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a b s t r a c t

Postharvest loss of quality is an important problem in the food and horticultural product industry. One
of the major factors contributing to loss of quality is the uncontrolled exposure of the products to small
amounts of ethylene gas during storage. In this study we investigated the photoelectrocatalytic (PEC)
degradation of ethylene gas at a temperature of 3 ± 1 ◦C and relative humidity of 90 ± 3% on an activated
carbon felts (ACF)-supported photocatalyst titanium dioxide photoelectrode [TiO2/ACF] or on a photo-
electrode which had been modified by coating the ACF support with platinum [TiO2/ACF-Pt]. The apparent
pseudo-first-order kinetic model was used to describe the PEC degradation of ethylene. The key designing
parameters for a PEC reactor affecting the degradation efficiency in terms of the rate constant of this model
were studied, including the bias voltage and the light intensity. Degradation of ethylene by applying a
bias voltage to the [TiO2/ACF] |Nafion|[TiO2/ACF] electrode-membrane assembly or to the [TiO2/ACF-
Pt] |Nafion|[TiO2/ACF-Pt] electrode-membrane assembly enhanced the efficiency of photocatalytic (PC)
degradation. The combination of the ACF support modified with platinum and the applied bias voltage
were found to have an additive enhancement effect on the rate constant compared to PEC degradation
carried out using the unmodified ACF support. With respect to the [TiO /ACF-Pt] |Nafion|[TiO /ACF-Pt]
2 2

electrode-membrane assembly, a kinetic model was established using response surface methodology to
describe the relationship between the rate constant and the affecting parameters. Optimized parameters

ntens

1

a
g
o
H
a
i
a
e
i
t
a
s
P
t
r
c

1
d

were found to be a light i

. Introduction

Ethylene gas (C2H4) is released by fruit and vegetable and acts as
plant hormone that controls many plant responses [1]. Ethylene
as is beneficially used in many instances such as the promotion
f uniform ripening in bananas, and de-greening of fresh citrus.
owever, the effects of ethylene gas are not all positive. Even small
mounts of ethylene gas in the atmosphere in the storage facil-
ty can induce undesirable reactions in most fresh produce, such
s development of senescence, bitter flavors, chlorophyll loss, dis-
ase susceptibility and physiological disorders. Storage of produce
s of economic importance to the food and horticultural indus-
ries. Storage allows producers, handlers and sellers to spread
vailability over periods of high and low demand, maintaining
upply and stabilizing costs. Within the industry in Guangdong

rovince, PRC, it is estimated that 30% of losses are directly related
o ethylene exposure. Removal of ethylene from the storage envi-
onment retards spoilage, reduces loss and increases profit. While
onventional methods such as venting, potassium permanganate
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ity of 3.1 mW cm−2 with a bias voltage of 47.5 V.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

oxidation, adsorption onto brominated carbon, catalytic oxidizers,
and hypobaric storage help to control and remove ethylene from
storage facilities, each has limitations in controlling ethylene levels
in the presence of high ethylene-yielding produce and can result
in the alteration of temperature and humidity conditions in the
storage facilities [2].

Photocatalysis (PC) using titanium dioxide (TiO2) as the cata-
lyst is seen as a promising alternative to the oxidation processes
used to degrade ethylene in most conventional methods and has
attracted considerable attention over the last 10 or more years
[3–6]. Maneerat et al. [7] reported that the photocatalytic degra-
dation of ethylene using TiO2 can be carried out under high
humidity at both room temperature and low temperature. The
major advantage of this technology is the complete mineralization
of undesirable organic contaminants in gas phases to CO2 and H2O
in addition to the chemical stability of the catalyst, which is also
non-toxic and inexpensive. When TiO2 is irradiated with ultravio-
let (UV) light whose photon energy exceeds 3.2 eV, holes (H+) and

electrons (e−) are created on the surface of the TiO2, the former
being powerful oxidizing agents and the latter reducing agents.

However, recombination of photogenerated holes and electrons
(H+/e−) occurs at the same time. The high level of recombination
between holes and electrons is a major factor contributing to the

ghts reserved.
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eduction in the catalytic ability of TiO2 and to the control of the
C efficiency [8,9]. In this regard, various attempts have been made
o enhance the PC efficiency of TiO2, such as the photoelectrocat-
lytic (PEC) oxidation process. In the case of PEC, the PC reaction is
urther accelerated by applying an external potential which moves
he conduction band electrons away from the TiO2 photo-anode
owards a counter electrode [10]. This is an efficient way to pre-
ent the recombination of H+/e− pairs and results in extending the
ife of the active holes [11–13]. There are some reports relating to
he PEC process [14–17], but in these studies, the organic contam-
nants in water or wastewater were used to investigate the PEC
egradation.

TiO2 is mostly frequently applied to a carrier or support before
se [18]. The development of a TiO2 photocatalyst anchored on sup-
orting materials with a large surface area on which ethylene could
e condensed would be of great importance in the indoor environ-
ent of storage facilities where the ethylene concentration is dilute

nder conditions of high relative humidity and low temperature.
ctivated carbon felts (ACF) are especially interesting as potential
upport materials due to their excellent characteristics and prop-
rties. The surface area of these activated carbon felts is very high,
nd the porous network is mainly formed by deep pores in a narrow
ange of sizes, especially micropores [19]. This form of activated
arbon has important advantages over granular activated carbon,
uch as, the uniform distribution of microporosity, a superior rate of
dsorption and desorption, and a more rapid attainment of equilib-
ium [20,21]. ACF has been introduced as the support material for
iO2 in some photocatalysis studies, and the enhancement of gas
hase toluene condensation as a result of the combined adsorp-
ion of ACF with photocatalysis TiO2 has been reported [22,23].
ecent studies have reported the modification of ACF by metal
oping which has led to the improved removal of specific contam-

nants in the gas as a result of changes to the physical and chemical
roperties of the surface of the carbon materials [24,25]. Although
he photoelectrocatalytic (PEC) degradation of organic pollutants in
iquid phases has been carried out using a TiO2 film, the PEC degra-
ation of ethylene gas under conditions of high relative humidity
nd low temperature on an ACF-supported TiO2 photoelectrode
TiO2/ACF] or on a photoelectrode consisting of the photocatalyst
iO2 supported on an ACF support modified with a noble metal
TiO2/ACF-M] has rarely been reported until now.

Taking into account these findings, we have carried out pre-
iminary work on the photoelectrocatalytic (PEC) degradation of
thylene gas at a temperature of 3 ± 1 ◦C and relative humidity
0 ± 3% using an ACF-supported photocatalyst TiO2 photoelectrode
TiO2/ACF] or a photoelectrode consisting of the photocatalyst
iO2 supported on an ACF support modified by the deposition of
latinum [TiO2/ACF-Pt]. The key designing parameters for a PEC
eactor affecting the degradation efficiency in terms of the rate
onstant were studied, including the bias voltage and the light
ntensity. A systematic experimental design based on response sur-
ace methodology (RSM) was used for modeling and optimization
f the designing parameters of PEC reactor. In addition, the surface
orphology and elements of electrode have been characterized

y scanning electron microscopy (SEM) and X-ray photoelectron
pectroscopy (XPS).

. Materials and methods

.1. Material
Titanium dioxide used in this study was Degussa P25, which is
omposed mainly of anatase (ca. 70%) and is composed of non-
orous polyhedral particles with a mean size of 30 nm and a
urface area of 50 m2 g−1. Viscose rayon-based ACF (Sutong Car-
on Fibers Co. Ltd., Jiangsu Province, China) with a 3-mm thick
tobiology A: Chemistry 208 (2009) 27–35

felt, was chosen as the supporting substrate for TiO2. The perfluo-
rinated membrane Nafion®324 (DuPont Inc.), reinforced with poly
(tetrafluoroethylene) fiber was 0.15 mm thick. Tape 9713 model
XYZ-Axis Electrically Conductive tape was purchased from 3M Inc.

2.2. Preparation of ACF-supported TiO2 film and
electrode-membrane assembly

An aqueous suspension of TiO2 (25 g L−1) and sodium car-
boxymethyl cellulose (0.02 g L−1) was agitated and sonicated for
30 min. ACF-supported TiO2 films [TiO2/ACF] were prepared by dip
coating rectangular ACF (40 mm × 40 mm), in the TiO2 suspension
at a withdrawal speed of 0.42 cm s−1, after coating, the resulting
materials were dried at 100 ◦C for 12 min, and were then calci-
nated at 200 ◦C for 1 h using a temperature gradient of 5 ◦C/min. and
cooled to room temperature. The same procedure was followed for
loading TiO2 onto ACF which had initially been coated with Pt using
a vacuum ion sputter. The amount of TiO2 used was determined by
the weight difference before and after the dip coating procedure. In
all experiments the weight of TiO2 was 0.67 g ± 5%. The [TiO2/ACF]
and [TiO2/ACF-Pt] films act as both catalysts and electrodes.

Nafion®324 was used as the polymer electrolyte membrane. The
electrode-membrane assembly (EMA) was fabricated for the exper-
iments by placing two electrodes on either side of the Nafion®324
membrane. Prior to use, the membrane was cleaned in H2O. Tape
9713 was cut into 3 mm × 3 mm in size and placed at four corners
of the Nafion®324 membrane for the fastness between electrode
and the membrane. Electrical contact of electrode was achieved
with a wire attached to the surface of the films with the conductive
adhesive tape.

The surface morphology of the films and TiO2 particles sup-
ported on ACF was examined using a XL30 model Scanning Electron
Microscopy (Philips Co, Holland) and a Quanta 400 model Field
Emission Scanning Electron Microscope (Philips Co., Holland),
respectively. X-ray photoelectron spectroscopy (XPS) was used to
characterize the surface elements of the electrode. The data were
recorded on an Axis-Ultra-DLD model XPS instrument (Kratos Ana-
lytical Ltd., England), using an Al K� X-ray source (h� = 1486.6 eV)
for the excitation of electrons. The data were converted into VAMAS
file format and imported into a CasaXPS software package for
manipulation and curve-fitting.

2.3. PEC reactor system

To simulate conditions inside a produce storage facility, the
temperature and relative humidity in all studies were controlled
at 3 ± 1 ◦C and 90 ± 3%, respectively. The apparatus constructed to
measure ethylene degradation by PEC is shown schematically in
Fig. 1. The PEC reactor system consisted of a cylindrical vessel, UV
lamp, a direct current fan, a potentiostat and the EMA. A cylindrical
vessel with a volume of 10 L was used. Illumination was provided by
2 W ozone-free double-tube cold cathode UV lamp set at a wave-
length of 254 nm (Bright Star Co., China). The UV intensity at the
surface of the film can be changed by altering the distance between
the lamp and the film, depending on the experimental settings. The
light intensity was measured with a Sensor EW97503-50 model
UV intensity meter (Cole-Parmer CO, USA). An axial-flow fan was
installed to ensure adequate mixing of the air in the vessel. The
flow-rate used in all studies was 0.28 mm3 min−1. A potentiostat
(Huatai Co., China, model WYK-10020K) supplied potential bias to

the EMA and had a voltage control range of 0–100 V. The EMA;
two UV lamps and the fan were mounted on an insulating board of
300 mm × 300 mm in size. All of these elements were placed into
a cylindrical vessel so that the gas mixture came into contact with
both the electrodes in the assembly.
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ig. 1. A Schematic display of the experimental setup. (1) Direct current fan; (2, 7)
5) Nafion®324; (6) pinboard to UV lamp; (10) refrigerator; (11) cylindrical vessel;
umidity; (15) sensor; (16) coolant; (17) adiabatic layer.

Prior to a test, pre-exposure of the reactor system to ethylene
as achieved by allowing an air–ethylene mixture to enter the

ystem from the inlet and to circulate with the UV lamps and
he potentiostat turned off. The system was allowed to settle for
40 min. The purpose of this procedure was to precondition the
ystem in order to counter the adverse effects of ethylene adsorp-
ion by the system components which would otherwise interfere
ith the PEC degradation of ethylene. The adsorption of ethylene

y the system was first tested in the absence of UV irradiation,
nd the results showed that adsorption equilibrium was attained at
40 min. After 240 min, the opening of cylindrical vessel was closed
nd the UV lamps and the DC power were turned on, the concen-
ration of ethylene was sampled for analysis at 40-min intervals.
he initial concentration of ethylene was adjusted to a volume of
45.5 mg m−3.

.4. Analytical methods

Quantitative analysis of ethylene was carried out using a model
C-7890II (Techcomp Ltd., China) combined with a computer and
ppropriate software for data analysis. Teflon syringes (3 mL, gas-
ight) were used to sample the ethylene. Surgical septa were used
o cap the ends of the syringe needles after the removal of samples
nd were removed just prior to injection into the gas chromato-
raph (GC). Operating temperatures for the GC were as follows:
ven temperature 45 ◦C, injector 150 ◦C, and detector 200 ◦C. The
C analysis was carried out under isothermal conditions using a 2 m
orapak QS80/100 column (Atech Technologies CO Ltd., China) with
3 mm inner diameter. Nitrogen was used as the carrier gas and was
assed through the GC column at a flow-rate of 26.62 mL min−1;
flame ionization detector (FID) was used to capture and ana-

yze ethylene concentrations. The GC make-up gas was air and
ydrogen.

It is well established that photocatalysis experiments follow the
angmuir–Hinshelwood (L–H) model:

dC

dt
= kKC

1 + KC
(1)

here k is the reaction rate constant (min−1), K is the adsorption

oefficient of the reactant (m3 mg−1) and C is the reactant concen-
ration (mg m−3). When C is very small, KC is negligible with respect
o unity and Eq. (1) describes pseudo-first-order kinetics. Integra-
ion of pseudo-first-order kinetics with the limit conditions that at
he start of radiation, t = 0, the concentration is the initial one, and
le-tube UV lamp; (3, 8) TiO2/ACF or TiO2/ACF-Pt; (4, 9) electrical conductive tape;
otentiostat; (13) airproof handhole; (14) control unit for temperature and relative

C = C0, yields Eq. (2)

Ln
(

C0

Ct

)
= K ′ t (2)

where K′ = kK is the apparent pseudo-first-order rate constant
(min−1).

For a reaction that follows pseudo-first-order kinetic model,
plotting values of Ln(C0/Ct) against time would give a straight line,
the slope of which would be equal to K′. In this work, pseudo-first-
order kinetics was confirmed in both the PE and PEC degradation
of ethylene.

2.5. Procedures in the PEC degradation experiment

A total of three sets of experiments was carried out for dif-
ferent purposes and the experimental conditions are summarized
in Table 1. The first set of experiments using the [TiO2/ACF]
|Nafion|[TiO2/ACF] assembly was conducted under the dark (elec-
trochemical, EC), PC and PEC processes, to compare the rate
constant (K′) of the PEC with that of the PC and EC. The sec-
ond set of experiments was carried out by applying different
electrical biases to the [TiO2/ACF] |Nafion|[TiO2/ACF] or [TiO2/ACF-
Pt] |Nafion|[TiO2/ACF-Pt] assembly to investigate the relationship
between electrical bias and the rate constant (K′) of the PEC. The
third set of experiments used the [TiO2/ACF-Pt] |Nafion|[TiO2/ACF-
Pt] assembly and was carried out to establish a kinetic model for
studying the effect on the K′ value of the designing parameters of
PEC reactor, a systematic experimental design based on response
surface methodology (RSM) was used. Our preliminary studies
(data not shown) indicated that the light intensity and applied elec-
trical bias were two major designing parameters of PEC reactor
affecting the degradation efficiency, while the flow-rate of axial-
flow fan had little effect on it. Therefore, bias voltage (Z1) and light
intensity (Z2) were included as central composite rotatable design
(CCRD) factors. Coded and original levels for independent variables
are showed in Table 2.

Using RSM, the quantitative form of the relationship between
the desired response and the independent input variables can be
represented by Eq. (3):
K̂ ′ = f (Z1, Z2) (3)

where K̂ ′ represents the estimated value of the desired response
and f represents the response function (or response surface). In
this study, the approximation of K̂ ′ was derived by fitting the data
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Table 1
The summary of experimental conditions.

Name of experiment Membrane-electrode assembly Electrical bias (V) Light intensity (mW cm−2)

Anode Electrolyte Cathode

1st set Test1 (Dark) TiO2/ACF Nafion TiO2/ACF 82.5 0.0
Test2 (PC) TiO2/ACF Nafion TiO2/ACF 0.0 3.1
Test3 (PEC) TiO2/ACF Nafion TiO2/ACF 82.5 3.1

2nd set Exp1 (PEC) TiO2/ACF Nafion TiO2/ACF 12.5; 30; 47.5; 65; 82.5 3.1
Exp2 (PEC) TiO2/ACF-Pt Nafion TiO2/ACF-Pt 12.5; 30; 47.5; 65; 82.5 3.1

3rd set RSM (PEC) TiO2/ACF-Pt Nafion TiO2/ACF-Pt 12.5; 22.75; 47.5; 72.25; 82.5 0.8; 1.14; 1.95; 2.76; 3.1

Table 2
Central composite design for the modeling of PEC for degradation of ethylene.

Run no.a Independent variables Response variableb

Bias voltage (V) (Z1) Light intensity (mW/cm2) (Z2) Rate constant (min−1) (K’)

1 72.25 (1)c 2.76 (1) 7.67 × 10−4

2 72.25 (1) 1.14 (−1) 5.78 × 10−4

3 22.75 (−1) 2.76 (1) 5.72 × 10−4

4 22.75 (−1) 1.14 (−1) 5.61 × 10−4

5 12.5 (−1.414) 1.95 (0) 6.76 × 10−4

6 82.5 (1.414) 1.95 (0) 4.94 × 10−4

7 47.5 (0) 0.8 (−1.414) 5.02 × 10−4

8 47.5 (0) 3.1 (1.414) 1.40 × 10−3

9 47.5 (0) 1.95 (0) 6.00 × 10−4

10 47.5 (0) 1.95 (0) 5.88 × 10−4

11 47.5 (0) 1.95 (0) 6.11 × 10−4

12 47.5 (0) 1.95 (0) 6.33 × 10−4

13 47.5 (0) 1.95 (0) 6.26 × 10−4

14 47.5 (0) 1.95 (0) 6.83 × 10−4

15 47.5 (0) 1.95 (0) 5.99 × 10−4

16 47.5 (0) 1.95 (0) 7.06 × 10−4
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a Experiments were conducted in a random order.
b Mean values of triplicate determinations.
c Numbers in parentheses are coded symbols for levels of independent paramete

o a second-order polynomial regression model (quadratic model)
s shown in Eq. (4):

ˆ ′ = b0 +
2∑

j=1

bjxj +
2∑

u, j = 1
u /= j

bujxuxj +
2∑

j=1

bjjx
2
j (4)

here b0 is constant and represented the value of the fitted
esponse at the center of the design, bj, buj and bjj are linear,
nteraction and quadratic terms, respectively. The dimensionless
j variable was used to reveal the coded variables corresponding to
he studied parameters. The coded variables were obtained using
he transforming Eqs. (5)–(7):

j =
Zj − Z0

j

�Zj
, j = 1, 2 (5)

0
j = Zj max + Zj min

2
, (6)

Zj =
Zj max − Z0

j

�
(7)

here xj is the coded value of Zj, Zjmax and Zjmin, respectively rep-
esents the maximum and minimum levels of the factor j in natural
nits. Zj

0 represents the value of Zj at zero level and � = 1.414. The
oefficients of the fitted model were obtained using Eq. (8):

= [XT X]
−1

[X]T K ′ (8)
here B is the column matrix for the estimated coefficients; [XTX]−1

epresents the dispersion matrix; [X]T represents the transposed
atrix of the experimental matrix[X] and K′ represents the column
atrix of the observations.
er the text.

This design is a 22 factorial design (runs 1–4; see Table 2) and
contained four axial points (runs 5–8) and eight replicates (runs
9–16, coded level 0). The axial points were positioned at the face
of the cube portion based on the design that corresponded to a �
value of 1.414. The axial points and all replicates were added to the
factorial design to provide the estimation of the model curvature
and to allow for the estimation of experimental error [26].

The results of the CCRD experiments are tabulated in Table 2.
Using the software program Excel, the model coefficients (Eq. (4))
were estimated using the least squares regression technique and
Fischer’s variance analysis (F-test) was carried out to test the sta-
tistical significance of the model.

Response surface and contour plots were developed using fitted
polynomial equations to display the effects of the variables and
were drawn using OrginLab7.5 software. When the results showed
a saddle point in the response surface, optimal conditions were
determined by analysis of the ridge. A subsequent confirmatory
experiment was then carried out to validate the equation.

3. Results and discussion

3.1. Characterization of [TiO2/ACF] and [TiO2/ACF-Pt] electrode

SEM photographs of the original ACF and [TiO2/ACF-Pt] sup-
ports are shown in Fig. 2. Comparing Fig. 2(a) with Fig. 2(b), it
was found that there was little difference in the structure of ACF
before and after preparation. This indicated that the microscopic

structure of ACF was not damaged during preparation. The space
between adjacent ACFs was sufficient to allow penetration of light
or electrons into the felt-form photocatalyst to a particular depth;
so that a three-dimensional environment was formed for the pho-
tocatalyst reaction [27]. It can be seen from Fig. 2(c) that there
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Fig. 2. SEM photographs of original

ere many long grooves on the surface of the original ACF. The
mages of TiO2 immobilized on ACF-Pt are shown in Fig. 2(d). It
an be seen that the TiO2 particles have coagulated to form a large
nit, i.e. TiO2 clusters not thin-films, on the surface of ACF-Pt, and
he distribution of the TiO2 clusters on ACF-Pt was not uniform
ecause of the fiber structure within the grooves and numerous
icropores.
From the raw data of the nitrogen adsorption isotherms accord-

ng to the Brunauer–Emmett–Teller (BET) methods, the specific
urface areas (SBET) of original ACF, TiO2/ACF and TiO2/ACF-Pt was
231.7, 722.4 and 636 m2 g−1, respectively. The SBET of TiO2/ACF
nd TiO2/ACF-Pt were found to decline to different extents after
iO2 or Ag + TiO2 depositing. It implies that some of the pores of
CF were blocked by the TiO2 or Ag + TiO2 particles. Since the SBET

alue was determined by the unit weight of ACF, [TiO2/ACF] and
TiO2/ACF-Pt], respectively, the TiO2 or Ag + TiO2 coverage in the
lectrode is not so high, indicating that certain amount of ACF’s
bers was still exposed in the electrode. This phenomenon was

ig. 3. FESEM analysis of surface morphology of (a) TiO2 clusters on ACF ×150,000 and (b)
50,000.
a and c) and TiO2/ACF-Pt (b and d).

also exhibited in Fig. 2(d). For the PC process, exposed ACF surfaces
served as condensation centers for dilute substrates which were
adsorbed on the surface; the condensed substrate would then be
degraded by TiO2 particles [28].

The surface morphology of the TiO2 clusters on ACF and ACF-Pt
were enlarged to a scale of using FESEM as shown in Fig. 3. The
surface of TiO2 clusters was composed of dispersed nanosized TiO2
particles with rounded edges. Most of the particles were aggregated
and a porous structure was formed. P25 TiO2 served as a kind of pore
wall as suggested by Chen and Dionysiou [29]. Both the pores of the
TiO2 clusters on ACF and ACF-Pt were similar, and the size of pores
was observed to be between 20 nm and 80 nm. Inset of Fig. 3(b)
displayed Pt particles having a “rice” shape or aggregates of less
than 100 nm in the Pt deposited ACF initially (ACF-Pt). However,

the Pt particles could not be distinguished from the TiO2 particles
in the TiO2 clusters on ACF-Pt after TiO2 loading; the reason for this
may be that very few Pt particles were loaded onto the ACF and that
the microscope resolution limited.

TiO2 clusters on ACF-Pt ×150,000, (inset) representation Pt deposited ACF initially



32 S.-y. Ye et al. / Journal of Photochemistry and Photobiology A: Chemistry 208 (2009) 27–35

o
[
f
d
t
m
e
p
T
t
T
b
i
d

3

i
i
i
d
s
u
a
e
[
K
K
c
a
s

a
c

T
X

the external electric field in the presence of Pt was more obvious
than that in the absence of Pt; the initially deposited Pt on ACF is
beneficial to the PEC degradation of ethylene. This more obvious
enhancement effect suggested that the deposited Pt not only traps
Fig. 4. The XPS survey scan spectrum of TiO2/ACF and TiO2/ACF-Pt.

XPS analysis gives a valuable insight into the surface structure
f the electrode. The XPS survey scan spectrum of [TiO2/ACF] and
TiO2/ACF-Pt] is shown in Fig. 4. The spectra imply that the sur-
ace of both electrodes was mainly composed of elements: titanium
ioxide, carbon and oxygen. All of these elements originate from
he TiO2 coating and ACF surface. In addition to the three ele-

ents, there was the Pt element on the surface of [TiO2/ACF-Pt] as
videnced by the presence of the Pt peak. The surface atomic com-
osition and concentration obtained by XPS analysis are shown in
able 3. The data indicated that the deposition of Pt on ACF ini-
ially decreased its carbon content and increased the O1s/C1s ratio.
he phenomenon of decreased carbon content might be explained
y the possibility that Pt anchorage resulted in a slight reduction

n the surface area of ACF and in the micropore volume. However,
eposition of Pt on ACF enhances the conductivity of the electrode.

.2. Synergetic degradation of ethylene gas

Ethylene gas concentrations decreased in the PEC reactor with
ncreasing reaction time. The kinetic curves of ethylene reduction
n the three processes is presented in Fig. 5 with Ln(C0/Ct) = K′t, and
t should be noted that ethylene reduction was much slower in the
ark (electrochemical, EC) process than in the PC and PEC processes,
uggesting that efficient degradation of ethylene was not achieved
sing the EC process. The combination of UV irradiation and an
pplied potential accelerated the degradation process. The appar-
nt rate constants for the processes of PEC, PC and EC using the
TiO2/ACF] |Nafion|[TiO2/ACF] assembly were K ′

PEC = 1.26 × 10−3,
′
PC = 9.95 × 10−4 and K ′

EC = 1.35 × 10−4 min−1, respectively. The
′ value of PEC was 1.26 and 9.33 times those in PC and EC pro-
esses, respectively. The K ′

PEC/(K ′
PC + K ′

EC ) value obtained from the

bove kinetic constants was 1.12. This confirmed that an apparent
ynergetic effect was observed in the PEC process.

The enhancement effect of the PEC process at a certain EMA volt-
ge may be attributed to two factors. First, the external electric field
an capture photogenerated electrons, reducing the recombina-

able 3
PS data of atomic concentration on the surface of TiO2/ACF and TiO2/ACF-Pt.

Atomic concentration (%)

C1s O1s Ti2p Pt4d

TiO2/ACF 45.26 39.42 13.77 0
TiO2/ACF-Pt 21.74 56.57 19.51 2.18
Fig. 5. Kinetics curves in the three processes.

tion of these electrons and holes. Second, the external electric field
can also cause electrochemical oxidation of ethylene in addition
to the PEC synergetic effect. A key finding in the interpretation of
the electrochemical promotion effect is the variation in the surface
coverage and the work function of the electrode upon polarization,
with concomitant changes in the binding strength of chemisorbed
species and reaction intermediates [30].

3.3. Effect of applied electrical bias on the rate constant of
ethylene degradation

Figs. 6 and 7 represent the rate constant (K′) of the PEC processes
in 240 min on the EMA [TiO2/ACF] |Nafion| [TiO2/ACF] and the EMA
[TiO2/ACF-Pt] |Nafion| [TiO2/ACF-Pt] respectively at various applied
electrical biases. Both insets in Figs. 6 and 7 illustrate that the plot
of Ln(C0/Ct) versus t resulted in straight lines with the regression
coefficients (r2) exceeding 0.98 in all cases. It can be seen from the
figures that the two curves exhibit the following two differences.

Firstly, the apparent rate constant for PEC processes on the
EMA of [TiO2/ACF-Pt] |Nafion|[TiO2/ACF-Pt] was higher than that of
the EMA of [TiO2/ACF] |Nafion| [TiO2/ACF] in the range of applied
voltages studied. This indicated that the enhancement effect of
Fig. 6. Dependence of rate constant on electrical bias in [TiO2/ACF] |Nafion|
[TiO2/ACF]. (Inset) Representation of Ln(C/C0) vs. reaction time.
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ig. 7. Dependence of rate constant on electrical bias in [TiO2/Pt-ACF] |Nafion|
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he photogenerated electrons but also assists migration of electrons
n the external electric field.

Secondly, the two curves showed a different shape. With respect
o PEC process on the EMA of [TiO2/ACF] |Nafion| [TiO2/ACF], the
pparent rate constant increased linearly with increasing applied
ias voltage. Compared with the rate constant in the PEC process
n the EMA of [TiO2/ACF-Pt] |Nafion| [TiO2/ACF-Pt], the con-
tant increases with increasing applied bias voltage below 47.5 V,
nd then, gradually decreases. There was a parabolic relationship
etween bias voltage and rate constant.

.4. Predictive model of response and verification

The regression model of PEC on the EMA of [TiO2/ACF-Pt]
Nafion| [TiO2/ACF-Pt] for degradation of ethylene in the coded level

f variables was predicted by Eq. (9) as follow:

ˆ ′ = 6.30 × 10−4 − 5.67 × 10−6x1 + 1.84 × 10−4x2

+ 4.45 × 10−5x1x2 − 5.95 × 10−5x2
1 + 1.24 × 10−4x2

2 (9)

able 4
he sum of squares variation and estimated F values for the least squares fit regression eq

Source of variation Sum of squares

Regression SSR =
m∑
i

ni∑
j

(K̂ ′
i
− K̄ ′)

2 = 4.29 × 10−

Residual SSr =
m∑
i

ni∑
j

(K ′
ij

− K̂ ′
i
)
2 = 2.28 × 10−

Lack of fit SSlof =
m∑
i

ni∑
j

(K̂ ′
i
− K̄ ′

i
)
2 = 2.15 × 10

Pure error SSpe =
m∑
i

ni∑
j

(K ′
ij

− K̄ ′
i
)
2 = 1.33 × 10

Total SST =
m∑
i

ni∑
j

(K ′
ij

− K̄ ′)
2 = 6.57 × 10

F2 = MSR
MSr

= 3.76 > F0.05(5, 10) F1 = MSlof
MSpe

= 37.59 < F0.0001(3, 7)

a ni: number of replicates at the ith level; m: number of distinct levels for the independ

he model; K̂ ′
i
: the estimated value of rate constant for the ith observation; K ′

ij
: the observ

onstant of the ith observation; K̄ ′
i
: the average value of the rate constant for the replicate
tobiology A: Chemistry 208 (2009) 27–35 33

The results of the F-test for the reliability of the prediction equa-
tion are given in Table 4. As shown in Table 4, the F1-ratio for the
regression analysis of lack of fit was less than the critical F value for
3 and 7 degrees of freedom at the 99% confidence level, thus there
was no evidence for a lack of fit. The regression equation was sig-
nificant since the F2-ratio of the regression significance was greater
than the critical F value for 5 and 10 degrees of freedom at 95% con-
fidence level. Thus, the response was sufficiently explained by the
regression model. In order to express the effect of the bias voltage
and light intensity more directly, Eqs. (5)–(7) are taken into Eq. (9).
The final equation for the quadratic model of response (Eq. (10)) is
as follow:

K̂ ′ = 8.99 × 10−4 + 4.63 × 10−6Z1 − 6.10 × 10−4Z2

+ 2.22 × 10−6Z1Z2 − 9.68 × 10−8Z2
1 + 1.88 × 10−4Z2

2 (10)

The 3D graph of response surface and contour of the rate constant
(K′) versus bias voltage and light intensity is shown in Fig. 8. From
this three-dimensional and contour plot, the effects of bias voltage
and light intensity on the rate constant can be seen.

When the light intensity is higher than 2 mW cm−2, the grade
of response surface and the intervals along the contour lines were
reduced in the direction of increasing light intensity. Light inten-
sity plays an important role in influencing the rate constant. Studies
suggest that the rate constant for the processes of PC can be a func-
tion of the square root of the light intensity [31] or a linear function
of the light intensity [32]. From Fig. 7, it can be seen that it is better
to use a quadratic polynomial formula to express the relationship
between the apparent rate constant and the light intensity for the
processes of PEC. Under the same light intensity above 2 mW cm−2,
when the bias voltage is below a specific value, e.g. 47.5 V bias
voltage, the rate constant (K′) increased with increasing applied
electrical bias. This fact showed that an applied electrical bias for
the EMA of [TiO2/ACF-Pt] |Nafion|[TiO2/ACF-Pt] provides enough
of Pt on TiO2/ACF improves the conductivity of the film. When the
bias voltage is above a specific value, the decrease in the rate con-
stant is due to an electrochemical reaction of Pt, lessening amount
of pure Pt on the ACF felt.

uationa.

Deg. freedom Mean square

7 p−1 = 5 MSR = SSR
p−1 = 8.58 × 10−8

7 n−p = 10 MSr = SSr
n−p = 2.28 × 10−8

−7 m−p = 3 MSlof = SSlof
m−p = 7.16 × 10−8

−8 n−m = 7 MSpe = SSpe
n−m = 1.90 × 10−9

−7 n−1 = 15

ent variables; n =
∑

ni: total number of observations; p: number of parameters in

ed value for rate constant of the ith observation.; K̄ ′: the average value for the rate

s.
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Fig. 8. Response surface plot and its contour plot showing eff
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ig. 9. A comparison of the estimated data using Eq. (11) with the experimental
ata under the conditions of light intensity (3.1 mW cm−2) and bias voltage (47.5 V).

According to the canonical analysis described by Khuri and Cor-
ell [33], the stationary points were located for the corresponding
esponses. In this study the search criteria were to obtain the high-
st apparent rate constant for the processes of PEC. Therefore, the
ptimum PEC conditions were established as 3.1 mW cm−2 and
7.5 V from ridge analysis, which correspond to the light intensity
nd the bias voltage, respectively. Based on Eq. (2), the PEC degra-
ation processes of ethylene on the EMA of [TiO2/ACF-Pt] |Nafion|
TiO2/ACF-Pt] can be expressed by Eq. (11).

n
(

C0

Ct

)
= (8.99 × 10−4 + 4.63 × 10−6Z1 − 6.10 × 10−4Z2

+ 2.22 × 10−6Z1Z2 − 9.68 × 10−8Z2
1 + 1.88 × 10−4Z2

2 )t

(11)

n order to check the accuracy of Eq. (11), the theoretical data
as compared with the experimental data using Eq. (11) under

he conditions of light intensity = 3.1 mW cm−2 and the bias volt-
ge = 47.5 V, when the initial concentration = 45.5 mg m−3. The
xperimental results shown in Fig. 9 demonstrated that the esti-
ated value of Ln(C0/Ct) is slightly lower than the experimental

ata when the irradiation time is less than 150 min. The t value
ased on 7 differences between the theoretical data from Eq. (11)
nd the experimental data yields −1.71, and then the P-value is

.138. Therefore, the experimental data were in perfect agreement
ith the calculated data, which confirms the adequacy of Eq. (11).

In this section we modeled the relationship between the rate
onstant (K′) and the affecting parameters of PEC reactor under
simulated cold environment inside an ethylene-sensitive pro-
ects of light intensity and bias voltage on rate constant.

duce storage. Yamazaki et al. [34] reported that the reaction rate
of photo-assisted catalytic degradation of ethylene was influenced
by parameters of PC reactor such as light intensity, in addition
to process variables and environmental factors such as the ini-
tial ethylene concentration, temperature, water vapor and oxygen.
Temperature requirements, which can range from 0.5 to 10 ◦C,
may necessitate several different storage environments. Similarly,
humidity requirements range from 85% to 100% except for a few
products such as onions, which require low humidity. Therefore
process variables and environmental factors of PEC degradation
of ethylene other than designing parameters of PEC reactor will
need to be taken into account for the future modeling, in particu-
lar the initial ethylene concentration. However, since the presented
model can identify the quantitative estimation of the key designing
parameters of PEC reactor, it may assist our understanding of PEC
degradation of ethylene and fabricating PEC reactor with higher
efficiency for the next extensive experiments.

4. Conclusions

The experiment demonstrated Photoelectrocatalysis using an
ACF-supported photocatalyst TiO2 photoelectrode [TiO2/ACF] or a
photoelectrode comprising the photocatalyst TiO2 supported on
ACF modified by the deposition of platinum [TiO2/ACF-Pt] can
degrade ethylene at a temperature of 3 ± 1 ◦C temperature and
relative humidity of 90 ± 3%. The degradation of ethylene by apply-
ing bias voltage on the EMA of [TiO2/ACF] |Nafion| [TiO2/ACF] or
on the EMA of [TiO2/ACF-Pt] |Nafion| [TiO2/ACF-Pt] enhanced the
efficiency of PC degradation in terms of the rate constant of the
apparent pseudo-first-order kinetic model. The combination of ACF
modified by deposited platinum and applied bias voltage have an
additive enhancement effect on the rate constant compared to PEC
degradation without Platinum deposition on ACF. With respect to
the EMA of [TiO2/ACF-Pt] |Nafion| [TiO2/ACF-Pt], a kinetic model
was established to describe the relationship between the rate con-
stant and the affecting factors. Optimized parameters were found
to be a light intensity of 3.1 mW cm−2 with a bias voltage of 47.5 V.
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