Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Development of a novel type activated carbon fiber filter for indoor air purification

Reference:
Roegiers Jelle, Denys Siegfried.- Development of a novel type activated carbon fiber filter for indoor air purification

Chemical engineering journal - ISSN 1385-8947 - 417(2021), 128109
Full text (Publisher's DOI): https://doi.org/10.1016/J.CEJ.2020.128109
To cite this reference: https://hdl.handle.net/10067/1741050151162165141

uantwerpen.be

\‘\‘LE

Institutional repository IRUA



Development of a novel type activated carbon fiber

filter for indoor air purification

Jelle Roegiers ", Siegfried Denys””

T Sustainable Energy, Air & Water Technology, Department of Bioscience Engineering,
University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium.
* E-mail: Siegfried.Denys@uantwerp.be

Fax: +32 3 265 32 25. Tel: +32 3 265 32 30.

Keywords

Computational Fluid Dynamics; Activated Carbon Fiber; thermo-electrical regeneration; VOC

adsorption; Filter design

Highlights

e Activated carbon fiber filter with pleated structure
e Equipotential conductors in the pleat-tips for thermo-electrical regeneration
e Adsorption, pressure drop and electrical properties were determined

e Optimization of the filter configuration with CFD

*Corresponding author. E-mail: Siegfried.Denys@uantwerp.be



1. Abstract

A novel type of activated carbon fiber filter was developed for indoor air purification. The
filter is equipped with electrodes for thermo-electrical regeneration at the point of
saturation. The electrodes are arranged in such a way that the filter forms a pleated
structure with an electrode in the tip of each pleat. This allows for a uniform temperature
distribution on the filter surface during the regeneration process and the pleated structure
reduces the overall pressure drop across the filter. The latter was validated by
Computational Fluid Dynamics, using Darcy-Forchheimer parameters derived in previous
work. The CFD model was further used to perform a virtual sensitivity study in search for
the optimal ACF filter design by varying the pleat length, pleat height and filter thickness.
Finally, adsorption and desorption properties were investigated with acetaldehyde and
toluene as model compounds. Freundlich and Langmuir adsorption parameters, derived in

previous work were successfully validated with a Multiphysics model.

2. Introduction

During the last decades, increasing attention has been paid to the presence and influence of
indoor volatile organic compounds (VOCs) [1-7]. Even at ppb-level concentrations these
pollutants can be detrimental for both human health and environment. To oppose these health
and environmental risks, VOCs need to be eliminated from the indoor air. In a previous work,
we investigated activated carbon fibers for adsorption of indoor air pollutants [8]. ACF filters
are especially interesting because of their high adsorption capacity and fast kinetics [9].
Moreover, it was observed that the filter exhibits a limited pressure drop, even at high air flow
rates. The latter is an important criterion if the filter device should be retrofitted in an HVAC

system, since the fan is specially tailored to the pressure losses occurring in the vent duct.



Incorporating a low permeable filtering device would negatively influence the fresh air
delivery rate of the system or would require a more powerful fan along with higher energy
demand. Based on the Darcy-Forchheimer parameters, determined in previous work, and in
combination with Computational Fluid Dynamics (CFD), we were able to develop a filter
device with a low pressure drop at realistic HVAC flow rates while maintaining a high filter
surface area. The basic principle of the concept was the use of pleats instead of a planar filter.
Pleated filters have the advantage that pressure loss can be lowered by increasing the filter
surface area, which is commonly applied to HEPA filters [10—14]. Although the air flow is
initially accelerated in the pleats, when passing through the filter medium, the flow can be
drastically decreased due to the widening of the cross-sectional area. The latter is responsible
for the low pressure drop in accordance with Darcy’s Law. In addition, the pleated filter
device is inventively engineered in such a way that is also capable of thermo-electrical
regeneration, which makes it unique. Another major advantage is that such a filter system can
easily be combined with other air purification technologies, in which the pollutants are first
concentrated on the filter cloth and subsequently released, i.e. thermo-electrically regenerated,
and mineralized in short period of time (by drastically reducing mass transfer limitations). A
lab-scale prototype was constructed to perform VOC adsorption/desorption experiments.
Since adsorption of acetaldehyde was successfully modelled in previous work, based on
Langmuir and Freundlich isotherms, the adsorption experiments could serve as a validation
test for the Multiphysics model. Activated carbon filters in general are known for their affinity
towards apolar compounds over polar compounds, such as acetaldehyde. Therefore, additional
adsorption experiments were performed with toluene in order to compare the filters affinity
for polar and apolar VOCs. The affinity of the ACF filter towards apolar compounds is not
only reflected by the adsorption isotherm, but also by the required desorption temperature for

complete regeneration [15—19]. Desorbing apolar VOCs usually requires high temperatures,



due to a strong bond with the filter surface, while lower temperatures are sufficient in the case
of polar VOCs [20-22]. This work aims to study the feasibility of a novel type ACF filter
system for indoor air purification of VOCs in terms of the pressure loss, adsorption capacity

and energy consumption during desorption, with the aid of Computational Fluid Dynamics.

3. Methodology

3.1 ACF filter concept

Filtering systems are often faced with an inevitable trade-off between adsorption capacity and
pressure drop across the filter medium, as is the case with the frequently used Granular
activated carbon (GAC) packed bed. One of the main advantages of ACF is that it has a great
flexibility in the form of a woven cloth or felt [23]. Therewith, a great opportunity rises to
engineer an ACF filter system that tackles this trade-off problem. The idea for a novel ACF
filter was initially founded on the concept of pleated dust filters, which are widely used in
HVAC systems and vacuum cleaners to filter particulate matter [10—14]. Limited but
promising research has been dedicated to pleated ACF filters, predominantly in the form of
cylindrical pleated filtering devices [9,10,24,25]. However, none of these systems feature the
ability to thermo-electrically regenerate, which is another main advantage of ACF filters. For
the new concept, we proposed a rectangular pleated filter device with narrow conductors in
the tips of the pleats (Figure 1). Consequently, the conductors on each side of the pleated filter
were connected to a single central conductor, which in turn was coupled to an electrical DC
power source (Delta Elektronika, 0-35V/0-45A). This was repeated for the conductors on the
other side of the pleated filter. Thus, when a voltage is applied over the ACF filter, the
electrical current is uniformly distributed to all elements in the pleated filter, similar to an
electrical circuit with parallel resistances. The adsorbent material used for the filter system is

the commercially available ACF cloth FM10 (Calgon Corp.) which has been well studied in



the past on its adsorption capacity for VOCs [16,26,27]. In this work, an element is defined as
the substantially rectangular part of ACF sheet between two conductors and one pleat has two

elements, which are each part of two adjacent pleats, each having a conductor at its tip.

According to Ohm’s law, the electrical current flowing through the entire ACF filter can be

calculated as:
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Figure 1 Pleated ACF filter with electrical conductors in the tip of each pleat to induce the
Joule-effect

With Ry, the parallel electrical resistance (), Reiement, the electrical resistance of an
individual element of the ACF ((), i.e. one planar ACF sheet between two conductors, and n
the total number of ACF sheets in the filter device. Based on the assumption that the electrical
current is uniformly distributed and that the resistance of each ACF pleat is identical, we

could hypothesize that:

R _ Relement,i 2
par n

Furthermore, the electrical resistance can be described as:



Pe | 3

R =
element,i tw

Wherein, p, represents the electrical resistivity ((m), [ the length of the ACF element (m),
1.e. the distance from conductor to conductor, t the filter thickness and w the width of the
ACF element that is in direct contact with the conductor. The electrical resistivity is in turn a

temperature dependent property, often described as [9]:
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With p, the electrical resistivity (2m) at temperature Ty (K), T the average temperature of the
ACF filter (K) and a, the thermal coefficient at temperature T, (K). In summary, if we could
determine the value of p, and a,, it is possible to derive the total resistance of the ACF filter
Ry qr and hence, the required electrical power to heat the ACF filter to a certain temperature
for regeneration purposes. The values of p, and a, were determined by measuring the surface
temperature of the ACF filter with a thermocouple (TC Direct, Type K), in setups with

different pleat sizes and by alternating the voltage (0-32V). Thereto, a lab-scale prototype of

Figure 2 ACF filter prototype with built-in thermo-electrical regeneration system



the filter was constructed (Figure 2).

The airflow enters the device through a 160mm diameter duct, which then expands to a
rectangular compartment (185mm x 185mm) that contains the FM10 ACF filter and at the end
it is reduced back to a 160mm diameter outlet duct. The rectangular compartment contains 18
steel conductors (7mm?) on both sides and on each side connected to a central copper
conductor. The two central copper conductors are coupled to the DC power source to supply a
voltage. The ACF filter is stretched over the conductors and fixated at the both ends. A system
with threaded rods and nuts made it possible to alter the distance between the two sides of
conductors, i.e. elongating the device in the direction of the air flow. This way, the ACF filter
could be stretched out to a maximum, by tightening the nuts, forming perfectly shaped pleats

and assure good contact with the conductors.

3.2 Pressure curves validation

In previous work, the Darcy-Forchheimer parameters of the FMI10 ACF-filter were
determined based on experiments where the air flowed perpendicular to the surface area of the
ACF filter and confirmed by CFD simulations [8]. Since the current prototype contains a
pleated filter, pressure drop is not only generated by the filter medium, but also by viscous
drag in the pleat spacings. In order to verify if the CFD model could simulate the flow in
pleated ACF filters, the pressure drop across different pleat dimensions in the device was
studied in a closed circuit vent duct with an inline duct fan, similar as in previous work [8].
The different setups that were investigated for pressure drop are listed in Tabel 1 and pressure
drop measurements were repeated in 3-fold for each setup. In setup 1, the filter does not
contain pleats, but instead is a simple planar surface. The velocity was measured in a 100mm

diameter vent duct of the closed circuit setup by a hotwire air velocity sensor (CTV 110,



KIMO instruments). The listed setups were also used to determine the parameters p, and «,

as described above.

Tabel 1 Setup specifications

Setupl Setup2 Setup3

Number of pleats none 7 pleats 14 pleats
Number of conductors 0 7 14
Number of elements 0 8 15
Element Height (mm) / 111 112
Element width (mm) / 185 185
Surface area (m?) 0.034 0.164 0.311
Adsorbent mass (g) 4.454 21.484 40.741

The air stream was simulated as an incompressible flow with the ‘Free and Porous Media
Flow’ physics interface in COMSOL 5.5. The filter was defined as a porous medium with
permeability k=2.71x10"'" m?> and Forchheimer drag f=64798 m™, as determined in previous
work [8]. The solution for the pressure drop was extracted by simultaneously solving the mass
continuity equation, the governing equations for the free flow (k-e-turbulent model) and the

equations for flow in porous media:

pV(u) =0 5
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Wherein p represents the air density (1.2041 kg/m?), u the velocity vector (m/s), I the identity
matrix, p the pressure (Pa), u the dynamic viscosity (Pa's) and p; the eddy viscosity (Pas),
derived by the k-¢ turbulence model. A parametric sweep of velocity inputs ranging from 0 to
4.5 m/s with 0.1 m/s intervals was performed in order to obtain a smooth pressure-velocity

curve in the same range as the experimental pressure-velocity curves.

3.3 ACK filter development

A validated CFD model is a very useful tool for development and upscale purposes. As a
demonstration of the capabilities of CFD modelling, a virtual sensitivity study has been
performed in search for the optimal ACF filter design. The base configuration is a 0.6m x
0.6m cross-section module with a variable length, pleat height and filter thickness and is
representative for commercially available GAC units for indoor air applications [28]. The goal
was to optimize the filter design with respect to pressure drop and adsorption capacity. The
length of the module, i.e. in the direction of the airflow, was altered between 0.3 and 0.6m, the
filter cloth thickness between 0.5, 1 and 1.5mm, and the pleat height between 2.76mm and
3.90mm. Each configuration contains a maximum number of pleats (so the elements are
stacked horizontally), but the number of pleats differ due to variations in filter thickness and
conductor diameter. The height of the pleat corresponds to typical conductor dimensions of
6mm? and 12mm? respectively. A typical HVAC flow rate of 2.5 m/s was imposed as a

boundary condition in all cases [28].

3.4 Adsorption/Desorption




In previous work, the FM10 ACF filter has already been investigated with regard to
adsorption capacity of acetaldehyde and an adsorption isotherm was constructed at 20°C [8].
In this paper, adsorption of acetaldehyde was further studied for the pleated prototype
(Setup2) as a validation method. The study was performed in an airtight climate chamber
(1.2m?) with two fixed fans on the ceiling to ensure homogeneous mixture of the air inside.
The prototype was placed in the center of the chamber and fitted with a fan (Wallair W-style,
290 m?/h). At the start of the experiment, a liquid volume acetaldehyde was injected by a
capillary piston pipet (Microman E M100E) and immediately evaporated. The concentration
inside the climate chamber was measured online by a Compact GC-FID 4.0 analyzer
(Interscience). When the concentration reached a steady-state, the acetaldehyde in the air was
in equilibrium with the concentration adsorbed on the ACF filter. Hence, the adsorbed amount
of acetaldehyde could be derived from the injected volume and the equilibrium concentration.
The same protocol was repeated, each time with an increased sample volume with a prospect
to eventually construct an isotherm at 20°C. Subsequently, the obtained isotherm was
compared with the Langmuir and Freundlich isotherms, which were constructed in previous

work, described by the following equations:

c c Krangm¢
ads ads,max 14K Langm¢ 8
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Since activated carbon tends to have a higher affinity towards more apolar VOCs, additional
experiments were conducted with toluene. In the same way, the isotherm for toluene at 20°C
was constructed and compared to the isotherm of acetaldehyde, i.e. a polar compound.
Besides adsorption capacity, the ACF filters affinity for apolar compounds is usually reflected
in the required desorption temperature for complete regeneration. The regeneration efficiency

was investigated in terms of temperature and electrical power. For the experiment, setup 2



(Tabel 1) was placed in the climate chamber and a liquid volume of either acetaldehyde or
toluene was injected. Subsequently, the fan was powered and adsorption occurred until
equilibrium was reached. The excess concentration of acetaldehyde (or toluene) in air was
vented out of the climate chamber during a 30 min period, which should be a sufficient
amount of time according to Ryu et al. (2000) and Xie et al. (2016) [29,30]. During the
purging process, a voltage between 0 and 32V was applied to heat the filter to a certain
temperature based on the Joule-effect. Due to an increase in temperature, the VOC is desorbed
to a certain extend and vented out. After 30 min, the climate chamber was sealed again and an
equal liquid volume of VOC was yet again injected. Based on the new equilibrium
concentration that was established, the fraction of VOC that remained on the filter after
desorption could be established and therewith the regeneration efficiency could be derived.
This protocol was repeated with different applied voltages and thus different desorption
temperatures. This method allowed to determine and compare the regeneration efficiency in

function of the filter temperature for both acetaldehyde (polar) and toluene (apolar).



4. Results and discussion

4.1 Pressure curves

Experimental pressure-velocity curves were constructed based on pressure drop
measurements in the closed-circuit vent duct (Figure 3). The measurements were performed in
triplicate and the standard deviation of the results is represented by error-bars in the graph.
Airflow through the planar filter surface resulted in a steep pressure-velocity curve, as
expected. Since the Darcy-Forchheimer parameters were derived in a similar (yet smaller)
setup, a good agreement was expected between experimental data and the CFD simulation
results. This was indeed the case as reflected by a coefficient of determination R?>=0.997. In

the case of a pleated filter, as for setup 2, a drastic reduction in pressure drop was observed.

100+
* Setup1 - Experimental data
* Setup2- Experimental data
30 * Setup3 - Experimental data
Setup1 - Model data
Setup2 - Model data
60 Setup3 - Model data

Pressure drop (Pa)

0 1 2 3 4

Velocity (m/s)

Figure 3 Experimental pressure-velocity curves for the different setups and the
respective CFD model fit.



Due to the increase in cross-sectional filter section, the air flow velocity is reduced and hence,
the pressure drop in accordance with Darcy’s law. The pleat height is relatively high, which
makes the influence of viscous drag negligible. The same trend was noticed in setup 3.
However, the pressure-velocity curves of setup 2 and 3 are in close proximity to each other,
suggesting that viscous effects have an impact on the total pressure drop in setup 3. These
different cases stress out the importance of gaining insights regarding the trade-off between
viscous drag and porous medium pressure drop, especially in terms of pleat height or filter
development in general. Therefore, a CFD model that is able to predict these phenomena is of
great value. The simulated pressure drops for the respective pleated setups are shown in
Figure 3 with a coefficient of determination of 0.993 and 0.535 for setup 2 and 3 respectively.
The model was capable of predicting the lower pressure drop due to a decrease in face
velocity through the filter. As an example, a velocity of 1 m/s in the 100mm diameter vent
duct of the closed circuit setup, results in a 0.230 m/s facial velocity in the 0.185m x 0.185m

cross-sectional area of setup 1. The same air flow rate results in a facial velocity of only 0.052

Figure 4 Pressure contours (50) of setup 1 to 3 (from right to left) for an inflow
velocity of 2.5 m/s.

m/s in Setup 2, due to a much higher filter surface. In setup 3 the facial velocity averages
0.028 m/s, causing an ever lower pressure drop over the filter. From these results, we can

conclude that the CFD model can accurately simulate the pressure drop in pleated ACF filters.



The effect of viscous drag was also represented in Figure 4, where 50 pressure contours are
shown for the different setups, for an inflow velocity of 2.5 m/s. The pressure drop in setup 1
is exclusively due to the air flow through the filter and solely depends on the filter thickness at
a specific air flow velocity. The pressure drop over the filter is still major contributor in the
case of setup 2 and 3, but notice the presence of pressure contours between the pleats, which
can be attributed to viscous drag. As the pleat height decreases, the pressure drop due to
viscous drag increases, as can be seen by the increased number of pressure contours in setup 3
compared to setup 2. Based on these conclusions, we can be confident to use the CFD model
to perform a sensitivity analysis of the pressure drop with respect to filter thickness (0.5,1 and
1.5mm), pleat height (2.76 and 3.90mm) and length of the filter module (0.3 and 0.6m). The

results of the sensitivity analysis are shown in Figure 5.
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The most noticeable trend is that a 1.5mm filter thickness in combination with a low pleat
height causes a tremendous increase in pressure drop, as in the case for configuration 8 and
12. This could be expected since the flow is first subject to high viscous stress in the small
pleat channels and subsequently, it needs to permeate the thick porous layer. Both phenomena
contribute to a significant energy loss. This is even better shown in Figure 6, where the

pressure contours are shown for configuration 12. From this figure it is clear that viscous drag
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Figure 6 Pressure contours (50) of configuration 12 for an inflow
velocity of 2.5 m/s

is a major contributor to the overall pressure drop, especially at the entrance region.



On the other hand, configuration 12 contains the most activated carbon of all tested setups.
Remarkably, the remaining configurations all show a similar pressure drop of 100-150 Pa,
while the amount of adsorbent mass is highly divergent. In general terms, it is more profitable
to increase the length of the device, as this means more adsorbent mass while retaining more
or less the same pressure drop. This can be explained by the fact that an increase in pressure
drop is expected in elongated pleats due to more viscous drag, but also a counteracting
decrease in pressure drop because of a higher filter surface area and thus a lower facial
velocity. Obviously, continuously elongating the filter device is restricted by practical
limitations and requires a high electrical power consumption for regeneration purposes. The
same reasoning holds when analyzing the pleat height. For example, when we compare
configurations 10 and 11, a similar pressure drop is observed. Configuration 10 has a pleat of
height of 2.76mm, while configuration 11 has a pleat height of 3.9mm. Thus, configuration 10
is subject to higher viscous drag, but due to a thinner filter layer of Imm, the pressure drop is
very similar to setup 11 with a filter thickness of 1.5mm. Moreover, Configuration 10 contains
more pleats within the same volume, but the pleats contain less activated carbon per element,
resulting in a similar amount of activated carbon. The best choice of filter configuration
depends on the application and customer needs. One can argue that configuration 12 is
favorable because it has the highest amount of activated carbon per unit of volume. But one
can also argue that configuration 11 is more favorable because it decreases the pressure drop

by 67.9%, while losing only 22.4% of adsorbent mass.

4.2 Thermo-electric properties

Besides the pressure drop, the thermo-electric properties of pleated ACF filters were
investigated for the 3 setups listed in Tabel 1. The goal was to derive the electrical resistivity
of the ACF filter in order to estimate the filter temperature when a certain electrical power is

supplied. Therefore, voltages ranging from 0 to 32V were applied to all setups and from the



amperage, the total resistance R,,,-was determined, according to eq. 1. Based on eq. 2 and 3,
the electrical resistivity was determined and the results for all setups are shown in Figure 7.
The results for Setupl are limited to the low temperature range because R, is relatively high
in absence of a pleated structure, according to eq. 2. Consequently, the supplied power was
limited, as well as the filter temperature. Moreover, a steep drop in electrical resistivity is
observed as the filter temperature increases. Setup 2 and 3 show a very similar, slightly
decreasing trend as a function of temperature. The temperature was kept under 300°C to
prevent filter deterioration. Eq. 4 was fitted to the data in Figure 7 by a least square objective
function , resulting in values of 0.0281 and 272.32 for p, and a respectively. The resulting
fit is shown in Figure 7 as well. Notice that the electrical resistivity is underestimated by eq 4.
at ambient temperatures. However, regeneration temperatures below 100°C is often irrelevant,
especially in the case of apolar VOCs. Figure 8 shows the required electrical power (W),
derived from the applied voltage (V) and the measured current (A), to heat the ACF filter to
the desired temperature, for all investigated filter setups. The x-axis is displayed in a log-scale
for a better visual representation. At temperatures lower than 50°C, all setups demand equal
electrical power to heat up to the same temperature. As the electrical power input increases,
the surface temperature of the filter rises exponentially and therefore, a small power shift can
drastically change the temperature. At higher temperatures, a divergence between the plots of
setups 2 and 3 is observed. This can be explained by that fact that convective heat transfer rate
differs between the setups due to a various pleat height. From a practical point of view,
manually fixating the surface temperature is a difficult task and should ideally be controlled
by a surface temperature sensor and a PID-controller, which can be incorporated in future

prototypes.
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4.3 Adsorption/Desorption

An isotherm for acetaldehyde adsorption was constructed at 20°C, based on sequential

acetaldehyde injections in a closed climate chamber with setup 2 (Figure 9). In previous work,
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Figure 9 Acetaldehyde isotherm at 20°C and the Langmuir and Freundlich isotherms
determined in previous work [8]



the adsorption curve has been described by the Freundlich isotherm, Langmuir isotherm and a
linear isotherm. The latter is only applicable in small concentration ranges and since the
concentration levels are an order of magnitude lower than in the previous experiments, the
linear isotherm is not mentioned in this paper. Instead, the resulting adsorption isotherm is
compared to the Freundlich and Langmuir relations of which the parameters are determined in

previous work, i.e. Cggsmax= 0.95 mol/kg; Kjgngm=96.65 m*/mol and 1/n=0.55;

Krreuna.=5.71 (mol/kg)/(m3*/mol)" for Langmuir and Freundlich respectively.

From Figure 9 is observed that the previously determined Langmuir isotherm presents the best
fit with the current adsorption data of acetaldehyde, emphasized by a R? of 0.978. While the
Freundlich isotherm showed the best agreement with the adsorption curve in previous work, it
overestimates the filters adsorption capacity at lower concentrations (R?>=0.154). The error
bars on the experiment isotherm represents the standard deviation of the sequential GC-FID
measurements. Based on these results, it seems reasonable to adopt the Langmuir isotherm
and its respective parameters for future Multiphysics simulations. In the same way, the
isotherm for toluene at 20°C was constructed and shown in Figure 10. It is clear that the ACF
filters adsorption capacity is several orders of magnitude higher for toluene than for
acetaldehyde. For future investigations of the ACF, it would be interesting to also include
toluene adsorption in the Multiphysics model and therefore the isotherm was fitted to both
Freundlich and Langmuir equation for parameterization. This resulted in cug5max= 1.33
mol/kg; Kpangm =29446.59 m’/mol and 1/n=0.38; Kprpeynq=32.03 for the Langmuir
(R*=0.993) and Freundlich (R?>=0.988) equations respectively, based on a global least squares
optimization function. The filters affinity for apolar compounds over polar compounds is
reflected in both Cugsmax and Kpgngm.. It is not a surprise that the cygsmax-values differ

between polar and apolar compounds since they do not compete for the same adsorption sites



entirely [27]. The adsorption capacity for polar compounds is highly influenced by the surface
functional groups, mostly basic and acidic groups, which are reflected by the nitrogen and
oxygen content respectively. Carter et al. (2011) have shown that the adsorption of
formaldehyde, a similar VOC to acetaldehyde, on the FM10 ACF cloth in particular is rather
low, due to a low number of basic and acidic functional groups. The high adsorption capacity
for apolar compounds is mostly reflected by the large Kj 4,gm -value, which indicates that the
equilibrium between bulk species and adsorbed species is highly in favor of the latter, even at

low concentrations.
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Figure 10 Toluene isotherm at 25°C and the fitted Langmuir and Freundlich isotherms

Besides the adsorption isotherm, it is interesting to establish the difference in desorption
temperatures between polar and apolar compounds for regeneration purposes. The desorption
efficiencies of acetaldehyde are shown in Figure 11. Notice that at a temperature of 25°C, no
voltage is applied to the filter. This means that by just providing a clean air flow over the
filter, more than 60% of the filters capacity can already be recuperated due to a newly

established equilibrium. At 75°C surface temperature a regeneration of 98.46+0.82% was



already achieved and a temperature increase to 100°C resulted in a regeneration 99.32+1.05%

filter capacity.
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Figure 11 Desorption efficiency of acetaldehyde for different filter temperatures

The desorption efficiencies of toluene are shown in Figure 12. It is clear that desorption of
toluene requires significantly higher temperatures than the weaker bound polar compound.
While a large portion of acetaldehyde could be recuperated by providing a pollutant free air

flow, this is definitely not the case for toluene with only 0.12£2.99% capacity regeneration. At



a surface temperature of 100°C 12.24+1.54% of the adsorbed toluene could be desorbed
during a 30min period in contrast to complete regeneration of acetaldehyde at the same
temperature. Total desorption of toluene was not achieved until surface temperatures above
250°C. Although at temperature of 200°C a regeneration efficiency of 98.17+1.83% was
already accomplished. The comparison between desorption efficiencies at different filter
temperatures of acetaldehyde and toluene emphasizes the filters affinity for apolar
compounds. In reality the filter is exposed to mixtures of polar and apolar VOCs and both will
be adsorbed to the filter surface. Therefore, it seems only logical to apply a minimum

temperature of 200°C to ensure sufficient filter regeneration.
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Figure 12 Desorption efficiency of toluene for different filter temperatures



5. Conclusions

This paper describes the evaluation of a novel type of activated carbon fiber filter that was
developed for indoor air purification. The corrugated filter structure shows a significantly
lower pressure drop when compared to a planar surface of the same filter cloth and filter
thickness. The reduced pressure drop is essential to retrofit the filter into existing HVAC ducts
and is therefore a major advantage of this configuration. The pressure drop at a typical HVAC
flow rate was successfully validated by Computational Fluid Dynamics, using Darcy-
Forchheimer parameters derived in previous work. The installation of electrodes in the tips of
the filter pleats, provided a base to shape the pleated filter structure in the first place and more
importantly, the capability to thermo-electrically regenerate the cloth by applying a DC
voltage. We have shown that the different elements in the filter pleats behave as parallel
resistances in the electrical circuit and the electrical resistivity of the filter cloth was
quantified as a function of temperature. The CFD model was used to perform a virtual
sensitivity study to investigate the effect of variation in pleat length, pleat height and filter
thickness. Adsorption of VOCs on the ACF filter were evaluated with acetaldehyde and
toluene as model compounds for polar and apolar VOCs respectively. From the results it is
clear that the ACF filter tends to adsorb more apolar compounds than polar compounds and
this is also reflected by the required filter temperature to desorb these compounds.
Acetaldehyde could easily be desorbed, even at ambient temperature and a clean air flow. On

the contrary, regeneration of a filter saturated with toluene requires temperatures higher than



200°C. This study shows the feasibility to use the ACF filter for indoor air purification and the

development of a Multiphysics model that describes the fluid flow and adsorption kinetics is

valuable tool to customize the filter design for different pollutant loads and flow rates.

6. Appendix

Cads

C ads,max

KFreund.

KLangm.

1/n

Relement

Rpar

To

€p

Concentration (mol/m?)

Amount of adsorbed acetaldehyde (mol/kg)

Maximum amount amount of adsorbed acetaldehyde (mol/kg)
Electrical current (A)

Freundlich equilibrium constant (mol/kg)/(m3/mol)"
Langmuir equilibrium constant (m3/mol)

Length of a filter element (m)

Freundlich exponent (—)

Pressure (Pa)

Electrical resistance of an individual element of ACF (2)
Parallel electrical resistance (2)

Thickness of a filter element (m)

Velocity (m/s)

Voltage (V)

Width of a filter element (m)

Thermal coef ficient at temperature Ty (K)

Forchheimer term (1/m)

Porosity (—)
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