Environmental Chemistry Letters (2021) 19:2551-2579
https://doi.org/10.1007/510311-020-01168-6

REVIEW q

Check for
updates

Indoor formaldehyde removal by catalytic oxidation, adsorption
and nanofibrous membranes: a review

Berly Robert' - Gobi Nallathambi’

Received: 23 November 2020 / Accepted: 18 December 2020 / Published online: 21 January 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG part of Springer Nature 2021

Abstract

Indoor pollution of air by formaldehyde poses a serious threat to human health because formaldehyde causes illnesses and
discomfort even at low levels, thus calling for abatement techniques. Techniques include absorption, physisorption, chem-
isorption, biological and botanical filtration, photocatalytic decomposition, membrane separation, plasma and catalytic
oxidation. Here we review the principles, performances, advantages and disadvantages of these techniques, with focus
on catalytic oxidation, adsorption and the use of nanofibrous membranes. Supported noble metal and metal oxide-based
materials are efficient catalysts for oxidation. We present photocatalytic oxidation under UV, visible and solar light using
composites. Chemisorption method is reviewed with focus on amino-containing adsorbents, conditions of temperature and
relative humidity and surface properties. Nanofibrous membranes display high density of active sites for pollutant interac-
tions and allow formaldehyde removal without leaching out of catalyst nanoparticles or adsorbents.

Keywords Air quality - Air remediation - Filtration - Formaldehyde removal - Photocatalysis - Catalytic oxidation -
Nanomaterials - Adsorption - Nanofibrous membrane
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Nowadays, a major challenge is the indoor air quality and
to keep indoor air pollutants at lowest exposure levels pos-
sible, to minimize its adverse effects on both air quality and
human health. Most indoor living facilities emit organic or
inorganic pollutants, particulate matter and aerobes. The
most frequently detected volatile organic compound (VOC)
and the primary ubiquitous indoor air pollutant that causes
mild-to-chronic effects in humans is formaldehyde. They are
large group of carbon-based chemicals that easily evaporate
at room temperature and has been classified as carcinogenic
to humans in 2004 (Salthammer et al. 2010). However, for-
maldehyde-based chemistry serves a number of purposes by
itself or in combination with other chemicals. For example,
it is used in manufacture of resins like urea—formaldehyde,
dyes like indigo and para-rosaline, used in processing of
anti-polio vaccine, used as decolorizing agent in vat dyes,
30-50% aqueous solution of formaldehyde stabilized in cer-
tain percentage of methanol called as formalin is used as
disinfectant, germicide and fungicide, and historically it has
been used to impart permanent set to clothing, e.g. pleats in
wool skirts (Gard 1957; Mugal et al. 2013).

Studies have confirmed that the level of formaldehyde is
significantly higher, indoors than in outdoor environments
(Lee et al. 2018). This is because within the small indoor
boundaries we have many sources of formaldehyde like
construction materials, carpets, other fabrics, adhesives,
paints and coatings, lacquers, finishes, wall papers, scented
products, cosmetics, cigarette smoke, wood smoke and fuel
burning appliances like gas stoves (Kelly et al. 1999; An
et al. 2010). Formaldehyde can be released into the air con-
tinuously for months to several years from adhesives like
urea—formaldehyde resins that are being used in interior
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decorative materials. In general, formaldehyde exposure
levels are highest when the products are new, and when the
temperature and humidity indoors are very high. In such
cases, the immediate solution to reduce the formaldehyde
emission would be to increase the ventilation rate in the
room; however opening windows and ventilating the room is
not possible in a polluted city (Miao et al. 2019), control the
humidity, maintain a moderate temperature by using dehu-
midifiers and air conditioning systems or plan an intelligent
housing construction and use of wooden pieces or products
that have been off-gassed.

According to World Health Organization, the formalde-
hyde concentration indoor should not exceed 0.1 mg/m> and
according to the Agency for Toxic Substances and Disease
Registry, levels from 0.4 to 3 ppm can produce symptoms of
mild to moderate irritation of the eyes, nose, throat and many
other diseases. Higher levels have been linked to increased
risk of some cancer types. Moreover, since humans spend
80-90% of their life indoors (home, office, cars or shopping
malls), it has become very important in developing solu-
tions for clean indoor-air, along with abatement of indoor
formaldehyde emission rates at low temperature, especially
at room temperature. So far, multiple approaches have been
investigated to improve the air quality and for lowering the
concentration of indoor formaldehyde, including adsorp-
tion, plasma decomposition with or without the assistance

of catalyst, thermal oxidation, catalytic oxidation, photocata-
lytic oxidation, biological/botanical filtration, e.g. phytore-
mediation and microbial removal (Berly and Nallathambi
2020; Suresh and Bandosz 2018; Guo et al. 2019; Pei and
Zhang 2011; Torees et al. 2013; Shah and Li 2019; Indarto
et al. 2008). Apart from these major methods for formalde-
hyde removal, there is membrane technology that will imple-
ment one of the above or a combination of above methods
into one single membrane contributing to volatile organic
compounds (VOC) abatement methods. There are two broad
approaches to these formaldehyde removal methods, (i)
recovery and (ii) destruction. Adsorption, absorption, con-
densation and membrane separation techniques fall under
recovery method (Fig. 1). Whereas, plasma decomposition,
thermal and non-thermal catalytic oxidation, photocatalytic
oxidation, biological/botanical filtration and incineration fall
under the destructive method, wherein the formaldehyde
is converted into benign, odourless and environmentally
friendly components like H,O and CO, (Zhang et al. 2017,
Na et al. 2018).

Unlike photocatalytic oxidation, which is effective at
higher pollutant concentration levels, plasma or non-thermal
plasma (cold oxidation) technology can be very effective
even at lower VOC concentration. This method disassoci-
ates the VOCs into carbon dioxide and water using radicals
(plasma-cluster ions) created by air ionizers (Sultana et al.
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2015; Lu et al. 2012). The main disadvantage of using this
air cleaning technology to remove toxic volatile contami-
nants in air is the possible generation of harmful byproducts,
and release of significant amount of ozone and NO,, causing
secondary pollution. Research was conducted to study the
efficacy of plasma and catalytic oxidation combined together
for formaldehyde removal (Pei and Zhang 2011). Zhu et al.
(2015) studied the plasma-catalytic oxidation of formalde-
hyde through a coaxial dielectric barrier discharge reactor
over a series of Cu—Ce oxide catalysts prepared by the citric
acid sol-gel method. In comparison with the plasma-only
process, plasma combined with catalytic oxidation was quite
effective in enhancing the usual reaction performance. The
surface-adsorbed oxygen species were increased with the
Cu and Ce interaction, facilitating the redox cycles, which
significantly increased the formaldehyde removal efficiency.

Kim et al. (2010) studied the potential of phytoremedia-
tion in formaldehyde removal using 86 species of plants,
by exposing the plants to gaseous formaldehyde in a closed
chamber. Among ferns, woody foliage plants, herbaceous
foliage plants, Korean native plants and herbs, ferns had the
highest formaldehyde removal efficiency. In general, some
plants can absorb and metabolize VOCs. Han and Ruan
(2020) have done a comprehensive and systematic review on
the effect of indoor plants on air quality. In spite of the fact
that the easiest method, phytoremediation could be compara-
tively cheaper than all the formaldehyde removal methods,
it is still not considered as an effective method as it takes a
very long time to observe the actual effect (Yang et al. 2020).

Another slight variation to this method is the biological
filtration, which uses microorganisms or biologically active
materials, primarily based on compost or soil, to vent out the
environmentally undesirable compounds, e.g. VOCs and air
toxins. This biological component was mainly used in waste-
water treatment but later was considered for the removal
of pollutants from air as well. Open single-bed, multiple
story or stacked bed systems are the common installation
types of these bio-filters. It mainly consists of bio-film or
biologically active layer, which induces an aerobic degra-
dation reaction to metabolize the target pollutants giving
raise to harmless CO,, H,O and some microbial biomass as
end products (Leson and Winer 1991; Guieysse et al. 2008).
Yuxia et al. in 2019 developed an efficient plant-microbe
phytoremediation method using three plant species and add-
ing cultured microorganism into their rhizosphere (narrow
portion of soil-area around plant root). Compared to plant-
only system without the addition of microorganisms, the
plant—-microbe system showed far greater removal efficiency
for formaldehyde removal (Yang et al. 2020). However, there
exist many unanswered queries with regard to botanical/
biological filtration, like microbial decomposition kinetics,
its effectiveness under normal room conditions, degrada-
tion rate as induced by the microbes, and if the degradation
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rate is adequate for a significant amount of formaldehyde
removal over time (Pei and Zang 2011).

Absorption method is another simple technology con-
sidered for VOC abatement, mainly for the treatment of
industrial gaseous effluents by dissolving the pollutant into
a liquid solvent. The choice of suitable solvent system/
liquid absorbent is the fundamental variable. Normally,
the common absorbent used is water or aqueous solutions
using bases, acids or oxidizing reagents. In the case of aro-
matic and aliphatic hydrocarbons or hydrophobic VOCs
like xylene, toluene, benzene and so on, alternate solvent
system has to be considered, such as high-boiling absor-
bents, water—solid suspensions or water—oil emulsions (Hey-
mes et al. 2006). For example, polyglycols and silicone oil
(polydimethylsiloxane an oil-based absorbent) were used for
hydrophobic VOCs absorption (Guillerm et al. 2017; Chiang
et al. 2012). Fatima et al. (2020) synthesized bio-based ionic
liquids obtained from environmentally friendly chemicals as
starting materials for absorbing the VOCs. Solvent degrada-
tion, regeneration of used solvent or equipment corrosion is
the major disadvantages of using this technique.

The membrane-based recovery is a process that has been
used back in 1960 for desalination purposes. Membrane
materials can be polymeric, inorganic or a combination
of both. In the year 1987, some researchers conducted air
and vapour permeation experiments on various membranes
including neoprene and nitrile rubber, polyvinyl chloride,
silicone polycarbonate, hypalon and fluorel membranes. Of
these materials, silicone rubber and neoprene membranes
can be made easily (Baker et al. 1987). However, to some
organic vapours like gasoline, the resistance of silicon rub-
ber is quite poor. Hence researchers have been exploring
polymeric materials with high organic resistance. For this
purpose, Deng et al. (1995) investigated asymmetric aro-
matic polyimide membranes prepared by the phase-inversion
technique, which are found to be very effective in removing
gasoline vapours and other VOCs too from the air. Although
the membrane-based separation can be an effective VOC
removal approach, its adaptability is questionable because
of multiple factors like adaptability to range of organics,
cost and maintenance of membrane, the process rate (it is
directly proportional to operating cost), re-chargeability or
re-usability of membranes (Khan and Ghoshal 2000). Zeo-
lite (crystalline aluminosilicate minerals) and silica mem-
branes are considered as inorganic membranes having high
permeability, tunable selectivity, high thermal and chemi-
cal resistance (Aguado et al. 2004; Jang et al. 2011). Jang
et al. (2011) fabricated continuous mesoporous silica mem-
branes on polymeric hollow fibres for gas separation. The
synthesized membranes have high gas flux and the surface
can be modified (for example functionalized by inclusion
of an amine) to drastically improve selectivity. Hence, such
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membranes can also be considered for formaldehyde or any
VOC removal.

Formaldehyde can also be removed using condensation
method by lowering the temperature of gas stream contain-
ing the VOCs using N, at cryogenic temperatures or by
increasing pressure (Aguado et al. 2004). This cryogenic
condensation technique uses liquid N, by exploiting the
vapour—liquid equilibrium principle of multi-component
mixtures and is mostly considered in companies and indus-
tries to comply with the emission standards. Proper disposal
of the spent coolant is one of the drawbacks of condensation
process. However, when dealing with indoor formaldehyde
levels (which are usually within the ppm or sub-ppm levels)
catalytic oxidation and adsorption (especially chemisorp-
tion) are shown to be more effective in controlling VOCs
and will be discussed in this review in detail.

Formaldehyde removal by oxidation

One of the most mature, since the 1940s, and effective tech-
nologies for VOC removal is the use of an oxidation sys-
tem, a chemical conversion process, applicable for different
kinds of pollutants, which can oxidize the VOCs into benign,
odourless and environmentally friendly components like
CO,, H,0 and various oxides. Basically the oxidation tech-
nique of formaldehyde removal is categorized into photocat-
alytic oxidation, catalytic oxidation and thermal oxidation.

Photocatalytic oxidation

The technique of photocatalytic oxidation uses solids such
as nano-semiconductor catalysts that can promote reactions
at ambient temperature, in the presence of ultraviolet light
without being consumed in the overall reaction involving
conversion of organic or inorganic compounds into harmless
and odourless constituents. It is obvious that photodegrada-
tion of formaldehyde depends strongly on ultraviolet light-
illumination (with a wavelength below 388 nm) or photon
flux on the catalyst surface. The commonly used artificial
light sources (ultraviolet lamps) include mercury vapour
lamps, black-light lamps and ultraviolet lasers. However,
these lamps are fragile, produce unstable output power, are
highly toxic and the life span of these light sources are quite
short. Conversely, light-emitting diodes (semiconductor-
based lighting devices) have a longer life with low electricity
consumption, do not contain toxic mercury and are highly
reliable (Levine et al. 2011; Shie et al. 2008).

The most extensively used photocatalyst is TiO,, since it
has found to have the most appealing and superior proper-
ties such as it is inexpensive, non-toxic, chemically inert,
photo-stable and easy to activate under ultraviolet or near
ultraviolet light. Apart from TiO,, some good number of

other compounds like CuO, Ce,0, ZnO, WO;, ZnS, CdS,
PbS, NiO, Fe,05, SnO,, MnO,, Bi-based, Ag-based and few
others having ample band-gap energies are also found to
be promoting the photocatalytic activity (Lin et al. 2012;
Talaiekhozani et al. 2020). However, CdS and PbS (both
binary metal sulphide semiconductors) are considered toxic
and are not stable for catalysis. Though WO; is identified as
a promising photocatalyst, its activity is not as good as TiO,
in comparison, but are effective when used along with other
semiconductors including TiO, (Ibhadon et al. 2013). Simi-
larly, even though ZnO shows a good photocatalytic activity
in aqueous-phase compared to TiO,, the stability of ZnO is
not as good as TiO, (Talaiekhozani et al. 2020). The basic
mechanism of pollutant degradation through photocatalytic
oxidation is shown in Fig. 2.

Sun et al. (2010) studied photocatalytic oxidation of for-
maldehyde on the TiO, under dry and humid conditions.
It is through H-bonding, the formaldehyde is adsorbed on
hydroxyl groups of catalyst surface. Here humidity plays a
positive role, as with the presence of some water, there is
an accumulation of hydroxyl radical (powerful oxidant due
to its high redox potential) on the catalyst surface. Conse-
quently, formation of formate species (intermediate com-
pound) and the final products CO, and H,O are increased
significantly. As a matter of fact, TiO, is an effective photo-
catalyst, which exhibits high activity only under the ultravio-
let light range, making it unsuitable for its usage in indoor
applications or inside vehicles. Hence, in the recent past the
traditional photocatalytic oxidation has been modified with
the use of catalysts that will show photocatalytic activity
under visible illumination. This capability of a catalyst to
absorb visible wavelength is possible only by considering
certain critical factors and by altering the band gap of the
catalysts that have been used as photocatalyst. For example,
TiO, can be doped with transition metal ions (Mn, Cr and
so on), with Ag, Ru, Fe, Au and with non-metal species (C,
N, S), thus reducing band gap energy and demonstrating a
red-shift in catalyst absorption band from ultraviolet region
to the visible region (Basavarajappa et al. 2020; Klauson
et al. 2008; Louangsouphom et al. 2019). However, the for-
maldehyde removal efficiency by photocatalytic oxidation
remains quite low especially with the visible light active
silver/nitrogen/tungsten-doped photocatalysts (Luna et al.
2018; Liu et al. 2006; Lin et al. 2012). Moreover, they are
known to be effective in higher VOCs concentration and
generate secondary pollutants as well. The VOC conversion
or the degradation rate decreases drastically when the VOC
levels drop below 1 ppm.

The combination of photocatalytic technology with
adsorption technology is found to be an attractive alternative
and was investigated by many researchers. This adsorbent-
photocatalyst hybrid was developed with main intension to
address the high aggregation tendency of TiO, or any other
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Fig.2 Mechanism of photocatalytic oxidation. Photocatalysis takes
place when light/photon with energy hv (where h is Planck’s con-
stant, v is frequency) is absorbed by catalyst particle. This happens
only when hv is greater than or equivalent to band gap energy of pho-
tocatalyst, resulting in ejection of electron (e”) from valence band
to conduction band. The holes (h™) that are left in valence band of
photocatalyst can react with water molecules to generate hydroxyl

photocatalytic nanoparticles. With agglomeration, there is a
very low utilization of active sites present in photocatalyst,
leading to poor absorption of pollutants and low photocata-
lytic activity. Hence, a strategy to immobilize or disperse the
photocatalytic material on certain matrix or porous material
(an adsorbent like activated carbon or metal—organic frame-
works) with high surface area was looked into. Lu et al.
(2010) investigated removal of indoor low-concentration for-
maldehyde (initial concentration below 1 ppmv) using TiO,
films coated on activated carbon filters and on glass plate. It
was concluded that nanosized TiO, particles immobilized on
the surface of activated carbon filter performed better (with
formaldehyde removal of 79.4%) than TiO, film coated on
glass (with formaldehyde removal of 25.7% only). Apart
from activated carbon, few other supports for photocatalytic
materials have been investigated, including zeolites, glass,
polymeric materials, graphene, natural silicates, MOFs and
other porous molecular sieves. Besides, TiO, often suffers
from recombination of charge carriers (photo-induced elec-
tron—hole pairs). Doping of heteroatoms into TiO, lattice
can perhaps prevent the recombination of charge carriers by
narrowing down its band gap (Liu D et al. 2020).

In addition, the coupling of photocatalyst with
metal-organic frameworks (MOF: another special class of
porous materials)-based adsorbents might be a very good
route for the application of photocatalytic technology for
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radicals (OHe)

OHe + pollutant + O, 2CO, + H,0
O™ + pollutant = CO, +H,0

radicals (OHe). These radicals are responsible for the degradation of
organic pollutants to carbon dioxide (CO,) and water (H,0), as they
have strong oxidizing power. At the same time, electrons in conduc-
tion band can react with oxygen species and form highly reactive
intermediate species with high-standard redox potentials called the
superoxide radical anion (O,°7). These can then mineralize organic
substrates to CO, and H,O

indoor formaldehyde (at a concentration level below 1
ppmv) removal. Due to MOF’s tunable pore size, large pore
volume, adjustable chemistry, semiconductors like proper-
ties and mesopores supplying a larger specific surface area,
it has been considered for a wide range of applications.
Huang et al. (2019) investigated and synthesized TiO,@
NH,-MIL-125 (using a simple in-situ solvothermal method)
composite photocatalysts for formaldehyde removal under
ultraviolet irradiation by offering more adsorption sites
and facilitating mass transfer. Basically, NH,-MIL-125 is
a MOF made of TigOq ring-shaped metal cluster linked by
terepthalate and contains NH, functional moieties. These
are relatively inexpensive, non-toxic, water/photo-stable and
also bring in ancillary advantages in adsorption and catal-
ysis. High dispersion of TiO, particles on the surface of
NH,-MIL-125, and a strong electronic interaction (Ti-N—-C)
between elements of the composite was evident from their
results. Ren et al. (2020) in the year prepared a class of novel
MOF, Zeolitic imidazolate framework-8 (ZIF-8) assembled
on TiO,-coated activated carbon fibre felts to achieve a
highly efficient removal of formaldehyde under ultraviolet
light. ZIF-8 is considered as an excellent adsorbent material
due to their robust porosity (diameters of within 2.0 nm),
exhibiting strong van der waals forces for effective adsorp-
tion of diverse toxic gas molecules. It is fabricated with zinc
ions, coordinated by four imidazolate rings.
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Besides, non-metal-based photocatalysts have recently
emerged for environmental detoxification. Kumar et al.
(2019) explored carbon nitride, metal nitrides, phosphides,
chalcogenides, perovskites and carbides nano-photocata-
lysts for environmental detoxification applications. They
are expected to address issues posed by metal oxide-based
semiconductors and are used as better alternative to metal
oxides. Some of the metal oxide-based catalysts limitations
include photo corrosion, self-oxidation, cost, limited spec-
tral response, difficulty to recover the photocatalyst, ther-
mal instability, recombination problems and ineffectiveness
towards diverse kinds of pollutants.

Different parameters including the effect of photocatalyst
crystallinity and crystal size, catalyst surface area, poros-
ity (including pore structure and pore size), catalyst sur-
face properties, adsorption capacity and catalyst support
can influence the performance of photocatalytic oxidation
processes (Mamaghani et al. 2017). According to the report
presented by the authors, higher reaction rate is achieved
when crystallinity of the catalyst used is higher, and with
smaller crystal size. The structural features like surface area
and porosity can greatly influence the photocatalytic activity.
Without changing the surface chemistry, when the surface
area is increased, there is more number of active sites availa-
ble to enhance the photocatalytic activity. Apart from higher
surface area of photocatalyst, the microporosity and inter-
connected pore system are another major reason for superior
photocatalytic activity. The micropores retard the slip-away
of pollutants from the photocatalytic coating by increasing
its residence time on the porous structures, thereby increas-
ing the likelihood of reactants adsorption and reaction on
the surface. Heat treatment is considered to be a technique to
alter the crystallinity and structural properties of a photocat-
alyst. Another important factor that changes the surface area
available for catalytic activity is the catalyst surface density
(i.e. catalyst loading) on the support material. As the number
of coating layers of photocatalyst on the support material is
increased, there is an increase in VOC conversion or higher
removal rates consequently. The support material used will
also affect the photocatalytic activity. The main purpose of
immobilizing the photocatalyst onto a support material is to
address the aggression and agglomeration-related negative
outcomes. Hence, the support material must possess proper-
ties like high surface area, porosity and adsorptive affinity
and must be stable under ultraviolet illumination.

Catalytic oxidation

The oxidation technique (converting organic compounds into
harmless components: carbon dioxide and water) is divided
into (i) catalytic oxidation, which is done using catalysts at
normal temperatures: 205-595 °C and (ii) thermal oxida-
tion, without the use of catalysts, oxidation at much higher

temperatures. Though the latter one requires only heat and
oxygen, its operational cost is very high considering the
amount of activation energy needed to achieve high tempera-
tures (operate at temperatures in excess of 815 °C) (Speight
2019). While in catalytic oxidation, the amount of energy
needed to initiate the oxidation process is done only using
a catalyst and hence the activation-energy barrier is lower.
A major challenge that remains with this catalytic removal
system is the art of selecting appropriate catalyst from the
wide range of available catalysts. Perhaps there are three
categories of catalysts that can be used for the oxidation
of VOC:s: (i) supported noble metal catalysts (ii) non-noble
metal oxides (supported or unsupported) and (iii) mixed-
metal catalysts. As per most of the studies reported, the
oxide support is mainly to promote the activation of oxygen
on the catalysts surface. For example, silica and zeolite-
supported noble metal catalysts systems are widely used for
formaldehyde catalytic oxidation, considering their high
surface area and uniform/ordered pore size/structure (Chen
D et al. 2020; Xu et al. 2018).

Kamal et al. (2016) presented a critical review including
all these three categories of catalysts employed in catalytic
oxidation process. They have focused on gold, palladium,
platinum and mixed noble-metal based catalysts under the
category of supported noble metal catalysts, which are con-
sidered to be the most promising due to their high efficiency
for the removal of VOCs at low temperature even though
they are quite expensive. The support material could be
ceramic or metallic. Whereas, catalysts based on cobalt,
nickel, titanium, manganese, copper, chromium, vanadium
and cerium were discussed under the category of non-noble
metal oxide-based catalysts, whose formaldehyde decom-
position rate was observed to be high enough at ambient
temperature and are considered to be promising low-cost
alternative catalysts. This group of catalyst (using transi-
tion and rare earth metal oxides) could be supported (on
clay, aluminosilicate and so on) or unsupported. For exam-
ple, Arun and Gobi (2015) used magnesium aluminate
(MgAl,0O) and magnesium titanate (MgTiO;) nanoparticles
(prepared by hydrothermal method) and embedded them into
polyacrylonitrile nanofibrous membrane for the degradation
of 2-chloroethyl ethyl sulphide (2-CEES), a stimulant of
sulphur mustard. Here, electrospun nanofibrous membrane
acted as the support material.

Also, there are some mixed-oxide catalysts (also termed
as binary metal oxide) like Mn—Ce, Cu—Mn, Co—Ce, and
Mn—Co that are widely researched for oxidation of different
VOC:s including formaldehyde, toluene, benzene, propanol,
n-hexane, ethyl acetate (Kamal et al. 2016; Yi et al. 2018;
Zheng et al. 2015; Wen et al. 2009). Research studies have
shown that two-component transition metal oxide catalysts
exhibit very high oxidation activity as compared to single-
component metal oxides. That is, compared to individual
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metal oxides, richer redox reactivity is witnessed with cou-
pling of two metal species (Huang et al. 2016). Perhaps,
with doping or addition of other metals there is a prominent
change observed in the structure of metal oxides. There is
generation of ion holes and oxygen vacancies, contribut-
ing to structural defects thereby increasing the redox ability
with an increase in oxygen storage capacity and ultimately,
enhancing oxidation activity of the catalysts. Huang et al.
(2018a) used MnO,—CeO, catalysts to investigate the oxi-
dation of formaldehyde at ambient temperature. Though
studies have shown that manganese oxide mesoporous
materials exhibit impressive absorption capacity in formal-
dehyde oxidation with their interconnected network struc-
tures, their activity at ambient temperature was very poor.
Hence, Huang and team designed and prepared catalysts
by doping CeO, in MnO,, which showed excellent low-
temperature catalytic activity for formaldehyde oxidation.
Wu et al. (2020) synthesized by co-precipitation method
MnCo;MO, (M=Ce, La, Pr) composite catalysts with the
aim to achieve complete (100%) removal of formaldehyde
at room temperature. Among the three rare earth metals
(Ce, La, Pr) used to enhance the performance of MnCo;0,
catalyst (MnCo;Ce;0,, MnCo;La;0,, M4nCo,Pr;0,), addi-
tion of Ce significantly improved reduction performance of
MnCo;Ce;0,. Its activity at a 1/3/7 M ratio of Mn/Co/Ce
showed 100% removal of formaldehyde at room temperature.

The non-noble metal catalysts are a good alternative to
the quite expensive noble-metal catalysts. Also the metal
oxide-based catalysts are more tolerant to destruction pro-
cess, compared to precious metal catalyst. The deactivation
and regeneration of catalysts is one of the major problem
associated with catalytic oxidation. The deactivation is done
through different methods, including fouling, sintering or
poisoning, thermal degradation, crushing, vapour compound
formation and solid—solid reaction. This review will discuss
the most recent works presented in the last 5 years with
regard to catalytic oxidation (Table 1).

Evidently, there are three mechanisms proposed for cat-
alytic oxidation of VOCs (Pei and Zhang 2011; Guieysse
et al. 2008; Becker 2018). Depending on the type and char-
acteristics of the catalyst and targeted VOC, either Lang-
muir—Hinshelwood, Eley—Rideal, or Mars-van Krevelen
models will be used to explain the mechanism of catalytic
degradation of VOC.

(1) Mars—van Krevelen model (redox or regenerative
mechanism)

The literature concerning the oxidation of VOCs using
this model considers a two-stage redox step to describe
the total hydrocarbon oxidation on metal catalyst. The
sequence of oxidation—reduction is assumed to occur on
the metal oxide surface. As shown in equations below,
first the adsorbed VOCs react with lattice oxygen on the

@ Springer

solid catalyst surface thus reducing the metal oxide. In
the second step, the reduced active site (or the reduced
metal oxide catalyst) is re-oxidized by gas phase oxygen.

OAS(Oxidized Active Site) + A - AS + AO

AS + 150, — OAS

Where A is the Gas Phase Reactant, AO is the product of
oxidation and AS is the reduced active site.
The general oxidation kinetic reaction is expressed as.

. RoRiCoCi
Rate of reaction, R = ——————where, Ro =o0xygen
> (RoCo+yRiCi) ’ yg

chemisorption rate constant.

Ri=Surface reaction rate constant.

Co=oxygen concentration.

Ci=Hydrocarbon concentration.

y = Stoichiometric coefficient for total oxidation or Stoi-
chiometric coefficient of oxygen in the oxidation.

(i1) Langmuir- Hinshelwood model

As shown in Fig. 3a, this mechanism assumes that a
bimolecular reaction takes place between two atoms that
are adsorbed on the surface adsorption sites. It is, further-
more, assumed that once the reaction is complete, the as
formed product will desorb from the surface.

Consider this bimolecular reaction as follows; where ‘S’
represents available surface active site for adsorption, ‘X’
and ‘Y’ represent the reactants.

X + § = XS(adsorption of X)
Y + § = YS(adsorption of Y)
XS + YS = P (product)

P — P, + 2S(desorption of products)

(iii)Eley—Rideal model

As shown in Fig. 3b, this mechanism assumes that a reac-
tant molecule will be adsorbed on the surface site and will
directly react with another incoming molecule form the
gas phase, wshich implies that the incoming molecules
would not require an adsorption site on the surface. Such
reactions can be described as a non-thermal reaction.

X + § = XS(adsorption of X)
XS + Y = P(product)

P — P, + S(desorption of products)
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Adsorbent surface

(a) Langmuir—Hinshelwood mechanism

Fig.3 Adsorption of gaseous species. a Langmuir—Hinshelwood,
which explains reaction between adsorbates that are, adsorbed on the
surface adsorption sites. ‘S’ represents available surface active site
for adsorption, ‘X’ and Y’ represents the reactants, ‘XS’ and ‘YS’
represents adsorption of reactants X and Y on S respectively, ‘P’ rep-

water could contribute to an increased adsorption capac-
ity, since formaldehyde is water-soluble. Perhaps, with an
increase in relative humidity, the water content in the media
increases, thereby letting hydrophilic formaldehyde dissolve
in the adsorbed water. Here we can witness an increase in
formaldehyde adsorption capacity. Whereas as seen earlier,
the condensed water in micropores sometimes tend to block
the available pores for adsorption. Hence the effect of rela-
tive humidity on chemisorption of formaldehyde is still con-
troversial as its effect can be different for various materials.

Apart from relative humidity, temperature plays a sig-
nificant role in formaldehyde or any VOC adsorption rate.
Unlike some catalytic oxidation technique involving the use
of high temperature for conversion of VOCs to non-toxic
substance, adsorption is generally carried out at normal
room temperature. However, with an increase or decrease
in temperature below the optimal level has shown to affect
the VOC adsorption rate. Therefore, it becomes important
to find that optimal level of temperature, which varies with
different sorbents. Kim et al. studied mesoporous MCM-
41, zeolite, and amorphous silica, functionalized with three
kinds of amine groups 3-aminopropyl- triethoxysilane
(APTES), N(b-aminoethyl) g-aminopropylmethyl dimeth-
oxysilane (AEAPMDMS), and N1-(3-(trimethoxysilyl)-
propyl) diethylenetriamine (TMSPDETA) and investigated
the effects of different temperature conditions (10-50 °C)
on formaldehyde adsorption. At 30 °C, the adsorption effi-
ciency was the highest, above which the adsorption effi-
ciency decreased rapidly, suggesting 30 °C to be an opti-
mum temperature level for interaction between amine and
formaldehyde (Kim et al. 2011). Chiang et al. (2001) inves-
tigated the effects of pore structure and temperature on VOC
adsorption on activated carbon. At high temperature, the
benzene adsorption on bituminous coal and coconut shell-
derived activated carbons increased notably (Chiang et al.
2001). Most of the studies showcase the fact that, at a higher

@ Springer

X Y
NS &
XS )€ XS™7

Adsorbent surface
(b) Eley—Rideal mechanism

resents the product. b Eley—Rideal mechanism, where the adsorbed
molecules react with impinging gas molecules directly through sim-
ple collision. This indicates there is a reaction between an adsorbate
and an incoming molecule

temperature there is strong interaction between the adsorbent
and adsorbate molecules, which increases the adsorption
efficiency. Nevertheless, adsorption is n exothermic reac-
tion. That is with an increase in temperature, entropy on the
adsorbent surface increases, and the adsorbate gets desorbed
with a decrease in adsorption bond strength. Therefore con-
clusively, with an increase in temperature there is a decrease
in adsorption capacity (Jiun-Horng et al. 2008).

With the advent of nanotechnology, various nanomateri-
als can be potentially employed as a tool to interact with
airborne pollutants with varying surface properties. Kebede
et al. (2017) synthesized viscose rayon cellulose fibre (a
flexible catalyst sheet) with Pt nanoparticles (dendrimer
immobilized nanoparticles) loaded on them for removal of
formaldehyde. This fibre-based catalytic system used poly
(amido amine) dendrimer, an intermediator between Pt nan-
oparticles and the fibres. The dendrimer played a dual role of
protecting (or stabilizing) the nanoparticles, help proper nan-
oparticles dispersion without aggregation and the terminal
amine in dendrimer was used for formaldehyde adsorption.
Yamanaka et al. (2013) prepared nanosized scallop shells
(waste product from seafood industry) by dry ball milling
process and then with subsequent addition of water. They
have demonstrated that the ground shells (specific surface
area~54.4 m?>g~") have great potential to adsorb formalde-
hyde effectively. Wen et al. (2010) investigated adsorption
and desorption performances of formaldehyde using high-
performance and affordable activated carbon produced from
sewage sludge and compared them with the commercially
available activated carbons. Activated carbon produced
from sewage sludge exhibited excellent adsorption perfor-
mances when compared with commercial activated carbon,
with initial removal efficiency of 83.72% and 89.56%, at
formaldehyde concentration of 498 mg/m? and 0.41 mg/m?,
respectively.
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Carbon nanotubes are also applied in many adsorption-
based applications, due to their outstanding ability for the
removal of various inorganic and organic pollutants since
their discovery (Pan and Xing 2008; Ren et al. 2010; Shih
and Li 2008). Compared to granular activated carbon, car-
bon nanotubes have been shown to be more effective in the
removal of ozone. Yang et al. (2017) aimed to address the
interactions between carbon nanotubes and formaldehyde.
They developed a carbon nanotube/activated carbon fibre fil-
ter medium fabricated by in-situ growth of carbon nanotubes
on activated carbon fibre, which exhibited superior formal-
dehyde adsorption capacity (almost three times more) than
the normal activated carbon fibre filter medium (Yang et al.
2017). Moreover, activated carbon fibre by itself has supe-
rior properties. The micropore-rich fibre surface attributes
to very high surface area (surface-to-volume ratio) between
2000 and 2500 m?/g that encourages adsorption of wide
range of organic pollutants (Gopinath et al. 2018).

Zhang et al. (2017) have summarized some of the com-
mon acidic and basic functional groups namely carboxyl,
hydroxyl, carbonyl, anhydride, lactone, quinones, pyrone,
chromene, pyrrole, pyridone and so on, along with their
characteristics on carbonaceous adsorbents. The source or
raw materials and modification treatments used to produce
carbonaceous adsorbent may be responsible for the type of
surface functional groups (oxygen-containing or nitrogen-
containing) available on the adsorbent. Scientifically, their
surface chemistry is mainly governed by the heteroatom (O,
N, S, H, halogens etc.) of functional groups for enhanced
surface and adsorption functionalities. Among them, the
presence of oxygen functional groups (either Bronsted acidic
or basic sites) and nitrogen containing groups are considered
to be most important adsorption species.

The development of novel VOCs adsorption technology
by modifying the surface chemistry of carbonaceous adsor-
bents is one key area of research. To control the properties
and to modify surface functional groups of the final car-
bonaceous material, certain synthesis route involving post-
treatment with chemical agents are considered. The nitrogen
containing groups are introduced into the carbon framework,
usually by heat treatment of carbon materials under NH;
atmosphere, or introduced by ammonium, nitric acid, and
N-containing compounds treatment, thus presenting a basic
property and increasing the carbon surface polarity and &
electrons (Li et al. 2018; Zhang et al. 2017). In general,
nitrogenation is employed to introduce nitrogen-heteroatoms
containing functional groups like -NH,, -NH, -C=N and
—C-N on carbon surface. Similarly, modification techniques
like surface oxidation and sulphuration are used to intro-
duce oxygen heteroatoms, containing functional groups like
—OH, -COOH, —C=0, —-C-0 onto the surface of adsorbents
and sulphur heteroatoms containing functional groups like
C-S, C=S, or S=0 onto the surface of carbon adsorbents

respectively. Yang et al. (2019) in the year 2019 have clearly
summarized these modification methods for introduction of
heteroatoms for enhanced surface functionalities and sorp-
tive properties for heavy metal adsorption (Yang X et al.
2019).

Such a modification, typically nitrogenation, with the
amine functional group (-NH,), is found to be the most
adaptable approach to enhance formaldehyde adsorption
efficiency. Researchers have well documented the amine-
aldehyde chemical conjugation fact (formation of chemical
bond between adsorbate and adsorbent) through covalent
bonding to improve the formaldehyde adsorption capacity.
As seen earlier, formaldehyde is adsorbed effectively on acti-
vated carbon or other adsorbents like alumina or silica only
through physisorption. However, owing to stronger adsorp-
tion forces with other compounds as well, formaldehyde gets
desorbed eventually to the air phase.

Therefore, an additional surface modification or enhanc-
ing the surface chemistry of adsorbent is of great interest
with regard to VOC adsorption. Compared to unmodified
activated carbon, graphite oxide and silica, it has been
reported that the amount of formaldehyde adsorbed on the
same materials containing amino groups (amine-functional-
ized materials) showed higher formaldehyde adsorption rates
(Saeung and Boonamnuayvitaya 2008; Photong and Boon-
amnuayvitaya 2009; Ma et al. 2011). The reaction between
amine and formaldehyde produces imine (compounds hav-
ing — N=C=function; also known as Schiff bases, with its
characteristics FTIR peak displayed around 1690—1640 cm™!
and its intensity increases with increased formaldehyde
exposure time) with elimination of water in the reaction
(Chen et al. 2016). The reaction process between carbonyl
group of formaldehyde molecule reacting with the amino
group on the surface of adsorbent material to form an imine
group is shown in reaction below.

R —NH, + HCHO — —-NH* = CH,

Furthermore, materials containing polymeric amines like
poly(allylamine), polyethyleneimine and chitosan contains
many nitrogen-containing functional groups, which plays an
important role in increasing formaldehyde adsorption ability
(Zhang et al. 2020c; Yang et al. 2011; Gesser and Fu 1990).
Chitosan is a natural, renewable, biodegradable, environ-
mental friendly and linear polysaccharide obtained by dea-
cetylation of chitin (Shalbafan et al. 2020). Furthermore,
many publications have reported that chitosan-supported
adsorbents are effective in removing indoor formaldehyde.
Nuasaen et al. (2013) developed chitosan and polyethyl-
eneimine functionalized carboxylated hollow latex that
can adsorb formaldehyde through nucleophilic addition of
amines to carbonyls of formaldehyde, followed by the elimi-
nation of water molecules. Hollow latex-polyethyleneimine
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possessed higher formaldehyde adsorption efficiency com-
pared to hollow latex-chitosan. Yang et al. (2019a, b) pre-
pared a promising biodegradable adsorbent for removal of
indoor formaldehyde, by cross-linking p-cyclodextrin and
chitosan in acidic aqueous solution with glutaraldehyde as
the cross-linker. With the inlet formaldehyde concentration
of 46.1 mg/m?, formaldehyde adsorbing capacity was up to
15.5 mg/g at a temperature of 20 °C.

There is one thing that needs to be considered while
using chitosan. Chitosan molecules are dissolved in acidic
water, which leads to protonation of the amine groups in the
acidic medium. Thus removal of acid remnants as a post-
processing step is often required when using chitosan-based
filter medium. This chitosan polycation (molecule or chemi-
cal complex having multiple cationic sites) can be neutral-
ized using strong bases like sodium hydroxide, potassium
hydroxide or sodium bicarbonate followed by washing copi-
ously to render or regenerate the NH, groups of the chitosan
(Llanos et al. 2015).

Another important point that must be taken into account
every time we try to fix the modifier molecule on surface of
adsorbent material is; “The Fixation method”. To an adsor-
bent, the modifier (e.g. any amino-containing modifiers) can
be fixed either through grafting or impregnation. Since the
modifier molecules are fixed on the surface of adsorbent
material mainly through physisorption (involving no chemi-
cal bonds), this method tends to be highly unstable. In such
cases, especially the amino-containing modifiers may cause
secondary pollution at higher temperatures. This is because
the amino-containing modifiers are highly volatile. This is
why grafting technique is considered to be more stable and
an effective approach, mainly because there is a strong bond
between the modifier and the adsorbent surface. Table 2 will
summarize the studies on some major adsorbents and their
performance over the last 10 years.

There are some major conclusions that could be drawn
from the study when it comes to adsorption of formaldehyde
on adsorbents. (1) Though the relative humidity does not
significantly affect physical adsorption capacity of VOCs
in general, adsorption capacity of an adsorbent is reduced
by the presence of water vapour through pore blockage or
competition between water and formaldehyde which are
of same polarity. (2) Further, with an increase in tempera-
ture above certain optimum level, rapid desorption of the
adsorbed contaminants is envisaged. If temperature is too
low, then it affects VOC adsorption capacity because of
the lack of energy available for efficient adsorption to take
place. (3) Other than these environmental factors like tem-
perature and relative humidity, the properties of adsorbent
materials such as surface area, pore structure, availability
of suitable functional groups play a vital role in increasing
VOC adsorption performance. In particular, modifying the
surface properties of adsorbents with S- and N-containing
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functional groups (typically amines) significantly influence
the adsorption capacity.

Nanofibrous membrane in formaldehyde
filtration

With the advent of nanoscience and nanotechnology, air fil-
tration and purification of polluted gas (both outdoor and
indoor) have taken new avenues. As seen in earlier two
sections, nanoparticles have played a major role both as a
catalyst and as an adsorbent in formaldehyde removal. Simi-
larly, the novel nanofibrous membranes because of their high
versatility have attracted much attention from researchers
and have been introduced for various applications, including
biomedical applications, oil-water separation, water-purifi-
cation, for sensors, waterproof and breathable clothing and
so on (Gobi et al. 2018; Senthil et al. 2018; Li et al. 2019a,
b; Wang et al. 2015b; Madhura et al. 2018). Due to their
tremendous ability like large surface area, higher porosity
with small pore size, high gas permeability, good surface
adhesion, and light weight nature, development of electro-
spun nanofibrous membrane-based air filters are very active
among researchers since the late 1980s (Berly and Nallath-
ambi 2020). One benefit of using electrospun nanofibrous
membrane is that the nanoparticles can be easily added into
the polymeric solution to get the desired functional proper-
ties on the composite fibres. But the loading of nanoparticles
must be done properly, because with higher nanoparticle
loading there is agglomeration of nanoparticles that would
in turn reduce the adsorption capacity.

Up until now, activated carbon and activated carbon fibres
are the most commonly used material for VOC adsorp-
tion. However, compared to these materials, porous car-
bon nanofibres have become an area of intense interest for
energy storage, catalysis and filtration applications due to
their superior properties, like abundant available micropo-
res, large surface area, and excellent adsorption capacity
(Lee et al. 2010; Song et al. 2007; Wang et al. 2013; Kong
et al. 2013; Katepalli et al. 2011). Lee et al. (2010) prepared
electrospun polyacrylonitrile-based nanofibres, which were
later carbonized and steam-activated to produce polyacry-
lonitrile-based activated carbon nanofibres with shallow and
homogeneous microporous structure, for highly efficient for-
maldehyde adsorption. Formaldehyde adsorption ability was
greatly increased because the carbon nanofibres possessed
abundant nitrogen-containing functional groups. Thus, even
at a low formaldehyde concentration, remarkable amount
of formaldehyde was adsorbed onto the pore surface of the
polyacrylonitrile-based activated carbon fibres, which was
very high as compared to conventional activated carbon
fibres. The nitrogen contents on carbon nanofibres played
a dominant role in formaldehyde adsorption. Rong et al.
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(2003) studied the influence of heat treatment and its effect
on formaldehyde adsorption over rayon-based activated
carbon fibre. The heat treatment had significantly increased
the formaldehyde adsorption capacities (roughly 24 mg/g).
The adsorption capacity was much higher when compared to
most of the recently undertaken works (Kadam et al. 2018,
2020) of formaldehyde adsorption.

Besides activated carbon nanofibres, there are other
polymers like polystyrene, polyurethane, chitosan and so
on (Scholten et al. 2011; Ge et al. 2016; Chu et al. 2015;
Sargazi et al. 2019), that can be used to produce electro-
spun nanofibrous membranes, showcasing promising sorp-
tion capacities for VOCs. These membranes can be easily
regenerated by desorption through simple nitrogen purg-
ing process under ambient conditions. The VOC removal
potential of a nanofibrous material is influenced by surface
chemistry of the material. Hence, considering polymers that
are rich in functional groups are promising candidates for
VOC removal. Many researchers have considered the use
of cyclodextrins (cyclic oligosaccharide) and cyclodextrin-
functionalized materials for VOC adsorption applications
by exploiting their ability to form non-covalent host—guest
inclusion complexes with toxic pollutants (Kayaci et al.
2014; Uyar et al. 2010; Celebioglu and Uyar 2018; Cel-
ebioglu et al. 2016). Soy protein (isolated component of
soybean)-based nanofibrous membranes have been used for
formaldehyde removal, mainly because of the presence of
ionizable groups and many other functional groups, includ-
ing polar, nonpolar, hydrophobic and hydrophilic ones (Nal-
lathambi et al. 2019). Various other nanofibrous membranes
especially surface modification with organic amines have
been developed for scavenging indoor formaldehyde pollut-
ant and is discussed in Table 3. It should be noted that the
main advantage of employing easy to handle nanofibrous
membrane-like morphology is an easy and effective way
to stop leaching out of catalyst nanoparticles or adsorbents
from the filter medium. Table 3 will showcase few research
works based on nanofibrous membranes, with or without
the presence of certain additives for formaldehyde removal.

Conclusion

Various technologies are introduced to address and remove
the indoor air pollutants, considering the adverse effects
of VOCs on human health. In this paper, we explored the
diverse techniques currently used, with an emphasis on
catalytic oxidation, adsorption and the use of nanofibrous
membrane for removal of pollutants (especially indoor for-
maldehyde) from air. Among these technologies, adsorp-
tion has a high potential to adsorb the VOCs from air to the
solid phase. Its dominance rests primarily on its simplicity,
ease of operation and low cost. Yet it has faced challenges

@ Springer

like saturation, pore blockage and thus the need for frequent
regeneration of adsorbents, which in turn increases cost
associated with the system. Similarly, even with photocata-
lytic process, catalyst’s short lifetime due to loss of photocat-
alyst active sites can impose frequent catalyst replacement.
Moreover, they are known to be effective in higher VOC
concentrations (it isn’t much effective at lower pollutant
concentration) and generate secondary pollutants as well.
Although photocatalytic oxidation is an effective technique
owing to its room temperature operation and in removing a
wide range of air pollutants mainly by converting harmful
formaldehyde into benign, odourless and environmentally
friendly components like H,O and CO,, the commonly
used ultraviolet light source is quite expensive. Hence more
research should be focused to increase the removal capac-
ity under visible light conditions. Catalytic oxidation on
the other hand is considered to be the most promising solu-
tion and it has high efficiency in removal of VOCs at low
temperatures. At the same time, it is also non-economical
because it requires noble metals as catalysts. Their practical
use (mainly in industries) is restricted because they have
poor thermal stability at temperatures above 500 °C. Hence
transition-metal oxides with good thermal stability, which
are cheaper, display good catalytic performances and are
available in plenty is mostly considered. Further, employ-
ing nanofibrous membrane-like morphology has certain
advantage, as it stops the leaching out of catalyst nanopar-
ticles or adsorbents from the filter medium and increases
the density of available active sites for pollutant interac-
tions. These nanofibrous membranes can be costly and their
operation/maintenance is expensive. Despite these obstacles,
there are advantages associated with every technique. It is
the role of researchers to identify the right technique for
the target component and move towards hybrid systems, for
example photocatalysts can be doped with adsorbent spe-
cies or adsorbents can be immobilized on nanofibrous mem-
brane or nanofibrous membranes can be functionalized with
favourable functional groups (amines for example) for VOC
abatement. Conclusively, to solve problems associated with
every technique and for the development of these age-old
techniques with effective and low-cost materials that can
operate at normal room temperatures requires more research.
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