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Abstract

A novel rotating honeycomb adsorbent coupled with a photocatalytic reactor demonstrated by Shiraishi et al. is modeled here. In ope
air pollutant formaldehyde was adsorbed from a simulated room (10 m3) onto a slowly rotating honeycomb, which then passed slowly throu
small chamber (0.09 m3) in which locally recirculated heated air desorbed the formaldehyde and carried it through a photocatalytic reacto
oxidized the desorbed material. The regenerated rotor-adsorbent then rotated back into the airtight chamber. This system was model
states and transient states to determine adsorption, desorption, and photocatalyst pseudo-first-order rate constants at the appropriateures
(ambient temperature for adsorption, 120–180◦C for desorption and photocatalysis). Intensity-corrected values for the photocatalytic rate c
kcat (cm2/(mW s)) deduced from fitting our model to the data of Shiraishi et al. were in good agreement with those calculated from five
reports for formaldehyde photocatalytic destruction.
 2005 Elsevier Inc. All rights reserved.

Keywords: Photocatalysis; Volatile organic compounds; Formaldehyde; Titanium dioxide; TiO2; Adsorption; Desorption; Regeneration; Thermal swing; Kinetic
model; Sick building syndrome
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1. Introduction

The US Environmental Protection Agency (EPA) defin
“sick building” syndrome (SBS) as a situation in which bui
ing occupants experience acute health conditions linked to
spent in a building, but no specific diagnosis can be assig
to their illness[1]. Often the occupants’ symptoms disapp
soon after they leave the building. Causes of SBS include
adequate ventilation, chemical contaminants from both ind
and outdoor sources, and biological contaminants. Volatile
ganic compounds (VOCs) are a category of indoor chem
contaminants, and formaldehyde (CH2O) levels are of wide-
spread interest. To prevent or eliminate SBS, building air m
be cleaned or properly refreshed, and/or the sources of V
pollutants removed or modified.

VOC is a diverse class of organic indoor air contamina
present in industrial (petroleum, pharmaceutical, textile), c
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mercial (offices, restaurants), and residential buildings[2].
A VOC is defined by the U.S. EPA in the Code of Federal R
ulations (CFR)[3] as any carbon compound (excluding cert
compounds) participating in atmospheric photochemical r
tions. Formaldehyde is one VOC that has been linked to S
[4]. Formaldehyde is found in many indoor products, such
pressed wood, paints, insulation, coated paper products
combustible materials. It is a colorless, strong-smelling
that can cause nausea, chest tightness, wheezing, skin r
and allergic reactions at levels as low as 0.1 ppm[5]. It is
a suspected human carcinogen and has been shown to
cancer in animals. The Occupational Safety and Health Adm
istration (OSHA) specifies a workplace time-weighted aver
permissible exposure limit (TWA-PEL) of 0.75 ppm, where
the American Conference of Governmental Industrial Hygi
ists (ACGIH) recommends a TWA threshold limit value (TLV
of 0.3 ppm[6]. These time-weighted averages are for 8-h wo
days or 40-h workweeks.

Techniques for VOC control in exhaust air streams incl
incineration, oxidation, wet scrubbing, ozonation, and ads
tion [6,7]. Of these techniques, VOC adsorption on a so
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surface holds the most promise for reducing SBS by trea
ventilation air. The quantity of VOCs bound to the adsorb
depends on available adsorbent surface area, VOC conce
tion, temperature, VOC chemical structure, physical prope
of adsorbent and VOC, adsorbent capacity or regenerate
pacity, and contact time[7]. Two common adsorbents for indo
VOC removal are activated carbon and zeolites. Activated
bon is used predominantly to remove hydrocarbons and no
lar gases, and zeolites are used predominately to remove
gases and vapors[7]. Zeolites have been shown to remove b
zene,n-hexane, and CH2O from indoor air[8]. Activated car-
bon typically has a large surface area (1400 m2/g) and modes
density (0.55 g/cm3). It is used to retain VOCs with molec
ular weights>45 and boiling points above 0◦C and is easily
regenerated thermally[7]. Formaldehyde is a polar compoun
its retentivity on activated carbon at 20◦C and 1 atm is∼3%
[9], where retentivity is defined as the maximum amount (w
of adsorbed vapor retained by the carbon after the ambien
concentration reduces to zero.

The removal of VOCs from air using TiO2 as a photocat
alyst has been widely investigated. Peral and Ollis[10] de-
graded trace levels of gas-phase acetone, 1-butanol, CH2O, and
m-xylene on Degussa P25 TiO2. Other studies have been co
ducted with CH2O as a reactant[11–17]. Moreover, other VOCs
(e.g., ethanol, acetaldehyde, methyl formate) are known to
duce CH2O as an intermediate species[18–22] during photo-
catalytic oxidation (PCO).

Ceramic honeycombs have been examined as catalyst
ports for PCO. Honeycombs offer a number of advantages
pellet-shaped particles, including attrition resistance and
pressure drop even at high flow rates[2]. Suzuki [23] stud-
ied TiO2 coated on cordierite monoliths for air purification
vehicles. Sauer and Ollis[22,24] coated anatase TiO2 on ce-
ramic monoliths and oxidized acetone, ethanol, and aceta
hyde in air. Son et al.[25] designed a combination of plasm
with photocatalyst cordierite honeycomb substrate for rem
ing propane, propene, toluene,m-xylene, ammonia, trimethyl
amine, and methylmercaptane.

Honeycomb monoliths have also been used as support
thermally regenerable adsorbents. In one configuration, a r
ing honeycomb adsorbent is used to cycle through process
sorption) and regeneration (desorption) zones to remove c
minants. In the adsorption or process zone, organic impur
are removed from the inflowing stream by adsorption on
rotor. In the subsequent high-temperature regeneration z
these impurities desorb from the rotor into a second, isolate
flow. Some rotor sorbent configurations include a cooling z
to rapidly decrease the honeycomb temperature just afte
regeneration zone. Researchers have studied rotating ze
coated honeycombs for VOC removal[26,27]. For removing
acetone, isopropyl alcohol, propylene glycol monomethyl e
acetate, and propylene glycol methyl ether from air, Chan
al. [26] found an optimal rotation speed of 3–4.5 rotations/h for
a process temperature of 40◦C and a regeneration temperatu
of 180◦C. Mitsuma et al.[27] developed an optimal empir
cal formula for rotation speed for cyclohexanone adsorption
a ceramic honeycomb rotor impregnated with a high-silica
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olite. For 30 and 200 ppm cyclohexanone concentrations
optimal rotation speed was a function of the desorption
stream velocity, the rotor width, and the ratio of the mo
lith cross-sectional area in the process zone to the mon
area in the desorption zone. Typical values ranged from 2
50 rotations/h.

Combination PCO reactor–adsorbent systems also have
examined. Ao and Lee[28] studied toluene and nitrogen o
ide removal using TiO2 immobilized on an activated carbo
filter. Combining adsorption, thermal regeneration and ph
catalysis, Shiraishi et al.[29] developed a novel air-purificatio
system consisting of a rotating honeycomb loaded with z
lite or activated carbon, combined with a TiO2 reactor to re-
move and eventually photocatalytically oxidize the air conta
inant CH2O. In a batch system (airtight chamber) with init
CH2O levels of 0.55–0.75 mg/m3, this system achieved th
0.1 mg/m3 CH2O guideline set by the World Health Organ
zation in 10 min and reached nearly zero concentration a
90 min. Our work constructs an engineering model for th
combined adsorbent–PCO reactor system.

Except for CH2O source removal in indoor products, t
technology developed by Shiraishi et al.[29] is believed to be
the best option for removing existing levels of CH2O. Their
system decreases the CH2O concentration in a simulated roo
below the WHO guideline, in addition to oxidizing the CH2O
in a small PCO reactor. Adsorption-only systems to a sorb
material require frequent sorbent replacement or regenera
Increased fresh air ventilation and removal of exhaust air
quire increased energy consumption, because air is not rec
lated. Energy is expended to cool or heat the fresh air to
desired temperature, and the CH2O-containing air is exhauste
outdoors, polluting the atmosphere. Ozonation can be use
oxidize CH2O, but ozone can damage the respiratory syste

We report the development of a kinetic model for a no
rotating adsorbent–photocatalyst reactor. The combina
adsorbent–catalyst system allows rapid air contaminant
moval (air to adsorbent), followed by desorption into a sm
volume photoreactor, where the consequent three- to five
increase in contaminant concentration allows the use
smaller reactor than a photocatalyst-only system would
quire.

2. Experimental

2.1. Experimental apparatus

The process modeled includes two independent, continu
flow systems interconnected by a rotating, cylindrical cera
honeycomb. The rotation cycles the honeycomb rotor thro
a low-temperature process (adsorption) and a high-temper
regeneration (desorption) zone to remove CH2O from cham-
ber air. A diagram of the experimental system is reprodu
in Fig. 1 [29]. In greater detail, the system comprises of
airtight chamber (“highly tight room” in the Shiraishi article
a cylindrical honeycomb ceramic rotor, a small box cham
and a photocatalytic reactor contained therein. The volume
the airtight chamber (simulated room) and small box are
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Fig. 1. A schematic of an air-purification system consisting of the photocatalytic reactor with a parallel array of nine blacklight-blue fluorescent lamps and the
continuous adsorption and desorption apparatus with a ceramic-paper honeycomb rotor retaining activated carbon or zeolite fine particles (reproduced from Shiraishi
et al.[29]).
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and 0.09 m3, respectively. The rotating honeycomb passes a
nately through the airtight chamber and the small box cham
containing the PCO reactor (∼0.014 m3). The combination sys
tem provides a greater than four-fold increase in initial CH2O
concentration than the airtight chamber. The higher CH2O con-
centration in the small box reduces the required size of the P
reactor accordingly.

The rotor (300 mm diameter, 50 mm thick) is composed
ceramic honeycomb laminates with a 3-mm corrugation pi
Shiraishi et al.[29] deposited a zeolite (ZSM-5) or activate
carbon (coconut husk) on the rotor to adsorb CH2O. Because
they found that activated carbon is a better adsorbent for CH2O,
our model examines only their data for this system. The rota
speed of their honeycomb is not specified, but it is assume
be slow enough so that the higher temperature in the smal
does not elevate the temperature in the airtight chamber.

The photocatalytic reactor consists of nine 6-W blacklig
blue fluorescent lamps enclosed in Pyrex glass tubes. The l
emit primarily in the UVA (300–400 nm) wavelengths. T
Pyrex tubes are 230 mm long and have a 28 mm i.d. A
TiO2 film is deposited on the inside surface of the glass tu
concentric to the lamps. The total superficial photocatalyst
face area is 0.182 m2. The distance from the lamp surface
the TiO2 photocatalyst film is 3.5 mm. The lamp intensity at t
TiO2 surface is estimated by our calculations as 9 mW/cm2.

At the start of a batch adsorption–desorption experim
[29], an initial dose of CH2O was added to the airtight chamb
Independent air streams recirculated within the 10 m3 cham-
ber and the 0.09 m3 small box, with no fresh air added at an
time. In the simple adsorption–desorption experiments, CH2O
is transferred from the airtight chamber to the small box
adsorption to and desorption from the rotor until steady s
is reached. In the batch adsorption–desorption with reac
experiments, the PCO reactor is placed in the small box
operated concurrently with the rotating honeycomb.
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2.2. Model and parameter estimation

The following sections discuss the model development
parameter evaluation method.

2.2.1. Adsorption–desorption equilibrium constants
Data from the simple adsorption–desorption experime

from Shiraishi et al.[29] are used to calculate the adso
tion equilibrium constantsKAC-CHR andKSB-CHR at ambient
and desorption/regeneration temperatures, respectively. Th
tal quantity of CH2O in the system is constant, because
reaction occurs in these experiments. A CH2O mole balance
is used to calculate the amount of CH2O adsorbed on the hon
eycomb rotor:

(initial amount) = (airtight chamber) + (small box)

+ (ceramic honeycomb rotor),

(1)VACC0 = VACCAC + VSBCSB + VCHRCCHR.

The experimental conditions state that 5/6 of the rotor re-
sides in the airtight chamber, with only 1/6 located in the smal
box. This separation is used to split the amount of CH2O on
the rotor. This is an approximation, because the adsorp
and desorption temperatures are different. More CH2O desorbs
from the rotor at higher temperatures. Therefore, the am
of CH2O on the hot rotor in the small box is smaller than
estimate:

mol of CH2O on the cold rotor in airtight chamber

(2)

=
(

5

6
VCHR

)
CCHR,

mol of CH2O on the hot rotor in small box

=
(

1

6
VCHR

)
CCHR.
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A simple rate expression is developed for CH2O adsorption on
and desorption from the rotor. For the low CH2O levels of inter-
est (<3 mg/m3 or <2.4 ppm), we assume that both adsorpt
and desorption are first order in CH2O on a sparsely covere
surface:

Adsorption side:

CH2Oairtight chamber(gas)
kads(Tads)�
kdes(Tads)

CH2Orotor (ads),

−VAC
dCAC

dt
= 5

6
VCHR

dCCHR

dt

(3)

= VACkads(Tads)CAC − 5

6
VCHRkdes(Tads)CCHR.

Desorption side:

CH2Orotor (ads)
kdes(Tdes)�
kads(Tdes)

CH2Osmall box(gas),

VSB
dCSB

dt
= −1

6
VCHR

dCCHR

dt

(4)= 1

6
VCHRkdes(Tdes)CCHR − VSBkads(Tdes)CSB.

For adsorption–desorption-only experiments, a steady
is predicted, at which time the net change in concentrations
In this case(3)and(4)are equal to 0, and the adsorption equil
rium constants (i.e., ratio of rate constants) are solved from
system’s steady-state data. In the adsorption–desorption
experiments, Shiraishi et al.[29] stated that the CH2O concen-
tration in both rooms remained relatively unchanged after 9
(15 min). A system steady state, corresponding approxima
to an adsorption–desorption equilibrium between the cham
rotor, and box, had been achieved. Thus we solve forKAC-CHR
andKSB-CHR using the data after 900 s. TheK values are aver
aged using the data points from 1800–7200 s (30–120 min).
small decrease in CH2O concentration at longer time (10,800
is neglected:

(5)KAC-CHR(Tads) = kads(Tads)

kdes(Tads)
= (5/6)VCHRCCHR

VACCAC

and

(6)KSB-CHR(Tdes) = kads(Tdes)

kdes(Tdes)
= (1/6)VCHRCCHR

VSBCSB
.

The adsorption equilibrium constant is dependent on tem
ature. Hence we find only oneKAC-CHR constant(Tads =
ambient) of 3.28, but threeKSB-CHR constants (Tdes = 120,
150, and 180◦C) of 4.76, 4.07, and 2.70, respectively.

2.2.2. Adsorption rate constant in the airtight chamber
Given KAC-CHR, Eq. (3) can be rearranged in terms

KAC-CHR instead ofkdes(Tads). This allows us to solve fo
kads(Tads), becauseKAC-CHR is calculated from the method d
scribed above. The derivative term is obtained by the Dif
entiate function in Microcal Origin. All adsorption experimen
were conducted at one temperature (Tads), presumably ambient

(7)−VAC
dCAC

dt
= kads(Tads)

{
VACCAC − (5/6)VCHRCCHR

KAC-CHR(Tads)

}
.

te
0.

e
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s
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2.2.3. Desorption rate constants in the small box
The desorption rate constant,kdes(Tdes), is fitted to the data

of Shiraishi et al. An Arrhenius form is assumed forkdes.
With kdes,0 taken as 1013 s−1, the EA,des fitted to the data is
107 kJ/mol (25.6 kcal/mol). The pre-exponential factor fo
desorption is the same order of magnitude as reported in
literature for first-order desorption kinetics[30,31]. The fitted
activation energy of desorption is a typical value for wea
chemisorbed molecules on TiO2. Lewandowski and Ollis[30]
used the TPO/TPD data of Larson and Falconer[32] to estimate
anEA,desof 23–28 kcal/mol for benzene, toluene, and xylen
Chemisorbed molecules characteristically have desorption
vation energies>50–100 kJ/mol (12–24 kcal/mol) [33]. Alde-
hydes are known to chemisorb weakly on TiO2 (vs. alcohols
or carboxylic acids), hence their common appearance as
tion intermediates[22,32]. Our fittedEA,des falls within or just
above these estimations. With thesekdes,0 and EA,des values,
threekdes are calculated, one for each desorption tempera
(i.e., 120, 150, and 180◦C):

(8)kdes(Tdes) = kdes,0 exp

(−EA,des

RTdes

)
.

2.2.4. Reaction rate constant
Our photocatalytic rate constant,kcat(Tdes), was also fitted

to the data of Shiraishi et al.[29] from the combined, simul
taneous operation of the rotating honeycomb and PCO rea
A pseudo-first-order reaction rate is assumed for CH2O destruc-
tion. Obee and Brown[11] reported a first-order CH2O oxi-
dation rate at ambient temperatures for CH2O concentrations
pertinent to problematic buildings, which include the conditio
of Shiraishi et al.[29] (∼0.5–2.0 ppmv). At a 180◦C (453 K)
desorption temperature, the best fit forkcat is 2.38× 10−2 s−1.
At 120◦C (393 K) and 150◦C (423 K), the best fits forkcat are
1.19× 10−1 and 1.06× 10−1 s−1, respectively.

The negative influence of temperature on apparent rate
stant is rationalized as follows: A catalyzed reaction follow
a Langmuir–Hinshelwood rate form (as do most air conta
nants including CH2O) will provide a reaction rate form at low
concentrations of

rcat= −kcatCSBVrxr = −krxnKadsCSBVrxr

(9)

= −krxn

[
kads,TiO2,0 exp(−Eads,TiO2/(RTads))

kdes,TiO2,0 exp(−Edes,TiO2/(RTdes))

]
CSBVrxr,

rcat= −krxn
kads,TiO2,0

kdes,TiO2,0

× exp

[
1

R

(
Edes,TiO2

Tdes
− Eads,TiO2

Tads

)]
CSBVrxr

≈ −krxn
kads,TiO2,0

kdes,TiO2,0
exp

(
Eapp

RTdes

)
CSBVrxr.

Thus,

kcat≈ krxn
kads,TiO2,0

kdes,TiO2,0
exp

(
Eapp

RTdes

)
and

�Hads,TiO2 ≈ Edes,TiO2.
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Table 1
A comparison of our pseudo-first-order reaction rates(kcat) and formal quantum efficiencies (δ) to literature data

UV flux

(mW/cm2)

Reaction
temp. (◦C)

kcat

(s−1)

Normalizedkcat

(cm2/(mW s))

FQEa Catalyst
manufacturer

Reference

This article 9 120–180 2.38× 10−2 to

1.19× 10−1
2.6× 10−3 to

1.3× 10−2
6× 10−4 to

2× 10−3

(∼2 ppm)

– –

Obee and

Brownb,c
9.3 ∼22–24 2.2× 10−3 2.4× 10−4 1.5× 10−2

(∼1.2 ppm)
Degussa P25 [11]

Obeeb 0.33 ∼22 5.8× 10−4 1.8× 10−3 1.2× 10−1

(∼1.2 ppm)
Degussa P25 [12]

Noguchi et al.b 1 ∼22 2.1× 10−3 2.1× 10−3 6× 10−2

(∼3 ppm)
Ishihara Sangyo [15]

Ching et al. 0.6 (solar)
1.56 (UV)

Room temp. 1.5× 10−3

2.6× 10−3
2.4× 10−3

1.8× 10−3
2× 10−3

(∼100 ppm)
Self prepared &
Degussa P25

[16]

Ao et al.b 0.75 Room temp. 6.8× 10−4 9.1× 10−4 – Degussa P25 [17]

a Formal quantum efficiencies were estimated from literature data.
b Pseudo-first-orderkcat values were estimated from literature data.
c Obee and Brown ran experiments at multiple temperatures, but only the room temperature data is reported here
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(We assume that thekrxn of a free radical (e.g., OH.) is approx-
imately independent of temperature. Using the fittedkcat values
variation with temperature.) We estimate the apparent ac
tion energy of CH2O desorption on TiO2 (Eapp) as 39 kJ/mol
(9.3 kcal/mol). We expect a small (or zero) value forEads,TiO2

(e.g., CH2O may need to displace weakly bound water) an
substantial value forEdes,TiO2 (e.g., 20–30 kcal/mol). We ex-
pect the term (Edes,TiO2/Tdes− Eads,TiO2/Tads) > 0, and thus
expect thatkcat will decrease with increasing temperature,
flecting decreased CH2O coverage on the TiO2 with increasing
temperature. A summary of ourkcat values and those in the li
erature is given inTable 1. Authors of the literature reporte
herein used various reactor geometries, so we chose a re
volume basis (Vrxr) to simplify calculations.

Table 1compares the reaction rate constants evaluate
this study with those in the literature. Reaction rates are
pendent on the catalyst manufacturer and on the UV l
intensity, among other factors. We derived pseudo-first-o
kinetic rate constants from CH2O data for PCO collected b
other researchers, using CH2O concentrations similar to thos
of Shiraishi et al. (∼2 ppm at STP). Data from Obee[12] and
Obee and Brown[11] were used to derive a first-orderkcat of
5.8×10−4 and 2.2×10−3 s−1, respectively, for UV light inten-
sities ranging from 0.33 to 9.3 mW/cm2. Data from Noguchi e
al. [15] and Ao et al.[17] were also used to calculate akcat
of 2.1 × 10−3 and 6.8 × 10−4 s−1, respectively, for UV light
intensities between 0.75 and 1.0 mW/cm2. Ching et al.[16]
found first-orderkcat values of 1.5× 10−3 and 2.6× 10−3 s−1

using solar and UV light intensities of 0.6 and 1.56 mW/cm2,
respectively. Thekcat in our study ranges from 2.38× 10−2 to
1.19× 10−1 s−1. Shiraishi et al.[29] reported a UV light inten-
sity of 15 µW/cm2, which is low for nine 6-W blacklight-blue
fluorescent lamps. Instead, our calculations estimate an in
sity of 9 mW/cm2 for their data, assuming 30% blackligh
blue emission efficiency. The brand of TiO2 catalyst used in
the study of Shiraishi et al. is not listed. The two brands u
by other authors discussed above are Degussa P25 or Ish
-

tor

in
-
t
r

n-

d
ara

Sangyo. Our calculatedkcat values fall in the high end an
above the range derived from the work of these authors.

The kcat derived from various authors’ data are normaliz
by their UV light intensity to account for this variation. Chin
et al. [16] and Sauer and Ollis[22] report that at low UV in-
tensities, the reaction rate is proportional to the irradiance(I ),
and that at medium to higher UV intensities, the reaction
is often proportional toIn, where 0.5 < n < 1. If all of the re-
ported irradiances for CH2O PCO are low intensity, we ma
divide kcat by their irradiances (mW/cm2). The normalized
kcat for the authors discussed above range from 2.4 × 10−4

to 2.5 × 10−3 cm2/(mW s) at ambient temperature (Table 1).
The normalizedkcat values in our study range from 2.6× 10−3

to 1.3 × 10−2 cm2/(mW s). Again, our values are in the hig
end and above the range derived from other authors’ data
note that other reports pertain to ambient temperature
tocatalysis, versus Shiraishi et al.[29] for which T (reaction)
∼T (desorption: 120–180◦C).

At high UV intensities, photodissociation (photolysis)
CH2O can occur and potentially complicate interpretation
PCO data for CH2O. The fittedkcat in our study is a bulk
term that includes both photocatalytic and any photolytic
fects. Obee and Brown[11] explored this issue, finding a linea
relationship between UV flux and CO evolution from CH2O
photolysis. At 7 mW/cm2, they observed no CO evolutio
in a stream with initial 3.3 ppmv CH2O. At 25 mW/cm2,
they observed 0.10 ppmv CO evolution. Assuming a lin
relationship, the data from Shiraishi et al.[29] would pro-
duce 0.03 ppmv CO from photolysis at 9 mW/cm2. Thus, less
than 1.5% of the CH2O would photodissociate, using a 1
CH2O:CO relationship. This 1:1 ratio is similar to the data
ported by Obee and Brown[11] and predicted by Okabe[34].
Moreover, Ching et al.[16] found the photolytic rate consta
to be∼10 times smaller than the photocatalytic rate constan
a solar irradiance of 0.6 mW/cm2. Hence we believe the pho
tolytic contribution to CH2O disappearance is negligible in th
data of Shiraishi et al. and thus do not include it in our mod
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Table 2
Summary of the parameters calculated or fitted in the model

Temperature
(◦C)

kads(T ads)

(s−1)

kdes,0

(s−1)

EA,des
(kJ/mol)

kdes(T des)

(s−1)

KAC-CHR KSB-CHR kcat(T des)

(s−1)

Tads 4.33× 10−4 – – – 3.28 – –
120◦C – 1013 107 0.0607 – 4.76 0.119
150◦C – 1013 107 0.618 – 4.07 0.106
180◦C – 1013 107 4.63 – 2.70 0.0238
wo
tigh
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2.3. Overall models

After all of the parameters are calculated or fitted, t
equations for each model result, one equation for the air
chamber and one for the small box. Equation(7) is used for
CH2O adsorption on the rotor from the airtight chamber.
the adsorption–desorption-only model, Eq.(4) is rearranged
to estimate CH2O desorption from the rotor to the small bo
(Eq. (10)). In the desorption/reaction model, Eq.(11) includes
the PCO reaction in the small box.Table 2summarizes all o
the calculated and fitted parameters in the two models.

Without reaction:

VSB
dCSB

dt
= kdes(Tdes)

(10)

×
(

1

6
VCHRCCHR − KSB-CHR(Tdes)VSBCSB

)
.

With reaction:

VSB
dCSB

dt
= kdes(Tdes)

×
(

1

6
VCHRCCHR − KSB-CHR(Tdes)VSBCSB

)

(11)− kcat(Tdes)VrxrCSB.

3. Calculated results and discussion

3.1. Adsorption–desorption-only model

Fig. 2 shows the model and data of Shiraishi et al. in b
rooms at a desorption temperature of 180◦C. In the airtight
chamber, the adsorption model fits the data well, accurately
dicting the initialCAC(t) profile (0–1800 s). At longer times
the adsorption equilibrium valueCAC(equil) is smaller than
predicted. In the small box, the desorption model provide
reasonable fit to the data. The model predicts the initialCSB(t)

profile (0–300 s) well. The monotonic decrease in this data
der dark conditions between 3600 and 10,800 s may be ca
by an effect that is not considered; for example, slow dimer
tion of CH2O to paraformaldehyde may occur on the adsorb
Similar data for the model and the data of Shiraishi et al. at
and 150◦C desorption temperatures are shown inFig. 3. At all
desorption temperatures, the residual error between our m
and the data of Shiraishi et al. falls within±0.07 mg/m3 in the
airtight chamber and within±0.3 mg/m3 in the small box with
the exception of two data points.
t

e-

a

-
ed
-
t.
0

el

(a)

(b)

Fig. 2. Shiraishi data and model of adsorption–desorption-only at 180◦C de-
sorption temperature in (a) the airtight chamber and (b) the small box.

3.2. Adsorption–desorption and reaction model

The model described above is modified to include the P
reactor in the small box.Fig. 4 shows the model and the da
of Shiraishi et al. in both rooms at a desorption tempera
of 180◦C. In the airtight chamber, the adsorption model f
lows the trend of the data. At 10,800 s (180 min), both
data and the model approach zero forCAC, as expected be
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Fig. 3. Shiraishi data and model of adsorption–desorption-only at 120
150◦C desorption temperatures in (a) the airtight chamber and (b) the s
box.

cause CH2O is continuously oxidized photocatalytically in th
small box. In the small box, the reaction model also provi
a reasonable fit to the desorption and reaction data. The m
qualitatively describes the increase and subsequent decre
CSB caused by the reaction. Results for the model and the
of Shiraishi et al. at desorption temperatures of 120 and 15◦C
are shown inFig. 5. At all desorption temperatures, the res
ual error falls within±0.05 mg/m3 in the airtight chamber an
within ±0.3 mg/m3 in the small box.

The fitted values ofkcat for the 120 and 150◦C desorption
temperatures are almost an order of magnitude larger tha
180◦C value. Shiraishi et al.[29] attributed a marked loss i
photocatalytic activity (and a consequent decrease inkcat) at
180◦C to unknown substances liberated from the activated
bon rotor and strongly adsorbed on the glass surface o
TiO2 reactor. Such film formation would decrease the int
sity of light arriving at the photocatalyst surface; hence
d
ll

s
el
in

ta

he

r-
e

-

(a)

(b)

Fig. 4. Shiraishi data and model of adsorption–desorption with photocata
reaction at 180◦C desorption temperature in (a) the airtight chamber and (b
small box.

resultant decrease inkcat. An alternative explanation is that th
kcat used here is a bulk term that includes both CH2O adsorp-
tion on TiO2 and the true reaction rate constant, as descr
above. Adsorption decreases with increasing temperature,
ering CH2O coverage. There are similar orders of magnitu
decreases inkcat and KSB with increasing temperature, co
sistent with the idea thatkcat is dominated by the temperatu
dependence of adsorption.

The quantum yield (Φoverall) is defined as the rate of pho
toreaction divided by the rate of light absorption[35]. The latter
is difficult to estimate using the data of Shiraishi et al. Incid
light from the lamp may be absorbed, reflected, or scatt
upon reaching the catalyst surface. Instead, a formal qua
efficiency (FQE) of the system is calculated, defined as[35,36]

(12)δ = rate of photocatalyzed reaction (molecules/s)

incident light intensity (photons/s)
.
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Fig. 5. Shiraishi data and model of adsorption–desorption with photocata
reaction at 120 and 150◦C desorption temperatures in (a) the airtight cham
and (b) the small box.

The FQE is always less than the quantum yield, because
corporates all incident light. The FQE is calculated for the d
of Shiraishi et al. by making two estimations: (1) The react
rate is first order in CH2O, and (2) 1 mW/cm2 corresponds to
∼2× 1015 photons/(s cm2) at a wavelength of 350 nm, as ca
culated using the Planck relation and the wave theory of l
[37]:

(13)E = hv,

(14)λv = c,

and

(15)
#photons

cm2 s
= E/cm2

h(c/λ)
,

whereE is the total incident photon energy (mW),h is Planck’s
constant (6.63× 10−34 J s/photon),c is the speed of light in a
vacuum (2.998×108 m/s), andλ is the wavelength (in nm). W
c

-
a

t

calculate the maximum FQEs for the Shiraishi et al. reac
data as 6× 10−4 at 180◦C, and 2× 10−3 molecules/photon at
desorption temperatures of 120 and 150◦C. A comparison of
our FQEs for the data of Shiraishi et al. with other literature
given inTable 1. Our calculated FQEs for the data of Shirai
et al. are lower than those of other authors.

The model developed here for the combined rotating ads
ent–PCO reactor system developed by Shiraishi et al.[29]
provides a technique for evaluating the adsorption, des
tion, and reaction rate constants, as well as the adsor
equilibrium constants. This engineering kinetic model can
broadly applied to design-related systems with different ads
tion/desorption temperatures, adsorbent materials, and
(chamber) sizes.

4. Conclusion

A reaction engineering model has been developed for
novel combination of a rotating honeycomb adsorbent w
a photocatalytic reactor. The model assumes that the ad
tion, desorption, and reaction steps are first order with
spect to CH2O. All model parameters were evaluated from
batch data of Shiraishi et al.[29]. Two models were devel
oped: adsorption–desorption-only and adsorption–desorp
with PCO reaction. Both models qualitatively describe the
served behavior of gas-phase CH2O concentrations versus tim
In the adsorption–desorption-only experiments, the mode
scribes both transient and asymptotic steady-state value
the airtight chamber and the small box. In the adsorpti
desorption with reaction experiments, the model again
quately represents the data. The pseudo-first-order reactio
constants determined through model fitting fall in the sa
range as that derived in five literature studies.
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Appendix A. Nomenclature

δ formal quantum efficiency (FQE)
Φoverall quantum yield
h Planck’s constant (6.63× 10−34 J s/photon)
λ wavelength (nm)
c speed of light in vacuum (2.998× 108 m/s)
C0 initial CH2O concentration in the airtight chamb

(mg/cm3)
CAC CH2O concentration in the airtight chamber (mg/cm3)
CCHR CH2O concentration on the ceramic honeycomb ro

(mg/cm3)
CSB CH2O concentration in the small box (mg/cm3)
E photon specific energy (mW)
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tions,
EA,des activation energy for the CH2O desorption rate con
stant between the ceramic honeycomb rotor and
small box (J/mol)

kads(Tads) CH2O adsorption rate constant between the cera
honeycomb rotor and the airtight chamber (s−1)

kads(Tdes) CH2O adsorption rate constant between the cera
honeycomb rotor and the small box (s−1)

kcat(Tdes) CH2O pseudo-first-order kinetic rate constant in
photocatalytic reactor (s−1)

kdes(Tads) CH2O desorption rate constant between the cera
honeycomb rotor and the airtight chamber (s−1)

kdes(Tdes) CH2O desorption rate constant on the ceramic h
eycomb rotor in the small box (s−1)

kdes,0 pre-exponential factor for the CH2O desorption rate
constant between the ceramic honeycomb rotor
the small box

KAC-CHR(Tads) CH2O adsorption equilibrium constant b
tween the airtight chamber and the ceramic hon
comb rotor

KSB-CHR(Tdes) CH2O adsorption equilibrium constant b
tween the small box and the ceramic honeycomb r

rads rate of CH2O adsorption on the ceramic honeycom
rotor from the airtight chamber (mg/(m3 s))

rcat rate of CH2O photocatalyzed oxidation by TiO2 (mg/
(m3 s))

rdes rate of CH2O desorption on the ceramic honeycom
rotor to the small box (mg/(m3 s))

t time (s)
R Universal gas constant (8.314 J/(mol K))
VAC volume of the airtight chamber (10 m3)
VCHR volume of the ceramic honeycomb rotor
Vrxr volume of the photocatalytic reactor (∼0.014 m3)
VSB Volume of the small box (0.09 m3)
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