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A B S T R A C T   

In-situ thermally regenerated adsorption is superior for the long-term purification of indoor VOCs. In this study, a 
concrete mathematical model has been built to predict adsorption behaviors in various practical situations. 
Parametric analyses, including the influences of adsorption kinetic parameters, face velocity, and geometric 
parameters, were then conducted to optimize the material coating, improve the module’s structure, and predict 
long-term performance. Experiments were conducted on the board prepared with activated carbon. Results show 
that the predicted adsorption – regeneration behaviors of the adsorption-board module fit well with the 
experimental data within an error of 10%. Furthermore, the energy consumption of the adsorption board module 
was compared with that of the conventional packed-bed module. For formaldehyde and xylene, the heating 
energy consumption per unit of the dimensionless effective purification volume was reduced by 50.7% and 
39.6%, respectively. The model provided a technical incentive for indoor VOC purification by selecting adsor-
bents and designing in-situ thermally regenerated adsorption modules.   

1. Introduction 

People spend 87% time indoors, and indoor air quality is essential to 
human health [1]. Rapid urbanization and modernization have raised 
concerns regarding indoor air quality due to the wide usage of indoor 
construction materials and decorations globally, which release harmful 
volatile organic compounds (VOCs) [2,3]. China has set the indoor air 
quality standard [4,5], in which the limitations of total volatile organic 
compounds (TVOCs) and formaldehyde are 0.6 mg/m3 and 0.1 mg/m3, 
respectively. The World Health Organization (WHO) also set the form-
aldehyde limitation at 0.1 mg/m3 [6]. However, many indoor VOCs are 
emitted in indoor environments [7,8], increasing their concentrations 
above safe levels [9]. Following renovations, residents may be exposed 
to indoor VOCs for a long time, potentially extending to several years 
[10]. Long-term exposure to sub-ppm VOCs has been reported to in-
crease the risk of nasopharyngeal cancer [11], leukemia [12], lung 
cancer [13], and other cancers [2,14,15]. Du et al. [2] showed that 
formaldehyde was the most significant contributing organic pollutant to 

cancer risk for adults in urban China following inhalation. Thus, effec-
tive air cleaning technology is urgently needed to realize the long-term 
control of indoor VOCs. 

Adsorption has been commonly used to remove indoor VOCs [16] 
because it is relatively economical [17,18] and does not generate 
harmful by-products [19]. Usually, the adsorption capacities of adsor-
bents for indoor sub-ppm VOCs are relatively small [20,21], which re-
stricts the lifespan of adsorbent-based air cleaners in real environments 
[22]. Zhu et al. [23] estimated the service life of activated carbon (AC) 
packed-bed portable air cleaners for formaldehyde in Chinese resi-
dences. They demonstrated that the clean air delivery rate (CADR), the 
equivalent amount of pollution-free air produced by the purifier per unit 
time, decreased by 50% after approximately 230 h with concentrations 
of 0.2–1.0 mg/m3. Furthermore, indoor temperature [24], relative hu-
midity [25,26], and pollutant concentrations [27] can affect the 
adsorption process. When environmental conditions change, the adsor-
bed pollutants are released from the adsorbents and cause secondary 
pollution [19,28]. Lawson et al. and He et al. [29,30] found that a 
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packed bed of granular adsorbents exhibited poor air purifying perfor-
mance, as the slow molecular diffusion inside the adsorbents resulted in 
low mass transfer kinetics. Couck et al. [31] also stated that a critical 
disadvantage of granular adsorption modules is the limitation imposed 
by low rates of mass transfer. The complexity of adsorption environment 
and the limitation of adsorbent hindered the development and appli-
cation of adsorption purification. 

Some researchers have focused on preparing materials with high 
specific surface areas and well-developed pores or modifying surface 
groups by chemical treatment to improve their adsorption capacity. Liu 
et al. [32] increased the specific surface area of diatomite by 2.9–3.3 
times after water and carbon dioxide activation, respectively, and 
significantly increased the saturated adsorption capacity of methylene 
blue. Li et al. [33] used a combination of Fe and a 
metal-organic-framework (MOF) material to remove toluene, and its 
adsorption efficiency could reach 100% and be recycled. Carter et al. 
[34] proved that activated carbon fibers with acidic and basic groups 
could effectively increase the saturated adsorption capacity of formal-
dehyde. However, the effectiveness of these new materials in practical 
applications has not yet been reported. Some studies have reported the 
static adsorption performance of a single VOC [32–34]. The character-
ization parameters and the adsorption capacity under a given environ-
ment were improved after these physical and chemical processes. Few 
studies have been conducted on the dynamic penetration performance of 
different VOCs under indoor environmental conditions. Chevalier et al. 
[35] conducted penetration experiments on a binary mixture of o-xylene 
and acetone to understand the phenomenon of competition in the 
adsorption process. Lara-Ibeas et al. [36] obtained breakthrough curves 
of three adsorbents to study adsorptive removal at realistic concentra-
tions. Na et al. [37] tested the breakthrough performance of an activated 
carbon adsorbent on benzene and determined the rule of efficiency 
change in the adsorption process. Vikrant et al. [38] used breakthrough 
profiles to experimentally analyze the adsorptive removal performance 
of an eight-component volatile organic compound mixture. The pene-
tration curve is a more critical reflection of the performance of the 
material in the actual adsorption purification process. 

A promising solution for increasing adsorption capacity is the use of 
thermal regeneration, which recovers the performance of adsorbents 
periodically [39–42]. Xiao et al. [41] proposed an in-situ thermally re-
generated packed-bed system, which dramatically prolonged the life-
span of adsorbents. However, mass transportation in the granular 
packed bed was still slow during the thermal regeneration process, 
which typically takes hours to achieve [39–43]. Furthermore, much 
energy is consumed by ventilation and heating [40,41,44]. Chen et al. 
[45] developed an in-situ thermally regenerated adsorption board 
module fabricated with activated carbon, polyimide, and copper foil. 
The temperature-adjustable surface of adsorption boards can realize 
efficient adsorption and rapid in-situ desorption to extend the adsorption 
life span. Chen et al. [22] later modified the surface topography by 
preparing macro-channels perpendicular to the board. Macro-channels 
can enhance the vertical mass transfer into the boards. However, the 
studies described above were based on breakthrough experiments. It is 
essential to establish an accurate mathematical model to predict module 
performance in various practical situations. In addition, the influences 
of the adsorption board module parameters and operating conditions, 
including face velocity and adsorption kinetics, remain unclear. 

In this study, a design and fabrication approach for an in-situ ther-
mally regenerated adsorption module was proposed and experimentally 
validated. Parametric analyses, including the influences of adsorption 
kinetic parameters, face velocity, and geometric parameters, were then 
conducted to optimize the material coating, improve the module’s 
structure, and predict long-term performance. Furthermore, the air 
purifying performance and energy consumption of the adsorption 
module were compared with those of a traditional packed-bed module. 
This approach provides a technical incentive for indoor VOC purifica-
tion by selecting adsorbents and designing in-situ thermally regenerated 

adsorption processes. 

2. Development of the approach for an in-situ thermally 
regenerated adsorption module 

The adsorption module consists of multiple in-situ thermally regen-
erated adsorption boards, as shown in Fig. 1. Each adsorption board was 
fabricated by covering a temperature-adjustable heating plate with 
etched copper and polyimide membranes, followed by coating with the 
adsorbent. The heating plates were connected to a direct-current power 
supply. The polluted air passed through the air channels between the 
adsorption boards, and the thin adsorbent coating adsorbed gaseous 
pollutants. The parallel air channel structure guaranteed that the 
regeneration period was short and the wind pressure drop was low, 
which reduced the energy consumption of the regeneration heat and the 
ventilation fan, respectively. 

The proposed approach consists of three steps, as illustrated in Fig. 2. 
The first was to measure the adsorption kinetic parameters of the ma-
terials on the adsorption boards. The second was to develop a mass 
transfer model of VOCs in a single channel between two adsorption 
boards and experimentally validate the model based on the kinetic pa-
rameters obtained from the first step. The validated model was then 
applied to analyze the influence of adsorption kinetic parameters, face 
velocity, and geometric dimensions on the purification performance. 
The third step was to predict the performance of the module with 
multiple channels and compare the energy consumption between the 
module and a traditional, packed-bed adsorption module under the 
same conditions. 

2.1. Kinetic parameters of adsorption materials 

2.1.1. Fabrication of adsorption boards 
The adsorption board was fabricated using the glue adhesion 

method, as shown in Fig. 3. The hybrid polyimide-etched copper was 
adopted as a heating plate because of its adjustable surface temperature 
and thinness. Sieved activated carbon (KZ15-6 Coal-based impregnated 
activated carbon from Shanxi Xinhua Chemical Co. Ltd., China) with 
diameters of 0.07–0.1 mm, adhesives (ethylene-vinyl acetate copol-
ymer), and deionized water with a thickener (sodium carboxymethyl-
cellulose) were mixed at a mass ratio of 0.1:1:1, and dispersed by a 
magnetic stirrer for 30 min at 300 r/min. The mixture was then uni-
formly coated onto the surface of the heating plates and dried at 150 ◦C 
for 2 h. The fabricated adsorption board is shown in Figure S1 of Sup-
plementary material A. The surface area of the adsorption plate was 
0.0066 m2. The volume and thickness of the coating of the adsorbents 
are listed in Table 2. 

2.1.2. Measurement of adsorption kinetic parameters 
The adsorbent pieces were peeled off the fabricated adsorption 

boards, as shown in Figure S2(a) of Supplementary material A, ground 
into small particles, and sieved using a 2-mm mesh screen (Figure S2(b) 
of Supplementary material A). The particles were then tested on a 
breakthrough experimental platform, as shown in 

Fig. 4(a). Approximately 4.2 g of particles were filled in a tube (Fig. 4 
(b)), with an inner diameter of 8 mm and a filling length of 12 cm. 
Formaldehyde and xylene were used in the subsequent experiments. The 
polluted air was generated using a syringe pump injection method for 
formaldehyde [46] and gas cylinders for xylene. Air with constant 
temperature, humidity, and pollutant concentration was introduced into 
the adsorption tube to derive breakthrough curves. The pollutant con-
centrations at the inlet and outlet of the tube were monitored using a 
real-time gas analyzer (INNOVA 1312, AirTech, Denmark), calibrated 
for formaldehyde and xylene using an external standard method in 
advance. The calibration process and results are shown in the section 
Calibration of INNOVA of Supplementary material A, including 
Figures S3 and S4. The relative standard error of the analyzer was also 
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given in Figure S5. The experimental conditions of the material tests are 
listed in Table 1. 

The same method as described in Xu’s study [47] was used to obtain 
two adsorption kinetic parameters (apparent diffusion coefficient, D, 
and partition coefficient, K) using the breakthrough curves. The porous 
activated carbon adsorption board was equivalent to a board made of 
homogenous material. D is the apparent parameter of the board. The 
relationship between D and the real mass diffusion coefficient and 

partition coefficient is shown in Equation (1). The experimental data 
were used to fit the breakthrough curves to obtain D and K. 

D=
Dre

ε + (1 − ε)K (1)  

where D is the apparent mass diffusion coefficient (m2/s); Dre is the real 
mass diffusion coefficient of the pollutant in the gas within porous 
materials; K is the partition coefficient, ((mg/m3)adsorbent/(mg/m3)gas), 

Fig. 1. Schematic of the thermal-regenerated adsorption module.  

Fig. 2. The research approach for the in-situ thermally regenerated adsorption board module.  
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Fig. 3. Preparation method of the adsorption board.  

Table 1 
Experimental conditions and results for the material parameters tests.  

Pollutant Inlet concentration (mg/m3) Adsorbent mass (g) Face velocity (m/s) Temperature (◦C) K D (m2/s) 

Formaldehyde 1 4.3 1.3 25 5.30 × 105 1.12 × 10− 12 

Formaldehyde 1 4.3 1.3 80 8.65 × 104 1.61 × 10− 11 

Xylene 2 1.8 1.3 25 1.02 × 107 1.11 × 10− 13 

Xylene 2 1.8 1.3 100 1.35 × 106 6.82 × 10− 13 

Note: The relative humidity was controlled at 50% in all cases. 

Table 2 
Experimental conditions of the breakthrough tests.  

Case Pollutant type Inlet concentration (mg/m3) Length (cm) Thickness (mm) Coating amount (g) Face velocity (m/s) Regeneration temperature (◦C) 

1# Formalde-hyde 1 11 0.2–0.4 0.9–1.8 0.8 ± 0.1 80 
2# 2 11 0.2–0.4 0.9–1.8 0.8 ± 0.1 80 
3# 0.8 11 0.7–0.9 3.5–4.5 0.4 ± 0.1 80 
4# Xylene 2 11 0.7–0.9 3.5–4.5 0.8 ± 0.1 – 
5# 2 5.5 0.7–0.9 3.5–4.5 0.8 ± 0.1 – 

Note: In all the cases, the channel height was 2 mm. The temperature was controlled at 25 ◦C during the adsorption process, and the relative humidity was maintained 
at approximately 50%. 

Fig. 4. (a) Schematic of the experimental platform for material tests; (b) adsorption tube with packed adsorbent particles.  
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which is the VOC concentration in the adsorbent divided by that in the 
gas phase; and ε is the material porosity. 

2.2. Mass transfer model of VOCs in a single channel between two 
adsorption boards 

2.2.1. Model establishment 
The mass transfer process of gaseous pollutants in a single channel 

between two adsorption boards can be simplified to three steps, as 
shown in Fig. 5(a). First, pollutants convect through the boundary layer, 
which can be evaluated by the convective mass transfer coefficient, hm, 
m/s. Second, the pollutants instantaneously engage the adsorbent sur-
face, which can be evaluated by the partition coefficient, K, as described 
in Section 2.1.2. Third, the pollutants diffuse inside the adsorbent, 
including in pores and on the solid phase, which can be evaluated by the 
apparent mass diffusion coefficient, D, as described in Section 2.1.2. The 
pollutant simultaneously diffused along both the direction of airflow 
and perpendicular to the direction of airflow. A two-dimensional mass 
transfer model for the adsorption board is proposed, as shown in Fig. 5, 
where L represents the length of the board, m; 2d represents the height 
between two parallel boards, m; and δ represents the thickness of the 
adsorbent coating, m. 

The adsorbent coatings on the two boards were symmetrical along 
the transverse central axis. Therefore, the bottom half of the air channel 
was selected as the object. The direction of the airflow is along the z-axis, 
and the perpendicular direction is the x-axis. The following assumptions 
were made:  

(1) The material properties were uniformly distributed throughout 
the coating. The mass transfer process in the coating can be 
described using volume-averaged parameters.  

(2) For adsorbents, their performances are completely reversible in 
the process of thermal regeneration, which was demonstrated by 
Refs. [41,45].  

(3) The pollutant concentration gradient along the x-axis in the air 
channel was neglected.  

(4) The temperature gradient along the x-axis can be neglected in 
both the adsorption and desorption processes, as the Biot number 
(Bi) of mass transfer in the adsorption board is less than 0.1 when 
the thickness of the material is 1 mm. A video in Supplementary 
material B revealed that the surface of the adsorbent coating 
could reach 80 ◦C in approximately 40 s. 

Based on the above assumptions, the mass transfer equation for the 
adsorbent coating can be expressed by Equation (2): 

∂C
∂t

=D
(

∂2C
∂x2 +

∂2C
∂z2

)

,  at  0 < x < δ,  0 < z < L (2) 

The boundary conditions are shown as Equation (3) ~ (6): 

hm

(

Cg −
C
K

)

=D
∂C
∂x

,  at  x = 0 (3)  

D
∂C
∂x

= 0,  at  x = δ (4)  

D
∂C
∂z

= 0,  at  z = 0 (5)  

D
∂C
∂z

= 0,  at  z = L (6)  

where C is the concentration of the target pollutant in the adsorbent 
coating (mg/m3); t is time (s); L is the coating length (m); hm is the 
convective mass transfer coefficient (m/s); and Cg is the gas phase 
concentration of the target pollutant in the air channel (mg/m3). 

The initial condition of the adsorbent coating is shown in Equation 
(7): 

C= 0,  at 0 < x < δ,  0 < z < L,  t = 0 (7) 

In the air channel, the governing equation is given by Equation (8). 
The initial condition and boundary conditions are shown in Equations 
(9) and (10): 

∂Cg

∂t
+ u

∂Cg

∂z
= −

hm

d

(

Cg −
C
K

)

(8)  

Cg = 0,  at 0 ≤ z ≤ L,  t = 0 (9)  

Cg =Ca,  at z = 0,  t > 0 (10)  

where Ca is the inlet concentration of the target pollutant (mg/m3). In 
the regeneration process, the governing equations are similar to those in 
the adsorption process, except for the following conditions: (1) The 
initial condition of the adsorbent coating in the desorption process is the 
final state in the adsorption process; (2) clean air was used to regenerate 
the adsorption board. Thus, the inlet concentrations during the regen-
eration process were 0; (3) K and D change with temperature. 

K and D at different temperatures were obtained in Section 2.1.2, and 
hm was obtained by the Chilton-Colburn analogy [48] of the heat and 
mass transfer processes over the adsorption board, as shown in Equa-
tions (11) and (12): 

Fig. 5. (a) The mass transfer of gaseous pollutants in a single channel between two adsorption boards; (b) differential elements in the air and the adsorption board.  
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Nu
Sh

=

(
Sc
Pr

)− 1/3

(11)  

Sh=
hmde

Dab
(12)  

where Nu is the Nusselt number, non-dimensional; Sh is the Sherwood 
number, non-dimensional; Sc is the Schmidt number, non-dimensional; 
Pr is the Prandtl number, non-dimensional; de is the equivalent diam-
eter, m; and Dab is the mass diffusion coefficient of pollutants in the air 
(m2/s). Nu can be calculated using Equations 13–16 [49]. Dab can be 
calculated based on Equations 17 and 18 [50]: 

Nu= 7.54 +
0.03Gz

1 + 0.016Gz2/3 (13)  

Gz=
de

L
Rede Pr (14)  

Re=
ude

ν (15)  

Pr=
ν
α (16)  

Dab = 10− 7 ×T1.75M1/2
r

/(
Pen

(
V1/3

A + V1/3
B

)2)
(17)  

Mr =(MA +MB)/(MAMB) (18)  

where Gz is the Graetz number, representing the dimensionless length of 
the concentration entrance section; Re is the Reynolds number, non- 
dimensional; ν is the kinetic viscosity coefficient of air (m2/s); α is the 
thermal diffusion coefficient (m2/s); T is temperature, K; MA is the molar 
molecular weight of air, about 28.97 g/mol; MB is the molar molecular 
weight of the target pollutant(g/mol); VA is the molar volume of air 
molecule, approximately 20.1 cm3/mol, VB is the molar volume of the 
target pollutant (cm3/mol), and Pen is the ambient pressure (atm). 

The finite difference method was used for the numerical solution. 
The adsorption coating was discretized into several differential elements 
in the direction of the x-and z-axes, as shown in Fig. 5. 

2.2.2. Method for model validation 
The breakthrough performance of the adsorption boards for form-

aldehyde and xylene was tested to validate the model described in 
Section 2.2.1. Experiments were conducted on the platform shown in 
Figure S6 of Supplementary material A. The adsorption board was fixed 
on a single side in an acrylic plate duct (Figure S7 of Supplementary 
material A). Formaldehyde was generated by the generator, as shown in 
Figure S3 of Supplementary material A. The solution in the syringe 
pump was a 3.7% formalin solution. The xylene was generated using a 
gas cylinder. The measurements included two processes: adsorption and 
subsequent desorption. The temperature, humidity, and pollutant con-
centration at the inlet were kept constant during adsorption. A constant- 
voltage direct-current power supply was applied to heat the board 
during the regeneration process. During the entire experiment, pollutant 
concentrations were monitored using a gas analyzer (INNOVA 1312, 
AirTech, Denmark). The performance of formaldehyde during both the 
adsorption and regeneration processes was monitored. For xylene, only 
a part of the adsorption process was tested, as its adsorption life span 
extended to weeks. The experimental conditions for the breakthrough 
tests are listed in Table 2. 

2.2.3. Parametric study of the adsorption behaviors in a single channel 
The model described in Section 2.2.1 was used to analyze the in-

fluences of adsorption kinetic parameters, face velocity, and geometric 
dimensions on the purifying performance of the adsorption boards. The 
influence of these parameters on desorption was also studied. The 

calculating parameters were given in Fig. 9, and in all cases, the thick-
ness of the adsorbent coating was 0.8 mm. In this section, Formaldehyde 
was chosen as the target pollutant, which has become one of the most 
significant contributing pollutants that pose a cancer risk from inhala-
tion [51]. 

2.3. Performance prediction of the adsorption-board module 

The adsorption module was constructed by stacking multiple boards. 
As all air channels between the two boards were the same, the one-pass 
efficiency of the entire module was the same as that of a single channel. 
The module’s CADR (CADRmo), calculated by Equation (20), is the sum 
of CADR in each channel (CADRch), calculated using Equation (19). The 
energy consumption of the module during adsorption and desorption 
were calculated using Equations (21) and (22), respectively. Indoor 
pollutants are of low concentration, usually ppb, which limits the 
adsorption capacity of the adsorbent. Thus, the desorption heat pro-
duced is small compared to the heating energy and fan energy con-
sumption and can be omitted. Assuming that the purification module is 
well insulated, heat loss during regeneration can be omitted. 

CADRch =Q⋅η (19)  

CADRmo = n⋅CADRch (20)  

Wtotal =Wfan + Wadsorption (21)  

Wtotal =Wfan + Wdesorption + Wheat (22)  

where Q is the rate of airflow (m3/s); η is the one-pass efficiency of the 
adsorption board, non-dimensional; n is the number of air channels; 
Wtotal is the total regeneration energy consumption (kJ); Wfan is the 
energy consumption of the fan (kJ); Wdesorption is the energy consumed 
for desorption (kJ); and Wheat is the energy consumed for heating air and 
adsorbents (kJ). 

The energy used to heat the air and adsorbent was calculated using 
Equation (23): 

Wheat =
(
mmcp,mΔtm +Qaρacp,aΔta

)
× tr (23)  

where mm is the mass of the adsorbent (kg); cp,m is the specific heat 
capacity (kJ/(K⋅kg)); Δtm is the temperature increase of the material (K); 
Δta is the temperature increase of the air (K); Qa is the rate of airflow 
(m3/s); ρa is the air density (kg/m3); cp,a is the air heat capacity (kJ/ 
(K⋅kg)); tr is the regeneration time (s). 

The fan energy is determined by the pressure drop and rate of 
airflow, which can be expressed by Equation (24): 

Wfan =
QaΔP

e
(24)  

ΔP= 12Lμ u
(2d)2 (25)  

where, e is the efficiency of the fan, which was set as 0.7; and ΔP is the 
pressure drop. For the adsorption board module, ΔP could be calculated 
using Equation (25) [52,53]; μ is the dynamic viscosity of air (Pa⋅s), and 
u is the face velocity of the board module (m/s). 

At the same CADR, the energy consumption of the traditional 
packed-bed adsorption module was also calculated. The calculation 
method was the same as that for the adsorption board module, except for 
the pressure drop. For the packed-bed module, the pressure drop was 
calculated using Equation (26) [54]: 

ΔP=

[

150
μu(1− ε)2

φs
2Dp

2ε3
+ 1.75

ρau(1 − ε)
φsDpε3

]

⋅Lbed (26)  

where u is the face velocity of the bed (m/s); ε is the porosity of the 
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packed bed; Lbed is the length of the packed bed (m); and φs is the par-
ticle sphericity, where the value equals one and Dp is the diameter of the 
particle (m). 

3. Results and discussion 

3.1. Measured adsorption kinetic parameters of adsorption materials 

The adsorption kinetic parameters of the coating material at different 
temperatures were obtained by fitting the breakthrough curves (Fig. 6). 
The statistical parameters of the fitting curve in Fig. 6 were listed in 
Table S1 of Supplementary material A. The dashed lines are the fitting 
curves. Cin and Cout represent the pollutant concentrations at the inlet 
and outlet of the adsorption tube, respectively. The experimental con-
ditions and test results are presented in Table 1. The partition coefficient 
of formaldehyde at 25 ◦C was 5.30 × 105, the same order of magnitude 
as reported by Na et al. [55] at 26 ◦C. According to the Langmuir 
adsorption model, the shape of the adsorption isotherm should be 
concave, leading to a decrease in K with increasing gas-phase concen-
tration. The partition coefficient of xylene measured at 25 ◦C was 1.02 ×
107, similar to that of Zytner [56], 3.6 × 107). The adhesion fabrication 
method reduces the specific surface area of the adsorbents, so that the 
partition coefficient measured is relatively small. The diffusion co-
efficients at 25 ◦C for formaldehyde and xylene were of the same order of 
magnitude as those reported by Chen at al. [22]. The parameters at 80 ◦C 
and 100 ◦C are also reasonable, as D should increase with temperature, 
and K should decrease [57]. 

3.2. Predicted and experimental performance of VOC removal in a single 
channel 

3.2.1. Model validation 
The material parameters in Table 1 were used in the model to predict 

the adsorption behaviors of boards. Fig. 7 and Fig. 8 show the outlet 
formaldehyde and xylene concentrations in a single channel, respec-
tively. The dashed lines are the model-predicted results, and the dots 
represent the experimental results, obtained under the experimental 
conditions shown in Table 2. Fig. 7 shows that during adsorption, the 
predicted concentrations of formaldehyde were in accordance with the 
experimental data, and almost all experimental results were within 
±10% of the predicted results (shaded part). For xylene, the model- 

predicted results agreed well with the experimental results (Fig. 8). 
The model also fits well with the experimental data for the regen-

eration process. Some discrepancies existed in peak values between the 
experimental and predicted results (Fig. 7). This may have occurred 
because of the instantaneous desorption of a large amount of water 
vapor during desorption, which may interfere with the test results by 
INNOVA. 

3.2.2. Influence of various factors during adsorption 

3.2.2.1. Influence of adsorption kinetic parameters. Fig. 9(a) shows the 
predicted performance of the adsorption boards with various material 
parameters, including K and D. The value of K mainly influences the 
adsorption capacity, which describes the total adsorption amount per 
gram of adsorbent when the adsorption module becomes saturated. The 
adsorption capacity increased significantly when K increased. If D was 

Fig. 6. Breakthrough curves of sieved adsorbent particles for formaldehyde and 
xylene at different temperatures. 

Fig. 7. Predicted and experimental outlet concentration of formaldehyde dur-
ing adsorption and regeneration. 

Fig. 8. Predicted and experimental outlet concentration of xylene dur-
ing adsorption. 
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fixed at 1.12 × 10− 12 m2/s and the inlet concentration was 0.3 mg/m3, 
the adsorption capacity increases from 0.060 to 0.599 mg/g when K 
increases from 1 × 105 to 1 × 106. In contrast, D influences the speed of 
pollutant transportation inside adsorbents, which can be reflected by the 
shape of the breakthrough curve. The outlet concentration is low during 
the initial adsorption process when D increases. 

The effective adsorption capacity (EAC) [22] represents the 
adsorption amount per gram of adsorbent. The EAC was quantified when 
the outlet concentration of the adsorption module is lower than a spe-
cific concentration threshold. Moreover, the corresponding adsorption 
period was defined as the effective life span of the module. In this 
parametric study, the concentration threshold was set at 0.2 mg/m3, as 
shown by the horizontal dashed line in Fig. 9(a). For example, the 
effective lifespan of the purple curve (K = 1.0 × 106 and D = 1.12 ×
10− 12 m2/s) is 3.63 h, and its EAC, as reflected in the shaded integral 
area, is equal to 0.0662 mg/g. The effective lifespans and EACs for the 
other curves can be obtained in the same way. 

If K is 5.3 × 105, the EAC will increase with an increase in D, and 
reach 0.1783 mg/g when D is 1.12 × 10− 10 m2/s. The differences be-
tween the purple and golden curves in Fig. 9(a) indicate that increasing 
K does not always lead to a larger EAC. The outlet concentration in the 
purple curve increased more rapidly and reached the threshold earlier, 
as its D value is smaller than that of the orange curve. This demonstrates 
that enlarging the equivalent diffusion property sometimes results in a 
more significant improvement in purification performance. 

3.2.2.2. Influence of mechanical parameters: face velocity and geometric 
dimensions. Fig. 9(b) shows the influence of face velocity on the pre-
dicted performance of the adsorption boards. Reducing the face velocity 
can significantly improve the one-pass efficiency. However, a lower 
airflow rate causes a smaller CADR. There was not significant EAC 
enhancement by reducing the face velocity within the range of 0.8–1.6 
m/s. 

The effective life span and EAC are positively correlated with board 
length. Fig. 9(c) shows that the outlet concentration is always higher for 
a shorter adsorption board. The effective lifespan of a 55-mm board was 
0.39 h, while that of a 220-mm board was extended to 4.8 h. The EAC 

also increased from 0.0128 to 0.0488 mg/g. However, the length was 
restricted by the available space, and a longer adsorption board implies 
a larger wind resistance. 

Fig. 9(d) illustrates that channel height exerted a significant influ-
ence on the performance of the adsorption boards. When height 
decreased, the efficiency increased significantly, while the wind resis-
tance of the whole module increased. Optimization of the performance 
and energy consumption in practical applications is required. 

3.2.3. Influence of adsorption kinetic parameters in the desorption process 
The influence of the adsorption kinetic parameters on desorption is 

discussed in this section. Formaldehyde was selected, and the desorption 
kinetic parameters are listed in Table 1. The adsorption boards were 
connected to a direct-current power supply and heated to 80 ◦C. The 
experimental conditions and mechanical parameters of the adsorption 
board during the desorption process are listed in Table S2 of Supple-
mentary material A. 

The thermal regeneration ratio and the desorption ratio were 
defined, as shown in Equations (27) and (28): 

γr =
ηaft

ηini
(27)  

γd =
mde

mad
(28)  

where γr is the regeneration ratio; ηini and ηaft are the one-pass effi-
ciencies of the initial adsorption board and after regeneration, 

Fig. 9. Influences of different parameters on the adsorption breakthrough curves: (a) material parameters. As an example, the shaded part represents the effective 
adsorption capacity of the purple curve; (b) face velocity; (c) board length; (d) channel height. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 3 
Formaldehyde desorption ratio and corresponding thermal regeneration ratio 
for the adsorption board under different heating times at 80 ◦C.  

Regeneration time (h) Desorption ratio (%) Thermal regeneration ratio (%) 

0.3 22.98 70.71 
0.6 35.02 81.03 
1.2 50.70 87.62 
1.8 61.93 90.64 
2.4 70.56 92.77 
3.0 77.23 94.41  
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respectively; γd is the desorption ratio; and mde and mad are the 
desorption amount and the adsorption amount of pollutants, respec-
tively. Table 3 shows that the thermal regeneration ratio exceeded 70% 
for 0.3 h regeneration at 80 ◦C. When the regeneration time increased to 
0.6 h, the desorption ratio of pollutants in the material was approxi-
mately 35%, and the thermal regeneration ratio was 81.03%. Further-
more, the desorption and thermal regeneration ratios were 61.93% and 
90.64% with a regeneration time of 1.8 h, respectively, indicative of an 
almost complete recovery of performance. These results indicated that 
the recovery performance could meet the requirements of practical en-
gineering applications. 

The critical desorption time was defined as when the desorption ratio 
reached 60%, as the performance was almost recovered at this time. 
Fig. 10 shows the changes in the critical desorption time with various 
material parameters. The solid line represents the outlet concentration 
obtained by model prediction, and the hollow dots on the solid line 
represent the critical desorption times. All cases in Fig. 10 start thermal 
regeneration after 20 h. The critical desorption time was shortened from 
9.53 to 0.86 h by decreasing K from 8.65 × 105 to 8.65 × 103 (Fig. 10(a)) 
and the critical desorption time was shortened from 8.46 to 0.97 h by 
increasing D from 1.61 × 10− 12 to 1.61 × 10− 10 m2/s (Fig. 10(b)). 
Usually, D and K vary with temperature; therefore, a reasonable 
regeneration temperature and adsorbent structure should be used for 
different pollutants to change the K and D values in the regeneration 
process to achieve improved regeneration. 

3.3. Evaluations of the adsorption-board and packed-bed modules 

The performances and energy consumptions of the adsorption board 
and traditional packed-bed modules were evaluated and compared. As 
described in Section 2.3, the energy consumption of the adsorption 
board module and packed-bed module both consisted of the fan energy 
consumption and the heating energy consumption. The adsorption 
board module was heated by connecting the heating plate to the direct 
current power supply. While, the packed-bed module was heated by the 
pre-heating clean air flowing through the bed [40,41]. 

Two modules were designed with the same CADR for long-term 

performance and energy consumption comparison, as shown in 
Table 4. The initial one-pass efficiency and the airflow rate of the two 
modules were adjusted as the same by changing the design parameters 
such as height and length of the modules. Therefore, the initial CADR 
values of the two modules would be the same. Table 5 shows the airflow 
rates should be 110.8 m3/h and 108.0 m3/h for the adsorption board 
module and the packed-bed module, respectively. Table 6 shows that the 
initial one-pass efficiencies of the adsorption board module were 
77.37% for xylene and 73.92% for formaldehyde, and those of the 
packed-bed module were 77.03% for xylene and 74.53% for 
formaldehyde. 

A complete adsorption/desorption cycle of the two modules for both 
formaldehyde and xylene was calculated based on the parameters in 
Table 5. First, the model calculated the adsorption process of the two 
modules. When the one-pass efficiencies of the two modules decreased 
to 50% of their initial values, the regeneration process began [58]. The 
regeneration temperatures for formaldehyde and xylene were set at 
80 ◦C and 100 ◦C, respectively. When the desorption ratio of the pol-
lutants reached 60%, the regeneration process ended, and the whole 
cycle calculation was finished. The simulation conditions are listed in 
Table 5. The model developed by Xu [47] was used to evaluate the 
performance of the packed-bed module. 

Table 6 summarizes the predicted performance of the two modules 
for a whole adsorption/desorption cycle. At the same airflow of 
approximately 110 m3/h and the same initial one pass efficiency of 77% 
for xylene, 74% for formaldehyde, the effective life spans of the 
adsorption-board module were 0.89 h for formaldehyde and 32.1 h for 
xylene, much longer than those of the packed-bed module. The effective 
purifying amount of the adsorption board module was much larger than 
that of the packed-bed module. However, there were varied adsorbent 
volumes in the two modules, and the concentrations were different for 
formaldehyde and xylene. The effective purification amount per unit 
volume of adsorbent needs to be further compared. Besides, the critical 
desorption times of the adsorption board module for both formaldehyde 
and xylene were also longer, which means a longer heating time. 
Therefore, it is necessary to calculate the energy consumption per unit 
purification amount of the two modules for comparison. 

Fig. 10. Influence of material parameters on the performance of formaldehyde during desorption.  
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The total clean air volume generated by some adsorption module 
during its effective life pan was evaluated by effective clean air volume 
(Veff), which can be obtained using Equation (29). Veff reflects the clean 
air volume that eliminates the influence of inlet concentration. A 
dimensionless effective clean air volume (Veff*) was further proposed, 
which can be obtained using Equations (29) and (30). The Veff* reflects 
the Veff provided by the unit volume of the module. The influences of 
inlet pollutant concentrations and module volume are both excluded in 
this dimensionless parameter. Table 6 shows that the adsorption-board 
module’s Veff* are 2.52 × 103 and 4.6 × 105 for formaldehyde and 
xylene, respectively, much larger than those of the packed-bed module. 

This reveals the superior purifying ability of the adsorption board 
module. 

Veff =

∫t0

0

M(t)
Cg

dt (29)  

V∗
eff =

Veff

Vmodule
(30)  

where Veff represents the effective purification volume per unit inlet 
concentration; M(t) is the adsorption rate (mg/s) of pollutants at time t, 
which can be obtained from the breakthrough curves; Cg, is the inlet 
pollutant concentration; t0 is the effective life span, and Vmodule is the 
volume of the purifying module. 

Fan energy and heating energy consumption per unit Veff for the two 
modules in the entire adsorption/desorption cycle were calculated and 
compared. The results are listed in Table 6. The proportion of fan energy 
consumption was small compared to that of the heating component. The 
structure of the adsorption board module ensured a low air pressure 
drop. The pressure drop of the adsorption board module was 2.4 Pa at 1 
m/s; thus, the fan energy consumption per unit Veff was 0.011 kJ/m3 for 
formaldehyde and 0.013 kJ/m3 for xylene, which were reduced by 
98.1% and 99.2% for formaldehyde and xylene, respectively. Compared 
to the packed-bed module, the heating energy consumptions per unit Veff 
of the adsorption-board module was 1.46 × 104 for formaldehyde and 
1.90 × 103 for xylene, reduced by 39.6% and 50.7% for formaldehyde 
and xylene, respectively. The heating energy consumption was much 
less for the adsorption board module because the loss on heating airflow 
was much lower. The difference was caused by the heat transfer process. 
For the packed-bed module, the air was heated first and then transferred 
the heat to adsorbents. While for the adsorption board module, the ad-
sorbents were heated first and then transferred the heat to the airflow. 
Therefore, with the adsorbent temperatures controlled at 80 ◦C and 
100 ◦C, the temperature of airflow passing through the adsorption board 
module was measured to be 53.5 ◦C for formaldehyde and 63.7 ◦C for 
xylene, respectively. As a result, the total energy consumption per unit 
Veff for the adsorption board module was significantly lower than that of 
the packed-bed module. In the whole adsorption – regeneration cycle, 
Wtotal/Veff of the adsorption board module is 44.72 kJ/m3 for formal-
dehyde and 63.28 kJ/m3 for xylene, decreased by 39.7% and 50.9% for 
formaldehyde and xylene, respectively. 

4. Conclusion 

This study proposed and experimentally validated a design and 
fabrication approach for an in-situ thermally regenerated adsorption 
board module. A mathematical model was built for the performance 
prediction of the adsorption board module. The predicted adsorption – 
regeneration behaviors of the adsorption-board module fit well with the 
experimental data. Parametric analyses, including the influences of 
adsorption kinetic parameters, face velocity, and geometric parameters, 
were then conducted to optimize the material coating, improve the 
module’s structure, and predict long-term performance. A larger D value 
would provide more significant improvement in purification 

Table 4 
The structure parameters of the two modules.  

Packed bed Adsorption board 

Parameters Formaldehyde Xylene Parameters Formaldehyde Xylene 

Diameter of adsorbent particle (mm) 5 5 Thickness of coating (mm) 0.5 0.5 
Length of packed bed (cm) 16 6.5 Height of channel (mm) 1.5 1.5 
Diameter of packed bed (cm) 20.0 20.0 Length of channel (cm) 11 11 
Porosity of packed bed (ε) 0.51 0.51 Width of the board (cm) 32 32 
Windward area (m2) 0.031 0.031 Number of channels 50 50    

Windward area (m2) 0.030 0.030  

Table 5 
Parameters of two modules for calculating energy consumption.  

Parameters Formaldehyde Xylene 

Packed 
bed 

Adsorption 
board 

Packed 
bed 

Adsorption 
board 

Airflow rate (m3/h) 110.8 108.0 110.8 108.0 
Face velocity (m/s) 1.0 1.0 1.0 1.0 
Inlet concentration 

(mg/m3) 
0.3 0.3 2 2 

Kad 5.3 × 105 5.3 × 105 1.02 ×
107 

1.02 × 107 

Dad (m2/s) 1.12 ×
10− 12 

1.12 × 10− 12 1.11 ×
10− 13 

1.11 × 10− 13 

Kre 8.65 ×
104 

8.65 × 104 1.35 ×
106 

1.35 × 106 

Dre (m2/s) 1.61 ×
10− 11 

1.61 × 10− 11 6.82 ×
10− 13 

6.82 × 10− 13 

Note: the subscript ‘ad’ means the parameters in the adsorption process, and the 
subscript ‘re’ means the parameters in the regeneration process. The dynamic 
viscosity of air is 1.73 × 10− 5 Pa s. 

Table 6 
Performance and energy consumption of the packed-bed and adsorption-board 
modules.  

Parameters Xylene Formaldehyde 

Packed 
bed 

Adsorption 
board 

Packed 
bed 

Adsorption 
board 

Effective life-span 
(h) 

2.7 32.1 0.33 0.89 

Critical desorption 
time (h) 

1.5 15.7 0.20 0.55 

Effective purifying 
amount (mg) 

246 2760 6.34 15.12 

Adsorbent volume 
(m3) 

0.002 0.003 0.005 0.003 

Initial one-pass 
efficiency (%) 

77.03 77.37 74.53 73.92 

Veff* 6.15 ×
104 

4.6 × 105 6.44 ×
102 

2.52 × 103 

Pressure drop ΔP 
(Pa) 

131.43 2.39 323.52 2.39 

Wfan/Veff (kJ/m3) 0.692 0.013 1.270 0.011 
Wheat/Veff (kJ/m3) 128.07 63.27 72.92 44.71 
Wtotal/Veff (kJ/m3) 128.76 63.28 74.19 44.72  

Q. Chen et al.                                                                                                                                                                                                                                    



Building and Environment 203 (2021) 108065

11

performance than K value. The appropriate values of face velocity and 
geometric parameters should be chosen according to the practical 
environment conditions. The model can also be used to predict the 
regeneration process and study the influence of kinetic parameters. 
Furthermore, the energy consumption of the adsorption board module 
was predicted by the model and compared with that of the conventional 
packed-bed module. Results showed that the module could significantly 
reduce energy consumption. 

There are some limitations in this study. The gas analyzer can only 
monitor formaldehyde and xylene. Therefore, there were no experi-
mental results of other pollutants for the model validation. The model 
developed in this study can be expanded to other pollutants if more 
experimental data are obtained in follow-up studies. Besides, the inlet 
concentrations were controlled as constant in this study. However, the 
pollutant concentrations in the real indoor environment probably fluc-
tuate with time. The long-term performance of the device will be con-
ducted to quantify the influence of concentration fluctuations on the 
model. 

For practical use, multiple pollutants may have varied physical and 
chemical properties. However, given the inlet conditions, the model can 
also calculate the exact design parameters for the module. The adsorp-
tion board module can be used as a wall-hanging air cleaner, realizing 
adsorption and ventilation desorption by switching valves, as intro-
duced in the previous study [41]. Furthermore, catalytic materials can 
be combined with adsorbents to decompose pollutants with heat in the 
desorption process. The results of this study demonstrated that the 
approach described herein provides an incentive for indoor VOC puri-
fication by selecting adsorbents and designing in-situ thermally regen-
erated adsorption modules. 
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