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Abstract 

A practical and feasible solution to reduce the global impacts from fossil fuels, is represented by the 

locally distributed micro-cogeneration systems, with high temperature solid oxide fuel cells fed by 

biogenous fuel coupled in an energy distributed system. One of the main drawback for SOFCs fed 

by biogas, is the low tolerability towards certain fuel impurities, mostly sulfur, chlorine and 

siloxane compounds. The possibility to predict the breakthrough time of a gas cleaning section with 

a high precision level is mandatory. The reaction kinetic equation, called the Wheeler-Jonas 

equation, is adopted to estimate the breakthrough times of filters against organic vapors. In this 

work, the Wheeler-Jonas equation is adopted to investigate and to estimate the breakthrough time, 

the adsorption capacity and the overall adsorption rate capacity for two different commercial 

activated carbons, varying the operating temperature, the pollutant concentration (single and 

multiple effect) and the relative humidity value. Results showed how relative humidity content, 

above RH 20% in the biogas affects inversely the removal performance for both sorbents. Carbox 

sample, below RH 20% shows better results due to its metals content and microstructure. Here, 

relative humidity promotes the best condition to remove organic vapors from the biogas stream. 

Multiple contaminant condition (H2S+HCl), for both sorbent materials, decreases the removal 

performance (tb). This decreasing, for Carbox, ranges from a minimum of 44% to a maximum of 

50% for H2S and 70% for HCl, with wet and dry condition, respectively.  

 

Keywords: Adsorption, VOCs removal, Biogas, Solid Oxide Fuel Cell (SOFC), Carbon, Wheeler-

Jonas equation. 
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Nomenclature: 

� Atot, total water that can be adsorbed (gwater/gcoal), 

� B, structural carbon constant (K-2), 

� C0, initial concentration (g/cm3), 

� Cs, contaminant concentration at the saturation pressure (g/cm3), 

� Cw, water concentration in the gas stream (g/cm3), 

� Cx, breakthrough concentration (g/cm3), 

� D, unit of dipole moment (debye), 

� db, bed depth (cm), 

� dl, liquid density of the organic vapor (g/cm3), 

� dp, carbon particle average diameter (cm), 

� H2S, hydrogen sulfide, 

� HCl, hydrogen chloride, 

� kv, overall adsorption rate coefficient (min-1), 

� kv,wet, adsorption global coefficient with humid condition (min-1), 

� m and k, Langmuir constant, 

� MW, molecular weight (g/mol), 

� p1
0, p2

0 model parameter, 

� PDMS, polydimethylsiloxane membrane, 

� PID, Proportional Integrative and Derivative controller, 

� PS, saturation pressure of the pollutant (mbar), 

� Pw, saturation pressure of the water (mbar), 

� Q, volumetric flow rate (cm3/min), 

� RH, Relative Humidity, 

� SOFC, Solid Oxide Fuel Cell, 

� T, operating temperature (K), 

� tb, breakthrough time (min), 

� TPV, total pore volume, 

� vl, linear velocity through the bed (cm/s), 

� VOCs, Volatile Organic Compounds, 

� W, sorbent weight (g), 

� W0, micropore volume (cm3/gcoal), 

� We, equilibrium adsorption capacity (gpollutant/gcoal), 

� We,1-2, equilibrium adsorption coefficient of the component 1 or 2 (gpollutant/gcoal), 

� We,tot, equilibrium adsorption capacity of the binary mixture (gpollutant/gcoal), 

� Wpre, volume occupied by the pre-adsorbed water from the carbon (cm3/gcoal), 

� y1, molar fraction of the component, 

� ΔWgas, volume occupied from the gas flow (cm3/gcoal), 

� ΔWS, volume of water adsorbed and replaced from the pollutant (cm3/gcoal), 

� β, organic vapor coefficient, 
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� ρb, bulk density of the carbon bed (g/cm3). 
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1. Introduction 

Nowadays the exploitation of some fossil fuels such as diesel or gasoline fuel, natural gas and coal, 

satisfy the majority of the growing world energy demand. Due to the rapid population growth 

coupled to the industrial increasing requirements, the emissions from fossil fuels are destined to run 

out relatively quickly [1]. In addition, their global impacts are extremely harmful, such as the 

greenhouse effect, the hole in the ozone layer, acid rains and generalized environment pollution. In 

order to reduce or to narrow this problem, the renewable fuels employment in energy generation 

systems turns out to be fundamental. A practical and feasible solution to reduce the global impacts 

from fossil fuels, is represented by the locally distributed micro-cogeneration systems, with high 

temperature solid oxide fuel cells fed by biogenous fuel coupled in an energy distributed system 

[2,3]. These systems couple the high fuel conversion values of SOFCs, due to the electrochemical 

reactions instead of fuel combustion [4] and their remarkable fuel flexibility [5]. Biogas, from a 

biomass source is a viable alternative to fossil fuels in terms of energy generation performance and 

pollutant emissions [6]. This fuel is appropriate to be used in SOFC systems as reported in previous 

literature works [7–10]. Biogas is produced from organic matter digestion with methane and carbon 

dioxide as principal gas mixture elements. Next to these main constituents, a wide and variable 

range of trace compounds are contained in biogas [11]. One of the main drawback for SOFCs fed 

by biogas, is the low tolerability towards certain fuel impurities, mostly sulfur, chlorine and 

siloxane compounds that may decrease cell efficiency and degrade the fuel cell [12–17]. In order to 

achieve the biogas quality requirements for SOFC applications there are numerous techniques 

available which can be classified as biological, physical and chemical processes [18]. Biological 

processes are commonly used to reduce the pollutant emissions contained in the biogas. These 

treatments have significant economic advantages over other pollution control technologies. 

Biofiltration is a process by which contaminated gases pass through the biofilter and pollutants are 

transported into the biofilm, where they are utilized by microbes as a carbon source and energy 

source [19,20]. It is a process adopted to roughing the starting pollutant concentration from 
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thousands of ppm(v) to hundreds of ppm(v). Physicochemical processes can be classified as 

absorption (caustic washing), reactive (chemical oxidation) and adsorption techniques (iron and 

metal adsorbents, activated carbons), and they are appropriate only with low gas flow rates and low 

H2S concentrations. Adsorption is the only technique which can reduce the concentration of 

contaminants to the stringent extent of fuel cell’s specifications [21].  

VOCs removal from activated carbon adsorption represents a valid and economic solution [22], 

even if some studies suggest alternative solutions [23]. For instance, Yuan et al., (2007) [24] reports 

that the surface of sludge derived adsorbents can be used for the desulfurization of digester gas. The 

removal capacity is comparable with catalytic activated carbons [24]. The main properties of 

activated carbon filters for the effective removal of VOCS are high porosity, high superficial area 

(1500 m2g-1), high volume, pore distribution [25] and treatment with metal ions. Physisorption and 

chemisorption are the two underlying physical phenomena of adsorption. The first one deploys 

weak Van der Walls forces whereas the second one involves the stronger covalent and ionic bonds. 

Van der Walls forces require polar or polarizable compounds. Typically, compounds with no dipole 

moment (0 D) are classified as non-polar, and else as polar, see table 1.  

Compound Dipole moment (Debye) Reference 

Hydrogen sulfide 0.95 [26]  

Methanethiol 1.52 [26] 

Dimetylsulfide 1.58 [26] 

Propanethiol 1.55 [27] 

Butanethiol 1.54 [27] 

Chloroethane 6.7 [26] 

2-Butanone 2.76 [26] 

Toluene 1.3 [26] 

Styrene 0.3 [26] 

HF 1.82 [28] 

HCl 1.08 [28] 

HBr 0.82 [28] 

HI 0.44 [28] 
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Table 1 – Dipole moment for VOCs of interest 

Activated carbons are usually impregnated with metal ions because of the higher chemical affinity 

for organic compounds. Typical metals deployed are iron, copper, silver and chromium. These 

substances are able to promote the bond between carbon and polar molecules, such as sulfur, 

aromatic and carbonyl compounds [26,27,29,30]. In order to work with a SOFC generator fed by a 

biogenous fuel, the possibility to predict the breakthrough time with a high precision level is 

mandatory. The reaction kinetic equation, called the Wheeler-Jonas equation, is adopted to estimate 

the breakthrough times of filters against organic vapors [31–33]. Several research works were 

accomplished in order to investigate the predictability of different sorbent materials against 

different organic vapors [32–35]. Some organic vapors were investigated, for example: chlorine 

compounds, hydrocarbons (heptane, cyclohexane), ethanol and acetone. The Wheeler-Jonas 

equation is simple to be used for the comparison of model and experimental results, because it is 

based on solely measurable and readily available macroscopic parameters. This equation has been 

adopted to extrapolate single and multiple laboratory results by simply varying the independent 

variables of the equation, for example the weight of the carbon bed, the carbon material adopted, 

the initial concentration and the volumetric flow rate. Lack of the literature studies about the 

estimation of the breakthrough time for sulfur and chlorine compounds, principal compounds that 

affect SOFC performance, needs a specific investigation. In this work, the Wheeler-Jonas equation 

is adopted to investigate and to estimate the breakthrough time, the adsorption capacity and the 

overall adsorption rate capacity for two different commercial activated carbons, varying the 

operating temperature, the pollutant concentration (single and multiple effect) and the relative 

humidity value.  
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2. Material and methods 

In this section are reported the characteristics of activated carbon materials used, the experimental 

set-up with the system description and the mathematical method used. The Wheeler-Jonas equation 

adopted is reported below and implemented with Matlab (Matlab R2012b, US): 
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Where: 

� We, equilibrium adsorption capacity (gpollutant/gcoal), 

� W, sorbent weight (g), 

� Q, volumetric flow rate (cm3/min), 

� C0, initial concentration (g/cm3), 

� Cx, breakthrough concentration (g/cm3), 

� ρb, bulk density of the carbon bed (g/cm3), 

� kv, overall adsorption rate coefficient (min-1). 

In the case of pure physisorption, especially for organic vapours, this equation needs two 

parameters of the carbon-adsorbate system to be calculated: the static adsorption capacity We and 

the overall adsorption rate coefficient, kv. The Dubinin–Radushkevich equation (Eq. 2) is adopted 

to calculate the adsorption capacity, We [36]:  
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Where: 

� W0, micropore volume (cm3/gcoal), 

� dl, liquid density of the organic vapor (g/cm3), 

� B, structural carbon constant (K-2), 

� T, temperature (K), 
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� β, organic vapor coefficient, 

� Cs, contaminant concentration at the saturation pressure (g/cm3). 

The estimation of the second parameter, the overall adsorption rate coefficient kv, is less 

straightforward. Initially some very crude estimation was developed, based on theoretical diffusion 

models. An alternative was the experimental determination of kv by means of a single breakthrough 

experiment [37]. Since then, several authors have proposed semi-empirical equations [38–42]. The 

most recent one has been put forward by Lodewyckx and Wood [42] (Eq. 3): 

MW

W
dvk e

plv ⋅⋅⋅⋅= − 5.175.033.0800 β (Eq.3) 

Where: 

� kv, adsorption global coefficient (min-1), 

� vl, linear velocity through the bed (cm/s), 

� MW, molecular weight (g/mol), 

� dp, carbon particle average diameter (cm). 

The physical and chemical properties are found in “The properties of gases and liquids” [43]. Two 

different commercial activated carbons, Norit (RST3, US) and Carbox (Airdep, Italy) were tested in 

the experimental setup reported in figure 1.  
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Figure 1 – Experimental set-up 

 

Sample 

 

Specific Surface Area 

(m2/g) 
V total (cm3/g) 

V microporous 

(cm3/g) 

Airdep Carbox 1237 0.407 0.328 

RST3 1117 0.447 0.300 

Table 2 – Commercial activated carbons characteristics 

 

Atomic 

% 
Virgin Tested 

Element Carbox RST3 Carbox RST3 

C 80.9 91.15 86.96 93.83 

O 9.01 5.3 8.37 4.6 

Mg 1.19 0.2 0.1 0.08 

Al 1.98  0.68  

Si 1.4  1.03  

P 0.81  
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S 0.11 0.57 0.27 0.72 

Cl 0.33  0.63  

K 0.78 0.78 0.21 0.37 

Ca 1.65 0.76 1.03 0.4 

Mn 0.41  
 

 

Fe 1.43  0.72  

Zn  1.15 
 

 

Total: 100 100 100 100 

Table 3 – Elements identified with SEM-EDS analysis in the Carbox and RST3 sample. 

Characteristics of sorbent materials adopted are indicated in table 2 and in table 3. The activated 

carbons were characterized in terms of specific surface area, total volume and microporous volume, 

in addition it was analyzed the elemental material composition. Elemental composition 

measurements were performed by scanning electron microscopy (SEM) (FEI Inspect, Philips 525 

M) coupled with EDS (SW9100 EDAX) analysis. To measure the specific surface area of the two 

sorbent materials, adsorption isotherms for N2 at 77 K were determined using a Quantachrome 

Autosorb 1 (Boynton Beach, Florida, USA). Samples were outgassed at 423 K overnight prior to 

the adsorption measurements. The equipment allows measurement of relative pressure of 10−6 bar. 

Specific surface areas have been calculated by B.E.T. (Brunauer–Emmett–Teller) model in the 

relative pressure range 0.04–0.1 bar.  

The sorbent materials were tested with simulated biogas (CH4/CO2 = 1.5), H2S with a variable 

concentration (5-200 ppm(v)), HCl with a variable concentration (5-200 ppm(v)) and the 

demineralized water content 0-80%. The biogas mixture was inserted to the experimental set-up 

with mass flow controllers (Bronkhorst, The Netherlands) whereas the pollutants contained in 

cylinder gas are prepared from (Siad spa, Italy). The demineralized water was added to the main 

stream using a liquid mass flow controller and a controlled evaporator mixer (Bronkhorst, The 

Netherlands). Fig. 1 depicts the experimental set-up adopted; red color represents the heated lines at 

40 °C with heater strings (isopad Thermocoax, Germany) controlled via a PID regulator (Horst, 

Germany). A PDMS (20 µm) membrane filter, to protect the mass spectrometer from the carbon 

particles, was inserted between the filter line and the heated trap before the capillary line of the 
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mass spectrometer adopted for the measurements HPR 20 (Hiden Ltd., UK). The sorbent materials 

were grounded up to 100-180 µm with a vibratory sieve shaker (Fritsch, Germany). The filter 

cartridges were prepared with Teflon tubes with around 0.12 g of sorbent material. The wet 

conditions were estimated using the same relation reported above (eq.1); it will change the 

micropore volume. This volume is estimated using the Polanyi model [37][44][45]: 

Sgasprewet WWWWW ∆+∆−−= 0,0 (Eq.4) 

Where: 

� W0, micropore volume in dry condition (cm3/gcoal), 

� Wpre, volume occupied by the pre-adsorbed water from the carbon (cm3/gcoal), 

� ΔWgas, volume occupied from the gas flow (cm3/gcoal), 

� ΔWS, volume of water adsorbed and replaced from the pollutant (cm3/gcoal). 

Below are reported the relations necessary for the equation 4. 
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Where: 

� Atot, total water that can be adsorbed (gwater/gcoal), 

� tb, breakthrough time (min), 

� T, operating temperature (°C), 

� db, bed depth (cm),  

� vl, flow linear velocity (cm/s), 

� ΔWgas, volume occupied from the gas flow (cm3/gcoal). 
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Where: 

� C0, contaminant concentration in the gas stream (ppm(v)), 

� Cw, water concentration in the gas stream (ppm(v)), 

� PS, saturation pressure of the pollutant (mbar), 

� Pw, saturation pressure of the water (mbar), 

� Wpre, volume occupied by the pre-adsorbed water from the carbon (cm3/gcoal), 

� ΔWgas, volume occupied from the gas flow (cm3/gcoal), 

� ΔWS, volume of water adsorbed and replaced from the pollutant (cm3/gcoal). 

The adsorption global coefficient in wet condition was evaluated following the relation reported 

below: 








 −⋅=
TPV

A
kk tot

vwetv 1, (Eq.7) 

Where: 

� Atot, total water that can be adsorbed (gwater/gcoal), 

� kv, adsorption global coefficient (min-1), 

� kv,wet, adsorption global coefficient with humid condition (min-1), 

� TPV, total pore volume. 

The contemporary presence of H2S and HCl was tested with dry (RH~0%) and wet conditions 

(RH~20%) to evaluate the effect on the Wheeler-Jonas parameters. The concentration for H2S and 

HCl ranges from 9.6 pppm(v) and 12.7 ppm(v) at RH~0% up to 7.7 ppm(v) and 10.2 ppm(v) at 

RH~20%. Essentially the contemporary presence of more than one component affect the adsorption 
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capacity (We), it follows that also kv and tb are changed. The model adopted is based on the IAST 

model and on the Langmuir equation. 

Ck

Ckm
W tote ⋅+

⋅⋅
=

1
, (Eq8) 

Where: 

� m and k, Langmuir constant, 

� C0, initial concentration of the pollutant (g/cm3). 

The amount of contaminant adsorbed is a binary mixture of HCl + H2S, and it was modeled using 

the following relation: 
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Where: 

� m and k, Langmuir constant, 

� We,1-2, equilibrium adsorption coefficient of the component 1 or 2 (gpollutant/gcoal), 

� We,tot, equilibrium adsorption capacity of the binary mixture (gpollutant/gcoal), 

� y1, molar fraction of the component, 

� p1
0, p2

0 model parameter. 
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3. Results and discussion 

The Wheeler-Jonas equation was adopted to predict the breakthrough time varying several 

macroscopic conditions: operating temperature, inlet concentration in single and multiple 

configuration (H2S and HCl) and relative humidity. In the sections reported below, the 

breakthrough times are modeled and compared to experimental values. 

Breakthrough time and adsorption capacity affected by the pollutant concentration 

Two different commercial activated carbons are tested; model and experimental results data for the 

breakthrough time varying the starting pollutant concentration for H2S and HCl are reported in 

figure 2. 

 

Figure 2 – Breakthrough time trend versus initial concentration of the pollutant 

Breakthrough time values modeled with eq.1 are in agreement with experimental results, both in 

case of H2S and HCl for the two different commercial activated carbon filters. The results confirm a 

marked decline in the tb increasing the initial concentration of the contaminant, highlighting, on the 

contrary, an increase in the capacity of adsorption. In dry condition, RST3 carbon shows better 

results than Carbox sample. The biogas with a concentration of H2S around 10 ppm(v), with RST3 
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shows a tb around 60 min and 55 min, respectively in case of model and experimental condition. 

Considering the same biogas conditions, the Carbox sample shows a performance (tb) around 54 

min and 50 min, respectively in case of model and experimental condition. The biogas with a 

concentration of HCl around 10 ppm(v), with RST3, shows a tb around 103 min and 91 min, 

respectively in case of model and experimental state. Considering the same biogas conditions, the 

Carbox sample shows a performance (tb) around 99 min and 91 min, respectively in case of model 

and experimental status. Above 50 ppm(v) of concentration for H2S the tb is less than 5 min. The 

breakthrough time values, in case of HCl, are higher compared to H2S for similar concentrations. 

This is due to the higher dipole moment of chlorine respect to sulfur which affect the removal 

capacity of the sorbent material. The Wheeler-Jonas equation, adopted as predictive model worked 

well with an overestimation of 8% at lower concentrations, while at higher concentration values 

there is an overestimation around 1%.  

 

Figure 3 – Adsorption capacity trend versus initial concentration of the pollutant 

Figure 3 depicts the adsorption capacity trend varying the starting pollutant concentration of H2S 

and HCl. The biogas with a concentration of H2S around 10 ppm(v), with Carbox sample shows an 
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adsorption capacity around 2.11 mg/g and 2.32 mg/g, respectively in case of experimental and 

model condition. Considering the same biogas conditions, the RST3 sample shows a performance 

(We) around 2.46 mg/g and 2.68 mg/g, respectively in case of experimental and model state.  

Up to 200 ppm(v) of concentration for H2S and HCl, the adsorption capacity (We) increases up to 

achieve the maximum value around 4.84 mg/g and 4.39 mg/g for RST3 and Carbox, in case of H2S. 

The adsorption capacity for the HCl removal ranges from 14.45 mg/g and 13.79 mg/g for RST3 and 

Carbox respectively. The adsorption capacity values in case of HCl are higher compared to H2S for 

similar concentrations. 

Breakthrough time and adsorption capacity affected by the operating temperature 

Breakthrough time values modeled with eq.1 are in agreement with experimental results, reported 

varying the operating temperature from 5 °C to 45 °C. Breakthrough time for HCl is in general 

higher respect to H2S case, both for RST3 and Carbox. The two different commercial activated 

carbon filters show similar discrepancy from model and experimental values, from a maximum of 

12%, at 5 °C, up to the minimum value of 6%, at 45 °C for Carbox sample. RST3 activated carbon 

shows lower discrepancy values compared to Carbox, from 9% at 5 °C up to 6% at 45 °C.  

 

Figure 4 – Breakthrough time trend versus operating temperature 
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The results confirm a marked decline in the tb increasing the operating temperature, from 5 °C up to 

45 °C. The maximum breakthrough time value for RST3 at 5 °C is 135.6 min, for H2S and 200.8 

min for HCl with the minimum concentration around 9 ppm(v). The minimum breakthrough time 

value at 45 °C is 48.9 min for H2S and 80.9 min for HCl. Considering the Carbox sample, the 

maximum tb is 193 min and 122.4 min, respectively for HCl and H2S at 5 °C. The minimum tb value 

is 78.2 min and 42.5 min, respectively for HCl and H2S at 45 °C. Increasing the operating 

temperature, the decreasing performance of the activated carbon is evidenced in figures 4 and 5. As 

the temperature rises, the vapor pressure of the adsorbate increases and hence raising the energy 

level of the H2S and HCl molecules to overcome the Van der Waals attraction and migrate back to 

the bulk gas phase reducing the adsorption capacity and reducing the breakthrough time [46]. The 

breakthrough time and the adsorption capacity decreased slightly with the increasing of the 

operating temperature. This is due to the slightly exothermal process that will probably enhance 

chemisorption but has disadvantage on the physical adsorption [47,48]. Thus, an increase in the 

operating temperature caused lower values of the maximum capacity of the adsorbent.  

 

Figure 5 – Adsorption capacity trend versus operating temperature 
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Water humidity influence on the adsorption capacity 

In figure 6 are reported the adsorption capacity of RST3 and Carbox for H2S and HCl, varying the 

relative humidity at 30 °C. It is well known that water vapor, contained in the biogas, is pre-

adsorbed on the carbon that will enter in competition with the organic vapor to be removed. This 

will usually result in a loss of adsorption capacity as well as a diminishing of the adsorption rate. In 

fact, when the relative humidity value is above 50% the adsorption capacity is zero. The maximum 

discrepancy between model and experimental values, for RST3, is 7.3% and 7.4% respectively for 

H2S and HCl. Considering the Carbox sample the maximum discrepancy is 17.3% and 11.5% 

respectively for H2S and HCl.  

 

Figure 6 – Adsorption capacity trend versus relative humidity content of biogas 

RST3 sample shows a decreasing of the adsorption capacity increasing the relative humidity value, 

from a maximum value at dry condition, which is experimentally around at 9.9 mg/g and 4.8 mg/g, 

respectively for HCl and H2S. Carbox sample shows an increasing of the adsorption capacity value 

increasing the relative humidity up to 10%. The adsorption capacity decreases from 10 mg/g and 

4.4 mg/g, respectively for HCl and H2S up to zero, considering the relative humidity range from 
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10% to 50%. Carbox sample shows the best performance with a relative humidity around 10% both 

for HCl and H2S polluntant. This is supposed due to the combination of pull-off force and the 

relative humidity values, considering also the interactions with the metal elements, contained in the 

Carbox sample instead of RST3 and the microstructure of the carbons [49]. 

 

Figure 7 – Breakthrough time and adsorption capacity trend versus relative humidity content 

of biogas for H2S 

Figure 7 depicts the adsorption capacity and the breakthrough time trend for H2S varying the 

relative humidity and the operating temperature. It is highlighted how increasing the operating 

temperature the adsorption capacity and the breakthrough time show a decreasing rate. For RST3, 

the adsorption capacity at RH 0% passes from 8.36 mg/g, at 5 °C up to 3.7 mg/g, at 45 °C while 

above RH 50% and above 25 °C, the adsorption capacity is around zero. The adsorption capacity at 

RH 80% shows different values to zero for temperature below 15 °C. Hence the adsorption capacity 
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is zero when the operating temperature are above 20 °C. For Carbox sample the adsorption capacity 

at RH 0% passes from 7.45 mg/g, at 5 °C up to 3.1 mg/g, at 45 °C, while above RH 50% and above 

25 °C, the adsorption capacity is around zero. The adsorption capacity at RH 80% shows values 

different to zero for temperature below 15 °C. Bringing the relative humidity from 0% to 10%, 

there is an increasing trend on the adsorption capacity that passes from 6.8%, at 5 °C to 6.1%, at 25 

°C and 7.7%, at 35 °C. With relative humidity value around 10%, the adsorption capacity shows a 

decreasing trend more soft compared to RST3. This is true even if for RST3 sample, changing the 

operating temperature, the absolute value of We was higher.  

The breakthrough time shows similar trend to the adsorption capacity (We). Varying the RH value 

the tb, at 5 °C and RH 0% is 150 min, while at 45 °C the tb is around 50 min, for RST3. Considering 

the same RH condition, the tb, at 5 °C is 135 min at RH 0%, while at 45 °C the tb is around 41 min, 

for Carbox. At relative humidity of 80% the tb passes from 54.7 min, at 5 °C up to 4.3 min, at 10 

°C. While, still for RST3, above 15 °C the tb is zero. Considering the Carbox sample, at relative 

humidity of 80% the tb passes from 50.7 min, at 5 °C up to 5.2 min, at 10 °C, while above 15 °C the 

tb is zero.  
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Figure 8 – Breakthrough time and adsorption capacity trend versus relative humidity content 

of biogas for HCl 

Figure 8 depicts the adsorption capacity and the breakthrough time trend for HCl varying the 

relative humidity and the operating temperature. Increasing the operating temperature decreases the 

adsorption capacity. Below 20 °C and above RH 50%, a strong adsorption capacity decrease is 

recorded. For RST3 the adsorption capacity at RH 0% passes from 18.9 mg/g, at 5 °C up to 8.9 

mg/g, at 45 °C. Above RH 50% the adsorption capacity is above zero compared to the removal of 

H2S. For Carbox the adsorption capacity at RH 0% passes from 18.2 mg/g, at 5 °C up to 8.3 mg/g, 

at 45 °C. Here, respect to H2S removal case, above RH 50% the adsorption capacity is above zero. 

The adsorption capacity, at RH 80% shows values above 0 mg/g for all the operating temperature 

considered, both for RST3 and Carbox sample. Considering Carbox sample, bringing the relative 

humidity from 0% to 10%, there is an increasing trend on the adsorption capacity of 6.0% at 5 °C, 
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6.3% at 20 °C and 18.1% at 45 °C. When relative humidity is 10% the adsorption capacity shows a 

decreasing trend more soft compared to RST3 case. Even if for RST3 sample, changing the 

operating temperature, the absolute values of We are higher respect to Carbox sample.  

The breakthrough time shows similar trend to We, varying the RH value, the tb at 5 °C is 273 min at 

RH 0%, while at 45 °C the tb is around 110 min, for RST3. Considering the same RH condition, the 

tb at 5 °C and RH 0% is 267 min while at 45 °C the tb is around 105 min, for Carbox. At relative 

humidity of 80% the tb passes from 174 min, at 5 °C up to 2.5 min at 45 °C, for RST3. Considering 

the Carbox sample, at relative humidity of 80% the tb passes from 171 min, at 5 °C up to 2.6 min at 

45 °C. It results that RST3 shows better performance, especially at dry donditions, rexpect to 

Carbox sample. The Carbox sample shows good performance at RH around 10%.  

The HCl removal case shows higher adsorption capacity and breakthrough time values respect to 

the H2S case. This is due to the higher dipole moment of HCl (1.08 D) compared to H2S (0.95 D) 

[26][28]. The dipole moment is a measure of degree of polarity. The phenomenon explained as 

follows: the higher the polarity of compounds of interest is the stronger electron-donating ability 

become [50].  

The combination of the operating temperature and relative humidity on the breakthrough time and 

on the adsorption capacity, as reported by figure 7 and 8, show an almost inversely proportional 

behavior. This is due to the slightly exothermal process that, for the operating temperature 

increases, it will probably enhance chemisorption respect to the physical adsorption [47,48]. 

Moreover, increasing also the relative humidity, the contemporary presence of water molecules 

interfere with the removal performance of organic vapors.  

Co-vapors influence on the Wheeler-Jonas parameters 

In this section are reported the effects of co-vapors, multiple component, on the Wheeler-Jonas 

parameters. These parameters are breakthrough time, adsorption capacity and adsorption global 

coefficient. Equations 1-3 and 4-9 must be taken into account to consider the wet state and the 

multiple contaminant condition. The results are reported in the following tables, 3-4.  
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Considering RST3 sample, it results that for the tb value, the discrepancy percentage from model 

and experimental values range from 22% to 2%, in case of co-vapors and single pollutant case. 

Considering the adsorption capacity (We) and adsorption global coefficient (kv), the experimental 

values are estimated indirectly knowing the breakthrough time and their relation. Here the 

discrepancy from model and experimental values ranges around 8%, for both of them. These 

discrepancy values are also found for the Carbox sample. 

 

Starting 

conc. 

(ppm(v)) 

tb [min] We [mg/gcoal] kV [min-1] 

Model Exp. Model Exp. Model Exp. 

H2S + HCl 
dry 33 27 7.8 7.2 12051 11087 

wet 31.5 24 7.2 6.6 11818 10873 

H2S 
dry 61 57 5.4 4.9 9713 9470 

wet 58 54 5 4.5 9581 9302 

HCl 
dry 103 94 10.6 9.6 14297 13939 

wet 98 91 10.1 8.9 14051 13642 

Table 4 – co-vapors effect on Wheeler-Jonas parameters – RST3 

 

 

Starting 

conc. 

(ppm(v)) 

tb [min] We [mg/gcoal] kV [min-1] 

Model Exp. Model Exp. Model Exp. 

H2S + HCl 
dry 30 25 7 6.4 10677 9823 

wet 28 21 6.3 5.8 10299 9476 

H2S 
dry 61 57 5.4 4.9 9713 9470 

wet 49 46 4.2 3.9 8140 7903 

HCl 
dry 103 94 10.6 9.6 14297 13939 

wet 95 88 9.2 8.4 13010 12631 



25 

 

Table 5 – co-vapors effect on Wheeler-Jonas parameters – Carbox 

Taking in consideration the single pollutant case, H2S for example, to remove 9.6 ppm(v) in dry 

condition for RST3, the breakthrough time required is about 61 min while it decreases of almost 

45.9% to 33 min, with the contemporary presence of HCl and 45.7%, in wet condition. Single HCl 

removal test shows a more strong removal performance decrease with multiple contaminants. The 

breakthrough time to remove only HCl for RST3, in dry condition, is around 103 min and it 

decreases to 33 min considering the contemporary presence of also H2S. The wet condition worsens 

even more the removal performance. The removal performance are similar considering the Carbox 

sample. Here, the decreasing rate of performance worsens in dry condition but improves in wet 

condition. Considering the tb, the removal performance for H2S, with multiple contaminant and dry 

condition decreases of 50.8% against 45.9% with RST3. In wet condition the tb decreases of 42.9% 

against 45.7% with RST3. These results show how Carbox is better in wet condition with a RH 

value around 20%. For the removal of HCl, the performance trend is similar to RST3: the 

decreasing rate is 70.9% and 70.5% in dry and wet state, respectively. In this case, for the wet 

condition value (20%), does not help the removal performance of HCl as it was instead 

demonstrated by the H2S case. For the adsorption capacity and the adsorption global coefficient, 

similar but opposite trends are reported for H2S and HCl. Here, for H2S the adsorption capacity 

increases of 44% for RST3, wet and dry condition while it increases of 30% and 50% for Carbox, 

dry and wet condition. Considering HCl, again both dry and wet state, show a similar behavior with 

a decreasing of the adsorption capacity in the multiple contaminant case. This is due to the fact that 

H2S is easily adsorbed on the carbon material respect to HCl. H2S undermines HCl and for this 

reason increases its adsorption capacity, while the behavior for the HCl removal decreases. A 

similar behavior is reported for the adsorption global coefficient. 

 

4. Conclusions 
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The Wheeler-Jonas parameters for biogas trace compounds removal were evaluated considering 

several operating variables: different sorbent material, gas condition (dry or wet), temperature and 

considering the multiple contaminant state (H2S+HCl). Results showed how two similar 

commercial activated carbons display different behavior. RST3 sample in dry condition shows 

better removal performance than Carbox at same operating temperature and for the same pollutant 

removal species. Considering the wet condition, Carbox sample improves its removal performance 

up to working optimally around 10-20% of relative humidity. Here, Carbox shows better removal 

performance for H2S and HCl, respect to RST3. Increasing the operating temperature the removal 

performance generally worse. This is due to the slightly exothermal process that will probably 

enhance chemisorption but has disadvantage on the physical adsorption. Finally, the multiple 

contaminants condition in dry and wet condition was studied and modeled. The model adopted 

showed results reliable with a discrepancy value around 8%. Here, results showed a general 

decrease on the removal performance for both sorbent materials adopted and gas conditions. For 

H2S removal and for wet condition, this decreasing trend is softer considering the Carbox sample, 

respect to RST3. Future works will focus on the tb estimation of more than a binary mixture 

(H2S+HCl), estimating the service life time of a clean-up system for SOFC applications fed by 

biogas. 
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Table captions 

Table 1 – Dipole moment for VOCs of interest 

Table 2 – Commercial activated carbons characteristics 

Table 3 – Elements identified with SEM-EDS analysis in the Carbox and RST3 sample. 

Table 4 – co-vapors effect on Wheeler-Jonas parameters – RST3 

Table 5 – co-vapors effect on Wheeler-Jonas parameters – Carbox 
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Table 1 

Compound Dipole moment (Debye) Reference 

Hydrogen sulfide 0.95 [26]  

Methanethiol 1.52 [26] 

Dimetylsulfide 1.58 [26] 

Propanethiol 1.55 [27] 

Butanethiol 1.54 [27] 

Chloroethane 6.7 [26] 

2-Butanone 2.76 [26] 

Toluene 1.3 [26] 

Styrene 0.3 [26] 

HF 1.82 [28] 

HCl 1.08 [28] 

HBr 0.82 [28] 

HI 0.44 [28] 
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Table 2 

Sample 

 

Specific Surface Area 

(m2/g) 
V total (cm3/g) 

V microporous 

(cm3/g) 

Airdep Carbox 1237 0.407 0.328 

RST3 1117 0.447 0.300 
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Table 3 

 

Atomic 

% 
Virgin Tested 

Element Carbox RST3 Carbox RST3 

C 80.9 91.15 86.96 93.83 

O 9.01 5.3 8.37 4.6 

Mg 1.19 0.2 0.1 0.08 

Al 1.98  0.68  

Si 1.4  1.03  

P 0.81  
 

 

S 0.11 0.57 0.27 0.72 

Cl 0.33  0.63  

K 0.78 0.78 0.21 0.37 

Ca 1.65 0.76 1.03 0.4 

Mn 0.41  
 

 

Fe 1.43  0.72  

Zn  1.15 
 

 

Total: 100 100 100 100 
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Table 4 

 

Starting 

conc. 

(ppm(v)) 

tb [min] We [mg/gcoal] kV [min-1] 

Model Exp. Model Exp. Model Exp. 

H2S + HCl 
dry 33 27 7.8 7.2 12051 11087 

wet 31.5 24 7.2 6.6 11818 10873 

H2S 
dry 61 57 5.4 4.9 9713 9470 

wet 58 54 5 4.5 9581 9302 

HCl 
dry 103 94 10.6 9.6 14297 13939 

wet 98 91 10.1 8.9 14051 13642 
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Table 5 

 

Starting 

conc. 

(ppm(v)) 

tb [min] We [mg/gcoal] kV [min-1] 

Model Exp. Model Exp. Model Exp. 

H2S + HCl 
dry 30 25 7 6.4 10677 9823 

wet 28 21 6.3 5.8 10299 9476 

H2S 
dry 61 57 5.4 4.9 9713 9470 

wet 49 46 4.2 3.9 8140 7903 

HCl 
dry 103 94 10.6 9.6 14297 13939 

wet 95 88 9.2 8.4 13010 12631 
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Figure captions 

Figure 1 – Experimental set-up 

Figure 2 – Breakthrough time trend versus initial concentration of the pollutant 

Figure 3 – Adsorption capacity trend versus initial concentration of the pollutant 

Figure 4 – Breakthrough time trend versus operating temperature 

Figure 5 – Adsorption capacity trend versus operating temperature 

Figure 6 – Adsorption capacity trend versus relative humidity content of biogas 

Figure 7 – Breakthrough time and adsorption capacity trend versus relative humidity content 

of biogas for H2S 

Figure 8 – Breakthrough time and adsorption capacity trend versus relative humidity content 

of biogas for HCl 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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