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Abstract

Commercial fire escape masks (FEMs) use packed bed filters to remove gaseous and vaporous toxic

components in the event of building fires. Packed bed filters incur a high pressure drop and commercial

masks have no method to remove environmental (fire) or process (reaction and adsorption) heats. Here

we derive a computationally efficient numeric model based on a bi-linear driving force (LDF) model to

investigate the purification of gas streams in a square channelled monolith filter containing an impregnated

activated carbon (AC) section to adsorb and react toxic components, and a section consisting of shape

stable phase change materials (SS-PCMs) to absorb heat. The modelled test gas mixture contained an

adsorbing component, cyclohexane, and a reacting component, carbon monoxide, permitting the combined

effects of heat generation, heat absorption, component reaction and component adsorption to be studied

for a novel filter. The bi-LDF model was validated against a three-dimensional model and provided

excellent accuracy at significantly reduced computational time ca. 99.7%. Additionally, the bi-LDF

model was used to optimise the dimensions and configuration of the filter, specifically finding an optimal

channel diameter, dch, to wall thickness, tw, aspect ratio of dch = 1.3tw. The optimal configuration

consisted of an initial 2.0 cm long impregnated AC section followed by a 2.5 cm SS-PCM section at the

outlet, providing 18 min of thermal protection whilst preventing cyclohexane vapour breakthrough for

21 min. Pt/TiO2 was confirmed to be a viable CO oxidation catalyst with a minimum weight fraction

within the impregnated monolith of 2.5 wt%. The success of this work represents a step change in FEM

design and more widely in air purification devices where heat absorption is important.
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1. Introduction

Fire escape masks (FEMs) are single use devices providing temporary protection against the inhalation

of toxic gases and vapours in the event of a building fire. According to the European Standard BS EN

403, an FEM must provide protection from particulates, irritants and certain toxic test gases including

carbon monoxide (CO) for a minimum use time of 15 minutes [1].

Typical commercial FEM filters are based on a packed bed system containing a granular adsorbent

layer, with or without catalyst depending on the application and toxic gases to be removed [2]. Packed bed

filters incur a high pressure drop as the air flows along a tortuous path to reach the user. In addition, to the

authors’ knowledge, no commercial filters include a heat absorbing component and therefore offer a lack

of protection against heat generated within the device due to reaction and adsorption or environmental

heat generated by the building fire, where temperatures away from the origin of the fire can exceed 80oC

[3, 4] which was found as a lower limit for tracheal burns [5].

To improve upon current designs phenolic resins have been extruded into monoliths, comprising of

numerous unitary channels, which are then carbonised and activated providing a low pressure drop struc-

ture. This methodology provides fine control over the characteristic dimensions of the monolith, including

the channel diameter, dch, and wall thickness, tw, which permits optimisation of the pressure drop and

external mass transfer which are two competing factors [6, 7]. These structures were proposed as a viable

alternative to packed bed filters for incorporation into a FEM in our previous study [8]. In addition,

phenolic resin derived activated carbon (AC) monoliths have been used for the removal of carbon dioxide

[9, 10], dichloromethane [11, 12] and butane [6]. To further improve the thermal performance of extruded

monoliths, a heat absorbing component consisting of a shape stable phase change materials (SS-PCM)

was proposed in our previous work [8]. These materials utilise latent heat capacity during phase change

and therefore have a large capacity for heat absorption whilst maintaining isothermal operation [13].

Finally, to be viable as a fire escape filter, catalysts must be included to remove immediately life

threatening levels (≥1000 ppmv [14]) of CO as activated carbon alone provides an insufficient adsorption

capacity for CO. Hopcalite catalysts, which are generally described as a mixture of copper and manganese

oxides, were one of the earliest adopted catalysts for low temperature oxidation of CO but were found

to deactivate rapidly in the presence of moisture leading to additional filter weight as more catalyst

was required to achieve minimum use times [2, 15]. Low temperature oxidation of CO has been widely

researched and some example catalysts functioning in the presence of moisture include Pt/TiO2 [16], gold
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supported catalysts [16, 17] and Co3O4 nanorods [18]. For low temperature CO oxidation, Pt supported

on a TiO2 metal oxide is effective, providing activity at lower temperatures than other supports, including

Al2O3 and SiO2, in addition to providing high selectivity towards CO [19, 20]. The catalysts must permit

simultaneous adsorption of CO and O2, of which Pt and TiO2 facilitates, due to their respective affinities

for CO and O2 [20, 21]. The catalyst can either be wash coated on the internal channel surface area as

commonly achieved for catalytic converters [22, 23], in the case of porous materials it can be impregnated

within the pores or the catalyst can be mixed within the extrusion mixture [24]. Typical quantities of the

catalysts of interest impregnated within activated carbon can range within the region of 1-5 wt% [25].

A computationally efficient and accurate system of equations is required to explore the viability of new

filter designs, at potentially dangerous experimental conditions, to allow optimisation of key parameters

and to identify potential prototype candidates. Specifically, the phenolic AC monoliths of interest are

bi-disperse, containing notable pore volumes with corresponding pore diameters in the microporous (<

2 nm) and macroporous (> 50 nm) ranges [6, 10, 26]. It has been suggested that the extruded monolith

walls contain macroparticles as generated by the resin precursor and within each macroparticle there

are microparticles generated during activation [7], as depicted in Figure 1. Numerical models for bi-

disperse adsorption using bi-linear driving force (LDF) approximations are well document in literature for

packed bed systems with spherical adsorbent particles [27–31] but are less prevalent for square channelled

monoliths, where these models used a global LDF rate expression [12, 32] or used radial mass transport

equations within the macroporous network which directly evaluates the diffusive transport into the wall

and a radial microparticle Fickian diffusion model [33]. In this work we derive a bi-LDF model for a square

channelled AC monolith to describe transport into a bi-disperse adsorbent and to reduce computational

time over purely diffusive models, providing an ability to optimise the dch to tw aspect ratio.

Figure 1: Schematic of the internal structure of the monolith wall and the characteristic dimensions of the macroparticles

and microparticles for a phenolic resin derived AC [7].

Novel monolithic FEM filters must provide a step change in user protection by (i) continuing to ad-

sorb or react with toxic gases and vapours to produce breathable air, (ii) reducing pressure drop along
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the length of the filter and (iii) removing the heat generated from the building fire or within the device

due to adsorption or reaction. The aim and novelty of the present study was to develop a validated

one-dimensional numeric model for a square channelled multifunctional monolith filter, consisting of an

SS-PCM heat absorbing section and a bi-disperse AC section to remove heat and toxic component, respec-

tively. The numeric model combines the impacts of heat generation due to reaction and adsorption, heat

absorption into the SS-PCM, adsorption and reaction kinetics and adsorbate capacity, whilst being com-

putationally efficient and providing the ability to infer the optimal device dimensions and configurations

for the multifunctional adsorbent filter.

Cyclohexane (C6H12) will be considered as the adsorbing vapour in line with the BS EN 14387 testing

standards to provide a representative example of a wider range of toxic gases and vapours [34] and carbon

monoxide as the reacting gas due to its presence in fires and high heat of reaction, providing a significant

challenge for the heat absorbing SS-PCM section. Experimental isotherm and kinetic data was obtained

for a commercial broad spectrum AC using a Dynamic Vapour Sorption instrument (DVS Advantage 2,

Surface Measurement Systems Ltd, UK) to model the capacity and adsorptive uptake rate within the

filter; full procedure can be found in the Supporting Information S.1. The validity of the one-dimensional

model was tested against a single base case study by using a three-dimensional model which was solved

using the ANSYS CFX 17.0 commercial CFD code. The full set of equations for the three-dimensional

model are summarised in the Supporting Information S.2. Once verified, the one-dimensional model was

used to optimise the characteristic dimensions of the monolith, including the dch and tw and investigate

the impacts of changing the configuration and lengths of the heat absorbing SS-PCM section as this

was predicted to have an impact on protecting the user from excessive inhalation temperatures and the

adsorption capacity of the device.

2. Numerical Modelling

2.1. Geometry

Figure 2: (a) Axial view of a single monolith channel including the SS-PCM and the impregnated activated carbon section.

(b) Three-dimensional view from the front of a monolith channel depicting the channel diameter and half wall thickness.
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Table 1: Geometric and operating details for the FEM filter base case

Monolith

Monolith width/height, dm 2.75 cm

Carbon length, Lac 2.50 cm

Pre/Post cooler length, Lpre/post 1.25 cm

Channels per monolith, Nch 933

Channel per square inch, CPI 796

Bulk voidage, εb 0.31

Channel

Channel diameter, dch 0.5 mm

Wall thickness, tw 0.4 mm

Operation

Flow rate per monolith, Fm 3.56 L min−1

Inlet CO fraction, yco,in 2500 ppmv

Inlet C6H12 fraction, yc,in 1300 ppmv

Inlet temperature, Tg,in 25oC

Physical properties

AC density, ρac 850 kg m−3

Pore voidage, εp 0.51

Catalyst density, ρc 950 kg m−3

Catalyst weight fraction, η 0.01

Thermal properties

AC heat capacity, Cp,pcm 720 J kg−1 K−1

SS-PCM heat capacity, Cp,pcm 1770 J kg−1 K−1

SS-PCM latent heat capacity, ∆HL 130 J g−1

Phase change temperature, Ts,S - Ts,L 53 - 61 oC

Heat of C6H12 adsorption, ∆Ha 33.7 kJ mol−1

Heat of CO oxidation, ∆Hr 283 kJ mol−1

The FEM was comprised of two cartridges, each internally containing nine squared faced monoliths.

The flow rate of air across the two cartridges was chosen as 64 L min−1, in line with industry testing.

Before the optimisation of the geometry was completed a base case FEM filter was defined to allow

verification of the one-dimensional model against the three-dimensional CFD model of which the filter

dimensions are summarised in Table 1. For the base case study a single monolith channel was modelled

with each channel consisting of an SS-PCM solid section situated before and after the impregnated

activated carbon, known as the pre- and post-cooler as depicted in Figure 2. The SS-PCM thermal and

physical properties were based on a polyethylene glycol / triallyl isocyanurate composite as the phase
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change material and shape stabiliser, respectively [35]. The positioning of the pre- and post-cooler was

intended to remove the inhaled heat arising from the building fire and the heat generated by either

adsorption or reaction within the device, respectively.

Subsequently, the geometry was modified to optimise the toxic component mass transfer by changing

the dch and tw. Additionally, the length and configuration of the pre- and post-cooler sections and the

impregnated AC section were investigated and designs using only a pre-cooler, only a post-cooler and the

base case configuration were considered.

2.2. One-dimensional model

As mentioned, the porosity of the phenolic AC monoliths of interest is bi-disperse. Therefore the

mass transfer may be controlled at several regions within the AC section of the monolith channel which

include the film resistance between the channel and the porous wall, mass transfer within the macroporous

network and finally the resistance within the microparticles (Figure 1). To capture the mass transfer of

the toxic components through the channel and porous wall a bi-disperse model for a square channelled

monolith was derived. The full derivation for the bi-LDF model for square channelled monoliths can be

found in the Supporting Information section S.3. Supporting equations, prefixed by S. in the current

discussion, are available in the Supporting Information section S.4. The equations for each geometry

domain will now be summarised in addition to specific descriptions for the adsorption and reaction sink

terms.

Global

The following assumptions were applied globally to the model:

1. All modelled parameters do not vary with respect to the radial direction.

2. At ambient pressures and temperatures the ideal gas law applies.

3. The velocity changes are due to adsorption and temperature only. This was reasonable as the

pressure drop was negligible along the monolith channels.

4. A single channel is representative of the larger structure. The flow distribution across the device

was assumed to be uniform due to the perfect packing afforded by square channelled square cross-

sectional monoliths. In addition, it was assumed a preceding flow distributor was present as is

common for FEMs.

5. The bulk voidage and pore voidage was constant throughout.

Using the bulk properties of air alongside the ideal gas equation the bulk concentration and superficial

velocity were determined using the continuity equation. A continuity sink was included to describe the

mass loss due to C6H12 adsorption:
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εt
∂Cb

∂t
+

∂(Cbus)

∂z
= − (1− εb)

Mr,b
Mr,c

∂qc
∂t

(1)

The terms include the bulk concentration, Cb, bulk molecular weight, Mr,b, C6H12 molecular weight,

Mr,c, average adsorbed amount, qc, superficial velocity, us, bulk voidage, εb, and total voidage, εt.

Channel

The component transport equation was used to model the toxic component concentration, Ci, as a

function of time and filter length. This includes terms for advection, axial diffusion and transport from

the channel to the porous wall:

εb
∂Ci

∂t
+

∂(Cius)

∂z
= εb

∂

∂z

(
Dz,iCb

∂yi
∂z

)
− (1− εb)

kf,iα

Bii + 1
(Ci − c̄p,i) (2)

For laminar flow conditions the axial diffusivity, Dz,i, was determined by the Taylor correlation, Eq.

S.37, and the film transfer coefficient, kf,i, was later determined by CFD analysis and compared to the

Hawthorn correlation, Eq. S.38, where the former was used in the final model. The internal monolith

surface area to solid volume ratio, α, was calculated using, Eq. S.39. The component molecular diffusivity,

Dm,i, was calculated using the Chapman-Enskog correlation, Eq. S.34. The Biot number, Bii, for the

monolith was found using, Eq. S.40, and indicated the relative resistances to transport in the film and

porous wall.

The channel heat balance was used to determine the bulk gas temperature, Tg, and included terms

for advection, axial conduction, a pressure transient term and convective heat transfer from the channel

to the porous wall. The film heat transfer coefficient, hf , was calculated using the Hawthorn correlation,

analogous to the film mass transfer coefficient, Eq. S.45:

εbCbCv,b
∂Tg

∂t
+ usCbCp,b

∂Tg

∂z
=

∂

∂z

(
λg

∂Tg

∂z

)
+ εbRTg

∂Cb

∂t
− (1− εb)hfα(Tg − Ts) (3)

Porous wall

The following assumptions were applied to the component transport within the porous wall:

1. The concentration profile within the porous wall and microparticles was approximated by a parabolic

profile according to the accepted assumption by Liaw et al, 1979 [36].

2. For adsorbed component the porous wall consisted of a macroporous network and within the wall

axial transport was purely diffusive. The transfer from the channel to the porous wall was governed

by the derived film/macroporous LDF transfer term.

3. The microparticles were assumed to be spherical and the transport resistances within these particles

can be defined by the microporous LDF model.
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4. For the reacting component a reaction sink term was applied to the macroporous LDF equation and

was of first order. The production and consumption of carbon dioxide and oxygen was excluded,

respectively, to simplify the model.

The macroporous LDF equation was used to determine the average porous component concentration,

c̄p,i, and model transport through the pore network. This expression included terms for the axial diffusion

of each component through the wall, transport from the channel to the porous wall and a component sink

term, applicable to either C6H12 adsorption or CO oxidation:

εp
∂c̄p,i
∂t

= εp
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
+ εp

4Dp,iri
Rm(r2o − r2i )

Bii
Bii + 1

(Ci − c̄p,i)− ρsSi (4)

The Knudsen diffusion, Dk,i, was calculated using Eq. S.35. Using Dk,i and Dm,i the pore diffusion,

Dp,i, was determined using the Bosanquet expression [37], Eq. S.36. The inner radius, ri, and outer

radius, ro, are the result of geometry transforms expressing a square monolith as an equivalent circular

channel [32]. The effective wall radius, Rm, was defined to simplify the resulting film/macroporous

transfer term and Bii and is a function of ri and ro.

The microporous LDF model was used to describe the rate qc approached the equilibrium adsorbed

amount, qe,c, of C6H12:

Sc =
∂qc
∂t

= ka(qe,c − qc) (5)

The solid heat balance permitted calculation of the solid temperature, Ts, of the SS-PCM section or

the AC section. Switch vectors were used to remove or activate certain terms within the AC, δac, and

SS-PCM, δpcm. These switch vectors had values of one to activate the terms in a given domain and a value

of zero to deactivate. The accumulation term included the effective heat capacity, Ce,pcm, to describe

phase change within the SS-PCM section, which used a smooth function (Eq. S.44) encompassing the

sensible and latent heat capacity, or for the AC, terms for the bulk gas within the pores and the solid

carbon. Other terms included, axial conduction, a pressure transient term for the bulk gas within the

AC pores, a convective heat transfer from the channel to the porous wall and heats of adsorption and

reaction.

[δpcmρpcmCe,pcm + δac(εpCbCv,b + ρacCp,ac)]
∂Ts

∂t
=

+ δpcm
∂

∂z

(
λpcm

∂Ts

∂z

)
+ δac

∂

∂z

(
λac

∂Ts

∂z

)
+ δacεpRTs

∂Cb

∂t
+ hfα(Tg − Ts)

+ δacρac∆Ha
∂qc
∂t

+ δacρc∆Hr
∂c̄p,co
∂t

(6)
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Adsorption

The microporous LDF coefficient, ka, was described by an Arrhenius relationship. The pre-exponential

LDF coefficient, ka,0, and the adsorption activation energy, Ea, were later determined by experimental

uptake within the broad spectrum carbon:

ka = ka,0 exp

[
Ea

RTs

]
(7)

The equilibrium adsorbed amount of C6H12 was determined by the Dubinin–Radushkevich (DR)

isotherm [38]. A maximum adsorption capacity, qm,c, and characteristic adsorption energy, E, are later

found by fitting to experimental adsorption isotherms.

qe,c = qm,c exp

[
−
(
RTs

E
ln

(
P 0

Pc

))2
]

(8)

Reaction

The oxidation of CO was described by the following sink term:

Sco =
∂c̄p,co
∂t

= ηkcoc̄p,coe
−kdt (9)

To account for the catalyst impregnated within the porous wall, a catalyst weight fraction, η, term

was defined. Viable CO catalysts and kinetic constants for the specific reaction rate constant, kco, and

deactivation rate constant, kd, were found from a study on catalytic hollow fibres [16] and are summarised

in Table 2.

Table 2: Kinetic parameters of carbon monoxide oxidation [16].

Catalyst kco [m3 kg−1
cat s−1] kd x 104 [s−1]

Pt/TiO2 2.69 2.03̇

Au/Fe2O3 0.622 0.450

2.3. Boundary & initial conditions

Global

The initial condition for the continuity equation was that the bulk gas within the filter was stationary

and the inlet boundary condition was based on the flow rate for a single channel divided by a repeating

unit cross sectional area:
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us(t=0,z) = 0 m s−1 (10)

us(t,z=0) =
Fm

Nch(dch + tw)2
= 0.078 m s−1 (11)

Channel

For the component transport equation in the channel the filter was initialised without any toxic

component present. CO and C6H12 are then introduced at the inlet at respective fractions of yco,in and

yc,in. The axial concentration gradient at the outlet node was assumed to be constant:

Ci(t=0,z)/Cb(t=0,z) = 0 ppmv (12)

Cc(t,z=0)/Cb(t,z=0) = yc,in (13)

Cco(t,z=0)/Cb(t,z=0) = yco,in (14)

∂Ci

∂z

∣∣∣
t,z=L

= 0 mol m−4 (15)

For the heat balance in the channel, the bulk gas temperature was initialised at 25oC, the inlet

temperature was set at a value of Tg,in and the axial temperature gradient at the outlet was assumed to

be constant:

Tg(t=0,z) = 25oC (16)

Tg(t,z=L) = Tg,in (17)

∂Tg

∂z

∣∣∣
t,z=L

= 0 K m−1 (18)

Porous wall

For the LDF models within the porous wall there was assumed to be no toxic component as an initial

condition. At either end of the AC section the axial component gradients were assumed to be zero and

no component transfer was permitted into the SS-PCM section:

c̄p,i(t=0,z)/Cb(t=0,z) = 0 ppmv (19)

∂c̄p,i
∂z

∣∣∣
t,z=Lpre

= 0 mol m−4 (20)

∂c̄p,i
∂z

∣∣∣
t,z=Lpre+Lac

= 0 mol m−4 (21)

qc(t=0,z) = 0 mol kg−1 (22)
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For the heat balance in the solid sections the initial solid temperature was 25oC and the axial com-

ponent gradients at either end of the filter was assumed to be zero:

Ts(t=0,z) = 25oC (23)

∂Ts

∂z

∣∣∣
t,z=0

= 0 K m−1 (24)

∂Ts

∂z

∣∣∣
t,z=L

= 0 K m−1 (25)

3. Results and Discussion

3.1. Adsorption

Equilibrium and kinetic data regarding the adsorption of C6H12 onto a commercial broad spectrum

activated carbon was obtained using the methods explained in section S.1 for temperatures of 10oC, 25oC

and 40oC. The broad spectrum commercial carbon was used as a representative example of a wide range

of carbons used for removal of toxic chemicals. As the inlet C6H12 fraction used for the simulation work

was low in comparison to the pressure range used to obtain isotherm and kinetic data, focus was placed

on obtaining isotherm and kinetic parameters at low relative pressures (Pc/P
0 < 0.2).

The DR isotherm, Eq. 8, was fitted to the experimental isotherms using the GRG Excel solver by

minimising the root mean square error (RMSE) with respect to qm,c and E. The resulting parameters are

summarised for each temperature in Table 3 and the plotted experimental isotherm and DR isotherm can

be found in the Supporting Information Figure S.1. For the modelling work a single value of qm,c and E

was required and due to a minimum expected model temperature of 25oC these values were determined

by minimising the RMSE for the 25oC and 40oC isotherm simultaneously, once again these values are

summarised in Table 3. To prevent numerical instability at low partial pressures, the first 5 Pa were

linearised using a Henry’s law relationship of which the method can be found in the authors’ previous

work [8].

Table 3: Dubinin-Radushkevich isotherm parameters

T qm,c E RMSE

[oC] [mol kg−1] [kJ mol−1] [mol kg−1]

10 2.24 19.1 0.0124

25 2.37 19.4 0.0194

40 2.38 20.7 0.0140

Model* 2.37 20.2 0.0270

*Calculated by minimising the RMSE for the 25oC and 40oC data.

The qc for temperatures of 10oC, 25oC and 40oC at a relative pressure, Pc/P
0, increment of 0.01 →
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0.02 is shown in Figure 3. This showed how qc approached qe,c for a given pressure increment with respect

to time. By integrating the microporous LDF equation, Eq. 5, ka could be determined by fitting to the

experimental transient uptake data:

qc
qe,c

= 1− e−kat (26)

The values of ka for each temperature are specified in Table 4 which permitted the Arrhenius param-

eters, including the ka,0 and Ea to be determined. These parameters were used in Eq. 7 to determine ka

at different modelled temperatures. The pressure increment of Pc/P
0 0.01 → 0.02 was chosen to evaluate

ka,0 and Ea as this was the closest range to the operating pressure of C6H12 within the filter.

Table 4: Microporous LDF coefficient at a relative pressure increment of Pc: 0.01 → 0.02 for temperatures of 10oC, 25oC

and 40oC and corresponding Arrhenius parameters.

10oC 25oC 40oC ka,0 Ea

[s−1] [kJ mol−1]

ka x 103 [s−1] 0.346 0.825 1.65 4320 38.4

Figure 3: Experimental transient adsorption of cyclohexane at a relative pressure increment of Pc/P 0 0.01 → 0.02 for

temperatures of 10oC, 25oC and 40oC. The LDF model was fitted to each experimental uptake curve.

Previous studies [39–41] investigating hydrocarbon adsorption onto ACs at low relative pressures

reported that the resistance to mass transfer was predominantly due to a barrier at the micropore entrance

which was adequately described by the LDF model. At the pressure increment the adsorption isotherm

is within the Type I region, as shown in Figure S.1, indicating that adsorption occurred within the

micropores and therefore within the operating conditions simulated the ka determined at Pc/P
0 between of

0.01 and 0.02 could be used to describe the rate of adsorption within the micropores using the microporous
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LDF equation, Eq. 5.

For reference and as an analogous molecule to C6H12, values of ka have previously been reported for

benzene adsorption onto ACs with a range of 0.5 - 4.3 x 10−3 s−1 at 308 K [39]. Specifically for C6H12

adsorption, fewer values could be obtained from literature for ACs with a significant microporosity.

However adsorption onto a mesoporous carbon gave predictions for ka that ranged from 1 - 9 x 10−3 s−1

[42], all of which are the same order of magnitude found for the broad spectrum carbon analysed.

Although outside of the pressure limits for the operation of the filter, Figure 4 shows the change

in ka, as found by fitting the LDF model, with respect to the full relative pressure range. Indeed,

at low pressures, corresponding to the microporous Type I region, the kinetic constant was found to

increase with increasing surface coverage, suggesting C6H12 fills the smallest pores at the lowest partial

pressure corresponding to minimum ka. At higher pressures, above a Pc/P
0 of 0.20 ka began to plateau,

corresponding to the Type II region when multi-layer adsorption occurs, a combined barrier / diffusion or

diffusion model has been found to be more appropriate to describe the process as mono- and multilayer

formation occurs in progressively larger pores [39], although this was not attempted here as it is outside

of the range of interest.

Figure 4: Fitted microporous LDF coefficient and corresponding RMSE at each pressure increment at a temperature of

25oC.

3.2. Verification of Numerical model

By using CFD analysis the component Sherwood number, Shi, could be evaluated for each toxic

component in the channel transitioning from the SS-PCM section to the carbon section. This transition

led to the development of a mass transfer zone due to the adsorption and reaction sinks. By using an

analogous method to Kolaczkowski et al (2007) [43] who determined heat transfer coefficients by CFD
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analysis for porous catalyst pellets, Shi at a simulation time of 2 min, i.e. enough time for a mass transfer

zone to develop for each component, was evaluated. By conducting this analysis a more accurate value

for kf,i could be determined than by using the Hawthorn correlation alone. kf,i could be verified for each

component from film theory by evaluating the molar flux of each component, Ni, and the component

concentration in the channel bulk, Ci, and at the wall, Cw,i. The full discussion and results are presented

in the Supporting Information section S.6.

Figure 5: Comparison of carbon monoxide and cyclohexane concentration profiles at a simulation time of 15 min as found

from the one-dimensional and CFD simulations. RSE was used to quantify the difference between simulations along the

filter length.

The concentration of both toxic components was plotted for a simulation time of 15 min in Figure 5

to determine whether the one-dimensional model formulated could adequately describe the component

transport as accurately as the three-dimensional model developed using a commercial CFD code. The

conditions simulated are those defined in Table 1. For both components the maximum root squared

error (RSE), as calculated using Eq. S.47, was below 0.0002. Differences between the CFD component

concentrations and the one-dimensional concentrations was attributed to the fact that a parabolic profile

was present in the CFD model, compared to a single bulk velocity for the one-dimensional case, which

caused advection of toxic component further along the device at the centreline for the CFD model.

As an example, the time to simulate 10 min for the three-dimensional CFD model, which was par-

titioned over 24 threads using a Intel® Skylake Gold 6126 Processor @ 2.60GHz, took approximately
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250 hours whereas for the one-dimensional model, which was solved locally on a laptop containing an

Intel® Core� i5-7440HQ CPU @ 2.80GHz, the time was approximately 35 min. Therefore, for the small

deviations, as shown by the RSE, were deemed acceptable due to the dramatic improvement in time to

simulate, permitting further optimisation of the device using the one-dimensional model.

3.3. Optimising component transfer

To optimise the transport of toxic components into the monolith wall the film/macropore transfer

term, Ψi,fm, was investigated by changing the dch and tw as these are most easily adjusted during

extrusion of the monoliths. For this investigation the asymptotic Sherwood number, Sh∞,i, determined

from the CFD analysis was used to determine the kf,i at different dch. As proven by Eq. S.31-S.33 the

expressions used in the component transfer term in Eq. 2 and Eq. 4 are approximately equal giving:

Ψi,fm =
kf,iα

Bii + 1
≈ εp

4Dp,iri
Rm(r2o − r2i )

Bii
Bii + 1

(27)

A global transport coefficient, Ψi,g, was defined for each component, which for CO was based on kco

and Ψco,fm and for C6H12 was based on ka and Ψc,fm:

Ψco,g =

[
1

ηρcatkco
+

1

Ψco,fm

]−1

(28)

Ψc,g =

[
1

ka
+

1

Ψc,fm

]−1

(29)

Figure 6 shows how Ψi,g changes with respect to these variables. The optimum Ψi,g in all cases

occurred solely due to the maximisation of the Ψi,fm term. For all dch the Ψi,fm increased with decreasing

tw. By reducing tw, α approached infinity which causes an asymptotic increase in Ψi,fm and was why in

all cases decreasing tw led to an improvement in component transfer into the wall.

An optimum dch for component transfer was identified for each tw due to the resulting peaks in

Ψi,fm. The optimum occurs due to a few competing effects. Firstly, at large values of dch, α approached

a maximum value for a given tw as the internal wall surface area increased. However, by continuing to

increase dch the resistance within the film becomes more dominant as indicated by a reducing Bii [37].

In contrast, as dch approached zero the resistance within the film reduces as indicated by a rapid increase

in kf,i. However, further reductions in dch remove the channel altogether and therefore α approached

zero as no internal surface area remained. Therefore, the optimum was found to be a balance between

maximising internal surface area and minimising film resistance.

The dch at which these maxima were found for each tw are summarised in Table 5 which were similar

irrespective of the toxic component in question and within the range of tw investigated the optimum dch

was approximately dch = 1.3tw. In addition, maintaining a constant ratio between dch and tw holds the
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Figure 6: Global transport coefficient term for (a) carbon monoxide and (b) cyclohexane as a function of tw and dch for

a temperature of 25oC. Dotted contours are given to indicate optimum peaks for different tw where the film/macropore

transfer term is at maximum.

εb at a constant value which means the mass of carbon in the larger monolith structure was identical. If

the monolith carbon mass is maintained no additional monoliths or larger monoliths are required which

maintains the individual cartridge size. The final consideration is that for reducing dch the pressure drop

increases. However for the optimum condition with the smallest channel dimensions of dch = 0.26 mm

and tw = 0.20 mm the pressure drop using the conditions found in Table 1 was found to be 94 Pa which

was below the pressure drop limits imposed by BS EN 403 of 800 Pa [1].

The definition of Ψi,g provided information regarding the dominant resistance within the filter, whether
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Table 5: Channel diameter providing the optimum global component transfer for different wall thicknesses at a temperature

of 25oC.

tw [mm]

0.2 0.4 0.6 0.8 1.0

dch, C6H12 [mm] 0.26 0.52 0.78 1.04 1.30

dch, CO [mm] 0.26 0.51 0.77 1.02 1.28

it was transport, reaction or adsorption. For CO reacting over the Pt/TiO2 catalyst, the rate constant,

ηρcatkco, was 25.6 s−1 which for certain dch and tw was of the same order of magnitude as Ψco,fm.

Figure 6 (a) shows that optimising Ψco,fm had an impact on Ψco,g and by reducing tw to 0.2 mm a

maximum Ψco,g of 24.5 s−1 was found which was close to ηρcatkco, indicating an adequate reduction in

the film/macropore resistance. Figure 6 (b) shows that for C6H12, Ψc,g was identical to ka, see Table

4, indicating the dominant mass transfer resistance was within the micropores. However, altering dch

and tw still improved film/macropore transfer and therefore C6H12 transfer into the monolith wall. For

the remainder of the study the original channel dimensions of tw = 0.4 mm and a corresponding dch =

0.5 mm was used as a reasonable optimum as extruded monoliths in literature had similar dimensions to

these [6, 7, 11].

3.4. Heat absorption

To reduce the heat absorbing SS-PCM pre- and post-cooler lengths, therefore minimising the total

mass, cost and pressure drop of the device, several cases were investigated. This included an equal

distribution of SS-PCM either side of the carbon section (base case configuration) in addition to front

(all pre-cooler) and back (all post-cooler) loading of the SS-PCM. For each case, four different total

SS-PCM lengths were tested in the range of 1-4 cm to find a time when a maximum safe temperature

breakthrough limit was breached to provide a indication for the critical SS-PCM depth, the results of

which are displayed in Figure 7. To simulate inhalation of hot air an inlet temperature condition of

80oC was used as the ambient temperature of a room away from the origin of the fire [3, 4]. To prevent

inhalation burns a maximum safe temperature breakthrough limit of 60oC was imposed [5] which the

temperature cannot exceed for the minimum use time of 15 minutes [1].

As shown by Figure 7, in all cases the maximum bulk gas temperature breakthrough time, t
b,Tg

, was

found at a total heat absorbing length of 4.0 cm as these designs contained the greatest heat capacity.

When front loading all the SS-PCM into the pre-cooler the minimum safe temperature breakthrough time

of 15 minutes could not be achieved. This occurred because there was no protection against the heat

generated from the oxidation of CO within the carbon section combined with the fact the SS-PCM does

not provide full protection from all the incoming inlet heat. This is common with phase change materials,

where they provide an isothermal operating condition within the melting temperature range (53-61oC)
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Figure 7: Critical pre- and post-cooler depths for different configurations to prevent high temperature breakthrough. A

minimum safe use time of 15 minutes must be met for a viable design.

after the position of phase change [8, 44]. Therefore the temperature after the pre-cooler would be held

between 53-61oC as long as latent heat capacity remained and combined with the heat of CO oxidation,

this led to low t
b,Tg

, indicating that for reactive filters a post-cooler must be present for respiratory

thermal protection in building fires. The best performing configuration in terms of t
b,Tg

was back-loading

the SS-PCM into the post-cooler which simultaneously protected the user from the ingress of heat and

that generated by CO oxidation. The critical depth for the equal and back-loading configurations was

2.4 cm and 2.1 cm, respectively.

3.5. Cyclohexane adsorption

The temperature at each axial location within the AC section impacted the qe,c as described by the DR

isotherm and therefore the length and positioning of the SS-PCM sections impacted C6H12 adsorption.

A maximum safe C6H12 breakthrough limit of 10 ppmv, in line with concentration limits set out by BS

EN 14387 testing standards [34], was imposed which must be adhered to for the minimum use time of 15

minutes. The inlet concentration of C6H12 was the same as defined in Table 1 and an inlet temperature

condition of 80oC was used.

As shown by Figure 8, for all configurations the C6H12 breakthrough time, t
b,yc

, was above the

minimum required use time of 15 minutes. No impact on t
b,yc

, which had a constant value of 21.4 min,

was found by back-loading the SS-PCM into the post-cooler as the AC quickly heated and the minimum

qe,c was reached. Although the front loading configuration was incapable of protecting the user from

high inhalation temperature this configuration provided optimal protection from C6H12 breakthrough

when using an SS-PCM length above 2.0 cm. Front loading created an isothermal condition after the
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Figure 8: Critical pre- and post-cooler depths for different configurations to prevent cyclohexane breakthrough. A minimum

safe use time of 15 minutes must be met for a viable design.

position of phase change within the SS-PCM which caused the adsorption of C6H12 to occur at a lower

temperature than without a pre-cooler, leading to a temporarily increased qe,c within the AC. For an

equal distribution of SS-PCM in the pre- and post-cooler a similar trend was found to the front loading

configuration, but had less of an impact on increasing t
b,yc

as less latent heat capacity was available in

the pre-cooler to prevent the carbon from heating.

Figure 9 compares the outlet bulk gas temperature, Tg(z=L), and C6H12 breakthrough curves for each

of the three tested configurations to better understand the conditions experienced by the user of the FEM.

For each comparison a total SS-PCM length of 3 cm and an AC length of 2 cm was used. The Tg(z=L)

for the pre-cooler design quickly rose to 55oC due to CO oxidation followed by a second temperature rise,

breaking the maximum temperature limit, as the sensible heating of the pre-cooler section completed and

isothermal operation was sustained due to phase change within the pre-cooler. Finally, as the latent heat

within the pre-cooler was exhausted, Tg(z=L) increased to a final value of ∼ 105oC and gradually declined

due to catalyst deactivation and a reduction in the heat of reaction. Similar curves for Tg(z=L) were

found for the equal pre-/post-cooler and post-cooler only configurations. The Tg(z=L) was maintained at

25oC for longer than the pre-cooler design due to the additional sensible heat capacity situated near the

outlet protecting the user from the heat of CO oxidation, up to a maximum of 5 min for the post-cooler

configuration, representing a comfortable breathing temperature for the user. Isothermal operation was

reached once again as Tg(z=L) temporarily equilibrated at the phase change temperature of 53-61oC due

to latent heat capacity utilisation within the device before being used upon which Tg(z=L) rose to the

final temperature, representing a high risk condition for the user.

19



Figure 9: Breakthrough comparisons in terms of temperature and cyclohexane for different filter configurations. For each

comparison a total SS-PCM and activated carbon length of 3 cm and 2 cm was used, respectively.

In addition, the impacts of the configuration on the outlet C6H12 concentration was compared. Al-

though the pre-cooler design had the latest t
b,yc

of 31.9 min, due to rapid heating of the carbon upon

the latent heat capacity within the pre-cooler being exhausted a sudden desorption occurred and the

C6H12 at the outlet was concentrated above the inlet condition. This phenomenon was highlighted in our

previous work, where this also occurred with an equal pre-/post-cooler configuration [8]. Using a post-

cooler design prevents this as the carbon temperature rapidly reached equilibrium leading to a constant

adsorption capacity.

In summary, specifically for FEMs using short length filters, for the reactive and adsorbing monolithic

filter back loading the SS-PCM into the post-cooler was deemed optimal as the minimum t
b,yc

was reached

whilst minimising the SS-PCM length required to obtain a t
b,Tg

greater than 15 minutes.

It follows from this analysis that a further optimisation could be achieved as the C6H12 breakthrough

time exceeded the minimum use time by 6.4 min when using a carbon length of 2 cm and an SS-PCM

post-cooler of any length. To determine the optimum carbon length to maintain a C6H12 fraction below

10 ppmv for 15 minutes, Figure 10 was produced. This enabled the minimum filter depth to be determined

as 1.7 cm as a linear relationship was formed between breakthrough time and AC length. In addition, the

critical filter depth, which is defined as the AC length required to prevent instantaneous breakthrough,

was found to be 0.8 cm. This length is dependent on the overall process, including the component

transport from the bulk gas to the porous wall, internal transport and eventual reaction and adsorption,

and provides insight into the length of the mass transfer zone [45].
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Figure 10: Critical bed depth and minimum bed depth as determined by plotting the tb,yc as a function of carbon length

using a filter with 2.5 cm of SS-PCM configured as a post-cooler.

To adhere to high standards of safety and permit ease of manufacturing the minimum AC length of

1.7 cm and SS-PCM post-cooler length of 2.1 cm may be too stringent and difficult to achieve in practice.

Therefore an optimised filter should use 2.0 cm of AC with a 2.5 cm post-cooler to protect from C6H12

and high inhalation temperatures for a predicted time limit of 21 min and 18 min, respectively, satisfying

the minimum requirements.

3.6. Carbon monoxide oxidation

To complete the filter optimisation the rate of CO oxidation was varied by changing the weight fraction

of the catalyst within the impregnated activated carbon section, using values of 1.0, 2.5 and 5.0 wt%, to

find a minimum weight for both the Pt/TiO2 and Au/Fe2O3 catalysts considered. Figure 11 shows the

CO profiles across the length of the optimised filter. Of the amounts of Au/Fe2O3 catalyst tested only

the monolith containing 5 wt% catalyst had a sufficient reaction rate to prevent CO breakthrough. The

CO breakthrough fraction was 60 ppmv compared to the minimum breakthrough fraction of 200 ppmv

according to the BS EN 403 standard [1]. For all cases the Pt/TiO2 had a sufficient reaction rate to prevent

CO breakthrough however, using 1 wt% the CO fraction at 15 min of use time was 130 ppmv which was

deemed unacceptable. For 2.5 wt% and 5 wt% the fractions were 6.5 ppmv and 0.30 ppmv, respectively.

This highlighted the importance of choosing a catalyst with sufficient reaction rate in order to prevent

CO breakthrough and reduce the amount of catalyst required, reducing device cost. To summarise, use

of a Pt/TiO2 catalyst with a weight fraction above 2.5 wt% could be a possible candidate as a monolith

impregnate to remove CO, although further experimental work would be required as verification.
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Figure 11: Carbon monoxide profiles for differing wt % of Pt/TiO2 and Au/Fe2O3 for the optimum filter configuration at

a use time of 15 min.

4. Conclusions

A one-dimensional model was successfully derived to describe species transport, adsorption of cyclo-

hexane, carbon monoxide oxidation and heat transfer within a monolithic filter. The one-dimensional

bi-LDF model, based on square channels, was compared to a computationally intensive three-dimensional

model using a commercial CFD package with reasonable accuracy, reducing the time to simulate 10 mins

by approximately 99.7%.

Experimental isotherm and kinetic data was studied at temperatures of 10oC, 25oC and 40oC from a

commercial broad spectrum activated carbon to enable the equilibrium amount adsorbed of cyclohexane

and rate of adsorption of cyclohexane within the microparticles to be applied to the system of equations.

The use of a bi-LDF model for a square channelled monolith allowed conclusion to be drawn regarding

the optimum channel size for a given wall thickness which was found to be dch = 1.3tw, which was the

same irrespective of the toxic component. The optimum was present due to a balance between maximising

internal surface area and minimising film resistance.

To optimise the lengths and configurations of SS-PCM within the FEM filter an inlet temperature of

80oC and C6H12 and CO fractions of 1300 ppmv and 2500 ppmv, respectively, were considered. In this

instance, CO was oxidised within the carbon by a Pt/TiO2 catalysts making up 1 wt% of the device.

The design which positioned all the SS-PCM within the post-cooler section was optimal as this provided

thermal protection for 18 min and a consistent cyclohexane breakthrough time of 21 min whilst preventing

the cyclohexane concentration rising above the inlet concentration at the outlet, something which was
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found to be possible when using a pre-cooler. Use of a Pt/TiO2 catalyst with a weight percentage above

2.5 wt% was a promising candidate for an impregnated monolith filter as it reduced the outlet CO fraction

to 6.5 ppmv after 15 minutes of use.

Multifunctional filters containing a heat absorbing component represent a step change in FEM design

and more widely in air purification devices, not only improving thermal protection, but also providing

an ability to tailor the adsorption capacity, creating isothermal conditions for adsorbents. In addition,

the ability to model purification filters using computationally efficient methods provides the ability to

screen numerous preliminary designs, identifying advantages configurations, preventing the requirement

for exhaustive experimentation or detailed modelling.
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Nomenclature

Roman

A Internal channel surface area, m2

Bii Biot number, -

c̄p,i Average porous component concentration, mol m−3

Cb Bulk concentration, mol m−3

Ce,pcm Effective heat capacity, J kg−1 K−1

Ci Component concentration, mol m−3

Cp,ac Activated carbon specific heat capacity, J kg−1 K−1

Cw,i Component concentration at the wall, mol m−3

Cp,b Specific heat capacity at constant pressure, J mol−1 K−1

Cp,pcm SS-PCM specific heat capacity, J kg−1 K−1

Cv,b Specific heat capacity at constant volume, J mol−1 K−1

dch Channel diameter, m

dm Monolith width/height, m

dmp Macropore diameter, m

Dk,i Knudsen diffusivity, m2 s−1

Dm,i Molecular diffusivity, m2 s−1

Dp,i Pore diffusivity, m2 s−1

Dz,i Axial diffusivity, m2 s−1

E Characteristic adsorption energy, J mol−1

Ea Adsorption activation energy, J mol−1

Fm Flow rate per monolith, m3 s−1

hf Heat film transfer coefficient, W m−2 K−1

hp Porous heat transfer coefficient, W m−2 K−1

∆Ha Heat of adsorption, J mol−1

∆HL Latent heat capacity, J mol−1

∆Hr Heat of reaction, J mol−1

ka Microporous LDF coefficient, s−1

ka,0 Pre-exponential LDF coefficient, s−1

kco Kinetic rate constant, m3 kg−1
cat s−1

kd Deactivation rate constant, s−1

kf,i Mass film transfer coefficient, m s−1

Lac Carbon length, m

Lpre Pre-cooler length, m

Lpost Post-cooler length, m

Mr,i Component molecular weight, kg mol−1

Mr,b Bulk molecular weight, kg mol−1

Nch Number of channels, -

Ni Molar component flux, mol m−2 s−1

Nu Nusselt number, -

Nu∞ Asymptotic Nusselt number, -

Pc Partial pressure, Pa

P 0 Saturation vapour pressure, Pa

Pr Prandtl number, -

qc Average adsorbed amount, mol kg−1

qe,c Equilibrium adsorbed amount, mol kg−1

qm,c Maximum adsorption capacity, mol kg−1

us Superficial velocity, m s−1

u Velocity vector, m s−1

ri Inner radius, m

ro Outer radius, m

Rm Effective wall radius, m

Re Reynolds number, -
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Sci Component Schmidt number, -

Shi Component Sherwood number, -

Shi,∞ Component asymptotic Sherwood number, -

Si Component source term, mol kg−1 s−1

t Time, s

tb,Tg Gas temperature breakthrough time, s

tb,yg Cyclohexane breakthrough time, s

tw Wall thickness, m

Ta Activated carbon temperature, K

Tg Gas temperature, K

Tpcm SS-PCM temperature, K

Ts Solid temperature, K

Ts,L SS-PCM liquid phase change temperature, K

Ts,S SS-PCM solid phase change temperature, K

yi Component fraction, K

ȳp,i Average porous component fraction, -

z Differential length, m

Greek

α Channel SA : Solid volume, m−1

αp Pore SA : Solid volume, m−1

δac Activated carbon switch vector, -

δpcm SS-PCM switch vector, -

εb Bulk voidage, -

εp Pore voidage, -

εt Total voidage, -

η Catalysts weight fraction, -

λac Carbon thermal conductivity, W m−1 K−1

λg Gas thermal conductivity, W m−1 K−1

λpcm SS-PCM thermal conductivity, W m−1 K−1

ρac Activated carbon density, kg m−3

ρb Bulk density, kg m−3

ρc Catalyst density, kg m−3

τ Shear stress, -

τp Porous wall tortuosity, -

Ψi,fm Film / macroporous coefficient, s−1

Ψi,g Global transport coefficient, s−1

Abbreviations

AC Activated Carbon

CO Carbon monoxide

CFD Computational fluid dynamics

C6H12 Cyclohexane

CPI Cells per square inch

DR Dubinin-Radushkevich

FEM Fire escape mask

LDF Linear driving force

RMSE Root mean square error

RSE Root square error

SS-PCM Shape stable phase change material
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