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Abstract We impregnated Rayon-based activated

carbon fibers (ACFs) by p-aminobenzoic acid (PABA)

and systematically investigated their porous structure,

surface chemistry, and formaldehyde removal behav-

ior. Using standard nitrogen adsorption analysis, we

found that the specific surface area, the micropore

volume, and the total pore volume decreased with

increasing concentration of PABA. Through elemental

analysis and X-ray photoelectron spectroscopy, it was

found that some nitrogen-containing functional groups

presented on the surface of modified Rayon ACFs. The

modified Rayon-based ACFs showed much higher

adsorption capacity and longer breakthrough time for

formaldehyde than did as-prepared Rayon-based ACF.

We proposed that the improvement of formaldehyde

removal by modified ACFs was attributed to the

combined effects of physisorption contributed by pore

structures and chemisorption contributed by the N-

containing functional groups, whereas there was only

physisorption between the as-prepared ACF and

formaldehyde molecules.
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Introduction

In recent years, air pollution caused by formaldehyde,

a toxic and odorous gas, has attracted growing

concern. Formaldehyde is pungent to the mucosa of

the eye, nose, and respiratory tract. Worse, over

50 ppm formaldehyde in air can cause headache,

nausea, coryza, lung cancer, and even death (Med-

insky and Bond 2001). Therefore, formaldehyde

should be removed effectively from air and our

surrounding environment.
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So far, the most widely used method to remove

odorous or poisonous substances (gases or liquids) is

filtration and adsorption by porous materials. Boon-

amnuayvitaya et al. (2005) investigated formalde-

hyde adsorption by activated carbon prepared from

coffee residues, but the adsorption capacity was

somewhat low. Prado et al. (2006) used biotrickling

filters to remove formaldehyde and methanol at

concentrations not exceeding a few hundreds of

milligrams per cubic meter. However, this method

was not very effective for removal of formaldehyde

at higher concentration.

Activated carbon fiber (ACF), one of the most

promising adsorbents for the treatment of volatile

organic chemicals (VOC) or odorous molecules in

air, is characterized by strong adsorption capacity,

attributed to its high surface area, porosity, and

degree of surface reactivity (Byrne and Marsh 1995;

Carrott and Freeman 1991). However, normal ACFs

manufactured by steam or CO2 activation are hydro-

phobic and do not show ideal adsorption capacity for

polar or polarizable molecules. The adsorption

capacity of ACFs for formaldehyde is not effective

in ambient air either (Economy et al. 1992), owing to

the weak interaction between polar formaldehyde and

the hydrophobic surface of porous carbon (Ozaki and

Oya 1997). Song et al. (2007) studied the removal of

formaldehyde at low concentration using various

activated carbon fibers and found that polyacryloni-

trile (PAN)-ACF showed the greatest formaldehyde

adsorption capacity, while the formaldehyde adsorp-

tion capacity of Rayon-based ACF was less than

expected and lower than needed.

Carbonyl groups in the formaldehyde molecule

can react with primary amine to imines, according to

the following reaction mechanism (Pine et al. 1980):

It is considered that surface functional groups can

be controlled by modification of surface properties

such as selective adsorptivity and reactivity (Mar-

quez-Alvarez et al. 1996a, b; Hattori and Kaneko

2001; Kaneko et al. 1989). A low concentration of

surface functional groups in ACFs can enhance their

adsorption capacity for polar molecules. According to

Eq. (1), it is anticipated that impregnation of ACFs

with amino-containing compounds can enhance their

removal capacity for formaldehyde because of the

cooperation of physical adsorption and the increased

chemical interaction between amino groups on the

surface of ACFs and formaldehyde molecules. Tanada

et al. (1999) found that the presence of nitrogen on the

carbon surface facilitates formaldehyde removal in

formalin, but the amount of formaldehyde adsorbed

onto activated carbon with amino groups is only about

1–2 mg/g. Matsuo et al. (2008) studied the behavior

of silylated graphite oxide for removal of formalde-

hyde vapors, but the investigated concentration of

formaldehyde was still very low (about 2.14 ppm) and

the adsorbed amount for formaldehyde could only

reach *76.0 mmol/g.

Rayon-based ACFs have much higher specific

surface area and richer surface functional groups

compared with PAN- or pitch-based ACFs. In this

study, we modified Rayon-based ACFs by p-amino-

benzoic acid (PABA) and investigated the effect of

impregnation on their formaldehyde-removal behav-

ior. We also propose, in accordance with different

analysis techniques, a possible mechanism for

adsorption and removal of formaldehyde by the

modified Rayon-based ACFs.

Experimental procedures

Sample preparation

Activated carbon fibers used in this study were

prepared by steam activation of Rayon-based carbon

fiber in our laboratory. In brief, the original Rayon

fiber fabrics were carbonized at 800–1,000�C in

inert nitrogen atmosphere and simultaneously acti-

vated with steam vapor at the same temperature for

30–60 min to obtain the as-prepared Rayon ACFs.

The adsorbent Rayon-based ACFs modified with

PABA were made by the following procedure: (1)

+  NH2 —X                                                                                                 (1) C

O

C

OH

NH X
C N   X
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different concentration of PABA and hot water were

mixed and stirred for 30 min to obtain aqueous

solution, then (2) 1 g Rayon-ACFs was modified

with the aqueous solution for 20 min, followed by

drying at 100�C in air.

The as-prepared ACF was designated Rayon-based

ACF0; the modified ACFs samples were designed

PABA (##), where the numbers indicate the concen-

tration of the PABA aqueous solution.

Adsorption of vapors from formaldehyde solution

and water vapor

The static adsorption capacity of vapors from form-

aldehyde solution and water vapor was determined by

a desiccator method. A bottle of formaldehyde

solution was placed in a desiccator with valves to

produce saturated formaldehyde vapors. As a com-

parison, the adsorption capacity of the ACFs for

water vapor only was also investigated in this study.

In order to investigate which component (water and

formaldehyde) was adsorbed on the ACFs during the

process of static adsorption, we carried out water pre-

adsorption on all studied samples first. Furthermore,

by suitable manipulation of the valves, the vapor

pressure of water was controlled close to the level of

its partial pressure in the vapor from the formalde-

hyde solution. Then the samples were placed in the

desiccator to adsorb the formaldehyde vapors from

the formaldehyde solution.

Dynamic adsorption of vapors from formaldehyde

solution and water vapor by the samples was

determined by nitrogen gas bubbling method using

a DuPont Instrument 951 thermogravimetric ana-

lyzer. The adsorption temperature was 30�C and the

desorption temperature was 150�C. Before this

determination, all samples were degassed at 100�C

over 24 h.

A laboratory fixed-bed unit and experimental

procedures were set up for continuous-flow study to

obtain equilibrium adsorption data. The adsorption

column was 20 mm in length and 10 mm in diameter.

A thermal conductivity detector (TCD) of a gas

chromatograph (GC-103, Shanghai Analysis Instru-

ment) was used to monitor the concentration of the

gas stream for formaldehyde and water vapors. The

flow rate of argon was set at 0.5 cm3/s. In these

experiments, the mass of all the samples was 1.0 g.

Characterization

Porosity and specific surface area

The porosity and specific surface area of the studied

samples were obtained by a micromeritics ASAP

2000 accelerated surface area and porosimetery

apparatus (Micromeritics Ins. Cor., Georgia, USA)

by volumetric measurement at 77.4 K at relative

pressure from 10-6 to 1. High-purity (99.99%)

nitrogen was used; before the measurement, all

samples were degassed at 100�C for 2 h. The

micropore surface area and volume were obtained

by Dubinin–Astakhov method (Dubinin 1966, 1987).

The pore size distribution of the samples was

calculated by employing the regularization method

according to density functional theory (DFT) (Ryu

et al. 1999; Kruk et al. 1996).

Elemental analysis

An Analysensysteme (Elementar Vario EL GmbH

Germany) was applied for elemental analysis. The

nitrogen, carbon, and hydrogen contents were deter-

mined directly, while the oxygen content was calcu-

lated by difference.

X-ray photoelectron spectroscopy

The surface chemistry of the studied samples was

analyzed by a VG ESCALB5 X-ray photoelectron

spectroscopy (XPS) spectrometer (VG Scientific, The

Surface Analysis Company, UK) with Al Ka X-ray

radiation and an analyzer with pass energy of 50 eV.

Deconvolution was carried out with a nonlinear least-

squares curve-fitting program with a combined

Gaussian–Lorentzian peak function. During data

collection the pressure in the analysis chamber was

maintained below 1.0 9 10-7 Pa.

Results and discussion

Nitrogen adsorption isotherms

Nitrogen adsorption isotherms for the samples mod-

ified by different concentrations of PABA aqueous

solutions are of type I according to the IUPAC

classification (Sing et al. 1985), as shown in Fig. 1.
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All the adsorption isotherms at relative pressure

below 0.05 are still of type I, suggesting that the

samples did not lose extensive microporosity on

impregnation with PABA aqueous solutions.

The porous structure parameters of the modified

and untreated ACF samples are shown in Table 1.

Compared with ACF0, the specific surface area,

micropore area (Smic), micropore volume (Vmic), and

total pore volume at relative pressure 0.95 (Vt) of the

modified samples decreased with increasing concen-

tration of PABA aqueous solution, while the median

pore diameter (MPD) increased. The specific surface

area and total pore volume of the sample modified by

the 0.1 mol/L (relatively high concentration) PABA

aqueous solution obviously decreased, which implied

that impregnation with PABA aqueous solution could

lead to destruction of part of the micropore wall, or

that PABA molecules could plug part of the pores in

ACFs and thus lead to a decrease of the specific

surface area and increase of the median pore

diameter.

Pore size distributions

The pore size distributions (PSDs) of the modified

ACFs, as shown in Fig. 2, were calculated by

employing the regularization methods according to

density functional theory (DFT). ACF0 possesses a

reasonable amount of micropores, a small fraction of

mesopores, but no macropores. PABA (0.02) and

PABA (0.04) are also microporous and possess some

fraction of mesopores. The micropore volume of

PABA (0.02) is obviously lower than that of ACF0,

and the micropore volume of PABA (0.04) is lower

than that of PABA (0.02) and ACF0. PABA (0.10) is

also microporous, with a small fraction of mesopores

but without macropores. These findings suggest that

the concentration of the PABA aqueous solution

plays an important role in the pore size distribution of

the modified Rayon-based ACFs.

Surface chemistry by elemental analysis

and X-ray photoelectron spectroscopy

The elemental analysis data (Table 2) showed that the

contents of both hydrogen and oxygen in the modified

PABA (0.02), PABA (0.04), and PABA (0.1) were

lower than those in ACF0. On the contrary, the

content of nitrogen in the modified samples was

higher than that of ACF0. With increasing concen-

tration of the PABA aqueous solution, the nitrogen

content increased to some extent in the modified

ACFs. PABA (0.1) contained the highest nitrogen

content, which might be attributed to the impregnation

Fig. 1 Nitrogen adsorption

isotherms of ACFs modified

by different concentrations

of PABA

Table 1 Porous structure parameters of the modified and untreated ACF samples

Samples SBET (m2 g-1) Smic (m2 g-1) Vmic (mL g-1) Vt (mL g-1) MPD (nm)

ACF0 1,267 1,057 0.46 0.60 0.56

PABA (0.02) 1,125 810 0.32 0.54 0.57

PABA (0.04) 923 703 0.27 0.39 0.61

PABA (0.1) 762 630 0.25 0.32 0.63

SBET standard specific surface area, Smic micropore area, Vmic micropore volume, Vt total pore volume at relative pressure 0.95, MPD
median pore diameter
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of a high concentration of the NH2-containing com-

pound PABA.

We used Fourier-transform infrared spectroscopy

(FTIR) to analyze the surface chemistry of the

Rayon-based ACFs under study. However, we could

not measure an obvious surface chemistry difference

between the as-prepared and impregnated Rayon

ACFs. This may be attributed to the fact that both

kinds of ACF samples are black and that it is not easy

to detect the surface functional groups. So, we used

X-ray photoelectron spectroscopy to investigate the

chemical state of the ACFs in a surface layer with a

depth of about 5 nm (Briggs and Sherwood 1986;

Takahashi and Ishitani 1984). The amounts deter-

mined for C, O, and N were calculated from the

corresponding peak areas divided by the appropriate

sensitivity factors (Figueiredo et al. 1999). XPS data

for ACF0, PABA (0.02), and PABA (0.1) are given in

Table 3. XPS data also indicated that the nitrogen

content in the modified samples was higher than that

in ACF0, which was in agreement with the elemental

analysis data. It was also shown that the nitrogen-

containing functional group was mainly located on

the surface of the modified Rayon-based ACFs.

PABA (0.1) contained higher nitrogen than did

PABA (0.02) and ACF0, and the nitrogen content

in PABA (0.02) was higher than that in ACF0, which

implied that impregnation by higher concentration of

PABA could lead to higher load of nitrogen-contain-

ing functional groups.

Because nitrogen-containing functional groups in

the modified Rayon-based ACF samples played an

Fig. 2 Pore size

distributions of different

modified ACF samples

Table 2 Elemental content of the Rayon ACFs under study

Samples PABA concentration

(mol/L)

Elemental composition

(wt %)

C N H Oa

ACF0 – 82.05 1.24 1.28 15.43

PABA (0.02) 0.02 83.46 1.27 1.23 14.04

PABA (0.04) 0.04 83.98 1.35 1.21 13.46

PABA (0.1) 0.1 84.30 1.42 1.17 13.11

a Oxygen content calculated by difference

Table 3 Surface atomic composition of Rayon-ACFs by XPS

Samples Elemental composition (atomic %)

Ca O N

ACF0 80.44 18.58 0.98

PABA (0.02) 87.45 16.83 1.68

PABA (0.1) 86.09 11.98 1.93

a Constitution data in weight ratio transformed from the

atomic ratio
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important role in their formaldehyde-removal ability,

XPS N1S spectra of ACF0 and PABA (0.02) were

investigated. The XPS N1S spectra for the two samples

ACF0 and PABA (0.02) are presented in Fig. 3. It was

found that the two spectra were very different. The

spectrum for PABA (0.02) showed a much higher

half-width value than did ACF0, while the spectrum

for ACF0 showed a broad peak and lower half-width

value, suggestive of different chemical structures of

nitrogen in the two samples. In order to clarify the

forms of different nitrogen-containing functional

groups for the two Rayon-based ACFs, curve-fitting

procedures were performed according by using a

nonlinear least-squares curve-fitting program with a

combined Gaussian-Lorentzian peak function. The

N1S envelope contained three chemically shifted

peaks in both samples. The binding energy values of

the peaks for the two samples are given in Table 4

(Raymundo-Pinero et al. 2003). The two samples both

presented pyridine-like nitrogen at *398 eV and

amine moieties (NH-) nitrogen at *400 eV, respec-

tively. The relative intensity for amine moieties (NH-)

in PABA (0.02) was much higher than that in ACF0.

However, ACF0 presented quaternary (NH3
?)-like

nitrogen at *402 eV with relative intensity 23.04%

whereas PABA (0.02) presented iminium ion (NH2
?)

at *403 eV with relative intensity 14.21% (Bansal

et al. 1977; Jansen and van Bekkum 1995). These

changes indicated that there were chemical transfor-

mations of the N species during the impregnation

process. The increased relative intensity for amine

moieties (NH-) nitrogen functional groups and the

existence of iminium ion (NH2
?) in the modified

sample PABA (0.02) provide important evidence of

its formaldehyde-removal properties. According to

Eq. (1), it can be conjectured that formaldehyde can

react with NH- and NH2
? functional groups on the

surface and pore walls of PABA (0.02) by enhanced

chemical interaction, and hence PABA (0.02) pre-

sented high removal capacity for formaldehyde.

Effect of impregnation conditions on static

removal capacity for vapors from formaldehyde

solution and water vapor

Because pure formaldehyde is not stable in air, 37–

40% (weight concentration) formaldehyde solution

was used in this study. Impregnation conditions for

Rayon-based ACFs in PABA aqueous solution can

affect the formaldehyde-removal property of ACFs.

The relationship between the concentration of PABA

aqueous solution and the adsorption capacity for

vapors from formaldehyde solution and water vapor

on the samples under study are shown in Fig. 4 (for

the same impregnation time of 24 h). With the

concentration of PABA aqueous solution increasing

from 0.002 to 0.02 mol/L, the adsorption capacity for

formaldehyde increased obviously. For vapors from

formaldehyde solution, the adsorption capacity

increased from 560 to 932 mg/g and for water vapor

from 460 to 678.5 mg/g. However, for higher

concentrations of PABA aqueous solution, the

adsorption capacity for vapors from formaldehyde

Fig. 3 XPS N1S

deconvoluted spectra of

ACF0 and PABA (0.02)

Table 4 Curve-fitting result of N1s for ACF0 and PABA (0.02)

Samples Functional groups Binding

energy

(eV)

Relative

content

(%)

ACF0 Pyridine 398.13 37.31

Amine moieties (NH–) 400.12 39.65

Quaternary (NH3
?) 402.00 23.04

PABA (0.02) Pyridine 398.38 36.60

Amine moieties (NH–) 400.00 49.19

NH2
? 403.20 14.21
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solution dramatically decreased, which reveals that

the use of an appropriate concentration of PABA

loaded on the ACF surface could enhance the

adsorption capacity for polar formaldehyde mole-

cules, but that overload of PABA might plug the

pores in Rayon-based ACF samples, decreasing the

contact probability between the pore surface and

formaldehyde molecules and hence dramatically

decreasing their adsorption capacity for formalde-

hyde. Thus, a suitable dispersion of PABA played a

very important role in the adsorption property of

ACFs for removal formaldehyde. The sample mod-

ified by 0.02 mol/L PABA showed the highest

adsorption capacity for formaldehyde and water

vapor compared with samples modified by lower

and higher concentration. Therefore, in the following

experiments we chose 0.02 mol/L as the optimum

PABA aqueous solution concentration for modifica-

tion of Rayon-based ACFs.

The impregnation time in the PABA aqueous

solution may also affect the formaldehyde-removal

property of the modified Rayon-based ACFs.

Figure 5 shows the effect of impregnation time in

PABA aqueous solution on the static capacity for

vapor absorption from formaldehyde solution and

water vapor. With the impregnation time increasing

from 30 min to 4 h, the adsorption capacity of the

modified samples for formaldehyde solution and

water vapor obviously increased: for formaldehyde

solution from 580 to 932 mg/g and for water vapor

from 350 to 480 mg/g. However, when the impreg-

nation time was over 4 h, the adsorption capacity of

the modified Rayon-based ACDs stayed nearly con-

stant, which might imply a possible saturation effect.

Table 5 lists the pre-adsorption data with water

vapor for the Rayon-based ACFs under study. The

amount of formaldehyde was calculated by the

difference c = b - a. From Table 5, it can be seen

that all the samples under study pre-adsorbed with

water vapor still showed high adsorption capacity for

vapors from formaldehyde solution, which may be

evidence that their increased adsorption capacity

should be attributable to the adsorption of formalde-

hyde, because for a certain adsorbate (in this case

Fig. 4 Effect of concentration of the impregnated solution

PABA on the static removing property of Rayon-based ACF

for vapors from formaldehyde solution and water vapor

Fig. 5 Effect of impregnation time on the static removing

property of Rayon-based ACF for vapors from formaldehyde

solution and water vapor

Table 5 Static adsorption capacity of impregnated and untreated samples for formaldehyde solution with pre-adsorbed water vapor

Samples Amount adsorbed for water

vapor (a) (pre-adsorbed mg/g)

Amount adsorbed for vapor from

formaldehyde solution (b) (mg/g)

Amount adsorbed for

formaldehyde (c) (mg/g)a

ACF0 343.1 540.3 196.5

PABA (0.02) 678.5 1126.3 447.8

PABA (0.04) 657.3 1080.7 423.4

PABA (0.1) 598.7 1002.3 403.6

a Amount adsorbed for formaldehyde was calculate by the difference c = b - a
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water), under a certain pressure and temperature, the

adsorption capacity of a certain adsorbent should be

fixed.

Dynamic adsorption and desorption for vapors

from formaldehyde solution and water vapor

By the nitrogen gas bubbling methods, dynamic

adsorption and desorption curves for formaldehyde

solution and water vapor by Rayon-based ACF0 and

PABA (0.02) were investigated (Fig. 6). PABA

(0.02) showed 282.2 mg/g adsorption equilibrium

capacity for vapors from formaldehyde solution,

which was 1.72 times higher than that of ACF0

(163.3 mg/g). The adsorption rate for PABA (0.02)

was higher than that of ACF0. It took about 30 min to

reach the equilibrium state for PABA (0.02) for

vapors from formaldehyde solution, while this time

was about 40 min for ACF0. The adsorption equilib-

rium capacity for water vapor in both samples ACF0

and PABA (0.02) was much lower than that for

vapors from formaldehyde solution, which was

140 mg/g in PABA (0.02) and 93 mg/g in ACF0. It

is proposed that, due to the enhanced interaction of

adsorbate and adsorbent, the increased relative

intensity for amine moieties (NH-) nitrogen func-

tional groups and the iminium ion (NH2
?) in the

modified sample were beneficial for removal of

formaldehyde and for increased adsorption rate for

formaldehyde by the modified Rayon-based ACFs.

In the desorption curves, PABA (0.02) showed

about 8.6% remaining vapor from formaldehyde

solution after desorption for some time, while

Rayon-based ACF0 showed almost no remaining

vapor from formaldehyde, which might imply that

there was chemical adsorption between formaldehyde

and PABA (0.02). For water vapor desorption, both

samples PABA (0.02) and ACF0 showed almost no

remaining vapor, meaning that only physical adsorp-

tion occurred between water vapor and these two

samples.

Breakthrough curves

Figure 7 shows breakthrough curves for formalde-

hyde and water vapors at 30�C for PABA (0.02) and

ACF0. PABA (0.02) showed a higher breakthrough

time of 3,850 min/g for formaldehyde than did ACF0

(2,200 min/g), meaning that PABA (0.02) showed

greater reactivity with formaldehyde than did ACF0.

This might be attributed to the reaction between the

amine moieties (NH-) and NH2
? functional groups in

PABA (0.02) and –C=O (carbonyl) functional groups

of formaldehyde. Some researchers also reported that

hydrogen bonding between –C=O (carbonyl)-con-

taining materials such as aldehyde and functional

groups on ACFs and aldehyde–aldehyde functional

groups could be formed during the adsorption process

(Kaneko 1996).

The breakthrough curves for formaldehyde and

water vapors at 50�C for PABA (0.02) and ACF0 are

shown in Fig. 8. PABA (0.02) showed a much longer

breakthrough time of 8,000 min/g for formaldehyde,

which was over 3.6 times higher than that for ACF0

(about 2,200 min/g), and also much longer than that

at 30�C for PABA (0.02). At higher temperature the

Fig. 6 Dynamic adsorption and desorption curves of the

samples under study for formaldehyde

Fig. 7 Normalized breakthrough curves at 30�C for formal-

dehyde and water on modified PABA (0.02) and ACF0
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reactivity of PABA (0.02) with formaldehyde became

stronger, further demonstrating the chemical reaction

between formaldehyde and the modified Rayon-based

ACFs, and also implying that chemical adsorption

occurred between formaldehyde and the PABA-

modified Rayon-based ACFs. Both samples had a

longer breakthrough time for formaldehyde than for

water vapor at both temperatures, which implies that,

after impregnated by NH2-containing PABA aqueous

solutions, the adsorption selectivity of the ACFs for

formaldehyde could be improved to some extent.

Adsorption mechanism

Pure formaldehyde is not stable in air, and parafor-

maldehyde can form easily through the following

reaction (Pine et al. 1980):

3HCHO! ðHCHOÞ3:

Paraformaldehyde is highly condensed and can be

adsorbed on surfaces where formaldehyde cannot be

adsorbed (Kaneko 1996). According to Eq. (1), there

exists a cooperative interaction between the carbonyl

group of formaldehyde and the amino functional

groups of PABA, so formaldehyde molecules were

firstly adsorbed on the surface of the modified Rayon-

based ACFs, then went into their pores, where the

formaldehyde molecules may form paraformaldehyde

by strong adsorption potential and chemical interac-

tion, thus improving the adsorption capacity for

formaldehyde on the modified Rayon-based ACFs.

PABA (0.02) showed higher adsorption capacity for

formaldehyde and water vapors than did ACFs

modified by lower and higher concentrations, which

implies that both physical adsorption and chemical

adsorption occurred in the modified Rayon-based

ACFs. Higher concentration of PABA could plug the

pores in the ACFs and make their total available

micropore volume decrease, while too low a concen-

tration of PABA could not provide enough adsorp-

tion/reaction sites for formaldehyde in Rayon-based

ACFs. In the micropore spaces, Rayon-based ACFs

modified by the NH2-containing compound PABA

could react with formaldehyde by strong chemical

interaction, and formaldehyde might form parafor-

maldehyde by strong adsorption potential and chem-

ical interaction (Kaneko 1996), hence the adsorption

capacity for formaldehyde on the modified ACFs was

obviously improved.

Conclusions

Modification by the NH2-containing molecule PABA

resulted in a significant increase in the adsorption

capacity and elongation of the breakthrough time of

Rayon-based ACFs used for formaldehyde removal.

The adsorption of formaldehyde on ACFs strongly

depends on their pore structure and surface chemis-

try. A low concentration of surface groups can

enhance adsorption of the polar formaldehyde mol-

ecule on modified porous carbon. The amount of

formaldehyde adsorbed by the modified Rayon-based

ACFs increased on the introduction of amino groups

at a suitable concentration because of cooperative

interaction between the carbonyl functional group of

formaldehyde, the amino functional groups of NH2-

containing PABA-modified Rayon-based ACFs, and

the formed aldehyde–aldehyde functional groups.

Rayon-based ACFs modified by too high a concen-

tration of PABA showed low adsorption capacity for

formaldehyde, which may be caused by pores in the

modified ACFs being plugged up, thus decreasing

their available micropore volume, while too low a

concentration of PABA cannot provide enough

adsorption/reaction sites for formaldehyde in the

ACFs. The modified Rayon-based ACFs showed

much longer breakthrough times for formaldehyde

than did the original as-prepared Rayon-based ACF0,

indicating reaction between the increased amine

moieties (NH-) and the added NH2
? functional groups

in the modified ACFs and carbonyl functional groups

Fig. 8 Normalized breakthrough curves at 50�C for formal-

dehyde and water on modified PABA (0.02) and ACF0
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of formaldehyde. Increased temperature can enhance

the adsorption capacity of the modified Rayon-based

ACFs for formaldehyde, which implies that there

exist both physical and chemical adsorption between

formaldehyde and NH2-containing PABA-modified

Rayon-based ACFs. In the adsorption and removal

process, formaldehyde may be firstly adsorbed on the

surface, then move into the pores, where formalde-

hyde molecules may form paraformaldehyde by

strong adsorption potential and chemical interaction,

finally leading to improvement of the adsorption

capacity for formaldehyde.
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