed aggregates are referred to as 
recycled asphalt mixtures (hereina�er referred to as “R 
mixtures”), and they currently account for approximately 
70% of the asphalt mixtures produced for road pavement.

　In road pavement construction, recycled asphalt mixtures account for approximately 70% of all asphalt 
mixtures used. �ese recycled mixtures are produced by manufacturing reclaimed aggregates from asphalt 
concrete waste generated during the rehabilitation of aged pavements and incorporating them at a speci�ed 
proportion into new asphalt mixtures. During the drying and heating process of reclaimed aggregates, volatile 
organic compounds (VOCs) derived from asphalt are generated, causing o�ensive odors. �ese VOCs consist 
mainly of a wide variety of hydrocarbons, and it is impractical to identify all the components responsible for the 
odors and implement individual countermeasures for each of them. �erefore, combustion-based deodorization 
methods, which can reliably decompose these odor-causing components into odorless products, are e�ective for 
asphalt plants. Combustion deodorization methods currently in practical use are mainly classi�ed into direct 
thermal oxidation and catalytic oxidation. �ese systems achieve deodorization e�ciencies exceeding 95% by 
decomposing odor-causing components into carbon dioxide and water in a high-temperature oxygen-rich 
atmosphere.
　�is study examines the operating conditions, including temperature and residence time, required to 
economically and e�ciently oxidize and decompose asphalt-derived VOCs, which are the primary odor-causing 
components, into odorless products using direct thermal oxidation and catalytic oxidation methods. �e results 
indicate that, in order to achieve an outlet odor concentration of 1,000 or less and a deodorization e�ciency of 
95% or higher, a temperature of at least 800°C is required for the direct thermal oxidation method. For the 
catalytic oxidation method, the required temperatures are 250°C at a space velocity (SV) of 10,000, 300°C at SV 
= 20,000, and 350°C at SV = 30,000.
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examine a system capable of achieving deodorization in 
the most e�cient and cost-e�ective manner.
　As previously mentioned, the odor-causing components 
emitted from asphalt plants consist of a wide variety of 
asphalt-derived volatile organic compounds (VOCs). 
Under high-temperature, oxygen-rich conditions, 
oxidation reactions proceed rapidly, resulting in the 
formation and increase of organic compounds bearing 
odor-causing functional  groups such as  carboxyl 
(–COOH), aldehyde (–CHO), and ketone (–C(=O)–) 
groups. Consequently, it is impractical to identify all the 
odor-causing components contained in the exhaust gas. 
Focusing on the fact that these compounds are primarily 
c o m p o s e d  o f  h y d r o g e n ,  o x y g e n ,  a n d  c a r b o n , 
high-temperature oxidation can decompose them into 
odorless products, namely water and carbon dioxide, 
which may provide a rational approach to deodorization.
　�ese considerations provide the basis  for  the 
increasing number of applications of combustion-based 
deodorization methods to APs, as such methods can 
reliably oxidize and decompose odor-causing components  
into odorless products.
　Combustion-based deodorization methods currently in 
practical use include direct thermal oxidation and 
catalytic oxidation11）. In these methods, odor-causing 
components are completely oxidized in an oxygen-rich 
atmosphere, thereby decomposing them into odorless 
products and achieving deodorization e�ciencies (odor 
removal rates) exceeding 95%. �e catalytic oxidation 
method10) enables deodorization at lower temperatures 
than direct thermal oxidation by utilizing catalysts such as 
platinum. Regenerative thermal oxidation systems recover 
heat using heat-storage media and are generally classi�ed 
as a form of direct thermal oxidation.
　In this study, given that it is impractical to identify all 
of the numerous VOCs generated from the asphalt �lm 
on heated R aggregates, the focus is placed on direct 
thermal oxidation and catalytic oxidation. �e operating 
conditions required to oxidatively decompose VOCs into 
odorless products in an e�cient and cost-e�ective manner 
are investigated. Furthermore, based on a review of 
previous studies, the generation mechanisms of VOCs 
(odor-causing components) released from heated asphalt 
are summarized, and the deodorization mechanisms are 
examined together with new �ndings.

　In particular, during the drying and heating process in 
which R aggregates are heated to approximately 160°C, 
asphalt-derived VOCs are generated in the form of blue 
smoke and sticky  m ist  f rom the  re c ycl ing  dr yer 
(hereina�er referred to as the “R dryer”) responsible for 
this process, thereby becoming a source of o�ensive odors. 
�e R aggregates contain approximately 5% asphalt by 
mass and are coated with an asphalt �lm on their surfaces. 
When the R aggregates are heated through contact with 
hot air in the R dryer, the vapor pressure of the asphalt 
increases, which is considered to promote the generation 
of VOCs. �ese VOCs are discharged from the stack 
together with the exhaust gas from the R dryer. As the 
exhaust gas disperses into the atmosphere and its 
temperature decreases, the VOCs tend to descend toward 
ground level. Consequently, depending on seasonal 
variations, wind direction, and the siting conditions of the 
asphalt plant, complaints regarding o�ensive odors may 
be raised by nearby residents. 
　Appropriate countermeasures against such odor 
complaints are required in accordance with the provisions 
of the O�ensive Odor Control Act2)3). Under this Act, 
regulatory limits for odors are established for each area 
designated by local governments4)5). As an initial measure 
against the o�ensive odors from asphalt plants, increasing 
the stack height to promote the dispersion of exhaust 
gases is an e�ective approach for reducing ground-level 
odor concentrations. In addition, lowering the heating 
temperature of R aggregates, within a range that does not 
adversely a�ect mixture quality or workability, is also an 
e�ective means for reducing the generation of VOCs. If 
the situation does not improve even a�er implementing 
these odor control measures, it becomes necessar y to 
consider the introduction of a full-scale deodorization 
system6).
　E�ective deodorization technologies currently used in 
practice ⁷ )  include adsorption methods8 ) ,  in which 
odor-causing components are removed by adsorption 
using activated carbon or similar materials; chemical 
scrubbing methods9), in which odor-causing components 
are removed and decomposed using chemical solutions; 
and combustion methods10), in which odor-causing 
components are heated and oxidatively decomposed at 
high temperatures. Regardless of the deodorization 
method adopte d ,  i t  i s  important  to  identif y  the 
odor-causing components and their characteristics and to *1 Ph.D. (Engineering), Executive O�cer, Technical Headquarters, NIKKO Co., Ltd.
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Photo 1: Overall view of the VOC deodorization 
experimental apparatus

Figure 1: Overall flow diagram of the VOC deodorization experimental system
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Photo 2: VOCs (odor-causing components) 
generation apparatus

Photo 5: Platinum catalyst support 
in the reactor

Photo 4: Platinum catalytic reactor

Photo 3: Direct thermal oxidation furnace

• Fuel:   kerosene
　Because the burner �ring rate can be switched between 
two stages (low and high �ring), the furnace temperature 
is controlled by adjusting the �ow rate of the gas to be 
treated.

generate stable VOCs from asphalt, compressed air was 
directly injected into a su�cient quantity of straight 
asphalt heated to 300°C, thereby generating VOCs12). 
Furthermore, by varying the �ow rate of the injected air, 
the concentration of the generated VOCs was freely 
controlled.
　�e main speci�cations of the VOC generation unit are 
listed below.
• Asphalt �lling capacity: 36 L
• Asphalt type:   80–100 penetration   
   grade straight asphalt
• Heating method:  electricity and propane gas
• Operating temperature: 250–300°C
• Air injection rate:  1–5 L/min

　�e VOC generation unit is heated in a batch manner. 
Accordingly, it can be expected that the residual asphalt 
components and the generated VOCs may gradually 
polymerize over time. However, the amount of VOCs 
generated is extremely small compared with the su�cient 
quantit y  of  aspha lt  charg e d in the unit ,  and the 
generation of VOCs is predominantly governed by the 
oxidative decomposition of asphalt caused by the injected 
air. �erefore, the in�uence on the VOC composition is 
considered to be limited during short-term operation. In 
particular, in order to maintain the stability of the 
generated VOC composition, it was assumed that the 
asphalt used in the experiment would be periodically 
replaced according to the duration of VOC generation.

2.1.2 Direct Thermal Oxidation furnace
　�e direct thermal oxidation furnace shown in Photo 3 
is a horizontally oriented cylindrical furnace whose inner 
wall is lined with 100-mm-thick refractory ceramic �ber. 
�e furnace is equipped with a kerosene-�red burner and 
is designed such that the gas to be treated is introduced 
from the outer periphery of the �ame.
　�e main speci�cations of the oxidation furnace are 
listed below.
• Manufacturer: 　Sunray Reinetsu Co., Ltd.
• Overall length × inner diameter:
　       3,000 mm × 600 mm
• Internal volume:       0.85 m3
• Firing rate:       low �ring, 11 L/h; 
        high �ring, 27 L/h
• Temperature control range: 200–1,000°C
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2.　Experimental Methods
　Asphalt plants (hereina�er referred to as “AP”) are 
frequently operated in an intermittent manner. In such 
AP operations, operating conditions change continuously 
over time. As a result, exhaust gas �ow rate, temperature, 
oxygen concentration, and water vapor content �uctuate, 
which is considered to have a signi�cant in�uence on 
odor concentration and odor-causing components. In the 
present study, rather than using emissions from an actual 
AP, which include numerous external  disturbance 
factors, simulated asphalt-derived VOCs (odor-causing 
components) were continuously and stably generated in 
order to eliminate these disturbances and to evaluate the 
intrinsic deodorization performance. Using these 
simulated VOCs, operating conditions for deodorization 
by direct thermal oxidation and catalytic oxidation were 
investigated.
　In  the  fo l lowing  se ctions ,  an  over vie w of  the 
experimental apparatus is �rst presented, followed by a 
detailed description of the experimental procedures.

2.1 Experimental Apparatus
　�e experimental apparatus shown in Figure 1 and 
Photo 1 was used to investigate the operating conditions 
required for deodorization by direct thermal oxidation 
and catalytic oxidation. As shown in the �gure and 
photograph, the cylindrical vessel installed at the front 
right side of the photograph serves as the generation unit 
of VOCs (odor-causing components). �e generated 
VOCs are �rst passed through a pretreatment unit 
installed at the front le� side of the photograph, where 
sticky mist components are removed. �e VOCs are then 
drawn by an exhaust fan installed at the rear le� side of 
the photograph and subsequently introduced into the 

oxidation furnace located at the rear right side. For direct 
thermal oxidation, gas samples corresponding to each 
deodorization condition were collected at the outlet of 
the oxidation furnace. For catalytic oxidation, the VOC 
stream whose temperature was preliminarily adjusted in 
the oxidation furnace was further heated to the target 
temperature using an electric heater, as shown in the 
�gure, and then introduced into the catalyst.
　� e  f o l l owing  s e c t i ons  d e s cr i b e  in  d e ta i l  th e 
characteristics and speci�cations of the equipment used in 
the present study.

2.1 .1  VOC (Odor-Caus ing Component) 
Generation Unit
　�e VOC (odor-causing component) generation unit 
shown in Photo 2 was designed to continuously and 
stably generate asphalt-derived VOCs. Inside the R dryer 
of an AP, VOCs are considered to volatilize from the 
asphalt �lm as R aggregates are heated through contact 
with hot air. However, if the R aggregates are heated 
batchwise in this experiment, it can readily be assumed 
that the composition of VOCs generated from the asphalt 
�lm, accounting for less than about 5% by mass, would 
var y signi�cantly over time. �erefore, in order to 

Oxidation furnace
Heated VOCs

Catalyst
Pump

Heater

Compressed air

Asphalt

VOC generation unitExhaust fan Pre-treatment unit

VOC
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Table 3: SV values and presence/absence of sampling at each temperature

Table 2: Temperature levels for heating the VOC source gas

Table 1: Temperature levels for the blank test and VOCs (odor-causing components) deodorization test

Photo 6: From left: NOx concentration analyzer, 
recorder, oxygen concentration analyzer, 

and other instruments

Photo 7: Continuous total hydrocarbon 
analyzer (FID)
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3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 
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e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.

catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.

carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

2.1.3 Catalytic Reactor
　�e external appearance of the catalytic reactor is 
shown in Photo 4, and the honeycomb structure of the 
catalyst  support is  shown in Photo 5 .  �e main 
speci�cations of the catalytic reactor are listed below.
• Manufacturer: Nippon Shokubai Co., Ltd.
• Model:  CH-702 (honeycomb structure)
• Catalyst type: platinum
• Catalyst volume: 188 cm3
• Operating temperature range: 
  250–400°C (sheath heater)
• Space velocity (SV) range:
  10,000–33,500

2.1.4 Other Measurement Instruments
　Photo 6 shows the NOx analyzer, oxygen analyzer, 
and other related instruments, while Photo 7 shows the 
continuous total hydrocarbon analyzer equipped with a 
�ame ionization detector (FID).
　With respect to hydrocarbons, quantitative analyses 
were conducted for both non-methane hydrocarbons 
containing odor-related functional groups, such as 

3. Experimental Results and Discussion
3.1 Mechanism of Asphalt-Derived VOC 
Generation
　�is section discusses the mechanisms of VOC (odor-causing 
component) generation occurring during the drying and 
heating process of R aggregates in the R dryer of an AP, as 
well as the mechanisms of VOC generation when air is 
injected into asphalt using the VOC generation unit 
developed in the present study.
　Asphalt is the residue remaining a�er crude oil is 
re�ned and distilled to extract petroleum products such as 
gasoline, kerosene, and heavy oil15)16). It is a mixture of 
high-molecular-weight hydrocarbons and is broadly 
classi�ed into asphaltenes, which are insoluble in the 
solvent n-pentane, and maltenes, which are soluble. �e 
m o l e c u l a r  w e i g h t  o f  a s p h a l t e n e s  r a n g e s  f r o m 
approximately 500 to 5,000, whereas that of maltenes is 
relatively lower, typically in the range of 200 to 1,500. 
Maltenes are further classi�ed into oils and resins. �ese 
oils and resins are composed mainly of aliphatic and 
aromatic  hydro carb ons  with carb on numb ers  of 
approximately C₅–C₂₀ and are responsible for the �uidity 
of  asphalt .  From these characteristics ,  asphalt  is 
considered to exhibit a micellar structure in which 
asphaltenes are dispersed within maltenes. �e black color 
of asphalt is attributed to the absorption of visible light by 
the high-molecular-weight aromatic structures present in 
asphaltenes.
　VOCs are considered to be generated primarily from 
maltene components with relatively low molecular 
weights. As the temperature increases and the vapor 
pressure of low-molecular-weight hydrocarbons rises, the 
injection of air into asphalt causes these components to 
move into air bubbles. Subsequently, hydroxyl radicals 
(·OH), generated through the catalytic action of trace 
metals present in asphalt and the e�ects of elevated 
temperature, abstract hydrogen atoms from hydrocarbons 
to  form org anic  radica ls  (R·) .  �ese radica ls  are 
considered to react with oxygen in the injected air, leading 
to chain reactions that produce oxygen-containing 
functional groups such as carboxyl (–COOH) and 
aldehyde (–CHO) groups.
　Based on these considerations, the mechanism of 
asphalt-derived odor generation can be summarized as 
follows:

(b) Deodorization of VOCs (odor-causing 
components)
　VOCs at a constant concentration were supplied to the 
oxidation furnace, and the temperature and residence 
time were varied.  Sensor y evaluation was used to 
determine the relationships between temperature and 
deodorization e�ciency and between residence time and 
deodorization e�ciency based on the inlet and outlet 
odor concentrations. �e temperature levels used for 
VOC deodorization were the same as those employed in 
the blank tests, as shown in Table 1.
(c) Heating of VOCs (odor-causing components)
　�e temperature of the VOCs supplied from the VOC 
generation unit was approximately 50°C. �e VOCs were 
heated to the temperature levels shown in Table 2 to 
examine how the odor concentration changes with 
temperature. In an oxygen atmosphere, it is expected that, 
as the temperature increases, odor-related functional 
groups such as carboxyl groups (–COOH) and ketone 
groups (–C(=O)–) increase in the VOCs, resulting in an 
increase in odor concentration.

2.2.2 Catalytic Oxidation
(a) Deodorization of VOCs (odor-causing 
components) 
　VOCs at a constant concentration were supplied to the 
catalyst, and the reaction temperature was varied using a 
preheater. �e odor concentrations at the catalyst inlet 
and outlet were measured. �e relationships between 
temperature and deodorization e�ciency and between 
space velocity (SV) and deodorization e�ciency were 
then examined.
　�e temperature levels and SV values employed in the 
catalytic deodorization tests are summarized in Table 3. 
�e space velocity (SV) is de�ned as follows:
　SV = gas �ow rate (m3/h) / catalyst volume (m3).
(b) Evaluation of Deodorization Performance 
Based on Hydrocarbon Concentration
　In parallel with the VOC deodorization tests, total 
hydrocarbon (THC) concentrations at the catalyst inlet 
and outlet were quanti�ed by gas chromatography. �e 
relationships between temperature and removal rate and 
between SV and removal rate were then examined. In 
addition, THC concentrations were evaluated using a 
�ame ionization detector (FID).

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 

Treatment temperature（℃）

Heating temperature（℃）

Temperature / SV value

With sampling Without sampling
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Table 4: Blank test (combustion of kerosene)
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3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 
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e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.

catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.

Table 5: Oxidation temperature and deodorization efficiency

Table 6: Heating temperature and odor concentration of VOCs (odor-causing components)

Figure 2: Relationship between oxidation temperature 
and deodorization efficiency of VOCs 

(odor-causing components)

Figure 3: Relationship between heating 
temperature of VOCs (Odor-causing components) 

and Odor Concentration

carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 

　R· + O₂ → ROO·  (1)
　ROO· + RH → ROOH + R· (2)
　ROOH → RO· + ·OH  (3)
　Equations (1) and (2) indicate that peroxy radicals 
(ROO·) react with VOCs to form organic hydroperoxides 
(ROOH) and new radicals, thereby allowing the reaction 
to proceed as a chain reaction. �e ROOH formed 
subsequently decomposes, as shown in Equation (3), 
under the in�uence of heat or metal catalysts to produce 
alkoxy radicals (RO·) while regenerating ·OH radicals.
　�e alkoxy radicals (RO·) undergo β-scission17) to 
generate low-molecular-weight carbonyl compounds as 
shown in Equation (4):
　R – C H– C H– O O H  →  R – C H O  ( a l d e hy d e )  + 
R′–CO· (acyl radical)   (4)
　Representative compounds associated with aldehyde 
and ketone formation and odor intensi�cation include 
formaldehyde (HCHO), acetaldehyde (CH₃CHO), and 
acetone (CH₃COCH₃). �ese carbonyl compounds are 
known to have extremely low odor thresholds (minimum 
concentrations perceptible by humans) and to produce 
strong irritating odors even at trace concentrations. In 
general, chemical reaction rates are known to increase 
exponentially with increasing temperature. �erefore, the 
reaction rates within the R dryer are presumed to be 
s ig ni�cant  b e cause  the  materia l s  are  exp ose d to 
high-temperature air in the vicinity of the burner �ame.
　In addition to temperature, oxygen concentration is 
another factor a�ecting the reaction. Auto-oxidation 
reactions are known to proceed readily in atmospheres 
with oxygen concentrations exceeding approximately 3%. 
Furthermore, radical initiation reactions are promoted by 
photoexcitation due to ultraviolet (UV) radiation, and 
UV radiation emitted from the burner �ame may further 
accelerate these reactions. In addition, the presence of 
water vapor can act as a source of ·OH radicals, thereby 
promoting the oxidation reactions.
　�rough these radical chain reactions, the oxidation 
process  progresses ,  resulting in the formation of 
compounds containing highly odorous functional groups 
such as aldehydes and ketones, which increase the odor 

not possible to raise the temperature to each target level 
while continuously supplying a constant amount of 
VOCs. �erefore, the furnace temperature was �rst 
increased to 800°C, a�er which the burner was turned o�, 
and test samples were collected as the temperature gradually 
decreased. �e experimental results are shown in Table 6 
and Figure 3.
　As shown in the table and �gure, odor concentration 
increased sharply with increasing temperature, reached a 
peak at approximately 300°C, and then gradually 
decreased as the temperature continued to rise. �is 
behavior supports the VOC generation mechanism 
discussed earlier, in which oxidation reactions proceed 
and odor-related functional groups, such as aldehyde 
groups (–CHO) and carboxyl groups (–COOH), which 
have extremely low odor thresholds, are formed and 
increase in concentration. It is assumed that, at higher 

burners and combustion furnaces must be designed to 
avoid localized high-temperature regions. Furthermore, 
exhaust gas recirculation (EGR) is an e�ective technology 
for reducing NOx emissions.

3.2.2 Deodorization of VOCs (odor-causing 
components)
　�e direct thermal oxidation furnace used in this 
experiment employs a �xed two-stage �ring system with 
low- and high-stage �ring. �erefore, the temperature was 
controlled by varying the �ow rate of the gas supplied to 
the oxidation furnace. Accordingly, although a constant 
amount of VOCs was supplied from the VOC generation 
unit, the VOCs were diluted with air in order to control 
the treatment temperature .  As  a  result ,  the  odor 
concentration at the inlet of the oxidation furnace varied; 
therefore, deodorization e�ciency was evaluated by 
comparing the odor concentrations at the inlet and outlet 
of the oxidation furnace.
　Table 5 and Figure 2 show the relationship between 
oxidation temperature and deodorization e�ciency for the 
direct thermal oxidation furnace used in this experiment. 
As shown in the �gure, deodorization e�ciency increased 
sharply from 25.0% to 82.2% as the oxidation temperature 
increased from 400°C to 600°C. When the temperature 
w a s  f u r t h e r  i n c r e a s e d  f r o m  6 0 0°C  t o  8 0 0°C , 
deodorization e�ciency gradually increased from 82.2% 
to 96.8%.
　�ese experimental results indicate that a temperature 
close to 800°C is required to achieve a deodorization 
e�ciency of 95% or higher for asphalt-derived VOCs.

3 .2 .3  Heat ing  of  VOCs  (odor-caus ing 
components)
　While supplying a constant amount of VOCs, the 
VOCs were heated in the oxidation furnace to examine 
the  re lationsh ip  b et we en temp erature  and o dor 
concentration. As described earlier, the burner operates 
with a �xed two-stage �ring system. Accordingly, it was 
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3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 

e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.

catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

Table 7: Results of comparative experiments using direct thermal oxidation Table 8: Deodorization Efficiency at each temperature and each SV value
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severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.

temp eratures ,  oxidative  de comp osition of  these 
compounds becomes dominant, resulting in a decrease in 
odor concentration. Conversely, these results suggest that 
VOC oxidation in the temperature range around 300°C 
leads to the greatest increase in odor-causing components.

3.2.4 Oxidation temperature
　As described above, the present experiment indicates 
that a temperature of at least 800℃ is required to reduce 
the odor concentration of VOCs to 1,000 or less and to 
achieve a deodorization e�ciency of 95% or higher. 
According to the literature18), most hydrocarbons are 
decomposed into odorless components at temperatures in 
the range of 600–800℃. Accordingly, it is considered 
that,  for asphalt-derived VOCs, the formation of 
odor-causing components through oxidation and their 
decomposition into odorless products through oxidative 
decomposition proceed simultaneously. In temperature 
ranges below approximately 300℃, the formation of 
odor-causing components is dominant, whereas at 
temperatures exceeding 300℃, decomposition becomes 
the dominant process.
　VOCs are generated by batch processing in the VOC 
generation unit. �erefore, it is considered that, with 
increasing operation time, the volatile components shi� 
from low-boiling to higher-boiling fractions, making 
oxidative decomposition more di�cult. �e VOCs 
generated in actual R dr yers include components 
o r i g i nat i n g  f r o m  a sp ha l t  e x p o s e d  t o  h o t  a i r  a t 
temperatures of approximately 600℃, and therefore the 
deodorization conditions are expected to be even more 

achieved.
　�rough the above chain reactions, the decomposition 
of hydrocarbon-based odor components in a direct 
thermal oxidation furnace can be regarded as the overall 
outcome of high-temperature radical chain oxidation. �e 
�nal deodorization performance is governed by four key 
factors: temperature, oxygen supply, residence time, and 
mixing. Reduction of partial oxidation intermediates and 
promotion of complete oxidation are considered to be 
most important for e�ective odor reduction.

3.3 Catalytic Oxidation
3.3.1 Deodorization of VOCs (odor-causing 
components)
　In this section, deodorization e�ciency was examined 
by var ying operating conditions such as reaction 
temperature and space velocity (SV ) in the catalytic 
deodorization system. �e odor concentration at the 
catalyst inlet used as the reference for deodorization 
e�ciency was set to 14,000, corresponding to the odor 
concentration obtained when VOCs were heated to 200℃, 
based on the results shown in Figure 3 in Section 3.2.3, 
“Heating of VOCs (odor-causing components).” Table 8 

summarizes the deodorization e�ciencies under each 
operating condition. Figure 4 shows the relationship 
between catalytic reaction temperature and deodorization 
e�ciency at each SV value, and Figure 5 shows the 
relationship between SV and deodorization e�ciency at 
each temperature.
　�ese tables and �gures indicate that, in order to 
achieve a deodorization e�ciency of 95% and an odor 
concentration of 1,000 or less, temperatures of at least 
250℃ at SV = 10,000, 300°C at SV = 20,000, and 350℃ 
at SV = 30,000 are required. In addition, the results 
suggest that temperature dependence is dominant and 
that deodorization below 250℃ is di�cult even when the 
SV value is reduced (i.e., the residence time is increased).
　Catalytic deodorization has the advantage that the 
reaction temperature required for oxidative decomposition 

3.2.6 Decomposition Reactions of VOCs 
(odor-causing components)
　In this section, the decomposition reactions of VOCs 
are discussed. A direct thermal oxidation furnace is a 
thermochemical process in which VOCs are thermally 
decomposed and oxidized by high-temperature �ames 
and ultimately converted into odorless carbon dioxide 
(CO₂) and water (H₂O). �e primary reactions proceed 
through rapid radical chain oxidation, which is known to 
follow a staged sequence consisting of initiation reactions, 
chain propagation, and termination reactions.
[�ermal Initiation]
　At high temperatures, molecules undergo thermal 
dissociation to generate radicals, or radicals are produced 
by reactive species such as ·OH and ·O present in the 
combustion �ame. �e reaction rate in the initiation stage 
accelerates with increasing system temperature.
[Chain Propagation]
　�e generated radicals react with O₂ to form peroxyl 
radicals (ROO·) and hydroperoxyl radicals (HO₂·). �ese 
radicals subsequently attack hydrocarbon molecules to 
generate new radicals, thereby sustaining the chain 
reaction. Representative reaction pathways include 
reactions such as R· + O₂ → ROO· and ROO· + RH → 
ROOH + R·.
[Formation of Partial Oxidation Intermediates]
　During the chain propagation process, partial oxidation 
products such as alcohols (R–OH), ethers (R–O–R), 
aldehydes (R–CHO), ketones (R–CO–R), and carbon 
monoxide (CO) are generated. �ese compounds may 
cause irritating odors; therefore, the temperature and 
residence time to allow the reactions to ultimately 
proceed to complete oxidation are important.
[Termination and Complete Oxidation]
　�rough radical recombination and rapid oxidation at 
high temperatures, the reactions proceed toward complete 
oxidation, i.e., CO → CO₂, carbon residues → CO₂, and 
hydrogen residues → H₂O. With su�cient temperature, 
oxygen, and residence time, e�ective odor reduction is 
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carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 
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Figure 4: Relationship between catalytic reaction 
temperature and deodorization efficiency 

at each SV value

Figure 5: Relationship between SV value 
and deodorization efficiency 

at each catalytic reaction temperature

3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 

can be reduced to less than half that required for direct 
thermal oxidation, thereby reducing operating costs, 
particularly fuel consumption. Conversely, a disadvantage 
is that the heat resistance temperature of the ceramic 
catalyst support used in this experiment is approximately 
500 °C. If this temperature is exceeded, the support may 
melt and block its porous structure. As a result, the 
speci�c surface area may decrease and catalytic activity 
may be inhibited, and therefore careful attention is 
required. In particular, this issue does not become 
problematic when the hydrocarbon (odor) concentration 
in the gas to be treated is low ; however, when the 
concentration exceeds approximately 500 ppm, heat 
generation may raise the temperature above 500 °C, 
leading to catalyst degradation. In addition, consideration 
must be given to the e�ects of catalyst poisons such as 
sulfur, arsenic, dust, and mist. To prevent a decrease in 
catalytic activity, pretreatment of the gas to be treated is 
therefore essential.
　Reducing the SV value (i.e., increasing the residence 
time) improves deodorization e�ciency within a given 
temperature range; however, excessively lowering the SV 
value directly leads to an increase in initial capital cost. An 
e conomica l ly  optima l  S V va lue therefore  exists , 
depending on factors such as initial cost, operating cost, 
and annual operating time. Speci�cally, when fuel costs 
increase, it becomes economically advantageous to reduce 
operating costs by setting a lower SV (longer residence 
t im e )  an d  l owering  th e  ox i dati on  temp erature . 
Conversely, when the operating time is short, it is more 
advantageous to reduce initial cost by setting a higher SV 
(shorter residence time) and increasing the oxidation 
temperature. When a honeycomb-structured catalyst is 
used, an SV value of approximately 30,000 is generally 
considered typical.

Figure 6: Relationship between temperature and 
total hydrocarbon removal rate at each SV value

Figure 7: Relationship between SV value and 
total hydrocarbon removal rate 

at each temperature

Figure 8: Relationship between reaction 
temperature and non-methane 
hydrocarbon removal rate

Figure 9: Relationship between SV value
 and non-methane hydrocarbon removal rate

e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.

catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.
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Table 9: THC removal rate and non-methane removal rate at each temperature and each SV value

(–COOH) and ketone (–C(=O)–) groups possess odors. 
�erefore, deodorization performance can be evaluated by 
disting uishing bet we en odorless  methane-series 
hydrocarbons and non-methane hydrocarbons. Moreover, 
non-methane hydrocarbons generally exhibit lower 
oxidative decomposition temperatures than methane. 
�erefore, it is not necessary to decompose methane 
itself ; evaluation based on non-methane hydrocarbon 
concentrations is e�ective for assessing deodorization 
performance.
　 In  th e  f o l l o w i n g ,  t o t a l  hy d r o c a r b o n  ( T H C ) 
concentrations were measured together with sensory 
evaluation using the triangular odor bag method, and 
THC removal rate was determined. Table 9 summarizes 
the measured THC removal rate and non-methane 
hydrocarbon removal rate at each SV value and reaction 
temperature. Figure 6 shows the relationship between 
reaction temperature and THC removal rate at each SV 
value, and Figure 7 shows the relationship between SV 
and THC removal rate at each temperature. In addition, 
Figure 8 shows the relationship between reaction 
temperature and non-methane hydrocarbon removal rate 
at SV = 30,000, and Figure 9 shows the relationship 
between SV and non-methane hydrocarbon removal rate 
at a reaction temperature of 300°C.
　Comparison between the results evaluated by sensory 
testing (Figure 4)  and those  e va luate d by FI D 
measurements (Figure 6), as well as between Figure 5 
(sensory testing) and Figure 7 (FID), clearly shows that 
there is a correlation between the two methods. �ese 
results suggest that the use of FID for evaluating the 
deodorization performance of asphalt-derived VOCs has 
little in�uence on relative evaluation. Although the 
triangular odor bag method is more realistic because it 
relies on human olfactory perception, FID measurement 
is e�ective in terms of e�ciency and speed.

3.3.3 React ion Mechanism of Catalyt ic 
Deodorization
　A catalyst is de�ned as a substance that is not consumed 
during a chemical reaction and remains unchanged before 
and a�er the reaction, while lowering the activation 
energ y and facil itating the reaction.  In contrast , 
substances that retard reactions are referred to as 
inhibitors.
　According to the present experimental results, in direct 

carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 
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3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 

e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.
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catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

thermal oxidation, VOCs consisting of numerous 
hydrocarbon species must be heated to approximately 
800°C in order to be oxidatively decomposed into 
odorless components such as water and carbon dioxide. In 
contrast, when a catalyst is used, most hydrocarbon-based 
odor-causing components can be decomposed into 
odorless products at temperatures as low as 350°C, which 
is less than half the temperature required for direct 
thermal oxidation. Platinum (Pt), a noble metal, is 
commonly used as a deodorization catalyst; however, its 
high cost and susceptibility to catalyst poisoning and 
thermal degradation require careful consideration.
　�is catalytic deodorization experiment employed a 
honeycomb-structured platinum catalyst manufactured 
by  Ni p p o n  S h o ku b a i  C o . ,  Lt d .  W h en  c ata l y t i c 
deodorization is applied, it is necessary to investigate in 
advanc e  whether  the  g a s  to  b e  treate d  c onta ins 
comp onents  that  may act  a s  cata lyst  p oisons ,  a s 
mentioned above. Known catalyst poisons include silica, 
sulfur, and arsenic. In addition, sticky mist and dust may 
indirectly clog the porous structure of the catalyst 
support, reducing its speci�c surface area and causing a 
decrease in catalytic activity.
　Speci�cally, in the catalytic reaction mechanism, 
hydrocarbon oxidation over platinum catalysts proceeds 
as a surface catalytic reaction involving sequential steps of 
adsorption and activation on the catalyst surface, 
reactions on the surface, and desorption from the surface. 
Deodorization e�ciency in the low-temperature range is 
strongly in�uenced by factors such as activation of 
molecular oxygen, reactivity of adsorbed species, and 
contributions from the catalyst support and structure.
　�re e representative  reaction me chanisms are 
c o m m o n l y  r e c o g n i z e d .  � e  � r s t  i s  t h e 
Langmuir–Hinshelwood (L–H) mechanism, in which 
both hydrocarbons and oxygen are adsorbed on the 
catalyst surface and react on the surface to form products. 
�e second is the Eley–Rideal (E–R) mechanism, in 
which gas-phase oxygen or oxidizing species directly react 
with adsorbed hydrocarbons. �e third is the Mars–van 
Krevelen (MvK) mechanism, in which lattice oxygen of 
the catalyst oxidizes the substrate and is subsequently 
replenished by gaseous oxygen.
　�ese mechanisms do not operate independently ; 
rather, they coexist and transition depending on operating 
conditions such as temperature, oxygen partial pressure, 

to be considered.
　As a pretreatment of the gas to be treated, sticky mist 
removal using air scrubbers, cyclones, or �lters should be 
implemented to reduce the risk of catalyst fouling. In 
selecting deodorization catalysts, platinum (Pt)-based 
catalysts with high oxygen activation activity at low 
temperatures should be prioritized, particularly those 
whose supports possess oxygen supply capability, and the 
particle size and dispersion of platinum should be 
optimized. Regarding operating conditions of the 
catalytic deodorization system, temperature and SV must 
be optimized according to the target deodorization 
e�ciency in order to balance catalyst lifetime and 
de o dorization p erformanc e .  In  many industria l 
applications, combinations such as SV = 20,000–30,000 
and temperatures of 300–350 °C are o�en e�ective. To 
mitigate catalyst poisoning, pretreatment and protective 
measures to reduce sulfur-containing components are 
required. For monitoring , continuous monitoring of 
outlet  tota l  hydrocarbons ( T HC),  non-methane 
hydrocarbons, and sensory evaluation is necessary to 
detect signs of partial oxidation product accumulation.

4. Conclusions
　In this experiment, for deodorization treatment of VOCs 
(odor-causing components) emitted from the R dryer of 
an AP, simulated VOCs were generated by directly 
blowing air into heated asphalt. Using these VOCs as 
source gases, operating conditions for both direct thermal 
oxidation and catalytic oxidation were investigated.
　�e �ndings obtained from the above experiments are 
summarized as follows:
　1.　For direct thermal oxidation deodorization, it was 

found that a temperature of at least 800°C is 
required to reduce the odor concentration of 
asphalt-derived VOCs (odor-causing components) 
to 1,000 or less.

　2.　For catalytic oxidation deodorization, it was found 
t h a t  r e d u c i n g  t h e  o d o r  c o n c e n tr a t i o n  o f 
asphalt-derived VOCs (odor-causing components) 
to 1,000 or less requires temperatures of at least 
350°C at SV = 30,000, 300°C at SV = 20,000, and 
250°C at SV = 10,000.

　3.　Asphalt-derived VOCs (odor-causing components) 
are composed of aliphatic and aromatic hydrocarbons 
and can therefore be oxidatively decomposed into 

although their durability and selectivity may also change. 
Catalyst supports (oxides), such as cerium oxide (CeO₂) 
and titanium oxide (TiO₂), assist the activation of oxygen 
(O₂) through their oxygen storage and supply capability 
(oxygen storage capacity, OSC) and electron-donating 
properties, thereby promoting oxidation reactions at low 
t emp er at ure s .  El em ents  kn own  t o  en ha n c e  th e 
performance of Pt catalysts include palladium (Pd), gold 
(Au), and lanthanoids (elements with atomic numbers 
57–71). In addition, it is known that control of defects in 
oxide supports improves the adsorption and dissociation 
o f  ox y g en  ( O ₂ )  a n d  en ha n c e s  th e  a c t i vat i o n  o f 
hydrocarbons.
(b)  Cata lyst  Po isons and Deact ivat ion 
Factors
　Sulfur compounds (SOx), silica, and arsenic can act as 
catalyst poisons when they strongly adsorb on the surface 
of platinum (Pt), thereby covering or deactivating active 
sites. In addition, oil mist and dust can physically cover 
the catalyst surface, leading to a reduction in surface area 
and clogging of �ow channels; therefore, it is essential to 
remove  these  substances  throug h pretreatment . 
Furthermore, particle coarsening (sintering ) under 
high-temperature cycles can lead to a decrease in catalytic 
activity, and thus appropriate thermal management and 
optimization of catalyst–support interactions are 
required.
(c)  React ion K inet ics  Perspect ive and 
Operating Parameters
　�e dominant factors governing catalytic deodorization 
include the surface oxygen supply rate, the rate of C–H 
bond cleavage, and the oxidation rate of intermediate 
species. In the low-temperature range, oxygen dissociation 
and C–H activation tend to be rate-limiting factors. With 
respect to the relationship between space velocity (SV) 
and temperature, reducing SV (i.e., increasing contact 
time) enables a similar removal rate to be achieved at 
lower temperatures, while increasing the catalyst volume 
and equipment size. Conversely, increasing temperature 
allows higher SV operation, but adversely a�ects catalyst 
lifetime and cost. Furthermore, accumulation of partial 
oxidation products with low odor thresholds (e.g ., 
a ldehydes) may result in decreased deodorization 
e�ciency. �erefore, catalyst design must ensure su�cient 
oxidation capability to further oxidize intermediate species.
　From a practical design standpoint, the foll points need 
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severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.

carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 
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3.3.2 Deodorization Evaluation Based on 
Hydrocarbon Concentration
　Asphalt-derived VOCs consist of a complex mixture of 
hydrocarbons, including aliphatic and polycyclic aromatic 
compounds.  For instrumental evaluation of their 
concentrations, total hydrocarbon concentration (THC) 
is commonly used. All hydrocarbons are composed solely 
of hydrogen (H) and carbon (C). Accordingly, their 
concentrations are expressed on a methane-equivalent 
b a s i s ,  w i th  m e tha n e  ( C H ₄ )  b e i n g  th e  s ma l l e s t 
hydrocarbon unit. Straight-chain hydrocarbons in the 
methane series (aliphatic hydrocarbons) are generally 
odorless, whereas polycyclic aromatic hydrocarbons and 
hydrocarbons bearing functional groups such as carboxyl 
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e xc h a n g e r,  w h i c h  a � e c t s  i n i t i a l  c o s t ,  a n d  f u e l 
consumption. �e optimal heat exchanger size is therefore 
determined by fuel price and the operating time of the 
AP. In addition, for the R dryer of an AP, minimizing 
exhaust gas �ow rate is an important factor in reducing 
both initial and operating costs.

odorless water (H₂O) and carbon dioxide (CO₂), 
indicating that combustion-based deodorization 
methods are e�ective.

　4.　By focusing on non-methane hydrocarbons bearing 
odor-related functional groups, such as aldehyde 
(–CHO), carboxyl (–COOH), and ketone (–C
(=O)–) groups, deodorization performance can be 
evaluated. �is approach enables results equivalent 

　　　to those obtained by sensory evaluation using the 
triangular odor bag method.

　5.　Exhaust gas from the R dryer containing VOCs 
(odor-causing components) also includes catalyst 
poisons such as sulfur, dust, and sticky mists. For 
this reason, direct thermal oxidation is suggested to 
be operationally more advantageous than catalytic 
oxidation.

　6.　A�er deodorization treatment by both direct 
thermal oxidation and catalytic oxidation, residual 
odors remain; however, they are predominantly 
governed by nitrogen oxides, which cannot be 
removed by oxidative decomposition.

　In general, when considering a deodorization system, it 
is necessary �rst to identify odor-causing components, 
investigate exhaust gas �ow rate and the frequency of 
odor generation, and then select the most economical and 
e�cient deodorization system. However, the composition 
of the numerous odor-causing components emitted from 
an AP varies depending on the heating temperature of 
recycled aggregates. �erefore, it can be concluded that 
the application of combustion-based deodorization 
methods̶either direct thermal oxidation or catalytic 
oxidation̶is rational. In particular, AP exhaust gas 
contains catalyst poisons such as sulfur (S), as well as 
sticky mists and dust. Accordingly, direct thermal 
oxidation is considered e�ective, as it can oxidatively 
decompose these substances together with odor-causing 
components without requiring pretreatment equipment 
such as dust collectors.
　If direct thermal oxidation deodorization can be 
achieved at lower temperatures and shorter residence 
times,  f uel  consumption can be reduced and the 
deodorization system can be designed in a more compact 
form, thereby lowering both the operating and initial 
costs. Furthermore, from the standpoint of e�ective waste 
heat utilization, the use of a heat exchanger is essential; 
however, a trade-o� exists between the size of the heat 
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catalyst particle size, and catalyst support properties. 
Consequently, in practical operation it is necessary to 
design the reaction behavior in an integrated manner.
　In  th e  f o l l owing ,  th e  m e c han i sm  o f  cata l y ti c 
deodorization is discussed in greater detail.
( a )  Ac t i v a t i o n  a t  L ow  Tempe ra t u r e s 
(200‒400℃)
　With regard to oxygen activation (O₂ → O*), oxygen 
molecules (O₂) adsorbed on the platinum (Pt) surface 
dissociate a�er molecular adsorption to generate highly 
reactive atomic oxygen (O*). �is reaction is di�cult in 
the low-temperature region because the barrier for 
dissociation is  temperature dependent.  However, 
interactions with catalyst supports such as titanium oxide 
( TiO₂), as well as the formation of single-atom or 
nanostructured platinum (Pt), can promote the activation 
of oxygen (O₂) and improve oxidation performance at low 
temperatures. In addition, when existing oxygen species 
on the catalyst surface (such as surface oxygen or lattice 
oxygen) assist the reaction, the system exhibits behavior 
closer to the Mars–van Krevelen (MvK) mechanism.
　With regard to the adsorption and initial activation of 
hydrocarbons (C–H bond cleavage), hydrocarbons are 
�rst molecularly adsorbed on platinum (Pt) surfaces and 
are partially dehydrogenated (R–H → R* → R–Hn), 
forming alkyl species, alkoxy species, or surface carbonyl 
precursors. �ese species act as reaction intermediates and 
subsequently react with surface oxygen, leading to further 
oxidation to products such as aldehydes, ketones, CO, 
and CO₂ .  In particular, dehydrogenation requires 
relatively high activation energy and is sensitive to the 
reaction temperature and the electronic state of the 
catalyst surface.
　With regard to the formation of intermediate products 
and irritating odors, partial oxidation (i.e., oxidation that 
does not proceed to complete combustion) produces 
intermediate compounds such as aldehydes and ketones, 
which have strong irritating odors. �erefore, in catalytic 
reactions, it is important for deodorization that these 
intermediates be rapidly further oxidized (e.g., aldehydes 
→ acids → CO₂).
　With regard to the roles of catalyst supports, structure, 
and promoters, the particle size of platinum (Pt) strongly 
in�uences catalytic performance. Extremely small 
nanoparticles or single-atom Pt exhibit a high speci�c 
surface area and improve activity at low temperatures, 

severe.
　Furthermore, when the oxidation temperature is 
reduced below 800℃, the formation of intermediate 
oxidation products, such as aldehydes (–CHO) and 
ketones (–C(=O)–), becomes dominant, which may 
conversely lead to an increase in odor concentration. 
�erefore, it is inferred that a temperature of at least 
800℃ is required to achieve complete deodorization of 
VOCs.

3.2.5 Residence Time
　Tab l e  7  s u m m a r i z e s  t h e  m e a s u r e d  o x y g e n 
concentration, excess air ratio, exhaust gas �ow rate, and 
residence time obtained in the direct thermal oxidation 
tests. In this experiment, the combustion rate of the 
oxidation furnace was operated by a �xed two-stage 
switching system, and the temperature was controlled by 
adjusting the dilution air  �ow rate of the VOCs. 
�erefore, it was not possible to examine the relationship 
between residence time and deodorization e�ciency. 
Howe ver,  ac c ord ing  to  Table 7 ,  at  a  ox idation 
temperature of 600℃ and a residence time of 3.3s, the 
odor concentration was 1,750 and the deodorization 
e�ciency was 82%. From this result, it can be inferred 
that even when a residence time of 3.3s is provided at a 
temperature of 600℃, it is not possible to reduce the odor 
concentration to 1,000 or  less  by  de odorization 
treatment. �erefore, it is suggested that, in the direct 
combustion method, the deodorization e�ciency is 
governed more strongly by temperature than by residence 
time.
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carboxyl groups (–COOH) and ketone groups (–C
(=O)–) ,  and methane ,  wh ich  i s  o dorless .  O dor 
concentration analysis, which is sensory evaluation using 
the triangular odor bag method13）14）, requires considerable 
t i m e ,  l a b o r,  a n d  t r a i n e d  p a n e l i s t s .  � e r e f o r e , 
deodorization performance was evaluated based on total 
hydrocarbon concentrations, and sensory tests were 
conducted within 24 hours for veri�cation.

2.2 Detailed Experimental Procedures
2.2.1 Direct Thermal Oxidation 
(a) Blank Test
　When the gas to be treated is supplied to the direct 
thermal oxidation furnace, there is a possibility that the 
combustion state of the kerosene-�red burner may be 
a�ected, potentially resulting in the generation of odor 
components due to unburned fuel. �erefore, at each 
treatment temperature level, only clean air was supplied to 
the furnace, and the odor concentration at the furnace 
outlet was measured. �e temperature levels used in the 
blank tests are summarized in Table 1.

intensity of the exhaust gas.
　 In  th e  f o l l ow ing  s e c t i o ns ,  th e  d e o d o ri z at i o n 
performance of direct thermal oxidation and catalytic 
oxidation methods is examined and discussed.

3.2 Direct Thermal Oxidation
3.2.1 Blank Test
　In the direct thermal oxidation process, the oxidation 
furnace uses kerosene as fuel. Since there is a concern that 
odor-causing components may be generated during the 
combustion of the kerosene itself, blank tests were 
conducted in which only clean air was supplied to the 
ox i d a t i o n  f ur n a c e  w i t h o u t  i n tr o d u c i n g  V O C s 
(odor-causing components). �e odor concentrations 
measured at the outlet of the oxidation furnace at each 
operating temperature are summarized in Table 4. At a 
treatment temperature of 800 °C, the combustion was 
stable and almost no odor was perceptible at the furnace 
outlet; therefore, sensory evaluation was omitted under 
this condition. �e combustion characteristics of kerosene 
depend strongly on the design of the burner and the 
structure of the oxidation furnace. Nevertheless, the 
results of the blank tests are considered meaningful for 
the relative comparison of operating conditions a�ecting 
deodorization performance in this experiment.
　As shown in the table, the odor concentration resulting 
from the combustion of kerosene alone remained below 
500 across all temperature ranges. In this experiment, the 
residual odor detected in the exhaust gas was mainly 
attributed to nitrogen oxides generated during the 
combustion of kerosene. Since kerosene contains little 
sulfur, nitrogen oxides are considered to account for the 
majority of the residual odor in the exhaust gas under 
complete combustion conditions. Nitrogen oxides 
include nitric oxide (NO), nitrogen dioxide (NO₂), and 
nitrous oxide (N₂O), among which nitrogen dioxide is 
mainly responsible for the irritating odor. �ese nitrogen 
oxides, referred to as thermal NOx, are formed by the 
reaction of nitrogen and oxygen in the combustion air 
under high-temperature conditions. Because their 
formation strongly depends on combustion temperature, 


