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As formaldehyde (FA) is well-known for its carcinogenic potential, various techniques for its removal have been developed based on recovery (e.g., adsorption/absorption and condensation) or destructive treatment (e.g., incineration
and thermal/ catalytic oxidation). Among them, adsorption has been one of the most preferable options due to its low
price and simplicity. In this review, we summarize state-of-the-art knowledge about adsorption mechanisms with
respect to its key controlling variables (e.g., surface chemical properties of adsorbent, temperature, and relative humidity) and adsorption performance of materials with particular emphasis on advanced materials (e.g., carbon nanotubes, metal-organic frameworks, graphene oxides, and porous organic polymers) and their modified forms in comparison with conventional sorbents (e.g., AC and zeolite). However, it is yet difficult to assess the adsorption capacity of
each material on a parallel basis because adsorption experiments of each material were conducted under different
conditions (e.g., large differences in the initial loading concentrations). The partition coefficient (PC) was employed for
evaluating adsorption performance between different materials at an equivalent level to overcome the limitation based
on adsorption capacity concept. For instance, among the list of the surveyed materials, the highest PC was recorded by
γ-CD-MOF-K (31.2 mol kg−1 Pa−1). This study should offer valuable insights into the selection and development of
outstanding materials for the sorptive removal of FA.
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1. Introduction

In this paper, we explore the diverse techniques currently used to
remove gaseous FA, with an emphasis on adsorption. Furthermore, we
discuss the adsorption mechanisms of various conventional and advanced materials in relation to their sorption performance. Among the
available materials, we concentrate on the novel nanomaterials used for
FA adsorption because their performance relative to conventional materials has not yet been adequately studied [3]. Therefore, we have
evaluated the FA adsorption properties of novel materials to compare
their performance levels with those of conventional materials based on
essential metrics such as adsorption capacity and partition coefficient.
This evaluation will not only help determine the feasibility of particular
materials for such applications but also help determine directions for
further research.

Volatile organic compounds (VOCs) are chemicals with a high vapor
pressure, low boiling point, and high reactivity, and many are classed as
airborne contaminants that cause diseases such as skin irritation and
cancer [1–3]. It is well known that VOCs are emitted not only by industries but also from materials in homes and everyday life. As such,
the risk of VOC exposure is prominent in buildings or houses with
limited ventilation conditions, which can cause prolonged retainment
of VOCs emitted from various sources.
Among many VOCs, formaldehyde (FA) is a major indoor air pollutant and group 1 carcinogen, as specified by IARC [4]. FA is commonly emitted from building materials, home furnishings (e.g., furniture, textiles, and carpeting) and indoor burning processes such as
heating and cooking [5,6]. FA causes symptoms of sick building syndrome, such as throat and nasal pain, headache, nausea, cough,
breathing problems, skin irritation, eczema, asthma, and vomiting,
even at low concentrations. FA can induce eye and nose irritation, allergic reaction, emphysema, and lung cancer at exposure levels of 10 to
20 ppm [1,5,7–10]. Exposure to FA causes damage to humans even at
low levels of concentration: the NIOSH recommended exposure limit
(REL) is 16 ppb by time-weighted average (TWA), and the permissible
exposure limit (PEL) set by OSHA is 0.75 ppm TWA [7]. Therefore,
numerous efforts have been put to accurately monitor the concentration
levels of FA, especially in indoor environments. Overall, such efforts
were helpful to establish proper guide for effective control of FA.
Various methods have been introduced to reduce indoor FA, including thermal catalytic oxidation decomposition, photocatalytic degradation, phytoremediation, biological/botanical filtration, adsorption
(physical adsorption/chemisorption), and plasma oxidation [3,5].
Among these available options, thermal catalytic oxidation needs very
high temperature conditions (800℃ to 1000℃) to fully decompose FA
into CO2 and H2O. This technique is not feasible in economical respects
due to its high-energy demand; note that the catalysts are deactivated at
low temperatures [11]. Photocatalytic decomposition can generate
byproducts that has potential health concerns such as CO [12]. Furthermore, its use of ultraviolet radiation is costly [13]. Catalytic decomposition is also non-economical because it requires noble metals as
catalysts [10]. In addition to economics, the maintenance of stability
for catalyst (e.g., without degradation) is another issue to be considered
[14]. Although phytoremediation is a relatively cheap process, it takes
a very long time to observe the actual effect [13]. Further, biological/
botanical filtration is hampered because no one has yet fully figured out
how to maintain removal rate reasonably over time through microbial
consumption of FA [15]. The usefulness of these approaches is often
limited in practical respects.
Given the demerits of the other approaches, adsorption has been
one of the most favorable options in a practical sense [3,5,10,15–23].
Its superiority rests primarily on its simplicity, easy operation, and low
cost. Commercial adsorbents such as AC and zeolite have been used
widely to treat VOCs like FA [1,15,16,20,24–26]. AC can easily adsorb
gaseous components with a boiling point above 0℃. The lower the
boiling point (i.e., the higher the vapor pressure), the lower the adsorption capacity of AC [27]. FA has a relatively low boiling point
(-19.5℃) and a higher vapor pressure (3890 mmHg at 25℃) than other
VOCs such as benzene (94.8 mmHg at 25℃), toluene (28.4 mmHg at
25℃), and acetone (231 mmHg at 25℃) [28,29]. Therefore, it is difficult to acquire satisfactory removal efficiency using conventional adsorbents. For this reason, the potential of novel nanoporous materials
has received much attention in recent years because of their physical
and chemical properties, especially their large specific surface area and
versatile applicability for adsorption [5,10,21]. To date, various novel
materials, such as activated carbon fiber (ACF), carbon nanotubes
(CNTs), graphene, metal organic frameworks (MOFs), and porous organic polymers (POPs), have been introduced as effective adsorbents
for VOC removal [1,5,10,21,24–26].

2. Sorption mechanisms for FA in relation to key controlling
variables
Although various materials have been used for FA adsorption, more
efficient materials are continuously being developed and introduced for
real-world applications. Therefore, proper identification of the adsorption mechanism for FA can offer a basis for the further evolution of
those materials. In this section, we discuss the key factors that affect FA
adsorption efficiency: 1) adsorbent properties, 2) temperature, and 3)
humidity. The effect of the initial concentration (or partial pressure) of
the target compound loaded onto the adsorbent is also critical in assessing adsorption capacity. However, the details of the concentration
effect are discussed in Section 3.
2.1. Adsorbent properties
In general, materials with a large surface area, high pore volume,
and suitable functional groups have good adsorption capacity. Among
the various porous adsorbents, carbonaceous adsorbents, such as AC,
CNTs, and graphene, have excellent adsorptivity and chemical/thermal
stability [30,31]. However, carbonaceous adsorbents are generally
considered unsuitable for the adsorption of a hydrophilic gas such as FA
because of their hydrophobic surface properties. Therefore, studies are
underway to modify the surface properties of carbonaceous adsorbents
for more efficient FA removal [1,32].
It has been reported that S- and N-containing functional groups
(pyridines, amines, and sulfones/sulfonic acids) considerably enhanced
the FA adsorption ability of carbonaceous adsorbents at ambient conditions [25]. Nitrogen-containing porous carbons have excellent adsorption capacity for polar gases [33]. Adding amino functional groups
(-NH2) to an adsorbent for the enhancement of removal capacity has
been studied most frequently [21,27,34–36]. The presence and composition of amino functional groups on the surface of an adsorbent can
be confirmed by Fourier transform infrared spectroscopy. Amino groups
such as -NH2 (1470–1430 cm−1) and NeH (1145–1130 cm−1) are
converted to the imine group (C]N) (1690–1640 cm−1) after the adsorption of FA [20,37]. That is, the adsorbed FA forms an imine group
(C]N) through the reaction of an amino group (-NH2) and a carbonyl
group (C]O) from the FA molecule according to the following mechanism (1) [20,27,38].

(1)
To compare the effects of functionalized amino groups on the adsorbent surface or on FA adsorption efficiency, a mesoporous silica
material (MCM-41) with a hierarchical structure was functionalized
with three types of amine groups, 3-aminopropyl triethoxysilane
(APTES) with one amino group, N(β-aminoethyl) γ-aminopropyl methyl dimethoxysilane (AEAPMDMS) with two amino groups, and N1-(3(trimethoxysilyl)-propyl) diethylenetriamine (TMSPDETA) with three
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Fig. 1. Surface functional groups of various adsorbents. (A) Various amine structures: (a) APTES, (b) AEAPMDMS, and (c) TMSPDETA [1]; (B) Hyper-crosslinked
carbazole-based porous organic polymers (CPOP-16–19) [45]; (C) Nitrogen‐containing functional groups in ACFs, N‐6: pyridinic‐like structures; N‐5: pyrrolic or
pyridonic‐N moieties; N‐Q: quaternary nitrogen; N‐X: nitrogen oxide or nitrate structures [39].
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amino groups (Fig. 1(A)) [1]. The longer the chain of amino groups
formed, the smaller the specific surface area, pore size, and pore volume became (Table 1). Thus, the addition of amino groups partially
blocked the pores of the adsorbent. An examination of the adsorption
capacities of those materials with 1.0 ppm FA confirmed that the efficiency increased as more amino groups were added. The initial removal
rate (up to 5 min) tended to be slightly better as the amine (N) content
increased, and the time required to reach 100% removal was in the
following order: MCM-41/TMSPDETA and AEAPMDMS (15 min) <
APTES (60 min) < MCM-41 (> 100 min). MCM-41/TMSPDETA, which
contained the most N, showed the highest adsorption efficiency, removing 95% of the FA in 5 min and all the FA (100%) within 15 min. In
comparison, MCM-41, with an N content of 0, showed the lowest adsorption efficiency. Although the adsorption efficiency improved as the
number of amino groups (N content) increased, there was no significant
difference between TMSPDETA and AEAPMDMS. Those results suggest
that the interaction of amino groups and FA facilitates chemical adsorption. However, if functionalization by too many amino groups reduces the surface area of the adsorbent too much, it will compromise
the adsorption efficiency [1].
Based on a strategy of surface functionalization, an amino-functionalized graphene/CNT aerogel was employed for adsorptive removal of
FA [21]. Because of a cohesive effect (e.g., through inter-layer π-π and
van der Waals interactions), the graphene powder can reduce the
number of functional groups available for FA adsorption to lower the
adsorption efficiency. Hence, to resolve such limitation, CNT-supported
graphene sheets were used to reduce the aggregation effect and to make
more sites available for amino bonding (Fig. 2). The resulting aminofunctionalized graphene aerogel (G/E) exhibited better adsorption efficiency than the original graphene aerogel (G/V) with a C/C0 of ∼
20% or more (i.e., very low adsorption efficiency). In contrast, an
amino-functionalized composite aerogel with CNTs (GN/E), which had
more amino functional groups than the G/E (e.g., due to the combined
effects of the CNTs and G/E), showed the considerably improved performance. A more detailed discussion of G/E and GN/E is given in
Section 3.
The presence of nitrogen in the surface chemical structures is a very
important factor in the adsorption of FA. In a study of surface chemical

composition of ACFs, it was further found that polyacrylonitrile (PAN)and rayon-based ACFs have excellent FA adsorption capacity [39]. In
tests with various types of ACF, adsorption capacity tended to improve
as the N content (i.e., nitrogen-containing groups such as pyrrolic (or
pyridinic) and quaternary nitrogen) in the adsorbent increased
(Fig. 1(C)). This can be accounted for by two reasons: 1) the active
hydrogen atom of pyrrole (N-5) reacted with FA to form an alcohol; and
2) the nitrogen atoms in the N-6, N-5, and N–Q structures possessed
strong electronegativity of 398.5 ± 0.2, 400.5 ± 0.2, and 401.4
± 0.2 eV, respectively. The carbon atoms (2.5 eV) of FA exhibited a
slightly positive charge (δ +) due to their weaker electronegativity than
oxygen (3.5 eV). Therefore, the electrostatic attraction between the
nitrogen atoms of these structures and the carbon atoms of the FA
improved the adsorbability considerably (e.g., relative to the pristine
ACF).
The strong effect of those modifications on the FA sorption efficiency can be found in many other studies as well [19,40]. For instance,
acid/base treatment on the surface of an ordered mesoporous carbon
material (CMK-3) containing a carbonized mesoporous silica material
(e.g., SBA-48) was carried out using ammonia (CMK-3-NH3) and sulfuric acid (CMK-3-H2SO4) to control adsorption efficiency [32,41]. The
average pore size after the functionalization treatment did not differ
significantly between CMK-3 and CMK-3-H2SO4. In contrast, the
average pore size of CMK-3-NH3 decreased, and the surface area increased by about 1.5 times (Table 1). These differences likely reflected
the creation of micropores under the high-temperature conditions
(900 °C) used for the treatment with ammonia, unlike the sulfuric acid
treatment, which was done at room temperature. When the adsorption
efficiency was compared between the different CMK types with 1 ppm
FA, CMK-3-NH3 adsorbed about 70% of the FA during the initial
10 min. During the same period of time, the adsorption efficiency of
CMK-3 and CMK3-H2SO4 was approximately 30% and 40%, respectively. The order of adsorption performance measured over 80 min,
was CMK-3-NH3 (> 70%) > CMK-3-H2SO4(> 50%) > CMK-3(≤50%).
CMK-3-H2SO4 was slightly better than CMK-3 (Fig. 3). Thus, FA adsorption performance can be improved by increasing the oxygen and
nitrogen functionalities on the surface of the adsorbent through treatment with sulfuric acid and ammonia. Furthermore, the nitrogen

Table 1
Comparison of the properties of diverse adsorbents after modification with various functional groups.
Order

1
2

Type of
sorbent

Sorbent code

Mesoporous
material

MCM-41
MCM-41/
APTES
MCM-41/
AEAPMDMS
MCM-41/
TMSPDETA
CMK-3
CMK-3-H2SO4
CMK-3-NH3
PAN-CF

H2SO4
NH3
Polyacrylonitrile

–
0.0366
15.8

FE100
FE200
FE300
KF1500

Polyacrylonitrile
Polyacrylonitrile
Polyacrylonitrile
Rayon

OG5A
OG15A
G/V
G/E
GN/E

Pitch
Pitch

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
a

Ordered
mesoporous
carbon
PAN-based
carbon fiber
PAN-based
ACFs
Rayon-based
ACFs
Pitch-based
ACFs
Graphenebased aerogels

Functional

N content

Concentration

Temperature

Surface area
2

−1

Pore volume
3

−1

Pore size

Reference

(nm)

Adsorption
capacity
(mg g−1)

[1]

group

(wt %)

(ppm)

(°C)

(m g

APTES

0.00 ± 0.00
2.05 ± 0.02

1.0

20

1,252
1,111

1.17
0.67

2.88
2.51

–
–

AEAPMDMS

3.60 ± 0.02

937

0.54

2.38

–

TMSPDETA

5.25 ± 0.02

777

0.53

2.33

–

1,178
1,002
1,633

1.28
1.14
1.55

3.80
3.80
3.10
–

–
–
–
–

10.9
5.65
4.28
1.61

378
679
794
1275

0.22
0.38
0.43
0.72

14.4
8.23
3.81
1.05

0.87
0.39
–

573
1516
262.4
–
251.88

0.31
0.84
0.309
–
0.368

0.60
0.30
–
0.62
27.47

a

EDA reduction
CNT addition and
reduction by EDA

1.0

30

20.0

30.0

3.7

–

Not provided.
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Fig. 2. Physical and chemical aspects of enhanced removal of FA with the addition of CNT [21].

000 min g−That observed adsorption behavior, BT values that increased with increasing temperature, is unique. Apparently, the responsiveness of P-aminobenzoic acid to FA increased with the temperature. Thus, the active chemical adsorption reaction between the FA
and amino groups of the P-aminobenzoic acid in the modified rayonbased ACFs was facilitated at high temperatures.
The many studies carried out to date show that adsorption improves
as the temperature increases because the vibration of the molecules
increases with the temperature, which facilitates the diffusion of the
molecules and increases the adsorption rate [3]. However, adsorption is
basically an exothermic reaction. Therefore, if the temperature exceeds
the optimum level, the entropy on the adsorbent surface increases, and
as a result, desorption of the adsorbate occurs as the adsorption bonds
decrease in strength [49] (the entropy of FA is 111 J mol−1 K−1 [50]).
Therefore, finding an appropriate adsorption temperature for each
sorbent is an important step in optimizing adsorption capacity.

functional group has a distinctive influence on the FA adsorption efficiency.
The adsorption capacity of the adsorbent is affected by various
factors (e.g., surface area and pore structure). Opening inaccessible
pores and creating new pores are two ways to enhance the adsorption of
FA [3]. A variety of pore-related factors has therefore been investigated.
For example, pore size distribution greatly affects adsorption capability
[3]. Apart from the generation of pore structures, other approaches,
such as using surface additives, should also help increase the surface
area. In general, a large surface area tends to provide excellent adsorption properties. However, because the adsorption process is complicated, the opposite case can also occur under certain circumstances.
For instance, ACs with a surface area of 798 and 2719 m2 g−1 were able
to adsorb 656 and 346 mg g−1, respectively, of toluene gas [42].
2.2. Temperature
Adsorption is generally studied at room temperature (15–30℃)
[5,21,24,43–46]. If the temperature is high enough from the adequate
range of adsorption, adsorbed gas molecules can escape from the adsorbent (desorption). In contrast, if the temperature is low enough,
adsorption cannot proceed due to the deficiency of energy for the adsorption reaction [47]. Therefore, it is important to find the optimal
temperature conditions for each adsorbent (Table 2).
Among the previous studies, D.I. Kim et al. [1] examined the adsorption capacities of various adsorbents functionalized with amine
groups (a mesoporous material (MCM-41/TMSPDETA), zeolite (HY/
AEAPMDMS), and silica (XPO-2412/AEAPMDMS)) under different
temperature conditions (10–50℃) to find the optimum adsorption
temperature for each material (Fig. 4). They assumed that adsorption
efficiency can be assessed primarily by two factors, i.e., outlet concentration (after 5 min of adsorption) and the time required for ∼100%
removal of FA (Table 2). In other words, a short time for 100% removal
and a low concentration after 5 min of adsorption should imply optimal
adsorption efficiency. For all the tested adsorbents, the time required to
reach 100% removal of FA decreased as the temperature increased from
10℃ to 30℃. However, the time for 100% FA removal then increased as
the temperature increased beyond 30℃. Likewise, the outlet concentration (determined after 5 min of adsorption) was the lowest at
30℃ for all sorbents. In light of these relationships, it was concluded
that all the tested adsorbents have the best adsorption efficiency at 30℃
and that the interaction between FA abd the amino groups (in the adsorbents)was most active at 30℃ [1]. The effect of temperature on FA
adsorption was also investigated using zirconium phosphate-glyphosates (ZrGP). Those researchers showed an adsorption ratio (%) curve
as a function of temperature (Fig. 5) that increased linearly, with the
highest adsorption ratio (7.3%) at 40℃. Above 40℃, the ratio decreased
as sharply, as observed in previous studies [47].
The breakthrough (BT) behavior of FA removal was evaluated at
30℃ and 50℃ using rayon-based ACFs modified with 0.02 mol L−1 of
P-aminobenzoic acid [48]. The times to reach 100% BT for FA were
3,850 min g-1 at 30℃. However, that increased to 8,000 min g-1at 50℃.

2.3. Relative humidity
In general, the presence of water vapor can reduce the adsorption
capacity of an adsorbent through unfavorable interactions, such as
blocking the pore site for target VOCs or competition between the
target gas and water molecules. However, previous studies have shown
that if the relative humidity is less than 70–80%, it does not significantly affect the physical adsorption capacity for VOCs [15,27]. In
adsorption experiments of VOCs in building materials, the relative
humidity did not affect the adsorption characteristics of the nonpolar
hydrocarbons (toluene and cyclohexane) or the semipolar hydrocarbons (isopropyl alcohol and ethyl acetate), but that tendency was
altered for methanol, which is the most polar hydrocarbon [51]. The
partition coefficient for methanol decreased linearly as the relative

Fig. 3. Adsorption of formaldehyde over CMK-3, CMK-3-H2SO4, and CMK-3NH3 samples [40].
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Table 2
The effect of temperature on the adsorption efficiency of various adsorbents
[1].
Order Sorbent code

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
a

MCM-41/
TMSDETA

HY/AEAPMDMS

XPO-2412/
AEAPMDMS

Temperature
(ºC)

Outlet concentration
Time taken for
after 5 min of adsorption 100% FA removal
(ppm)
(min)

10
20
30
40
50
10
20
30
40
50
10
20
30
40
50

0.05
0.05
0.00
0.05
0.20
0.20
0.20
0.05
0.20
0.40
0.15
0.10
0.05
0.20
0.30

30
15
5.0
30
60
60
30
30
100
> 100
60
30
15
60
100

Initial concentration of FA is 1 ppm.

humidity increased, presumably because the humidity weakened the
interactive force between the solid surface and methanol molecules
caused by the polar–polar attractive force between water and methanol.
As with other hydrophilic molecules, FA is expected to have a different adsorption mechanism in humid conditions. Several studies have
reported that FA adsorption decreased significantly as the relative humidity increased [15,16,52,53]. Although the adsorption efficiency was
maintained at about 90% up to a relative humidity of 45%, the decrease
was remarkable as the relative humidity increased beyond that level. At
the highest relative humidity condition tested (65%), the adsorption
efficiency decreased to 50% (Fig. 6(A)) [53]. In a comparison of adsorption performance between pristine AC and AC modified with organosilanes (AC560 and AC1706), the 5% BT time decreased linearly as
the relative humidity increased through 30, 60, and 80% (Fig. 6(B))
[52]. Similarly, comparative studies were conducted using PAN-based
ACFs (FE 100, FE 200, and FE 300) and pitch-based ACFs (OG5A,
OG7A, and OG15 A), which were previously identified as efficient adsorbents of FA. Their adsorption capability also showed a significant
decrease in humid conditions (relative humidity 50%) (Fig. 6(C)). The
remarkable decrease in the adsorption capacity of the PAN-based ACFs
under wet conditions was attributed to the preferential adsorption of
water molecules rather than FA. Heteroatoms such as oxygen and nitrogen, which are present in the adsorbent, increase the adsorption
ability for a polar material, thereby enhancing the affinity between the
adsorbent and water [16].
The effect of relative humidity on FA adsorption was also examined
using different media. Pei and Zhang [15] investigated the adsorption
of FA using medium 1 (proprietarily treated AC) and medium 3 (activated alumina treated with 8% NaMnO4) under relative humidity
conditions of 20, 50, and 80%. The two adsorbents had very different
surface areas and pore structures: medium 3 (pore size: 1–100 nm and
surface area: 970 m2 g−1) had larger pore sizes and a smaller surface
area than medium 1 (pore size: < 5 nm and surface area: 189 m2 g−1).
The performance of the adsorbents in relation to the relative humidity
was influenced by both the microporous structure and the removal
mechanisms of the medium. Both media showed the largest adsorption
capacity (80% breakthrough volume) with 50% relative humidity:
medium 1 (19.99 mg g−1) and medium 3 (9.73 mg g−1). Medium 1 was
significantly affected by the relative humidity. Specifically, when the
relative humidity was 80%, the adsorption capacity of medium 1 was
lower than at 50% relative humidity. The lowest adsorption capacity
occurred at 20% relative humidity. Alternatively, medium 3 showed
only slight differences in the three relative humidity conditions
(Fig. 6(D)). These results could be explained by the combined effects of

Fig. 4. Adsorption of formaldehyde at different temperature conditions using
various amine-functionalized adsorbents [1].

various factors (e.g., adsorbent properties, capillary condensation effects, and different FA removal mechanisms by different media). At a
relative humidity below 50%, the adsorption capacity of the non-polar
adsorbent was lowered by its lack of attractive sites for capturing FA. At
a relative humidity of 50% or more, the micropores were blocked by the
capillary condensation effect, which lowered adsorption to the surface.
The interaction between FA and water vapor in porous media can be
expressed using three main pathways [15] (Fig. 7): (1) competitive
adsorption between water vapor and FA at the exposed pore surface, (2)
reduction of the exposed pore surface for FA adsorption through
457
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capillary condensation in the micropores, (3) absorption of hydrophilic
FA in the condensed or adsorbed water in the pore (e.g., leading to an
increase in adsorption capacity). Moisture is abundant in the environment and must be considered for practical application of adsorbents.
The presence of hydrophilic groups in an adsorbent could increase the
adsorption of FA, whereas the adsorption capacity can be reduced by
competitive adsorption with water vapor under environmentally relevant conditions. On the other hand, hydrophobic adsorbents can
minimize the effect of moisture adsorption, but they might not adsorb
FA efficiently due to weak interactions.
3. Performance evaluation of FA removal by various materials
In this section, we discuss the performance of various materials and
their modified forms in the adsorption of gaseous FA: 1) MOFs, 2) CNTs
and graphite, 3) POPs, and 4) conventional sorbents. In particular, we
compare the adsorption capacity of each adsorbent at varying experimental conditions (especially different partial pressures). To assess the

Fig. 5. Adsorbed ratios of FA in ZrGP at different temperatures [47].

Fig. 6. Performance comparison of FA removal between different chemi-sorbents: (A) Effect of relative humidity on the collection of formaldehyde (352 μg m−3)
[53]; (B) BT times of formaldehyde (20.5 mg L-1) at different relative humidity [52]; (C) Comparison of the BT times for formaldehyde (10 ppm) adsorption on
various ACFs under dry and wet conditions [16]; and (D) Effect of relative humidity on the adsorption capacity for media Nos. 1 (5.22 ppm of FA) and 3 (2.25 ppm of
FA) [15].
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Fig. 7. Conceptual illustration of water vapor effect on contaminant adsorption/absorption in porous media [15].

capacity of different media tested under different conditions, we estimated the partition coefficient (PC) as a way to leverage the effect of
pressure differences for a fair comparison of the adsorption capacity of
each material. The PC values are derived by dividing the capacity value
by the partial pressure exiting the flow or chamber system.

with the conventional sorbents, adsorbing 53 and 73 times more FA
than Tenax TA and Carbograph 1TD, respectively.
3.2. Carbon nanotubes and their modified forms
Unlike other adsorbents, the adsorption capacity of CNTs for FA has
rarely been evaluated. CNTs have received a good deal of attention
because of their unique characteristics such as electrical conductivity,
optical activity, and mechanical strength. Further, as the surface of
CNTs exhibits good hydrophobicity and consistency (e.g., relative to
AC), they can maintain a strong interaction with organic compounds as
promising adsorbent [61]. S. Yang et al. [5] investigated the FA adsorption capacity of a CNT/ACF medium prepared by the chemical
vapor deposition method, creating in situ growth of CNTs on pristine
ACFs. Low-concentration FA (1.50 ± 0.05 mg m−3) was used in progressive experiments under conditions comparable to the actual environment. With the growth of CNTs, the surface area of the CNT/ACF
decreased in comparison to the pristine ACF. However, the FA adsorption capacity increased sharply from 19.11 ± 1.71 mg g -1 (ACF)
to 62.49 ± 4.52 mg g -1 (CNT/ACF) (Table 3). Furthermore, the shear
pressure resistance was 50% higher in the composite than in the pristine ACF. It is thus estimated that FA was physically adsorbed into the
outer layer of the CNTs, providing enhanced adsorption capacity.

3.1. Metal–organic frameworks and their modified forms
MOFs, a new class of porous materials, are built from organic ligands and an inorganic metal center though coordination bonds [54].
MOFs have received much attention for their advantageous properties
such as surface area, tailorable pore size, and internal surface properties
[55]. Specifically, it is possible to create a tailored pore structure and
functional group for use as the organic linker to cope with the high
selectivity required by adsorbates [16]. Unlike other advanced compounds, MOFs can maintain their basic structure and crystalline order
even after the expansion of organic linkers and inorganic secondary
building units (as well as chemical functionalization) [56]. With these
advantages, the potential of MOFs has been investigated intensively not
only in adsorption but also in many other areas (e.g., gas storage, separation, and chemical sensing) [57]. Although MOFs-based sensing
has been widely used for the detection of gaseous targets, they have
also been employed in a lot of research focusing on air purification
purposes through sorption or catalysis [22,58–60]. The FA adsorption
capacity of Ga-MIL-53 was evaluated in a concentration range of
0.01–2000 ppm (or in a partial pressure range up to 2 hPa) [24] and
found to be less than 10 mg g−1 at low pressure (< 0.4 hPa). However,
as the pressure increased, the adsorption capacity increased rapidly to
about 70 mg g−1 at 2 hPa (Table 3). The adsorption capacity of γ-CDMOF-K for FA was tested at 0.38 ppm (1 atm, 20℃) [57]. The γ-CDMOF-K adsorbed FA almost completely, with a total capacity of
36.7 mg g−1 FA in 15 min, nine times higher than the capacity of AC.
The high adsorption capacity of γ-CD-MOF-K can be attributed not only
to the porous structure and host–guest interactions between FA and γCD but also to hydrogen bonding between FA and hydroxyl groups
(Fig. 8).
A case study used MOF-5 as an adsorbent for collecting and preconcentrating gaseous FA with gas chromatography-mass spectrometry
(GC–MS) [53]. That study compared the amount of FA adsorbed between MOF-5 and combinations of commercial sorbent materials such
as Tenax TA (organic polymer) and Carbograph 1TD (graphitized
carbon black). To this end, a given amount of FA gas (28.35 μg m−3)
was brought into adsorbent tubes at a flow rate of 100 mL min-1 and
loading volume of 1.2 L. MOF-5 had enhanced performance compared

3.3. Graphite and its modified forms
In general, carbon-based adsorbents have outstanding adsorption
capacity and thermal stability [31]. To further control the surface and
enable the selective adsorption of such materials, many efforts have
been made to combine covalent organic functionalities on the carbon
surface. It was reported that certain functional groups, such as amino
group, improved the selective adsorption of FA [34–36]. Y. Matsuo
et al. [35] tested the performance of graphene oxide (GO) silylated by
3-amino propylmethyldiethoxysilane (NH2C3H6SiCH3(OC2H5)2) for FA
adsorption. The adsorption capacity of pure GO, derived from comparative tests made using 2.14 ppm FA, was 3.8 mg g−1. On the other
hand, the adsorption capacity of silylated GO jumped sharply to
36.1–91.2 mg g−1 even in the presence of water molecules, with a
maximum value of 96.0 mg g−1 when there were no water molecules
(Table 1). Thus, adding amino-group bonding to the silylated GO contributed significantly to its adsorption capacity against low concentrations of FA in ambient conditions.
A graphene sheet, an individual layer of graphite, has a unique twodimensional (2D) structure with many physical and chemical properties
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Table 3
Summary of experimental data obtained for performance evaluation of adsorbents used to remove formaldehyde from air.
Order

Type of sorbent

Sorbent code

Concentration

Partial
pressure
(Pa)

Temperature

Partition
coefficient
(mol kg−1
Pa−1)

Reference

(°C)

(m g

25 °C
20°C
20°C
25 ± 0.5 °C

2.10d
1.34d

200
2.27
0.04
0.12
0.12
0.21
0.13

560
773
819
42.8
203
–
–

0.47
-a
–
–
–
–
–

70.0
0.11
36.7
27.6
62.5
3.80
76.0

0.012
0.002
31.2
7.52
17.0
0.60
18.9

[24]
[53]
[57]
[5]

1.76d

0.18

–

–

36.1

6.83

1.13d

0.11

d

–

–

96.0

28.3

1.18

0.12

–

–

91.2

25.7

1.44d

0.14

–

–

66.5

15.4

3.7

0.37
0.37
16.0
16.0
16.0
16.0
2.00
2.00
2.00
2.00
2.00
2.00
0.37
0.73
1.10
1.46
1.83
2.19
2.56
0.37
0.73
1.10
1.46
1.83
2.19
2.56
0.37
0.73
1.10
1.46
1.83
2.19
2.56
200
200
200
200
200

26°C

–
252
780
700
1040
1130
378
679
794
1275
573
1516
1084

–
0.37
0.59
0.48
0.77
0.80
0.22
0.38
0.43
0.72
0.31
0.84
0.41

26°C

869

0.34

26°C

860

0.34

25 °C

749
703
690
653
497

0.33
0.30
0.35
0.32
0.23

0.62
27.4
7.80
8.10
9.30
11.2
14.4
8.23
3.81
1.05
0.60
0.30
28.2
115
261
370
407
407
403
5.3
28
94
256
333
362
362
52.3
148
223
254
266
276
283
328
237
303
283
161

0.06
2.47
0.02
0.02
0.02
0.02
0.24
0.14
0.06
0.02
0.01
0.01
2.57
5.23
7.93
8.43
7.43
6.19
5.25
0.48
1.27
2.85
5.85
6.07
5.50
4.72
4.77
6.76
6.79
5.78
4.84
4.20
3.69
0.05
0.04
0.05
0.05
0.03

(ppm)
1
2
3
4
5
6
7

MOF

Rayon-based ACF

Ga-MIL-53
MOF-5
γ-CD-MOF-K
CNT/QF
CNT/ACF
GO
Silylated GO4b-Wc
Silylated GO6-W
Silylated GO6-D
Silylated GO8-W
Silylated GO13-W
G/E
GN/E
CPOP-16
CPOP-17
CPOP-18
CPOP-19
FE100
FE200
FE300
KF1500
OG5A
OG15A
ACF

Granular activated carbon

GAC1

Granular activated carbon
marketed for gas-phase removal of
FA

GACF

Zeolite

NaY
KY
NaX
CuX
3A

CNT
Graphene
oxide

8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
a
b
c
d

Graphene
POPs

PAN‐based ACFs
Rayon‐based ACF
Pitch‐based ACFs

2000
22.7
0.39
1.22

160

20

3.65
7.30
11.0
14.6
18.3
21.9
25.6
3.65
7.30
11.0
14.6
18.3
21.9
25.6
3.65
7.30
11.0
14.6
18.3
21.9
25.6
2000

30°C

–
Ambient
temperature
30°C

Surface area
2

−1

)

Pore volume
3

−1

(cm g

)

Capacity
−1

(mg g

)

[35]

[21]
[45]

[39]

[65]

[24]

Not provided.
Reaction time (days) for silylation.
Pre-adsorption of water, W: performed and D: not performed.
Concentration (ppm) of FA adsorbed after 48 h (initial concentration of FA was 2.14 ppm).

that make it suitable for the adsorption of pollutants [21]. In spite of
these advantages, traditional graphene is flocculated due to π-π bonds
and Van der Waals interactions. To overcome those shortcomings, a
three-dimensional network structure based on graphene was introduced. Graphene sheets with three-dimensional network structures
have reduced cohesion and greatly improved specific surface areas
[62]. For instance, the FA adsorption capacity of a graphene aerogel, a
three-dimensional graphene-based macrostructure (3D GBM), was
evaluated [21]. To improve its FA adsorption capacity, G/E and GN/E

were synthesized by adding CNTs and the amino group (-NH2). The
CNTs between the graphene layers increased the interlayer distance to
provide more space for amino modification. An adsorption performance
test was conducted for G/E and GN/E using an FA standard prepared at
3.7 ppm, and the adsorption capacities of G/E and GN/E were 0.62 and
27.43 mg g−1, respectively (Table 3). The superior adsorption capacity
of GN/E can be explained by the physical and chemical mechanisms
created through the modifications. When CNT supporters were added to
the graphene aerogel, the specific surface area increased, which
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Fig. 8. Structure of γ-CD-MOF and HCHO-γ-CD-MOF [57].

16–19) of 700–1300 cm2 g−1. Among the CPOPs, CPOP-18
(1040 m2 g−1) and CPOP-19 (1130 m2 g−1) had higher BET surface
areas than CPOP-16 (780 m2 g−1) and CPOP-17 (700 m2 g−1), reflecting the fact that their monomers (Cz 18 and 19) have a vinyl group
instead of a hydroxymethyl group. The hydroxymethyl group allows the
formation of polymers with higher crosslinking efficiency when they
undergo the Friedel-Crafts alkylation reaction. An FA adsorption test
was performed on these materials with an initial FA concentration of
160 ppm. As shown in Table 3, the adsorption capacities of CPOPs 16,
17, 18, and 19 were similar at ambient temperature and pressure (7.8,
8.1, 9.3, and 11.2 mg g−1). Among them, CPOP-19 had a slightly higher
adsorption capacity than the others. L. Pan et al. [45] also confirmed
the repeatable and stable performance of CPOP-19 through five repeated experiments. It took 60 min. to reduce FA from 160 ppm to
50 ppm in all five repeated adsorption cycles, indicating its potential for
such applications.

facilitated physical adsorption by exposing more functional groups. As a
result, more space was provided for the amino modifications, which
enhanced the chemical adsorption of FA [21] (Fig. 9). In other words,
the presence of CNTs and amino groups improved the microstructure of
the graphene aerogel, thereby enhancing the physical and chemical
adsorption of FA.
3.4. Porous organic polymers and their modified forms
POPs, a novel porous material, have a large specific surface area and
excellent chemical/thermal stability [63]. Hyper-crosslinked polymer,
a POP, is a microporous organic material with outstanding thermal and
chemical properties (caused by its crosslinks) that has been used to
adsorb gas and organic steam and remove organic compounds [45,64].
L. Pan et al. [45] designed and synthesized a series of vinyl or hydroxymethyl functionalized carbazole monomers (Cz-16–19). Hypercrosslinked porous polycarbazoles (CPOP-16–19) were prepared from
Cz-16–19 via an FeCl3-promoted one-step oxidative coupling reaction
and Friedel–Crafts alkylation (Fig. 1(B)). The resulting CPOPs showed a
low mass loss rate of less than ∼5% at 350–400 °C under a nitrogen
atmosphere and a Brunauer-Emmett-Teller (BET) surface area (CPOP-

3.5. Conventional sorbents and their modifications
In this section, we discuss the adsorption capacity of conventional adsorbents such as AC and zeolite to serve as references for the advanhced

Fig. 9. Schematic of the synthesis of an amino-functionalized graphene aerogel and a graphene/CNT aerogel [21].
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materials described above. We also assess possible improvements in their
capacities or applicability by considering the performance of their modified
forms. The adsorption capacity of various AC forms was tested using
20 ppm FA [39]. OG15 A (1516 m2 g−1), a pitch-based ACF, exhibited the
largest BET surface area, followed by the rayon-based ACF KE1500
(1275 m2 g−1). In contrast, a smaller BET surface area was seen on the PANbased ACF FE100 (378 m2 g−1). The order of saturated adsorption capacity
of FA was as follows: FE100 (14.4 mg g−1) > FE200 (8.23 mg g−1)
> FE300 (3.81 mg g−1) > KF1500 (1.05 mg g−1) > OG5A (0.60 mg
g−1) > OG15 A (0.30 mg g−1). Overall, the PAN-based ACFs (FE100,
FE200, and FE300) had the largest adsorption capacity of all the tested
pairs. This result implies that as the nitrogen content of ACF becomes
higher, it exhibits greater FA adsorption capacity (Fig. 10). Consequently,
the pore structure, particularly the composition on the surface of the adsorbent, was seen to greatly affect adsorption function against FA. The PANbased ACFs have a high adsorption capacity because they are rich in pyrrole-, pyridoxine nitrogen–, pyridine nitrogen–, and quaternary nitrogen–containing groups (Fig. 1(C)).
The adsorption efficiency of FA was tested using ACF and two granular
activated carbons (GACs), all-purpose GAC (GAC1), and GAC specialized for
gas-phase FA removal (GACF) [65]. In that study, FA was supplied at inlet
concentrations in the range of 3.65–32.8 ppm at a flow rate of 500 mL
min−1 and 25℃. Differences in affinity patterns for FA were observed between three ACs. At the FA concentration below 7.3 ppm, the equilibrium
adsorption capacity of GACF was the greatest (52.3–148 mg g−1) among
the three ACs. At the FA concentration between 7.3 ppm and 14.6 ppm,
the adsorption capacity of ACF (261–370 mg g−1) exceeded GACF
(223–254 mg g−1). In both cases, GACF (52.3–223 mg g−1) had a higher
adsorption capacity than GAC1 (5.30–93.6 mg g−1). However, at the FA
concentration abvoe 14.6 ppm, the adsorption capacity increased in the
following order: ACF (370–403 mg g−1) > GAC1 (256–362 mg g−1)
> GACF (254–283 mg g−1). Thus, GAC1 had better adsorption capacity
than GACF when the concentration of FA exceeded 14.6 ppm.
The FA adsorption capacity was evaluated using various nanoporous
materials and MOFs, as discussed in Section 3.1 [24]. Among them, the
faujasite and Linda Type A zeolites exhibited a high adsorption capacity
for gaseous FA. J.-P. Bellat et al. [24] compared commercial zeolite
(NaY, NaX, and 3 A) and lab-made zeolites (KY and CuX, manufactured
by successive cation exchange of NaY and NaX, respectively), with
potassium nitrate solution under reflux. The adsorption capacities were
327.8, 236.6, 303.2, 283.1, and 161.4 mg g−1 for NaY, KY, NaX, CuX,
and 3 A, respectively, at 25 °C under 2 hPa. Among those zeolites, sodium- and copper-faujasites (NaX, NaY, and CuX) were the most efficient adsorbents. These results suggest that the nature of the cations is
also a key factor in controlling FA adsorption capacity. In other words,
FA appears to interact more strongly with sodium and copper than with
potassium, presumably because the size of the potassium cation is
larger than that of sodium and copper ions. Therefore, the presence of
extra-framework cations enhanced the adsorption capacity of those
zeolites by creating strong interactions with FA.

adsorption capability, AC was modified with the amine compound
hexamethylene diamine (0.08–3.80 mg g−1) [70]. It is noteworthy that
the in situ growth of CNTS on ACFs significantly enhanced their FA
removal ability (0.26–27.6 mg g−1) [5].
Previously, intense efforts were made to assess FA adsorption capacity in the aqueous phase rather than the gaseous phase. Clay or rock
can also be used to remove FA from aqueous solutions. Kaolin, containing 10%–90% of the mineral kaolinite, is a widely known inorganic
clay regarded as an efficient adsorbent for the removal of Congo red dye
from wastewater [71]. Bentonite, mainly consisting of montmorillonite,
has been use to remove organic pollutants after modification with organic cations to facilitate adsorption [72,73]. The adsorption of gaseous
FA on clay in ambient air has not been sufficiently investigated. Montmorillonite, a main component of bentonite, offers many advantages
(e.g., rich sources, low cost, and excellent adsorbing abilities), and its
usage as an FA absorbent in air was studied after it was modified with a
surfactant [74]. The adsorbing capacity of the modified montmorillonite was more than 80% of AC with the same volume, so further
development will be necessary. Also, diatomaceous earth (DE), which is
a sedimentary rock with a high silica content, can be used to efficiently
adsorb FA from air (adsorption capacity of 298 mg g−1) due to its silica
content and high porosity [13]. Modification with ethylene-diamine
enhanced the adsorption capacity of DE to 565 mg g−1 by generating
imine through the reaction of FA and an amine group.
It is reasonable to study the FA-adsorption properties of mesoporous
silica materials because they are expected to have a higher adsorption
capability than AC. Amine-functionalized mesoporous silica materials were
prepared, and the sample functionalized from n-(2-aminoethyl)-3-aminopropyltrimethoxylene exhibited high FA-adsorption (1208 mg g−1), due to
the presence of an amine group and large pore size [75].
3.7. Comprehensive evaluation of adsorbents based on partition coefficient
To summarize the results described in sections 4.1–4.5, we evaluated the performance of each sorbent material in terms of its adsorption capacity, i.e., the amount of FA adsorbed (mg) per gram of
sorbent. However, the results presented so far are difficult to compare
directly because those values sensitively reflect the partial pressure
conditions of the target compound. It is well known that the adsorption
capacity for target species such as FA increases dramatically with increases in the initial loading concentration. As described above, GaMIL-53 showed an adsorption capacity of less than 10 mg g−1 at low
pressure (< 0.4 hPa), and that grew to 70 mg g−1 at 2 hPa [24]. Thus,

3.6. Other unobserved or unexplored materials
In this section, we discuss the adsorption of FA on the modified
forms of conventional adsorbents (e.g., relative to other competing
sorbents as well as their pristine forms). The FA adsorption capabilities
of ACs are found to be upgraded considerably by modifying them with
inorganic materials [66]. Although metal nanoparticles or dopants can
partly remove FA by catalytic oxidation, adsorption is expected to play
a considerable role. It has been reported that doping ACs with silver
nanoparticles led to a considerable increase in FA adsorption capacity
through oxidation potential and a larger specific surface area [67–69].
For instance, the adsorption capacity of silver-doped bamboo-shaped
ACs was 0.425 mg g−1 at the equilibrium FA concentration of 8 ppm
[67]. The amount of FA removed by silver-doped bamboo-based ACs
[67] was 1.6 times higher than that of undoped ACs. To improve its FA

Fig. 10. Relationship between adsorption amount of FA and nitrogen/carbon
(N/C) ratio [19].
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comparing data obtained at high initial concentrations with those obtained at lower concentrations can lead to a biased evaluation.
Therefore, adsorbent performance should be compared after adjusting for those effects. We use the partition coefficient (PC) to reduce
bias in our performance evaluation because it is simple. In some of
previous studies, the concept of PC was used as a basic guideline to
evaluate capacity more objectively between different materials (or
conditions) as a performance metric [76]. The PC can be determined
from the adsorption capacity and partial pressure (at relatively low
partial pressure (< 100 Pa) where Henry’s law can be applicable) [76].
Thus, it can be obtained from the following equation:

PC =

practical applications under diverse environmental conditions (e.g.,
from the sub-ppb to sub-ppm ranges encountered in ambient conditions).
4. Conclusions
In this review, we have examined the adsorption capacities and
sorption mechanisms of traditional adsorbents and novel porous materials. First, we conducted a quantitative assessment of the performance of diverse adsorbents based on their adsorption capacity per
mass of sorbent. In light of the possible bias derivable from that estimation, we further analyzed the adsorbent performance by adjusting
for the partial pressure effect using the PC. Unlike comparing adsorption capacity data, a PC evaluation permits the simple conclusion that a
higher PC corresponds to a higher adsorption affinity. Therefore, to
properly evaluate the real-world performance of sorbents, it is important to consider both the adsorption capacity and PC values at the
same time to determine the performance in both absolute and relative
terms.
According to our evaluation of the existing analysis results, γ-CDMOF-K has the highest PC, followed by silylated GO. Overall, the materials functionalized with amine groups have the highest PCs for gaseous FA, reflecting the potential for interaction between the adsorbent
surface and FA molecules. In association with our comparative analysis
of adsorption performance, we described the adsorption mechanisms of
gaseous FA in terms of 1) the surface chemical composition of the adsorbent, 2) temperature, and 3) humidity.
The following conclusions can be drawn from this study: 1) Not only
is the surface structure of the adsorbent important, but also functional
groups on the surface can significantly influence adsorption. In particular, the addition of amine groups to many novel materials has proved
to be a highly effective option for increasing FA adsorption performance. 2) If the temperature is higher than the optimum level, adsorption is accompanied by desorption, reducing efficiency. If the
temperature is lower than the optimum level, adsorption efficiency is
reduced because the adsorption process lacks it energy requires. 3) The
presence of water vapor can reduce the adsorption capacity of a sorbent
by blocking the pore sites where FA molecules could be adsorbed or by
competing with FA molecules for adsorption sites. However, it seems
that FA, which is hydrophilic in the presence of moderate water in the
pores, can be absorbed by water. Thus, water can also sometimes improve FA adsorption capacity when hydrophilic FA can be adsorbed
into water condensed or adsorbed within a pore.
The demand for highly effective and efficient materials for the
sorptive removal of FA is driven by a need to improve air quality
management, especially in indoor environments. This study provides a
useful guide to future researchers involved in the synthesis and application of advanced materials to remove FA from air. Moving forward, it
is important to realize that many previous research efforts used unrealistically high FA concentrations rather than actual conditions (subppm or ppb). Therefore, future studies need to be conducted in more
practical and economic conditions to properly expand the materials
available for FA removal.

Capacity
P× molecular weight

Here, capacity is the adsorbent capacity (mg g−1) determined at saturation, while P is the partial pressure (Pa) of the FA gas at the saturation [77]. Note that the PC can also be assessed at a given breakthrough level instead of the data acquired at the saturation (or
equilibrium) point. PC has previously been used to characterize the
adsorption affinity and heterogeneity of adsorbents. Likewise, the
concept of PC is useful in accounting for the adsorption capacity of
diverse sorbates measured under different partial pressure conditions
[60].
The PCs obtained from each adsorbent are summarized in Table 3.
An improvement in PC value implies enhancement in adsorption affinity and adsorption ability [60]. In general, FA does not exist at a
significantly high concentration in real-world conditions. Likewise, our
evaluation of PC data is generally confined to conditions below 2 Pa.
The highest PC value was observed for γ-CD-MOF-K (31.2 mol
kg−1 Pa−1), followed by silylated GO and CNT/ACFs [5,35,57]. In
particular, silylated GO showed the highest value in the absence of prewater adsorption. A study conducted by E.M. Carter et al. [65] showed
that some specialized AC products can exhibit fairly high PC values
(e.g., ACF for 8.43 mol kg−1 Pa−1 at inlet FA level of 1.46 Pa). Out of
the three products they tested, the PC values were seen in the order of
GACF > ACF > GAC1 in the low-pressure region (< 0.73 Pa), although that order changed to ACF > GAC1 > GACF in the highpressure region (> 1.46 Pa). However, as these sorbents were generally
comparable to Type V isotherm trends, their actual performance under
ambient conditions (e.g., below 1 ppm FA level) is unlikely to match
practical demand at all (Fig. 11). The excellent adsorption properties of
ACF were also confirmed by the PC for CNT/ACF (17.0 mol kg−1 Pa−1),
which was double that of the CNT/QF (7.52 mol kg−1 Pa−1) [5]. As
seen in this study, the PC can help compare the performance of different
sorbents tested under varying conditions [78]. It is thus highly desirable
to expand a performance-oriented database of adsorbents to their
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Fig. 11. FA adsorption isotherms for different forms of ACs: ACF (◇), GAC1
(□), and GACF (△) [65].
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