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Abstract The effect of surface functionalities, specific
surface area and pore size of activated carbon fibers
(ACFs) on the adsorption of toluene and acetaldehyde, two
volatile organic compounds (VOC), at low concentrations
(~80 ppmv) and short contact time (20 ms) has been
studied. Two different types of ACFs characterized by low
temperature N, adsorption: ultramicroporous (dpe,. < 1 nm)
and supermicroporous (d,,. ~ 1-2 nm) were tested. Both
ACFs were effective for the removal of toluene attaining
the adsorption capacity as large as 51 wt%. The surface
chemistry of ACFs (O-containing functional groups) was
characterized by temperature-programmed desorption
monitoring the CO/CO, evolved. Oxidative treatment of
ACEFs by nitric acid increased the surface concentration of
O-groups. This resulted in lower adsorption capacity to-
wards toluene but higher one towards acetaldehyde. This
result was rationalized based on different type of VOC
interactions with the carbon surface.

Keywords Activated carbon fibers - Microporosity -
Adsorption - Volatile organic compounds

1 Introduction

Contamination of the environment by anthropogenic

volatile organic compounds (VOC) has become a great
issue during the last decades (Foster et al. 1992; Cal et al.
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1997; Popescu et al. 2003; Lillo-Rodenas et al. 2005).
Present in gas streams of many industrial exhausts (Piccot
et al. 1992), they are harmful and detrimental even at low
concentrations (<100 ppmv) (Tancrede et al. 1987; Ruhl
1993; Wu et al. 2009).

Several techniques have been developed and applied for
VOC abatement e.g.: absorption, adsorption, condensation,
photo-, thermal or catalytic oxidation (Ruddy and Carroll
1993; Li et al. 2011; Okubo et al. 2001; Mo et al. 2009).
Adsorption appears to be the most efficient method for
complete removal of VOC from diluted streams. Various
adsorbents are used for VOC abatement, such as activated
carbons (AC) (Lillo-Rodenas et al. 2005), zeolites (Huang
et al. 2006; Datka 1981), silica (Hernandez et al. 2004) and
polymers (Choung et al. 2001). Among them, AC shows the
most promising results (Hayashi et al. 2006; Lillo-Rodenas
etal. 2005; Park et al. 2010) due to low cost and versatility to
different compounds. AC are usually used in the form of
granules, powder, pellets or fibers (Park et al. 2007; Romero-
Anaya et al. 2010; Mohan et al. 2009; Lillo-Rodenas et al.
2011). Consisting of arranged microfilaments with high
specific surface area (SSA), activated carbon fibers (ACFs)
demonstrate fast adsorption Kinetics, suppressed mass
transfer limitations and lower pressure drop as compared to
randomly packed beds (Singh et al. 2002; Das et al. 2004).

Despite the wealth of information available in the lit-
erature concerning VOC abatement using ACFs, studies of
adsorption dynamics at low VOC concentrations
(<200 ppmv) are scarce (Foster et al. 1992; Lillo-Rodenas
et al. 2011; Dimotakis et al. 1995). Moreover, most of them
deal with lower gas linear velocities (<0.1 m s7h as
compared to ones of industrial waste streams.

The present study investigates ACFs towards toluene and
acetaldehyde adsorption at very low concentrations (<100 pp-
mv) and short contact time (~ 20 ms). Adsorption dynamics on
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two different commercial microporous ACFs were studied by a
transient response method (Wagner and Hauffe 1938, 1939;
Tamaru 1964). This methodology was originally developed for
kinetic studies of catalytic reactions but is easily adapted for
adsorption. It is based on monitoring of response at the tubular
reactor outlet on a quick change of concentration at the reactor
inlet. “Dynamic column method” is used to measure the ad-
sorption capacity. This method requires a constant VOC flow
through a sorbent bed and a continuous monitoring of the
downstream concentration. In this way breakthrough curves are
usually obtained. The adsorption capacity is calculated by nu-
merical integration of the area defined between the breakthrough
curve of the inert tracer and the adsorbate (Pei and Zhang 2012).

It is known that the adsorption capacity of AC towards
VOC is governed by both surface morphology [pore size,
SSA (Mangun et al. 1998)] and surface functional groups
(Lillo-Rodenas et al. 2005). An oxidative treatment by
nitric acid was applied to modify the surface morphology
and to increase the concentration of O-containing groups
on ACFs surface (Bulushev et al. 2004). A systematic
characterization of the SSA, pore size and O-content was
carried out in order to quantify the effect of these vari-
ables on the adsorption capacity towards toluene and
acetaldehyde.

2 Experimental
2.1 Setup

The setup used for adsorption study via transient response
method is shown in Fig. 1. It consists of a gas generator
(FlexStream Base Permeation Unit), two pneumatic ac-
tuators connected to a spool valve (Asco Numatics), a
quartz tubular reactor (length 25 cm, inner diameter 3 mm)
and a sensitive mass spectrometer (Hiden Analytical HPR
20 QIC). The reactor charged with an adsorbent is placed
in a tubular oven (Carbolite MTF 10/25/130) for tem-
perature control.

Pressurized air (6 bar) was connected to a spool valve
(solenoid air pilot operated-spring return) controlled with
a numerical unit (National Instrument 6009) equipped by
the LabView software. Depending on the spool valve
position, pressurized air is directed to one of the two
outlets and then to both pneumatic actuated three-way
valves (Whitey, double acting mode, 180° actuation) via
Y4 inches stainless steel tubing. The position of the
pneumatic actuated three-way valves (i.e. reactor or by-
pass line) depends on which pneumatic actuator inlet was
under pressure. Due to the pressure, a piston in the ac-
tuator chamber moves from one position to another cre-
ating an inversion of the connected three-way valves. To
insure simultaneous switch of both three-way valves,
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tubes length between the spool valve and both pneumatic
actuators are identical. With the described valves system,
the switch from the bypass to the reactor line or inversely
was reproducible and sufficiently quick to avoid any
disturbance of the gas flow.

The gas generator providing a diluted toluene or ac-
etaldehyde (ppm, ppb) flow was composed of a gas line
with a mass flow controller connected to a permeation tube
and an oven. A permeation tube with a calibrated perme-
ation membrane filled with liquid toluene (99.9 % VWR
Chemicals, AnalaR NORMAPUR) or acetaldehyde
(99.5 % Sigma—Aldrich, Fluka Analytical) was placed in
the oven at desired temperature. Thus, the adsorbate per-
meation rate was controlled by the oven temperature
(303-353 K + 0.01 K). Its concentration (10-100 ppmv)
was adjusted at a fixed flow rate (100-1000 cm® min™").

The reactor outlet was continuously monitored by an
online mass spectrometer with short sampling time
(<500 ms), high sensitivity (500 ppb) and stability
(<=£0.5 % variation over 24 h).

2.2 Materials

Activated carbon fibers were purchased from Kynol Europa
GmbH (Hamburg, Germany). They are produced from
Kynol novoloid (phenolic) precursor fibers by a one-step
process combining both carbonization and chemical acti-
vation. Two types of samples were used, namely: ACF-1
(SSA ~1000 m? g') and ACF-2 (SSA ~2000 m* g ").

All gases, helium (99.999 %), nitrogen (99.999 %) and
the mixtures: argon 2 % v/v Ar/He, 3 % v/v CO/He and 2 %
v/v CO,/He were provided by Carbagas (Switzerland).

The HNOj; treated ACF-2 were prepared by an immer-
sion of original ACF-2 in a boiling 15 % (vol/vol) aqueous
solution of nitric acid (HNO3; 65 vol%, VWR chemicals,
AnalaR NORMAPUR) for different time (1, 15 and
30 min) followed by a rinsing with demineralized water
and drying in ambient air. The abbreviations for the sam-
ples are as following: ACF-2/HNO3-30m means the ACF-2
samples treated by HNO;5 for 30 min.

2.3 ACFs characterization

Specific surface area and pore size distribution were de-
termined by physical adsorption of N, at 77 K using a
Sorptomatic 1990 (Carlo Erba Instruments). Prior to ana-
lysis, original samples and oxidized ones were outgassed at
523 K for 2 h under vacuum (7 x 1072 bar) and at 373 K
for 3 h under vacuum (7 x 1072 bar) respectively. N,
adsorption/desorption isotherms were measured over the
relative pressure range 0.0005 < P/P, < 0.98. The total
pore volume and the specific surface area were obtained
using the BET method (Brunauer et al. 1938).
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Fig. 1 Scheme of the setup for adsorption study

The characterization and quantification of oxygen-con-
taining groups on the ACFs surface were performed via
TPD experiments. An ACFs sample (~ 100 mg) loaded in
a quartz reactor connected to a mass spectrometer was
heated in a He flow (100 cm® min™') up to 1223 K (tem-
perature ramp 10 K min~"). Prior to the experiment, the
reactor was purged by He for 30 min at room temperature.
The gases evolved from the ACFs sample (CO and CO,)
due to decomposition of O-containing groups were ana-
lyzed via the calibrated mass spectrometer and the con-
centration profiles were integrated. Water and NO were
also detected below 673 and 473 K respectively in negli-
gible amounts. The low amount of water was attributed to
physisorbed molecules whereas traces of NO were prob-
ably coming from HNO; remaining after rinsing.

Scanning electron microscopy (SEM) was carried out
using a Carl Zeiss MERLIN FE-SEM equipped with two,
annular and Everhart-Thornley secondary-electron (SE),
detectors operated at an accelerating voltage of 5-30 keV
with a beam current of 1.0-3.0 nA and using Zeiss Smart
SEM software for data acquisition/manipulation.

2.4 Dynamic adsorption measurements

Before measurements, the ACFs samples (10 £ 0.1 mg)
placed in the central part of the quartz tubular reactor were
outgassed at 298 K in a He flow (40 cm® min~"). The
adsorption experiments were carried out at 298 £ 1 K and
with gas flow rate of 300 cm® min~' (linear velocity
0.5 m s~ '). The gaseous mixtures contained 80 ppmv of

A
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toluene or acetaldehyde in He. The inert tracer signal (Ar
2 %v/v in He) was obtained independently.

The adsorption capacity measurements consist of the
following steps:

1. Stabilization of the gas mixture (VOC in He) flow
through the bypass to measure the initial VOC
concentration.

2. After a switch to the reactor, the gas mixture flows
through the adsorbent bed until the outlet VOC concen-
tration reaches the initial one measured during the stabi-
lization step. In such a manner a breakthrough curve was
obtained.

The Argon breakthrough curve was measured to char-
acterize the flow pattern and the residence time distribution
in the reactor. The Ar-He mixture was injected through the
reactor pre-purged by He, using a switch from the bypass to
the reactor line.

The area defined between the Ar and the VOC break-
through concentration curves was numerically integrated
and the adsorption capacities (wt%) were obtained.

3 Results and discussion
3.1 Characterization of ACFs adsorbents
3.1.1 Morphology

The ACFs materials consist of elementary filaments of
~10 pum diameter. The representative SEM image of the
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adsorbents is shown in Fig. 2. Figure 3 presents typical
N, adsorption isotherms over the samples used in this
study and indicates larger nitrogen adsorption capacity of
the ACF-2 as compared to ACF-1. All isotherms exhibit a
type I profile typical for microporous adsorbents accord-
ing to the ITUPAC classification (Sing et al. 1985). As
shown in Fig. 3 the nitric acid treatment decreases the
pore volume while keeping similar N, adsorption curve
shape indicating that the material remains microporous
despite oxidative treatment. A gradual decrease of the
porosity can be obtained by increasing the nitric acid
treatment time.

In order to evaluate more precisely the morphology of
the ACF-1, ACF-2 and the nitric acid treated samples, a
pore size determination was carried out via comparative
a-method (Sing 1968). The a-plot is a widely used method
for characterization of porous adsorbents. It is based on the
comparison of the N, adsorption isotherms between a
chemically similar nonporous reference adsorbent and the
studied adsorbents. This comparison is based on the as-
sumption that the surface properties of the reference and
the studied solids are very similar. In this work, carbon
black was chosen as a non-porous reference material.
Normalizing the N, amount adsorbed onto the nonporous
reference at different partial pressure by the amount ad-
sorbed at p/p® = 0.4 gives the o, reference. The amount
adsorbed onto the studied adsorbent is then plotted against
o, at the corresponding relative pressure. Depending on the
shape of the a-plot, the porosity of different samples can be
compared (Carrott et al. 1987).

The o-plots obtained for all ACFs samples (Fig. 4) are
almost linear and constant at oo > 1. This implies that the
external surface area is relatively small as compared to the
total surface area meaning that most of the surface is due to
the pores (Rouquerol et al. 1999). It confirms that both
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Fig. 2 SEM image of ACF-2
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Fig. 3 Nitrogen adsorption isotherms for ACF-1 (filled square),
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Fig. 4 a-plot of ACF-1 (filled square), ACF-2 (circle), ACF-2/
HNOs;-1 m (filled triangle), ACF-2/HNO5-15 m (inverted triangle)
and ACF-2/HNOj3-30 m (filled diamond)

adsorbents are microporous with the relatively narrow pore
size distribution.

The curve slope is changing for all materials in the range
of 0.5 < oy < 1. The slope change of ACF-1 appears at
os ~ 0.6 whereas an extremely steep slope is observable at
slightly higher oy values for ACF-2. The o value difference
at which the slope change occurs is interpreted as a mi-
croporosity difference between ACF-1 and ACF-2. A slope
change at higher o values (ACF-2) signifies relatively
large micropores (Almazan—Almazan et al. 2009). It is then
suggested that ACF-2 contains mainly supermicropores
whereas ACF-1 is an ultramicroporous adsorbent. Since the
a-plot slope change occurs at identical value for ACF-2
and ACF-2 treated by nitric acid, it is concluded that nitric
acid treatment does not affect the micropore diameter while
decreasing the total pore volume.
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Table 1 Characteristics of Sample SSAggr (m? g_l) C Pore volume (cm® g_l)
ACFs adsorbents

ACF-1 800 6400 04

ACF-2 2170 280 1.0

ACF-2/HNOs-1 m 2100 400 1.0

ACF-2/HNOs-15 m 1670 370 0.9

ACF-2/HNO3-30 m 1530 420 0.8

The specific surface area of all samples was calculated
through the BET equation using N, adsorption data (Bru-
nauer et al. 1938). The equation was linearized in the
partial pressure range of 0.001-0.07 for ACF-1 and
0.01-0.1 for ACF-2 and ACF-2/HNO; (all treatment
times). As shown in Table 1, the C values obtained are
>100 for all the samples confirming their microporous
morphology. The C value of the BET equation which can
qualitatively describe the pore size, remained constant for
original and nitric acid treated ACF-2 signifying a constant
micropore size and confirming the interpretation of the
a-plot. Similar results were already obtained for oxidized
activated carbon (Pradhan and Sandle 1999; Dimotakis
et al. 1995; Salame and Bandosz 1999). On the opposite,
ACF-1 is characterized by a larger C value as compared to
ACF-2 and ACF-2/HNO; indicating narrower
croporosity. The micropore volume of the original ACF-2
is larger as compared to ACF-1. Therefore HNOj; treatment
was found to reduce both the SSA and pore volume of
ACEF-2 while keeping its micropore structure (Fig. 4).

mi-

3.1.2 Surface functionalities

O-containing groups on the ACFs surface were characterized
by temperature-programmed desorption (TPD) with the outlet
composition monitored by MS. Two major molecules des-
orbing from the ACFs surface are CO and CO, although traces
of H,O and NO were detected. CO, is assumed to originate
from decomposition of carboxylic (373—673 K), lactone
(463-923 K) and anhydride groups (623-900 K), whereas
CO is a product of decomposition of anhydride (623-900 K)
phenolic (873-973 K), carbonyl (973—-1173 K) and quinone
groups (973-1173 K) (Figueiredo et al. 1999).

Figure 5 shows TPD profiles of original and oxidized
samples. As can be seen, treatment of ACF-2 by nitric acid
increases drastically the surface oxygen content. Even a
short treatment time (1 min) in boiling nitric acid leads to a
large increase in surface oxygen content. All type of sur-
face O-containing groups is created by such treatment.
Anhydride groups are identified by the broad shoulder at
800 K on both CO and CO, desorption pattern. As com-
pared to the other desorption peaks, the quantity of anhy-
dride groups is relatively low. Particularly visible on the
ACF-2/HNOj3-1 m pattern, the CO decomposition peaks at
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Fig. 5 TPD profiles of ACF-1 (filled square), ACF-2 (circle), ACF-2/
HNOs-1 m (filled triangle), ACF-2/HNO3-15 m (inverted triangle)
and ACF-2/HNOs-30 m (filled diamond)

1000 and 1150 K indicate the creation by the oxidative
treatment of phenolic and carbonyl or quinone groups re-
spectively. For longer treatment time, due to the higher
amount of groups created, the two decomposition peaks are
not distinguishable. The CO, decomposition pattern of all
the oxidized samples revealed that carboxylic groups are
created in a large amount although a small amount was
already present on both original samples (550 K). De-
composing at higher temperature (700 K), lactone groups
are created by the oxidative process in a smaller extent.
The integration of the CO and CO, concentration curves
gives the surface oxygen content of the samples which are
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Table 2 Quantitative Sample CO, (umol/gacks) CO (umol/gacks) Total oxygen content (Lmol/gcrs)
characterization of ACFs
surface oxygen groups ACF-1 470 330 800

ACF-2 240 180 420

ACF-2/HNOs5-1 m 2200 2800 5000

ACF-2/HNO3-15 m 4000 3500 7500

ACF-2/HNO3-30 m 4000 4200 8200
reported in Table 2. For original and nitric acid treated
samples the amOl.mt.of .evolved CO is comparable tg .the A 0] g0 @ ° .
amount of CO, indicating that all type of O-containing b N s .
groups are present on the ACFs surface. However, the total 0sl ® E A o .
oxygen concentration in the original ACFs was found to be o U 4 o L]
quite low and comparable to previously published results 064 - 4 @ -
(Lillo-Rodenas et al. 2005, 2011). As shown in Fig. 5, ) ? : @ L]
ACF-1 contains more O-containing groups decomposing in § 044 . DI A o :
CO,; as compare to ACF-2. The amount of CO evolved is - A (_g L]
also slightly higher in the case of ACF-1. Therefore, the 024 - 4 o)
concentration of polar groups on the ACF-1 surface is . 0 a © -
larger. Nitric acid treatment increased considerably the 00{ © D A o° "
oxygen content in ACF-2. Indeed, ACF-2/HNO3-30 m has . :
20 times more surface O-containing groups as compared to 0 10 Time [s] 20
the original ACF-2.

B
3.2 Reactor flow pattern 1.04 i@ p A= °
R On
The characterization of the tubular reactor used for ad- 0.8 j&:
sorption experiment is carried out using the dispersion '%
. . . 0.6
model. The dimensionless group used to characterize the - %y
residence time distribution in the real tubular reactor is the S 4. °o
vessel dispersion number: - %
D, | 0.2 o %
ul (1) 0
. L . . . . 0.0- ena P

where D,, is an axial dispersion coefficient, u is a linear . . . . . . .

velocity in the reactor and L is a length of the reactor.

If this number tends to O, the dispersion is negligible,
hence a plug flow behavior can be assumed. A vessel
dispersion number tending to infinite means a large dis-
persion or a complete back-mixing behavior. In practical
cases 0.01 is the threshold value under which a tubular
reactor can be treated as ideal plug flow.

In this study, the vessel dispersion number was obtained
using step-wise injection of an inert tracer (Argon) into He
flow through the reactor. Different gas flow rates were
applied. The Ar concentration at the reactor outlet was
monitored by the mass spectrometer (Fig. 6).

The mean residence time, 7, and the variance around the
mean, g2, are subsequently calculated:

1 1
i:/ tdF = " tAF; (2)
0 0
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Fig. 6 Reactor outlet response to a step-wise injection of Ar (inert
tracer) at the reactor inlet as function of time (a) and dimensionless
time (b) at different flow rate: 25 cm® min~' (filled square)
50 cm® min™! (circle), 100 cm® min™! (filled triangle), 200 cm’ -
min~" (square), 400 cm® min~'(filled circle)

1 1
= / (t—12dF = (1 — °4F, 3)
0 0
AF; was obtained by normalizing the tracer concentration:
Ci
F(r)y=-" (4)
€o

where ¢, is an inlet Ar concentration and c; is a concen-
tration at time .
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Table 3 Dispersion number as a function of gas flow rate 55 L5
PR 50 —
Flow rate (cm” min™ ") Dispersion number (lL):;) =) 451 V 4.0 E
o
7.5 0.0122 ; 7 zz é
10 0.0087 <% T8
25 0.0034 g e 20 8
50 0.0023 S 21 ngd BT
S 20 o
100 0.0019 s F1.5 §

o -

200 0.0025 g (10 B
400 0.0040 197 S
5] Los £
2

0- 0.0

The vessel dispersion number for small extents of dis- ACET ACF2 ﬁﬁfgf_m Qﬁgf_wm ﬁ[ﬁ';fwm

persion was obtained by combining Egs. (2) and (3):

2
2T _,H(D
=% =2(2) )

The obtained values are presented in Table 3. It can be
seen that for all flow rates >10 ml min~" the vessel dis-
persion number is <0.01. A “piston type” flow pattern is
therefore insured at all flow rates. Presented in Fig. 6b the
rector response to a stepwise injection normalized by its
mean residence time shows that identical flow pattern is
obtained for all the flow rate tested.

3.3 Toluene adsorption

Toluene breakthrough curves are shown in Fig. 7. The ad-
sorption capacity of the ACFs materials was determined by a
numerical integration of the area defined by the adsorbate
concentration curve and the argon curve between 1y and #4,,,/
when the outlet concentration is equal to the inlet one.

As shown in Fig. 7, ACF-2 is efficient for toluene ad-
sorption even at short contact time (~ 20 ms). The outlet

1.0 ,!’7~~--l--~:A;l~:o‘.Ol
. PR
0.8 N N
- o
0.6 A N
= A Qo
L 0.4 : .
N o
0.2 .
A ¢}
. A
L] v R Jo)
0.04 BEAPDSEIDEGR LN 646880.00.000

T
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Time [min]

Fig. 7 Toluene (80 ppmv) breakthrough curves for ACF-2 (circle),
ACF-2/HNOs-1 m (filled triangle), ACF-2/HNOs-15 m (inverted
triangle), ACF-2/HNO3-30 m (filled diamond) and 2 % (v/v) Argon
(filled square). Total flow rate (STP) 300 cm® min~' (298 K)

Fig. 8 Toluene adsorption capacities as a function of nitric acid
treatment

toluene concentration is zero indicating its total adsorption
before the breakthrough at about 50 min. The toluene ad-
sorption capacity obtained is 51 wt%. This value is in
agreement with already published results (Lillo-Rodenas
et al. 2011).

The modification of ACF-2 by nitric acid gradually
decreases the toluene adsorption capacity with the HNO3
treatment time (Fig. 8). From 51 wt% for original ACFs
the adsorption capacity drops to 44, 30 and 26 wt% for
ACF-2/HNOs-1 m, ACF-2/HNOs3-15 m ACF-2/HNO;-
30 m respectively. The breakthrough curve shape of the
oxidized samples is identical to the original sample sug-
gesting similar adsorption kinetics. This observation can be
explained by the constant micropore size upon nitric acid
treatment (Fig. 4). The adsorption kinetics, usually gov-
erned by internal mass transfer, is therefore identical
(Fournel et al. 2010). The lower adsorption capacity of the
HNO; treated ACFs is explained by their lower SSA
(Table 1) and higher oxygen contents (Table 2). It is
known that a lower specific surface area leads to a lower
adsorption capacity for similar pore sizes (Lillo-Rodenas
et al. 2011), whereas O-containing groups weaken the in-
teraction between benzene ring of toluene molecules and
graphite layers of ACFs (Lillo-Rodenas et al. 2005). To
quantify both effects, the adsorption capacity is normalized
by the SSA of the adsorbent. The normalized efficiencies
reflect the effect of the O-containing groups. It decreases
with nitric acid treatment (Fig. 8). It is then concluded that
the presence of O-containing groups decreases the ad-
sorption capacity.

To quantify the effect of the O-containing groups, the
adsorption capacity normalized by the SSA of the different
samples is plotted on the oxygen surface concentration.
The results presented in Fig. 9 show a linear trend, con-
firming that polar groups weaken the interaction between
toluene and ACFs surface.
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Fig. 9 SSA normalized adsorption capacity towards toluene as
function of the O-concentration of ACF-2

The effect of the ACFs microporosity on toluene ad-
sorption capacity was studied by comparing ACF-1 and
ACF-2 (Fig. 8). As discussed above, ACF-1 micropores are
narrower as compared to ACF-2 ones. The toluene ad-
sorption capacity obtained was 27 wt% for ACF-1 and
51 wt%, for ACF-2. The adsorption capacities normalized
by the SSA were 3.53 x 10 %and 2.55 x 10~° mol m™?,
respectively. The value found for ACF-1 is out of the trend
shown in Fig. 8. Despite higher surface oxygen concen-
tration (1 pmol m~?) the normalized adsorption capacity
of ACF-1 is larger as compared to ACF-2. This result is
explained by the pore size which is smaller for ACF-1. The
shorter distance between the pore walls in ACF-1 results in
a stronger adsorption of toluene molecules and denser oc-
cupation of the available carbon surface.

3.4 Acetaldehyde adsorption

The effect of ACFs surface functionalities on the acetalde-
hyde adsorption was studied using the same adsorbents and
the method described in Sect. 3.3. At similar concentration
(80 ppmv) a much lower acetaldehyde adsorption capacities
were measured for the initial ACF-1 and ACF-2: 0.7 and
0.3 wt%, as compared to toluene adsorption: 26 and
51 wt%, respectively. Despite their lower adsorption ca-
pacity, the breakthrough curves in Fig. 10 are showing a
complete acetaldehyde removal. Moreover the steepness of
the breakthrough curves insure fast adsorption kinetics.
Similarly to toluene, the modification of the fibers by ox-
idative treatment does not influence the adsorption kinetics
but only the total adsorption capacity. Low adsorption ca-
pacity towards acetaldehyde was already reported qualita-
tively for activated carbon (El-Sayed and Bandosz 2001)
and activated carbon fibers (Dimotakis et al. 1995).
Similarly to previously published results, oxidized samples
demonstrated larger acetaldehyde adsorption capacities.

@ Springer

1.0 E o " a 5A n - I PO
. ? : vooe
08 . : A R
. ) A v -
: .
0.6' | ] o N N
o A .
= : ¢
L1104 . )
. ; i o ‘
021, ; v e
A .
o 4 ] .
By \ Ve
0.0 1 $0a0 AT GAVAS O+ 6
T T T T T T T T
0 2 4 6 8 10 12 14

Time [min]

Fig. 10 Acetaldehyde (80 ppmv) breakthrough curves for ACF-2
(circle), ACF-2/HNOs-1 m (filled triangle), ACF-2/HNOs-15 m
(inverted triangle), ACF-2/HNO5-30 m (filled diamond) and 2 %
(v/v) Argon (filled square).Total flow rate (STP) 300 cm® min~'
(298 K)

The O-containing groups of the activated carbon surface
were suggested to enhance the acetaldehyde adsorption as
compared to original ACFs.

The adsorption capacity as a function of the oxygen surface
concentration is presented in Fig. 11 showing its proportion-
ality to the oxygen surface concentration. Higher adsorption
capacity is obtained for larger O-concentration hence, samples
treated longer time by nitric acid shows larger adsorption
capacity. Since all types of oxygen functionalities are created
by the nitric acid treatment, it is not possible to indicate which
surface oxygen containing groups contribute the most to the
acetaldehyde adsorption. Figure 11 also shows that at higher
acetaldehyde partial pressure the adsorption capacity in-
creases for similar O-concentration. The acetaldehyde ad-
sorption seems to involve the surface O-groups of the ACFs.
The acetaldehyde adsorption mechanism on surface func-
tional groups of activated carbon has been already reported
(El-Sayed and Bandosz 2001). It is suggested that the alde-
hyde group of acetaldehyde interacts with O-containing
groups of activated carbon via hydrogen bonding. The results
presented in Fig. 11 are consistent with this mechanism.

The amounts of acetaldehyde adsorbed per gram are
around 10 times lower than the O-content. They are be-
tween 0.07 and 0.5 pmol as compared to 0.4-8 pmol per
gram of adsorbent of acetaldehyde and oxygen respec-
tively. The coverage of the active sites by acetaldehyde
remains relatively low at working partial pressure of
80 ppmv. The surface coverage by acetaldehyde is in-
creasing with increase in the acetaldehyde partial pressure
confirming that the maximum adsorption capacity is not
reached at the working pressure.

The influence of the microporosity on acetaldehyde re-
moval was also studied by comparing the adsorption
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Fig. 11 Acetaldehyde adsorption capacity as a function of oxygen
surface concentration for original ACF-1 and ACF-2 and HNO;
treated ACF-2 (filled square). 80 ppmv acetaldehyde, (filled triangle)
150 ppmv acetaldehyde

capacity of ACF-1 and ACF-2. Although ACF-1 has
smaller pore than ACF-2, the adsorption capacity of ACF-1
fits the trend shown in Fig. 11. This result suggests that the
surface O-groups concentration is the key parameter con-
trolling the acetaldehyde adsorption.

4 Conclusions

Adsorption of toluene and acetaldehyde VOC was studied
by transient response method at low partial pressure
(80 ppmv) and short contact time (~20 ms). Microporous
activated carbon fiber materials ACFs were shown to be
efficient for total toluene removal attaining the capacity as
large as 51 wt%. Temperature-programmed desorption re-
vealed that oxidative treatment by HNO; of the ACFs in-
creased the surface concentration of O-containing groups.
Toluene and acetaldehyde normalized adsorption capacities
were shown to strongly depend on the surface function-
alities. Larger surface O-concentration increases acetalde-
hyde removal but decreases the one of toluene. This effect
was rationalized by suggesting a different type of interaction
with the activated carbon surface. Acetaldehyde is adsorbed
via hydrogen bonding with the O-containing groups while
toluene adsorption is controlled by (ultra) microporosity.
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