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Abstract 

The primary function of commercial fire escape masks (FEMs), fitted with granulated 

activated carbon (AC) packed bed filters, is to provide at least 15 minutes of respiratory protection 

by removing toxic gases and particulates from surrounding air in building fires. In this work, the 

extended functionality of heat entrapment and its impact on inhalation temperature by using shape-

stable phase change material whilst maintaining low pressure drop is reported for the first time. 

The proposed filter contained an array of monoliths where each monolith consisted of three 

functional sections, namely the pre-cooler, AC adsorbent section and post-cooler. The pre- and 

post- coolers consisted of polyethylene glycol 4000/triallyl isocyanurate and were intended to 

absorb environmental and process heats from the inhaled atmosphere. Numerical models were 

developed to describe the species and energy transport within the monolith filters and were 
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compared against packed bed filters. The representative challenge conditions were set at an 

inhalation rate of 50 L min-1, trace amount of butane (1000 ppm) and inlet air temperature of 80 

oC. The best performing filter contained nine monoliths each with density of 734 channels per 

square inch, and could protect the user from excessive inhalation temperatures for 22 min and 

butane breakthrough for approximately 14 min whilst maintaining low pressure drop of 27.4 Pa. 

In comparison to an equivalent mass packed bed, the monolith provided additional high 

temperature protection, extended butane breakthrough time by a maximum of 84% and reduced 

pressure drop by 25%. This work demonstrates promising opportunities to move the FEM industry 

forward and the possibility for the technology to be used in general industrial respirators in 

applications such as agriculture, chemical and pharmaceutical industries. 
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1. Introduction 

Residential fires accounted for above 70% of all fire fatalities in the UK between 2010-2019 [1] 

and 83% of fatalities in the US between 2013-2015 [2]. However, protection of residents from the 

inhalation of toxic gases at elevated temperatures in the event of dwelling fires using emergency 

fire escape masks (FEMs) remains an uncommon practice. A leading cause of death was smoke 

inhalation and eventual asphyxiation due to toxic gases [2,3]. Burns to the respiratory system have 

been recognised as a significant risk factor in relation to increased mortality rates, hospital stay 

and number of surgeries when compared to patients without respiratory burns [4,5]. Inhalation 
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burns present a secondary protection challenge and would require the FEM to absorb 

environmental heat generated by the fire and heat generated within the device’s filter by the 

exothermic process of gas adsorption and reaction. A summary of the challenges posed by building 

fires is described in Figure 1. 

 
Figure 1: Infographic describing the current challenges posed by building fires, the capability of 

current standard commercial FEMs and the proposed future changes to improve upon existing filter 

devices [2,6–15]. 

To provide respiratory and sensory protection from building fires, FEMs must create a 

barrier to multiple hazards. Firstly, numerous hazardous gaseous components must be captured by 

the FEM. The four gaseous species that cause death via asphyxiation in fires are carbon monoxide 

(CO), hydrogen cyanide (HCN), carbon dioxide (CO2) and low oxygen (O2) [16]. Ultimately these 

gases result in unconsciousness and death due to tissue hypoxia. CO2 also causes hyperventilation 
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which increases the rate of uptake of both asphyxiant and irritant gases, further reducing the 

chances of escape [17]. Secondly, although irritants are not the main cause of death in fires, they 

often reduce the chance of escape by causing sensory irritation [18]. These include smoke particles, 

sulfur oxides (SOx), nitrogen oxides (NOx), acid gases such as hydrogen chloride (HCl) and 

volatile organic compounds (VOCs) including formaldehyde and acrolein [19]. Thirdly, in 

addition to harmful gases, the high temperatures and heat generated by fires cause surface burns 

to the skin and respiratory tract. Modelling studies have suggested tissue damage occurs if the 

person breathes in dry air above 85 oC [11] and in humid environments, tracheal burns can occur 

above 60 oC [12], much lower than air temperatures commonly found in areas of a building away 

from the origin of the fire, where temperatures can increase above 80 oC [20–22]. Finally, the FEM 

must have a low breathing burden, weight, be reasonably cheap and compact. The British European 

standard (BS EN 403:2004) for ’Respiratory protective devices for self-rescue’ specifies an upper 

limit of 800 Pa for breathing resistance, 1 kg for total device weight (including the protective hood) 

and a minimum use time of 15 minutes before breakthrough of toxic gases [13]. 

Commercially available emergency escape masks often consist of a hood with tight-fitting 

filter and neck seals, providing a complete barrier to the external environment. Placed within the 

hood is an internal half mask to which the respiratory canister attaches [7,15]. The user inhales 

through the canister whereupon the toxic air is purified. Exhalation is managed via separate 

exhalation valves. Within the canisters there are multiple layers of functional materials which can 

include a variety of particulate filters, adsorbent solids and catalysts [23]. Particulate filters are 

required to remove larger particulates such as dust, aerosols or soot and are typically made from 

fine fibrous materials, such as plastic, glass or paper fibers, randomly woven to increase contact 
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between the particulate and filter material [24]. The adsorbent solid and catalyst are often included 

within the canister as a granular packing and can either be arranged as separate layers or the 

adsorbent can be chemically impregnated with catalysts. Activated carbons (ACs) have been 

favoured as the adsorbent solid historically due to their high BET surface areas (typically between 

400-1200 m2 g-1), ability to adsorb a range of pollutants and toxins within humid environments 

due to their inherent hydrophobicity and their inert nature with respect to metal impregnates, 

allowing modification of the carbon surface and the inclusion of chemisorption properties [25–

27]. Furthermore, ACs are easy to obtain and prepare from a range of sources with good 

mechanical properties [25]. A widely used reactive metal catalyst in FEMs used for the purpose of 

low temperature oxidation of CO into CO2 is Hopcalite. Low temperature oxidation of CO has 

been comprehensively studied and alternative catalysts with promising results include cobalt oxide 

(Co3O4) nanorods [28] and gold nanoparticles on base transition metal oxides [29].  

Although commercial escape masks have gained widespread use in industrial and medical 

settings, with the Occupational Safety and Health Administration (OSHA) estimating 5.0 million 

workers wear respirators in their workplace [30], the use of escape masks in domestic dwellings 

and high-rise buildings remains uncommon. This has been attributed to a wide range of factors 

including a lack of awareness of the dangers posed by toxic gases, a lack of legislation surrounding 

use by emergency services and civilians, the affordability, weight and discomfort of the device, 

psychological barriers in adopting the device and breathing difficulties due to the filters [14,31]. 

These barriers to widespread adoption highlight the need for filters which no longer rely on packed 

bed designs which force the inhaled air on a tortuous path increasing the pressure drop across the 

filter. 
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Monoliths are continuous unitary structures with numerous parallel passages cutting 

through the length of the structure [32]. The channels are separated by thin walls in the region of 

0.5 - 4.0 mm thick allowing for a cell density between 300 - 1200 cells per square inch (CPI) [33]. 

Monoliths incur low pressure drop compared to packed beds due to the straight channels in 

addition to minimal diffusion distances, permitting effective toxic component mass transfer into 

the monolith walls [34]. For the purposes of gas purification AC monoliths have been produced 

by extrusion of a partially cured phenolic resin through a die to give the desired channel shape. 

The extruded phenolic resin is fused to form a continuous solid, carbonised to remove volatiles 

and produce a char and finally activated to create micropores [27,35,36]. AC monoliths based on 

this production method have been successfully applied to purification of gas streams containing 

CO2 [37,38] and volatile organic compounds (VOCs) such as methane [38], dichloromethane 

(DCM) [39] and butane [40] and show similar capacity and mass transfer performance when 

compared to an equivalent mass packed bed. Due to the low pressure drop, comparable kinetic 

performance to packed bed and ease of production, AC monoliths were chosen in this work as a 

viable candidate for incorporation into the proposed face mask filter.  

Herein we investigate the feasibility of using monolithic filters within FEMs by using 

numerical methods to simulate the species and energy transport within the device. The 

performance of a prototype monolith filter was compared to that of a typical commercial packed 

bed filter using the identified areas of improvement which included (i) reduction of the inhalation 

burden, (ii) improvement of the capacity and kinetic performance to physically adsorb harmful 

gases and (iii) the extended capability to remove environmental and process heats whilst 

maintaining a low weight and cost effective device. The basis of comparison was based on 
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numerical models which investigated the mass, momentum and energy balances for both types of 

filter using ANSYS CFX 17.0 computational fluid dynamics software. Single component 

adsorption was studied with 1000 ppm butane within an inert atmosphere as the challenge gas, 

entering at 80 oC, to mimic a high temperature toxic gas moving through the filter. Butane is 

commonly used as a test gas to provide an analogue to VOCs [41], such as acrolein or 

formaldehyde, which would be present in the atmosphere during a fire. Trace butane adsorption 

isotherms were obtained from literature to provide valid adsorbate uptake values. The SS-PCM 

selected for investigation in this study was polyethylene glycol (PEG) 4000 / triallyl isocyanurate 

(PEG/TAIC). Differential scanning calorimetry (DSC) curves were generated for this composite 

to verify the latent heat and phase change temperature of our samples. To the best of the authors’ 

knowledge there is currently no commercial emergency respirator that includes coupled gas 

adsorption and heat removal capabilities. Therefore, this research presents a significant area for 

improvement and opens up opportunity to move the respiratory protection equipment industry 

forward with new low burden filters in a wide range of applications, including for escape 

applications for emergency responders and the general public. 

2. Fire Escape Mask Prototype 

The prototype FEM filter incorporated both an AC adsorbent component to purify the 

inhaled toxic gas stream and heat absorbing component to remove environmental and process 

heats. One possible configuration of the proposed filter is depicted in Figure 2. Figure 2 (a) shows 

that the initial prototype FEMs is comprised of two filters fitted to a half mask, which would then 

be fitted within a hood (not shown), as is common with commercial FEMs. Figure 2 (b) shows an 

axial cross section of an individual monolith and a section of an individual monolith channel, 
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highlighting the dimensions of the channel and channel wall.  Figure 2 (c) displays the prototype 

in an expanded view and provides further information regarding the potential device dimensions 

and highlights that each cartridge will contain nine squared face monoliths arranged in a square 

array to maximise space efficiency. Each monolith has an equal height and width of 22.5 mm and 

a length, L, of 50.0 mm. Each monolith consists of three functional components, two heat 

absorbing components each of 12.5 mm in length which were defined as the pre- and post-cooler 

sections made from a shape-stable phase change material (SS-PCM) and a 25.0 mm central 

phenolic resin derived AC section to adsorb toxic gases. Both the SS-PCM and AC were assumed 

to have been extruded with identical cross sectional profiles. A particulate filter preceded the 

monoliths to remove larger particulates.  
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Figure 2: Overall configuration of the proposed monolithic FEM displaying the (a) inner half mask 

and filters (hood excluded) , (b) individual monolith and channel and (c) expanded view of individual 

components of the filter. 

3. Heat Absorption 

SS-PCMs are commonly used in thermal energy storage and management due to their high storage 

capacity. Applications include renewable energy storage, temperature regulation in buildings, heat 

(a) (b) 

(c) 
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exchangers and within textiles, including personal protective equipment (PPE) to prevent the 

overheating of workers [42–44]. The advantage of using SS-PCMs arises from the utilisation of 

the latent heat capacity during phase change, permitting greater amounts of heat absorption than 

sensible heat alone.  

SS-PCMs were considered as potential candidates to remove the environmental and heats 

generated from adsorption and/or reactions. SS-PCMs generally consist of a material that changes 

phase within the operating temperature range of a given process and a shape stabilising matrix 

which entraps the often long molecular chain PCM within its structure [45]. The shape stabilising 

matrix offers an inherently safer design by preventing the PCM leaching and stopping volume 

change upon the PCM changing phase in the monolith filter. Due to the selected operating 

temperature range of 25-80 oC in this study, focus was placed on solid-liquid PCMs which offer 

numerous materials changing phase within the specified range. Solid-liquid PCMs can be 

categorised into organic and inorganic. Organic PCMs include paraffins, fatty acids and polymers 

which offer reasonable latent heat capacity, are inert, non-corrosive, non-toxic but can be 

expensive and have low density and thermal conductivity. Inorganic PCMs, such as salt hydrates 

and eutectic salts, have greater latent heats and thermal conductivities but incur volume change, 

leakage and are corrosive and often breakdown upon multiple heating cycles [43,46,47]. Aside 

from having excellent thermal characteristics the SS-PCM chosen must also have favorable 

physical, chemical and economic features as displayed in Table 1. 

The SS-PCM selected for investigation in this study was of polyethylene glycol (PEG) 4000 

/ triallyl isocyanurate (PEG/TAIC) with a 9:1 PCM:SS ratio which had a latent heat capacity of 

135.7 J g-1 and a phase change temperature of 57.1 oC [48]. Huang et al. [48], also reported 
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insignificant changes in thermal properties after 200 thermal cycles above and below the phase 

change temperature, no liquid leakage and complete shape stabilisation (no visible phase change). 

A full review of potential SS-PCM candidates has been outlined in Table S1 of the Supporting 

Information. 

Table 1: Desirable features of SS-PCM for the application of an emergency respiratory filter [45,49,50]. 

Properties        Desirable features 

Thermal 

• Phase change temperature between 40-60oC. Preventing premature or high  

       temperature phase change. 

• High latent heat capacity, providing extended isothermal operation. 

• High specific heat capacity, providing additional sensible heat storage. 

• High thermal conductivity, allowing rapid transfer of heat from gas to the SS- 

       PCM. 

Physical 

• High bulk density to maximise specific & latent heats. 

• No density changes during phase change to prevent damage to the filter. 

• Processable/moldable to enable integration into the device. 

Chemical 

• Non-flammable. 

• Non-toxic. 

• Non-corrosive to surrounding materials. 

Economic / 

Sustainable 

• Abundant. 

• Cost effective. 

• Ease of disposal. 

 

4. Numerical models 

Two systems were considered, the proposed monolithic configuration (Figure 2) and a 

packed bed filter consisting solely of a granular AC (GAC) to represent a commercially available 

filter. The monolith configuration was compared against the packed bed filter, as a benchmark, in 

terms of pressure drop, adsorption performance and the impact of including of a heat absorbing 

SS-PCM component. In both systems, the transport and adsorption phenomena were modelled in 

three dimensions. The conditions used to compare both devices are summarised in Table 2. 
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Table 2: Operating conditions for the monolithic and packed bed FEMs. 

Total 

mask flow 

rate 

[L min-1] 

Individual 

monolith flow 

rate  

[L min-1] 

Individual 

packed bed flow 

rate 

[L min-1] 

Inlet butane 

fraction 

[ppm] 

Inlet gas 

temperature 

[oC] 

Initial device 

temperature 

[oC] 

50 2.8 25 1000 80 25 

 

4.1 Model geometries 

To model a commercial packed bed filter, 1/32 of a single packed bed cartridge with 

diameter, dpb, was considered, as shown in Figure 3 (a). The geometry consisted of a small inlet 

and outlet section, each with length, Le, before the channel inlet to mimic an ambient atmosphere 

and the outlet conditions within the FEM hood directly before the gas is inhaled by the user, 

respectively. A packed bed domain consisting of spherical adsorbent carbon packing, with a 

particle diameter, dp, of 1 mm, to adsorb the harmful components within the gas stream was defined 

as length, La.  

For the monolith filter 1/8 of a single channel was modelled, as shown in Figure 3 (b). This 

geometry also consisted of a small inlet and outlet sections of length, Le. The filter was comprised 

of three functional domains including two heat absorbing sections consisting of SS-PCM with 

length, Lpcm, which were situated before and after the adsorbent section, labelled as the pre- and 

post-cooler sections, respectively. All dimensions are summarised in Table 3.  

The primary role of the pre-cooler is to mitigate the environmental heat generated by the 

fire to reduce the inhalation temperature and to reduce the temperature of the gas within the porous 

adsorbent to increase the maximum equilibrium adsorbate uptake. The role of the post-cooler is to 
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extend the protection against environmental heat whilst removing heat generated by adsorption or 

reaction. The phenolic resin derived adsorbent AC section with length, La, was placed at the centre 

of the structure to remove toxic gaseous components.  

 
Figure 3: (a) Packed bed and (b) square channel monolith highlighting the domains and boundaries 

incorporated into the numerical model. All dimensions are summarised in Table 3.  

Table 3: Summary of the dimensions and bulk voidage used in the numerical model and the adsorbent 

mass within a single SRD cartridge. 

 Square channel monoliths Packed bed 
Similar 

properties 

CPI 
dch 

[mm] 

tw 

[mm] 

εb 

[-] 

La 

[cm] 

Lpcm 

[cm] 

Le 

[cm] 

dpb 

[cm] 

εb 

[-] 

La 

[cm] 

Le 

[cm] 
ma [g] 

509 0.7 0.4 0.39 2.5 1.25 0.075 7.7 0.4 2.5 0.25 54 

734 0.5 0.4 0.28 2.5 1.25 0.075 7.7 0.4 2.9 0.25 63 

1225 0.3 0.4 0.17 2.5 1.25 0.075 7.7 0.4 3.4 0.25 73 
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In addition to utilising symmetry to reduce computational resources required, extensive 

mesh and time-step studies were completed to ensure efficient, stable and accurate solutions. Full 

details of these studies can be found in the Supporting Information Section S2.3. 

To optimise the monolith configuration the channel width, dch, was varied whilst the wall 

thickness, tw, was maintained constant to determine the impact of varying the CPI on the butane 

and temperature breakthrough characteristics. A constant tw of 0.4 mm was chosen in this study to 

maintain consistency with the monoliths generated in our laboratories. Previous studies [51] have 

shown that a tw of 0.44 mm should not be exceeded to maintain a comparable linear driving force 

(LDF) coefficient, ka, and therefore a similar internal adsorptive mass transfer to a packed bed 

system. The monolith and packed bed systems were compared on an equal adsorbent mass, ma, 

basis. For each monolith with a differing CPI an equivalent mass packed bed system was created 

by varying length of the packed bed. This assumed a similar particle density, ρp, for the adsorbent 

of 774 kg m-3 and an average bulk voidage, εb, of 0.4 for the packed bed. The key geometric 

dimensions and ma for both systems are summarised in Table 3. The total weight of the monolith 

device, including the SS-PCM sections, for 509 CPI, 734 CPI and 1225 CPI were 276 g, 311 g and 

361 g, respectively. 

 

4.2 Governing equations 

4.2.1 Conservation of mass and momentum 

Steady state flow profiles for each system were determined by solving the compressible 

steady state continuity and momentum equations. All flow conditions were laminar as the 

maximum Reynolds number, Re, in each channel was 18 for the 1225 CPI monolithic systems and 
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the maximum particle Reynolds number, Rep, for the packed beds was 3.4. To generate the steady 

state profiles, pure nitrogen as an ideal gas was chosen as the bulk gas (𝜌𝑔 = 𝜌𝑁2) and its material 

properties were calculated at 25 oC. The boundary and initial conditions are summarised in Table 

4 and are based on a total mask gas flow rate of 50 L min-1 and an atmospheric outlet pressure 

condition. The boundary between the solid SS-PCM and the gas channel was set as a wall, using 

the non-slip boundary condition by setting the wall velocity, uw, to zero. For the sole purpose of 

generating a laminar flow profile the porous carbon and gas channel boundary was set as an 

impermeable wall to prevent bulk gas flow across the boundary. Within the porous carbon domain, 

the bulk gas velocity was set to 0 m s-1 i.e. permitting only diffusive species transport. Similarly, 

the outer packed bed casing was set as a wall. The iterations were continued until the root mean 

squared (RMS) residuals for mass and momentum were below 10-6. The resulting flow profiles 

were then held constant (or frozen) and used in the transient modelling of the energy and species 

balance therefore removing the redundant computational cost of solving the momentum equations 

at each time step. The inherent assumptions of using a frozen flow profile included that the 

additional butane added or adsorbed and the change in temperature through the device did not 

significantly impact the flow profile. This is reasonable for the butane fraction and temperature 

ranges used within this study. 

Table 4: Boundary and initial conditions required to solve the steady state continuity and momentum 

equations. 

Packed bed 

Inlet Outlet Impermeable wall Initial condition 

𝑚𝑧=0 = 1.3 ×  10−5 kg s−1 𝑃𝑜𝑢𝑡 = 101 kPa 
Bed/Casing: 

𝒖𝑤 = 0 m s−1 

𝒖𝑡=0 = 0 m s−1 

𝑇𝑔,𝑡=0 = 25 
oC 
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Monolith channel 

Inlet Outlet Impermeable wall Initial condition 

509 CPI: 𝑚𝑧=0 = 1.4 × 10−8 kg s−1 

734 CPI: 𝑚𝑧=0 = 9.7 × 10−9 kg s−1 

1225 CPI: 𝑚𝑧=0 = 5.8 × 10
−9 kg s−1 

𝑃𝑜𝑢𝑡 = 101 kPa 

Channel/SS-PCM:  

𝒖𝑤 = 0 m s−1 

Channel/Carbon:  

𝒖𝑤 = 0 m s−1 

𝒖𝑡=0 = 0 m s−1 

𝑇𝑔,𝑡=0 = 25 
oC 

 

For the packed bed filter the porous domain was treated as a single homogenous domain 

encompassing both the pores and adsorbent GAC. To include the impacts of the porous domain 

on the flow profile the loss of momentum due to the GAC packing was included as a momentum 

sink term which was described by the Ergun equation, representing the isotropic loss of momentum 

due to viscous and kinetic effects [52,53].  Focus will be placed on presentation of the model 

equations for the monolith filter in the main text and all packed bed equations are described in the 

Supporting Information Section S2.1. The continuity (Eq. 1) and conservation of momentum (Eq. 

2) equations were solved for the steady state gas flow profiles within the monolith channel domain 

[54]. 

∇ ⋅ (𝜌𝑔𝒖) = 0 (1) 

∇ ⋅ (𝜌𝑔𝒖⨂𝒖) = −∇𝑃 + ∇ ⋅ [𝜇 (∇𝒖 + (∇𝒖)
𝑇 −

2

3
𝑰(∇ ⋅ 𝒖))] (2) 

 

4.2.2 Conservation of energy 

The transient thermal energy balance used to solve for the gas temperature, Tg, within the 

channels of the monolith is shown by Eq. 3. The thermal properties used include the bulk gas 

specific heat capacity, Cp,g, and thermal conductivity, λg. The velocity vector was obtained from 

the frozen flow profile obtained from the continuity and momentum equations. 
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𝜕(𝜌𝑔𝐶𝑝,𝑔𝑇𝑔)

𝜕𝑡
+ ∇ ⋅ (𝜌𝑔𝐶𝑝,𝑔𝑇𝑔𝒖) = 𝜆𝑔∇

2𝑇𝑔 (3) 

Two conductive heat balances were solved for the porous carbon domain within the 

monolith. The first evaluated the Tg within the pores (Eq. 4) and the second for the solid AC 

temperature, Tac, (Eq. 5). Due to the lack of literature regarding the pore/solid heat transfer 

coefficient, hp, for phenolic resin ACs a local thermal equilibrium was maintained between the gas 

within the pore void and the adsorbent solid by setting a large value of hp. Without this 

approximation, the heat capacity of the carbon could not be included within the model, which was 

deemed as an important factor for the correct assessment of the heat absorption capacity of the 

device. The particle porosity, εp, of the porous carbon was determined from helium pycnometry as 

described in Section S3.1 of the Supporting Information. The heat generated by butane adsorption 

was described within the solid phase energy balance by a volumetric energy source and the heat 

of adsorption, (-ΔHa), was evaluated from the isotherm as a fitted parameter: 

𝜀𝑝
𝜕(𝜌𝑔𝐶𝑝,𝑔𝑇𝑔)

𝜕𝑡
= 𝜆∇2𝑇𝑔 − (1 − 𝜀𝑝)ℎ𝑝𝛼𝑝(𝑇𝑔 − 𝑇𝑎𝑐) (4) 

𝜕(𝜌𝑝𝐶𝑝,𝑎𝑐𝑇𝑎𝑐)

𝜕𝑡
= 𝜆∇2𝑇𝑎𝑐 + ℎ𝑝𝛼𝑝(𝑇𝑔 − 𝑇𝑎𝑐) + 𝜌𝑝(−Δ𝐻𝑎)

𝜕𝑞𝑏
𝜕𝑡

 (5) 

The heat absorption within the pre- and post-cooler sections in the monoliths was described 

using a solid conductive heat transfer model (Eq. 6) where the latent heat capacity was included 

within an effective heat capacity, Cp,pcm,e, term [55,56]. 

𝜕(𝜌𝑝𝑐𝑚𝐶𝑝,𝑝𝑐𝑚,𝑒𝑇𝑝𝑐𝑚)

𝜕𝑡
= 𝜆𝑝𝑐𝑚∇

2𝑇𝑝𝑐𝑚 (6) 
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To model phase change within the heat absorbing sections, a fixed domain method [56] with 

local thermal equilibrium [57,58] was employed where the SS-PCM was treated as a single 

continuous and stationary solid. The location of phase change within the SS-PCM was predicted 

implicitly by defining a function for Cp,pcm,e as shown by Eq. 7. The assumptions associated with 

the fixed SS-PCM domain were deemed acceptable as no visible phase change or notable change 

in density were observed in addition to the fact the material does not visibly flow above or below 

the phase change temperature [48]. The expression written for the Cp,pcm,e included a constant 

sensible heat capacity, Cp,pcm, above and below the phase change temperature range and a 

sinusoidal function to incorporate the latent heat capacity implicitly within a smooth function. 

From differential scanning calorimetry (DSC) curves, which are displayed by Figure S4 in the 

Supporting Information, the heat absorbed via phase change occurred within a temperature range 

of 53 oC to 61 oC and therefore Ts and TL were set to these respective values: 

𝐶𝑝,𝑝𝑐𝑚,𝑒 =

{
 
 

 
 𝐶𝑝,𝑝𝑐𝑚                                                                                   𝑇𝑝𝑐𝑚 < 𝑇𝑆

𝐶𝑝,𝑝𝑐𝑚 +
Δ𝐻𝐿𝜋

2(𝑇𝐿 − 𝑇𝑠)
sin (𝜋

𝑇 − 𝑇𝐿
𝑇𝑠 − 𝑇𝐿

)              𝑇𝑆 ≤ 𝑇𝑝𝑐𝑚 ≤ 𝑇𝐿

𝐶𝑝,𝑝𝑐𝑚                                                                                   𝑇𝑝𝑐𝑚 > 𝑇𝐿

 (7) 

For the transient energy balances the boundary and initial conditions are summarised in 

Table 5. Three domain interfaces existed for the monolith, including the gas/SS-PCM, gas/porous 

solid and the porous solid/SS-PCM. The gas/SS-PCM and porous solid/SS-PCM interfaces only 

required conservation of the heat flux, as no transport of butane occurred in these regions. The 

gas/porous solid interface required the conservation of both the mass and heat flux. 
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Table 5 Boundary and initial conditions required to solve the transient energy balances for the monolith 

filter. 

Inlet Wall Initial conditions 

𝑇𝑔,𝑧=0 = 80 
oC 

𝜆𝑔𝒏 ⋅ ∇𝑇𝑔 = 𝜆𝒏 ⋅ ∇𝑇𝑖 

𝜆𝑔𝒏 ⋅ ∇𝑇𝑔 = 𝜆𝑝𝑐𝑚𝒏 ⋅ ∇𝑇𝑝𝑐𝑚 

𝜆𝒏 ⋅ ∇𝑇𝑖 = 𝜆𝑝𝑐𝑚𝒏 ⋅ ∇𝑇𝑝𝑐𝑚 

𝒖𝑡=0 = Frozen profile 

𝑇𝑔,𝑡=0 = 25 
oC 

𝑇𝑎𝑐,𝑡=0 = 25 
oC 

𝑇𝑝𝑐𝑚,𝑡=0 = 25 
oC 

 

4.2.3 Conservation of species 

The species transport equations used to solve for the butane fraction, yb, within the channels 

of the monolith is shown by Eq. 8. The molecular diffusion coefficient, Dm, was determined using 

the Chapman-Enskog correlation [59] as shown in  

Table 7:  

𝜕(𝜌𝑔𝑦𝑏)

𝜕𝑡
+ ∇ ⋅ (𝜌𝑔𝑦𝑏𝒖) = ∇ ⋅ (𝐷𝑚𝜌𝑔∇𝑦𝑏) (8) 

The species and aforementioned energy transport relationships within the porous solid were 

adapted and modified from previously reported numerical models which described adsorbent 

monolith [39] and catalytic converter [60,61] systems. The monolith walls consisted of a 

homogenous porous domain and the adsorptive transport within the walls was described by a 

diffusive transport equation using an effective pore diffusivity, Dp, derived from the Bosanquet 

approximation [62]. Modelling the diffusive transport directly within the AC walls approximates 

the transport of butane through the macropores. To mimic the microporous transport and 

adsorption a volumetric adsorption sink was used based on the LDF model, as described in section 

4.3. The method of using separate expressions for the macropore transport and micropore 
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adsorption was found in literature to be commonplace in one dimensional models of packed bed 

adsorption using bidisperse adsorbents [53,63–66], such as activated phenolic carbons and so was 

adopted here: 

𝜀𝑝
𝜕(𝜌𝑔𝑦𝑏)

𝜕𝑡
= 𝜀𝑝∇ ⋅ (𝐷𝑝𝜌𝑔∇𝑦𝑏) − 𝜌𝑝𝑀𝑟,𝑏

𝜕𝑞𝑏
𝜕𝑡

 (9) 

For the transient species transport balances the boundary and initial conditions are 

summarised in Table 6. As mentioned, the gas/porous interface required conservation of both the 

mass and heat flux. The mass flux described the transport of butane from the gas channels to within 

the pores of the adsorbent solid. Symmetry within the solution was maintained at the locations 

specified in Figure 3 for both the packed bed and monolith models by setting both the velocity and 

the scalar variable gradients normal to the plane of symmetry to zero. The correlations used to 

calculate the required mass and heat transport parameters are displayed in  

Table 7. 

Table 6: Boundary and initial conditions required to solve the transient species for the monolith system. 

Inlet Wall Initial conditions 

𝑦𝑏,𝑧=0 = 0.001 

509 CPI: 𝑚𝑧=0 = 1.4 × 10
−8 kg s−1 

734 CPI: 𝑚𝑧=0 = 9.7 × 10
−9 kg s−1 

1225 CPI: 𝑚𝑧=0 = 5.8 × 10
−9 kg s−1 

𝐷𝑚𝜌𝑔𝒏 ⋅ ∇𝑦𝑏 = 𝐷𝑝𝜀𝑝𝜌𝑔𝒏 ⋅ ∇𝑦𝑏 

𝑦𝑏,𝑡=0 = 0 

𝒖𝑡=0 = Frozen profile 

𝑞𝑏,𝑡=0 = 0 mol kg
−1 

 

Table 7: Correlations of molecular, Knudsen and effective pore diffusivities for the monolith system. 

Diffusivities Correlations 
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Molecular diffusivity [59] 
𝐷𝑚 = 0.001858

𝑇𝑔

3
2√1/𝑀𝑟,𝑁2 + 1/𝑀𝑟,𝑏

𝑃𝜎𝐴𝐵
2 Ω𝐴𝐵

 

Knudsen diffusivity [62] 𝐷𝑘 =
𝑑𝑚
3
√
8𝑅𝑇𝑔

𝜋𝑀𝑟,𝑏
 

Effective pore diffusivity [62] 𝐷𝑝 = [𝜏 (
1

𝐷𝑚
+
1

𝐷𝑘
)]
−1

 

 

4.3 Adsorption 

The rate of adsorbate uptake by the adsorbent carbon was predicted by the LDF model (Eq. 

10) [67] in both the packed bed and monolith systems. In both cases, this is represented by a 

volumetric sink term in the gas side of the porous domain (Eq. 9). In addition, the amount of butane 

adsorbed, qb, was tracked for both systems by numerically solving the LDF equation at each 

iteration.  

𝜕𝑞𝑏
𝜕𝑡

= 𝑘𝑎(𝑞𝑒,𝑏 − 𝑞𝑏) (10) 

The ka for the packed bed, as shown in Eq. 11, described the overall mass transfer coefficient 

including terms for film, f, macropore, m, and micropore, μ, resistances and was evaluated using 

the expression proposed by Farooq and Ruthven [68]. The lumped parameter approach removed 

the need for a separate species transport balance within the pores of the GAC which simplified the 

simulations: 

𝑘𝑎 = [(
𝑟𝑝𝑞𝑏,𝑧=0
3𝑘𝑓𝑐𝑏,𝑧=0

)
𝑓

+ (
𝑟𝑝
2𝑞𝑏,𝑧=0

15𝜀𝑝𝐷𝑝𝑐𝑏,𝑧=0
)
𝑚

+ (
𝑟𝜇

15𝐷𝜇
)
𝜇

]

−1

 (11) 

The LDF coefficient for the monolith, as shown in Eq. 12, only considered the micropore 

resistance and was assumed to be identical to the micropore resistance term used for the packed 
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bed. Unlike the packed bed, which is modelled as a homogenous domain considering the interstitial 

gas and porous carbon in one space, the monolith model had separate domains for the gas channel 

and the porous carbon wall. Due to the existence of a separate carbon domain the mass transfer 

within the porous region could be expressed directly using a diffusive transport equation (Eq. 9) 

which utilised an effective pore diffusivity, DP, to describe the impacts of molecular and Knudsen 

diffusion.  

 𝑘𝑎 =
15𝐷𝜇

𝑟𝜇
 (12) 

Trace isotherm data for butane adsorption was obtained from Birkmann et al. [69], as displayed 

by Figure 4, at multiple temperatures on a microporous Norit RX 1.5 Extra AC, where they showed 

the Sips isotherm provided an accurate representation of the data. However, using the original Sips 

isotherm within the aforementioned transient equations required an infinitesimal time step to 

maintain numerical stability especially at low butane partial pressures, Pb, i.e. Pb < 15 Pa. This 

was attributed to the impact which the steep gradient of the isotherm curve near partial pressures 

of zero was having on the system of equations. For example, upon taking the gradient of the Sips 

isotherm the resulting equation was Eq. 13. This shows that when Pb approaches zero, as the 

heterogeneity constant, n, is below zero, the gradient approached infinity.  

𝜕𝑞𝑒,𝑏
𝜕𝑃𝑏

= 𝑞𝑚,𝑏
𝑛𝑏𝑆

𝑛𝑃𝑏
𝑛−1

(1 + 𝑏𝑆
𝑛𝑃𝑏

𝑛)2
 ,          lim

(𝑃𝑏→0,   0<𝑛<1)

𝜕𝑞𝑒,𝑏
𝜕𝑃𝑏

= ∞ (13) 

Therefore, adoption of a combined Sips/Henry isotherm, providing a linear expression in the form 

of the Henry isotherm at low butane partial pressures (Pb < 15 Pa) was used which dramatically 

improved stability throughout the simulation, permitting a Δt of 1.5 × 10-4 s and 2.0 × 10-4 s for 
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the packed bed and monolith geometries, respectively. Although this technique caused 

inaccuracies of the equilibrium amount of adsorbed butane, qe,b, when compared to the 

experimental data, these inaccuracies were more severe for temperatures lower (i.e. 0 and 20 oC) 

than the operating conditions used in this study. The non-linear regression analysis and isotherm 

parameters are discussed in the Supporting Information Section S2.2. The combined isotherm took 

the form of Eq. 14 and is displayed in Figure 4. In Eq.14 and Eq. 15, the parameter qm,b represented 

the maximum equilibrium amount of adsorbed butane and bi described either the Henry, bH, or 

Sips, bS, affinity coefficient as a function of temperature. 

𝑞𝑒,𝑏 = {

𝑏𝐻𝑃𝑏 ,                               𝑃𝑏 < 15 𝑃𝑎

𝑞𝑚,𝑏
(𝑏𝑆𝑃𝑏)

𝑛

1 + (𝑏𝑆𝑃𝑏)
𝑛
,        𝑃𝑏 > 15 𝑃𝑎

 (14) 

𝑏𝑖 = 𝑏0,𝑖 exp(
−𝛥𝐻𝑎
𝑅𝑇𝑔

) (15) 
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Figure 4: Butane adsorption isotherm data at temperatures of 0 oC, 20 oC, 40 oC and 60 oC described 

by the combined Sips/Henry isotherm. Experimental data obtained from [69]. 

 

5. Results and Discussion 

5.1 Steady state flow profiles 

To validate the magnitude and profile of the axial velocity, uz, within the monolith channel, 

which included the pre and post SS-PCM cooler sections, the frozen profile produced by the steady 

state CFD models, using the conditions outlined in Table 4, were compared against an analytical 

solution for square channelled flow (see Supporting Information Section S4.1). Comparisons were 

made under fully developed flow conditions for a total filter flow rate of 50 L min-1 at a length 

along the filter of z = 2.5 cm. The profile was laminar due to the small channel sizes and the 

maximum, uz,max, and mean, uz,mean, axial velocities for the 509 CPI monolith were found to be 0.41 
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m s-1 and 0.18 m s-1 compared to 0.94 m s-1 and 0.44 m s-1 for the 1225 CPI structure, respectively. 

The larger values of uz in the 1225 CPI structure were due to the reduction in εb as the monolith 

channel density was increased by reducing dch. The packed bed velocity profiles exhibited a typical 

plug flow regime with a constant uz across the cross section of 0.20 m s-1 and no-slip at the walls. 

These values were identical irrespective of the equivalent packed bed CPI system studied as the 

dpb was held constant at 7.7 cm. 

It is worth mentioning that the laminar flow profile within the monolith channels represented 

an undesirable phenomenon in relation to designing filtering devices. Although laminar regimes 

provide a benefit by reducing pressure drop, the uz,max at the channel centreline could lead to 

instantaneous or premature breakthroughs of both toxic gas and high temperatures, especially 

using higher CPI designs with low εb. 

 

 

5.2 Pressure drop 

The pressure drop as evaluated by the numerical models for monoliths with different CPIs 

and the equivalent mass packed bed systems are displayed in Figure 5 for a range of flow rates. 

For the benchmark total flow rate of 50 L min-1, the 509 CPI monolith had a pressure drop of 10.4 

Pa, approximately three times lower than the equivalent mass packed bed. The reduced pressure 

drop was due to the streamlined flow profile within the monolith channels, as opposed to the 

packed bed systems in which the gas traversed a tortuous path. The 734 CPI structure had a similar, 

albeit slightly improved pressure drop compared to the packed beds, with a pressure drop of 27.4 

Pa at 50 L min-1. For the 1225 CPI monolith a sharper rise in the pressure drop occurred, with a 
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value of 126 Pa at 50 L min-1. Using the Hagen–Poiseuille equation for reference [70], the pressure 

drop of laminar flow in straight channels is proportional to the uz,mean and inversely proportional 

to the square of dch, which explains the significant rise in pressure drop for an incremental decrease 

in dch. As only La was changed to produce equivalent mass packed bed filters, the pressure drop 

only marginally increased for these systems. 

 

 
Figure 5: Pressure drop as a function of total mask flow rate for 509, 734 and 1225 CPI monoliths 

(open symbols) compared against equivalent mass packed beds (closed symbols). The data was for 

inlet conditions of 50 L min-1 and 25 oC. 
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5.3 Heat absorption 

In line with the literature [11,12], an upper breathing temperature limit at the centre point 

of the device outlet (x = 0 mm, y = 0 mm, z = 5.0 cm) of 60 oC was chosen as the condition when 

the device would no longer protect the user. Heat ingress from the environment and that generated 

by butane adsorption within the device was predominantly absorbed by utilising the latent heat of 

the PEG/TAIC SS-PCM within pre-cooler and post-cooler domains. Figure 6 provides a qualitative 

view of the Tg profile as contour lines across the XZ plane for the 509 CPI monolith design at 

successive use times. The impact of the velocity profile on the Tg contours is evident as the 

contours follow a similar laminar profile across the width of the gas channel. This highlights that 

the centerline of the monolith channel pertains to the highest temperature. The contours within the 

SS-PCM channel walls are almost flat with respect to the tw, indicating for a tw/2 of 0.2 mm or 

below the thermal conductivity of the SS-PCM (0.21 W m-1 K-1) was sufficiently large to enable 

effective conductive heat transfer within the walls.  

The temperature contour snapshots at 2 min, 8 min, 11 min and 16 min represent significant 

periods in relation to heat absorption within the device. At 2 min sensible heating of the device 

towards the mean phase change temperature of the SS-PCM, Tλ, which was approximately 57 oC, 

and initial phase change at the entrance of the pre-cooler occurred. At 8 min the predominant 

method of heat absorption was due to the pre-cooler undergoing phase change. At 11 min the 

porous carbon section was undergoing sensible heating and finally at 16 min phase change within 

the post-cooler occurred. From the 8 min and 16 min snapshots, the phase change region can be 

identified by the contour between 52 - 60 oC. Downstream, or after the point of phase change, the 

temperature of the device at the given snapshot remained constant which is characteristic of flows 
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cooled by phase change materials [55,57,58]. Upstream of the phase change, the device quickly 

heated from 60-80 oC, as only sensible heat remained. 

 
Figure 6: Contour plots of the temperature on the XZ plane, including temperature profiles within the 

gas channel and SS-PCM walls. These plots are for inlet conditions of 50 L min-1, 1000 ppm & 80 oC. 

 

The Cp,pcm,e and Cp,ac (denoted as Cp,i) within the solid SS-PCM and porous carbon walls and 

the Tg at the centerline are plotted in Figure 7 (a) as a function of filter length for various use times. 

This indicates the locations of phase change within the pre- and post-cooler sections and its impact 

on the centerline Tg. Phase change within the SS-PCM corresponded with sinusoidal type peaks in 

the Cp,pcm,e and heels in the Tg curves, followed by an almost flat Tg profile along the centerline 

length. For example, at 8 min, the maximum Cp,pcm,e occurs at z ≈ 1.0 cm followed by a subsequent 

heel in the Tg curve, after which the Tg was maintained at ~ Tλ. This finding was in good agreement 

with the Tg contours in Figure 6. The shape of the Cp,pcm,e curves were well defined throughout the 

device, with a sharp rise to the maximum (26,100 J kg-1 K-1) corresponding to a Tpcm of 57 oC, with 
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an extended tail after the maximum point, which indicated a slower increase in Tpcm from 53 oC to 

57 oC. At 18 min the heel in the Tg curve occurred at the end of the post cooler section indicating 

that at approximately this time the latent heat had been utilised. Indeed, after this time, the 

remainder of the device heated rapidly to 80 oC. 

Figure 7 (b) displays the Tg at the monolith channel centre (x = 0 mm, y = 0 mm), or worst 

case Tg, as a function of filter length and use time for the 509 CPI mask design. Importantly, this 

figure provides further granularity regarding the time when the Tg within the porous carbon section 

rose above Tλ. By 10 min the sensible and latent heat of the SS-PCM in the pre-cooler section had 

been utilised and sensible heating of the gas within the porous carbon section occurred, as 

evidenced by the onset of a temperature increase in the porous carbon section. The heating of the 

porous carbon represented an important step during the filtration process as this reduced the 

adsorbents capacity for the adsorbate, explained in section 5.4, leading to desorption of butane. By 

12 min the Tg within the adsorbent carbon section had reached ~80 oC and the latent heat of SS-

PCM within the post-cooler section started to be utilised in order to hold the outlet Tg below 60 

oC. Therefore, for low concentrations of a single component adsorbent, without chemical 

oxidation, the proposed monolith filter provided breathable temperatures for up to 18 min. 

However, it is unlikely that the device inlet temperature will constantly be held at 80 oC as the user 

tries to escape a burning building and so the new design should provide adequate protection from 

high inhalation temperatures. 
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Figure 7: (a) Heat capacity within the solid phases (x = 0.45 mm, y = 0 mm) and gas temperature at 

the centerline (x = 0 mm, y = 0 mm) along the filter length at various times and (b) the full gas 

temperature profile of the gas phase along the channel centerline (x = 0 mm, y = 0 mm) for the 509 

CPI mask. Both plots are for inlet conditions of 50 L min-1, 1000 ppm and 80 oC. 
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5.4 Adsorption 

Figure 8 provides a qualitative view of the yb profile as contour lines across the XZ plane at 

different use times for the 509 CPI monolith. The impact of the velocity profile on the yb contours 

is again evident as the contours followed a laminar profile across the width of the gas channel. 

Once more, the centerline of the channel pertained to the most dangerous conditions. The transport 

of butane within the pores of the monolith wall, which was purely diffusive as described by the 

diffusive flux term [𝜀𝑝∇ ⋅ (𝐷𝑝𝜌𝑔∇𝑦𝑏)] in Eq. 9, combined with butane sink term was also depicted, 

shown by the value of yb decreasing towards the outer wall symmetry.  

The yb contour snapshots at 2 min, 8 min, 11 min and 16 min represent significant periods 

in relation to butane adsorption within the device. The snapshot at 2 min represents initial 

introduction of butane into the porous carbon section and the development of the mass transfer 

zone. By 8 min, the mass transfer zone was fully developed and spanned a length of ≈ 0.8 cm. 

The Tg within the porous carbon at this time was ~ Tλ and even before this snapshot remained 

relatively constant due to the heat absorption within the pre-cooler. Holding the porous carbon at 

a constant temperature also maintained a constant qe,b for a given Pb. The inclusion of a heat 

absorbing component therefore permitted more adsorbate to be held within the porous carbon. At 

11 min, the latent heat within the pre-cooler had been utilised and the Tg within the porous carbon 

section began to increase from Tλ to 80 oC. This temperature change caused the formation of 

adsorption and desorption zones as the qe,b for a given Pb was reduced, which in some locations 

reversed the LDF sink (Eq.10) as qb was higher than qe,b. The rapid reduction in qe,b due to heating 

caused a peak in yb within the device of ~ 2200 ppm. At 16 min, the Tg within the carbon was ~80 

oC and the mass transfer zone had reached the end of the porous carbon section. A desorption zone 
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was still present, but with a less severe peak in yb due to convection of butane out of the device 

and downstream adsorption.  

 
Figure 8: Contour plots of the butane fraction on the XZ plane, including butane profiles within the gas 

channel and porous carbon walls for the 509 CPI mask. These plots are for inlet conditions of 50 L 

min-1, 1000 ppm and 80 oC. 

Several breakthrough times were defined in accordance with the BS EN 403 standards [13] 

which specifies the minimum allowable breakthrough fractions after 15 minutes of use for gases 

including acrolein, HCl, HCN and CO. The breakthrough fractions of these gases are 0.5 %, 0.5 

%, 2.5 % and 8.0 % of the inlet fraction, respectively. Therefore, breakthrough times were defined 

as the time for the yb at the filter outlet (x = 0.0 cm, y = 0.0 cm and z = 5.0 cm) to exceed 5 ppm, 

tb,0.005, 25 ppm, tb,0.025, and 80 ppm, tb,0.080, respectively. In addition, the time to reach equilibrium, 

te,0.95, was defined as the time for yb to exceed 950 ppm. These results are displayed in Table 8 and 

confirm that instantaneous breakthrough was not found in either the monolith or packed bed filters 

as tb,0.005 was above 0.00 min. The difference between te,0.95 and tb,0.005 gives a good indication of 
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the time for the mass transfer zone to pass through the device outlet, tmtz, where a shorter time 

indicated an improved mass transfer of butane within the filter. The best performing filter in terms 

of adsorption was the 1225 CPI monolith which contained the most carbon and the smallest 

channels. This permitted the longest breakthrough time in all cases and the shortest mass transfer 

zones. The values of tb for each CPI were all greater and the mass transfer zones were shorter than 

their equivalent packed bed system, indicating improved adsorption performance. Although the 

monolith filter had improved breakthrough times when compared to the packed bed systems, this 

advantage diminished with increased outlet fraction. For example, the 734 CPI monolith filter 

increased tb,0.005 by 84% and tb,0.080 by 23%, compared to the packed bed filter. This was attributed 

to the sharp breakthrough curve exhibited by the monolith filters. All of the monolith filters 

concentrated the outlet stream due to the periodic increase in adsorbate capacity within the device, 

as shown by Figure 9, which displays the fraction of butane surpassing the yb,z=0 of 1000 ppm. 

Although the user of an FEM with a monolithic filter may benefit from a longer use time, there is 

an eventual concentration of the toxic species at the outlet, due to the heat changes within the 

device causing desorption.  

Table 8: Breakthrough and equilibrium times for various monolith CPIs and equivalent packed bed 

systems. 

 Monolith Packed bed 

 509 CPI 734 CPI 1225 CPI La = 2.5 La = 2.9 La = 3.4 

tb,0.005 [min] 11.2 13.5 17.0 5.33 7.33 9.21 

tb,0.025 [min] 12.7 14.8 18.3 8.00 10.1 12.6 

tb,0.080 [min] 13.9 15.9 19.4 10.5 12.9 15.6 

te,0.95 [min] 17.1 18.8 22.3 24.4 27.4 30.7 

tmtz [min] 5.90 5.30 5.30 19.1 20.1 21.5 
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The equivalent packed bed systems exhibited a more conventional breakthrough curve, as 

yb approached 1000 ppm and did not exceed this level. The packed bed breakthrough curves were 

shallow in comparison to the monolith curves which led to mass transfer zones which were longer 

in duration and shorter breakthrough times. Similar behavior was reported by Valdes-Solis et al. 

[71], who investigated carbon packed bed (cylindrical packing, dp = 0.94 mm) and monoliths (200-

900 CPI) and found that monoliths delay the breakthrough of low concentrations of toxic species, 

as exhibited by the greater breakthrough times in this study. Two factors were identified that could 

have attributed to the reduced adsorption performance. Firstly, the packed bed model used a global 

ka (Eq. 11), combining the film, macropore and micropore resistances which had values of 26.9 s, 

30.4 s and 6.67 s at Tg = 80 oC, respectively. Therefore, the film and macropore resistances were 

more significant which was partly determined by the packing dp. The film and macropore 

resistances could be reduced, therefore improving the rate of adsorbate uptake, by reducing the 

packing dp which features in these terms. However, this would be at the determinant of pressure 

drop. For example, using a dp of 0.30 mm would provide film and macropore resistance of 3.65 s 

and 2.74 s, but increase the pressure drop to ~380 Pa for the conditions used in this paper. 

Secondly, as already explained the monolith filter had a periodic increase in adsorbate capacity. 

This occurred between 1.4-11 min, which is the range of time when the temperature of the packed 

bed system was at 80 oC and the temperature of the monoliths carbon section was held at Tλ. 

Between this period the maximum qe,b for the packed bed and monolith was 0.25 mol kg-1 and 0.40 

mol kg-1, respectively, indicating the packed bed capacity for butane was lower leading to a quicker 

breakthrough.  
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Figure 9: Butane breakthrough curves for 509, 734 & 1225 CPI monoliths compared against 

equivalent CPI packed beds. This plots was for inlet conditions of 50 L min-1, 1000 ppm and 80 oC. 

Figure 10 and Figure 11 provide further clarity on the impact that the addition of heat 

absorbing components had on the adsorption performance within the monolith device. Upon 

reaching approximately 10 min, yb within the gas channel of the adsorbent section (1.25 cm < z < 

3.75 cm) began to rapidly rise above the inlet butane concentration of 1000 ppm, as shown by the 

1200 ppm contour in Figure 10. This occurred as the Tg within the porous carbon increased, which 

reduced the qe,b as outlined in the isotherm expression (Eq. 14-15). The gas within the carbon 

heated from Tλ to 80 oC within 2 minutes after the latent heat capacity within the SS-PCM pre-

cooler was utilised. The rapid increase in Tg caused the desorption of butane back into the gas 

channel, as qe,b was lower than qb in the gas sink expression (Eq. 9). The rapid reduction in 

available adsorbate capacity led to a maximum yb value of 2000 ppm within the gas channel 
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centerline, and 2200 ppm within the porous carbon wall at 11 minutes, as displayed in Figure 8. 

Although there was a concentration in the outlet yb when compared to the inlet butane fraction, 

yb,z=0, due to the advection of butane through the device and the available adsorbate capacity 

downstream of the yb peak, the yb at the outlet of the device did not exceed 1200 ppm.  

 
Figure 10: Butane fraction at the channel centerline (x = 0 mm, y = 0 mm) along the filter length at 

various times for 20 minutes of use for the 509 CPI mask. This plot was for inlet conditions of 50 L min-

1, 1000 ppm & 80 oC. 

Figure 11 shows the qb as a function of filter length for different device use times. The value 

of qb depends on the LDF rate expression (Eq. 12) as it approaches the value of qe,b at a rate 

determined by ka. The change of qe,b during the simulations was determined by Pb (or yb) and Tg, 

as all other parameters used to evaluate the isotherm were held constant. A consistent maximum 

of 0.40 mol kg-1 was reached near the entrance of the porous carbon section which corresponded 

to a yb of 1000 ppm and a Tg of Tλ. This consistent maximum was maintained due to the heat 
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absorption within pre-cooler PCM holding the Tg within the AC pores reasonably constant. At 10 

min, the Tg within the carbon began heating above Tλ which began reducing qb. By 14 min qb was 

below 0.3 mol kg-1 at most locations within the porous wall. The rapid reduction in adsorbate 

capacity within the carbon at 10-12 min near the entrance of the porous carbon section 

corresponded with the peak of yb within the channel centerline due to the butane desorption, as 

displayed in Figure 10. Note that a brief and greater maximum occurs between 1-3 min at the 

entrance of the porous carbon wall (La ~ 0.0 cm), where the value of qb was above 0.45 mol kg-1 

because at this time Tg was lower than Tλ and the yb was 1000 ppm.  

 
Figure 11: Amount of butane adsorbed within the porous carbon wall (x = 0.45 mm, y = 0 mm) along 

the adsorbent length at various times for 20 minutes of use for the 509 CPI mask. This plot was for 

inlet conditions of 50 L min-1, 1000 ppm & 80 oC. 



   

 

38 

 

This indicated that the inclusion of a heat absorbing component provided a periodic 

advantage with respect to adsorbate capacity within the porous carbon, resulting in improved 

adsorption performance. This finding also highlighted that the length of the pre- and post-cooler 

sections could be further fine-tuned. Increasing the relative size of the pre-cooler would provide a 

longer period of increase adsorbate capacity within the carbon. However, when a larger quantity 

of adsorptives or reactants are present in the incoming gas stream the generated process heats 

would rise. This would require a more complex, multicomponent model to assess the impacts of 

high quantities of toxic species to correctly assess the heat absorption required at each cooler 

section. 

The figures for the equivalent packed bed system are shown in the Supporting Information 

Section S4.2. These designs do not have any heat absorption capabilities and, for example, the Tg 

at all locations within the equivalent 509 CPI packed bed filter was found to increase to 80 oC after 

approximately 1.4 min, as opposed to 12 min for the monolithic device. This shows the heat 

absorbent capabilities of commercial packed bed FEMs is negligible. Therefore, there was no 

periodic regions of increased adsorbate capacity and the butane profiles within the packed bed 

designs are more conventional in shape. 

 

6. Recommendations 

The optimal monolithic FEM contained monoliths with a density of 734 CPI. The design 

improved the breathing burden with a pressure drop of 27.4 Pa i.e. lower than all the equivalent 

mass packed bed systems investigate here. The inhalation temperature was held below 60 oC for 

22 min and the most stringent butane breakthrough time of tb,0.005 was approximately 14 min. These 
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improved values compared to the 509 CPI monoliths are largely due to an increase in latent heat 

and adsorbate capacity due to a lower εb for the 734 CPI device. The mass transfer of butane within 

the 734 CPI monolith was also superior compared to the equivalent packed bed, as evident from 

the tmtz values of 5.30 min compared to 20.1 min, respectively. Although the 1225 CPI had 

improved values of temperature protection and breakthrough time, the pressure drop was higher at 

126 Pa and the peak yb value at the device outlet, due to periodic butane desorption, was higher.  

By using a heat absorbing SS-PCM the proposed technology provided thermal protection 

above the minimal required use time of 15 min. The numerical model provided new insights with 

respect to the impact of using an heat absorbing SS-PCM preceding an adsorbent, as summarised 

by the findings in Figure 9, Figure 10 and Figure 11. Use of an SS-PCM in this way holds an 

adsorbent at a constant temperature as long as latent heat capacity remains, which maintains a 

higher and constant qe,b at a given Pb. However, upon utilisation of the latent heat capacity of the 

SS-PCM the adsorbent quickly heats and desorption occurs, which concentrates the outlet stream 

beyond the inlet concentration of adsorptive. This study for a novel type of FEM provides new 

insights to the opportunity to improve respiratory protection equipment for numerous applications 

by reducing inhalation burden, improving adsorption performance and including the ability to 

absorb heat, protecting the user from inhalation burns. 
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7. Conclusions 

A new type of filtering device has been proposed for implementation in an FEM. The new 

design improves upon commercial design, using a square channeled monolithic structure to reduce 

pressure drop and the inclusion of heat absorbing components in the form of SS-PCMs to remove 

environmental and process heats. The pressure drop was three times lower for the 509 CPI 

monoliths compared to the equivalent mass packed bed. Based on the modelling studies the use of 

a pre- and post-cooler SS-PCM section protected the user from an 80 oC inlet temperature at a 

constant total mask flow rate of 50 L min-1 for a minimum of 18 min. The use of heat absorbing 

components within the monolithic filter provided a periodic increase in the adsorbate capacity as 

the porous carbon section was held at Tλ as opposed to the packed bed systems which heated 

rapidly to 80 oC. However, once the latent heat within the pre-cooler section was utilised a rapid 

increase in Tg occurred within the porous carbon region. This produced yb values at the outlet above 

the yb,z=0 as desorption zones were formed within the device due to a reversal in the LDF sink as 

qb was higher than qe,b. The optimum design was cartridges containing the 734 CPI monoliths, 

which maintained a pressure drop lower than all the packed bed designs, a breathing temperature 

below 60 oC for 22 min and a tb,0.005 of approximately 13.5 min. Further development to the 

numerical model would include expressions to describe multicomponent adsorption and chemical 

oxidation of the more toxic species, such as CO. It is expected that the length of the pre- and post-

cooler sections will be dependent on the highly exothermic oxidation of CO and can be tailored 

based on expected toxic gas inlet concentrations. 
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Nomenclature 

Symbol Description SI Unit 

Roman   

bH Henry affinity coefficient Pa-1 

bi General affinity coefficient Pa-1 

bS Sips affinity coefficient Pa-1 

cb,z=0 Butane inlet concentration mol m-3 

Cp.ac Activated carbon specific heat capacity J kg-1 K-1 

Cp,g Gas specific heat capacity J kg-1 K-1 

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

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

dch Channel width/height m 

dm Macropore diameter m 
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dp Particle diameter m 

dpb Packed bed diameter m 

Dk Knudsen diffusion m2 s-1 

DM Molecular diffusivity m2 s-1 

Dp Pore diffusivity  m2 s-1 

Dμ Micropore diffusivity m2 s-1 

hp Pore/solid mass transfer coefficient  W m-2 s-1 

(-ΔHa) Heat of adsorption J mol-1 

(-ΔHL) SS-PCM latent heat capacity J kg-1 

I Identity matrix - 

ka Linear driving force coefficient s-1 

kf Film mass transfer coefficient m s-1 

La Adsorbent length m 

Le Entrance/exit length m 

Lpcm PCM length m 

ma Adsorbent mass kg 

mz=0 Inlet mass flow rate kg s-1 

Mr,i Molecular weight of component i kg mol-1 

n Heterogeneity constant - 

n Unit normal vector - 

P Pressure Pa 

Pb Butane partial pressure Pa 

Pout Outlet pressure condition Pa 

qb Amount of adsorbed butane mol kg-1 

qb,t=0 Initial amount of adsorbed butane mol kg1 

qb,z=0 Amount of adsorbed butane at cb,z=0 & Tg,z=0 mol kg1 
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qe,b Equilibrium amount of adsorbed butane mol kg-1 

qm,b Maximum equilibrium amount of adsorbed butane mol kg-1 

rp Particle radius m 

rμ Microparticle radius m 

R Universal gas constant J mol-1 K-1 

Re Reynolds number - 

Rep Particle Reynolds number - 

tb,0.005, tb,0.025, tb,0.080 Breakthrough time s 

te,0.95 Equilibrium time s 

tmtz Mass transfer zone delta s 

tw Wall thickness m 

Tac Activated carbon temperature K 

Tac,t=0 Initial activated carbon temperature  K 

Tg Gas temperature K 

Tg,t=0 Initial gas temperature K 

Tg,z=0 Inlet gas temperature K 

Tpcm SS-PCM temperature K 

Tpcm,t=0 Initial SS-PCM temperature K 

Tλ Mean SS-PCM phase change temperature K 

uz Axial velocity m s-1 

uz,max Maximum axial velocity m s-1 

uz,mean Mean axial velocity m s-1 

u Superficial velocity vector m s-1 

ut=0 Initial velocity vector m s-1 

uw Wall velocity vector m s-1 

yb Butane fraction - 
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yb,t=0 Initial butane fraction - 

yb,z=0 Inlet butane fraction - 

Greek   

αp Pore/solid specific surface area m-1 

εb Bulk (channel) voidage - 

εp Particle voidage - 

ρb Adsorbent bulk density kg m-3 

ρg Bulk gas density kg m-3 

ρN2 Nitrogen density kg m-3 

ρp Particle density  kg m-3 

ρpcm SS-PCM density kg m-3 

ρs Skeletal density kg m-3 

λ Porous thermal conductivity W m-1 K-1 

λg Bulk gas thermal conductivity W m-1 K-1 

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

μ Bulk gas viscosity Pa s 

σAB Collision diameter m 

τ Pore tortuosity - 

ΩAB Collision function - 
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