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ARTICLE INFO ABSTRACT
Keywords: The primary challenges impeding the extensive application of adsorption for indoor air purification have been
Direct ‘{’k writing low efficiency and effective capacity. To fill the research gap, we developed carbonaceous net-like adsorption
FAdsorF;;w}:l d films featuring multi-scale porous structures for efficient indoor formaldehyde removal. By optimizing the
ormaldehyde

interfacial mass transfer and internal diffusion, we designed macro- to mesoscale meshes on the film surface and
micro- to nano-scale pores within the materials, which were achieved by direct-ink-writing (DIW) printing and
sacrificial template methods, respectively. Compared to unmodified planar films, the developed films exhibited a
significant increase in the initial single-pass efficiency of formaldehyde from 68.1 % to 89.0 %, with the 8-hour
effective adsorption capacity (EAC,q) spiking from 2.74 mg/g to 8.60 mg/g. Through thermal regeneration, the
film demonstrated stable operation for 30 days through a long-term experiment over 250 hours, and EACyq
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significantly increased to 241.7 mg/g. The multi-scale adsorption films achieved nearly the highest purification
rates and capacities among existing physisorption and chemisorption technologies, with the lowest energy cost of
0.37 kW-h per day. The innovative design and fabrication of multi-scale adsorption films evidence its substantial
application for indoor formaldehyde purification and provide a viable solution for carbon capture and gas
separation in environmental engineering.

1. Introduction

In recent years, the issue of indoor environmental pollution,
including aerosols [1-3] and organic pollutants [4-6], has garnered
significant attention due to its detrimental impact on human health and
contribution to substantial economic losses. Volatile organic compounds
(VOQ), a category of organic pollutants, are particularly concerning,
with estimated costs of disease burden exceeding 100 billion CNY in
2017 [7,8]. Persistent emissions from furniture and coatings lead to
ongoing VOC pollution within indoor environments [9,10], the purifi-
cation of which results in huge building energy consumption [11]. The
chronic toxicity associated with VOC pollution has been widely re-
ported, linked to an increased risk of severe diseases [12-16], with
formaldehyde classified as a Class 1 carcinogen by the World Health
Organization.

Adsorption is a widely recognized and effective technique for
removing indoor organic pollutants [17,18]. When designed optimally,
adsorption components can efficiently remove low-concentration VOCs
[19,20]. Strategies to enhance adsorption performance include ensuring
adequate contact between the adsorbent and pollutants, optimizing
mass transfer kinetics, and reducing airflow resistance [21-23]. Struc-
tured monolithic adsorption devices have attracted increasing research
interest due to their channel structures [24,25], which facilitate effec-
tive contact between VOCs and adsorbents while minimizing airflow
pressure drop [26,27]. The critical components of these devices are the
adsorption films, which contain highly efficient VOC adsorbents and
have been the subject of extensive research [28,29].

Conventionally, adsorption films are fabricated by coating a slurry of
adsorption material onto an electrothermal substrate, followed by a
drying process [29]. However, this method has several limitations,
including extended preparation time, increased labor costs, and
non-uniformity in the adsorption coating, as well as challenges in
achieving uniform films with intricate interfacial structures. Electro-
spinning is another effective technique to prepare polymer fiber mem-
branes and adsorption layers with multi-level porous carbon structures
[30], the products of which were widely applied for pollutant adsorption
[31], desulfurization [32] and water treatment [33]. Nevertheless, the
application of electrospinning might be hindered by a series of prob-
lems, including strict requirements on preparation condition precisions
and source materials for the adsorption layer [34]. Thus, a simple and
efficient technology is wurgently required for adsorption-film
preparation.

To overcome the above-mentioned limitations, direct ink writing
(DIW) has been utilized for the preparation of adsorption films [35-38].
The semi-liquid adsorbent ink, characterized by high solid loading ratios
and shear-thinning rheological properties, retains its shape post-printing
[39,40]. The flexibility and versatility of DIW facilitate the automated
fabrication of adsorption components with enhanced mass transfer ki-
netics [41]. Despite the advantages of DIW, a challenge impedes its
widespread application: the diffusion of VOCs through the intrinsic
nanopores into the carbon material of DIW-fabricated film remains slow
[42]. Researchers have tried to fabricate more microsized pores and
interconnected hierarchical porous structures in adsorbents to accel-
erate the inward diffusion rate [43]. Nevertheless, the resolution limi-
tations of DIW hinder the achievement of submicron-micron-sized
structures in adsorption films, hindering the achievement of good
VOC-diffusional performance.

Recently, starch has been explored as a precursor material for DIW

printing and subsequently carbonized to prepare an adsorption film for
further application in indoor air purification. The advantages of starch
used for DIW printing can be classified as three points: 1) starch can be
artificially synthesized, thus resulting in a wide and low-cost source
[44]; 2) the main product obtained after the carbonization of starch is
activated carbon, which has the ability to provide multiple adsorption
sites for air purification [45-47]; 3) starch will undergo gelatinization
and amorphous transformation at specific high temperatures, and then
facilitate further material processing [29]. Crucially, in an amorphous
ink, the inclusion of template particles at microscales can create
submicron-sized pore structures, potentially enhancing VOC diffusion in
DIW-fabricated films [48]. Thus, employing starch as a precursor in DIW
inks for activated-carbon adsorbent materials presents a significant op-
portunity to prepare submicron-scale pore structures within the
material.

In this study, we fabricated a net-like adsorption film featuring
multiscale porous structures through a combination of DIW and sacri-
ficial templating techniques. Starch was selected as the adsorbent pre-
cursor to achieve pore induction via sacrificial templates.
Polymethylmethacrylate (PMMA) served as the sacrificial template to
generate controllable nano- to micron-sized pores, thereby enhancing
the inward diffusion rate of VOCs within the adsorption film. Formal-
dehyde was chosen as the target VOC for purification experiments. Ex-
periments were conducted to validate the adsorption capabilities of the
multiscale porous adsorption film.

2. Mathematical analysis of mass transfer
2.1. Mass transfer analysis and optimization principle of adsorption film

The mass transfer process and modeling schematic of VOCs from the
gas phase to the adsorption film inside the indoor VOC adsorption
module are illustrated in Fig. 1(a) and (b). There are two widely applied
assumptions used in the mass transfer model of this study: 1) we
assumed a one-dimensional flow for the airflow dynamics [49,50]. It
means that the gaseous VOC concentration is considered to change only
with the flow direction in the air duct, and is evenly distributed on the
cross-section of flow; 2) the VOC pollutant is assumed to follow the
partition theory at the gas-solid interface of the adsorbent material [51].
We then established the coordinate system in Fig. 1(b), with the z co-
ordinate representing the airflow direction and the x coordinate for the
VOC diffusion direction inside the adsorption film. The VOC mass
transfer process in the differential unit, marked as the box with red color
in Fig. 1(b), can be modeled as a one-dimensional partial differential
equation based on the assumptions, as shown in Egs. (1) and (2). Details
about the derivation process are summarized in Supplementary Section
S1.

0C(z) G 0dC(z) r(z) N
ot  HL, oz H
r(Z) - hm [C(Z) - CS (x7 Z)‘XZO] = DeKW (2)
x=0

where, 2 is the coordinate along the airflow direction; H and L; are the
height and width of the air duct perpendicular to the direction of
airflow, respectively, m; C(z) is the VOC concentration that varies over
time (t, s) and airflow direction (z coordinate), mg/m3, which, specif-
ically, valued as inlet concentration Cj, at the z = 0 position; G stands for
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the airflow rate, m%/s; r(z) is the adsorption rate per unit area, mg/
(mzos); hy, is the mass-transfer coefficient of VOCs on adsorption film,
m/s; Cs(x, 2) is the gaseous VOC concentration adjacent to the solid
structure inside the adsorption film, mg/m3, varied over time, airflow
direction (z coordinate) and thickness direction (x coordinate); while
Cs(x,2)|,_o stands for the Cs(x, 2) at the interface adjacent to the top of
the adsorption film, which is abbreviated as Cj top(2) in the following
sections; De (m?/s) is the equivalent diffusion coefficient of VOCs in the
material, and K (unitless) is the partition coefficient. Based on Eq. (2),
the adsorption rate is proportional to the concentration difference at the
gas-solid interface and the first-order concentration differential within
the sorption material, indicating the adsorption kinetics of this process
can be regarded as the Pseudo-first-order model [52].

Over a short period, the VOC adsorption rate remains stable,
resulting in a steady-state mass transfer process. The steady-state mass
transfer model can then be derived from Eq. (1) and shown in Eq. (3).

dC(z)

G

dz

Meanwhile, the adsorption rate r(z) can be expressed in terms of C(z)
and Cs 1op(2) based on Eq. (2). The specific equation is provided as Eq.
(4), with the deviation detailed in Supplementary Section S1.

Clz)

1/hm + Cstop(2) / (DeKOCs 1o (2) /)

= —1(2)Ls 3)

r(z) = 4

Combining Egs. (3) and (4), the solution for C(z) can be obtained as
shown below.

Lo 1
Clz) = C““*""( e / 1+ M Coop (2) / (DeKOCy o (2) /0% ) dz) )

Applying the solution of C(z) presented in Eq. (5), the expression for
single-pass efficiency (¢), obtained through integrating, is as Eqgs. (6) and
.
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where, Lyq is the length of the air duct, m. Interestingly, the NTUy,
parameter is similar in form to the classic parameter NTU in the field of
heat transfer [53], defined as Eq. (8).

UA

min

NTU =

®

where, U is the overall heat transfer coefficient of the target heat
exchanger, W/m2~K; A is the effective heat transfer area, mz; Cmin T€pP-
resents the minimum thermal capacity rate of the two fluids in the heat
exchanger, W/K. The NTU parameter is commonly used to evaluate and
optimize the performance of heat exchangers. Generally, a larger NTU
indicates better heat-transfer performance. By analogy between heat
and mass transfer, the NTUy, parameter characterizes the interface mass-
transfer enhancement of pore structures on micro, meso, and macro
scale, governed by flow fields, properties of sorption materials, and
concentration gradients. The NTU,, parameter can be further non-
dimensionalized as the product of three dimensionless parameters,
detailed in Eq. (9).

1+hnCstop(2) / DeKBCsmp )/ox)

NTU,, = A*St,,Di* = ‘% fim / | -l 9)
¢ Ua ad

where, Ag,; is the surface area of adsorption film, m?, and A, (equal to
HxLy) represents the cross-sectional area of the air duct, m2 In Eq. (9),
The first two dimensionless terms, A* and St,, reflect the influence of
gas-solid contact area and the strength of external mass transfer on the
adsorption mass transfer process, similar to the formula of

(b)

(d) Di*

Multiscale
porous structure

Di": Internal diffusion
(Material properties)

Fig. 1. (a) Schematic diagram of the indoor VOC adsorption component; (b) The mass transfer process of VOCs flowing over the adsorption film in the air duct; (c)
schematic of the macrostructure of DIW-printed adsorption film; (d) the mass-transfer diagram of VOCs inside microscopic pore structures of solid materials within

the adsorption film.



Z. Chen et al.

photocatalysis. Specifically, the St parameter is well known as the
Stanton number of mass transfer [49]. The physical processes dominated
by A* and St;, can also be seen intuitively in Fig. 1(c). The third term Di*
represents the strength of internal diffusion, which has the most sig-
nificant influence on the entire process of adsorption mass transfer in
porous media (see Fig. 1(d) for details). Considering the expression of
Di* is relatively complex, a simplification was applied to the parameter
as Egs. (10)-(13).

J v dz
R
o (10)
o IoCop  Bim 1 an
DKoCyop/0x K oCiy /6X
" hB.a 12
e
aC, C
9C; 10p / X = % N

where, Biy, is the mass transfer Biot number; Bi;,,/K represents the ratio
of internal mass transfer resistance to interfacial mass transfer resistance
in the adsorption process within porous media [54]. This ratio is also
known as the dimensionless Little number (Li) [55]; 0Cs*/0X is the
dimensionless concentration gradient at the gas-solid interface. These
two dimensionless parameters are defined in Eqgs. (12) and (13), where §
is the thickness of the adsorption film and the depth of diffusion mass
transfer. According to Eq. (9), Dy can be written as Bip,/K times the
inverse of the dimensionless concentration gradient dCs*/0X. In other
words, Daf* characterizes the speed of diffusion within the material by
representing the ratio of internal mass transfer resistance to interfacial
mass transfer resistance multiplied by the inverse of the concentration
gradient.

The adsorption behaviors of VOCs are expected to be improved
through pathways that result in a larger NTUp,. As the dimensionless
parameters (A*, St and Di*) dominating NTUp, can be divided into two
categories: the product of A* and Sty (A*-Sty) reflecting the gas-solid
interfacial mass transfer intensity during adsorption, and Di* indi-
cating the internal diffusion mass transfer during purification. Based on
this analysis, this study proposes the following structural optimization
ideas for the adsorption film:

(1) Construct mesh structures at macro- and meso-scales on the
film surface to enlarge the A*-St;, parameter. This involves creating
millimeter- to micrometer-scale structures at the material interface to
increase the gas-solid contact area and enhance external convection,
thereby increasing the gas-solid interfacial mass transfer flux. The net-
like structures on surfaces can enlarge the contact area, thereby
increasing the interfacial mass transfer area A*. Convective mass
transfer at the interface will also be enhanced, resulting in a larger h, as
well as Sty,.

(2) Generate micro- to nano-scale pores inside the sorption
materials to increase the Di* parameter. According to Eqs. (10)-(13),
Di* is determined by the dimensionless parameters Biy,/K (character-
izing the ratio of internal to external mass transfer resistance) and the
dimensionless concentration gradient 0Csop/0X. The generation of
micro- to nano-scale pores can adjust the pore rate and tortuosity inside
the sorption materials, which will enhance diffusion mass transfer and
reduce internal resistance. This results in the decrease of Biy,/K, thereby
increasing Di*. Meanwhile, enhancing internal diffusion can effectively
weaken the accumulation of interface concentration, attenuating the
decrease in the concentration gradient dCs top/0X.
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2.2. Evaluation method for adsorption efficiency improvement

According to the above theoretical derivation, the structural per-
formance improvement for the adsorption film can be attributed to the
dimensionless interfacial mass transfer parameter A*eSt,, and the in-
ternal diffusion parameter Di*. We developed an evaluation method to
analyze the adsorption efficiency improvement. As shown in Eq. (14),
the NTUy, before and after the performance enhancement is compared.
By taking the logarithm of both sides of the equation, Eq. (15) is ob-
tained. The equation is then normalized and multiplied by Ae on both
ends, resulting in Eq. (16).

NTUy;  Aj;-Sty-Di;
NTUp ~ Al-Stuo-Dij

NTUp Aj Stm Dij
1 =1In(=L In( =1 1
H(NTUm2> rl(A*2 Stmz> " n<Di§> i

Di;
(3)
NTUp
In (NTU.“Z)

Here, the A¢ on the right side of the equation represents the increase
in single-pass efficiency due to the performance improvement. It can be
decomposed into two terms on the left side: the first term represents the
efficiency improvement due to A*eSty, characterizing the contribution
of enhanced mass transfer at the interface to the performance
improvement. The second term represents the efficiency improvement
due to Di*, characterizing the contribution of internal diffusion
strengthening to the improved performance. Thus, the enhancement of
adsorption and purification performance resulting from these two as-
pects of mass transfer intensification can be examined separately.

14

= Ae (16)

3. Materials and experimental methods
3.1. Materials preparation for DIW

Chemicals and materials, including starch, carboxymethyl cellulose
(CMC), bentonite clay, and polymethylmethacrylate (PMMA), were
applied to prepare the ink for DIW, in which starch was bought from
Dingxian Bio-Technology (Shanghai) Co., Ltd, CMC was provided by
Topg Health Technology (Guangdong) Co., Ltd, bentonite clay was
purchased from Beijing Merida Technology Co., Ltd, and PMMA was
from HMHCL Materials (Dongguan) Co., Ltd.

The preparation process of the ink is described in detail in Supple-
mentary Section S2. Generally, Ink #1 was obtained by thoroughly
mixing deionized water, CMC, starch, and bentonite based on the
method described in Section S2. Ink #1 was later heated to 70°C for
20 min to get Ink #2. PMMA particles, as template particles to generate
multiple porous structures within adsorption materials, were added to
Ink #2 with an amount of 4 g and mixed at 3600 r min~! for 1 min by
the planetary mixer. The final uniform suspension was named Ink #3.
The rheological properties of Inks #1, #2, and #3 were systematically
examined utilizing a rotational rheometer (MCR 302, Anton-Paar In-
struments) equipped with a parallel plate geometry at a controlled
temperature of 24°C.

3.2. Preparation of the net-like adsorption films with hierarchical porous
structures

The DIW-printing schematic can be seen in Fig. 2(a), the process of
which can be more intuitively seen in the video as the Supplementary
material B. Ink #2 was employed in a bio-printer (Eazao, Bio) to produce
two distinct film types: plane starch film (PSF) and net-like starch film
(NSF). Ink #3 was utilized to fabricate NSF with an embedded particle
template (NSFPT). The three films were fabricated via DIW onto
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Sacrificial template
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Fig. 2. The fabrication process of net-like adsorption film: (a) DIW printing and (b) porous structure tailoring using sacrificial template and carbonizing the starch to
adsorptive carbon material simultaneously; The real pictures of the printed (c) net-like starch film with embedded particle template (NSFPT) and (d) net-like carbon-
based adsorption films with additional porous structure (NCFPT); The SEM images of NCFPT at (e) 200 x and (f) 2000 x magnifications, respectively. The NSF0.4PT

and NCFO0.4PT were chosen as the typical ones for figures (c) to (f).

electrothermal polyimide circuit substrates (100 mm x 50 mm), and the
film thicknesses were 2.5 mm. The printed starch films underwent
drying in a vacuum freeze-drying machine (CHRIST, ALPHA 1-2 LD
plus) for 10 h. Thereafter, these films were all calcinated in a positive
pressure tube furnace (Tianjin ZhongRing Electric Furnace, SK-
B05123K-00) under an argon atmosphere to produce carbon-based ad-
sorbents from starch and porous structure by removing PMMA template
particles (see Fig. 2(b) for details). The heating program for the tube
furnace calcinating process is as follows: The temperature rose from
30°C to 500°C uniformly over 1.5 hours. A 2-hour hold was then con-
ducted for PMMA-particle decomposition and initial starch carboniza-
tion. Then, the temperature rapidly increased to 800°C over 0.5 h and
was kept for 1 hour to ensure complete carbonization and enhance the
cross-linking between bentonite and carbon material. This process
resulted in the transformation of PSF, NSF, and NSFPT into plane
carbon-based adsorption films (PCF), net-like carbon-based adsorption
films (NCF), and net-like carbon-based adsorption films with additional
porous structure (NCFPT), respectively. NSFPT and NCFPT were
selected as examples to illustrate the differences in adsorption films
before and after calcination, summarized in Fig. 2(c) and (d).

The morphologies and 70 K nitrogen adsorption capacities of PCF,
NCF, and NCFPT were characterized by field emission scanning electron
microscopy (FE-SEM, ZEISS MultiSEM 505) and Nitrogen adsorption
analyzer (Quantachrome autosorb iQ2), respectively. The nitrogen
adsorption results were further used to quantitatively determine the
pore distribution by Gaussian function [56]. The analytical formula is
shown in Eq. (17).

n n 1 2
(D) =) a—e [— logD — y; /20?] a7
;ﬁ() ;1\/2—Mixp (logD — ;)
where, n is the number of pore distributions; a; represents the pore
volume, cmB/g; D and y; are the measured diameter and the mean
diameter of the pores in log-coordinates, nm; o; is the standard

deviation.

By adjusting the number and scale of PMMA template particles,
various pore structures can be prepared for NCFPT adsorption films. We
applied two sizes of template particles, under the diameters of 300 nm
and 2 pm, to fabricate NCFPT films with different pore structures. The
presence of 20 wt% and 40 wt% template particles under 300 nm
diameter applied to adsorption films were named NCFO0.2PT and
NCFO0.4PT, respectively. While another NCFPT film utilizing 40 wt%
mixed 300-nm and 2-pym template particles (1:1) was named
NCF0.4MPT. Based on NCF0.4MPT, 10 wt% more activated carbon
particles with high specific surface area were added together with
PMMA template particles to fabricate adsorption film. Then, we ob-
tained the film named NCF0.4MPTAC.

3.3. Dynamic adsorption experiments and thermal regeneration

A schematic diagram describing the formaldehyde adsorption and
thermal regeneration experimental platform is supplied in Supplemen-
tary Fig. S1. The dynamic formaldehyde adsorption experiments were
executed utilizing an air channel measuring 450 mm in length, 70 mm
in width, and 3 mm in thickness, on which the adsorption films were
firmly fixed. The dynamic adsorption experiments were executed uti-
lizing an air channel (450 mmx70 mmx3 mm). For the consistent
generation of formaldehyde, a microfluidic controlled gas evaporation
apparatus [57] was employed. The ambient air underwent a dual-stage
purification process, first through a high-efficiency particulate air
(HEPA) filter and subsequently via an activated carbon-packed pipe,
before being channeled into a stainless-steel spiral tube within an
insulated oil tank. As the rated operating conditions, a
temperature-controlled heating system facilitated the extraction of the
vaporized pollutants, creating a stream of polluted air with a constant
2 mg/m® concentration of formaldehyde. The polluted airflow was
directed over the adsorption films, leading to the adsorption of pollut-
ants. The 2mg/m® introduced formaldehyde concentration is
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approximately one-millionth of the saturated vapor concentration
(5.64 x10° mg/m3), the value of which is calculated by EPI Suite v4.1
software. Thus, the adsorption process in this study aligns with the
Langmuir adsorption isotherm regarding the thermodynamic aspects
[58]. Theoretically, the partition coefficient of lower concentrations of
formaldehyde on the adsorption film is the same as that of 2 mg/m®
corresponding to this study [51]. It can be expected that a similar
formaldehyde purification performance of the adsorption film as that at
2 mg/m® concentration will be obtained at a lower formaldehyde
concentration.

The airflow rate was precisely maintained at 18.9 L/min by a mass
flow controller (MC 20SLPM, Alicat Scientific, USA) for the formalde-
hyde adsorption experiments, ensuring the inlet air velocity at 1.5 m/s.
The concentrations of formaldehyde before and after passing through
the adsorption film (Cj, and C,y) were quantified using a gas
chromatography-barrier ionization discharge (GC-BID) detector (Shi-
mazu, Nexis GC2030-BID, Japan), all within a controlled environmental
chamber maintained at 20.0-26.0°C and 15 % =+ 5 % relative humidity.
The temperature range fell exactly within the requirements of the indoor
air quality standard in China [59]. Meanwhile, Experiments were also
designed to investigate the influence of humidity on formaldehyde
adsorption performances. Under this case, the inlet air velocity was
enlarged to 2.0 m/s for the convenience of humidity regulation. The
relative humidity was adjusted as 15 %, 40 %, 60 %, and 85 %,
respectively, for the experiments.

A 30-day experiment for formaldehyde adsorption was further car-
ried out to verify long-term performance stability based on the thermal
regeneration technology. After 8 hours of continuous formaldehyde
adsorption, in-situ electrothermal regeneration was executed by
applying a direct current (DC) regulated power supply (24 W at 20 V) to
the PI circuit substrate, elevating the adsorbent temperature to 80°C for
formaldehyde regeneration, with the heating process completing
rapidly, in less than one minute [29]. The processes, including an 8-hour
formaldehyde adsorption and a thermal regeneration, were regarded as
one cycle and completed within one day.

The single-pass efficiency (¢) was calculated to reflect the formal-
dehyde purification capacities of adsorption films, calculated by Eq. (4).
Meanwhile, another indicator used in this study to intuitively reflect the
actual performance of the adsorption component is the effective
adsorption capacity (EAC,q, mg/g). This parameter represents the total
adsorption of the component per unit mass before its performance di-
minishes to the point where it can no longer effectively control indoor
pollution concentrations. The formula of EAC,q can be seen as Eq. (18).

te G Ci — Cou
EACyq = / gdt (18)
t=0 M

where, t, is the experimental time, h; G is the polluted air flow rate, m®

s~L: M is the adsorbent mass on adsorption film, g, the values of which
can be seen in Supplementary Section S3 for details. The EAC,q param-
eter objectively evaluates the ability of the adsorption film to achieve
effective pollutant control.

3.4. Comprehensive evaluation of the performance of adsorption films

The adsorption films developed in this study were compared with
other formaldehyde purification components reported in the literature,
which were retrieved from an online database following the method
shown in Supplementary Section S4. Parameters for comprehensive
evaluation of the formaldehyde purification performances are necessary
when comparing the adsorption films in this study with others reported
in the literature. To eliminate the influence of pollutant inlet concen-
tration and adsorption component volume, we defined a parameter as
the purification capacity (PA, g’l), which is shown in Eq. (19).
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_ EACa/Cin

PA
Veom

19

where, the parameter, obtained as effective adsorption capacity (EAC,q,
mg/g) divided by the pollutant inlet concentration Cj,, means the
effective clean air volume per adsorbent mass, m?/ g; Veom represents the
volume of the whole adsorption component, m®. The PA parameter in-
dicates the volume of clean air that can be achieved per unit volume of
component and adsorbent mass. The larger the PA value, the stronger
the purification capacity of the adsorption component.

The thermal regeneration characteristics of adsorbed thin-layer
components allow the cumulative value of PA across multiple cycles
to reach a high level. However, this benefit is not without cost, as the
power consumption required for in-situ joule heating should be
accounted for. Therefore, this study proposes a parameter as total power
use per purification capacity (W*, J-g), which considers both purifica-
tion capacity and energy consumption, which represents the total energy
consumption required to achieve PA per unit purification capacity. The
energy consumption includes both fan energy consumption and regen-
erative energy consumption. W* is calculated as Eq. (20).

. Wfan + Wheat
V=" 20)
where, Wgn (J) is fan energy consumption and Whese (J) is heating
regenerative energy consumption. W* can be used to evaluate the
comprehensive performance of adsorbed thin-layer components, as well
as to calculate the comprehensive energy consumption level of tradi-
tional adsorbed thin-layer components. This enables a performance
comparison with adsorption film components. The PA and W* param-
eters proposed in this study facilitate a more objective evaluation of the

performance and energy efficiency of adsorption modules.
4. Results
4.1. Properties of the inks and adsorption films

4.1.1. Rheological properties of the inks

The viscosities of Inks #1 —#3 were illustrated in Fig. 3(a), all of
which exhibit shear-thinning rheology characterized as a decline in
viscosity as the shear rate increases. As the shear rate increases from
0.1 57! to 1000 s7%, the viscosity of Ink #1 decreases from 7.1 x 10°
mPa-s to 452 mPa-s, Ink #2 from 5.5 x 10° mPa-s to 776 mPa-s, and Ink
#3 experiences a significant transition from 1.8 x 10% mPa-s to 797
mPa-s. The viscosities of all the inks are large enough to ensure that ink
flow will not compromise the resolution achieved in DIW fabrication,
thereby maintaining high print quality [60].

The viscoelastic characteristics of the inks, as depicted in Fig. 3(b),
are crucial for the successful execution of DIW and the quality of the
printed structures [22]. From Fig. 3(b), all inks exhibit high storage
modulus (SM) at low shear stress, which diminishes progressively. Loss
modulus (LMs) also decline with increasing shear stress but at lower
decay rates compared to SMs, which thus maintains SM above LM at
low-stress levels. This phase, dominated by elasticity, guarantees the ink
is in a quasi-solid state and has resistance to deformation at a low shear
rate. Conversely, at high shear stress, SM falls below LM, and the viscous
property of ink dominates, causing the ink to behave like a liquid with
good fluidity at a high extrusion rate. Notably, Ink #3 possesses a higher
yield stress (the shear stress at the intersection of the SM curve and LM
curve). When the ink is extruded out, and the shear stress generally
decreases, Ink #3 exhibits solid material properties earlier, thereby
mitigating flow deformation more effectively than Inks #1 and #2.

By comparing with the data reported in the literature, the inks pre-
pared in this study exhibit excellent rheological properties as those in
previous studies. There have been excellent studies preparing materials
via DIW printing for constructing sensors [61,62], and redox splitting of
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Fig. 3. (a) The viscosity and (b) the viscoelasticity of the prepared shear-thinning DIW inks #1-3; (c) the N5 adsorption isothermals of starch powders, NCF and
NCFPT, the experiments of which were carried out under 70 K; (d) the cumulative specific surface area (SSA) and pore size distribution (PSD) of NCF and NCFPT. The
SSA and PSD were estimated using the Barret Joyner Halenda (BJH) method, determining pore size under 300 nm. The Gaussian fitting was conducted for pore
distributions, the mean pore diameters (4, nm) of which were then obtained for NCFPT (4=77 nm) and NCF (¢peak1=1.4 nm; pipeak2=60 nm), respectively. The

NCFO0.4PT was chosen as the typical NCFPT for figures (c) and (d).

carbon dioxide [63]. The inks obtained in the literature reported similar
decreasing tendencies of viscosity and viscoelastic characteristics as this
work, the viscosity and viscoelasticity of which were determined as
10'-107 mPa-s and 101-10° Pa, respectively. Nevertheless, researchers
tended to apply expensive source materials and chemicals to prepare
inks, which included triethanolamine and ammonium oleate [61],
carrageenan composites with multi-wall carbon nanotubes [62], and
pure ceria [63]. The use of these materials significantly increased the
preparation cost. In comparison, the inks developed in this study mainly
consist of starch, bentonite, and a trace amount of carboxymethyl cel-
lulose with low preparation costs.

4.1.2. Surface morphology of adsorption films

The three variants of starch films, PSF, NSF, and NSFPT, were printed
onto temperature-regulatable, flexible PI substrates as precursors for
subsequent adsorption films [64]. The PSF is fabricated as a dense layer
without any porous structures. The macroscopic structure of NSF is well
consistent with NSFPT shown in Fig. 2(c) of the manuscript, revealing a
multi-layered network with a homogenous structure, the filament di-
ameters of which approximate 700 pm. The thicknesses of the three
starch films are approximately 2.5 mm.

Subsequently, these starch films underwent carbonization, as delin-
eated in Section 2.2.2, yielding PCF, NCF, and NCFPT, respectively.
Fig. 2(c) of the manuscript displays the morphology of NCFPT (similar to
NCF), which exhibits a uniformly structured carbonaceous net-like
structure. Moreover, NCFPT features a gradient porous structure inter-
nally, which is depicted in the SEM images at 200 x and
2000 x magnification shown in Fig. 2(e) and (f), respectively. We also
obtained SEM images at other magnifications for a better analysis of the

multiscale porous structures within the adsorbents, as seen in Supple-
mentary Fig. S2 for details. As reported in the literature, the main
product obtained after the carbonization of starch is activated carbon
with porous structures, which provides multiple adsorption sites for
physical adsorption [45-47].

SEM characterization revealed that NCFPT possesses porous struc-
tures at multiple scales, with the scales ranging from 400 nm to 100 pm.
The pore sizes between 200 nm and 400 nm are expected to originate
predominantly from the thermal decomposition of the sacrificial tem-
plate. The preparation method involved the addition of an excess of
template particles, resulting in their non-uniform distribution within the
material, not as isolated entities but rather in clusters. These clusters
yield connected porous structures post-sintering, as evidenced in Fig. 2
(b) and (f). The formation of larger-scale pores, which do not correspond
to the dimensions of the sacrificial template, is likely attributed to the
high-temperature sintering and carbonization processes. During these
processes, gases emitted from the decomposition of the sacrificial tem-
plate and the carbonization of the starch migrate from the interior of the
material, engendering pore structures spanning 2 pm to 100 pm.
Moreover, these porous structures are interconnected, creating a porous
network that facilitates rapid diffusion of gaseous pollutants within the
material [65]. Thus, the multiscale porous structure of NCFPT perfectly
matches the structural optimization design ideas raised in Section 2.1 of
the manuscript, indicating porous structures ranged from macro- to
nano-scales within the adsorption films.

4.1.3. Nitrogen adsorption capacities and pore distribution of adsorption
films
Fig. 3(c) illustrates the adsorption isothermals of the raw starch
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powders, NCF, and NCFPT for Ny, respectively. The surface morphol-
ogies and desorption isothermals of the materials are also summarized in
Supplementary Fig. S3, respectively. The pristine starch material,
serving as a precursor, exhibits negligible adsorption capacity. The Ny
adsorption amount of starch powders is less than 2 cm?/g at a 0.1
relative pressure and two orders of magnitude lower than those of NCF
and NCFPT, indicating that the starch powders have almost no adsorp-
tion sites for Langmuir adsorption. Thus, there are hardly any inner
pores exist within starch powders for formaldehyde adsorption. The
sintering process significantly enhances the adsorption capacities of the
material. The equilibrium adsorption capacity of NCF approaches
240 m®/g, while that of NCFPT is nearly 290 m®/g. The comparison of
the adsorption isotherms between NCF and NCFPT reveals a higher
proportion of micropores in NCF, with adsorption capacity reaching
approximately 70 % of the total at 0-0.05 relative pressure. In contrast,
the pore size distribution of NCFPT is determined to be more uniform
despite the substantial presence of nanopores. The proportion of meso-
pores and micropores is predicted to exceed that of NCF, resulting in a
more rapid increase in the adsorption isotherm with increasing relative
pressure. Thus, the NCFPT has superior Ny adsorption and expected
good formaldehyde purification performance, which is mainly reflected
in higher adsorption capacity and more diverse pore structure.

The cumulative specific surface areas (SSA) and pore size distribu-
tions (PSD) of NCF and NCFPT were meticulously analyzed with a scale
under 300 nm through the Barrett-Joyner-Halenda (BJH) method. As
depicted in Fig. 3(d), the line scatter plot stands for the SSA results and
the shaded area represents the data of PSD obtained by Gaussian fitting.
NCFPT (403 mz/g) has a larger cumulative SSA value than NCF
(343 m?/g). Specifically, Two obvious pore distribution peaks were
observed in the NCF materials, with mean pore diameters (x4, nm) of
1.4 nm and 60 nm, respectively. Conversely, the PSD of NCFPT indicates
a singular peak with a larger u value of 77 nm. It means that sacrificial-
template treatment removed small diameter pores and then created
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larger nanopores within the NCFPT. This process offers the possibility of
enhancing the inner diffusion of pollutants inside the material (see Fig. 2
(f) for details). Considering that the SSA value of NCFPT did not decrease
compared with NCF (and even slightly increased), the characteristic
structure within the material remained intact after the sacrificial-
template treatment. Therefore, the employment of the sacrificial tem-
plate method introduces additional nanopores and mesopores to NCFPT,
which has the potential to significantly enhance the mass transfer and
purification kinetics of pollutants within the material.

4.2. Dynamic adsorption behaviors for formaldehyde

4.2.1. The formaldehyde removal performance

Fig. 4(a) presents the formaldehyde removal efficiency curves for
PCF, NCF, and NCFPTs. As summarized in the Experimental Section, The
NCFPT samples include NCF0.2PT, NCF0.4PT, NCF0.4MPT, and
NCF0.4MPTAC, with the differences in the sizes and ratio of added
template particles during fabrication. The column plots in the figure
reveal that the initial formaldehyde removal efficiency of PCF is
approximately 68.1 % at a head-on air velocity of 1.5 m/s. As time goes
by, the efficiency of PCF diminishes progressively to 47.2 %, approxi-
mately 21 % lower than its initial efficiency. Thus, the PCF indicates a
2.74 mg/g EAC,q (effective adsorption capacity) during the 8-hour
formaldehyde adsorption, which can be seen in detail in Fig. 4(c). In
contrast, the single-pass formaldehyde removal efficiency of NCF ex-
ceeds 75.8 % initially and then declines to around 57 %, with nearly a
twice larger 8-hour EAC,q as 4.27 mg/g. With the treatment by template
particles, NCFPTs can be derived from NCF and have a higher formal-
dehyde removal efficiency of 78 % - 89 % initially, with less than 16 %
efficiency decreases after 8-hour operations. The 8-hour EAC,q of
NCFPTs significantly increase to 7.50 mg/g — 8.60 mg/g, approximately
twice larger than NCF.

The formaldehyde adsorption performances of NCFPTs can also be
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Fig. 4. (a) Variation of formaldehyde single pass removal efficiency over time for PCF, NCF, and NCFPT, respectively, with an inlet air velocity of 1.5 m/s and a
relative humidity of 15 %. The NCFPT samples include NCF0.2PT, NCF0.4PT, NCF0.4MPT, NCF0.4MPTAC; (b) The formaldehyde removal performances of
NCF0.4MPTAC under different relative humidity at an inlet air velocity of 2.0 m/s; (c) The 8-hour effective adsorption capacity (EAC,q) of typical adsorption films

under different inlet air velocities and relative humidities.
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adjusted by modifying the quantity and size of sacrificial templates.
With the treatment of 20 wt% 300nm-sacrificial template particles, the
initial single-pass efficiency of NCF0.2PT is 77.6 %, which decays by
15.6 % after an 8-hour purification. When increasing the mass fraction
of template particles to 40 wt%, the initial efficiency will be enhanced to
81.2 % for NCFO0.4PT, revealing the improvement of pore distribution
within the adsorbents. It is worth noting that the NCF0.4PT and
NCF0.4MPT used the same mass ratios of template particles as 40 wt%
for fabrication, but the initial performance of NCF0.4MPT is superior to
that of NCF0.4PT, with an initial single-pass efficiency above 85 %. It
may demonstrate that the use of mixed-scale template particles,
particularly the addition of large particles to small ones, should have
created a gradient multistage pore structure within NCF0.4MPT,
reducing the tortuosity of the diffusion mass-transfer path of formalde-
hyde and thereby improving its initial adsorption performance
compared to NCF0.4PT. However, the smaller number of template
particles in NCF0.4MPT results in a less-developed pore structure
compared to NCF0.4PT, leading to a rapid performance decline. After
8 hours, the performance of NCF0.4MPT declines more rapidly than that
of NCFO0.4PT, with a performance attenuation of 16.6 %.

As for NCF0.4MPTAC, the addition of high-specific surface-area
activated carbon materials enhances the specific surface area of the
material. This further improves the initial performance and adsorption
potential of DIW printing adsorption films, with the highest single-pass
efficiency of 89.0 % and also the largest 8-h EAC,q of 8.60 mg/g among
all the adsorption films. However, the addition of activated carbon
materials did not significantly mitigate the performance attenuation.
The single-pass efficiency decreased by 16.4 % due to the accumulation
of interface pollutant concentration.

4.2.2. Effect of humidity on the formaldehyde removal performance

The effect of water vapor on the properties of adsorbed materials has
been studied extensively, revealing that relative humidity significantly
impacts the VOC adsorption behavior on adsorbent materials [66]. In
this study, we examined the influence of humidity on the formaldehyde
adsorption process by multi-scale adsorption films. The NCF0.4MPTAC
was selected as the target adsorption film for the experiments, consid-
ering its outstanding formaldehyde purification performances, and the
inlet air velocity was controlled at 2.0 m/s for the convenience of hu-
midity adjustment.

Fig. 4(b) shows the results of formaldehyde purification performance
under different humidity. At 15 % relative humidity, the single-pass
efficiency of formaldehyde was 71.7 % at an inlet air velocity of
2.0 m/s, the efficiency of which is relatively lower than that of 1.5 m/s.
High velocity reduces the duration of formaldehyde contact with
adsorption film, resulting in a lower single-pass efficiency, but it can also
enhance air disturbance and mass-transfer capacity. Thus, the 8-hour
EAC,q of the experiment under 2.0 m/s is relatively larger than that of
1.5 m/s, as shown in Fig. 4(c). As the relative humidity increased to
40 %, the formaldehyde adsorption performance significantly
improved, with the initial passing efficiency reaching nearly 78 %. The
purification efficiency remained higher than at 15 % relative humidity
throughout the more than 12-hour purification process, with an 8-hour
EAC,q calculated as 9.22 mg/g. At 60 % relative humidity, the formal-
dehyde purification performance improved further, and the initial
single-pass efficiency exceeded 80 %, the 8-hour EAC,q of which
reached 10.4 mg/g. The possible reason for this trend is that increased
humidity infiltrates the adsorptive material, enhancing the affinity for
formaldehyde and promoting the adsorption process [67]. Further in-
creases in relative humidity may lead to the formation of water films in
microporous structures where the saturated vapor pressure of water is
reduced due to capillary action [14], causing water vapor to liquefy and
form water films at high humidity [68,69]. These water films facilitate
the absorption of formaldehyde.

However, when the relative humidity increased to 85 %, the form-
aldehyde adsorption performance decreased sharply to 9.35 mg/g of 8-
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hour EACyq, but still slightly higher than at 15 % relative humidity. It
may be due to the competitive adsorption of water vapor and formal-
dehyde. When the humidity is excessively high, water vapor and form-
aldehyde as polar molecules would competitively adsorb on the
interface of adsorbents, slightly impeding the formaldehyde adsorption
process. The results are consistent with those reported by Pei et al [70].
The enhancement of relative humidity on formaldehyde purification by
adsorption films further indicates significant applicability in actual in-
door environments.

4.2.3. The 30-day experiment of adsorption and desorption on
formaldehyde

Thermal regeneration is expected to restore the performance of the
adsorption films effectively. We applied NCF0.4MPTAC to explore the
potential of improving formaldehyde purification performance via long-
term dynamic thermal regeneration. A 30-day adsorption-desorption
cycle experiment was carried out, with each cycle consisting of
8 hours of adsorption and purification followed by 1 hour of desorption
for a total of 30 cycles.

The experimental results are presented in Fig. 5(a). The initial
adsorption efficiency of the thin-layer components reached 90 %. Over
the 30-day period, which included more than 250 hours of adsorption-
regeneration cycles, the single-pass efficiency of the thin-layer compo-
nents consistently remained above 65 %. Fig. 5(b) presents a box plot
summarizing the single-pass efficiency and effective adsorption capacity
for each purification cycle. The results demonstrate a slight downward
oscillation in efficiency during the 30-day adsorption-desorption cycle,
but the trend is not pronounced. After 30 days, the average single-pass
efficiency attenuation was less than 10 %, while the median attenua-
tion was less than 8 %. As illustrated in Fig. 5(b), the single-pass effi-
ciency of the first five cycles gradually decreased. From the 6th cycle
onwards, the efficiency curve displayed an oscillating trend, with the
decline in efficiency being suppressed. Between the 5th and 30th days,
the median single-pass efficiency decreased by only 4 %. This observa-
tion suggests that continuous heating at 80°C for 1 hour effectively
restored the performance of the adsorbed thin-layer components.

The average effective adsorption capacity, EAC,q, of 8-hour
adsorption purification in 30 cycles is about 8.06 mg/g. Throughout
the 30 cycles, the adsorption capacity of the thin layer remained rela-
tively stable, with an attenuation rate of no more than 10 %. The limited
attenuation in formaldehyde adsorption performance also indicates that
the macro- and inner-pore structures remain unchanged during thermal
regenerations, revealing good mechanical properties of the carbona-
ceous adsorption films. The good mechanical properties of the adsorp-
tion films can also be directly verified in our previous research [57].
Especially, the 80°C regeneration temperature is much lower than the
spontaneous ignition temperature and the point of initial oxidation of
adsorbents, which are determined as more than 300°C according to
Suzin et al. [71]. Thus, the mechanical properties of the carbonaceous
adsorption films are proven to be acceptable for indoor formaldehyde
purification cooperated with thermal regeneration. Considering the
performance recovery brought by regeneration, the cumulative total
adsorption capacity of 30 cycles reached approximately 241.7 mg/g,
which is significantly higher than the formaldehyde purification
amounts of technologies reported in most existing studies. Thus, the
application of thermal regeneration greatly enhances the formaldehyde
purification potential of adsorption films.

5. Discussion

5.1. Attribution analysis for the performance improvement of adsorption
films

The improvement in formaldehyde purification performance of NCF
and NCFPT compared to PCF can be quantitatively attributed to two
factors: interfacial mass transfer enhancement and internal diffusion
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Fig. 5. (a) Adsorption and thermal-regeneration cycles of NCF0.4MPTAC on formaldehyde for 30 days, including 8-hour adsorption and 1-hour regeneration per day.
(b) The single-pass efficiency and effective adsorption capacity, EAC,q4, of NCF0.4MPTAC over time. The adsorption experiments were carried out under the envi-
ronmental conditions of temperature 20-26°C, inlet air velocity 1.5 m/s, and relative humidity 20 %-30 %, while the temperature, inlet air velocity, and relative
humidity of desorption experiments were 80°C, 0.3 m/s and < 10 %, respectively.

enhancement, which can be represented by A*eSt, and Di*, respec-
tively. We calculated both of the two parameters to analyze the quan-
titative attributions of performance improvements, for which the
NCF0.4MPTAC was selected as the typical NCFPT due to its outstanding
performance. Details about the calculation process are shown in Sup-
plementary Section S5.

Then, the contributions of A*eSt,, and Di* parameters to the single-
pass-efficiency improvement can be obtained for NCF and
NCF0.4MPTAC by Eq. (16), represented as Aeaxestm and Aepj+ in Fig. 6
(a). The gray, orange, and red columns indicate the single-pass efficiency
of PCF, NCF, and NCF0.4MPTAC, respectively. The cyan columns
represent the increase in adsorption properties attributable to interfacial
mass transfer enhancement (i.e., the enhancement of A*eSt;,), and the
blue columns represent mass transfer enhancement through internal
diffusion within the material (i.e., the increase in Di*). From the per-
formance comparison results between NCF and PCF, it is evident that
enhanced interfacial mass transfer is the primary reason for the per-
formance improvement. The increase in A*eSty, resulted in a 5.05 %
performance improvement, the value of which is only 2.63 % caused by
the increase in Di*. In the performance comparison between
NCF0.4MPTAC and PCF, the increases in A*eSt,, and Di* resulted in
4.53 % and 16.1 % performance improvements, respectively. It means
that the nanoscale interconnected pore structures within NCF0.4MPTAC
effectively enhance interfacial mass diffusion.
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5.2. Performance comparisons with the existing studies and commercial
products

Performance comparisons were conducted for the adsorption films
developed in this study, along with existing studies that considered
formaldehyde adsorption capacity. As for the materials reported in the
literature, we classified them into two groups: pure physical adsorption
and physical + chemical adsorption. The purification capacities (PA,
g™ 1) of the studies were calculated for the convenience of comparison.
The data and references can be seen in detail in Supplementary Table S3.
Upon calculating PA, we classified the studies into two categories based
on the type of materials used: pure physical adsorption (physisorption in
short) and physical + chemical adsorption (chemisorption in short). The
calculated PA results are shown in Fig. 6(b), details of which can also be
seen in Supplementary Table S3. The multi-scale adsorption films in this
study demonstrate outstanding purification flux and superior purifica-
tion capacity compared with the reported adsorbents. The NCF exhibits
excellent formaldehyde purification capacity (PA) higher than nearly all
the physisorption and most chemisorption groups, as shown in the green
region of Fig. 6(b). In comparison, the PA of NCF0.4PTMAC is even the
highest among all the physisorption and chemisorption groups except
for extremely few studies (see the blue region of Fig. 6(b) for details).
Especially, the airflow rates applied in this study are nearly 1-3 orders of
magnitude larger than the others, indicating an outstanding purified air
generation rate and application potential.

This study also investigated well-known domestic and foreign brands
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Fig. 6. (a) The A*-St,, and Di* attributing results for the single-pass efficiency gains of NCF and NCF0.4MPTAC over PCF. The parameters A*-St,, and Di* represent
the effects of interfacial mass transfer and internal diffusion on formaldehyde adsorption, respectively; (b) Comparisons of formaldehyde purification capacity (PA) as
well as airflow rate between NCF/NCF0.4MPTAC and other adsorbents in existing literature. The reference can be seen in detail in Supplementary Table S3; (c)
Comparisons of performance and comprehensive energy consumption of NCF0.4MPTAC with well-known purification equipment products. The abbreviation ‘CB’ in

the figure means ‘commercial brand’.

of air purification products, selecting two notable domestic and two
foreign brands of purification equipment online (www.jd.com). All four
products possess the capability to purify particulate matter and form-
aldehyde, with specified Clean Air Delivery Rate (CADR) values for these
pollutants. By using the relationship between CADR, air volume, and
single-pass efficiency and assuming the single-pass efficiency for par-
ticulate matter is 100 % (in reality, it is generally above 99 %, making
the error negligible), we calculated the air volume of the purification
equipment. Subsequently, the single-pass efficiency for formaldehyde
purification was determined based on the air volume and the CADR for
formaldehyde purification. Applying the provided parameters such as
lifespan, equipment volume, and rated power by manufacturers, we then
obtained and further compared the PA and comprehensive energy con-
sumption factor (W*) of the multi-scale adsorption film, NCF0.4MPTAC,
and the four purification products over a half-year purification control
cycle. The results are depicted in Fig. 6(c), the data and calculation
process of which can be seen in Supplementary Table S4. NCF0.4MPTAC
exhibits a total energy cost of 0.37 kW-h per day, which is the lowest
among all the purification equipment ranging from 0.46 kW-h to
0.96 kW-h. Meanwhile, the formaldehyde purification performance of
NCF0.4MPTAC is the second highest, revealing outstanding cost-
effectiveness even compared with commercial products. The excellent
formaldehyde purification performance of NCF0.4MPTAC combined
with low energy cost should result in its extremely low resistance and
low in-situ heating regenerative energy consumption. According to the
proposed W* parameter (total power use per purification capacity),
NCF0.4MPTAC indicates a W* value of 12.7 W-g, which is several times
lower than the other commercial equipment and evidences substantial
application potential.

6. Conclusions

In this study, we have proposed carbonaceous net-like adsorption
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films with multiscale porous structures that are excellent in formalde-
hyde purification by demonstrating high efficiency and large effective
adsorption capacity. We have introduced key dimensionless parameters,
A*.St, and Di*, to quantify the influences of interfacial mass-transfer
intensity and internal diffusion on pollutant removal performance.
Guided by the optimal A*-St,, and Di* parameters, we have optimized
the structures within adsorption films by combining the DIW-printing
and sacrificial template, focusing on creating macro- and mesoscale
meshes on the film surface and developing micro- to nano-scale pores
inside the sorption materials. Compared to unmodified planar adsorp-
tion films, the optimized adsorption films achieve the initial single-pass
efficiency of formaldehyde, increasing from 68.1 % to 89.0 %. The
effective adsorption capacity, EAC,q, has seen a substantial rise from
2.74 mg/g to 8.60 mg/g. When applying thermal regeneration, the
multi-scale adsorption films can be stably operated for 30 days, signif-
icantly enlarging the EAC,q to a much larger value of 241.7 mg/g in
comparison with existing studies. Moreover, through performance
comparisons with other studies and commercial products, the multi-
scale adsorption film has shown nearly the highest purification rate
and capacity among physisorption and chemisorption technologies with
1-3 orders of magnitude larger airflow rates. The long-term operating
energy cost is as low as 0.37 kW-h per day and several times lower than
the other commercial products, evidencing substantial application po-
tential. The design and fabrication of the multi-scale adsorption film
offer a promising avenue for efficient formaldehyde removal, catering to
the practical needs of indoor air purification, carbon capture, and gas
separation in the field of environmental engineering.
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