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Abstract
Activated carbon fibers (ACFs) with surface modified by a diethylene triamine (DETA) are synthesized for the abatement 
of formaldehyde in gas phase at low concentration. Adsorbents with several DETA loadings were tested and characterized. 
The amount of DETA deposited on the ACFs surface is shown to diminish the porosity. The influence of the DETA on the 
adsorption capacity towards formaldehyde is studied via dynamic adsorption experiments. The deposition of 20 wt.% DETA 
allowed ~ 100-fold increase of adsorption capacity as compared to original ACFs. A Schiff base reaction between the amine 
groups of DETA and formaldehyde was suggested as the adsorption mechanism. Adsorbent surface chemistry was shown 
to be more important than its microporous structure for efficient formaldehyde removal.
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1  Introduction

Formaldehyde is a polar volatile organic compound (VOC) 
emitted by different industries such as refineries, ink plants 
or as by-product of incomplete combustion. It is known as 
a highly toxic anthropogenic pollutant leading to cancer 
(Hauptmann et al. 2004). World Health Office recommends 
a maximum concentration of 0.08 ppm to avoid its carcino-
genic effects (WHO 2000). Therefore, the development of 
effective abatements methods for formaldehyde at very low 
concentration in the gas streams is warranted.
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Between the available methods of abatement, adsorption 
has been reported as the most suitable due to its simplicity, 
efficiency and economic viability (Lee et al. 2013). How-
ever, in the case of formaldehyde high removal efficiency at 
low concentration in air is particularly challenging to reach. 
Indeed its low boiling point (254 K) hinders pore condensa-
tion even within highly porous adsorbents (Pei and Zhang 
2011). Moreover, its polarity reduces the chemical interac-
tions with non-polar materials like activated carbon or high-
porous polymers.

Nevertheless, several adsorbents used for formaldehyde 
abatement were shown effective like activated carbon with 
high content of functional hydrophilic groups (Boonamnuay-
vitaya et al. 2005) and large pore volume (Rong et al. 2003). 
The surface functionalization of zeolite (Kim et al. 2011), 
amorphous silica (Ewlad-Ahmed et al. 2012) and activated 
carbon (Tanada et al. 1999; Lee et al. 2013; Carter et al. 
2011) by nitrogen-containing groups was reported to pro-
mote formaldehyde adsorption. Graphite oxide containing 
amino groups was also reported as an effective adsorbent 
(Matsuo et al. 2008). In line with the later results the deposi-
tion of hexamethylene diamine on activated carbon led to a 
significant increase of the adsorption capacity towards for-
maldehyde in gas phase (Ma et al. 2011).

In our previous publications (Baur et al. 2015c) activated 
carbon fibers (ACFs) were shown suitable adsorbents for 
toluene removal due to high specific surface area, large pore 
volume, absence of large pressure drop during the gas pas-
sage through the adsorbing bed and low mass transfer limita-
tions (Singh et al. 2002). The effect of surface functionalities 
of ACFs on the adsorption of acetaldehyde at low concentra-
tions (~ 80 ppmv) and short contact time (20 ms) has also 
been studied. It was shown that functional groups such as 
polar groups (Baur et al. 2015a) or nanoparticle of basic 
metal oxides (Baur et al. 2015b) can considerably increase 
the adsorption capacity via chemical interactions between 
the functional groups and the adsorbate.

In this study ACFs were surface-functionalized by amino-
groups via the deposition of diethylene triamine (DETA) on 
fiber’s surface. A chemical interaction of formaldehyde with 
DETA should insure its fast and irreversible adsorption. The 
deposition of immobilized liquid on a hollow fiber surface 
for toluene or acetone removal was already reported (Obusk-
ovic et al. 2003). An increased performance was shown in 
terms of separation factor between the VOC vapor and the 
carrier gas.

The objectives of the present study were to develop a 
novel structured carbon based adsorbent by a deposition of 
DETA on the ACFs surface. The performance of the devel-
oped adsorbent towards formaldehyde removal at short con-
tact time is evaluated by transient response method and the 
adsorbents are characterized by different physico-chemical 
technics (BET, αs-plot, TPD, SEM).

2 � Experimental part

2.1 � Material

ACFs provided by Kynol Europa GmbH (Hamburg, Ger-
many) in the form of woven tissues were used as starting 
materials. The specific surface area (SSA) announced by 
the provider is ~ 2000 m2 g−1. The ACFs are produced 
from novoloid phenolic precursor fibers by a one step pro-
cess combining carbonization and chemical activation.

The ACFs were modified by deposition of a diethyl-
enetriamine (DETA) (99% Sigma–Aldrich) via wetness 
impregnation. In a standard procedure, the ACFs the sam-
ples were air-dried at 373 K for 2 h and dipped into a solu-
tion of DETA in ethanol (> 99.8% Fluka). The concentra-
tions were calculated using the ACFs wetness capacity 
to obtain several final DETA loadings (5–35 wt.%). The 
impregnated samples were then dried in ambient air to 
remove the ethanol.

2.2 � Adsorbent characterization

The specific surface area (SSA) and pore size distribution 
(PSD) were determined by physical adsorption of N2 at 77 K 
using a Sorptomatic 1990 (Carlo Erba Instruments). Prior to 
analysis, the samples were outgassed at 373 K for 2 h under 
vacuum (7·10−2 bar). N2 adsorption/desorption isotherms 
were recorded at 77 K over the relative pressure range of 
0.0005 ≤ p/p0 ≤ 0.98. The total pore volume and specific sur-
face area were calculated using BET method.

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 ZeissSmart-
SEM software for data acquisition/manipulation.

2.3 � Dynamic adsorption measurement

Before any measurements, the samples (20 ± 0.1 mg) were 
placed in the central part of the glass tubular reactor and 
outgassed at 373 K in a He flow (40 cm3 min−1) for 30 min. 
The dynamic adsorption experiments were carried out at 
298 ± 1 K with a gas flow rate of 300 cm3·min−1 (linear 
velocity—0.5 m·s−1) regulated by mass flow controllers 
(EL-FLOW, Bronkhorst). The gaseous mixture containing 
50 ppmv of formaldehyde in He is obtained from a gas gen-
erator (Flex-Stream, Kin-Tek). Ar tracer (2% v/v) in He was 
injected within the adsorbent bed to get the response with-
out adsorption. The adsorbent bed downstream analysis was 
performed with a mass spectrometer (Hiden Analytical HPR 
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20 QIC). A complete description of the adsorption setup is 
available elsewhere.(Baur et al. 2015a).

A standard adsorption capacity measurement consisted 
of the following steps:

1.	 Stabilization of formaldehyde mixture flow through the 
bypass for 15 min to measure the initial formaldehyde 
concentration.

2.	 After a switch to the reactor, the formaldehyde mixture 
flowed through the adsorbent bed until the continuously 
measured outlet formaldehyde concentration reached its 
initial value measured during the stabilization step.

In such a manner a breakthrough curve was obtained. 
The breakthrough curves were numerically integrated and 
the adsorption capacities for all samples were calculated.

2.4 � Temperature‑programmed desorption (TPD)

TPD was carried out in the same experimental setup with 
ACF/20%DETA. The samples was heated in a He flow 
(50 cm3·min−1) at 10 K·min−1. The gas leaving the reactor 
was continuously monitored by the mass spectrometer (mass 
18 and 44) and plotted as a function of temperature to obtain 
a TPD pattern.

3 � Results and discussion

A representative SEM picture of original ACFs material is 
shown in Fig. 1. The elementary filaments forming the ACFs 
network have a diameter around 10 µm. Their relative small 
diameter enhances the adsorption kinetics by reducing the 
mass transfer limitations (between the outer surface and the 
active sites for adsorption inside the pores). Moreover, such 
thin filaments render the macrostructure of the ACFs very 
open, avoiding high pressure drop at fast gas passage dur-
ing adsorption process. Hence, ACFs adsorbent bed allows 

a higher gas throughput as compared to a bed composed of 
granular adsorbents such as activated carbon, zeolite or sil-
ica. The general aspect of the ACFs samples did not change 
upon the different DETA loadings.

The morphology of different samples was studied via N2 
adsorption isotherms which are shown in Fig. 2 for origi-
nal and DETA modified ACFs. As can be seen the largest 
micropore volume is measured for the original ACFs. The 
N2 adsorption isotherms of the DETA functionalized sam-
ples indicate a smaller pore volume suggesting that DETA 
is filling the fiber’s pores. All the recorded isotherms are 
characterized by a steep slope at low N2 partial pressure 
followed by an almost flat curve until the saturation. Such 
adsorption isotherms correspond to the type I according to 
the IUPAC classification, indicating a microporous struc-
ture (pore diameter > 2 nm) (Sing et al. 1985). Moreover, 
all the analyzed samples showed a slope change at the same 
N2 partial pressure suggesting a constant mean micropore 
diameter, independently of the DETA loading. The specific 

Fig. 1   SEM image of activated carbon fibers (ACFs) with a small (a) and large (b) magnification
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Fig. 2   N2 adsorption isotherms (77  K) for ACF (open circle), 
ACF/5%DETA (filled triangle), ACF/15%DETA (inverted open trian-
gle), ACF/20%DETA (filled diamond), ACF/25%DETA (open trian-
gle) and ACF/35%DETA (left pointing triangle)
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surface area of the adsorbent was calculated from N2 adsorp-
tion data using the BET equation linearized in the pressure 
range from 0.01 to 0.1 for all the samples.

A deeper insight on the microstructure is obtained by 
comparing the αs-plot of the different samples. The αs-plot 
is based on the comparison of the N2 adsorption isotherms 
between a porous adsorbent and a chemically similar non-
porous reference material. The αs-reference is obtained 
by normalizing the amount of N2 adsorbed onto the non-
porous reference at different partial pressures by the amount 
adsorbed at p/p0 = 0.4. The amount of N2 adsorbed on the 
surface of the studied adsorbent is then plotted against the 
αs reference at the corresponding partial pressure. In this 
study, carbon black was used as non-porous reference mate-
rial (SSA = 9 m2·g−1). The αs-plot of all samples is shown 
in Fig. 3. For all the samples at low αs the curve is relatively 
steep whereas at αs > 1 the curves are linear and almost con-
stant. Such curves are typically assigned to microporous 
material. The steepness of the curve at low αs reference 
indicates that most of the surface is confined in the poros-
ity whereas the flatness of the curve at high αs values is 
the characteristic of a relatively small external surface area 
as compared to the total surface. It is worth noticing that 
regardless of the DETA loading, the slope change occurs 
at the same αs-reference confirming a constant pore width. 
So, we conclude that the DETA deposition does not reduce 
the pore width. This situation is in line with the pores filled 
gradually from the swage bottom of the micropres.

As summarized in Table 1, the pore volume decreases 
drastically with the DETA loading up to 20 wt.% DETA 
whereas at higher loading (26 and 35 wt.%) the decrease 
of the pore volume is less pronounced. This phenomenon 
along with the constant micropore size upon DETA loading 
(showed by the analysis of the αs-plot) suggests a micropore 

filling and not a layer by layer deposition of DETA. A layer 
by layer deposition of DETA is difficult to expect since 
DETA is deposited via wetness impregnation by ethanol 
solution followed by ethanol vaporization. Since only the 
pore volume was found to decrease and assuming slit-shaped 
micropores as often reported for ACFs (Kaneko et al. 1992), 
we suggest that their bottom has a swage form and is gradu-
ally filled from the bottom to the top with DETA. With the 
assumption of an ideal filling of the micropores and the 
value of the liquid density of DETA it is possible to cal-
culate the pore volume remaining after DETA deposition. 
Such volume should correspond to the micropore volume 
measured with N2 isotherms.

With the liquid density of DETA being 0.995 g cm−3, a 
sample containing 20 wt.% of DETA should have a reduc-
tion of the micropore volume of 0.2 cm−3. The micropore 
volume of original ACFs being 0.94 cm3 g−1, ACFs with 
20 wt.% DETA should show a total micropore volume of 
0.74 cm3 g−1, whereas the N2 adsorption measurements 
showed only 0.34 cm3 g−1. This large difference (0.4 cm3 
g−1) is explained by specific place of DETA within the 
micropores. The molecular size of DETA is estimated at 
around 10 Å based on molecular drawing. Hence, due to its 
intrinsic size and small mean diameter (~ 2 nm) of slit-shape 
micropores, we suggest that DETA is blocking partially the 
micropores. A part of the micropore volume is then hindered 
by DETA and is not available for N2 adsorption explaining 
the large difference between the measured and theoretical 
micropore volume. Closer to the surface, the micropore 
diameter becomes larger and DETA can occupy the volume 
more efficiently. Hence, the difference of micropore volume 
between ACFs/20% DETA and ACFs/26% DETA is only of 
0.07 cm3 g−1, reaching the theoretical value of 0.06 cm3 g−1.

The analysis of the SSA upon DETA loading also con-
firms the hypothesis of a partial loss of the micropore 
volume due to spatial limitation (Table 1). The SSA of 
the DETA treated samples is also decreasing drastically 
at DETA loading up to 20 wt.% whereas at higher load-
ing the decrease is less pronounced. Similarly to the pore 
volume a large portion of the SSA of the original ACFs 
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Fig. 3   αs-plot for ACF (open circle), ACF/5%DETA (filled triangle), 
ACF/15%DETA (inverted open triangle), ACF/20%DETA (filled 
diamond), ACF/25%DETA (open triangle) and ACF/35%DETA (left 
pointing triangle)

Table 1   Influence of the DETA loading on the specific surface area 
(SSA) and the pore volume of the adsorbent

Sample SSABET (m2 g-1) C Micropore vol-
ume (cm3 g-1)

ACF 2170 ± 50 280 0.94 ± 0.02
ACF/5% DETA 1760 ± 50 360 0.74 ± 0.02
ACF/15% DETA 1460 ± 50 280 0.64 ± 0.02
ACF/20% DETA 810 ± 30 260 0.34 ± 0.02
ACF/26% DETA 680 ± 30 240 0.27 ± 0.02
ACF/35% DETA 610 ± 30 215 0.26 ± 0.02
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becomes unavailable for N2 due to the coverage by DETA. 
It is important to underline that the DETA deposition does 
not influence the C value of the BET equation (an indicative 
parameter of the adsorption energies) confirming a constant 
pore width and supporting our speculation about the pore 
filling by DETA.

A schematic representation of the DETA deposition in 
slit-shaped micropore with swage type lower part is shown 
in Fig. 4 based on the evolution of the micropore volume, 
the SSA and the mean pore width. In conclusions, based on 
the analysis of the micropore volume, the SSA and the pore 
width, the optimum DETA loading is around 15–20 wt.% for 
the ACFs used in this study.

Formaldehyde adsorption (50 ppmv) over original and 
DETA (5%) modified ACFs is shown in Fig. 5. The concen-
trations of formaldehyde and argon are normalized for the 
sake of comparison. As can be seen the breakthrough curve 
of original ACFs occurs extremely quickly implying a very 
small adsorption capacity (0.1 wt.%) being in line with the 
performance reported in the literature for similar adsorbents.
(Tanada et al. 1999; Song et al. 2007) The deposition of 
5% DETA on the fibers leads to a large increase (25-fold) 
of the formaldehyde abatement (2.5 wt.%). Before reaching 
the value of the injected concentration, the formaldehyde 
signal detected by the mass spectrometer after the adsorp-
tion bed remains at zero during 15 min indicating a total 
formaldehyde removal. Moreover, the relative steepness of 
the breakthrough curve suggests fast adsorption kinetics. In 
comparison to both formaldehyde breakthrough curves, the 
argon curves raise extremely quickly underlying the very 
fast time of passage of the gas through the adsorbent bed.

The large increase of the adsorption capacity noticed 
for ACFs/5%DETA as compared to original fibers despite 
the reduction of both SSA and micropore volume (Table 1) 

suggests that the intrinsic microporosity of the ACFs is not 
sufficient for the adsorption of formaldehyde. Such observa-
tion was already reported for polar VOCs (Baur et al. 2015a) 
whereas for non-polar VOC adsorption the morphology was 
found to be of primary importance (Lillo-Rodenas et al. 
2011, 2005; Baur et al. 2015c). However, high porosity of 
the carbon fibers offers a large surface for the homogeneous 
deposition of DETA leading to the high amount of adsorp-
tion sites. In this way a large amount of the sites specific for 
formaldehyde adsorption are created.

DETA is an organic high boiling point molecule (477 K) 
containing three amine groups and can therefore increase 
the formaldehyde removal via chemical interactions as com-
pared to non-functionalized ACFs. Moreover, due to its low 
volatility, evaporation of DETA from the ACFs is avoided 
at room temperature. We suggest that the amine groups are 

Fig. 4   Schematic representation 
of micropore filling by DETA
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Fig. 5   Formaldehyde (50 ppmv) breakthrough curves for ACF (open 
circle), ACF/5% DETA (filled triangle) and 2% (v/v) Argon (filled 
circle). Total flow rate (STP) 300 cm3 min−1 (298 K)
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active for the formaldehyde adsorption. The importance 
of amine groups was already reported for the removal of 
aldehydes. Matsuo et al. suggested a Schiff base interaction 
between the aldehyde and the electron rich nitrogen atom 
of the amine group as the adsorption mechanism (Matsuo 
et al. 2008). Such type of adsorption is called chemisorp-
tion. Chemisorption is particularly powerful for low boiling 
points VOCs and was already reported for other type of sur-
face functionalization (Baur et al. 2015b). Although chem-
isorption is supposed to create stronger adsorbent-adsorbate 
interactions, in this system only interactions between for-
maldehyde and DETA are supposed. The strength of these 
interactions remains unknown.

To get a deeper understanding of the importance of 
the Schiff base mechanism, the treated ACFs were heated 
at 673 K under a helium gas flow. As shown on Fig. 6, a 
peak of CO2 occurs below 373 K. We attribute the pres-
ence of CO2 to the capture of ambient CO2 by the ACFs 
adsorbents during storage since amine groups are relatively 
basic and well known to interact with CO2 (Couck et al. 
2009). These interactions are sometimes used for CO2 stor-
age (D’Alessandro et al. 2010). The desorption peak of H2O 
occurring between 373 and 673 K is attributed to a chemical 
reaction between the amines groups and the oxygen con-
taining groups present on the surface of the carbon fibers. 
These O-containing groups are of different type (carboxylic, 
ketones…) but are present at relatively high concentration 
(Figueiredo et al. 1999). We suggest a reaction between the 
amine groups and the oxygen contained groups on the ACFs 
surface forming an amide. During this reaction a water mol-
ecule is produced and appears as a TPD peak. To confirm the 

importance of the Schiff base mechanism, adsorption of for-
maldehyde has been carried out over the ACFs with DETA 
heated at 673 K in He (to deactivate the amine groups). Such 
adsorbent (supposed to have only amides) showed a consid-
erably lower adsorption capacity demonstrating the neces-
sity of the amines groups for formaldehyde removal. The 
chemisorption of formaldehyde on amine groups via a Schiff 
base mechanism is therefore highly probable. Based on this 
observation we also concluded that DETA deposited via 
wetness impregnation is physisorbed on the surface of the 
ACFs. The heating process leads to chemisorption of DETA 
on the ACFs samples. Such chemical interaction deactivates 
a part of the sites for formaldehyde chemisorption.

To increase the formaldehyde abatement capacity of the 
ACFs, the loading of DETA was varied as shown in Fig. 7. 
The increase of the DETA loading enhances linearly the 
formaldehyde adsorption capacity (loading < 20 wt.%) up 
to a maximum value of 8.6 wt.%. For all DETA loadings 
the formaldehyde signal at the reactor outlet reached zero 
insuring a total removal from the gas stream. As depicted in 
Fig. 7, further increase of the DETA loading leads to a slight 
decrease of the adsorption capacity. This phenomenon was 
already reported for hexamethylene diamine deposition on 
activated carbon (Ma et al. 2011) and was explained by the 
pore volume decrease at high loading. Hence, the optimum 
DETA loading for ACF used in this study is around 20 wt.%.

The important decrease of the SSA and the micropore 
volume was also noticed to occur at 20 wt.% loading of 
DETA (Table 1). Therefore, we suggest that the surface 
covered with amine adsorption sites is maximized at this 
loading. Further increase of the DETA loading is decreasing 
the adsorption capacity indicating that not all DETA func-
tional groups are involved in formaldehyde adsorption. Such 
observation along with the DETA pore filling suggested in 
Fig. 4 is another indication of the adsorption mechanism. We 
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suggest that the optimum formaldehyde adsorption capacity 
is reached once the surface of the fibers covered with amine 
groups is the largest. At low DETA loading the surface cov-
ered with amine is also low leading to a small adsorption 
capacity. This surface can be further increased while depos-
iting more DETA with a maximum at 20 wt.%. The pores 
are partially filled and part of the DETA is also deposited 
on the pore walls increasing considerably the amine groups 
available for interactions with formaldehyde. A further addi-
tion of DETA fills more micropores but decreases the amine 
available surface and so decreases slightly the adsorption 
capacity.

In order to get a deeper insight on the adsorption 
dynamic, the breakthrough curves of ACFs/5% DETA, 
ACFs/15%DETA and ACFs/20%DETA are plotted in 
Fig. 8. ACFs/5% DETA shows the steepest breakthrough 
curve whereas for higher loading the shape is less sharp. The 
steepness of the breakthrough curve indicates the kinetics of 
the adsorption. A steep breakthrough curve allows suggest-
ing fast adsorption kinetics (low mass transfer limitations) 
whereas higher mass transfer limitations result in less steep 
breakthrough curve. The mass transfer limitations during the 
adsorption seem to increase with the DETA loading.

In the adsorbent with low DETA loading (5 wt.%) the 
adsorption kinetics is very fast implying that formaldehyde 
reaches the adsorption sites quasi-instantaneously. On the 
opposite, at higher loading, the breakthrough curve clearly 
presents a two steps adsorption mechanism illustrated by 
the two distinct slopes on the breakthrough curve. The 
first adsorption step is characterized by a relatively steep 
breakthrough curve followed by a second step where the 
curve shows a flatter profile. We suggest that the first step 
occurs similarly to low DETA loading adsorbent with fast 

interaction between formaldehyde and the adsorption site. 
During the second slower step formaldehyde molecules dif-
fuse to the sites inside the DETA layer in the pore bottom.

The adsorption kinetics obtained from the analysis of 
breakthrough curve could also suggest the adsorbent mor-
phology. As explained earlier, DETA molecules give the 
unique adsorption sites for formaldehyde in the synthesized 
adsorbents. The disposition of DETA in the micropores 
governs then directly the kinetic of adsorption. The fast 
adsorption kinetic at low loading suggests easy access of 
formaldehyde to the adsorption site. The location of DETA 
at the middle of the micropore suggested by the analysis 
of the pore volume is confirmed by the adsorption kinetics 
observed by ACFs/5%DETA. In the case of higher loadings 
(ACFs/20%DETA), the first quick adsorption step indicates 
the presence of adsorption sites with high accessibility. 
Hence, in accordance with the N2 analysis and the increased 
adsorption capacity we suggest that DETA is partially dis-
posed on the side of the micropores as well as in the bot-
tom. At the beginning of the adsorption the formaldehyde 
is adsorbed on the adsorption sites located on the side of the 
micropores (1st step) while hindering the sites at the bottom. 
During the 2nd step formaldehyde migrates to the adsorption 
sites located at the bottom of the micropores. The morphol-
ogy of ACFs modified by DETA as follows from the analysis 
of the SSA, the measured and theoretical pore volume is 
consistent with the analysis of the adsorption kinetics.

4 � Conclusions

In summary, efficient structured adsorbent was developed 
for the formaldehyde removal at low concentration in air by 
deposition of s DETA on the surface of microporous acti-
vated carbon fibers (ACFs). Adsorbents with different DETA 
loading were synthesized and characterized. Morphology 
of ACFs with the surface covered by DETA was suggested 
based on the analysis of change with DETA loading of spe-
cific surface area and microporosity.

At optimum DETA loading of 20 wt.%, ~ 100-fold 
increase of adsorption capacity as compared to original 
ACFs was achieved. A Schiff base reaction between the 
amine groups of DETA and formaldehyde was suggested as 
the adsorption mechanism. In general, the presence of basic 
functional groups on activated carbon surface enhances the 
formaldehyde adsorption. The surface chemistry is more 
important than the microporous structure for efficient for-
maldehyde removal.
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