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a b s t r a c t

A combined reaction, consisting of granular activated carbon (GAC) adsorption and catalytic oxidation,
has been proposed to improve the removal efficiencies of formaldehyde, one of the major indoor air pol-
lutants. In this study, silver nano-particles attached onto the surface of GAC (Ag-GAC) using the sputtering
method were evaluated for the simultaneous catalytic oxidation and adsorption of formaldehyde. The
evolution of CO2 from the silver nano-particles indicated that formaldehyde was catalytically oxidized to
its final product, with the oxidation kinetics expressed as pseudo-first order. In addition, a packed column
test showed that the mass of formaldehyde removed by the Ag-GAC was 2.4 times higher than that by the
virgin GAC at a gas retention time of 0.5 s. However, a BET analysis showed that the available surface area
and micro-pore volume of the Ag-GAC were substantially decreased due to the deposition of the silver
nano-particles. To simulate the performance of the Ag-GAC, the homogeneous surface diffusion model
(HSDM), developed for the prediction of the GAC column adsorption, was modified to incorporate the

catalytic oxidation taking place on the Ag-GAC surface. The modified HSDM demonstrated that numer-
ical simulations were consistent with the experimental data collected from the Ag-GAC column tests.
The model predictions implied that the silver nano-particles deposited on the GAC reduced the adsorp-
tive capacity due to decreasing the available surface for the diffusion of formaldehyde into the GAC, but
the overall mass of formaldehyde removed by the Ag-GAC was increased due to catalytic oxidation as a
function of the ratio of the surface coverage by the nano-particles.
. Introduction

Indoor air quality problems, such as sick building syndrome,
ave become of serious environmental concern [1]. Recently, guide-

ines and regulations on indoor air quality have been legislated for
ublic offices and buildings in many countries. Formaldehyde is one
f the most common pollutants present in indoor air, as it is emitted
rom various building materials including furniture and household
roducts. Formaldehyde causes sneezing and coughing, and leads
o acute poisoning, dermal allergies and allergic asthma; therefore,
he World Health Organization has recommended a short-term
uideline of 0.1 mg/m3 for a 30 min exposure to prevent sensory
rritation in the general population [2]. As a result, appropriate air
reatment technologies need to be applied for the effective control
f formaldehyde in indoor air.

Adsorption using granular activated carbon (GAC) is one of

he most common methods for the removal of formaldehyde
t low concentrations in indoor air. Although GAC is an excel-
ent absorbent for most of organic compounds, formaldehyde, a
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304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

hydrophilic and polar chemical, is generally difficult to absorb onto
GAC. Moreover, even after adsorption by GAC, formaldehyde can be
desorbed to the air phase in cases of competitive conditions with
other chemicals having higher adsorbing potentials. To enhance the
adsorptive capacity of activated carbon for formaldehyde, activated
carbon fibers and nano-sized materials have been developed by
several researchers [3,4]. Surface modification using amino groups
has also been applied to improve the adsorptive capacity of GAC
for formaldehyde [5]. Another approach for increasing the removal
efficiency of formaldehyde is to simultaneously apply catalytic oxi-
dation with GAC adsorption. Photo-catalysts [6] or silver catalysts
[7] have been shown to be effective methods when used in series
with activated carbon, but the combined process still needs to be
improved to achieve high and reliable formaldehyde removals.

Many studies using silver have been conducted in the areas of
biological science and environmental engineering, as metallic silver
(Ag0) or silver ion (Ag+) has long been known to have antibacte-
rial ability without harmful effects on the human body [8]. Silver
is also capable of catalytically oxidizing organic compounds on

its metal surface. Even though the oxidation potential of silver is
relatively lower than other catalysts such as titanium dioxide, it
possesses high applicability for use of controlling indoor air due to
its non-toxic feature and economical advantages over other pre-

dx.doi.org/10.1016/j.jhazmat.2011.08.001
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:songjh@sejong.ac.kr
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ious metals. Silver nano-particles induce more effective catalytic
xidation than bulk-sized metals due to their large specific surface
rea [9]. The catalytic oxidation of silver nano-particles is strongly
ssociated with the adsorption and reaction of molecular oxygen in
ir. At room temperature, the molecular oxygen on the surface of
ilver nano-particles decomposes into oxygen atoms or ions, which
ave a high oxidation capability [10,11]. According to a mecha-
ism proposed for the oxidation reaction by silver nano-particles,
he atoms or molecules of oxygen adsorbed onto the surface of
ilver particles might provide or accept electrons leading to the
ormation of reactive oxygen, which then oxidizes the organic com-
ound in air [12–14]. When the Ag nano-particles in the state of
g0 are self-oxidized into Ag+ in the procedure of inducing repeti-

ive catalytic oxidation, the oxidation performance may decrease
s the catalytic activity decreases. However, the catalyst can be
eactivated by reducing Ag+ into Ag0 by a physicochemical method
15,16]. However, for the management of indoor air quality control,
simple reactivation method should be suggested and evaluated.

The homogeneous surface diffusion model (HSDM) was devel-
ped and has been widely used for the numerical analysis of the
acked-bed GAC column in either the water or gas phase [17]. For
he operation of the GAC column, the HSDM takes into accounts
oth the advection of pollutants in the bulk phase and the diffusion
f pollutants into the solid, GAC phase. The homogeneous diffusion
nto GAC particles is governed by the surface diffusion coefficient
Ds), which is a characteristic parameter of a target chemical. The
SDM utilizes the Freundlich isotherm for the adsorption onto the

urface and inside of GAC particles. The HSDM simulation provides
eliable predictions for the performance of the column adsorp-
ion under ideal conditions. Since the HSDM can only consider the
dsorption for the removal of the target compound, it is impossi-
le to simulate other chemical reactions occurring simultaneously
ith the GAC adsorption. A modified model is, therefore, required

o predict the performance of combined reactions, e.g. catalytic
xidation and adsorption.

In this study, silver nano-particles were attached onto the sur-
ace of GAC (Ag-GAC) using the sputtering method and the Ag-GAC
as evaluated for the removal of formaldehyde, the target indoor

ir pollutant at room temperature. The experimental results were
ompared to those obtained using virgin GAC. The main objective of
his research was to examine and quantify the catalytic oxidation by
ilver nano-particles and the GAC adsorption for practical applica-
ions in indoor. In addition, the HSDM was modified to incorporate
he catalytic oxidation, and a series of numerical simulations using
he modified model (CO-HSDM) was conducted to predict the per-
ormance of formaldehyde removal by Ag-GAC. The experimental
ata collected from test columns packed with either virgin GAC or
g-GAC were used to calibrate and validate the model.

. Model development

.1. Homogeneous surface diffusion model (HSDM)

The HSDM describes the mass transfer and adsorption of target
ompounds in GAC-packed columns [18]. The target compound,
ormaldehyde in this study, was mass-transferred by advection
long the column and diffusion into the GAC particles as functions
f the time and location in the longitudinal direction. The diffu-
ion into the GAC particles was described as a mass flux based on
ick’s law. Several assumptions were made for the construction of
he model to consider the mass transfer in the air and solid phases,
s well as the adsorption onto the solid phase; (1) there was no

urbulence and dispersion in the bulk phase column, (2) the solid
hase, i.e. GAC, was homogeneous with respect to porosity, den-
ity and adsorptive capacity, (3) the advection and dispersion were
gnored on the surface of the GAC, and (4) the bulk concentration
Materials 194 (2011) 385–392

of the target compound on the surface of the GAC attains equilib-
rium with the concentration in the solid phase, and this equilibrium
was expressed using the Freundlich isotherm. Based on the above
assumptions, the HSDM equations and boundary conditions are
given as follows:

Column :
∂C

∂t
= −Vs

∂C

∂z
− 3(1 − ε)

�R
J (1)

Diffusive flux: J = Ds�a

(
∂q
∂r

)
r=R

Initial condition: C = 0 (0 ≤ z ≤ L) @ t = 0
Boundary condition: C = C0 @ z = 0, t > 0

Particle :
∂q

∂t
= −Ds

r2

∂

∂r

(
r2 ∂q

∂r

)
(2)

Initial condition: q = 0 (0 ≤ z ≤ L, 0 ≤ r ≤ R, t = 0)

Boundary condition:
(

∂q
∂r

)
r=0

= 0

Freundlich equation : qs = KC1/n
s (3)

where C is the formaldehyde concentration in the gas phase
(mg/m3), C0 is the inlet concentration of formaldehyde (mg/m3),
Cs is the formaldehyde concentration at the gas/GAC interface
(mg/m3), ε is the porosity of the GAC bed, Vs is the superficial
gas velocity in the column (m/s), q is the adsorptive loading (mg-
formaldehyde/g-GAC), qs is the adsorptive loading at equilibrium
with Cs (mg-formaldehyde/g-GAC), �a is the apparent density of
a GAC particle (g-GAC/m3-GAC volume), Ds is the surface diffu-
sion coefficient (m2/s), r is the radial position (radial coordinates)
in a GAC particle., K and 1/n are the Freundlich isotherm param-
eters ((mg/g)(L/mg)1/n and dimensionless, respectively, L is the
length of the GAC-packed column (m), and R is the radius of a GAC
particle (m).

2.2. Catalytic oxidation and homogeneous surface diffusion
model (CO-HSDM)

The adsorption and catalytic oxidation simultaneously occur
on the surface of Ag-GAC. Because the HSDM only considers the
adsorption, it cannot describe the combined oxidation/adsorption
reactions. To overcome this problem encountered with Ag-GAC
predictions, modification to the HSDM (CO-HSDM) was attempted
to incorporate the catalyst oxidation taking place on the silver
nano-particles evenly spread over the surface of Ag-GAC. Since
the nano-particles cover some parts of the GAC surface, physically
blocking the micro-pores, the adsorptive ability of Ag-GAC may be
reduced by the attachment of the nano-particles. The blockage and
limited surface availability for adsorption need to be considered
in the CO-HSDM. Therefore, additional assumptions were made
for the CO-HSDM; (1) the catalytic oxidation by the silver nano-
particles only occurs on the surface of Ag-GAC, and the degree of the
oxidation is proportional to the fraction of the surface area covered
by nano-particles, (2) the oxidation reaction by the silver nano-
particles follows first-order kinetics by simplifying the Eley-Rideal
kinetic equation [19], (3) the adsorption does not occur at the point
where the silver nano-particles were attached and they blocked the
diffusion of formaldehyde into the inside of a GAC particle, (4) no
intermediates or by-products of the formaldehyde oxidation were
produced nor accumulated on either the silver nano-particles or
GAC, and (5) catalyst poisoning and declining activity of the silver
nano-particles were negligible for a short-term operational period.

Based on these additional assumptions, the governing equation for
the gas-phase flux can be modified as follows:

∂C

∂t
= −Vs

∂C

∂z
− 3(1 − ε)

εR
J(1 − ˛) − kAg · C · ˛ (4)
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Table 1
Model parameters used in the model simulations.

Parameter Value Unit Determined

Operating parameters Z (Total column height) 4 × 10−3 m This study
V (Total volume) 3.14 × 10−6 m3

Q (Gas phase flow rate) 1.256 × 10−5 and 6.283 × 10−5 m3/s
RT (Gas retention time) 0.25 and 0.5 s
Vs (Gas superficial velocity) 0.059 and 0.029 m/s

GAC parameters ε (Porosity of bed) 0.674 – Provided by manufacturer
R (Diameter of particle) 1.5 × 10−3 M
�a (Apparent density) 0.76 × 10−3 kg/m3

Experimentally
determined

˛ (Surface coverage fraction) 0.293 – BET analysis
kAg (kinetic coefficient) 0.082 1/s Oxidation test
K (Freundlich parameter) 104.41 (mg/g)(L/mg)1/n Isotherm test
1/n (Freundlich parameter) 0.412 – Isotherm test

10−12 m2/s Model fitting
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here ˛ is the fraction of the surface area covered by the silver
ano-particles to the entire surface area of the GAC (dimen-
ionless), and kAg the first-order oxidation constant of the silver
ano-particles. The initial and boundary conditions applied to Eq.
4) were the same as those in Eq. (1).

.3. Model simulation and parameter estimation

The gas phase flux equation (either Eq. (1) for the HSDM or Eq.
4) for the CO-HSDM) and the mass diffusion equation (Eq. (2))
ere converted to a paired set of equations using a finite difference

xplicit scheme for a boundary value problem. The numerical anal-
sis was performed using the MATLAB® software. The parameters
sed in these model simulations for either the HSDM or CO-HSDM
re listed in Table 1. The values of the parameters related to the
hysical properties of GAC, such as porosity and density, were
hose given by the manufacturer. The model parameters, including
, 1/n, kAg and ˛, were experimentally determined in this study.
owever, the surface diffusion coefficient (Ds) was not able to be
xperimentally determined herein; therefore, numerical estima-
ion for the parameter was performed using a nonlinear best fit

ethod where the difference between the actual experimental data
btained under a given condition and the simulated formaldehyde
ass removed was minimized. Since the HSDM and modified CO-
SDM were constructed to predict the performance of GAC and
g-GAC with respect to the removal of formaldehyde, the accu-
acy of the simulation was quantified by comparing the total mass
f formaldehyde removed until the breakthrough was completed
i.e., Coutlet = Cinlet) in each column test.

. Materials and methods

.1. Synthesis of silver nano-particles and Ag-GAC

The GAC used this study was coal-based virgin carbon (Calgon,
SA; CPG 8 × 30 mesh) with an averaged diameter of 1.5 mm. The
AC was washed with deionized water and air-dried at 105 ◦C

n an oven before use. The silver nano-particles attached onto
he supporting materials were supplied by a nano-material man-
facturing company (Plasma & Ion-beam, Inc., Korea). The silver
ano-particles were produced by a physical nano-structure coating
ethod that used high-energy argon-ion-beams, which was similar

o the method reported in the literature [20,21]. The spherical silver
articles on the surface of the GAC were sputter-deposited using

n Ar+ beam at 2000 eV and with a flow rate of 300 ± 15 mL/min
or 30 min. Under vacuum conditions within the sputtering cham-
er (less than 0.02 Torr), the Ar+ beam bombarded pure silver
oil and evaporated metallic silver, and then nano-sized particles
Fig. 1. A SEM image of the silver nano-particle developed on the GAC surface.

were formed on the surface of the supporting materials, which
were mixed at 20 rpm. In this study, the final quantity of silver
nano-particles attached onto the GAC was 1000 ± 30 mg-Ag/kg-
GAC. Fig. 1 shows a scanning electron microscope (SEM) image
of the silver nano-particles deposited onto the surface of the GAC
manufactured for this study. The SEM image indicates that the sizes
of the silver nano-particles ranged from 30 to 150 nm, and the
nano-particles were evenly developed on the entire GAC surface.
For comparison, instead of using GAC, the same sputtering method
and Ag concentration were applied to glass beads with an averaged
diameter of 2 mm, with silver nano-particles formed on the sur-
face of the glass beads to determine the catalytic oxidation kinetics
without the carbon adsorption.

3.2. Adsorption isotherm

Batch isotherm tests were performed to determine the adsorp-
tion capacity of the virgin GAC for formaldehyde in the vapor phase.
The isotherm tests were conducted by adding known amounts of
virgin GAC ranging from 0.1 to 8 g, and formaldehyde vapor at var-
ious gas-phase concentrations into a 25 mL glass bottle equipped
with a Teflon-coated septum. The bottles were shaken for 24 h in a
tumbler maintained at 25 ◦C, and then headspace gas samples were
taken and analysed for formaldehyde. The adsorption isotherm
for the formaldehyde vapor with the GAC was determined using

the two-parameter equilibrium adsorption model, the Freundlich
isotherm equation (Eq. (3)) with a nonlinear best-fit method.
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.3. Column configuration and operation

The laboratory-scale test units used in this study consisted of
tainless steel columns (1.0 cm I.D.) packed with either the GAC
r Ag-GAC to a height of 4 cm, as shown in Fig. 2. Research-
rade air and formaldehyde vapor streams were regulated using
mass flow controller and mixed in a mixing chamber to obtain
target formaldehyde concentration of 9 ± 1 ppm. For the contin-
ous column tests, the gas flow rates were set at 1.26 × 10−5 and
.28 × 10−6 m3/s, corresponding to empty bed gas retention times
RTs) of 0.25 and 0.50 s, respectively. The inlet and outlet concen-
rations of formaldehyde were monitored by directly withdrawing
small fraction of the gas stream to a formaldehyde analyzer. For

omparison with Ag-GAC, silver nano-particles attached onto glass
eads were manufactured as described above, and packed into the
ame column. In this glass bead test, the formaldehyde concen-
ration introduced to the column was set at 19 ± 1 ppm. Both the
ormaldehyde and carbon dioxide concentrations were monitored
n the inlet and the outlet streams.

.4. Analytical methods

The vapor-phase concentration of formaldehyde was measured
sing gas chromatography equipped with a flame ionization detec-
or (GC/FID, HP 6890, Agilent, USA). The gas samples were collected
sing a 0.5 mL gas-tight syringe, and analysed immediately by the
C/FID. For the continuous measurement in the column test, an
lectrochemical formaldehyde analyzer (Model 4000, Interscan,
SA) was used, and the results of the formaldehyde analyzer were
ompared to those of the GC/FID for quality assurance purposes.
he carbon dioxide evolved from the oxidation of formaldehyde
as monitored using a non-dispersive infrared CO2 analyzer (LI-

20, LI-COR, USA). The BET surface area was determined using a
pecific surface analyzer (Micromeritics, ASAP-2020, USA), and the
ET analysis was conducted at 77 K by nitrogen gas adsorption.

. Results and discussion

.1. Adsorption isotherm and specific surface area

Prior to the continuous column tests, a batch isotherm study
as performed to determine the adsorption capacities of the vir-

in GAC for formaldehyde vapor. Equilibrium concentrations in the
as phase (Ce) and absorbed formaldehyde loadings in the GAC (qe)
ere used to estimate the Freundlich model coefficients (K and

/n) using the nonlinear best-fit method. The Freundlich model

oefficient K was determined to be 104.4 (mg/g)(L/mg)1/n, with a
/n value of 0.41 for formaldehyde vapor. The Freundlich isotherm
urve illustrated in Fig. 3 satisfactorily reflected the experimental
esults. Qingbo et al. [22] also reported that the adsorption capacity
Fig. 3. Formaldehyde adsorption by the virgin GAC and the Freundlich model fitting.

of a commercially available coal-based carbon was 70 ± 2 mg/g at a
formaldehyde concentration of 498 mg/m3, which was close to the
result obtained in this study. Nevertheless, in general, the adsorp-
tive capacity of ordinary GAC for formaldehyde is much smaller
than that for toluene, the major pollutant commonly found in
indoor air. The same GAC used in this study was tested to determine
its adsorptive capacity for toluene. This isotherm test showed that
the Freundlich coefficient K was 190 (mg/g)(L/mg)1/n for toluene
(data not shown). Consequently, the use of GAC for indoor air qual-
ity control requires careful attention, since the adsorptive capacity
for formaldehyde is generally lower than that of other pollutants,
and GAC needs to be more frequently replaced for the effective
control of formaldehyde in a chemical mixture. To increase the
overall removal efficiency and lifetime of the GAC for the removal of
formaldehyde, silver nano-particles were deposited onto the sur-
face of the GAC to achieve simultaneous catalytic oxidation.

To investigate the changes in surface properties due to the nano-
particle deposition, the specific surface area was determined using
the BET method for both GAC and the Ag-GAC. The BET surface areas
were found to be 907 ± 5 m2/g for the virgin GAC and 641 ± 12 m2/g
for the Ag-GAC. In addition, the pore-size distribution data indi-
cated that the total pore volumes remained almost the same, but
the micro-pore volume (less than 200 nm) of the Ag-GAC was sub-
stantially reduced (data not shown). These findings imply that the
deposition of nano-particle reduced the available surface area of
the GAC and blocked the openings of micro-pores. Generally, the
deposition of metal and/or polymer structures onto GAC can cause

a decline in the surface area [23], because the deposits physically
block both the outer surface and the openings of pore structures.
Lam and Hu also showed [24] that the BET specific surface area and
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ig. 4. Catalytic oxidation of formaldehyde and carbon dioxide evolution by silver
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otal adsorption volume of a copper/activated carbon catalyst were
educed from 1052 to 743 m2/g, due to the formation of the cop-
er deposits on the porous media both externally and internally. In
his study, a fraction (˛) of the surface area covered by the silver
ano-particles to the entire surface area was introduced to quantify
he surface coverage by the deposition of metallic silver, and the ˛
alue was determined by the decline in the BET specific surface
rea, and was found to be 0.293 for the Ag-GAC.

.2. Oxidation kinetics for formaldehyde by silver nano-particles

To determine the catalytic oxidation kinetics only, without the
arbon adsorption, silver nano-particles were formed on glass
eads as described above, with the removed formaldehyde and
volved CO2 monitored in another column test. As shown in Fig. 4,
he experiment result of silver nano-particles attached on the
lass beads (Ag-GB) provided clear evidence of the catalytic oxi-
ation of formaldehyde. The vapor-phase inlet concentration of
ormaldehyde remained constant at 19 ± 1 ppm throughout the
olumn test, and the outlet concentration of formaldehyde gradu-
lly increased, reaching approximately 14 ppm in a 120 min period.
pproximately 70% of the formaldehyde introduced into the Ag-GB
olumn was catalytically oxidized under the steady-state condition.
uring the same time period, the CO2 concentration evolved from

he Ag-GB column was initially 12 ppm, but gradually dropped to
pproximately 6 ppm under the steady-state condition. Consider-
ng a one-to-one molar conversion of the formaldehyde oxidation
HCOH + O2 → CO2 + H2O), the experimental result implies the
lmost complete oxidation of formaldehyde to carbon dioxide.

These experimental data of the oxidation of formaldehyde were
tted to the model Eq. (4) described above. The diffusive flux (J) in
q. (4) was set to zero, since there was no adsorptive mass flux
nto the glass beads. The comparison of the SEM images of Ag-
B and Ag-GAC showed that the size of the nano-particles was
imilar with each other (image not shown). The concentration of
he Ag deposited on the GB and GAC surfaces was the same at
000 mg-Ag/kg. Hence, the pseudo-first-order oxidation constant
f the silver nano-particles (kAg) obtained from Ag-GB was directly
pplied to the CO-HSDM simulation where the Ag-GAC was applied.
sing the nonlinear best-fit method, where the square sum of errors

etween the simulation values and experimental data was min-

mal, the catalytic reaction constant (kAg) was determined to be
.088 s−1, and this constant was used in the model simulations for
he Ag-GAC column operations.
Fig. 5. Formaldehyde breakthrough curves of the virgin GAC and Ag-GAC at two
different gas retention times, 0.25 and 0.5 s.

4.3. GAC and Ag-GAC column performance

Fig. 5 illustrates the four sets of experimental results obtained
at two different gas RTs, 0.25 and 0.5 s, either in the GAC or Ag-
GAC column. Each column operation was terminated when the
outlet formaldehyde concentration reached its inlet concentration,
which was defined as a complete breakthrough. In the virgin GAC
columns, the complete breakthrough occurred at 410 min at the
RT of 0.25 s, but was extended to 510 min at the longer RT of 0.5 s.
When normalizing the operating time with each corresponding RT
(i.e., expressing the x-axis using a dimensionless time known as
the bed volumes fed), the two formaldehyde breakthrough curves
of the virgin GAC showed similar patterns and were very closely
matched. In addition, from the areas of the breakthrough curves, the
total masses of formaldehyde absorbed were calculated to be 1.64
and 1.63 mg at the RT values of 0.25 and 0.5 s, respectively. These
findings indicated that the GAC adsorption capacity for formalde-
hyde was unchanged within the gas flow rate range tested.

On the contrarily, the Ag-GAC showed much longer break-
through times than the virgin GAC at the same RTs. The Ag-GAC
exhibited complete breakthrough at 630 and 1200 min when oper-
ated at the RTs of 0.25 and 0.5 s, respectively. Furthermore, the two
breakthrough curves of the Ag-GAC at the different RTs did not
show similar shapes, with a slower increase in the outlet formalde-
hyde concentration observed at the longer RT. The total mass of
formaldehyde removed in the Ag-GAC column at the RT of 0.25 s
was 2.16 mg, which was 1.3 times higher than that observed in the
virgin GAC column at the same RT. In contrast, at the RT of 0.5 s, the
mass of formaldehyde removed in the Ag-GAC column was calcu-
lated to be 3.94 mg, which was 2.4 times higher than that observed
in the GAC column. These results imply that the catalytic oxidation
played a significant role in the Ag-GAC column, with an increasing
quantity of formaldehyde oxidized with increasing RT.

4.4. Model simulation and validation

The model presented herein was developed to predict the
changes in the performance of a GAC column for the removal of
formaldehyde vapor as well as the simultaneous oxidation and
adsorption occurring in the Ag-GAC. The model parameters used
in this study for both the HSDM and CO-HSDM are listed in Table 1.

Most of the model parameters were supplied by the manufacturer
or experimentally determined as mentioned above. However, the
surface diffusion coefficient (Ds) varied substantially depending on
temperature and materials tested, and was not able to be exper-
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by oxidation was 1.11 mg, which was almost identical to that
ols) obtained from the GAC column tests.

mentally determined in this study; therefore, it was estimated
y fitting the model to the experimental data collected from the
irgin GAC column operated at an RT of 0.25 s. A formaldehyde dif-
usion coefficient of 6.78 × 10−13 m2/s, reported by Zhang et al. [25]
ho tested formaldehyde partitioning and diffusion coefficients for
ry building materials, was used as a starting point in the estima-
ion process. The HSDM simulations were iteratively conducted
y systematically changing the Ds value to obtain a minimum of
he sum of square errors between the simulated mass of formalde-
yde adsorbed onto the GAC and the actual mass of formaldehyde
emoved until the complete breakthrough had been attained in the
olumn test. The estimated Ds was 2.0 × 10−12 m2/s, which was
sed for the HSDM simulation at an RT of 0.5 s as well as for the
O-HSDM simulations at RTs of 0.25 and 0.5 s.

The results of the HSDM simulation using the set of the model
arameters were relatively consistent with the experimental data
btained in the GAC columns, as shown in Fig. 6. There were slight
eviations between the actual data and the model predictions,
specially in the early phase of the formaldehyde breakthrough and
ear the complete breakthrough points. Since the GAC had a low
dsorption capacity for formaldehyde, and the mass transfer zone
here the formaldehyde adsorption took place along the length

f the column was relatively short, deviations from the model
ssumptions could be plausible reasons for the discrepancies at the
eginning and end phases of the adsorption with these short gas
Ts.

The numerical analysis of the CO-HSDM was performed using
he same set of the model parameters as used with the HSDM,
ut with the use of additional parameters including the ratio of
he nano-particle coverage (˛ = 0.293) and the pseudo-first-order
inetic constant (kAg = 0.088 s−1) as mentioned above. Fig. 7 demon-
trates that the results predicted using the CO-HSDM agreed well
ith experimental data of the Ag-GAC at both RTs. Consequently,

he CO-HSDM yielded an accurate prediction of the performance of
he Ag-GAC under different operating conditions with the model
arameters employed.

Sensitivity analyses were performed on the four experimentally
etermined parameters (i.e., K, 1/n, ˛ and kAg) and one estimated
arameter (Ds) in the CO-HSDM to determine those most critical to
he model predictions. The impact of each parameter was measured
s the change in the total removed mass of formaldehyde when

ach parameter was increased from its given value by 10%, while
aintaining the other model parameters unchanged at the values

isted in Table 1. The one-point perturbation results were calcu-
Fig. 7. Simulated results using the CO-HSDM (lines) and the experimental data
(symbols) obtained from the Ag-GAC column tests.

lated, and expressed as sensitivity indices (SIs) using the following
equation:

Sensitivity Index (SI) = Abs

[
∂f (p)/f (p)

∂p/p

]
× 100 (5)

where p is the particular parameter and f(p) the predicted mass
of formaldehyde removed using that parameter. For the sensitiv-
ity analysis, an individual SI for each of the five parameters was
calculated for the Ag-GAC column tests at the RT of 0.25 s.

The sensitivity analyses indicated that the surface diffusion
coefficient (Ds) had the greatest impact (8.7% by the 10% pertur-
bation) on the model predictions. These analyses suggested that an
accurate estimate of the surface diffusion coefficient is needed to
increase the accuracy of the model predictions. The ratio of the sur-
face coverage (˛) by the silver nano-particles to the entire surface
area was also found to be a sensitive parameter, with a SI of 5.6% by
the 10% perturbation. Since the CO-HSDM relies on the simultane-
ous oxidation and adsorption reactions, their contributions to the
overall removal of formaldehyde are proportional to the ˛ value.
Extensive research would be required to obtain more reliable values
of Ds and ˛ for model applications.

4.5. Influence of the surface coverage of silver nano-particles

The ˛ value is one of the most important parameters for differ-
entiating the adsorption of the GAC from the catalytic oxidation
of the Ag-GAC. The Ag-GAC possesses no oxidation potential as
the ˛ approaches zero; whereas, an ˛ of 1 means complete cov-
erage of the GAC surface by a thin film of silver. Model predictions
for calculating the overall mass of formaldehyde removed by the
Ag-GAC were conducted with various ˛ values ranging from 0 to
0.6, while maintaining the other parameters unchanged. The mass
of formaldehyde removed by either the adsorption or the oxida-
tion was separately quantified in the CO-HSDM. As illustrated in
Fig. 8, with increasing ˛ value, the mass of formaldehyde removed
by adsorption gradually decreased, but the mass of formaldehyde
removed by the oxidation rapidly increased. Moreover, the over-
all mass of formaldehyde removed by the Ag-GAC increased with
increasing ˛ value. Interestingly, at an ˛ value of 0.293, which
was experimentally determined for the Ag-GAC used in this study,
the CO-HSDM predicted that the mass of formaldehyde removed
removed by adsorption. When the ˛ value was set to zero, the
mass of formaldehyde removed by adsorption was 1.56 mg, which
was consistent with the experimental data obtained with the GAC.
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water, carbon dioxide, ethylene, and methanol: in situ Raman and catalytic
xidation and the adsorption as a function of the surface coverage ratio (˛) of the
ilver nano-particles.

hen the ˛ value increases to greater than 0.5, the overall mass
f formaldehyde removed by the Ag-GAC exponentially increased
ue to increased oxidation. However, at high ˛ values, there would
e a strong possibility that the silver structures no longer exist as
ano-particles on the GAC surface, but would more likely form a
hin coating as a film-like layer. Consequently, the CO-HSDM devel-
ped in this study could be a useful tool for determining the extent
f nano-sized metal deposits required to maximize the catalytic
xidation on the surface of adsorptive materials such as GAC and
arbon fibers.

. Conclusions

This study was conducted to investigate the effects of silver
ano-particles attached onto the surface of GAC on the simultane-
us catalytic oxidation and adsorption reactions of formaldehyde,
he most common pollutant found in indoor air. The experimental
esults were compared with those collected using ordinary vir-
in GAC. In addition, the homogeneous surface diffusion model
HSDM), developed for predicting GAC column adsorptions, was

odified to incorporate the catalytic oxidation that takes place on
he Ag-GAC surface. The key observations and specific conclusions
rawn from this research are as follows:

. The isotherm tests showed that gaseous formaldehyde was
effectively removed by its adsorption into and onto the GAC.
However, the adsorptive capacity of the GAC for formaldehyde
was much lower than those for other pollutants found in indoor
air; therefore, additional technologies would be required to
achieve the effective control of formaldehyde.

. The catalytic oxidation conducted using the silver nano-particles
formed on the glass beads implied that approximately 70%
of the formaldehyde introduced was oxidized under steady-
state conditions, and the same molar concentration of oxidized
formaldehyde was converted to carbon dioxide. In addition, the
oxidation kinetics was expressed as pseudo-first-order with a
kinetic constant of 0.088 s−1.

. The Ag-GAC showed much longer breakthrough times in the col-
umn tests than the virgin GAC at the same RTs. The mass of

formaldehyde removed by the Ag-GAC column was 2.4 times
higher than that observed in the GAC column at an RT of 0.5 s.
The catalytic oxidation was observed to play a significant role in

[
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the Ag-GAC, where the quantity of formaldehyde oxidized was
increased with increasing RT.

4. The BET specific surface area measurements indicated that the
nano-particle deposits reduced the available surface area of the
GAC and blocked the openings of the micro-pores. The fraction
(˛) of the surface area covered by the silver nano-particles to
the entire surface area was found to be an important parameter
for differentiating the adsorption by the GAC from the catalytic
oxidation by the Ag-GAC.

5. The model predictions using the modified HSDM agreed well
with the experimental data collected from the column tests at
the two different RTs, suggesting that the CO-HSDM yielded
an accurate prediction of the performance of the Ag-GAC
under different operating conditions with the model parameters
employed. The sensitivity analyses indicated that the surface dif-
fusion coefficient (Ds) and the ratio of surface coverage (˛) by the
silver nano-particles had the greatest impacts on the model pre-
dictions. Accurate estimates of these parameters are required to
increase the reliability of the model predictions.

6. As the ˛ value increased, the overall mass of formaldehyde
removed by the Ag-GAC increased due to the rapid increase in
the faction of catalytic oxidation, but the fraction of the mass of
formaldehyde removed by the adsorption gradually decreased.

The Ag-GAC showed a significantly improved formaldehyde
removal performance than that of the general GAC. Additional stud-
ies should be conducted on (1) the method to minimize the decrease
of the Ag-GAC adsorption capacity following nano-particle deposi-
tion, (2) the method to reactivate the catalytic effect of Ag when
the performance of the Ag-GAC decreases by a long-term use of
AG-GAC, and (3) the evaluation of the temperature change con-
sidering the extension of the Ag-GAC applicability under various
conditions. A higher practical applicability and feasibility may be
able to be secured on the basis of the result of these future studies.
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