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• A stable ink with appropriate rheolog-
ical properties and printability was 
prepared. 

• Adsorption films with sub-milli mor-
phologies were prepared via direct ink 
writing. 

• Trough-like films prolong penetration 
time by 275% and enlarge the capacity 
by 252%. 

• In-situ heating could recover the 
adsorption performance of films by over 
90%.  
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A B S T R A C T   

In-situ thermally regenerated flexible adsorption films are superior for long-term purification of indoor low- 
concentration volatile organic compounds (VOCs). To further improve the adsorption kinetics of the films, the 
surface morphology of adsorption films was suggested in hierarchical channel structure. However, such structure 
is far from practical applications because of its complicated fabrication method and limited flexibility. In this 
study, we proposed a convenient and fast method named direct ink writing (DIW) based 3D printing to fabricate 
flexible adsorption films. Inks were prepared to have appropriate rheological properties and good printability. 
Three types of adsorption film (flat, straight finned, and trough-like finned) were constructed on flexible poly-
imide circuit substrates by DIW. We utilized the printed adsorption films for indoor level (1 ppm) formaldehyde 
removal. The trough-like finned film achieved the best performance among the three printed films, showing a 
275% longer penetration time and 252% larger effective adsorption capacity than the flat film. By conducting a 
7-cycle adsorption-desorption experiment (more than 12 h), we verified that the films’ adsorption performance 
could effectively recover via in-situ heating. This work could dance around the complicated coating process, 
increase the structural flexibility and reduce the adsorbent interfacial modification cost.   
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1. Introduction 

Indoor volatile organic compounds (VOCs), especially formalde-
hyde, pose serious health threats to the public (International Agency for 
Research on Cancer, 2004; Salthammer, 2013; Bradman et al., 2017; 
Fang et al., 2019). Formaldehyde emitted from plywood furniture 
(Wang et al., 2021), coatings (Zhou et al., 2020) and other organic items 
(Wang et al., 2020) can cause chronic damage to human bodies for even 
decades (Rumchev et al., 2004; Hun et al., 2010), increasing the risk of 
severe illness and even cancer (Du et al., 2014; Bradman et al., 2017; 
Fang et al., 2019). Although the world health organization (WHO) has 
recommended indoor formaldehyde concentration controlled at 100 
µg/m3, several field studies worldwide still reported higher formalde-
hyde concentrations than the standard (Peak concentrations were be-
tween 200 μg/m3 and 400 μg/m3) (Ye et al., 2017; Liu et al., 2019). 
Therefore, effective long-term control of indoor formaldehyde is ur-
gently needed. 

Adsorption has been widely utilized for gas separation and gaseous 
pollutants removal as it is economical (Zhang et al., 2017), simple in 
principle, and does not generate harmful by-products (Luengas et al., 
2015). If the adsorption system is appropriately designed and operated 
(Xiao et al., 2018), adsorbents such as granular activated carbon and 
adsorptive paint can efficiently remove some VOCs at low concentra-
tions (1–10 ppm) (Gil et al., 2014; Jeon et al., 2020). The accumulation 
of granular adsorbent is commonly used in air purification studies. 
Moussavi et al. (2013) prepared a granular activated carbon 
(GAC)/MgO composite adsorbent and the bench-scale adsorption bed 
experiments showed the penetration time was 44 h at 3 L/min airflow 
with 200 ppm benzene. Liu et al. (2016) modified GAC and tested the 
benzene adsorption performances of GAC at different humidities, and 
the penetration time was 100.3 min at 50% relative humidity and 90.9 
min at 90% relative humidity for the material with the best perfor-
mance. Kim et al. (2021) treated activated carbon particles with ami-
ne/sulfur and amino-silane functionalities. The treated activated carbon 
presented a superior binary adsorption performance for formaldehyde 
and benzene at a low packed-adsorbent mass (130 mg) by penetration 
experiment. For residential or industrial purification equipment, gran-
ular adsorbents are rarely suitable, but also widely utilized. The high 
pressure drop (Ergun and Orning, 1949; Kabeel, 2009), limited life-span 
(Szulejko et al., 2019; Xie and Suuberg, 2020) and bad adsorption ki-
netics (Couck et al., 2017; Lawson et al., 2020a) will restrict the actual 
performance of adsorbents and increase the cost of operation and 
maintenance. 

Monolithic adsorbents are recently more and more employed in 
adsorption related studies, such as gas separation (Couck et al., 2017; 
Thakkar et al., 2017b; Grande et al., 2020), gas sensing (Wei et al., 2019; 
Jambhulkar et al., 2020; Scordo et al., 2021), carbon capture (Lawson 
et al., 2020c). A monolithic adsorbent is a honeycomb-like adsorbent 
composed of interconnected repeating cells or channels (Heck et al., 
2001). Its hierarchical pore structures consisting of macro-channels and 
inherent micro-pores bring monolith advantages over granular materials 
in pressure drop and adsorption kinetics (Rezaei et al., 2010; Rezaei and 
Webley, 2010; Hasan et al., 2013). Adsorbents such as zeolite NaX 
(Hasan et al., 2013), La–CeO2 (Rezaei and Webley, 2010), hybrid-clay 
(Avila et al., 2005) were fabricated as monolithic adsorbents. Tradi-
tionally, monolithic adsorbents are fabricated mainly by extrusion 
(Avila et al., 2005). Li et al. (2001) fabricated the 5 A zeolite monolithic 
adsorbents and studied the influence of paste formulation on the 
extrusion molding process. The adsorbent itself can also manufacture 
directly as a whole monolith. Assebban et al. (2015) prepared a clay 
monolith by an extrusion method and tested the adsorption performance 
toward air pollution reduction. Adsorbents can be coated on a honey-
comb substrate to get monolithic adsorbents. Patil et al. (2020) used 
cordierite honeycomb monoliths as substrates and coated an 
adsorption-catalysis material on the monoliths for toluene degradation 
application. Because of the poor geometric flexibility and material 

versatility associated with traditional extrusion, researchers have been 
seeking a digital means of structure design, which can easily incorporate 
any porous material (Lawson et al., 2021). 

3D printing has been used for adsorption studies. Chaloeipote et al. 
(2021) fabricated CuO semiconducting gas sensors by fused deposition 
modeling (FDM) based 3D printing for ammonia adsorption detection. 
Huang et al. (2019) used digital light processing (DLP) based 3D printing 
to prepare hierarchical porous architectures for CO2 capture. Medina 
et al. (2019) applied stereolithography (SLA) based 3D printing to 
fabricate hyperporous carbon for organic dyes removal. Recently, 
studies on direct ink writing (DIW) based 3D printing and the relative 
potential applications are expanding rapidly (Rocha et al., 2020). It is 
widely used for the adsorbent monolith preparation (Thakkar et al., 
2017a, 2018; Lawson et al., 2018, 2020b; Zhu et al., 2018; Wang et al., 
2019). In general, adsorbent ink was prepared and printed on the exact 
shape and structure. Flexibility and convenience have led to the adop-
tion of this approach in many studies. Couck et al. (2017) mixed zeolite 
powders with liquid binder suspension as inks and printed monoliths to 
separate carbon dioxide, methane and nitrogen. Thakkar et al. (2017b) 
applied the DIW based 3D printing method to make a 
metal-organic-framework (MOF) monolith, overcoming the lack of a 
proper strategy to formulate MOFs into scalable gas-solid contactors. 
Davó-Quiñonero et al. (2019) fabricated the Al2O3 monolith with 
asymmetrical channels by a 3D printing template. The asymmetrical 
channels optimized the mass transfer kinetics and enhanced the carbon 
monoxide catalysis efficiency. Grande et al. (2020) prepared a 
non-aqueous ink and printed a MOFs monolith for carbon dioxide, 
moisture, nitrogen and methane adsorption. Honeycomb-like monoliths 
overcome the high pressure drop and bad mass transfer kinetics of 
granular adsorbent. Simultaneously, 3D printing also makes the prepa-
ration of adsorbent monoliths more convenient, and the structure of 
monoliths more diverse. Benefiting from the flexibility and convenience 
of 3D printed monoliths, they are adaptable to various situations, such as 
gas separation, gas-phase pollutants degradation, CO2 capture. 
Adsorption or catalytic monoliths need to be effective for a long time to 
avoid frequent replacement. The life-span of monoliths remains 
restricted. Besides, the bulky structure also limits the application sce-
narios of monoliths. 

A flexible adsorption film was first proposed by Chen et al. (2019), 
which was made of activated carbon, polyimide, and copper foil. The 
temperature-adjustable surface of adsorption films can realize efficient 
adsorption and rapid in-situ desorption to extend the adsorption 
life-span. The flexible lamellar structure also broadens its application. 
Chen et al. (2021a) further modified the surface topography by pre-
paring macro-channels perpendicular to the film. Macro-channels can 
enhance the vertical mass transfer into the adsorption films, accelerating 
the adsorption process of the inherent micropores of adsorbents. The 
channel structure is also a kind of hierarchical pore structure similar to a 
monolith. However, the fabrication process of the macro-channel 
adsorption film is complicated. The coating process results in bias in 
material amount and coating thickness. Moreover, structural designs 
with better adsorption kinetics but more complex structures will be too 
difficult to achieve by traditional coating process. 

In this study, a DIW based 3D printing method was proposed to 
fabricate flexible adsorption films with printable fin structures to 
enhance mass transfer of pollutants into the films. The types and ratios 
of the ink component were adjusted to obtain ink with appropriate 
rheological properties and good printability. We constructed three types 
of adsorption films with different structures (flat, straight finned, and 
trough-like finned) on flexible polyimide (PI) circuit substrates by DIW. 
We measured the width and thickness of the printed adsorption fins, and 
tested the performance of printed flexible adsorption films for indoor 
level (1 ppm) formaldehyde removal. We examined the in-situ thermal 
regeneration performance of the trough-like finned adsorption film by 7- 
cycle formaldehyde adsorption and desorption. 
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2. Experimental Section 

2.1. Preparation of printing inks 

This study aims to find a way to enhance the external mass transfer of 
pollutants into adsorbents. A material with weak performance could 
reflect the enhancing effect of external mass transfer more significantly. 
Thus, molecular sieves, which have relatively weak adsorption perfor-
mance for formaldehyde, were chosen as adsorbents in this study. The 3 
A molecular sieve was purchased from Shandong Runze Environmental 
Protection Material Co. Ltd. The particle size distribution of the mo-
lecular sieve was measured by a dry sampling method (Mastersizer 
2000, Malvern Instruments). Fig. S1 in Supplementary Material A (SMA) 
shows its particle size distribution. The powder diameter was mainly 
around 3 µm. Carboxymethyl cellulose (as a plasticizer) and ethylene- 
vinyl acetate (EVA) copolymer (as a binder) were provided by Topg 
Health Technology (Guangdong) Co., Ltd. Bentonite clay (as a co- 
binder) was purchased from Beijing Merida Technology Co., Ltd. So-
dium dodecyl sulfonate (SDS) (as a surface-active agent) was purchased 
from Beijing Anxinkang Technology Co., Ltd. 

Fig. S2 in SMA presents the preparation of printing inks. First, the 
carboxymethyl cellulose was dissolved in deionized water at 40 ◦C with 
a mass ratio of 1:100. The dispersant was stirred at 200 rpm for 3 h by a 
magnetic stirring apparatus (Corning PC-420D) to get a well-dispersed 
viscous solution. Second, SDS was dissolved in the above solution by a 
mass ratio of 20%wt, 10%wt, 5%wt, 2.5%wt and 0%wt to get five kinds 
of SDS solutions. Third, the ink of 15 g SDS solution, 10 g molecular 
sieve and 1.3 g bentonite clay were mixed and stirred at 300 rpm for 30 
min. Then, 1 g EVA copolymer was added to the ink. The ink was further 
sonicated for 1 h at 40 ◦C and 40 kHz to allow adequate dispersion. One 
to two milliliters of ethanol were dripped into the dispersant to elimi-
nate the bubbles and adjust the viscosity. Finally, the ink was stirred for 
30 min at 100 rpm to be well-dispersed and steady. Five inks were 
prepared in the same way and numbered as #1 to #5 in descending 
order of SDS concentrations. 

2.2. Rheological property tests 

Inks #1 to #5 were loaded inside a stoppered measuring cylinder and 
left for 48 h at room temperature (18–24 ◦C) to effectively eliminate the 
influence of evaporation. Sedimentation of the inks was observed after 
10 min, 30 min, 60 min, 2 h, 6 h, 24 h, 48 h, respectively. The rheo-
logical properties of five inks were tested on a rotational rheometer 
(MCR 302, Anton-Paar Instruments) using a parallel plate measuring 
system at 24 ◦C. 

2.3. Adsorption film printing 

The prepared inks in an injection syringe (10 mL) were extruded by a 
syringe pump (LongerPump LSP01–2A) at 0.6 mL/min and connected to 
a nozzle (400 µm) fixed on a 3D printer (Shenzhen Aurora Technology 
Co. Ltd, Z-603S), as shown in Fig. 1. Various sub-milli-fins on adsorption 
films were designed with commercial software (SOLIDWORKS 2019) 
and converted to G-codes that determine the printing pathways by 
another commercial software (Cura 15.02.1). The ink was printed on a 
flexible and temperature-adjustable PI circuit substrate (70 mm × 100 
mm) (Chen et al., 2021a) and left to dry until it could be peeled off for 
further use or characterization. The PI circuit substrate consists of a 
copper layer covered by a PI layer on both sides for insulation and 
protection. The substrate was sonicated first with methanol for 0.5 h and 
then with deionized water for 0.5 h to remove the water-soluble and 
fat-soluble impurities on it. The environmental temperature was 
22–25 ◦C, and the film temperature was 70 ◦C during the preparation. 
The size and morphology of the printed films were obtained using a field 
emission scanning electron microscopy (FE-SEM, ZEISS MultiSEM 505). 

2.4. Characterization 

The structural morphology of the printed films and the raw material 
was observed using FE-SEM. The elemental composition and distribu-
tion spectrograms of adsorbents before and after printing were analyzed 
by an energy dispersive spectrometer (EDS, ZEISS MultiSEM 505). 
Isothermal adsorption curves of the printed adsorbent and raw material 
were obtained by the N2 adsorption experiment. The pore size distri-
bution (PSD) was estimated by the Brunauer, Emmett and Teller (BET) 
method. 

2.5. Penetration experiments 

Printed adsorption films were fixed on an air passage 
(450 mm × 60 mm × 3 mm), where the penetration experiments were 
conducted. A micro-syringe-pump-based standard gas generator (Wan 
et al., 2015) was used to generate formaldehyde dynamically. The 
ambient air was filtered by a high-efficiency particulate air (HEPA) filter 
and purified by activated carbon in sequence. It was subsequently 
pumped into a spiral stainless-steel tube inside a sealed oil tank with a 
heating control. The heated air (120 ◦C, 1 atm) purged the terminal 
point of the micro-syringe pump, where formalin liquid was fed out 
constantly (8.4 μL/h) and would immediately vaporize into the air 
stream. One ppm formaldehyde in the air passed over the adsorption 
film that had been fixed in the air passage. The airflow rate was main-
tained at 4.6 L/min by a mass flow controller (MC 20SLPM, Alicat Sci-
entific, USA) with a residence time of 0.14 s. The pollutant 
concentrations in the air before and after the adsorption film (Cin and 

Fig. 1. Schematic of direct ink writing (DIW) based 3D printing adsorption film with trough-like sub-milli-fins, in which l1, l2, l3, and l4 represent the cross-section 
outline scales of the printed trough-like fins. 
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Cout) were monitored using a gas analyzer (INNOVA 1312, AirTech, 
Ballerup, Denmark), which has been calibrated by standard formalin 
solution (SMA Fig. S3). The penetration curves of the adsorption films 
were measured in a controlled environment (23.0 ± 1.0 ◦C, 25% ± 5% 
relative humidity). Following the near penetration of pollutants through 
the adsorption film, in-situ electrothermal regeneration was conducted 
by applying a direct current (DC) regulated power supply (20 V, 14 W) 
to the flexible film at 80 ◦C for 15 min. The temperature rising process 
could finish in less than one minute (Chen et al., 2021b), as shown in the 
video of Supplementary material D. A seven-cycle experiment was 
conducted, and each cycle includes 90-min adsorption and 15-min 
desorption. The one-pass removal efficiency was monitored at the 
beginning of each cycle. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2021.128190. 

3. Results and discussion 

3.1. Sedimentation and rheological properties of the inks 

Sedimentation was often used to test the stability of liquids con-
taining solid particles. (Wang et al., 2017; Zhang et al., 2019; Esfahani 
et al., 2022) Fig. 2(a)-(e) shows the sedimentations of five inks after 
48 h. Inks #1, #2, and #3 are stable enough to retain a relatively con-
stant state, while Inks #4 and #5 are stratified to varying degrees. 
Stratification of inks is negatively correlated with the SDS concentra-
tion. As an anionic surfactant, SDS can improve the properties of the 
solid-liquid interface. The molecular sieve particles can be uniformly 
distributed in the aqueous solution to form a relatively stable emulsion 
(Peymannia et al., 2015). SDS has been used as a dispersant in many 
studies (Geng et al., 2008; Zhang et al., 2016). Fig. 2(f) further illustrates 
the sedimentation ratio of five inks over sedimentation time. The sedi-
mentation ratio is the volume ratio of supernatant to the whole ink after 
stratification. In the first hour, all inks were not significantly stratified. 
Inks #4 and #5 started to precipitate significantly after about 6 h, and 

the sedimentation ratio reached around 9% and 12%, respectively. Ink 
#1 has the best stability with a sedimentation ratio below 1% after 48 h. 
As for DIW based 3D printing in this study, the whole process takes less 
than an hour, so the stability of all five inks can meet the printing re-
quirements in this short period. On the other hand, the sedimentation 
test also reveals that the most stable Ink #1 could meet the requirement 
of a two-day DIW based 3D printing process, which is long enough for a 
complex and comprehensive printing task. 

The rheological properties, including viscosity and viscoelasticity, 
are essential for DIW based 3D printing. In this study, the viscosity is 
obtained with the shear rate ramping from 1 s− 1 to 500 s− 1, the visco-
elasticity is obtained with the shear stress ramping from 0.1 Pa to 
300 Pa. Fig. 2(g) shows the shearing viscosities of Inks #1 to #5. Most of 
them are non-Newtonian fluids and exhibit shear dilution properties. 
The viscosities of inks decrease with increasing shear rate, except for Ink 
#5, which did not contain SDS. A high-quality 3D printing ink should 
have a relatively low viscosity at a rapid shear rate and a relatively high 
viscosity at a low shear rate. Low viscosity during a rapid shear process 
ensures that the ink extrusion process from an ultra-thin nozzle proceeds 
smoothly without blocking. On the other hand, high viscosity at a low 
shear rate keeps the extruded ink from flowing deformation. Some 
studies had recommended that the ink for smoothly 3D printing should 
have a low viscosity at a rapid shear rate (Sommer et al., 2016; Thakkar 
et al., 2018; Lawson et al., 2020c). Among the other four inks, when the 
SDS concentration increases, the viscosity curve becomes steeper. Fig. 2 
(g) reveals that the viscosity of Ink #1 is 2900 mPa∙s when the shear rate 
was 1 s− 1, while the viscosities of Inks #2, #3, #4 are 2600 mPa∙s, 1870 
mPa∙s, and 870 mPa∙s, respectively. Meanwhile, the viscosity of Ink #1 
is 262 mPa∙s at 500 s− 1, while the viscosities of Inks #2, #3, #4 are 374 
mPa∙s, 312 mPa∙s, and 173 mPa∙s, respectively. Although Ink #4 has 
lower viscosity at the shear rate of 500 s− 1, the viscosity at 1 s− 1 is too 
low to keep the printed ink from flowing deformation. Thus, Ink #1 has 
the best steady-state shear rheological properties for DIW based 3D 
printing, as it has the highest viscosity at a low shear rate and a very low 
viscosity at a high shear rate. 

Fig. 2. The sedimentation results of Inks (a) #1, (b) #2, (c) #3, (d) #4, (e) #5. (f) Sedimentation ratio of five inks. (g) The viscosity of Inks #1-#5. (h) The 
viscoelasticity (including storage modulus and loss modulus) of Ink #1, #3, and #5. (Results of Ink #2 and #4 are shown in SMA Fig. S4) A small piece of Ink #1 
smeared on an acrylic substrate deviated from horizontal by 70 degrees (i) before and (j) after 2 h. 
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Fig. 2(h) and Fig. S4 in SMA show the viscoelasticity of five inks, 
including storage and loss modulus. The storage modulus reflects the 
solid-like elastic properties of the ink, while the loss modulus reflects the 
viscous properties of the ink. Each ink has a decreasing storage modulus 
when the shear stress increases. The loss modulus also decreases as the 
non-Newtonian fluid viscosity properties. When it comes to the relative 
magnitude of the storage modulus and the loss modulus, each one has a 
relatively high storage modulus at low shear stress compared to the loss 
modulus. 

Meanwhile, at high shear stress, all inks present relatively high loss 
modulus compared to storage modulus. Especially, the storage modulus 
of Ink #1 is higher than its loss modulus at 0.1 Pa shear stress but sur-
passed by the loss modulus at about 0.5 Pa shear stress. A higher storage 
modulus than loss modulus at low shear stress makes the printed ink 
behave like a solid, while a lower storage modulus than loss modulus at 
high shear stress makes the printed ink behave like a liquid. The cross of 
the storage and loss modulus curves indicates that Ink #1 could behave 
more like a solid at low shear stress and a liquid at high shear stress. Ink 
#2 shows similar viscoelastic properties. Inks #1 and #2 both have 
appropriate viscoelastic properties for DIW based 3D printing. 

A small piece of Ink #1 was smeared on an acrylic plate deviating 
from horizontal by 70 degrees, as shown in Fig. 2(i). The small piece of 
Ink #1 still stood on that acrylic substrate without visible shape 

deformation after 2 h, as shown in Fig. 2(j). It further reveals that the ink 
has excellent printability to get stable architecture without collapse. 

3.2. Printability of the inks 

Several 100 mm long and 0.4 mm wide straight fins were printed on 
PI substrates to test the inks’ printability and continuity. Fig. S5 in SMA 
reveals that the printed fins with Ink #5 could not stay in their shape. 
The ink doesn’t have enough viscosity, so that the fins would deform 
before they dried and set. There is a similar problem for Ink #4, although 
its deformation is not as severe as Ink #5. While Ink #3 could basically 
stay in shape, there are several parts where nodes of ink accumulate, 
connecting adjacent fins. It indicates that Ink #3 is too viscous to be 
extruded smoothly and continuously. Accumulation occurred at the 
nozzle outlet. Ink #2 could achieve a better resolution ratio, as the 
printed fins are thinner than those of Ink #3, although there are still 
some ink accumulation nodes. Ink #1 shows the best shape as the 
designed model. It shows low viscosity and good fluidity during extru-
sion, while the high viscosity after extrusion can maintain the original 
shape unchanged. Among all inks, Ink #1 has the best printability. 

Fig. S6 in SMA shows the SEM of thin printed fins with Ink #1. By 
controlling the ink extrusion rate and the nozzle movement rate, the 
adsorbent fins could be as thin as 100 µm. The minimal fin thickness is 

Fig. 3. The schematic of (a) flat film, (b) straight finned film, (c) trough-like finned film; Cross-sectional SEM images of (d) flat film, (e) straight finned film, (f) 
trough-like finned film; Physical pictures of (g) flat film, (h) straight finned film, (i) trough-like finned film. Scale bars correspond to 200 µm in (d)-(f). 
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restricted by the particle size of the molecular sieve and the nozzle 
diameter. If finer materials are used, thinner layers could be printed. 

3.3. Characterization of 3D printed adsorption fins 

3.3.1. Surface morphology 
Three adsorption fin structures are printed onto temperature 

controllable flexible PI substrates (Chen et al., 2021a). A video in Sup-
plementary material B shows that in the printing process, the ink 
extrusion is smooth and stable, and the extruded ink is not deformed. 
The printing process took 1158 s for the flat film, 522 s for the straight 
finned film, and 918 s for the trough-like finned film. The adsorbent 
mass of the flat film is 4.55 g, while those of the straight finned film and 
the trough-like finned film are 2.0 g and 3.7 g, respectively. Three fin 
structures are shown in Fig. 3(a-c). One is a flat film, another is a straight 
finned film, and the other is a trough-like finned film. Their longitudinal 
profiles and overall physical pictures are shown in Fig. 3(d-f) and (g-i), 
respectively. As Fig. 3(g-i) shows, all of the printed adsorption films 
could retain the shapes and structures of their SolidWorks models as 
Fig. 3(a-c), respectively. The printed adsorbent is stuck firmly to the 
flexible film. A video in Supplementary Material C could prove the 
printed adsorbent is firmly attached to the substrate. The printed 
adsorption film is tensile and will not fall off the substrate after bending, 
which means the adsorbent is coated firmly enough to the substrate for 
indoor air purification applications. The flexible films have the potential 
with variable shapes, which can be used in the various air channels for 
enhancing mass transfer. Fig. 3(d-f) shows the SEM images of the 
cross-sections of printed films. The images present that the thickness of 
the flat film is about 450 µm, and the straight finned film is composed of 
several 450 µm thick and 400 µm wide fins. In contrast, the trough-like 
finned film consists of a 2/3-thick flat film on the bottom and a 1/3-thick 
straight finned film on the top. The thickness of the printed flat film on 
the bottom is 300 µm, and that of the straight finned film is 150 µm.  
Fig. 4(a) and (b) show the SEM images of the raw material and the 
printed material, respectively. Compared with Fig. 4(a), Fig. 4(b) shows 
only a few signs of adhesive bonding between particles in printed ma-
terial, which reveals that the adsorption behaviors will not change 

significantly after printing. A top view topography of the trough-like 
finned film is presented in Fig. 4(c). Adsorption fins have uniform 
width and smooth surface, and the distance between the two adsorption 
fins is about 500 µm. The EDS spectrogram in SMA Fig. S7 reveals that 
the main elements of the raw material are aluminum, oxygen, sodium, 
and silica. The printed adsorbent basically has the same element 
composition and distribution except that it contains more carbon ele-
ments, which may come from the methylcellulose and EVA copolymer. 
The carbon element is uniformly distributed across the spectrogram, 
which indicates that the methylcellulose and the EVA copolymer are 
evenly dispersed in the adsorbent and play good roles in dispersion and 
adhesion, respectively. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2021.128190. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2021.128190. 

3.3.2. PSD and adsorption isothermal of printed adsorbent and raw 
material 

The adsorption isothermals are measured both for raw material and 
printed adsorbent. As shown in Fig. 4(d), the cyan curve showed the 
adsorption isothermal of the raw material, and the red one is for the 
printed adsorbent. For both materials, the adsorption amount is 
increased sharply at the beginning when the pressure is very low and 
stays nearly unchanged when the relative pressure increases from 0.02 
to 0.9. The isothermal of this shape indicates that micropores are 
dominated in the adsorbent. Besides, a slight increase in adsorption 
amount is achieved near high pressure for the printed adsorbent mate-
rial. In total, the printed adsorbent adsorbs less nitrogen than the raw 
material by around 6%, indicating the adsorption capacity decreases 
slightly as the plasticizer and binder may block the adsorption mass 
transfer paths. Fig. 4(e) shows the PSD of the raw material and printed 
adsorbent. The cyan and red curves are the cumulative surface area of 
the two materials, respectively. The bar graph represents the pore vol-
ume density distribution over the pore diameter (dV/dW pore volume). 
The pore sizes of micropores are between 0.5 nm and 1.5 nm, which 
verifies the above inference based on the adsorption isothermals in Fig. 4 

Fig. 4. SEM images of (a) the raw material, (b) the printed adsorbent material, (c) a top view topography of the trough-like finned film. (d) Isothermal adsorption 
curves of the printed adsorption film and raw material. (e) Pore size distribution (left axis) and cumulative specific surface area (right axis) of the printed adsorption 
film and raw material. Scale bars correspond to 2 µm in (a) and (b), 100 µm in (c). 
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(d). Before and after the 3D printing process, the BET specific surface 
areas are 338 and 295 m2/g, respectively. The decay in BET specific 
surface area is 12.7% related to losses surface area in the micropore 
region. The decline in N2 adsorption is only 6% because of the additional 
adsorption in the macroporous region. In general, the fabrication pro-
cess is not destructive to the surface morphology and only slightly de-
creases the BET specific surface area. 

3.4. Penetration experimental results for formaldehyde 

Penetration experiments of the printed films were conducted on an 
experimental setup shown in Fig. 5(a). Fig. 5(b) presents the formalde-
hyde penetration curves of the films. One-pass removal efficiency, 
effective life-span, adsorption amount and effective adsorption capacity 
(EAC) were calculated to evaluate their adsorption performances. The 
EAC represents the adsorption amount (mg) of formaldehyde during a 
specific period per gram of adsorbent, mg/g (Chen et al., 2021a). The 
period is quantified when the outlet concentration of an adsorption 
module is lower than a specific concentration threshold. Moreover, the 
corresponding adsorption period is defined as the effective life-span of 
the module. The one-pass efficiency could be calculated by Eq. (1). The 
formaldehyde adsorption amount inside the film was calculated by Eq. 
(2). The EAC was calculated by Eq. (3): 

ε =
Cin − Cout

Cin
(1)  

Mad =

∫ te

0
G(Cin − Cout)dt (2)  

EAC =
Mad

M
(3)  

where, ε is the one-pass removal efficiency; Cin is inlet formaldehyde 
concentration, ppm; Cout is outlet formaldehyde concentration, ppm; te 
is the effective life-span, h; G is the polluted air flow rate, m3/s; Mad is 
the formaldehyde adsorption amount inside the film, mg; M is the 
adsorbent mass, g. 

Fig. 5(b) shows that the initial removal efficiency of formaldehyde by 
the flat film is about 39%, while the efficiency of the straight finned film 
is more than 55%. With nearly the same thickness, the adsorbent mass of 
the straight finned adsorption film is less than that of the flat film. The 
macro channels produced by the straight fins increase the contact area 
for formaldehyde transferring inside the adsorbent. The mass transfer 
area is expanded by 44% equivalently, as formaldehyde could transfer 
into adsorbents through the sidewall of the straight fins. With contin-
uous adsorption, formaldehyde would gradually penetrate both 
adsorption films. If the indoor formaldehyde concentration threshold 
was set at 0.8 ppm, the time when one-pass removal efficiency 
decreased to 20% should be the effective life-span. Fig. 5(b) shows that 
the effective life-span of the flat adsorption film is around 0.8 h, while 
that of the straight finned adsorption film is 1.5 h. 

Furthermore, Fig. 5(c) presents the adsorption amount and the EAC 
of the printed adsorption films. It shows that the adsorption amount of 
the straight finned adsorption film is 0.233 mg, while that of the flat 
adsorption film is 0.142 mg, far less than the former. Besides, the 
adsorbent mass of the straight finned film is less than the flat film, and 
the EAC of the straight finned adsorption film is 0.115 mg/g, three times 
larger than that of the flat adsorption film. Compared with the flat 
adsorption film, the gas-solid contact area of straight finned adsorption 
film increases by 31% due to the fin structure. Hence, its adsorption 
mass transfer flux is higher, and the one-pass removal efficiency of 
formaldehyde is higher. Besides, the fin structures enhanced the form-
aldehyde mass transfer by making the flow field during the adsorption 
process more turbulent (Bergman et al., 2011), which further increased 

Fig. 5. (a) The experimental setup for penetration tests. (b) Adsorption amount and effective adsorption capacity (EAC) of the 3D printed adsorption films. (c) 
Penetration curves of the three adsorption films. (d) One-pass efficiency of the trough-like finned adsorption film at the start of each adsorption-regeneration cycle 
(the bar chart), and regeneration ratios of each cycle (the line chart). 

Q. Chen et al.                                                                                                                                                                                                                                    



Journal of Hazardous Materials 427 (2022) 128190

8

the mass transfer flux. However, the one-pass removal efficiency of the 
straight finned adsorption film decreases a little more rapidly than the 
flat one, reaching the same level less than two hours later. The straight 
finned film contains a lot of macro channels, resulting in much mass loss, 
and cannot maintain high efficiency for a long time. The mass loss of the 
straight finned film is about 56% compared with the flat one. On the 
other hand, the straight finned adsorption film still has a better perfor-
mance against formaldehyde than the flat adsorption film with less 
adsorbent consumption for its better mass transfer kinetics. 

The straight finned adsorption film presents a better purification 
performance as the macro channels could enhance its adsorption ki-
netics, increase the contact area for formaldehyde transferring inside the 
adsorbent, and lengthen the residence time of formaldehyde. However, 
the mass loss caused by the macro channels makes the one-pass effi-
ciency decrease rapidly, restricting the effective life-span of the straight 
finned adsorption film. The trough-like finned adsorption film owns 
both macro channels and a flat adsorbent bottom. Although it has a mass 
loss of 31% compared with the flat film, its gas-solid contact area in-
creases by 38% compared with that of the flat film. A further penetration 
experiment on the trough-like finned film was conducted under the same 
condition described in Section 2.4. As the yellow penetration curve in 
Fig. 5(b), the initial one-pass efficiency of the trough-like finned film is 
over 55%, nearly the same as the straight finned one. The initial 
adsorption process is mainly caused by the partition process on the 
interface of the gas phase pollutant and the adsorbent. The trough-like 
finned film and the straight finned one should have similar adsorption 
kinetics so that their initial adsorption performances are similar. Be-
sides, the trough-like finned film could effectively remove formaldehyde 
for a long period. The effective life-span is extended to about 3 h. It is 2 
times as long as the straight finned one and over 3 times as long as the 
flat one. Fig. 5(c) shows the adsorption amount of the trough-like film, 
which reaches 0.404 mg, much more than the former two adsorption 
films, indicating its superior adsorption kinetics contributed by the hi-
erarchical channel structures. The EAC of the trough-like finned film is 
also enlarged to 0.109 mg/g, nearly the same as the straight finned film. 
Compared with the straight finned adsorption film, the EAC of the 
composite adsorption film is slightly smaller, which may be due to the 
bottom layer of the composite adsorption film is a flat adsorption film, 
which hinders the rapid diffusion of formaldehyde into the adsorbent. 
However, the dense flat film bottom could increase the adsorption 
amount and prolong the penetration time of the composite adsorption 
film, making it possible to achieve a longer penetration time. The 
formaldehyde EAC of the adsorption films reported in Chen’s study 
(2019) was 0.117–0.170 mg/g AC when the inlet formaldehyde con-
centration was set at 3.5 mg/m3. The BET specific surface area of AC 
used in Chen’s study was 362.9 m2/g. In comparison, the molecular 
sieve we used in this study has a specific surface area of 295 m2/g. 
Although the adsorbent selected in this study has relatively weak per-
formance for formaldehyde, after the mass transfer enhancement by 
interface morphology design, its effective adsorption capacity reaches 
0.109 mg/g, which is at the same level as Chen’s films. Besides, the inlet 
concentration in our experiment is lower, only 1 mg/m3. According to 
the Langmuir adsorption model, the adsorption capacity of the adsor-
bent is approximately proportional to the environmental concentration 
when the concentration of the target gas is low (Liu, 2006). Therefore, 
the adsorption capacity of our material for formaldehyde could pro-
portionally increase if the inlet concentration is higher. Combined with 
thermal regeneration, the trough-like finned film can achieve long-term 
and effective control of indoor pollutants. In further studies, this DIW 
based 3D printing method can be used to fabricate various adsorbents 
with integrated structures, which is one of the hottest issues in re-
searches on 3D printing (Lawson et al., 2021). The hierarchical inter-
facial structures will enhance the adsorption kinetics and improve the 
adsorption behaviors for indoor gaseous contaminants. 

3.5. Thermal regeneration properties of the trough-like finned adsorption 
film 

One-pass removal efficiencies of the trough-like finned film for 
formaldehyde were monitored at the beginning of seven adsorption and 
in-situ thermal regeneration cycles, as shown in Fig. 5(d). The histogram 
represents the initial one-pass removal efficiency of each adsorp-
tion–regeneration cycle. The first red column represents the initial one- 
pass removal efficiency of the original (cycle 1) adsorption film without 
regeneration, which is 57%. In contrast, the second to seventh columns 
represent the initial one-pass removal efficiency following one to six 
regeneration cycles. The star-dotted line shows the variation in the 
regeneration ratio. The regeneration ratio is defined as Eq. (4): 

rri =
εr

i

εa
(4)  

where rri is the regeneration ratio for the ith regeneration; i is equal to 1, 
2, …, 5, 6, respectively; εr

i is the initial one-pass removal efficiency after 
the ith regeneration; and εa is the initial one-pass removal efficiency. 
Fig. 5(d) shows the fluctuations of one-pass removal efficiencies in the 
six adsorption–regeneration cycles are all lower than 15%, and the 
regeneration ratio of each cycle exceeds 90% except cycle 6. It indicates 
that regeneration can effectively recover the adsorbent performance for 
formaldehyde. Thus, the printed adsorption film can provide effective 
long-term control of indoor gaseous pollutants. 

4. Conclusion 

This study proposed a fast and convenient method for fabricating 
adsorption films with hierarchical channel structures. Compared with 
previous studies, this DIW based 3D printing does not require a 
complicated preparation process, reduces the cost (compared with laser 
etching), and could potentially improve the processing accuracy and the 
uniformity of the adsorbent coating. The prepared non-Newtonian fluid 
molecular sieve ink remained no stratification after 48 h and had the 
shear dilution rheological properties. The ink had good printability and 
continuity, which could continuously print dozens of 100 mm long and 
0.4 mm wide adsorbent fins. Three types of flexible adsorption films 
with different structures were fabricated by DIW based 3D printing. 
Experimental results indicate that the trough-like finned film with 
macroscopic channels achieved the best performance for formaldehyde 
removal, showing a 275% longer penetration time and 252% larger 
effective adsorption capacity than the flat film. 

In addition, the printed adsorption films presented good thermal 
regeneration performance. In a 7-cycle adsorption-desorption experi-
ment for more than 12 h, all cycles showed similar excellent regenera-
tion ratios (85%− 107%) and good one-pass efficiency (48–61%). The 
superior mass transfer kinetics and good thermal regeneration perfor-
mance indicate that the printed adsorption films with structural fins 
could be applied in the long-time purification of formaldehyde. This 
DIW based 3D printing method offers additional potentials for fabri-
cating complex finned films with multiple materials and hierarchically 
porous structures for a wide variety of applications, such as indoor air 
purification, industrial ppm-level gas removal, carbon capture and 
storage. 
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