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In-situ thermally restorable adsorption films exhibited brilliant performance for indoor volatile organic com-
pounds (VOCs) purification with negligible wind resistance and considerable lifetime. However, the morphology
of adsorption films should be restructured for better adsorption kinetics. This study structured adsorption films
with submillimeter-sized channels by direct ink writing (DIW). Submicron-micron-sized porous structure was
further fabricated through ammonia carbonate treatment. Pore size distribution characterization proved 33% of
extra mesopores were created in the hierarchical porous adsorption film. Dynamic adsorption behaviours for
formaldehyde and toluene illustrated that the hierarchical porous adsorption film exhibited an over 80% initial
one-pass efficiency for both formaldehyde and toluene, improved by 20% over the plane adsorption film. The
purification rate was also significantly improved by 83% and 67% for formaldehyde (from 0.059 mg g'h™! to
0.106 mg g'h™!) and toluene (from 0.143 mg g'h™! to 0.239 mg g'h™1), respectively. This study proposed a
method for conveniently preparing multi-scale porous structured adsorption components under mild conditions.
The hierarchical diffusion pathways induced by DIW and ammonium carbonate treatment will enhance the
adsorption kinetics and the purification performance of the adsorption film, overcoming the weak purification
performance and short material lifetime of the existing indoor VOCs adsorption components. This research can
be further applied to gas separation, as well as gas sensing, as DIW can achieve sub-millimeter scale resolution,
providing a versatile approach for heat and mass transfer enhancement in chemical and environmental fields.

1. Introduction be very dense, leading to a large flow resistance, limiting its practical

application. As far as we know, the powder-filled adsorption component

Indoor volatile organic compounds (VOCs), such as formaldehyde
and toluene, can cause chronic damage to human bodies for even de-
cades [1] due to their continuous emission from massive indoor chem-
ical sources like furniture [2,3] and decoration coatings [4], increasing
the risk of severe illness [5-8]. Adsorption has been exploited exten-
sively for gaseous pollutants removal [9] as it is economical [10] and by-
products free [11]. If the adsorption component is appropriately
designed, adsorption can efficiently remove VOCs at low concentrations
[12,13].

Traditional powder adsorbent is easy to prepare and can maintain
the maximum specific surface area and the highest adsorption capacity
of the material. However, the powder-filled adsorption component will
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can only be used as a fluidized bed in chemical engineering [14,15].
Adsorbents shaped by granulation are commonly used in residential or
industrial purification equipment [16,17], even rare suitable [18,19],
facing formidable challenges of high air resistance and poor flexibility.
In addition, bad adsorption kinetics [20,21] will restrict the efficiency
and adsorption amount of materials and increase the cost of mainte-
nance and the replacement of materials. Structured monolithic adsorp-
tion components have been studied more and more extensively [22,23].
Their hierarchical porous architecture consisting of macro-channels,
intrinsic nanopores and large surface areas enables a lower pressure
drop and better mass transfer kinetics compared with granular materials
[24,25]. Traditionally, monoliths are fabricated by hydraulic or screw
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Fig. 1. (a) Preparations of the printing inks and the adsorption films with hierarchical porous structures. The viscosities (b) and viscoelasticities (c) of Inks #1, #2,

and #3.

extrusion techniques [26,27]. However, the geometry of extruded
monoliths is highly dependent on sophisticated moulds, which brings
extra labour, equipment, and time and limits the geometric degree of
freedom and material versatility of the adsorbents.

Direct ink writing (DIW) has been used for preparing gas-phase
adsorption components [28-31]. Generally, the semi-liquid adsorbent
ink of high solid loading ratios exhibits a shear-thinning rheological
property, making shape retention possible after printing [32,33]. A wide
variety of adsorbents [34,35], such as carbon adsorbents, zeolites, MOFs
and COFs, can be adapted to DIW fabrication if supplemented with
appropriate binders and plasticizers [36,37]. Grande et al. [38] prepared
a non-aqueous ink and printed a MOF monolith for carbon dioxide,
moisture, nitrogen and methane adsorption. Middelkoop et al. [39]
fabricated porous-carbon monoliths for carbon dioxide capture via DIW.
Some studies applied DIW-fabricated adsorption components for VOCs
removal [40-43]. Wang et al. printed a monolith of ZSM-5 core and
silicalite-1 shell by DIW for good mass transfer kinetics, and the
silicalite-1 shell was hydrophobic to avoid the competitive adsorption of
moisture [43]. Results show that the breakthrough time of the adsorp-
tion monolith for toluene is 580 s under 5% relative humidity and 430 s
under 50% relative humidity. Scott et al. [44] printed activated carbon-
based honeycomb-like adsorption components with millimetre-sized
channels for butane adsorption. Breakthrough experiments showed
that the printed adsorption component owns an over 40-min lifetime,
around 4 times as long as the commercial packed bed column. Zhao et al.
printed silica aerogels containing MnO- spheres as catalysts for ppm-
level toluene photocatalytic degradation during thermal transpiration
[45]. Within 6 h, the silica-MnO, monolith can decompose 18 ppm
toluene to less than 4 ppm. Lawson et al. [46] printed an adsorption
monolith component of metal oxide and H-ZSM-5 for n-hexane
adsorption and catalytic cracking. Results showed the Cr-doped H-ZSM-
5 monolith presented 85% n-hexane conversion and showed no deacti-
vation after 6 h adsorption and catalytic reactions. Zhang et al. [47]
printed a polymer monolith with intrinsic microporosity (PIM-1). The
macroporosity induced by DIW and the intrinsic microporosity enable
PIM-1 to fully purify toluene vapor for 1.7 h, and the breakthrough can

be as long as 5.6 h. The VOCs removal performances (e.g. efficiency,
breakthrough time) of the existed DIW fabricated porous adsorption
components have been very good, but the experimental air flowrate or
face velocity are usually not applicable for practical use [44,47].

However, the exacting requirements of the rheological property for
the DIW ink bring challenges to some brilliant adsorbents, including
MOFs and activated carbon (AC), which are highly efficient for VOCs
adsorption [48]. For example, AC is difficult to be dispersed evenly in
ink, especially in aqueous ink, resulting in poor rheological properties
[49]. Adding more binders or easy-to-disperse adsorbents (i.e. zeolite
powder) to the ink could improve the rheological properties [39,49].
Regufe et al. mixed zeolite 13X and conductive porous carbon to prepare
an aqueous ink with better rheological properties than porous carbon
alone, as zeolite 13X was uniformly mixed with AC, promoting its
dispersion property and hydrophilicity [49].

The flexibility and great freedom enable DIW to automate the
moulding of materials to adsorption components with superior mass
transfer kinetics, such as honeycomb-like adsorption monoliths [43] and
the trough-like finned adsorption board [40]. The adsorption structures
with sub-millimetre resolution enable adequate contact between the
adsorbent and VOCs, and provide a much shorter diffusion pathway for
the VOC molecules into the adsorbent, accelerating the VOC capture
rate. However, VOC:s still diffuse slowly through the intrinsic nanopores
into the carbon material [50]. If more micron-sized pores were formed,
the interconnected hierarchical porous structures would further accel-
erate the inward diffusion rate [51]. Thus, VOC removal efficiency in the
initial adsorption period can be improved.

Due to the limitation of the DIW resolution, the submicron-micron-
sized structures need extra auxiliary methods. Gas emulsion and sacri-
ficial template methods have been applied to fabricate submicron-
micron porous structures in recent years [52-56]. Zhao et al. fabri-
cated a silicone rubber membrane with ordered micropores through
solvent evaporation-induced phase separation [57]. Uniform 10 pm —
20 pm pores are synthesized, which is attributed to the nucleation,
growth, and coalescence process of liquid paraffin in the rubber mem-
brane. Liu et al. printed hierarchical porous A1203 ceramic lattices by
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DIW assisted with gel emulsion [58]. The stable gel emulsion acted as a
liquid sacrificial template, forming a hierarchical porous structure by
heating. Huang et al. synthesized micron-sized pores in a monolith by
decomposing preadded polymethyl methacrylate beads (as a sacrificial
template) under high temperatures [59]. The content and size of the
template particles were adjusted to prepare porous structures with
different pore sizes and porosities. Liu et al. fabricated micron-sized
pores using a similar method, and the porous networks accelerated the
matter transport in dye degradation reactions [60]. Compared with the
high-temperature calcination required in the above preparation process,
developing novel methods of micron-sized pore preparation under
milder conditions may be more applicable in indoor VOC removal.

In this study, a sub-millimeter net-like adsorption film with an
interconnected hierarchical porous structure was prepared via DIW. AC
was exploited as the adsorbent as it has performed great adsorption
performance for many VOCs in indoor environments and has been a very
commonly used adsorbent for VOCs removal [12,61]. and ZSM-5 zeolite,
having similar physical properties to zeolite 13X, was added as the co-
adsorbent to modify the rheological properties of the ink. Ammonium
carbonate was used to evaporate ammonia gas and carbon dioxide to
form micron-sized pores. Thus, the inward VOC diffusion rate of the
adsorption film could be accelerated. The adsorption film was coated on
a temperature-adjustable substrate first proposed by Chen et al. [62] to
realize rapid in-situ desorption after the adsorbent got saturated.
Formaldehyde and toluene purification experiments were conducted,
and the ammonium carbonate processed net-like adsorption film
exhibited great VOC adsorption and regeneration performances. The
adsorption films with hierarchical porous structures proposed in this
study will provide a solution for long-term indoor VOC removal and
broaden the horizons of gas-phase adsorption applications, including
gas separation and carbon capture.

2. Experimental section
2.1. Materials

Activated carbon (AC) and ZSM-5 zeolite were purchased from
Jiangsu XFNANO Co., Ltd. Carboxymethyl cellulose (CMC) and ethyl-
ene-vinyl acetate (EVA) copolymer were provided by Topg Health
Technology (Guangdong) Co., Ltd. Bentonite clay as a binder was pur-
chased from Beijing Merida Technology Co., Ltd. Ammonium carbonate
was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2. Ink preparation

Fig. 1 (a) presents the preparation of inks. First, 2 g CMC was dis-
solved in 98 g deionized water at 80 °C with sufficient stirring at 600 r
min~! for 1 h by a magnetic stirring apparatus (Corning PC-420D) to get
a well-dispersed viscous suspension. Then 20 g suspension and 9 g
deionized (DI) water were added to a powder mixture consisting of 11 g
ZSM-5 and 5.5 g AC, which had been thoroughly stirred through a
planetary ball mill (QM-QX04, NJU Instrument Co., Ltd.). ZSM-5 was
added to the printing ink to adjust the ink rheology, as AC has poor
dispersion and rheological properties. Then, a planetary mixer (IGT
SimplyMix Mixer) stirred the mixture for 2 min (revolution speed, 3600
r min~}; self-rotation speed, 800 r min ") to get a uniform dispersion.
Bentonite and EVA were both tried as binders. Four g bentonite was
added to the dispersion as a binder, followed by 2 min stirring by the
planetary mixer to prepare a uniform solid-like Ink #1. While for EVA, 4
g bentonite was replaced by 2 g EVA, and other operations remained the
same to get Ink #2. Ink #3 was also prepared without any binders for
comparison.

2.3. Rheological property tests

The viscosity and viscoelasticity of Inks #1, #2 and #3 were tested
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on a rotational rheometer (MCR 302, Anton-Paar Instruments) using a
parallel plate measuring system at 24 °C. For the viscosity test, the shear
rate was uniformly changed from 0.1 s~! to 1000 s™'. For the visco-
elasticity test, the shear strain was uniformly changed from 0.1% to
1000%. The inks with suitable rheological properties would be used for
further study.

2.4. Preparation methods of the printing inks and the adsorption films
with hierarchical porous structures

The ink was loaded in a bio-printer (Eazao, Bio), as shown in Fig. 1
(a). The models of adsorption films were designed with Solidworks
2019, and converted to G-codes that determine the printing pathways by
Ultimaker Cura 4.11.0. Two types of adsorption films with different
morphologies were printed on the electrothermal PI circuit substrates by
DIW, which were the plane adsorption film (PAF) and the net-like
adsorption film (NAF, adsorption film composed of mutually perpen-
dicular material filaments, as shown in Fig. 1 (a)). During the printing
process, 10 g 2 mol L' ammonium carbonate solution was dropped on
the annealed PAF and NAF to fabricate PAF@N and NAF@N, respec-
tively. Then four kinds of adsorption films were dried in an oven (DZF-
6050, Shanghai Jinghong) for 2 h at 120 °C. The adsorption films were
easily peeled off from the PI circuit substrate and later quickly annealed
at 500 °C for 1 h under high-purity argon gas flow with a rapid annealing
furnace (As-One RTP System, Annealsys). A thermogravimetric analysis
(TGA) was conducted to monitor the content variation of the adsorption
film caused by the annealing treatment. Then PAF, NAF, PAF@N and
NAF@N were coated on a temperature-adjustable PI circuit substrate
[63] with EVA copolymer for further gas adsorption experiments.

2.5. Chemical and morphological characterization

The size and morphology of the raw adsorbents and printed films
were tested by a field emission scanning electron microscopy (FE-SEM,
ZEISS MultiSEM 505). The elemental composition and distribution
spectrograms of adsorbents before and after printing were analyzed by
an energy-dispersive spectrometer (EDS, ZEISS MultiSEM 505). The
specific surface area (SSA) was estimated by the Brunauer, Emmett and
Teller (BET) method. The pore size distribution (PSD) was measured by
the Density Functional Theory (DFT) method and Barret Joyner Halenda
(BJH) method. The adsorption behaviours of the fabricated adsorption
films and the raw adsorbents were evaluated by isothermal Ny adsorp-
tion experiments. The chemical groups of NAF before and after ammo-
nium carbonate treatment were detected by Fourier Transform infrared
spectrometer (FTIR, Nicolet 6700FTIR).

2.6. Dynamic adsorption experiments and thermal regeneration

The annealed adsorption films were fixed on an air passage (450 mm
x 70 mm x 3 mm), where the dynamic adsorption experiments were
conducted. A microfluidic controlled gas evaporation generator [40]
was used to generate formaldehyde and toluene stably. The ambient air
was filtered by a high-efficiency particulate air (HEPA) filter and puri-
fied by activated carbon packed pipe in sequence, subsequently pumped
into a spiral stainless-steel tube inside a sealed oil tank with a heating
control. The heated air purged the evaporated gas from the generator to
form polluted air with a stable concentration of the target pollutant. The
pollutant flow passed over the adsorption film that had been fixed in the
air passage and got adsorbed. The airflow rate was maintained at 3.6 L
min~! by a mass flow controller (MC 20SLPM, Alicat Scientific, USA)
with a residence time of 0.13 s. The formaldehyde and toluene con-
centrations in the air before and after the adsorption film (Cj, and Cyyt)
were monitored using a gas chromatography - barrier ionization
discharge (GC-BID) detector (Shimazu, Nexis GC2030-BID) and a VOC
detector (Honeywell, ppbRAE3000 PGM-7340) in a controlled envi-
ronment (23.0 + 1.0 °C, 25% =+ 5% relative humidity), respectively.
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Fig. 2. Images of (a) PAF and (b) NAF. The SEM images from the cross-section of (c) PAF and (d) NAF. (e) The SEM image from the top view of NAF. Scale bars, 1 cm
for (a) and (b), 200 pm for (c) and (d), and 500 pm for (e). PAF@N and NAF@N have almost the same appearance as PAF and NAF, respectively.

XRD and XPS characterizations were conducted on the adsorbents
before and after formaldehyde and toluene adsorption to ensure the
stability of the adsorption films during the adsorption of formaldehyde
and toluene. Following the adsorption performance decayed, in-situ
electrothermal regeneration was conducted by applying a direct current
(DC) regulated power supply (20 V, 24 W) to the PI circuit substrate to
control the adsorbent temperature at 80 °C for formaldehyde regener-
ation and 100 °C for toluene regeneration. The temperature increase
process could finish in less than one minute [64].

3. Results and discussion
3.1. Rheological properties of the inks

Fig. 1 (b) shows the viscosities of Inks #1—#3. Three inks all present
shear-thinning rheology, meaning the viscosity decreases as the shear
process accelerates. A high-quality 3D printing ink should have a rela-
tively low viscosity at a rapid shear rate to ensure that the ink extrusion
process from an ultra-thin nozzle proceeds smoothly and a relatively
high viscosity at a low shear rate to prevent the extruded ink from
flowing deformation. As the shear rate increases from 0.1 s~* to 1000
s~1, the viscosity of Ink #1 changes from 1.7 x 10° mPa s to 940 mPas,
the viscosity of Ink #2 changes from 4.8 x 10° mPa s to 680 mPa s, and
the viscosity of Ink #3 changes from 1.1 x 10° mPa s to 1300 mPa s.
Among the three inks, the viscosity curve of Ink #1 is steeper than Ink
#2, while the viscosity variation of Ink #3 is the gentlest. In addition,
the viscosity of Ink #1 is large enough to ensure that the resolution of
DIW fabrication will not be reduced due to the flowing deformation of
printed ink. Therefore, Ink #1 is the most suitable for DIW preparation.

The ink viscoelasticity was shown in Fig. 1 (c), including storage
modulus (SM) and loss modulus (LM), which are essential parameters
determining whether DIW can proceed successfully, and the quality of
DIW molding. From Fig. 1 (c), the SMs of Inks #1 and #2 are both high
at low shear stress and gradually decrease. Their LMs also decrease with
the increase of shear stress, but the decay rate is lower than that of SM.

Thus, SM is greater than LM under low shear stress. Under this condi-
tion, the elastic properties of the viscoelastic DIW ink will dominate; that
is, the ink will behave like a solid and is not easy to deform at a low shear
rate. While under high shear stress, SM is less than LM, and the viscous
property of ink dominates, so the ink behaves like a liquid and has good
fluidity at a high shear rate. Since the yield stress (the shear stress at the
intersection of the SM curve and LM curve) of Ink #1 is greater than that
of Ink #2, as the ink is extruded out and the shear stress generally de-
creases, Ink #1 exhibits solid material properties earlier. Hence its
flowing deformation will not be as significant as Ink #2. The SM and LM
curves of Ink #3 do not exhibit similar properties and may result in the
failure of DIW molding. Due to the comprehensive consideration of
viscosity and viscoelastic characteristics, Ink #1 was selected for the
subsequent DIW preparation.

3.2. Morphologies and adsorption behaviours of DIW fabricated
adsorption film

3.2.1. Surface morphology of adsorption films

Three adsorption structures are printed onto the temperature-
controllable flexible PI substrates. The appearances of PAF and NAF
are shown in Fig. 2 (a) and (b). PAF@N and NAF@N have almost
identical appearances as PAF and NAF, respectively. It can be seen that
the surface of PAF has uneven bumps due to the non-uniformity of the
artificial paint-coating method. However, the surface of NAF is flat, and
many mutually perpendicular adsorbent filaments form a uniform three-
dimensional grid structure. Fig. 2 (c) and (d) show that the thickness of
the two laminates is about 1 mm. Fig. 2 (d) and (e) clearly show the
uniform net-like structure in the NAF, with a width of about 700 pm and
a thickness of about 700 pm. The material filament in Fig. 2 (d) is
slightly wider than 700 pm, as the underlying adsorbent filaments will
slightly deform due to the pressure of the piled adsorbent on top. The
thickness of the extruded adsorbent filament varies slightly according to
the location (Fig. 2 (e)), because the extruded ink falling on the space
between the underlying adsorbent filaments will be stretched due to
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Fig. 3. SEM images of the microscopic morphologies of the pristine activated carbon (AC) (a) and ZSM-5 (b), scale bars, 5 pm; and the DIW fabricated material before
calcination (c) and after calcination (d), scale bars, 10 pm. Figures (e) — (h) are the adsorption isothermals of materials (a) — (d), respectively. Figures (i) — (1) are the
cumulative specific surface area (SSA) and the pore volume (PV) distribution over pore size (dV/log(dW) PV) of materials (a) — (d), respectively, carried out by static
adsorption experiments with N, under 70 K. The SSA and pore size distribution (PSD) are estimated using the density functional theory (DFT) method.

gravity. The stretched adsorbent filament is about 600 pm wide. The
NAF prepared by DIW has a flat surface and uniform morphology with a
submillimeter scale three-dimensional grid structure formed by equally
distributed adsorbent filaments. The macro channels of NAFs can in-
crease the mass transfer area of pollutants and the fluid turbulivity
compared to the PAFs. Thus, the inward diffusion and convective mass
transfer of the VOCs will be enhanced [65].

3.2.2. Adsorption behaviours of DIW fabricated adsorbent and raw
material

The pristine AC and ZSM-5 are shown in Fig. 3 (a) and (b). The
particle size of activated carbon is uneven, with the smallest being less
than 1 pm and the largest reaching 5 pm. ZSM-5 has long stripped
particles with relatively uniform size, about 3-5 pm in length and 1-2
pm in width. Fig. 3 (c) and (d) respectively show the microscopic mor-
phologies (magnification by 1000 times) of the material prepared by
DIW before and after calcination. The morphology presented in Fig. 3
(d) looks fluffier and more porous than that in Fig. 3 (c). This phe-
nomenon proved the amount of binder used for bonding between ma-
terials and plasticizer used for regulating rheological properties
decreased after calcination. Thus, the blocked space is released,
reducing the negative effect of binder and plasticizer on the adsorption
properties of materials, which has been confirmed by previous studies
[66,67]. It can be seen from the adsorption isotherms in Fig. 3 (e) — (h)
that AC has the maximum adsorption capacity for N, under 70 K, about
530 cm® g1 at standard temperature and pressure (STP), while ZSM-5,
which is used to regulate AC rheological properties, has a weak

adsorption capacity. As the mass ratio of AC and ZSM-5 in the DIW
fabricated material is 1:2, the adsorption capacity of DIW fabricated
material before calcination is proportional to the mass ratio of AC and
ZSM-5, which is around 250 cm® g~ STP. After annealing, the adsorp-
tion capacity increased by about 8% to 272 cm®/g because of the
carbonization of the organic binder and plasticizer during annealing,
which may block the porous structure of the material. TGA results on the
DIW fabricated material before and after annealing in Fig. S1 of Sup-
plementary material showed that the mass decreases with the temper-
ature for the adsorption film before annealing. There is a steep decrease
at about 350 °C, which is the decomposition temperature for the addi-
tives. While for the annealed adsorption film, there is no apparent mass
loss after annealing when the temperature comes to 200 °C and higher,
proving the decomposition of the organic binder and plasticizer during
annealing. In addition, when the relative pressure varies within the
range of 0.4-1, the increase of Ny adsorption capacity of the four ma-
terials is 8.0%, 6.4%, 11.8% and 12.9%, respectively. Since the increase
of adsorption capacity under high pressure proved the existence of
mesoporous (2-50 nm [68], defined by IUPAC), the difference in the
shape of the adsorption isothermals explained the difference in pore size
distribution: DIW preparation could generate additional mesopores, and
calcination would further increase the content of mesopores. Fig. 3 (i) —
(1) presented the SSA and DFT simulated by the DFT method. The pores
of the four materials are mainly distributed within 4 nm. Compared with
the material before and after calcination, the SSA increased by 4.5%. In
particular, the BJH method calculated that the SSA generated by mes-
opore in the materials before and after calcination was 83 m? g~! and
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Fig. 4. The SEM images of the microscopic mor-
phologies of the adsorption films (a) before (NAF) and
(b) after (NAF@N) ammonia carbonate treatment,
scale bars for (a) and (b), 10 pm. The orange dashed
line described the additional micron-sized pores
formed in the adsorption film after the ammonia
carbonate treatment. (c) The adsorption isothermals
of NAF@N and NAF. The static adsorption experi-
ments are carried out with N, under 70 K. (d) The SSA
and the PSD of NAF and NAF@N. The SSA and PSD
are estimated using Barret Joyner Halenda (BJH)
method, which can test pore size between 1.8 nm and
300 nm. The two adsorption films were both
annealed. (For interpretation of the references to
1 colour in this figure legend, the reader is referred to
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110 m? g7}, respectively, and the latter increased by about 33%
compared with the former. It indicates that calcination can significantly
improve the proportion of mesopores. Although the SSA cannot be
greatly affected, the increase in the proportion of mesopores can pro-
mote the diffusion of gas molecules within the material, which signifi-
cantly improves adsorption kinetics.

3.2.3. The influences of ammonium carbonate treatment

During the PAF@N and NAF@N fabrication process, the ammonium
carbonate solution was dropwise added to the adsorption film. Ammo-
nium carbonate acted as a pore-generation matter, which could
decompose and produce ammonia gas and carbon dioxide by heating
during the drying process, which would evaporate from the inside of the
adsorption film through the material that had not yet dried. Because the
adsorption film was still a water-containing viscous semi-solid at that

(@) | ——NAF
—— NAF@N before calcination

—— NAF@N after calcination

Intensity (a.u.)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Pore width (nm)

time, a porous structure will be in-situ generated. Fig. 4 (a) and (b)
respectively described the microscopic morphology of the adsorption
films before (NAF) and after (NAF@N) ammonium carbonate treatment
(both dried and annealed). Compared with NAF, the surface roughness
of NAF@N increases, and there are many holes between 1 and 10 pm.
When polluted air flows through adsorption film, the rise in roughness is
conducive to improving airflow turbulence, strengthening the convec-
tive heat and mass transfer. It will benefit the dynamic adsorption per-
formance and provoke heat and mass exchange during thermal
regeneration. In addition, the formation of additional porous structures
can provide channels for the inward diffusion of gaseous pollutants in-
side the adsorbent, thus increasing the diffusion flux. In addition, it can
be seen from the adsorption isothermal in Fig. 4 (c) that the nitrogen
adsorption capacity of NAF@N was enhanced from 273 cm® g~! STP to
288 cm® g ™! compared with NAF when P/P = 1. Besides, the SSAs of

Fig. 5. (a) The FTIR spectrums of the NAF, the NAF@N before calcination and the NAF@N after calcination. The EDS images of NAF@N on (b) C element, (c) Al

element, (d) Si element and (e) N element.
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Formaldehyde NAF@N NAF PAF@N PAF
Performance decline 19.9% 25.6% 25.3% 36.6%
Purification rate (mg g h™?) 0.106 0.099 0.064 0.058
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Fig. 6. One-pass efficiencies of NAF@N, NAF, PAF@N, and PAF during the formaldehyde dynamic adsorption process. The performance decline and the purification

rate were calculated for each adsorption film listed in the attached table.

NAF and NAF@N simulated by the DFT method are 488 m? g~! and 496
m? g™}, respectively. The latter only increased by 1.6%, but the SSAs of
NAF and NAF@N induced by BJH mesopores were 110 m? g~ ! and 140
m? g7}, respectively, enhanced by 27%. In the BJH mesoporous distri-
bution diagram of Fig. 4 (d), the adsorption film after ammonium car-
bonate treatment has formed additional mesoporous in the range of
60-200 nm, indicating that the evaporation of ammonia and carbon
dioxide promoted the formation of mesopores (2-50 nm) and macro-
pores (greater than50 nm) and thus improved the mass transfer kinetics.
The submicron-micron-sized pores induced by ammonium carbonate
processing and DIW preparation provided hierarchical diffusion path-
ways for VOC molecules transport inside the adsorbent. Thus, the dy-
namic purification performance could be enhanced.

Fig. 5 (a) showed FTIR spectrums of the NAF, NAF@N before and
after calcination. The results showed almost no difference in the infrared
adsorption intensity. In particular, no additional amine group formation
was detected near the wavenumber of 3000 cm ™. In addition, the EDS
diagram results from Fig. 5 (b) — (e) also show that the density of ni-
trogen is very small (maybe noise signal) compared with other elements,
indicating that ammonium carbonate has been basically decomposed.
Hence it can be concluded that the improvement of the adsorption
performance of NAF@N relative to NAF is caused by physical factors
(the formation of additional mesopores), which also means that such
improvement of adsorption performance is applicable to the adsorption
of various gas phase substances.

3.3. Dynamic adsorption behaviours for formaldehyde and toluene

Dynamic adsorption experiments of the four adsorption films (PAF,
NAF, PAF@N, NAF@N) were conducted on an experimental setup [40].
The one-pass efficiency (¢) and purification rate (y) were calculated to
reflect their adsorption performances. The purification rate here means
the adsorption amount per gram of adsorbent per hour during the dy-
namic adsorption process, which could be used to evaluate the adsorp-
tion rates of films. The one-pass efficiency is calculated by Equation (1),
and the purification rate is calculated by Equation (2).

Cin 7 Cout
—mTou 1
T W

1 te G in — “ou
’}/:—/ Md[
t. J, M

=0

(2)

where, ¢ is the one-pass efficiency; Ci, is the inlet pollutant concentra-
tion, ppm; Coy is the outlet pollutant concentration, ppm; t. is the
experimental time, h; G is the polluted air flow rate, m® s’l; M is the
adsorbent mass, g.

3.3.1. The performance of four adsorption films on formaldehyde

Fig. 6 exhibits the adsorption performances of four adsorption films
on formaldehyde, in which the inlet concentrations of formaldehyde are
2 mg m~3. The initial one-pass efficiency of the PAF is about 67% for
formaldehyde at the face velocity of 0.8 m s, while the efficiency of the
NAF is more than 75% with the same adsorbent thickness and face ve-
locity. The one-pass efficiency declined slightly with time, to 57% after
6 h for NAF, and 44% for PAF. The purification rate was increased from
0.058 mg g'h ! for PAF to 0.099 mg g'h ™! for NAF. As shown in Fig. 2
(e), inside the NAF, the pervasive macro channels induced by the DIW
fabricated mutually perpendicular adsorbent filaments enable adequate
contact between formaldehyde and adsorbent, and the uniformly
distributed 0.6-mm wide adsorbent filaments extruded by DIW reduced
the diffusion depth significantly compared with the PAF, whose thick-
ness is 1.2 mm. In addition, when the pollutant flow passes through the
NAF, the mutually perpendicular filaments generate more turbulence,
enhancing the convection mass transfer.

As for PAF@N, the initial one-pass efficiency is around 69% percent
for formaldehyde, nearly 3% higher than PAF, and the efficiency
decreased to 52% after 6 h, as shown in Fig. 6. The purification rate of
PAF@N was increased to 0.064 mg g *h ™!, 10% higher than the PAF. As
shown in Fig. 4 (b), the submicron-micron-sized pores formed by
ammonia gas and carbon dioxide evaporation created fast diffusion
pathways for formaldehyde adsorption. Thus the mass transfer flux will
be higher for PAF@N compared with PAF, inducing higher one-pass
efficiency and greater purification rate.
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Toluene NAF@N NAF PAF@N PAF
Performance decline 25.1% 28.3% 21.6% 26.6%
Purification rate(mg g* h%) 0.239 0.227 0.154 0.143
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Fig. 7. One-pass efficiencies of NAF@N, NAF, PAF@N, and PAF during the toluene dynamic adsorption process. The performance decline and the purification rate

were calculated for each adsorption film listed in the attached table.

For NAF@N, the formaldehyde adsorption performance is enhanced
more significantly than NAF and PAF@N. As Fig. 6, The initial one-pass
efficiency of NAF@N is about 81%, 6% higher than NAF, and the per-
formance decline after 6 h is 19.9%, less than that of NAF and PAF@N,
and the purification rate was 0.106 mg g'h™!. The DIW fabrication
created submillimeter-sized macro channels, reduced the diffusion
depth and generated more turbulence; while the ammonium carbonate
treatment induced submicron-micron-sized pores acting as fast diffusion
pathways. The submicron-micron-submillimeter-sized hierarchical
pathways enhanced both convective and diffusive mass transfer and
significantly improved the formaldehyde removal performances.

3.3.2. The performance of four adsorption films on toluene

Fig. 7 exhibits the adsorption performances of four adsorption films
on toluene, in which the inlet concentrations of toluene are 5 mg m™°.
Like formaldehyde, the NAF@N also presented the highest one-pass
efficiency and purification rate for toluene, which are 82% and 0.239
mg g'h™!, respectively, while the initial one-pass efficiencies of NAF,
PAF@N and PAF are 82%, 70%, 66%, respectively.

During 8-hour experiments, the performance decline of each
adsorption film for toluene did not exhibit the same tendency as that for
formaldehyde. The performance decline of PAF in 8 h is 26.6% for
toluene and 37.1% for formaldehyde in 6 h, indicating the pristine
adsorbent has a better purification performance on toluene rather than
formaldehyde. By ammonium carbonate treatment or DIW preparation,
the toluene purification efficiency decline is generally reduced for
PAF@N, NAF and NAF@N, but not as significant as formaldehyde. NAF
performance decline was even more than PAF, which may be due to the
large error at the first point of the NAF efficiency test, and the real ef-
ficiency may be lower than 82%. The enhancement of purification rate
exhibited a similar tendency, that is, the purification rates of PAF@N,
NAF and NAF@N for toluene increased by 8%, 59%, and 67%, respec-
tively, while 10%, 71% and 83% for formaldehyde.

Generally, the performance improvement of toluene produced by
DIW and ammonium carbonate treatment is less significant than that of
formaldehyde. Compared with formaldehyde, toluene has a larger mo-
lecular weight and is more compatible with the physical and chemical
structure of AC, so its distribution coefficient is higher than formalde-
hyde. Therefore, in the early adsorption process of toluene, the

Table 1
The thermal regeneration ratio of adsorption films on formaldehyde and toluene
after different regeneration times.

Regeneration time Thermal regeneration ratio

Formaldehyde Toluene
2 min 60.2% 53.9%
5 min 88.9% 76.2%
10 min 95.7% 85.0%
20 min 98.1% 92.1%
40 min 99.0% 97.8%
60 min 98.9%

Note: the adsorption films were heated at 80 °C for formaldehyde and 100 °C for
toluene.

convection and surface distribution accounted for a larger proportion of
the total adsorption mass transfer compared with formaldehyde, while
the internal diffusion accounted for a relatively smaller proportion.
However, according to the above analysis, the additional hierarchical
pore structure in PAF@N, NAF and NAF@N mainly enhanced the
diffusion of pollutants inward the adsorbent. Thus, the purification
enhancement of PAF@N, NAF, and NAF@N is more significant for
formaldehyde than toluene, which is also consistent with the previous
study [63].

3.4. Adsorption and regeneration cycles for formaldehyde and toluene

Thermal regeneration was conducted to restore the performance of
adsorption films. As NAF@N represented the best purifying perfor-
mance, long-term dynamic adsorption-regeneration experiments were
conducted on NAF@N for formaldehyde and toluene. One-pass effi-
ciencies of NAF@N were monitored at the beginning of each cycle. The
performance decline and regeneration ratios were calculated. The
regeneration ratio is defined as Equation (3).

== 3

where, 17 is the regeneration ratio for the i regeneration; i is equal to 1,
2 and 3, respectively; &' is the initial one-pass removal efficiency after
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Fig. 8. Adsorption and regeneration cycles of NAF@N for (a) formaldehyde and (b) toluene for over 25 h. The grey blocks represent the thermal regeneration
periods, which are 20 min for formaldehyde and 40 min for toluene. The regeneration ratios (rr) were calculated for each cycle based on Equation (3).

Table 2
The performance parameters of NAF@N for formaldehyde and toluene during
the adsorption and regeneration cycles.

Regeneration Initial one- Performance Purification Regeneration
cycle pass decline (%) rate (mg g ratio (%)
efficiency Th1)
(%)
Formaldehyde
Cycle 1 83.35 221 0.1056 -
Cycle 2 82.03 21.6 0.1026 98.4
Cycle 3 80.62 20.1 0.1025 98.3
Cycle 4 79.77 23.0 0.1016 98.9
Toluene
Cycle 1 81.40 31.6 0.2681 -
Cycle 2 79.86 31.9 0.2625 98.1
Cycle 3 78.76 31.4 0.2591 98.6

the i™ regeneration; and ¢,! is the initial one-pass removal efficiency
before the i regeneration. The regeneration time for both formaldehyde
and toluene was studied. Table 1 shows that the NAF@N is heated to
80 °C and 100 °C for formaldehyde and toluene desorption, respectively.
After 2-min, 5-min, 10-min, 20-min and 40-min adsorption, the

regeneration ratios are 60.2%, 88.9%, 95.7%, 98.1% and 99.0%. For
long-term recycling, 20-min thermal desorption was finally chosen for
formaldehyde adsorption-regeneration experiments. In comparison, the
toluene desorption time was chosen as 40 min, with a regeneration ratio
of 97.8%.

Over 24-hour experiments were conducted, in which 6-hour
adsorption and 20-min regeneration for formaldehyde and 8-hour
adsorption and 40-min regeneration for toluene. Fig. 8 and Table 2
showed that during 4 cycles, one-pass efficiencies of formaldehyde
changed similarly. The performance declines are almost the same, with
less than 5% variations. The purification rates of the 4 cycles are also
nearly the same. The regeneration ratios all exceed 98%, indicating that
20-min regeneration can fully restore the adsorption performance of
NAF@N. The performance changes and purification rates in the three
cycles also remain the same for toluene. The regeneration ratios are
98.1% for cycle 2 and 98.6% for cycle 3, both of which reveal that 40-
min regeneration is enough for toluene desorption.

XRD and XPS results of NAF@N before and after formaldehyde and
toluene adsorption were shown in Fig. S2 and Fig. S3 of the Supple-
mentary material. From XRD results, the three samples have similar
peaks on each crystal face, which means the adsorption of formaldehyde
or toluene will not change the crystal texture of the adsorbent. Subtle
differences may result from the different locations of the selected
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adsorption film

Table 3
Recent studies on the adsorption component fabrication for indoor gas adsorption.
Adsorbents Structures Preparation method Target Face Initial Break-through Ref.
gas velocity (m/s) efficiency time (h)
Cu-CPP/Al,03 packed bed - Toluene 0.005 100% 13.3 [69]
Al,O3 packed bed - Toluene 0.005 90% 1.5 [69]
AC packed bed - Toluene 0.005 82% 9.7 [69]
AC packed bed - Toluene 0.002 100% 20 [70]
CTF-1-400 packed bed - Toluene 0.002 100% 27 [70]
CICTF-1-400 packed bed - Toluene 0.002 100% 46 [70]
PDMS@MIL-125-R7 Fibre adsorber - Toluene 0.005 62% 0.42 [71]
PDMS@MIL-125-NH2 Fibre adsorber - Toluene 0.005 82% 0.75 [71]
AC/ACF Fibre adsorber - Toluene - 100% 0.21 [72]
AC/ACF Fibre adsorber — n-Butane - 100% 0.03 [72]
mordenite packed bed - Benzene 0.02 100% 0.21 [73]
B zeolites packed bed - Benzene 0.02 100% 0.38 [73]
AC Adsorption film DIW Xylene 0.8 70% 30 [64]
AC Adsorption film DIW Formaldehyde 0.8 65% 3.8 [64]
AC Adsorption film DIW Xylene 0.8 45% 75 [63]
AC Adsorption film DIW Formaldehyde 0.8 43% 6 [63]
AC packed bed - Toluene 20 100% 1 [74]
mL/min
AC@CuO packed bed - Toluene 20 mL/min 100% 1.8 [74]
HKUST-1 packed bed - Formaldehyde 400 mL/min 100% 8.3 [75]
ZSM-5/silica monolith DIW Toluene - 100% 0.19 [43]
AC packed bed - Butane 0.05 100% 0.23 [44]
AC monolith DLP Butane 0.05 100% 0.55 [44]
AC microchannel DLP Butane 0.05 100% 0.63 [44]
monolith
PIM-1 Fibre adsorber - Toluene 0.005 100% 0.42 [47]1
PIM-1 packed bed - Toluene 0.005 100% 2.22 [47]
PIM-1 monolith DIW Toluene 0.005 100% 5.56 [47]
ABS monolith FDM DMMP 0.04 95% 1.33 [76]
ABS/ZnO monolith FDM DMMP 0.04 96% 1.67 [76]
ABS/ZIF-8 monolith FDM DMMP 0.04 98% 1.83 [76]
ZSM-5 adsorption film DIW Formaldehyde 0.8 40% 0.82 [40]
ZSM-5 finned DIW Formaldehyde 0.8 57% 1.76 [40]
adsorption film
ZSM-5 double-layer DIW Formaldehyde 0.8 58% 2.77 [40]
finned film
Y/ZSM-5 zeolite packed bed - Toluene 0.06 100% 0.72 [77]
Y/ZSM-5 zeolite packed bed - Cyclohexane 0.06 100% 0.33 [77]
Y/ZSM-5 zeolite packed bed — Butyl acetate 0.06 100% 1.6 [77]
Y/ZSM-5 zeolite packed bed - Isopropanol 0.06 100% 0.87 [77]
Na-MOR zeolite monolith molding toluene 0.003 100% 0.23 [78]
ZSM-5 zeolites monolith DIW methane 0.01 100% 0.08 [20]
ZIF-8 zeolites monolith DIW n-butanol 0.005 100% 48 [79]
ZIF-8 zeolites monolith DIW n-butanol 0.005 100% 27 [80]
SAPO-34 zeolites monolith DIW CO4 0.002 100% 0.04 [81]
NaY zeolites monolith molding CO, 0.02 100% 0.28 [82]
zeolite 13X/5A monolith DIW CO, 0.004 100% 0.16 [29]
NaX zeolite monolith DIW CO, - 100% 1.03 [30]
zeolite 13X monolith DIW CO, 0.005 100% 1 [21]
clay monolith DIW xylene 100 mL/min 100% 1.1 [83]
AC/ZSM-5@N net-like DIW Formaldehyde 0.8 82% Over 12 (Exp) This study
adsorption film
AC/ZSM-5@N net-like DIW Toluene 0.8 81% Over 16 (Exp) This study

Notes: Cu-CPP is short for copper coordination polymer particles, CTF is short for Covalent triazine framework, PIM-1 is a microporous polymer, and DMMP is short for
dimethyl methyl phosphonate. “-” means the data is not given in the research article. DLP is short for digital light processing, FDM is short for fused deposition
modelling. “Exp” means the data is expected based on the experimental results.
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material and differences in the crystallinity and particle size of different
regions of the material. Furthermore, from the XPS results, it can be seen
that there are no significant differences no matter in the valence states of
the various elements in these materials, the type and amount of chemical
bonds, or the bond energy. In conclusion, no significant chemical
structure changes were detected before and after the adsorption of
formaldehyde and toluene, which means the adsorption of formalde-
hyde or toluene in this study should be physical sorption. The adsorption
process is reversible, and the hierarchical porous adsorption films are
stable. The adsorption-regeneration cycles also evidenced this inference.
The adsorption performance can be generally restored after thermal
regeneration from Fig. 8.

In conclusion, the chemical structures of NAF@N are stable during
the adsorption of formaldehyde and toluene, and it can be almost fully
regenerated by one-hour heating at 80 °C for formaldehyde and 100 °C
for toluene, showing a promising long-term pollutants removal capa-
bility for clean indoor environment.

3.5. Performance comparisons with 3D printed adsorbents in other studies

Recent studies on the adsorption component fabrication for indoor
gas adsorption, especially VOC adsorptive removal, have been reviewed
comprehensively, including activated carbon, ceramic adsorbent, MOF
and polymer adsorbent. The material compositions, structure types,
preparation methods, and breakthrough curve parameters reflecting
their dynamic adsorption capacity are listed in Table 3 below, including
the initial one-pass efficiency and breakthrough time (defined as the
time when the one-pass efficiency decreased to half of the initial one-
pass efficiency). The performances of NAF@N proposed in this study
are also attached here. From the table, activated carbon materials are
most commonly used in indoor VOC purification, followed by ceramic
adsorbents (zeolites), because they are cheap, easily accessible, and
have well-developed porous structures. The ceramic adsorbents are not
only used for VOC removal, but also applicable for CO, capture and
separation. The structures of adsorption components can be divided into
four types: packed bed, fibre adsorber, adsorption monolith and
adsorption film. The latter two are structured adsorption components,
which can be prepared by extrusion molding, DLP (digital light pro-
cessing), FDM (fused deposition modeling) and DIW method. From
Ref. [44], the breakthrough time of the adsorption monolith is about 3
times as long as that of the packed bed under the same conditions.
Ref. [47] also shows that the breakthrough time of the adsorption
monolith is 2.5 times as long as that of the packed bed and more than 10
times larger than the fibre adsorber with the same experimental pa-
rameters. In most of these studies, the face velocities are controlled very
low, only 10”3 — 102 m/s, so the initial one-pass efficiency could reach
100%. The breakthrough time, however, is relatively short, within 10 h
for most of the studies, some even within 1 h for most of the adsorption
components in these studies, which is unsuitable for practical applica-
tions. The adsorption component of Ref. [63,64] can maintain a long life
for xylene removal at 0.8 m/s, but its initial efficiency is not high
enough. The NAF@N proposed in this paper can achieve 82% and 81%
efficiency of formaldehyde and toluene, respectively, at 0.8 m/s. During
the 6 h and 8 h breakthrough experiments for formaldehyde and
toluene, respectively, the performance declines are less than 30% for
both formaldehyde and toluene. The breakthrough time of NAF@N is
estimated to be more than 12 h and more than 16 h for formaldehyde
and toluene, respectively. By constructing perpendicular filaments of
material on the surface of the adsorption film through DIW, the
submillimeter-sized macro channels were created, reducing the diffu-
sion depth, promoting pollutants moving into the material, and gener-
ating more turbulence for convective mass transfer. While the
ammonium carbonate treatment induced submicron-micron-sized
pores, which acted as fast diffusion pathways for pollutant molecules
to diffuse inside the adsorbent. The submicron-micron-submillimeter-
sized hierarchical pathways enhanced both convective and diffusive
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mass transfer and significantly improved the formaldehyde and toluene
removal performances. The temperature-controllable substrate of
NAF@N can recover the performance of over 95% within a short time
(20 min for formaldehyde, 40 min for toluene) by in-situ electric heating.
Compared with other studies, NAF@N can fully meet the purification
requirements in practical applications and can be used for long-term
control of indoor gaseous pollutants.

4. Conclusions

This study proposed a fabrication method for hierarchical diffusion
pathways into VOC adsorption films by direct ink writing and ammo-
nium carbonate treatment. The results of SEM images, adsorption iso-
thermals, and pore size distribution showed that the submicron-micron-
submillimeter-sized porous adsorption films were fabricated (NAF@N).
From dynamic adsorption and regeneration experiments on formalde-
hyde and toluene, the NAF@N processed by both DIW and ammonium
carbonate treatment has the best adsorption performance. The NAF@N
exhibited an over 80% initial one-pass efficiency for both formaldehyde
and toluene, which is improved by around 20% over the NAF. The pu-
rification rate was also significantly improved by 83% and 67% for
formaldehyde and toluene. After 6-hour adsorption of formaldehyde and
8-hour adsorption of toluene, the performances decreased by 22.1% and
25.1% for formaldehyde and toluene and were restored through 20 min
heating at 80 °C and 40 min heating at 100 °C, respectively. The DIW-
induced sub-millimetre-sized channels and the gas evaporation-
induced submicron-micron-sized pores contribute to the formation of
submicron-micron-submillimetre-sized hierarchical gas diffusion path-
ways. Thus the gaseous pollutants could rapidly diffuse into the adsor-
bent and exhibit a high one-pass efficiency and a great purification rate,
leading to the brilliant adsorption behaviours of the NAF@N. This DIW
method with ammonium carbonate treatment offers additional potential
for fabricating adsorption films with hierarchical porous structures to
meet practical needs for various applications, including indoor air pu-
rification, carbon capture and storage and gas separation in chemical
engineering.
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