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Latin minuscules 

Symbol Unit Meaning 

𝑐 ppmv Concentration 

𝑐 (𝑡) ppmv Concentration to a certain 

time 

𝑐0 ppmv Initial concentration 

𝑐𝐿𝐶 ppmv Lethal concentration 

𝑐𝑟 [-] Relative concentration 

𝑑 M Thickness 

𝑓𝑙𝑒 µg mol-1 Substance quantity-

related efficiency of a 

bound ligand 

𝑘 mol1-n (Ln-1 s)-1 Rate constant 

𝑙 M Length 

𝑚𝑎 g Mass of adsorptive 

𝑚𝑎𝑑 g Mass of a dried and 

unloaded adsorbent 

𝑚𝑎𝑙 g Mass of an adsorbent after 

adsorption 

𝑚𝑏𝑎𝑑 g Mass of weighing glass 

incl. cap and dried, 

unloaded adsorbent 

𝑚𝑏𝑎𝑙 g Mass of weighing glass 

with cap and loaded 

adsorbent 

𝑚𝑙 g Mass of adsorpt bound 

onto the adsorbent 

𝑛 mol Amount of substance 

𝑛𝑎 mol Substance amount of an 

adsorptive 

𝑛𝑖 mol Share of a corresponding 

total amount of substance 
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𝑛𝑙 mol Amount of substance 

loaded onto an adsorbent 

𝑛𝑙 mol Amount of substance 

loaded onto adsorbent 

𝑛𝑡𝑜𝑡 mol Total amount of substance 

𝑝 Pa Pressure  

𝑝0 kPa Vapour pressure 

𝑝𝑖 kPa Share of a corresponding 

total pressure  

𝑝𝑡𝑜𝑡 kPa Overall pressure 

𝑞 µg g-1 Relative load per weight 

onto an adsorbent 

𝑞𝑙;𝐴 µmol m-2 Ligand’s density on 

adsorbent’s surface 

relative to surface 

𝑞𝑙;𝑤 mmol g-1 Ligand’s density on 

adsorbent’s surface 

relative to weight 

𝑞𝑚 µg Monolayer load 

𝑞𝑚𝑎𝑥 g g-1 Maximal possible load 

𝑞𝑟 g m-2 Relative load per surface 

on an adsorbent 

𝑞𝑟+ g m-2 Additional relative load per 

surface onto an adsorbent 

𝑟 m Coordinate on a radius 

𝑟𝑎 (µg m-2) min-1 Mean adsorption rate 

𝑡̅ s Average resting time of 

particles in a reactor  
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Latin majuscules 

Symbol Unit Meaning 

𝐴, 𝐵, 𝐶 [-] Empirical, substance-

specific parameters for the 

Antoine equation 
𝐴𝐵𝐸𝑇 m2 g-1 Specific surface calculated 

by BET-method 

𝐴𝑆 m2 Adsorbent’s surface 

𝐷 m2 s-1 Diffusion coefficient 

𝐹(𝑡) [-] Cumulative distribution 

function 

𝐾𝐴; 𝐾𝐵 [-] Equilibrium constants 

𝐾𝐵𝐸𝑇 [-] BET adsorption coefficient 

𝐾𝐹 [-] Freundlich adsorption 

coefficient 

𝐾𝐻 [-] Henry adsorption coefficient 

𝐾𝐿 [-] Langmuir adsorption 

coefficient 

𝐿 g L-1 Solubility product 

𝑀 g mol-1 Molar mass 

𝑇 K Temperature  

𝑇𝐷𝑒𝑠 °C Desorption temperature 

𝑉 m³ Volume 

�̇� m3 s-1 Volume flow 

𝑉𝑝 cm3 g-1 Pore volume 
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Greek minuscules 

Symbol Unit Meaning 

𝛼𝐴,𝐵 [−] Selectivity  

𝛿 µm Thickness of boundary 

layers 
휀𝑝 [−] Porosity 

𝜆 m Wavelength 

𝜌𝑎 kg m-3 Seeming density 
𝜌𝑠 kg m-3 Apparent density 
𝜌𝑤 kg m-3 True density 

𝜎𝑖 [-] Fraction of surface 

covered with gases 

𝜏 s Fluid dynamic resting time 

𝜑 [-] Saturation degree 

𝜑𝑟ℎ % rh Relative humidity 

 

Greek majuscules and other symbols 

Symbol Unit Meaning 

𝛩 [-] Covering degree 

𝜕𝑒𝑓𝑓 m2 s-1 Transport coefficient 
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Abbreviations 

Abbreviation Meaning 

AC Active Carbon 

BET Isotherm model of Brunauer, Emmet and 

Teller 

DIN Deutsches Institut für Normung (German 

Institute for Industrial Standards) 

FID Flame Ionisation Detector 

GC  Gas chromatography  

GDP Gross domestic product 

HSU Helmut-Schmidt-University / University of 

German Federal Armed Forces 

MS Mass spectrometry 

PPE Personal protective equipment 

ppb Parts per billion 

ppmv Parts per million (volumetric) 

TIC Toxic Industrial Compound 

VOC Volatile Organic Compound 
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1 Introduction 
There are different reasons why certain components should be separated from the 

ambient air or other gas mixtures. In addition to the recovery of recyclable materials, 

in many cases this involves the removal of pollutants that are dangerous for humans 

and the environment.  

Since 1990, the German Federal Environment Agency has been publishing the 

emission levels of certain pollutants for public information. Figure 1 shows the values 

for carbon monoxide, ammonia, and volatile organic compounds without methane 

(VOC). 

 

Figure 1: Emissions of carbon monoxide, ammonia and volatile organic 
compounds except methane in Germany from 1990 to 2016 (1) 

It is essential in all these considerations that it has been possible to significantly reduce 

emissions of carbon monoxide and volatile hydrocarbon compounds since 1990. 

Ammonia emissions fell by slightly more than 10% between 1990 and 2016, volatile 

organic compounds by 69% and carbon monoxide emissions by 77% over the same 

period. On the other side, for all three pollutants considered, there has also been a 

contrary trend latest since 2014, with the total balance of pollutants emitted rising 

again. But independent of this slight increase, stagnation can be observed for all three 

emissions. This has been the case for volatile organic compounds and carbon 

monoxide since 2009. In 2010, all investigated values increased again. Ammonia has 
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been emitted to a comparably constant extent since 1991. No significant progress can 

therefore be discerned here.  

It is noteworthy that the largest share of each emission can always be attributed to 

industrial processes. The economy therefore plays an important role in this context. 

The drop of pollutants emitted in 2009 can also be seen in the reduced economic 

output in line with the gross domestic product of the same year as shown in Figure 2. 

 

Figure 2: German annual gross domestic product (GDP) from 1991 to 2017 (2) 

The graph also reveals another trend. In recent decades, despite an increase in 

economic output, emissions of these pollutants have been reduced. This is no longer 

the case in the current decade. On the contrary, it can be assumed that the pollution 

load increases with production. This leads to the necessity of new and improved 

approaches to exhaust gas purification, if necessary, also via post-processing of the 

already conventionally purified exhaust gases. In addition, the protection of the 

individual human being is of utmost importance. 

The goal of the engineering sciences of our time must be to combine two opposing 

requirements. On the one hand, it is important to maintain and, if possible, improve the 

standard of living achieved. A reduction will not be accepted by the population. On the 

other hand, the focus must be on protecting people and the environment. Increasing 

productivity and the associated prosperity must not lead to an increasing threat to 

them. The goal must be environmentally and resource-neutral production. Stagnation 

in the improvement of one of the two parameters endangers prosperity and must be 

approached creatively.  
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The aim of the present work is to achieve performance increases in the separation of 

certain pollutants, in particular carbon monoxide, ammonia, hydrogen sulphide and 

cyclohexane, from the air by skilfully adapting certain adsorbents with the aid of 

selected functionalisation methods. In addition, it is shown which analytical methods 

can be used to characterise the performance of the adsorbents investigated.  

At the beginning, the work deals with the theoretical basics of adsorption from the gas 

phase. In a further section, the starting materials used for this as well as their 

functionalisation and characterisation are explained. Finally, extensive series of 

experiments determine the performance of individual materials for adsorption and their 

improved versions in the separation of various gaseous pollutants. 
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2 Adsorption 
In general, adsorption is a highly effective separation method. It also offers a high 

potential for removing gaseous components from the ambient air, even for low 

concentrations (3 pp. 1-2). Different types of coal are utilised in the gas phase for the 

reduction of displeasing odours since the 18th century, at the latest. With the beginning 

of the 20th century, industrial plants were built to produce activated carbon. When the 

Bayer process was developed in 1916, activated carbon found wide use for the 

separation of organic vapours from exhaust gases. Since the 1970s, the environmental 

protection regulations became more stringent. Therefore, adsorption has come back 

into focus as a separation technique, e.g. in odour intensive industries like the 

chocolate and cocoa production (4 p. 4; 5 p. 12; 6 p. 117 ff.; 7 p. 31 ff.; 8 p. 239 ff.). 

2.1 Fundamentals of Adsorption 

Adsorption is a thermal separation process by the binding of molecules out of a fluid 

phase, i.e. liquid or gaseous, onto the surface of a solid phase and can be described 

as 

𝐴 + 𝐵 + 𝑆 ⇌ 𝐴 + 𝐵 ⋮ 𝑆  (1) 

where A and B are parts of such a fluid phase and S represents the surface of a solid 

phase. The affinity between component B and the active surface S is higher compared 

to the affinity between the other component A and S. Thus, it is possible to separate B 

from A by this technique. The binding of component B onto the surface S is symbolised 

by three dots at the right side of the equation. The back reaction is called desorption. 

In Figure 3, the normed vocabulary is presented.  
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Figure 3: Vocabulary for adsorption processes in a schematic depiction (4 p. 5) 

In the depiction, a carrier gas (white dots) transports another phase, which is to be 

separated and called adsorptive (black dots). Between adsorptive and adsorbent, 

which is the solid material for the separation, physical interaction and, sometimes, 

chemical forces, lead to a drawing force. As soon as the adsorptive is bound onto the 

boundary layer, it is further called adsorpt. The combination of adsorbent and adsorpt 

bound on the active surface is called adsorbate. The structure of the surface of the 

adsorbent can be homogeneous or heterogeneous (3 p. 1; 9 p. 19; 10 p. 467; 

11 pp. 2-6). As measurements have shown, only heterogeneous surfaces are of 

interest in this book. These are different to homogeneous surfaces. The heterogeneity 

results from different pore widths and pore depths. 

According to Wedler, a distinction can be made between several forces that play a role 

in adsorption. These are the repulsion forces, and the relatively far-reaching dispersion 

forces, which are both largely independent from polarity. If polarity nevertheless played 

a role, dipole interactions and valence forces should also be mentioned. In addition, 

with increasing loading, interactions between the adsorptive molecules or atoms also 

become relevant (12 pp. 15-16). These forces depend on the chemical nature of the 

adsorbent and adsorptive, the special properties of the surface of the adsorbent and, 

in particular, the pressure of the adsorptive in the gas phase and the adsorption 

temperature. Further, the presence of other adsorptives in the gas phase plays a 

decisive role (13 pp. 387-388). In its entirety, the process is fundamentally exothermic. 

Consequently, the adsorption capacity decreases progressively as the temperature 

rises, until it finally reverses, and desorption occurs. This effect can also be seen when 
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the ambient pressure is reduced (4 p. 4 f.; 10 p. 499 ff.). These two desorption 

techniques play an important role in the following scientific research. 

2.1.1 Equilibrium 
The first main parameter for the characterization of adsorption processes is the 

equilibrium as already mentioned in equation (1). It occurs when the flow of adsorbed 

molecules equals the flow of desorbed molecules. Therefore, the relative load of the 

adsorbent 𝑞𝑟 is a function of temperature 𝑇 and the equilibrium pressure 𝑝. 

Consequently, the following relation applies 

𝑞𝑟 = 𝑞𝑟(𝑇, 𝑝)    (2) 

and for 𝑇 = const, what depicts an isotherm 

𝑞𝑟 = 𝑞𝑟(𝑝)    (3) 

Literature mostly names a certain temperature, at which, depending on different given 

concentrations 𝑐 of the adsorptive, or alternatively different partial pressures 𝑝/𝑝0, the 

mass of adsorptive adsorbed per surface of the adsorbent 𝑞 after an infinite time is 

investigated. Especially in the standards of adsorption, Henry, Freundlich and 

Brunauer, Emmet and Teller defined the load as the mass of the bonded adsorptive 

𝑚𝑎 over the weight of the unloaded adsorbent 𝑚𝑎𝑑. Thus, it defines a dimensionless 

quantity. The results are depicted then in a diagram displaying the load over the 

saturation degree 𝜑 of the adsorptive. This results in an isotherm, which shows the 

performance of an adsorbent in the separation of a specific component. Such a 

diagram is given in Figure 4, where the dimensionless loads 𝑞 of different models of 

adsorption isotherms are plotted over a saturation degree 𝜑. In scientific history until 

today, several researchers modelled mathematically different phenomena they found 

during different adsorption processes (14 p. 16). The most important ones are 

explained below. 

The simplest equation describing an isotherm was derived by Henry (15 pp. 41-42). 

Several factors were not considered. This concerns the finiteness of adsorption spaces 

as well as reactions between the molecules of the adsorptive or energetically different 

levels of the adsorption spaces, or a potential multilayer coverage, respectively. For 

the Henry model, a space of endless and constant adsorption conditions is assumed, 

which leads to a linear correlation between the load 𝑞 and the saturation degree 𝜑. For 
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the proportionality, 𝐾𝐻 - a dimensionless Henry constant, must be introduced. The 

isotherm can then be modelled mathematically by 

𝑞 =  𝐾𝐻  ∙  𝜑      (4) 

This correlation applies in particular at extremely low concentrations, as linear 

regressions of the measurement data are sufficiently precise in this range.  

In comparison to Henry, the Langmuir isotherm respects the finiteness of active spaces 

for adsorption on the surface of the adsorbent. Here, it is assumed that the surface is 

covered by a monomolecular layer, for the fluid phase, the ideal gas law is valid and 

there are no mutual reactions between the adsorpt molecules and the molecules of the 

fluid phase. The equation for the isotherm can then be written as 

𝑞 =
𝐾𝐿 ∗ 𝑞𝑚𝑎𝑥 ∗ 𝜑

1 + 𝐾𝐿 ∗ 𝜑
     (5) 

where 𝑞𝑚𝑎𝑥 describes the maximal possible load and 𝐾𝐿 the Langmuir-coefficient. The 

model applies, if the covering degree 𝛩 =  𝑞

𝑞𝑚𝑎𝑥
 is smaller than one (3 p. 23). 

Markham and Benton postulated, that the inverted equation, written as 

1

𝑞
= 

1

𝐾𝐿 𝑞𝑚𝑎𝑥
 
1

𝜑
+ 

1

𝑞𝑚𝑎𝑥
  (6) 

should ideally result in a line, when the inverted load is plotted against the inverted 

concentration of the adsorbent (16 p. 502). This is a very practical method to verify, 

whether the assumption that an isotherm is of Langmuir type, is correct or not. On the 

other hand, there is the disadvantage of distortion. For smaller values of concentration 

and, more decisive, loads, small deviations have a much larger impact compared to 

higher values. 

Contrary to the isotherm modelled by Langmuir, the isotherm model derived by 

Freundlich  

𝑞 =  𝐾𝐹  ∙  𝜑
𝑛     (7) 

is not identical with the Henry isotherm at lowest concentrations. The exponent 𝑛 in 

combination with the adsorption coefficient 𝐾𝐹 allows a more complex description of 

an isotherm compared to the latter model. Furthermore, it respects the fact that for high 

covering degrees 𝛩, the load increase becomes progressively slower and does not 

ignore the possibility of a multilayer loading onto the adsorbent. 
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Brunauer, Emmett and Teller (BET) focused on multi-layer adsorption and 

explored a possibility to describe these processes with multiple layers mathematically 

(17 p. 312 f.). For this purpose, a further adsorption coefficient 𝐾𝐵𝐸𝑇 as well as the 

monolayer load 𝑞𝑚 are required. 

𝑞 =  
𝜑

1−𝜑
∙

𝑞𝑚∙𝐾𝐵𝐸𝑇

1+(𝐾𝐵𝐸𝑇−1)∙𝜑
  (8) 

However, supplementary limiting factors like pore volume do not affect the calculations, 

which could lead to unwanted deviations and inappropriate predictions of the possible 

loads. Additionally, the model does not work well for high adsorptive concentrations. 

In Figure 4, the courses of the described isotherm models are depicted over the whole 

range of possible saturations φ. This way, they can be compared. 

 

Figure 4: Qualitative course of different models of isotherms 

From the figure, it becomes clear that the Henry isotherm describes a straight line. 

Thus, the isotherm is essentially valid for extremely low degrees of saturation. By 

contrast, the Langmuir and Freundlich models consider the finite number of active 

centres to which the adsorptive can be attached. For both functions applies that the 

load increases progressively weaker at higher saturations. The BET function provides 

a possibility to model the transition from monolayer to multilayer loading. This is due to 

the turning point, which indicates the completion of the single-molecule loading and at 

the same time describes the beginning of multilayer loading up to pore condensation. 
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2.1.2 Transportation and Kinetics 
Kinetics are defined as the rate of a reaction. In the case of adsorption, it is the velocity 

at which a thermodynamic equilibrium between the fluid phase and the adsorbent is 

established (10 p. 489). This mainly depends on the transportation processes within 

the pores of the adsorbent (18 p. 131 ff.). In Figure 5, the main steps are depicted. For 

this purpose, an adsorbent grain with only one pore is shown as a model. The 

adsorption starts with the film diffusion, which is represented by the arrow numbered 

with 1, where the adsorptive passes through the boundary layer with its thickness of 𝛿. 

After that, symbolised by number 2, pore diffusion occurs, which strongly depends on 

the tortuosity of the pores. In the last step, numbered with 3, the adsorption process 

itself, binds the component onto the surface. The desorption process works in the 

opposite direction, symbolised by the arrows 4 to 6 (11 p. 4; 19 p. 408; 20 p. 110 f.).  

 

 

Figure 5: Steps of the transportation process during adsorption and desorption of 
a target substance (11 p. 4; 19 p. 408) 

The most limiting factor for kinetics is the diffusion sub-step with the slower 

transportation process. This could be the film diffusion, as the adsorbent grain could 

be very small, and the boundary layer is relatively large. But mostly, pore diffusion is 

the rate-determining factor. Compared to the outer size of the adsorbent, the inner 

fissure is usually very large and thus has a larger impact. (19 p. 401 f.; 21 p. 42)  

The transport during adsorption and desorption is carried out by diffusion, flow and 

molecular movement depending on pore size, partial pressure, and transportation 
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processes. Thus, the mathematical description is complex, as can be seen from the 

equation  

1

𝑟2
 ∙  

𝜕

𝜕𝑟
 ( 𝜕𝑒𝑓𝑓  ∙  𝑟

2  ∙  
𝜕𝑞

𝜕𝑟
 ) =  

𝜕𝑞

𝜕𝑡
    (9) 

which is based on Fick’s law and describes adsorption as a kinetic process. Here, 𝑟 

defines the coordinate inside the radius of a grain of adsorbent, which, for reasons of 

simplifying the complexity, must be assumed to have the form of a sphere. The 

aforementioned 𝑞 is the load of an adsorptive on the surface of an adsorbent. The time 

is described by 𝑡. The transport coefficient 𝜕𝑒𝑓𝑓 is suitable to describe various transport 

modes and, thus, is a complex factor of the equation (3 p. 86; 10 p. 490; 22 p. 66). As 

a result, the adsorption kinetics depend not only on the coordinate itself but also on the 

already existing load on its surface, and on time. 

The solution of the equation relies on the knowledge about the boundary conditions. 

These, eventually, must be determined by several experiments with different efforts 

and subsumed under the known equation. The research described below is 

application-oriented. For this reason, the kinetic behaviour of the respective adsorbent-

adsorptive pairing must be considered first and foremost. Then, the equation with the 

unknown transport coefficient 𝜕𝑒𝑓𝑓, can be traced back, given that the remaining 

parameters are known.  

As the research mainly focuses on finding absorbents which provide maximum 

retention with minimum material usage, kinetics is of major importance, as fast 

adsorption requires a shorter time for the adsorptive to reside in the adsorber. This 

results in the possibility to utilise a smaller (less material) or faster removal (less time) 

of Toxic Industrial Compounds (TICs) for the benefit of the breathing air. 

2.1.3  Breakthrough 
The description of mass transport effects is necessary for the determination of the 

component’s breakthrough curves, which describe the course of the load on the 

adsorbent depending on layer and time. The maximum load as described in 

section 2.1.1, as well as kinetics, limit the breakthrough behaviour of an adsorbent. 

Kinetics is of special interest since it restricts the possible loading per time even for a 

completely unaffected adsorber bed. This limiting effect even increases as soon as the 

loading begins, and kinetics becomes slower with time. Thus, the breakthrough 

calculation, dependent on time and location in the adsorber, always leads to a 
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differential equation. Thinking the other way around, with the knowledge of the 

associated boundary conditions, breakthrough curves also allow the investigation of 

the kinetics of adsorbent-adsorptive combinations (23 p. 337).  

Figure 6 shows two breakthrough curves, which represent the possible two extrema of 

a desired (DKG) and undesired (DKS) curve form. The ordinate of the coordinate 

system represents the relative concentration  

𝑐𝑟 = 𝑐 𝑐0
−1    (10) 

of a component to be separated after an adsorber bed. Here, 𝑐0 is the input and 𝑐 the 

absolute concentration measured after the adsorber bed. The abscissa represents the 

time. The concentration after the adsorber bed relative to time is depicted by both 

graphs DKG and DKS. If one assumes that both graphs, whose summed integrals 

have the same value, represent the breakthrough of different adsorbents with identical 

maximum loading, the great influence of kinetics on the breakthrough behaviour 

becomes clear.  

 

Figure 6: Model depiction of good (DKG) and bad form (DKS) of breakthrough 
curve (19 p. 411) 

The adsorbent causing the very steep DKG curve offers very fast, the adsorbent 

causing the DKS curve comparably slow kinetics. For this reason, the concentration in 

the case of DKG starts rising so early compared to DKG. As a model representation, 

kinetics is a chance for a molecule to be adsorbed by a certain free space. If the chance 

to be adsorbed by each free space is lower, the possibility to pass through the adsorber 

bed is getting higher. The successful passes are then depicted in the Figure as an 
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elevating concentration. The free adsorption spaces in this model are of the same 

number, and the adsorptives of the same quantity. This means, that the last adsorption 

spaces are free for a significantly longer time, and the passing air is longer but with 

less efficiency cleared than with a fast kinetics adsorber bed. In most cases, relative 

concentrations of 𝑐𝑟 ≥ 0.05 are already critical. Thus, adsorption that proceeds longer 

with a comparably flat form (like the DKS curve) provides no benefits for applications 

in air cleaning. For analytical methods for the detection and determination of certain 

substances, such as chromatography, however, both maximum expressions of the 

breakthrough curve may be useful. 

2.1.4  Multi-Component Adsorption 
Compared to single-component adsorption, the complexity of multi-component 

adsorption is significantly higher. In the gas phase, there normally is at least humidity 

beneath the surrounding air. To avoid any uncertainties, authors often decide to 

choose nitrogen or another nearly inert or even inert gas as carrier for the gas phase 

to be separated. But even then, there are difficulties in leaving out humidity and thus 

multi-component adsorption (24 pp. 935-937).  

To get multi-component adsorption process results, mostly investigations for two or 

more single-component adsorptions are conducted and then combined using a model 

or theory for multi-component adsorption. These theories are considered to be 

sufficiently accurate (25 p. 75). On the other hand, there is little experimental data to 

confirm this predication. However, Markham and Benton developed a model based on 

the ideas of Langmuir, as discussed in Chapter 2.1.1, to simulate results of multi-

component adsorption processes. For their further calculations, they defined 𝜎𝑖  as the 

fraction of the adsorbent’s surface covered with gases of the same index 𝑖, where in 

this case the indices stand for 𝑖 = 1 and 𝑖 = 2. This leads to 

𝜎1 = 
𝐾𝐿1 𝜑1 (1− 𝜎2)

1+ 𝐾𝐿1 𝜑1
   (11) 

or 

𝜎2 = 
𝐾𝐿2 𝜑2 (1− 𝜎1)

1+ 𝐾𝐿2 𝜑2
    (12) 

via 
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𝜎1 = 
𝐾𝐿1 𝜑1

1+ 𝐾𝐿1 𝜑1+ 𝐾𝐿2 𝜑2
   (13) 

and  

𝜎2 = 
𝐾𝐿2 𝜑2

1+ 𝐾𝐿2 𝜑+ 𝐾𝐿1 𝜑1
    (14) 

respectively. And with the help of the adsorbent’s load 𝑞𝑖 and its monolayer load 𝑞𝑚𝑖, 

as indicated: 

𝜎𝑖 = 
𝑞𝑖

𝑞𝑚𝑖
     (15) 

the load regarding each of the adsorptives can be calculated as 

𝑞1 = 
𝐾𝐿1 𝑞𝑚1 𝜑1

1+ 𝐾𝐿1 𝜑1+ 𝐾𝐿2 𝜑2
    (16) 

and 

𝑞2 = 
𝐾𝐿2 𝑞𝑚2 𝜑2

1+ 𝐾𝐿2 𝜑2+ 𝐾𝐿1 𝜑1
   (17) 

The restrictions in this model rely on the fact that only adsorbates which strictly comply 

with the Langmuir isotherm can be calculated. Even the authors admit, that there are 

areas of incompleteness (16 p. 504 f.). Nevertheless, this model is in use and was later 

written universally as 

𝑞𝑖 = 
𝐾𝐿,𝑖 𝑞𝑚𝑎𝑥,𝑖 𝜑𝑖

1+ ∑ 𝐾𝐿,𝑗
𝑁
𝑗=1  𝜑𝑗

   (18) 

in case of a multi-component adsorption with 𝑁 different adsorptives (9 p. 10; 

26 p. 147). 

2.2 Adsorbents 

For the following research, the focus was on silica gels, which were functionalised 

differently. The basic silica supports were different in particle size, pore size and 

manufacturer. Pore structure and functionalising success, on the other side, were 

analysed during the investigations. These processes are described later in the book. 

For a theoretical understanding of the processes, primarily the effects of different 

structures and possibilities of functionalisation are explained.  

At first, an overview of the most common adsorption materials is given, some of which 

were also investigated in this research. This, however, should not distract from the fact 
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that silica gels are the most promising basis for the objectives of the research described 

here. 

2.2.1 Basic Materials 
Five basic materials were considered as adsorbents, as they are commercially 

available, can be delivered in high qualities and have extremely low deviations even 

between different charges. These are activated carbon, zeolites, clay minerals, 

aluminium oxides and silica gels. Table 1 gives an overview of the typical physical 

characteristics of the materials. In addition to the true density, this also includes the 

seeming density and the apparent density. Furthermore, the porosity and the 

parameters of the specific surface, the associated pore volume and the desorption 

temperatures, which are of utmost importance for further investigations, are presented. 

Table 1: Physical data of different adsorption materials (3 p. 11 ff.; 11 p. 19; 
19 p. 407) 

Measurement Formula 

symbol 

Silica 

gels 

Activated 

carbon 

Zeolites Clay 

minerals 

Aluminium 

oxide 

True density 𝜌𝑤 / 

kg m-3 

2200 1880-

2100 

2100-

2600 

2200 3000-3100 

Seeming 

density 

𝜌𝑎 / 

kg m-3 

750-

1250 

440-850 1100-

1500 

1600-

1700 

1200-2400 

Apparent 

density 

𝜌𝑠 / 

kg m-3 

300-

850 

250-550 400-900 500-700 700-950 

Porosity 휀𝑝 0.45-

0.65 

0.45-0.77 0.5-0.6 0.2-0.35 0.13-0.6 

Specific 

surface 

𝐴𝐵𝐸𝑇 / 

m² g-1 

100-

850 

500-1800 350-

1100 

120-300 100-400 

Pore volume 𝑉𝑝 / 

cm3 g-1 

0.35-

0.95 

0.7-1.5 0.2-0.7 0.25-

0.35 

0.35-0.6 

Desorption 

temperature 

𝑇𝐷𝑒𝑠 / 

°C 

100-

150 

120-250 100-500  150-320 

 

From the Table, it becomes obvious that clay minerals and aluminium oxides have a 

relatively high density compared to their specific surface which does not exceed 

300 m² g-1 for clay minerals and 400 m² g-1 for aluminium oxides, and porosity with 

values not larger than 0.35 and 0.6, respectively. For clay minerals and aluminium 
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oxides, the seeming densities with maximum values of 1700 kg m-3 and 2400 kg m-3 

are considerably higher than the values achieved by silica gels and activated carbon 

of 1250 kg m-3 and 850 kg m-3, respectively. This makes them particularly less 

attractive for applications which prefer less weight. Silica supports, activated carbon 

and zeolites seem to be the more appropriate choice in this case. Although zeolites 

are relatively heavy, as can be seen from the high apparent density, which is higher 

than 1100 kg m-3, the porosity (0.5 < 휀𝑝 < 0.6) and specific surface 

(350 m² g-1 < 𝐴𝐵𝐸𝑇 < 1100 m² g-1) is at least comparable to activated carbon with 

typical specific surface sizes of 500 m² g-1 to 850 m² g-1 and silica supports, which are 

characterised by specific surfaces between 100 m² g-1 as a minimum, 850 m² g-1 as a 

maximum and porosities between 0.45 and 0.65. However, the latter two are the most 

promising materials for further research, whereas silica-supports offer a more uniform 

pore-size distribution (27 p. 717).  

2.2.2 Pore Size, Particle Size and Selectivity 
The pore size of an adsorbent obviously influences its selectivity, especially for bigger 

molecules. But this effect is also investigated to be utilised with molecular sieves for 

the separation of nitrogen from oxygen out of the surrounding air (28 p. 1680). Thus, it 

remains interesting for very small molecules and a topic for scientific research in the 

field of different adsorptives (29 p. 720). The resulting separation effect is called steric 

mechanism, even if scientific literature sometimes relates it to the kinetic mechanism.  

 

Figure 7: Mechanisms of selectivity (30 p. 1230) 
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This kinetic effect occurs in particular on the inner surface of the adsorbents. Here, the 

free spaces for the adsorptives are occupied by those types of molecules which diffuse 

faster into the pores of the adsorbent. This factum is of importance, as equilibrium 

states mostly progress very slowly. 

The energetic mechanism, which can also be explained as affinity, shall be mentioned 

here finally. This is the only effect which is significantly influenced by the energetic 

condition of the adsorbent-adsorptive pair. For this, the binding of the adsorptive, which 

leads to the lowest energy level possible after the execution of the adsorption process, 

runs with priority. This effect is therefore also important for multi-component adsorption 

when a single-adsorption process already took place before. The difference in the 

energetic levels leads to a desorption of the previously bound adsorpt.   

The success of the selectivity can be seen as a fraction 

𝛼𝐴,𝐵 = 
𝐾𝐴

𝐾𝐵
      (19) 

where 𝛼𝐴,𝐵 represents the selectivity between the components A and B, and 𝐾𝐴 the 

equilibrium constant of the target component 𝐴, whereas 𝐾𝐵 is the equilibrium constant 

of the components not wished to be adsorbed (30 p. 1231). 

The selectivity can be improved by utilizing functionalisation methods. The most 

common principles are described in the following Chapter 2.2.3. 

2.2.3  Selection of Functionalization Method and Development of Ligands  
Silica gels as adsorbent basis material can be functionalised by different methods. For 

the following research, especially silanisation was applied.  

Silanisation is a widely researched and employed option for the functionalisation of 

adsorbents, especially for activated carbon and silica gels. In these studies, silica 

supports were silanised with different ligands, but with a well-known and approved 

procedure, which can be retraced (31 pp. 42-52; 32 p. 128). Although the 

functionalisation principle remains the same, the utilised ligands were newly 

composed, and the reaction conditions were slightly adapted for the different silane 

reactions. In principle, for the functionalisation method of silanisation, the 

corresponding silane is placed in a suitable solvent for functionalisation, in which it is 

then activated by the traces of water present in the solvent. This takes place by splitting 
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off an alcohol. The activated silane can then bind to the silanol group on the surface of 

the silica gel and thus is immobilised. 

With the aim to increase the affinity of the adsorbent to the adsorptive, suitable ligands 

were specifically sought. The selection was based on knowledge, either experience 

with similar adsorptives or theoretical knowledge about the reaction behaviour of the 

target substances. The used ligands are listed in Table 2. 

Table 2: Ligands applied for the improvement of adsorption behaviour towards 
certain adsorptive substances 

Designation Brief description Target substances 

-430 Multiphenolic derivative 

Acetone 

Chlorobenzene  

Cyclohexane 

-07 Amino derivative Cyclohexane 

-10 Sulphur derivative Hydrogen sulphide 

.01 Chlorine complexed ligand (low concentration) Carbon monoxide 

.02 Chlorine complexed ligand (high concentration) Carbon monoxide 

 

It is striking that ligands bound on the adsorbents’ surfaces, which are similar to the 

target substance, provide better adsorption results compared to an unfunctionalised 

adsorbent. Silane -430 used for acetone, chlorobenzene, and cyclohexane, for 

instance, contains cyclic hydrocarbon structures. Ligand -10 is another example for 

similarities, as hydrogen sulphide in particular is successfully bound with this sulphur 

derivative.  

The ligand -07, which is also used as an amino derivative for the adsorptive binding of 

cyclohexane, has no chemical similarities to the targeted adsorptive. Here, the special 

reaction behaviour between the target substance and the silane plays the decisive role. 

Ligands .01 and .02 are basically identical, as they rely on complexed chlorine. The 

difference between those lies in the coating of the surface. The .01-functionalisation is 

considerably lower concentrated than the .02-functionalisation, as discussed in detail 

in Chapter 3.1.2. This ligand also increases the adsorption performance due to its 

reactivity with the target substance. 
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2.3 Adsorptives 

Six different adsorptives were mainly used for the investigations: 

 Cyclohexane (C6H12) 

 Chlorobenzene (C6H5Cl) 

 Acetone (C3H6O) 

 Carbon monoxide (CO) 

 Hydrogen sulphide (H2S) 

 Ammonia (NH3) 

With hydrogen sulphide, ammonia and cyclohexane, three of these are test substances 

according to the norm DIN EN 14387 for the accreditation of mask filters (33 p. 12). 

The others were analysed additionally. Table 3 on the next page lists the materials with 

their chemical and physical properties, which are of main interest for the further 

research, such as the empirical formula of the individual adsorptive, which provides 

information about its chemical composition. This information is particularly important 

for the selection of the functionalisation of the adsorbent. Further, the molecular weight 

is considered. In later chapters, it will be shown that certain masses of the adsorptive 

are bound to the adsorbent. In order to evaluate the adsorbed substance quantity, the 

molecular weight is indispensable as a quantity for converting the substance mass into 

a substance quantity. The state of aggregation of the adsorptive is of particular interest 

for the experimental set-up, which depending on whether the adsorptive is already 

gaseous or still liquid, must be adapted as can be seen in Chapter 4. For multi-

component experiments in combination with humidity, the solubility in water is also 

relevant. The concentration in the air that is lethal to humans or laboratory animals is 

also given as a safety parameter for handling the adsorptives and for evaluating the 

breakthrough curves. 
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Table 3: Material properties of investigated adsorptives (34) 

Name 

Empirical 

formula 

Molecular 

weight 

𝑀 / g mol-1 

Phase at 

standard 

conditions 

Lethal 

concentration 

in air 

𝑐𝐿𝐶 / ppmv 

Solubility 

in water 

𝐿 / g L-1 

Cyclohexane C6H12 84.16 liquid 

26 600 after 

60 minutes 

for rabbits 

0.06 

Chlorobenzene C6H5Cl 112.56 liquid no data  0.4 

Acetone C3H6O 58.08 liquid 

76 𝑚𝑔 𝐿−1 

after 240 

minutes for 

rats 

fully 

soluble 

Carbon monoxide CO 28.01 gaseous 
1500 after 60 

minutes 
30 

Hydrogen 

sulphide 
H2S 34.08 gaseous 

1000 

immediately 
6.72 

Ammonia NH3 17.03 gaseous 
5000 after 5 

minutes 
541 

 

With these adsorptives, six different compounds with completely different behaviours 

are investigated. Regarding the topics of adsorption of the mentioned liquid substances 

and H2S, there is already plenty of scientific work done, e.g. (23 p. 325 ff.; 35 p. 563 ff.; 

36 p. 541 ff.; 37 p. 275 ff.; 38 p. 620). The same is true for the adsorption of ammonia, 

e.g. (39; 40; 41; 42 p. 87 ff.; 43 p. 201 ff.) and carbon monoxide, e.g. (44 p. 206 ff.; 

45 p. 14287 ff.; 46 p. 747 ff.; 47 p. 2103 ff.; 48 p. 9350 ff.), respectively. 

The molecules of the organic substances cyclohexane, acetone and chlorobenzene 

consist of more atoms than the also employed inorganic compounds carbon monoxide, 

hydrogen sulphide and ammonia. This also leads to significant differences in molecular 

weight. For ammonia, it is 17.03 g mol-1 and thus only 15% of the molecular weight of 

chlorobenzene with 112.56 g mol-1. Consequently, an equal adsorbed weight of the 

two substances causes a considerably higher adsorbed amount of ammonia compared 

to cyclohexane. The solubility in water shows, among other things, that chlorobenzene 
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with 0.4 g L-1 and especially cyclohexane with 0.06 g L-1 are hardly soluble in water. 

Ammonia, on the other hand, dissolves very well in water up to 541 g L-1. Because of 

this high solubility, the experiments on multi-component adsorption of water and 

ammonia are carried out with ammonia water, as discussed in Chapter 5.2.4. 

2.4 Potential Hazardous Scenarios 

There are two ways of causing a hazardous scenario. On the one hand, intended 

threats are possible. These could be caused by the utilisation of chemical weapons in 

a symmetric combat situation or a terroristic attack. On the other hand, there are 

unintended threats possible, ranging from respiring polluted air at a highly frequented 

street to the explosion of a chemical plant caused by human error. In order to get an 

idea of the actual danger of becoming a victim of a threat caused by TICs, it is useful 

to have a look at historical scenarios, realistic threats in our times and how such a 

cloud could possibly spread. 

2.4.1  Historical Scenarios 
Looking at the described TICs, so far none of them has been used as combat weapon. 

But chemical warfare is not the most threatening danger concerning toxic substances 

in the ambient air for most individuals in the world. This has been the case at least 

since 1997, when the Chemical Weapons Convention became valid (49 p. 4). The use 

of TICs in the industry is much more substantial. Here, although the companies try to 

make production and use as safe as possible, and the legislator always improves the 

rules for safe handling, accidents occur from time to time. Three historical scenarios, 

showing the unintended or accidental release of these toxic substances, are shown in 

Table 4. 
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Table 4: Historic scenarios of unintended release of TICs in chemical incidents 

Incident Date 
Released 

substance 

Cause of 

accident 
Victims 

Flixborough 

disaster (50; 

51) 

June 1st, 1974 cyclohexane 
Explosion of 

bypass-pipe 

28 fatalities 

36 injured 

Explosion in 

Toulouse (52 

p. 6) 

September 

21st, 2001 
ammonia 

Explosion at 

dumping 

ground 

31 fatalities 

approx. 2500 

injured 

Gas-explosion 

of 

Chuandongbei 

(53) 

December 

23rd, 2003 

natural gas 

and hydrogen 

sulphide 

Explosion of 

pipeline 

> 200 fatalities 

> 1000 

hospitalised 

 

Presumably, these accidents were not the only ones that happened with these 

substances, but they were the most tragic and found a place in collective history. All 

these incidents occurred in chemical plants. During the disaster of Flixborough, GB, in 

a plant producing polyamide, a bypass pipe between two reactors exploded and 

caused 28 fatalities. In 2001 in Toulouse, FRA, an ammonia nitrate plant exploded 

causing 31 casualties. Large amounts of ammonia were released, and the health of 

people and animals in the area was threatened. In 2003, the most tragic of these 

accidents occurred in Chuandongbei, CHI, when a pipeline exploded and natural gas 

with a high concentration of hydrogen sulphide was released, resulting in the deaths 

of more than 200 people. Although the victims had little chance of escaping their fate 

in these disasters, the number of injured and killed underlines the importance of 

effective Personal Protective Equipment (PPE) for first responders to protect them from 

the dangerous atmosphere. As the references show, there are official investigation 

reports with lessons learned, that resulted in new laws. But these incidences still 

emphasise that there is a realistic threat caused by the named substances. 
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2.4.2  Realistic Threats 
In Chapter 2.4.1, disasters that attracted worldwide attention are reported. However, it 

is usually minor incidents rather than these major disasters that pose a threat to the 

population or first responders. Especially in the case of carbon monoxide, there has 

never been a disaster of this magnitude in history. On the other hand, nobody would 

doubt the dangers of CO.  

Carbon monoxide (CO) 

In the year 2015, a total of 648 German citizens died in minor incidents from CO. In 

comparison, only 77 persons in the same area and time died from electric 

shocks (54 p. 28), which in the mindsets of most people might be the much more 

present threat. This emphasises the danger of carbon monoxide. The number of 

fatalities even increased in comparison to the years 2000 – 2009, where on average 

374 persons in Germany died from CO poisoning per year (55 p. 429). CO is produced 

in nearly every combustion process, especially when there is not enough oxygen (O2) 

for the oxidation of the involved carbon. The stoichiometric reaction is depicted here 

as follows 

𝐶 + 
1

2
 𝑂2  

          
→   𝐶𝑂     (20) 

Main sources of CO are industrial firing and domestic fuel (56 pp. 126, 140), but also 

road traffic, mainly caused by light-duty vehicles (57 p. 3), especially in emerging 

countries (58 p. 53 ff.; 59 p. 37 ff.). For first responders, particularly the accruement 

during fires is of major interest. Here, different situations could be considered. 

Measurements showed that smouldering beech wood emits 716 ppmv CO (60 p. 133). 

This is particularly interesting information when fighting forest fires which are a main 

contributor of CO to the atmosphere beneath fine dust pollution (61 p. 143 ff.; 

62 p. 213). Other research showed the accruement of CO during fires in houses. 

Therefore, a modelled living room was ignited and the concentration of CO, beneath 

other gases, measured in an altitude of 10 m right above the fire. The concentration 

did not exceed a value of 5,100 ppmv in these experiments but 4,000 ppmv were 

exceeded for at least three minutes. A concentration of emitted CO could be measured 

for 20 minutes overall (63 p. 46). But, even tobacco is a serious source of CO. Data of 

research from Switzerland gives a hint, that there is a linear correlation between 
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cigarettes smoked in a room and the concentration of CO. Five burning cigarettes in a 

30 m² room led to a concentration of 11 ppmv. If ten cigarettes are burned, the 

concentration increases to 22 ppmv in the same room (64 pp. 268, 277). This even 

exceeds the EC occupational 8 hours limit value, which is defined as 20 ppmv (34). 

Hydrogen Sulphide (H2S) 

Hydrogen sulphide results from putrefaction and constitutes a part of sour gas 

(65 p. 556) as well as biogas (66 p. 1723). Further, it is a main constituent of the 

resulting odour emission after wastewater treatment (67 p. 345) and odour emission 

caused by livestock production facilities (68 p. 47). Tanneries, furriers, adhesives 

factories, slaughterhouses, waste disposal plants and sugar refineries produce large 

quantities of hydrogen sulphide as a by-product. This also applies to the production of 

paper and viscose fibres and the vulcanisation of rubber. For residents in the 

immediate vicinity of such industrial plants, this is equivalent to a temporary increase 

in odour nuisance. For employees working in such establishments, an urgent need for 

appropriate protective facilities and equipment emerges in order to preserve their 

physical integrity (69 p. 99 f.).  

In contrast to CO, H2S smells intensively, with a threshold in the range of ppb 

(70 p. 69), which is a functional warning signal, but stuns olfactometry at 

concentrations higher than 100 ppmv. This increases the danger of H2S and 

emphasises the importance to reduce the concentration of H2S to a measure below 

this limit, as the lethal concentration of 1000 ppmv (34) cannot be smelled anymore, 

proving the real danger of H2S as a toxic compound. 

Ammonia (NH3) 

Ammonia is a product of volcanic eruptions (71 p. 107) and, comparable to hydrogen 

sulphide, of agriculture. In Germany, agricultural industry produces 96 % of the emitted 

ammonia. Most of it comes from cattle farming, but also from pig and chicken farming 

and is a result of microbial conversion processes of excrements (72 p. 9). For the 

reduction of ammonia in the air, scientists try to design animal feed with a lower 

potential for ammonia formation (73 p. 4). The material is also produced intentionally, 

mainly as fertilizer (74 p. 233), which results in connected risks. Liquid ammonia in 

particular could evaporate during the synthesis process. In history, it seems to be 

proven, that severe impacts are confined to a radius up to 60 m with a corresponding 
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explosion around the leak (74 p. 225). Such leaks might also be a risk of cooling 

systems, which are based on liquid ammonia (75 pp. 108-109). Moreover, ammonia is 

a product of wood fires, which probably spreads over a large area, as can be seen 

from wood fires in Greece (61 p. 143).  

Cyclohexane and Volatile Organic Compounds 

Cyclohexane is widely used in the industry as a solvent and basic product for the 

fabrication of nylon (76 p. 179). If cyclohexane leaks, there is a high risk of detonation, 

caused by its explosion limits. If there is no ignition, the atmosphere could be filled with 

cyclohexane, where a concentration of 26,600 ppm is lethal, at least for rabbits (34). 

With an overpressure in a leaky pipe-system, this concentration could be reached. 

Cyclohexane and further acetone and chlorobenzene represent the large variety of 

volatile organic compounds. All the typical behaviours of the different organics cannot 

be covered here. However, VOC are health suppressing and, comparably to CO, a 

present danger, especially in industrial areas or near roads (57 p. 4; 77 p. 311 ff.), but 

also during hydrocarbon extractions (78 p. 629 ff.). 

2.4.3 Requirements Depending on Infrastructure 
The main incentive for the described research is the protection of persons who could 

absorb the considered substances cyclohexane, carbon monoxide, hydrogen sulphide 

and ammonia via the respiratory tract during a stay in a correspondingly polluted 

atmosphere. During this exposure, they may be located both in a building shielded 

from the external atmosphere by air purification systems and outdoors. Outside 

protective installations in an appropriately contaminated atmosphere, a gas mask must 

be worn by persons exposed to this atmosphere for their own safety. This also means 

that in the event of outdoor exposure, only the protection of one person needs to be 

calculated. For buildings shielded from the outside air, a varying number of people 

must be assumed in the interior, which makes it more difficult to calculate the material 

requirements for adsorbents. However, the basic approach for determining this is the 

same in both cases. 

For an evaluation of the needed material for a successful separation of these 

compounds from the breathing air, it is necessary to know the basic information about 

the personnel to be protected. In case of a hazardous release, the first fundamental 

information is the threatening concentration of the harmful compound. Then, the 
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parameters, particularly the concentration of the substance to be separated in the air 

and the necessary air exchange for a sufficient oxygen supply of the personnel are 

crucial for the calculation of possible protection times for the affected personnel. This 

supply depends on the number of people and the work intensity they face. In European 

standards, a physical working individual needs an air flow of approximately 95 m3 min-1, 

which is a quite large amount compared to a person who does mental work. This 

person needs approximately 30 m3 min-1 of air for respiration (33). With the knowledge 

of the labour, done by the personnel inside, the number of persons in the facility and 

the composition of the threatening atmosphere, it is possible to calculate, what amount 

of adsorbent is likely to protect the people inside for a certain time.  

In addition to this data and the knowledge of which hazardous substance pollutes the 

ambient air, its concentration is another decisive parameter. From these factors, it is 

possible to calculate the necessary amount of adsorbent for the protective system or 

to calculate the time span of a possible secure air purification. Therefore, the 

performance of the adsorbent regarding loading amount, adsorption kinetics and 

consequently breakthrough behaviour represent the relevant data.
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3 Characterization of Adsorbents and Adsorptives  
Before the start of any research, suitable adsorptives and adsorbents had to be 

selected. As the adsorptives were predefined, the major topic in this project was to 

choose and develop an experimental set-up for the evaluation of the important data. 

Another challenge was posed by the different aggregate states of the adsorptives. The 

adsorbents, on the other side, had to be selected considering characteristics like 

particle and pore size. Further, the type of ligands, which are coupled onto the silica 

supports’ surface, had to be chosen. Then, the functionalised adsorbents had to be 

analysed. These analyses must be explained as well, as this is a specific scientific 

topic. 

3.1 Analysis of Adsorbents’ Structure and Coating 

Compared to activated carbon, only silica gels are comparably effective in adsorption. 

The other materials mentioned in Chapter 2.2.1 are not powerful enough (79 p. 27 ff.). 

Therefore, these studies focus on silica supports, which also offer some advantages 

compared to activated carbon and can be functionalised effectively (80 p. 889; 

81 p. 1634 f.). As basis material, different silica supports with different pore and particle 

sizes were used. For comparison purposes, measurements were also carried out with 

a specific activated carbon, which is already being utilised very successfully in 

agriculture and industry. 

3.1.1 Structure Investigation 
Although the manufacturers provide some data of the basic materials, the pore size 

often is not or imprecisely specified. Therefore, measurements with the Belsorp Mini II 

(Bel Corp., Osaka, JPN) were conducted to get precise information, especially about 

the pore size and active surface of the adsorbents. As every functionalisation might 

influence the surface as well, such as e.g. pores might be narrowed by a bound ligand, 

all functionalised adsorbents were analysed regarding surface per weight and pore 

sizes as well.  

In order to determine the corresponding values, the system works both with liquid 

nitrogen for cooling and with gaseous nitrogen as adsorptive. Pressure sensors are 

integrated in the system as detectors, and the software itself records the associated 

time. The adsorption temperature can be reduced to values below -196 °C with the aid 

of liquid nitrogen. Below this temperature, the gaseous nitrogen condenses, making it 
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possible to measure its adsorption up to pore condensation. Using the BET model, the 

BelMaster software (version 6.1.0.4, Bel Corp., Osaka, JPN) can calculate the 

corresponding values for the specific surface as well as the mean pore radii from the 

collected measurement results. Table 5 shows the results obtained for the specific 

surface and average pore diameter. The indicated particle size is based on data 

provided by the respective manufacturer. For HSU 9000-2 all given data is provided 

by the manufacturer.  

Table 5: Physical characteristics of selected adsorbents  

Adsorbent Particle size 

𝑑𝐾 / µm 

Specific surface 

𝐴𝐵𝐸𝑇 / m2 g-1 

Average pore diameter   

𝑑𝑃 / Å 

Industrial AC 300 - 400  535 ± 13 29 ± 1 

HSU 031-279 200 - 500  414 ± 1 76 ± 1 

HSU 031-295 2000 – 5000 577 ± 5 33 ± 1 

HSU 031-295.1 2000 – 5000 554 ± 11 28 ± 1 

HSU 031-295.2 2000 – 5000 480 ± 17 27 ± 1 

HSU 001-075 200 – 500 275 ± 5 100 ± 5 

HSU 001-075.1 200 – 500 246 ± 3 116 ± 2 

HSU 001-075.2 200 – 500 222 ± 4 103 ± 2 

HSU 101-075-07 200 – 500 252 ± 8 179 ± 80 

HSU 101-075-10 200 – 500 255 ± 5 103 ± 2 

HSU 9000-2 200 – 500 53 300 

 

Overall, it can be observed that the specific surface area of the adsorbents decreases 

as a result of functionalisation. Depending on the immobilised ligand, this may even 

occur to a large extent. The functionalised adsorbent HSU 031-295.2 has a surface 

area of 480 ± 17 Å, which is only 83 % of the surface area of the starting material 

HSU 031-295, which reaches a value of 577 ± 5 Å. HSU 001-075.2 provides with 

222 ± 4 Å only 80 % of the surface reached by HSU 001-075 with a value of 275 ± 5 Å. 

But these are the extrema, although approximately 10 % of the active surface should 

be expected to be lost, as the executed measurements show. For example, the loss of 

active surface for the silanised variants HSU 101-075-07 and HSU 101-075-10 with 

values of 252 ± 8 Å and 255 ± 5 Å, respectively, is slightly less than 10 %. For 

HSU 001-075.1 with values of 246 ± 3 Å the decrease of the surface is a little higher. 
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For the finer-pored HSU 031-295, these effects seem to be less pronounced. Thus, 

the values of HSU 031-295.1 with 554 ± 11 Å decrease by 4 %, of HSU 031-295.2 with 

480 ± 17 Å by 17 % of the initial value of HSU 031-295 with 577 ± 5 Å. 

For the pore sizes, all silica gels listed here are in the mesoporous range between pore 

diameters of 2 nm and 50 nm (82 p. 325). With pore diameters of approx. 30 Å or 3 nm 

at least the considered activated carbon and HSU 031-295 as well as its functionalised 

variants are even close to the microporous range. For the pore volumes, although the 

pore diameter fundamentally changes during functionalisation, by contrast it cannot be 

assumed that it will fundamentally decrease or increase. This might be caused by the 

agglomeration of molecules around the existing pores. Two possible effects are 

probable. On the one hand, the ligands are bound inside the pores. This would result 

in a smaller pore diameter and further in a smaller pore volume. On the other hand, 

the ligands could be bound before entering the pores. This would cause a larger pore 

volume, as the pores are getting longer. But it could also cause both, a larger and a 

smaller pore diameter in the beginning, which would have a significant effect on the 

average pore diameter calculated by the BET model. This can be seen especially with 

HSU 101-075-07. Here, the measurements had a relatively large deviation of ± 80 Å 

with an average measured pore diameter of 179 Å. This is a result gained from different 

measurements, where in the one half, the pore sizes decreased and in the other half, 

the pore sizes grew significantly. With other functionalisations, the pore size seems to 

be almost unchanged. E.g. for both, HSU 101-075-10 and HSU 001-075.2, the mean 

pore diameter is 103 ± 2 Å compared to a pore diameter of 100 ± 5 Å for the starting 

material HSU 001-075. Thus, the values for these two functionalised silica gels are 

within the standard deviation of the pore sizes of the base material. However, for 

HSU 001-075.2 this effect could be misleading, if assumed with this state of 

knowledge, that the associated functionalisation has no effect on the pore sizes. The 

functionalisation to HSU 001-075.1 carried out with the same material but with less 

loading leads to an enlargement of the mean pore diameter to 116 ± 2 Å. This value is 

clearly outside the standard deviation of the starting material and is thus a clear 

indication of the considerable change in the surface due to corresponding 

functionalisations. 

It should be assumed, that the ligands are attached to the outside and on the inside of 

the pores. From this, it can also be deduced that the ligand obviously tethers at the 
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outer edge of the pores before entering them and attaching to the wall. Depending on 

the basis material, the one or the other effect has a greater effect and leads to larger 

or smaller pore diameters.  

3.1.2 Analysis of Functionalisation Success 
The functionalisation of silica gels, regardless of the method used, involves a certain 

amount of energetic and material effort. This effort must be in proportion to the benefit 

achieved by functionalisation. For this purpose, it is necessary to gain knowledge not 

only of the additional adsorption success achieved by functionalisation, but also of the 

quantity of the corresponding ligands required for this. 

For the determination of the functionalisation success, elementary analysis was 

employed. With the help of an elementary analyser, the amount of carbon, hydrogen, 

nitrogen, and sulphur could be detected. Therefore, the functionalised adsorbents are 

pyrolyzed inside a combustion chamber under an oxygen rich atmosphere at a 

temperature of approximately 1800 °C, where carbon is converted to carbon dioxide 

(CO2), hydrogen to water (H2O), nitrogen to nitrogen oxides (NOx) and sulphur to 

sulphur dioxide (SO2). The formed gases then are swept out of the chamber by helium 

or another inert gas and lead above heated copper of high purity. By this step, oxygen, 

which was not consumed, is removed, and nitrogen oxides are reduced to pure 

Nitrogen (N2). The flue gases CO2, H2O, SO2 and N2 then are led through a GC-

column, divided by the purge & trap process and quantified by a thermal conductivity 

sensor (83 p. 570 ff.). A flow chart to explain such a system is shown in Figure 8. 

 

Figure 8: Flow chart of elementary analyser (83 p. 570) 
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The connected computer program displays the mass fraction of the elements carbon, 

hydrogen, nitrogen, and sulphur. With these, it is possible to calculate the substance 

quantity of the ligands bound onto the silica gels surface per weight, and with the 

knowledge of the results from Chapter 3.1.1, the substance quantity per surface of the 

adsorbent. Further, it is possible to trace back the elemental formula of the bound 

molecules, which gives an indication of the surface coverage of the basic support 

material. For comparison, earlier thermogravimetric measurements showed that the 

analysis results are very similar (9 p. 40), which proves that this analysis method is of 

high reliability.   

In Table 6, the functionalisation success as a density of the ligand on the adsorbent in 

relation to weight (𝑞𝑙;𝑤) and surface (𝑞𝑙;𝐴) is listed. 

Table 6: Determination of functionalisation success of selected materials 

Adsorbent  Functionalisation density 

compared to mass  

𝑞𝑙;𝑤 / mmol g-1 

Functionalisation density 

compared to surface  

𝑞𝑙;𝐴 / µmol m-2 

HSU 031-295.1 1.65 ± 0.29 2.86 ± 0.50 

HSU 031-295.2 6.46 ± 0.04 11.20 ± 0.07 

HSU 001-075.1 1.61 ± 0.21 5.85 ± 0.76 

HSU 001-075.2 7.24 ± 0.07 26.32 ± 0.25 

HSU 001-075-07 0.44 ± 0.03 1.61 ± 0.12 

HSU 001-075-10 0.24 ± 0.01 0.86 ± 0.04 

 

While for HSU 031-295.1 and HSU 001-075.1, the functionalisation with respect to the 

adsorbent mass 𝑞𝑙𝑖𝑔;𝑤 with 1.65 ± 0.29 mmol g-1 or 1.61 ± 0.21 mmol g-1 hardly differs 

and the respective standard deviations overlap considerably, this does not apply to the 

surface. In this context, HSU 031-295.1 with 2.86 ± 0.50 µmol m-2 could only be 

functionalised half as well as HSU 001-075.1 with 5.85 ± 0.76 µmol m-2. For 

HSU 031-295.2 with 11.20 ± 0.07 µmol m-2 and HSU 001-075.2 with 

26.32 ± 0.25 µmol m-2, this effect has an even stronger impact. The degree of surface-

related functionalisation for HSU 001-075.2 is more than 2.3 times as strong as the 

functionalisation of HSU 031-295.2. The smaller pore sizes and larger particle sizes 

obviously have a considerable influence on the functionalisation. For HSU 031-295, 
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the pore sizes are significantly smaller, but the particle sizes are on average ten times 

as large as those of HSU 001-075 as already shown in Table 5. 

It is probable, that the ligands, which represent a comparably large molecule, do not 

coat the inner pores of the adsorbent, because the molecules cannot pass through the 

pore entrances. Further, the inner length of the pores and thus the interweaving of the 

adsorptives’ path is increasing with the particle size. This intensifies the mentioned 

effect. Reference is made here to Chapter 5, in which the effects of the different 

functionalisations on the adsorption success of the individual adsorbent are further 

discussed. 

3.2 Appropriation of Adsorptives 

The appropriation of the adsorptives has a direct impact on the experimental set-up 

described in Chapter 4. Therefore, two different aggregate states are possible. On the 

one hand, they can be in the liquid state. Then the material must be vaporised, assuring 

that no droplets pass the gasification device and get in contact with the adsorbent (84). 

In the other case, the adsorptive is already gaseous under the given conditions.   

Vaporised Adsorptives 

Cyclohexane as well as all other investigated organic adsorptives are liquid under the 

measurement conditions and must be vaporised. The given vapour pressure allows 

that air can be loaded with the adsorptive. The quality of the disposed liquids 

corresponds to the “per analysis” standard, i.e. with a purity of at least 99.5 % for the 

investigated hydrocarbons. Regarding the deviations to be expected in adsorption, the 

quality is sufficiently high. The same quality was employed in case of liquid ammonia, 

which had to be diluted. Pure water was used for dilution. There should also be no 

effect that overlaps the standard deviations caused by the adsorption process. 

Gaseous Adsorptives 

The used gas mixtures, CO, H2S or NH3 in synthetic air, were provided by Linde 

(Pullach, GER) in pressurised gas cylinders from alloy with a volume of 40 L and a 

filling pressure of 150 bar, which results in a volume of 6000 L of atmosphere under 

standard conditions. These atmospheres were delivered in different concentrations, as 

can be seen in Table 7.  
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Table 7: Composition of different hazards in synthetic air as used for the research 

Gas phase dissolved in synthetic air Utilised concentrations 𝑐 / ppmv 

Carbon monoxide (CO) 0.9; 8.5; 85; 170; 1,000; 10,000; 100,000 

Hydrogen sulphide (H2S) 10; 70; 140; 5,000 

Ammonia (NH3) 137; 274; 10,000 

 

The selected gas mixtures cover an as wide as possible range of concentrations. 

These are limited on the one hand by the existing explosion limits under the 

corresponding pressure, and on the other hand, by the stability of the atmosphere, 

which is considerably restricted especially at lower concentrations. For carbon 

monoxide concentrations, values from 0.9 ppmv up to 100,000 ppmv are possible. 

Higher concentrations were not used due to the hazardous nature of the gas. On the 

other hand, lower concentrations than the utilised minimum do not lead to a more 

intensive gain of knowledge. For hydrogen sulphide, volume concentrations of less 

than 7 ppmv mean that they are not stable long enough in synthetic air, and hydrogen 

sulphide as target substance would have to be added to a pure nitrogen atmosphere 

instead. This would, admittedly, embezzle the possible influence of oxygen, which 

could not be avoided in a later industrial application of the research results. 

Concentrations with values higher than 5,000 ppmv cannot be filled into pressurised 

gas cylinders under the specified pressure, as their contents then form an explosive 

atmosphere. For ammonia, a concentration below 130 ppmv means a reduced shelf 

life of the gas mixture, too. The concentration of 100,000 ppmv is also an arbitrary 

upper limit to keep the hazard low during the experiments. 

The manufacturer guarantees that the quality of the gas mixtures complies with the 

certified quality level 1, representing the highest quality classification which is 

commercially available. The allowed manufacturing tolerances and relative measuring 

inaccuracies for the gas production at this standard of individual concentrations are 

depicted in Table 8 below. The related data is specified by the gas manufacturers. The 

column “Adsorptive concentration” represents the value ranges of the desired 

concentration of the target substance in synthetic air. The manufacturing tolerance 

indicates the accuracy; the manufacturer can achieve a certain adsorptive 

concentration with. Finally, the gas mixtures are analysed by the manufacturer; the 
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associated measurement deviations at the respective concentration can be taken from 

the column with the relative measuring inaccuracy. 

Table 8: Test gas characteristics regarding basic parameters of adjusted 
atmospheres as used in the experiments (85 p. 123) 

Adsorptive concentration Manufacturing tolerance Relative measuring 

inaccuracy 

< 10 ppmv ± 20 % rel. ± 5 % rel. 

10 – 99 ppmv ± 10 % rel. ± 2 % rel. 

100 – 999 ppmv ± 5 % rel. ± 2 % rel. 

1 – 4.9 vol.-% ± 2 % rel. ± 2 % rel. 

5 – 50 vol.-% ± 1 % rel. ± 1 % rel. 

  

Every single gas cylinder was analysed gravimetrically after it was filled with the 

correctly adjusted atmosphere (85 p. 123 f.). Thus, the concentrations of the 

adsorptives are as precise as possible. Even at concentrations below 10 ppmv, they 

do not deviate more than 1 ppmv from the required concentration. This slightly 

inaccurate concentration can then be determined very precisely with a maximum 

deviation of ± 5 % rel. The higher the concentration of the adsorptive, the smaller the 

possible deviations during production and later determination. For example, the 

deviation in the production of a gas mixture with an adsorptive content of more than 

5 vol.-% is only ± 1 % rel. The same value is achieved with the measurement 

inaccuracy.  

Thus, uncertainties only have a minor impact on measurement deviations. As the 

atmospheres were as exact as possible, there was no need to analyse them internally. 

On the other hand, it is possible to calibrate employed measurement devices in this 

project under the unaffected atmosphere from the pressurised gas cylinders. 
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4 Measurement Methods 
For the measurements of equilibrium loading, two mainly different methods were 

applied, dependent from the adsorptive. The equilibria of carbon hydroxides could be 

investigated by the utilization of a volumetric sorption measurement device. A 

gravimetric measurement method was developed for the other adsorptives, as for all 

kinetics investigations. 

The measurements of breakthrough curves, which are a function of equilibrium load 

and kinetics, were conducted by a new established measurement set-up since a 

breakthrough could not be investigated with the other installations, as described in 

more detail below. 

4.1 Gravimetric Measurements 

Two different methods were used for gravimetric measurements. One method is used 

with a precisely adjusted atmosphere inside the measuring chamber, but no further 

exchanges of the atmosphere during the adsorption process, which means a 

decreasing concentration of the aimed gaseous component in the atmosphere. This 

set-up is further called static. The second set-up is used with a constant gas flow. In 

this version, the concentration of the adsorptive remains stable, as the atmosphere is 

exchanged constantly with fresh and unaffected, precisely adjusted gas mixtures. 

4.1.1 Static Set-Up 
The static set-up as described in the following or in variations was widely used in earlier 

research. Therefore, a measuring chamber, a container with an adsorptive which is 

vaporising over time and weighing glasses with the adsorbent were employed 

(86 p. 25 f.; 79 pp. 17-24). The adsorbents and the adsorptives are placed in the 

measuring chamber, which is then closed. There are two significantly influencing 

factors for the duration of the experiment. On the one hand, the atmosphere must 

adjust within the research room. For this purpose, the adsorptive which was introduced 

as a liquid in the test chamber evaporates. Depending on the vapour pressure of the 

respective liquid to be investigated, this takes a few hours to a few days. At the same 

time, the used silica gels start to adsorb the target material, which is formed as a gas 

phase, in order to create an equilibrium. Notably, the vaporisation causes the necessity 

for longer experimental times. Comparison measurements with different adsorptives 
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showed, that five days are sufficient for fully loading the atmosphere inside the 

chamber with the adsorbent (9 p. 43; 79 p. 21).  

 

Figure 9: Different set-up options for static equilibrium measurements 

Figure 9 shows possible set-ups for establishing a static atmosphere. These have the 

desiccator with weighing glasses inside in common. The basic and commonly utilised 

set-up is marked with number 1, where the adsorptive is in small bowls inside the 

desiccator. For an adjustment of the humidity, it is further possible to put in a small 

bowl with a saturated mixture of salt and water. This way, a defined degree of humidity 

is evaporated into the ambient atmosphere. During the experiments, the salt was 

sodium chloride. The adjustment of the equilibrium can be accelerated by adding a 

diaphragm pump after an additionally installed valve (V 2), as box number 2 shows. 

Thus, the pressure inside the desiccator can be lowered, the adsorptive is evaporating 

faster and the atmosphere is saturated earlier. This possibility has the disadvantage 

that the atmosphere inside the desiccator is difficult to adjust.  

One way of further optimising the test set-up is to remove the vials with the adsorptive 

to be evaporated shown in box 1 and instead connect the gas washing bottles with the 

adsorptive as shown in box 3. Of the three vessels shown, the first two are filled with 

the respective liquid, while the third bottle serves as a droplet separator for preventing 

entire droplets from entering the measuring chamber and falsifying the measurement 

results. This measuring set-up attracts room air via the resulting vacuum. It is advisable 

to install a dry column upstream of the gas washing bottles so that the air drawn in is 

freed as far as possible from humidity and other undesirable components. Valve V1 

ensures a connection between the gas washing bottles and the desiccator. 

Now, the adsorbent in the weighing glasses can be placed in the desiccator, which 

then is sealed. The pump can be started, and valve V 2 opened until a vacuum is 

established. Then, valve V 2 is closed, and valve V 1 is opened. Via pressure 

equalization, the desiccator is filled with a completely loaded atmosphere. The 
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adsorbents can then be exposed to the adjusted atmosphere for a predetermined 

period. Then, the loading success results from the weight difference of the adsorbent 

before and after loading, as described in more detail in Chapter 4.1.3. 

4.1.2 Set-Up with Constant Gas Flow 
Although the experimental set-up for experiments with a constant gas flow is largely 

similar to the sophisticated closed atmosphere experimental set-up described in the 

previous chapter, it is fundamentally different in parts. The correspondingly adjusted 

atmosphere is not supplied, as was previously the case, by balancing the negative 

pressure prevailing in the test chamber. Instead, the adjusted atmosphere is fed into 

the test chamber by means of overpressure and purged during the experiments so that 

the adsorptive concentration is always identical. This experimental set-up is particularly 

suitable, if adsorptives are to be investigated, that are already present in compressed 

gas cylinders as a gas phase. Otherwise, experiments with liquid adsorptives that must 

be vaporised can also be investigated. A flow diagram of the corresponding test set-

up can be found in Figure 10. It shows both, the possibility of introducing a test gas as 

a pre-set gas mixture into the test chamber and of evaporating a liquid adsorbent, as 

already explained in the previous chapter, and then feeding it to the adsorbent in the 

test chamber. The main difference is that it is not ambient but synthetic air from the 

compressed gas cylinder that is loaded with the adsorptive. Both, the synthetic air and 

the test gas are passed through a pressure reducer and a Mass Flow Controller (MFC) 

made by Bronkhorst (Ruurlo, NL), which sets the volume flow to 300 mL min -1. The 

corresponding atmosphere is fed into the test chamber via valve V 1 and can escape 

via valve V 2. A PC Vario 3001 diaphragm vacuum pump (Vacuubrand, Wertheim, 

GER) is connected by valve V 3, as is the case for experiments without constant 

exchange of the test atmosphere. With the aid of the vacuum pump, it is possible to 

adjust the atmosphere within the test chamber more quickly than by purging. For this 

purpose, the valves V 1 and V 2 are closed, a vacuum is created via the open valve 

V 3, which is then replaced again by the desired atmosphere after closing V 3 and 

opening valve V 1. This process is repeated a total of three times. Valve V 3 is then 

closed, and V 1 and V 2 are opened. 
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Figure 10: Set-up for equilibrium and kinetics measurements with constant gas flow 

The major advantage of the test set-up described is the possibility to protect the 

adsorbents from an external atmosphere until it is precisely adjusted. For this purpose, 

a possibility was developed to open and close sealable bottles containing the 

adsorbent by a mechanism from outside the test chamber. This is highlighted by the 

dotted box in Figure 10. The vials are hermetically sealed as soon as they are closed. 

Thus, it is possible to expose adsorbents exclusively to the exactly defined atmosphere 

required and to precisely determine this time of exposure. In addition to measurements 

of the maximum load, the kinetics of the corresponding adsorbent-adsorptive pairing 

can also be determined. 

4.1.3 Mathematical Operations for Single Component Measurements 
The necessary computations for the evaluation of the measurement results from the 

experimental set-ups without exchange and with constantly flowing atmosphere are 

basically identical. For the calculation of the relative load 𝑞𝑟 onto the adsorbent, it is 

crucial to know the adsorbed mass 𝑚𝑙, or substance quantity 𝑛𝑙, respectively, of the 

adsorptive and the mass of the vacuum-dried adsorbent 𝑚𝑎𝑑.  

With the knowledge of 𝑚𝑎𝑑 and the determined mass of the loaded adsorbent 𝑚𝑎𝑙, the 

mass of the adsorpt 𝑚𝑙 can be calculated:  

𝑚𝑙 = 𝑚𝑎𝑙 − 𝑚𝑎𝑑   (21). 

With this and the knowledge of the calculation of substance quantities, it is also 

possible to compute 𝑛𝑙.  
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As different basis materials with different pore sizes and active surfaces were used 

during the research, it was decided to measure the adsorption success relative to the 

absolute surface 𝐴𝑠 of each adsorbent. Therefore, the relative surface of the adsorbent 

𝐴𝐵𝐸𝑇, investigated as described in Chapter 3.1, can be multiplied with the mass of the 

dry and uncharged adsorbent as 

𝐴𝑆 = 𝐴𝐵𝐸𝑇 ∙ 𝑚𝑎𝑑   (22). 

Finally, it is possible, to determine the relative load 𝑞𝑟 onto the adsorbent as: 

𝑞𝑟 = 
𝑚𝑙

𝐴𝑠
    (23). 

The last two calculations are also valid for an adsorbed substance quantity, where 𝑚𝑙 

is translated into 𝑛𝑙.  

With this result, a comparison of adsorbents independent from their pore and particle 

size is possible. The indispensable measurements of the associated relative surfaces 

as well as their results have already been described in Chapter 3.1.1. 

4.1.4 Multi Component Measurements 
Multi-component measurements are a further development of the set-up and especially 

of the measurement procedure with a constant gas flow. When adsorbing several 

components, it is not possible with the previous experimental set-up to decide which 

component binds to the adsorbent in which ratio. For this reason, the procedural design 

presented in Chapter 4.1.2 was modified. 

The experimental set-up shown in Figure 11 differs from the previous one shown in 

Figure 10, especially by the possibility to allow two different gas phases to flow 

simultaneously into the test chamber. The experimental set-up shown here is designed 

for the use of an evaporated liquid as adsorptive besides the additionally added target 

substance. Via valve V 1, it can be decided whether dry synthetic air from the same 

gas pressure cylinder or the atmosphere with the target substance flows into the test 

chamber in addition to the synthetic air loaded with the previously mentioned liquid. 

The two MFCs can also be used to precisely adjust the gas phase composition. 
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Figure 11: Measurement set-up for multi-component measurements of kinetics and 
equilibrium 

Now, it is possible to determine the adsorption success for both adsorptives in two 

steps. Therefore, the adsorbent was first fully loaded with adsorptive A, which in this 

example should be the evaporated substance. In parallel, cleaned synthetic air was 

also led onto the adsorbent. Then, the weight of the adsorbent was ascended to obtain 

the mass of adsorptive A on the adsorbent as explained in the previous chapters and 

mentioned in the next equation: 

𝑚𝑙,𝐴 = 𝑚𝑎𝑙;𝐴 −𝑚𝑎𝑑   (24) 

In the second step, the adsorbent was loaded with an atmosphere containing the same 

concentration of adsorptive A plus a specific concentration of adsorptive B, which in 

this example is the test gas. Both components must be part of the incoming 

atmosphere. If only component B was in the atmosphere, but A was omitted, there 

would be the possibility of desorbing component A from the surface, which would lead 

to deviations in the results that cannot be investigated. Therefore, the synthetic air was 

either loaded via gas washing bottles or the pressurised gas cylinder was exchanged 

with one containing the correctly defined atmosphere. This was conducted over five 

hours. In the end, the weight of the adsorbent was ascertained again, as follows, to 

determine the extra load caused by component B. 

𝑚𝑙;+𝐵 = 𝑚𝑎𝑙;𝐴,𝐵 −𝑚𝑎𝑙;𝐴  (25) 

If the weight increased after this second step, this must be caused by the second 

adsorptive, as the adsorbent is assumed to be maximally loaded by the first 
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component A. This were a sign of successful multi-component adsorption. Then, the 

resulting relative load per surface can be calculated as 

𝑞𝑟; +𝐵 = 
𝑚𝑙; +𝐵

𝐴𝑠
   (26) 

In this research, component A was humidity, component B was the defined atmosphere 

with a target compound. For reasons of readability, the possibility of heating the 

chamber containing the adsorbent is not mentioned. This was a further step to make 

the measurement results more precise and repeatable. As can be seen in the figure, 

there is a three-way valve to decide between a loading with synthetic air or an adjusted 

atmosphere. For the pre-loading, the line indexed with 1 is opened, for the loading with 

the second component, it is the line indexed with 2. In the case of this figure, the used 

adsorptives are liquid and gaseous, respectively. Other combinations with two liquid 

phases or two gaseous phases are possible as well after an appropriate adaption. 

4.2 Volumetric Measurements 

Volumetry is of another complexity than gravimetry. It is important to understand the 

main advantages and disadvantages in comparison to gravimetric measurements, the 

knowledge of the principle and the necessary preparations. 

4.2.1 Measurement Principle 
The volumetric measurements were conducted with a Belsorp Aqua 3 (Bel Corp., 

Osaka, JPN) and the related BelMaster analysis software, which was already 

mentioned in Chapter 3.1.1. Its principle relies on the ideal gas law 

𝑝 ∙ 𝑉 = 𝑚 ∙ 𝑅𝑆 ∙ 𝑇    (27) 

which is assumed to be known. The equipment itself is only able to detect and control 

its inner pressure and temperature at different places inside the system. This data are 

recorded and can be interpreted by the analysis software. Compared to other 

sorption measurement methods, its data per time productivity is very efficient 

(87 p. 277). Figure 12 depicts a flow chart of the Belsorp Aqua 3. 
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Figure 12: Flow chart of Belsorp Aqua 3 as depicted in (88 p. 19)  

Additional equipment is attached to the Belsorp Aqua 3 system. To create an inert 

atmosphere, it is connected to a Helium supply. Furthermore, for establishing a 

vacuum inside the system, it is connected to a rotary pump, which, in this case, has a 

connection to a vapour trap. The entire system is specified for the adsorption of 

vapours. Therefore, liquids can be filled in the adsorptive tank, which is labelled as 

“Liq” in Figure 12. Using a defined underpressure up to a vacuum and the thermostatic 

air chamber, which can be heated up to 50 °C, the poured in liquid is transferred into 

the gas phase. The adsorption temperature can be controlled by the thermostatic water 

bath, also labelled in Figure 12 at the bottom and connected to a heating and cooling 

system (Julabo GmbH, Seelbach, GER). Inside the sample cells, certain atmospheres 

can be set in terms of pressure and temperature using the pressure sensors.    

In sum, the system principle is the following: the inner volume 𝑉 of the equipment is 

known as well as the specific gas constant 𝑅𝑆 of the vaporised adsorbent. The 

adsorption temperature 𝑇 and the pressure 𝑝 are controlled by the system using the 

corresponding sensors. Only one parameter, the adsorbed mass 𝑚𝑙 or as a substitute 

the amount of substance 𝑛𝑙 of the separated component, must be calculated. 
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With Dalton’s law, where the sum of all partial pressures is the total pressure, it can be 

assumed that 

𝑛𝑖

𝑛𝑡𝑜𝑡
=

𝑝𝑖

𝑝𝑡𝑜𝑡
     (28), 

where 𝑛  and 𝑝 are the substance quantity and pressure, respectively. The indices 𝑖 

and 𝑡𝑜𝑡 are for a defined part and the sum of all parts. During an adsorption 

measurement, the only parameter changed is the pressure 𝑝, which affects the 

saturation degree 𝜑. Consequently, it is possible to determine an isotherm for every 

sample over the equivalent of a broad range of adsorptive concentrations. 

4.2.2 Measurement Preparation 
The adsorptives, described in Chapter 3.2, were prepared in a defined way according 

to the manual of the Belsorp Aqua 3 system (88). Liquids were degassed by cooling 

down to a temperature of -196 °C, followed by the establishment of a vacuum, where 

every gas phase was removed. Hereafter, the vacuum was broken by the helium 

supply, so an inert atmosphere was given, and the adsorptive melted. By repeating 

this procedure three times, it could be guaranteed that no gaseous inclusions were 

solved in the adsorptive. 

Next, drying under vacuum, utilising a BelPrep II device (Bel Corp., Osaka, JPN) for at 

least three hours at a temperature of 120 °C to remove humidity and other adsorbed 

compounds from the surface was executed for the adsorbent to be investigated. 

Approximately 10 % of the adsorbent’s weight in general vanished through this 

procedure, as it was caused by humidity from the air, which also could be observed 

before (89 p. 11).  

The samples of the adsorbent had a weight as close as possible to 100 mg after the 

drying process, depending on the particle composition. For the experiments, the 

temperature for the vaporisation was always set to 50 °C, whereas the adsorbing 

temperature was set in a range of 10 °C to 35 °C, depending on the objective of the 

investigation. By using the Antoine equation 

𝑙𝑜𝑔10(𝑝) = 𝐴 − 
𝐵

𝑇+𝐶
   (29) 

where 𝐴, 𝐵 and 𝐶 are parameters, which must be looked up for every adsorptive, the 

vapour pressure could be calculated.  
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In addition, partial pressures and thus degrees of saturation were specified at which 

the associated maximum loads should be set. Therefore, 14 measuring points were 

defined at which an equilibrium should be established. This was accepted by the 

system if it was stable for more than 800 s. 

After these measurements, the experimental data was analysed with the BelMaster 

software (Bel, Osaka, JPN) and translated into load over adsorbents’ mass. 

4.3 Breakthrough Measurements 

Breakthrough experiments require a certain atmosphere, a separation cell with the 

adsorbent through which the atmosphere passes, and a suitable analytical device to 

measure the composition of the atmosphere after the adsorbent has passed the 

exhaust. These constituents must be scientifically considered for successful 

investigations. Although these are only three parameters, each of them offers different 

difficulties. In particular, the handling under different pre-settings of the experimental 

set-up and the use and permissibility of the measurement devices should be explained. 

4.3.1 Measurement Set-Up and Analysis Methods 
The set-up for the measurements of the breakthrough behaviour is depicted in Figure 

13. Comparably, like for the gravimetric measurement methods for the maximum load, 

it is possible to attach sources for liquid or gaseous adsorptives, respectively. In front 

of the adsorption cell, samples can be drawn from the incoming gaseous composition 

using a special valve, which is marked with a small arrow. The samples can then be 

investigated by an appropriate analysis device, such as a chromatograph with mass 

spectrometer (GC / MS), which was employed during research in the form of an Agilent 

6890 GC / 5973 MSD system (Agilent Technologies, Santa Clara, CA, USA) for the 

investigated hydrocarbons. Furthermore, as the pressure drop is of major interest in 

process engineering (90 p. 171 f.), it can be determined by a pressure difference 

measurement. Depending on the adsorptives, which are loading the adsorbent, an 

appropriate analysis device is installed at the exhaust for the investigation of the exiting 

gas composition. 
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Figure 13: Flow chart for breakthrough measurements of single components  

The depicted arrangement is also functional for multi-component measurements. It is 

possible to open valves V 1 and V 2 singularly or both at the same time. If both are 

opened in parallel, two different gaseous phases can flow through the adsorber cell. 

The sources of the adsorptives can also be replaced. E.g., it is possible to attach two 

pressurised gas cylinders with an adjusted test gas or two lines with liquid vaporisable 

adsorptives.  

The incoming and outgoing gaseous mixtures must be known for a valid analysis and 

rating of the separation process. The incoming atmosphere therefore was determined 

by Flame Ionization Detection (FID) (FID 2110 µP, Amluk, Oberaudorf, GER), GC / MS 

as already mentioned, other commercially available detection devices, mainly based 

on electro chemical methods (PAC 7000, Dräger, Lübeck, GER; BW Clip Real Time, 

Honeywell, Morris Town, NJ, USA), or by the knowledge about the engaged gaseous 

composition in the experiment. A corresponding adsorption success is represented by 

the difference in concentration between the adsorptive before and after the fixed bed 

of adsorbent. In principle, the outgoing atmosphere can be analysed by the same 

means as the incoming gas mixture, except for the knowledge-based approach. 

4.3.2 Influence of Adsorption Cell on Breakthrough 
Two different adsorption cells were engaged for the research described. Both have 

significantly different diameters and volumes. The larger one is even modular, so that 

with one cell different bed lengths and customised inner volumes are provided.  
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At the beginning of an experiment, the cell is full of ambient air, which is displaced by 

the adjusted atmosphere that is fed into the adsorption cell. This can be understood as 

displacement marking, which is also known from stirred tank reactors, but also applies 

to all apparatuses through which flow occurs (91 p. 233). Therefore, the adsorption cell 

itself is the tank reactor. If the diameter of the cell were nearly or exact identic in its 

diameter compared to the tubes, the system represented a tubular reactor and the 

scientific laws would behave accordingly different. For the deceleration of the gas flow, 

a widened diameter of the adsorption cell, intentioned and designed for a longer 

residence time of the gaseous phase, is reasonable. For the resulting reactor, the 

cumulative distribution function 𝐹(𝑡) of any volume element is valid as 

𝐹(𝑡) =  
𝑐(𝑡)

𝑐0
    (30) 

where 𝑐(𝑡) is the trace concentration inside the reactor at a certain time and 𝑐0 the 

input concentration (92 p. 7). As soon as the atmosphere inside the reactor is 

completely replaced by the displacing gas composition, the gas concentration in the 

reactor 𝑐(𝑡) will reach the equivalent value of the applied gas phase concentration 𝑐0. 

Mathematically, the total residence time function then approaches 𝐹(𝑡) = 1.  

A volume element passing the reactor needs a certain time for this process. This time 

is statistically distributed and unpredictably long. The average retention period of a 

volume element in the reactor is written as 𝑡̅ and calculated as follows: 

𝑡̅ =  ∫ 𝑡
1

0
 𝑑𝐹(𝑡)    (31) 

Here the cumulative distribution function plays a role, again. If it is considered, that  

𝑡̅ =  𝜏      (32) 

where 𝜏 is the fluid dynamic residence time, and  

𝜏 =  
𝑉

�̇�
      (33) 

where 𝑉 is the volume of the reactor and �̇� is the volume flow of the fluid 

(91 pp. 234-237), this concludes into  

𝑉

�̇�
= ∫ 𝑡

1

0
 𝑑𝐹(𝑡)   (34). 

The variables in this equation are the reactor volume 𝑉, which is determined by the 

set-up of the adsorption cell and its resulting reactor size, on the left side and the time 
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𝑡 on the right side. Consequently, a larger reactor interior inevitably leads to a longer 

residence time 𝑡. Thus, the volume 𝑉 of the reactor is decisive for the function of the 

concentration over time. This function represents the system response of the empty 

adsorption cell. Consequently, the fixed adsorber bed inside the cell also has an 

important impact on the system response. It occupies space inside the reactor, which 

reduces the effective volume 𝑉 and leads calculatively to a shortened residence time 𝑡. 

This shortens the possible time period for adsorption as well, and reduces the probable 

adsorption success in relation to the amount of adsorbent applied. 
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5 Results and Discussion 
The results of the executed experiments can be divided into three different parts. 

Similar to earlier chapters, first the results of equilibrium and kinetics are reported. 

Then, the equilibria of the target substances in relation to humidity are presented, 

followed by the results of breakthrough measurements, which embody the 

subsumtions of the earlier named. 

5.1 Kinetics and Equilibrium Measurements 

In the following, the adsorption of cyclohexane as well as of acetone and 

chlorobenzene is discussed. In a next step, the adsorption of carbon monoxide, 

hydrogen sulphide and ammonia are described. The measurements concerning 

hydrogen sulphide and, even more, carbon monoxide were particularly complex and 

difficult, which is due to comparably small loads. Minor deviations in the measurements 

of carbon monoxide and hydrogen sulphide had a much larger effect than deviations 

in the measurements of the organic substances, where the achieved loads, measured 

as weight per surface, were in dimensions of 10² times higher. 

5.1.1 Cyclohexane 
The isotherms of cyclohexane were measured volumetrically with the Belsorp Aqua 3 

device. Overall, 13 different ligands, immobilised onto the adsorbent’s surface were 

investigated. Four of these are of special interest, as they performed very well with 

cyclohexane or were successful with the other investigated adsorptives. The 

adsorption isotherms of these ligands and the base support HSU 001-075 for 

cyclohexane as adsorptive are depicted in Figure 14. Therefore, the relative load 𝑞𝑟 in 

units of µg m-2 is represented as a function of the partial pressure 𝑝 in the 

dimensionless quantity of the factorised vapour pressure 𝑝0. Other shown 

functionalised adsorbents, carrying different immobilised ligands, are 

HSU 101-075-07, HSU 101-075-10, HSU 101-075-430 and HSU 001-075.2 introduced 

and explained in Chapter 2.2.3. All measurements were conducted at least three times. 

As the results of all three measurements for each of the investigated samples were 

nearly the same, no deviations are marked in Figure 14. Such a high repeatability was 

found to be typical for measurements with organic solvents using the Belsorp Aqua 3 

device.  
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Figure 14 can be divided into three different parts of adsorption success. It is clearly 

shown that at low partial pressures, which can be translated into low concentrations of 

the compound in the air, every investigated functionalised adsorbent is superior to the 

base material HSU 001-075, except HSU 101-075-430. This functionalised material 

behaves identical to its base support, which must be considered as not successful for 

low concentrations. Only for partial pressures above 0.75 p0, the performance of 

HSU 101-075-430 is the highest. 

 

Figure 14: Isotherms of cyclohexane on silica supports with different ligands 
immobilised onto the surface 

At partial pressures between 0.5 p0 and 0.75 p0, multi-layer adsorption begins, which 

leads to pore condensation. Consequently, the loads increase very quickly. For the 

following consideration, the gradients at low partial pressures are of outstanding 

interest, as they are a measure for the effectiveness of the adsorbent at lower 

concentrations. As can be seen from Figure 15, the adsorbents HSU 101-075-07 and 

HSU 101-075-10 provide a relatively steep isotherm at lower partial pressures. At 

lowest concentrations, HSU 101-075-07 is the most effective. However, this ratio 

changes fundamentally and to an increased extent at elevated partial pressures from 

0.4 p0. Above partial pressures of 0.7 p0, even the basic material HSU 001-075 is more 

efficient than the functionalised variant HSU 101-075-07. Accordingly, 

HSU 101-075-10 is regarded as the most efficient adsorbent for separating 
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cyclohexane, whereas HSU 101-075-07 is considered the second most effective 

despite its initial superiority. HSU 001-075.2, however, in this case is the least effective. 

As it is especially developed for the separation of carbon monoxide, this is, on the other 

hand, a valuable signal for selectivity. At the most elevated partial pressures, 

HSU 101-075-430 offers the highest gradient. Its isotherm is in the named area the 

steepest, resulting in the highest loading at higher concentrations, although multi-

layering and pore condensation in this case even begins the latest, as can be seen 

from Figure 14. Thus, at maximum concentrations, HSU 001-075-430 is the material 

with the highest capacity, whereas HSU 001-075.2 offers the lowest capacity.  

 

Figure 15: Isotherms of cyclohexane on silica supports with different ligands 
immobilised onto the surface at lowest partial pressures 

Up to a partial pressure of 0.5 p0, the isotherms of the adsorbents shown are almost 

linear. Consequently, the relative loads were interpolated at a partial pressure of 0.5 p0 

and plotted in Table 9  to establish comparability. Furthermore, the additional 

adsorption success achieved by the respective functionalisations compared to 

HSU 001-075 was calculated and listed as 𝑞𝑟+. Due to the almost linear course of the 

isotherms up to this point, it is possible to draw conclusions about the quality of the 

performance increase through functionalisations in the particularly relevant low 

concentration range. 
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Table 9: Relative load of cyclohexane on differently functionalised adsorbents and 
benefit of functionalisation in comparison to the base material at 0.5 p0 

 

Adsorbent Relative load 

𝑞𝑟 / µg m-2 

Additional relative load 

𝑞𝑟+ / µg m-2 

HSU 001-075 232 - 

HSU 101-075-10 381 149 

HSU 101-075-07 347 115 

HSU 101-075-430 211 -21 

HSU 001-075.2 325 103 

 

With an average additional loading of 149 µg m-2, the functionalised HSU 101-075-10 

is 64 % more efficient than the initial adsorbent HSU 001-075. An increase in 

performance also occurs for HSU 101-075-07, which adsorbs 115 µg m-2 and thus 

almost 50 % more than the base material. HSU 001-075.2 adsorbs a total of 325 µg m-2 

at the corresponding partial pressure, which is also equal to an increase of 40 %, but, 

as already mentioned, drops back significantly at higher partial pressures. 

HSU 101-075-430, the most successful adsorbent at highest partial pressures, is also 

the least effective at low partial pressures. With an average relative loading of 

211 µg m-2, it is 21 µg m-2 or just under 10 % weaker than the base material. Compared 

to the most promising adsorbent, it is thus 81 % weaker at the prevailing partial 

pressure and adsorbs 170 µg m-2 less of the target substance. Thus, the outstanding 

quality gain by functionalising the base material to HSU 101-075-10 becomes clear. 

The influence of the temperature at the lower and thus more interesting partial 

pressures was also investigated. Figure 16 depicts the relative loading of cyclohexane 

onto HSU 101-075-10 as the most promising adsorption material at different 

temperatures. Furthermore, only the results for lower partial pressures and 

consequently the equivalents for lower concentrations are shown. The experimental 

adsorption temperatures were also adjusted between 10 °C and 35 °C, respectively. 

The relative loading for these temperatures only differs in a negligible extent. This was 

not expected, because adsorption is an exothermic process. Hence, at higher 

temperatures, the binding of the adsorptive onto the adsorbent was expected to be 

considerably less favoured.  
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Figure 16: Relative loading of HSU 101-075-10 with cyclohexane under different 
temperature conditions depending on the partial pressures 

Referring to the relative concentration of the adsorptive in the ambient air, the 

prevailing temperature obviously plays no role during the adsorption. For a deeper 

understanding, it is important to highlight the fact that this consideration does not take 

into account the importance of partial pressure and its dependence on temperature. 

The vapour pressure curve of cyclohexane is not linear, as shown in Figure 17, where 

the vapour pressure between 7 °C and 62 °C can be seen. The data for the graph was 

calculated using equation (30) from Chapter 4.2.2 with data from (93 p. D41). 

 

Figure 17: Vapour pressure curve of cyclohexane in a temperature range of 
7 °C to 62 °C 
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The vapour pressure is clearly increasing in an exponential way. A possible 

surrounding atmosphere of nitrogen and oxygen, on the other hand, behaves at least 

nearly as an ideal gas. If the volume keeps the same, the pressure of air increases 

nearly linearly depending on the temperature. 

Accordingly, these results must be proven by obeying the law of Dalton 

𝑝𝑡𝑜𝑡 = ∑ 𝑝𝑖
𝑘
𝑖=1    (35), 

where the total pressure is the sum of the partial pressures. In fact, the calculated 

fraction of cyclohexane in the air rises significantly. In a predefined room, taking the 

ideal gas law for the air and the known data for cyclohexane into account, the total 

volumetric fraction of cyclohexane ascents from approximately 6.1 vol.-% at 10 °C to 

ca. 15.9 vol.-% at 35 °C, which is more than double. Following this argumentation, it is 

reasonable to value the absolute pressure and the resulting relative loading of 

HSU 101-075-10, which can be seen in Figure 18. 

 

Figure 18: Relative loading of cyclohexane at HSU 101-075-10 under different 
temperatures over the absolute pressure of the adsorptive  

The course of the isotherm represented as relative loading over the absolute partial 

pressure is much steeper for an adsorption temperature of 10 °C than for an adsorption 

temperature of 35 °C. This means, that at low temperatures for relatively low absolute 

pressures, a comparably large amount of the respective adsorptive is bound onto the 

surface of the adsorbent. For the shown example of cyclohexane, which is exposed to 

a temperature of 10 °C, a relative loading of 50 µg m-2 at a pressure of 0.739 kPa is 

achieved. At 35 °C, the same loading is only achieved at a pressure of 2.547 kPa. It 
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can also be assumed that the corresponding absolute pressures are reached more 

quickly at the higher temperature. But then, there is also more adsorptive in the 

atmosphere. Consequently, a smaller proportion of the total content of the adsorptive 

can be separated from the atmosphere with a constant amount of adsorbent, 

regardless of the relative loading the adsorbent achieved. 

This demonstration makes it clear that temperature indeed is an important factor in 

scientific and applied adsorption, even at relatively low temperatures such as those set 

for these experiments.  

5.1.2 Further Measurements with Liquid Organic Solvents 
For acetone and chlorobenzene, data concerning maximum loading and isotherms 

was recorded as well. Especially for the understanding of the influence of the vapour 

pressure, a comparison of the relative loading as a function of the partial pressure is 

helpful. The vapour pressures of selected adsorptives at a temperature of 20 °C are 

given in Table 10. 

Table 10: Vapour pressures of acetone, chlorobenzene and cyclohexane at 20 °C 

Hazardous compound Vapour pressure 𝑝 / kPa 

Acetone 24.6 

Chlorobenzene 1.2 

Cyclohexane 10.4 

 

From the values shown for 20 °C, it becomes clear that acetone with a vapour pressure 

of 24.6 kPa evaporates to a greater extent than cyclohexane, whose vapour pressure 

of 10.4 kPa is less than half as high. Chlorobenzene, by contrast, has a much lower 

vapour pressure. A higher vapour pressure is equivalent to a higher concentration in a 

surrounding atmosphere. In Figure 19, the adsorption isotherms, which refer to the 

partial pressure as a fraction of the vapour pressure at a temperature of 20 °C of 

acetone, chlorobenzene and cyclohexane onto HSU 001-075, are shown as graphs.  
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Figure 19: Relative load on HSU 001-075 with different organic adsorptives over the 
partial pressure 

Because of the different molar masses 𝑀, 𝑞𝑟 is specified in this case as the substance 

quantity per area in µmol m-2. This representation makes the adsorption processes 

comparable, as for every chemical reaction, not the pure mass is decisive, but the 

number of molecules bound on the adsorbents’ surfaces. For the comprehension of 

Figure 19, it is necessary to mention the possible maximum vapour pressure of 

12.5 kPa, which can be handled by the utilised Belsorp Aqua 3 device. Thus, it is 

understandable, why the graph of acetone is not shown up to a partial pressure of 1 

like the other two compounds. The vapour pressure of acetone is with 24.6 kPa nearly 

twice as high as the highest value feasible for the equipment. Consequently, the 

isotherm of acetone cannot be measured and depicted completely. Therefore, it cannot 

be concluded, whether further pore condensation occurs at higher concentrations. 

Cyclohexane and chlorobenzene, on the other hand, are measured over the complete 

range of possible partial pressures from 0 % to 100 % of the vapour pressure. 

Basically, the isotherms of cyclohexane and chlorobenzene are very similar, although 

chlorobenzene is obviously always adsorbed at a higher level than cyclohexane at the 

determined partial pressures. For both substances, pore condensation begins slowly 

above half of their corresponding vapour pressure. For acetone, where the 

measurement stops much earlier, this cannot be experimentally determined. In this 

case, the very steep increase of the isotherm at lowest partial pressures is remarkable. 

It is rather unlikely that pore condensation is already present here. The form speaks 

for a very steep Henry isotherm which changes into a Freundlich isotherm. The long 
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slight increase after the Freundlich bend supports this assumption as well. After pore 

condensation, a plateau would be expected, as this occurs both for chlorobenzene and 

cyclohexane, as can be seen in the figure at highest concentrations.  

Figure 20 shows the same data related to absolute pressure. Thus, it becomes clear 

that the three substances investigated have completely different vapour pressures and 

consequently result in completely different concentrations in a contaminated 

atmosphere. For chlorobenzene, a partial pressure of 1.2 kPa already results in a 

completely saturated atmosphere; for acetone, a partial pressure of 24.6 kPa would be 

necessary. For these contemplations, it is essential to understand that vaporisation 

always is in an equilibrium with the surrounding atmosphere (94 p. 201).   

 

Figure 20: Relative loading at HSU 001-075 with different organic adsorptives over 
the absolute pressure 

Consequently, for already very low concentrations of chlorobenzene, the adsorption 

performance of the used adsorbent is superior in comparison to the adsorption of 

acetone and cyclohexane. Only at the lowest concentrations, the amount of bound 

acetone is higher. This trend is also valid for all other investigated functionalised 

adsorbents. It is omitted to show all these results here. The possible improvement of 

the investigated base materials for each compound does not overlay or even exceed 

this effect caused by the choice of the adsorptive. This should not obscure the fact that 

functionalisation by means of ligands immobilised on the adsorbents’ surface is 

equivalent to a considerable increase in performance.   
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The pore sizes also have a decisive impact on the adsorption behaviour 

(3 p. 72 f.; 76 f.). To clarify the extent of influence, further measurements were 

conducted in this set-up with acetone, comparing the equilibrium results of three 

different pore sizes from 100 Å over 300 Å to 500 Å. These results were compared 

regarding their relative load per surface. A selection of the most relevant graphs can 

be seen in Figure 21. The adsorbents for these experiments were of the same particle 

size, produced by the same factory, with the aim to guarantee a high degree of 

comparability. 

 

Figure 21: Equilibrium loading on adsorbents with different pore sizes with acetone 
as adsorptive 

It is noticeable, that the adsorbents with 100 Å and 500 Å behave in a nearly identical 

way. On the other hand, the mid-size with pore diameters of 300 Å is less effective 

relative to its surface. This might be due to deviations within the production process of 

Silicycle. For the experiments, three different samples of the same charge were 

investigated. Remarkably, the distances of the different graphs are in a scaled ratio to 

each other, which supports the above thesis. With these results, it has been proven 

that a comparison of different adsorbents on the basis of the separation performance 

via the relative load per surface is a valuable method even for supports, which differ 

greatly in pore size and particle size. 

5.1.3 Carbon Monoxide 
Mainly HSU 031-295 and HSU 001-075 with their functionalised versions were 

investigated for the separation of carbon monoxide. As reported in Chapter 3.1.1 in 
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Table 5, these two materials differ in pore size as well as in particle size. The 

comparison of the separation results achieved by them as well as their functionalised 

versions should give an insight in the successful improvement that a functionalisation 

process offers and can be extrapolated to other silica supports. 

In Figure 22, four points of the isotherms for HSU 001-075 and HSU 001-075.2 as well 

as for HSU 031-295 and HSU 031-295.2 are depicted. The improvement with the 

.2-ligand was chosen, because it offered the most promising results of all developed 

functionalisation methods. Shown is the relative load per surface 𝑞𝑟 over the 

concentration 𝑐. For HSU 001-075 and its functionalised version HSU 001-075.2, two 

facts are obvious and important, as can be seen in Figure 22. For the lowest 

concentrations of 0.9 ppmv and 8.5 ppmv of CO, the relative load for both materials can 

be considered as equal. The measuring deviation for HSU 001-075.2, especially for 

the lowest concentration, is much higher compared to the deviation for the base 

material HSU 001-075. Overall, they are in the same range in terms of their adsorption 

performance with lower precision. Higher deviations may occur, because the 

functionalisation method was newly developed and is thus in the prototype state. 

Consequently, the reproducibility is not of a standard as in an automated industrial 

process. 
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Figure 22: Maximum loads by CO under different concentrations on HSU 001-075 
and HSU 031-295 as well as their functionalised versions HSU 001-075.2 
and HSU 031-295.2, respectively 

For the higher concentrations of 85 ppmv and moreover for 10,000 ppmv, the difference 

in the possible loading quantities of the adsorbents with CO as adsorptive is 

remarkable. The relative load of the silica support with the immobilised ligand on its 

surface is in average more than 40 % higher compared to the load on the 

unfunctionalised, even at the lower concentration of 85 ppmv. Admittedly, for 

HSU 001-075.2 the calculated standard deviation at this concentration is relatively 

high, too. For both adsorbents, the standard deviations overlap. So, statistically there 

is a certain probability that the unfunctionalised adsorbent performs better than the 

silanised adsorbent at a CO concentration of 85 ppmv. For 10,000 ppmv in difference, 

the standard deviation is relatively low for both investigated adsorbents. At this 

concentration, the relative loading of HSU 001-075.2 is with a value of 16.4 µg m-2 

without statistical limitation, clearly higher than the loading of HSU 001-075 which 

results in 11.5 µg m-2 on average. In case of the highest two investigated 

concentrations of carbon monoxide as adsorptive, the surface of the adsorbents can 

be considered as totally covered by a monomolecular layer. This is indicated by the 

almost identical loads at the latter two CO concentrations. Thus, the maximum load for 

both adsorbents is already reached at comparably low concentrations, possibly even 

for concentrations below 85 ppmv. 
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For the Merck material HSU 031-295 and the functionalised HSU 031-295.2, the 

results are slightly different. This might be due to the different characteristics of the 

base supports. HSU 031-295 particles have diameters from 2000 µm to 5000 µm and 

thus are ten times larger than the particles of HSU 001-075 with diameters of 

200 µm to 500 µm. Their pore diameters differ as well. For HSU 031-295, the pores 

are in average 33 Å wide, whereas HSU 001-075 offers diameters which are three 

times larger with an average value of 100 Å. This could lead to different adsorption 

behaviour of the silica supports. HSU 031-295 as base material behaves like the above 

described base HSU 001-075 in terms of the shape of the isotherm curve, although 

the relative loads are generally significantly lower.   

HSU 031-295.2 as a functionalised version is comparably loaded to the base material 

even at a concentration of 85 ppmv. Considering the implemented deviations, it can be 

assumed that the loading with carbon monoxide at this concentration is for both 

adsorbents at the same level. At the highest concentration of 1 vol.-%, i.e. 10,000 ppmv 

in contrary, the load for HSU 031-295.2 with 14.5 µg m-2 is significantly higher by more 

than 70 % compared to the unfunctionalised base support HSU 031-295 with an 

average value of 8.4 µg m-2. 

From these equilibrium measurements, it can be concluded that he separation 

performance concerning CO can be improved at least for the higher and more 

dangerous concentrations for both base materials. The pore sizes and the particle 

sizes, on the other hand, seem to have an influence on the improvement achievable 

through functionalisation. 

For isotherms, which are of the Langmuir type, as mentioned in Chapter 2.1.1, 

Markham and Benton postulated that the inverted load over the inverted concentration 

should result in a straight line. This method is very well suited to determine whether a 

Freundlich isotherm is present. Basically, it can be assumed that the respective 

isotherm is not an ideal form. To find out what this ideal form would look like, a straight 

line can be constructed. Such a straight line can be translated back and then shows 

the corrected optimal Freundlich isotherm. The comparison of the corrected isotherm 

with the measured isotherm shows visually how close the measured corresponds to 

the Freundlich type. The measured adsorption isotherm of HSU 001-075 translated 

into a Markham-Benton-function is close to a straight line, but also reveals minor 

deviations. This can be seen in Figure 23, where the inverted relative load is plotted 
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over the inverted concentration. HSU 001-075 values are shown as black filled circles. 

On the other hand, black filled triangles represent the values for the theoretical ideal 

straight line according to Markham and Benton. The measurement points at the lowest 

and the highest concentration help as fixed parameters in the construction. Apparently, 

the distances between filled triangles and filled circles as measuring point markings 

are relatively small. This also applies to HSU 001-075.2 whose values are represented 

in parallel by white filled circles and triangles. In contrast, especially the value pair at 

an inverted concentration of 8.5-1 ppmv-1 (the second group of values from the right) is 

comparatively far apart. 

 

Figure 23: Markham and Benton functions for HSU 001-075 and its functionalised 
version HSU 001-075.2 caused by different concentrations of CO 

Figure 24 shows the straight lines optimally modelled according to Markham and 

Benton translated back into Freundlich isotherms in comparison to the previously 

measured values.   
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Figure 24: Isotherm of CO onto HSU 001-075 and HSU 001-075.2 as measured and 
as expected following Chapter 2.1.1 

In case of HSU 001-075, the measured isotherm and the isotherm modelled according 

to an optimised Markham-Benton function run almost in parallel. All modelled points 

are covered by the measured values at least within the standard deviation, although, 

especially at the lowest concentration, the measurement deviations are comparably 

large. This is caused by the very small loads, where the smallest deviations have a 

large impact on the results. Calculations showed that a correction of the relative load 

to a smaller value would lead to an even better fit of the calculated isotherm to the 

measured isotherm. HSU 001-075.2 does not clearly achieve this ideal form of a 

Freundlich isotherm, especially at lower concentrations. For a concentration of 

8.5 ppmv CO, a measured load of 8.4 µg m-2 results, which is significantly below the 

expected value of 13.7 µg m-2 as modelled. The load for the functionalised variant is 

therefore not quite as good as the model suggests. Instead, the isotherm can rather 

be interpreted as a relatively flat Henry form, especially at small and smallest 

concentrations, which changes relatively late into the Freundlich form and thus runs 

below the optimal Freundlich isotherm. This can also be explained by the obviously 

increased capacity compared to HSU 001-075. Such a linear fraction at the beginning 

of the isotherm can be prolonged by providing more adsorptive sites for the adsorptive. 

In addition to the investigations concerning equilibria, kinetic investigations with a 

duration of 10, 30 and 60 minutes were conducted. For selected adsorbents, these 
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measurements were also executed over 120 and 180 minutes. Figure 25 shows the 

progressing load over time of CO in a concentration of 1 vol.-% or 10,000 ppmv in 

synthetic air onto the adsorbent HSU 001-075 and its functionalised versions 

HSU 001-075.1 and HSU 001-075.2. Very clearly, the .2 functionalised silica support 

is superior to the other two versions over time. Already after 10 min, the relative loading 

of HSU 001-075.2 is 10.9 µg m-2. After the same time interval, the loading of the basic 

version HSU 001-075 is only 5.4 µg m-2. Thus, after a short interval, the loading of the 

functionalised material is with a difference of 5.5 µg m-2 twice as high as that of the 

unfunctionalised material. After 60 min, however, this difference decreases. The 

loading for the starting material HSU 001-075 then reaches 11.6 µg m-2. For 

HSU 001-075.2, the relative loading results only in 3.1 µg m-2 more, namely 

14.7 µg m-2. 

 

Figure 25: Kinetics of HSU 001-075 and differently functionalised derivates with an 
applied adsorptive concentration of 10,000 ppmv  

As soon as 10 min have elapsed, HSU 001-075.1 is loaded with 8.4 µg m-2, which is 

3.0 µg m-2 more than HSU 001-075. Compared to HSU 001-075.2, this results in a 

negative difference of 2.5 µg m-2. Accordingly, the difference between the two 

functionalised variants is smaller than their distance to the unfunctionalised variant. 

Regarding the relatively weak degree of functionalisation for HSU 001-075.1 compared 

to HSU 001-075.2, as shown in Table 6, the separation success at this early point in 

time is very high and speaks for the great effectiveness of the functionalisation. After 

30 minutes, HSU 001-075.1 with a load of 10.4 µg m-2 is still superior to the base silica 
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support with 9.2 µg m-2, but clearly loses advantage with only 1.2 µg m-2 more load of 

carbon monoxide on the surface of the adsorbent. Thus, the distance to the base 

material is smaller than to the further functionalised variant HSU 001-075.2, which 

binds an amount of 1.7 µg m-2 more on its surface. When 60 minutes have elapsed, 

the values of HSU 001-075 and HSU 001-075.1 are within the standard deviation of 

each other. This form of kinetics is to be expected for HSU 001-075.1 just as it is 

shown. The maximum load differs only to a limited extent from HSU 001-075. 

Obviously, however, the affinity for carbon monoxide is increased in comparison to the 

base material by this functionalisation investigated, which results in a higher adsorption 

rate especially at the beginning of the exposure. The free places are thus occupied 

earlier by the adsorbent. Consequently, the still free capacities decrease progressively 

faster, so the adsorption rate seems to be reduced in relation to the initial variant 

HSU 001-075.  

In Figure 26, the Merck material HSU 031-295 and its functionalised versions 

HSU 031-295.1 and HSU 031-295.2 are depicted. For HSU 031-295.2, the initial 

kinetics are significantly slower than for the other two, although the maximum load of 

HSU 031-295.2 is the highest in comparison to the others. HSU 031-295.1 offers the 

fastest loading rates within the first 30 minutes. 

 

 

Figure 26: Kinetics of HSU 031-295 and differently functionalised derivates at a 
carbon monoxide concentration of 10,000 ppmv  

The ligands applied as well as their concentrations in the solvent for the 

functionalisation process are identical to those used for HSU 001-075. This reinforces 
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the assumption regarding the effect of the functionalisation. A .1-functionalisation 

basically does not lead compulsorily to a higher load. On the other side, supposedly 

dependent on pore size and particle size, it can enforce the kinetics of the adsorption 

process. When a .2 functionalisation is conducted, however, this also does not 

increase the adsorption rate fundamentally, but the amount adsorbed in total 

independent from time.  

This is exemplified and confirmed in Table 11, where the loading of CO onto the named 

adsorbents after 10 minutes, 30 minutes and after infinite time is listed as comparable 

figures. In addition, kinetics is recorded as the mean adsorption rate 𝑟𝑎, which is 

calculated as the relative load in weight per surface divided by time 

𝑟𝑎 = 𝑞𝑟 𝑡
−1     (36) 

 after 10 and 30 minutes. The values are given in Table 11 

Table 11: Comparison of the loading of different adsorbents at a CO concentration 
of 10,000 ppmv after 10 and 30 minutes as well as maximum load  

 10 minutes 30 minutes Maximum  

Adsorbent 

Rel. load 

𝑞𝑟 / µg m-2 

Kinetics 

𝑟𝑎 / µg m-2 min-1 

Rel. load 

𝑞𝑟  / µg m-2 

Kinetics 

𝑟𝑎 / µg m-2 min-1 

load 

𝑞𝑟  / µg m-2 

HSU 001-075 5.4 ± 0.7 0.54 ± 0.07 9.2 ± 0.1 0.31 ±0.01 11.5 ± 0.2 

HSU 001-075.1 8.4 ± 1.1 0.84 ± 0.13 10.4 ± 0.4 0.35 ± 0.02 15.7 ± 1.9 

HSU 001-075.2 10.9 ± 0.5 1.09 ± 0.05 12.1 ± 0.1 0.40 ± 0.01 16.4 ± 0.3 

HSU 031-295 1.2 ± 0.9 0.12 ± 0.09 3.9 ± 1.5 0.13 ± 0.05 8.4 ± 0.3 

HSU 031-295.1 2.3 ± 0.6 0.23 ± 0.06 5.5 ± 0.3 0.18 ± 0.01 10.3 ± 1.3 

HSU 031-295.2 1.1 ± 0.2 0.11 ± 0.02 3.4 ± 0.2 0.11 ± 0.01 14.5 ± 0.8 

 

The values for the kinetics shown in the table are derived from the mean value of the 

loads reached after the respective time has elapsed. A comparison between the 

calculated kinetics for 10 and 30 minutes provides valuable information for the 

adsorption behaviour. The adsorption capacity and its rate at the beginning of the 

adsorption process are of especially decisive importance and a measure for the 

effectiveness of the adsorbent in the application. In fact, these values allow to deduce 

the separation ability per time at a specific moment. In addition, it can be determined 

to what extent the temporary loading capacity decreases with increasing adsorption of 
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the adsorptive. The values in the two kinetic columns were calculated from the 

corresponding load columns.  

HSU 001-075, which is coarser-pored, and its functionalised variants obviously 

achieve higher relative area loads compared to HSU 031-295 and its efficiency-

enhanced versions. This goes so far that the unfunctionalised HSU 001-075 achieves 

on average higher relative loading values than the functionalised HSU 031-295.1. 

Including the standard deviation, which is just under 13 % for HSU 031-295.1, both 

materials are in the same effectiveness range. A comparison of the respective 

unfunctionalised variants shows that HSU 001-075 with 11.5 µg m-2 adsorbed carbon 

monoxide achieves an adsorptive value 37 % higher than HSU 031-295 with 

8.4 µg m-2. For the two variants 001-075.2 and HSU 031-295.2, this comparison is 

significantly less severe with an increase of 13 % to 16.4 µg m-2 from 14.5 µg m-2 for 

the later mentioned adsorbent.  

The differences in loading between HSU 001-075, HSU 031-295 and their variants 

improved by ligand binding are even more pronounced after short adsorption times of 

10 and 30 minutes. HSU 001-075 is already coated with an average of 5.4 µg m-2 CO 

after 10 minutes, which corresponds to almost 47 % of the total load. HSU 031-295 

adsorbed only about 1.2 µg m-2 CO within the same time, i.e. about 22 % of the value 

achieved by HSU 001-075 and only 14 % of its later total load. After 30 minutes, the 

ratio shifts in favour of HSU 031-295, which at that time was loaded with 3.9 µg m-2 of 

the adsorptive, or 42 % of the load reached by HSU 001-075. Relative to the totally 

achieved load, these values are 80 % for HSU 001-075 and 46 % for HSU 031-295. 

This already shows for the starting materials, that HSU 001-075 with its three times 

larger pore diameters but ten times smaller particle diameters, allows considerably 

faster adsorption kinetics in the first minutes of the adsorption process. This effect 

becomes even clearer with the functionalised variants HSU 001-075.2 with a relative 

load of 10.9 µg m-2 and HSU 031-295.2 with 1.1 µg m-2. Consequently, adsorption by 

the fine-pored HSU 031-295 and its derivatives proceeds considerably slower than by 

the reference material HSU 001-075, but over a longer period with a more constant 

adsorption rate.  

Another observation is of outstanding interest. For HSU 001-075, the functionalisations 

to HSU 001-075.1 and HSU 001-075.2 are accompanied by an increase in the 

adsorption rate. After 10 minutes, the adsorptive uptake per time unit for 
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HSU 001-075.2 with 1.09 µg m-2 s-1 is twice as high as for HSU 001-075 with 

0.54 µg m-2 s-1. After 30, the adsorption rate is still 29 % higher with 0.40 µg m-2 s-1 in 

comparison to 0.31 µg m-2 s-1. This effect is not fully detectable for HSU 031-295 and 

its variants. The results obtained for HSU 031-295.2 also show that functionalisation 

can also lead to a slowdown in adsorption, or at least not to further acceleration. 

Compared to the adsorbent HSU 031-295.1, the adsorption rate is lowered by 

0.11 µg m-2 s-1 for HSU 031-295.2 in both time periods investigated. However, 

HSU 031-295.1 has an increased adsorption rate compared to its base material 

HSU 031-295. Considering that the ligand for HSU 031-295.1 and HSU 031-295.2 is 

the same but bound in different concentrations on the surface, it is likely that an 

increased ligand concentration will slow down adsorption. Since this effect occurs with 

larger particles combined with smaller pore diameters, it must be assumed that pore 

diffusive effects due to smaller diffusion channels within the pores favour lower kinetics. 

Both functionalisations offer benefits for the adsorption behaviour of the adsorbents. 

With a view to industrial application, the amount of a special ligand necessary to 

achieve a certain effect is of utmost interest. It could be shown that the increase in 

efficiency is comparable for both standard materials, HSU 001-075 and HSU 031-295, 

applying these functionalisations. Furthermore, it is important to quantify the additional 

loading success that a certain amount of the ligand on the surface of the silica gel 

allows in contrast to the base material. This success can be computed by employing 

the following formula, where the relative load additionally achieved by a 

functionalisation 𝑞𝑟+ is calculated and divided by the allocation with the ligand on the 

surface of the corresponding base adsorbent 𝑞𝑙. 

𝑓𝑙𝑒 = 𝑞𝑟+ 𝑞𝑙
−1   (37) 

The result of such a calculation is the mass of the adsorptive, which was adsorbed per 

substance amount of the bound ligand in addition to the adsorption success of the 

unfunctionalised silica gel.  

 

 

 



67 
 

Table 12: Relative loads and additional effect by functionalisations of different silica 
supports at a concentration of 10,000 ppmv 

 30 minutes 180 minutes 

Adsorbent 

Rel. load 

𝑞𝑟 / µg m-2 

Add. load 

𝑓𝑙𝑒 / µg mol-1 

Rel. load 

𝑞𝑟 / µg m-2 

Add. load 

𝑓𝑙𝑒 / µg mol-1 

HSU 001-075.1 10.4 ± 0.4 0.18 15.7 ± 1.9 0.72 

HSU 001-075.2 12.1 ± 0.1 0.11 16.4 ± 0.3 0.18 

HSU 031-295.1 5.5 ± 0.3 0.48 10.3 ± 1.3 0.57 

HSU 031-295.2 3.4 ± 0.2 0 14.5 ± 0.8 0.55 

 

When using this calculation method for the maximum load of HSU 031-295.1 and 

HSU 031-295.2, it is found that 0.57 g mol-1 and 0.55 g mol-1 adsorptive which 

corresponds to 20.3 mmol mol-1 (adsorbent per ligand bound onto the surface) and 

19.6 mmol mol-1, respectively are additionally adsorbed per ligand. It can therefore be 

assumed that there is a linear relationship between the amount of ligand bound and 

the additional adsorption success in comparison to the base material HSU 031-295. 

When looking at the same materials after 30 minutes, the results differ. With 

HSU 031-295.1, an improvement value of 0.48 µg mol-1 is achieved by 

functionalisation. HSU 031-295.2, by contrast, does not produce an improvement. 

Instead, the value, including the measurement deviations, approaches 0. For 

HSU 001-075.1 and HSU 001-075.2, the measurement results after 30 minutes with 

0.18 µg mol-1 and 0.11 µg mol-1 are considerably closer to each other. This confirms 

the above-mentioned assumption that a stronger loading of the adsorbent surface with 

the used ligand can lead to a slowing down of the adsorption rate, which is probably 

due to a worse accessibility of the pores. The ligand appears to increase the access 

barrier for the adsorptive, which affects HSU 031-295 and its variants with larger 

particle but smaller pore diameters more than the smaller but relatively large-pored 

HSU 001-075.  

Derivations can be derived from the measurements considered, which show which 

savings in adsorbents are possible by specific functionalisations. The demand for an 

adsorbent quantity depends in particular on the loadability, i.e. the predominant 

kinetics. As already mentioned, a physically hard-working person has a time-related 

air requirement of 95 L min-1. This corresponds simultaneously to the air requirement 
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of three resting persons. The example of a concentration of 10,000 ppmv, which is 

lethal very quickly, and a comparison of the adsorbents HSU 001-075 and the silanised 

variant HSU 001-075.2 show that there is a considerable improvement in the 

absorption capacity. It must be assumed that a concentration above 8000 ppmv is 

deadly for humans after only 10 minutes. A concentration of 10,000 ppmv used here is 

therefore very suitable for an exemplary consideration. For the model calculation, this 

threatening concentration must be reduced to harmless 30 ppmv, which corresponds 

to the maximum permissible workplace load (34).  

Assuming that a physically hard-working person is exposed to the aforesaid carbon 

monoxide load for 10 minutes, the adsorption rate drops within these first 10 minutes 

to a value of 0.54 µg m-2 s-1 or 1.09 µg m-2 s-1 for HSU 001-075 and HSU 001-075.2, 

respectively. At the named concentration, 1184 mg min-1 CO must be separated from 

the breathing air. In the case of the unsilanised material HSU 001-075, this means a 

calculated material requirement of 7973 g. HSU 001-075.2 is required here in much 

smaller quantities, namely only 4893 g, and thus only 61.4 % of the necessary base 

material mass. This clearly shows which improvements in adsorption capacity can be 

achieved by a favourable functionalisation. 

5.1.4 Hydrogen Sulphide 
Compared to carbon monoxide or the investigated hydrocarbons, hydrogen sulphide 

is highly corrosive. This complicates the circumstances not only for the measurement 

set-up but also for the adsorbents themselves. For comparison, the equilibrium 

measurements of three different but unfunctionalised adsorption materials, 

HSU 031-279, HSU 031-295 and HSU 001-075, at four different concentrations, 

namely 10 ppmv, 70 ppmv, 140 ppmv and 5000 ppmv are presented in Figure 27.  
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Figure 27: Comparison of load caused by H2S on various unfunctionalised silica gels 
with different physical characteristics over three hours 

The measurement results obtained do not show the expected course of a continuous 

and finally stagnating increase in loading as a function of increasing adsorptive 

concentrations. In fact, HSU 031-295 reaches the highest measured relative loading 

already at a concentration of 10 ppmv with 12.1 µg m-2 adsorptive bound on its surface. 

With a relative load of 14.0 µg m-2, the mean value of the maximum loading for 

HSU 031-279 is highest at 5,000 ppmv but lies within the standard deviation of the 

relative loading at a concentration of 10 ppmv. Thus, the gravimetrically determined 

loads achieved for both adsorbents at the next higher concentrations of 70 ppmv and 

140 ppmv are lower for both adsorbents, also taking the standard deviations into 

account. HSU 001-075 behaves differently; for this adsorbent, the highest loading is 

achieved with 24.3 µg m-2 adsorpt at a concentration of 70 ppmv, whereby the standard 

deviations for the concentration of 10 ppmv overlap with those at 70 ppmv. 

HSU 001-075 achieves relative loads of 15.8 µg m-2 and 13.6 µg m-2 for concentrations 

of 140 ppmv and 5000 ppmv, which are considerably smaller than those achieved for 

the lower concentrations. Thus, for all three materials, a peak is already reached at low 

adsorptive concentrations, and higher concentrations lead to a lower loading. In 

particular, the increase in load at higher concentrations indicates a reaction at the 

surface. It is reported in the literature that moisture is irreversibly adsorbed by silica 

gels in a single layer at room temperature. Desorption of this layer is therefore not 

possible (95 pp. 38-39). This humidity could be available for a reaction with H2S. It is 
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likely that it will be removed by a sufficiently high hydrogen sulphide concentration 

which leads to a loss of weight. The adsorbent then could adsorb the following 

hydrogen sulphide in the next step, which could explain why higher concentrations lead 

to an increase in weight, again. 

HSU 001-075 was considered best suitable for the separation of hydrogen sulphide in 

comparison to the other materials, at least when the base and not functionalised 

adsorbents are employed. Compared to the reference adsorbents HSU 031-295 and 

HSU 031-279, it is always superior in its relative adsorption capacity per surface 

regarding hydrogen sulphide. In relation to HSU 031-279, whose performance is 

second best, the adsorption of H2S is 58 % higher at a concentration of 10 ppmv and 

150 % higher at 70 ppmv, whereas for the next higher concentrations measured, this 

superiority is significantly reduced again. At 140 ppmv the relative load for 

HSU 031-279 is on average 7.6 µg m-2, while for HSU 001-275, the load is with 

15.9 µg m-2 still 109 % higher than for the previous mentioned. For concentrations 

above 5,000 ppmv, a superiority can no longer be recognised. Both values lie with a 

relative load of 14.0 µg m-2 for HSU 031-279 and 13.6 µg m-2 for HSU 001-075 within 

the standard deviation of the other. Consequently, it was decided to use HSU 001-075 

in further investigations, especially with functionalised versions. A comparison of the 

measured results between the unfunctionalised HSU 001-075 and its specially 

functionalised version HSU 101-075-10 is depicted in Figure 28. 

 

Figure 28: Comparison of relative load of hydrogen sulphide on the surface of HSU 
001-075 and the functionalised version HSU 101-075-10 over three hours 
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At lower concentrations, the functionalised version is even less effective in the 

separation of hydrogen sulphide, as obvious from Figure 28. In contrast, for higher 

concentrations of 140 and 5,000 ppm, the efficiency of HSU 101-075-10 clearly 

exceeds the performance of HSU 001-075. Apparently, the base material 

HSU 001-075 is increasingly attacked at higher hydrogen sulphide concentrations and 

loses mass. HSU 101-075-10 on the contrary is stable to hydrogen sulphide, and the 

load increases steadily between the concentrations of 10 ppmv to 10,000 ppmv. The 

load of the unfunctionalised variant drops in the same range of concentrations. At a 

concentration of 140 ppmv, HSU 001-075 achieves a relative loading on its surface of 

15.8 µg m-2, but the functionalised variant already achieves a loading of 34.8 µg m-2. 

This difference becomes even clearer at the concentration of 5,000 ppmv hydrogen 

sulphide in synthetic air, where the values of the relative loads achieve 13.6 µg m-2 for 

HSU 001-075 and 50.4 µg m-2 for HSU 101-075-10. The adsorption of adsorptive per 

area can therefore be increased to 371 % of the base material at this highest measured 

concentration. In difference to the base material, the load of HSU 101-075-10 is 

increasing over all measured concentrations. Thus, it can be concluded that the 

functionalised material is barely destroyed by the corrosive atmosphere.  

Ideally, the adsorption isotherm should describe the Langmuir form. For the verification 

of this assumption, the Markham and Benton method was employed again. It can be 

concluded from Figure 29 that the graph resulting from the inverted relative loading 

over the inverted adsorptive concentration does not result in a straight line. 
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Figure 29: Markham and Benton function for HSU 001-075-10 resulting from H2S 
containing atmospheres 

Like for carbon monoxide, an inversion of the measured values according to Markham 

and Benton can be utilised very well to determine whether an Freundlich isotherm is 

given. The white circles, which represent the measured and then inverted values, show 

very clearly that HSU 001-075-10 does not describe a straight line after the Markham-

Benton inversion. In particular, the point caused by the value pair at 70 ppmv (the third 

pair of points from the left side) is clearly too high in the inversion. For 140 ppmv (the 

second pair of points from the left side), the two points approach each other again 

clearly. With the black triangles, a straight line is constructed, which represents the 

ideal form of an inverted Freundlich isotherm. All points which are inverted following 

Markham and Benton and describe values above this, indicate too small initial values 

for an optimal Freundlich isotherm. This applies to the measured values of 

HSU 101-075-10 in two out of four measured cases. The inverted values, which are 

shown as black triangles in Figure 29, lead to the optimal calculated Freundlich 

isotherm in Figure 28, which is also shown as black triangles there.  

For concentrations of 70 ppmv and 140 ppmv, the experimentally determined load is 

too small compared to the calculated loading to represent a Langmuir isotherm. In this 

section, the isotherm is more like the form described by Henry. A corresponding 

straight line can be described briefly taking the standard deviations into account. The 

most important insight from the aforementioned results is that commercially available 

silica gels are not necessarily appropriate for the separation of H2S from the air but can 
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be improved by specific functionalisations to stabilise them against hydrogen sulphide 

and thus, to improve the adsorption’s effectivity. 

HSU 101-075-10 was the most effective adsorbent investigated out of a group of 

different functionalisations. For this reason, the kinetics were also compared with this 

material. In the following Figure 30, the corresponding loads of HSU 031-279, 

HSU 031-295 and HSU 101-075-10 after 10, 30, 60 and 180 minutes with H2S are 

presented. 

  

Figure 30: Comparison of kinetics caused by 70 ppmv H2S in synthetic air on 
different silica gels  

As expected, HSU 101-075-10 is superior in comparison to the other adsorbents over 

all executed measurements, except after 10 minutes, where HSU 031-279 with a 

relative load of 6.3 µg m-2 is very efficient as well. However, all resulting curves provide 

a form as one might expect. It is remarkable that HSU 031-279 loses weight after 

180 minutes compared to the measurement after 60 minutes and reaches 1.9 µg m-2 

less loading. This symbols a valid trend for the material and is due to starting corrosive 

effects caused by H2S on the unfunctionalised base material, employed as adsorbent. 

Furthermore, several measurements were conducted to prove the results. Generally, 

as can be seen by Figure 30, there is a very small standard deviation, especially for 

the unfunctionalised adsorbents, of maximal 10 %, which is a sign for precise sampling 

and measurements. The standard deviations for the silanised supports are expected 

to be higher due to the functionalisation in the prototype stage and amount to 14.5 % 

in the maximum case. Obviously, it needs some time, before the unfunctionalised silica 
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gel is erased by the aggressive atmosphere. In principle, the shown functionalisation 

has succeeded in improving the stability against an atmosphere containing hydrogen 

sulphide and at the same time in increasing the connection rate and the maximum load 

capacity. Compared to other experimental series in which adsorption was controlled 

by pure hydrogen sulphide atmospheres at different pressures, similar results are 

obtained. HSU 101-075-10 adsorbs up to 0.4 wt.-% of the initial mass of hydrogen 

sulphide in the studies presented. The investigated silica gels in the comparative 

measurement from the literature with a magnetic suspension balance achieve up to 

0.35 wt.-%, whereby one stands out with a weight increase of 1.0 wt.-% (70 p. 76). It 

is likely that a pure hydrogen sulphide atmosphere, despite lower prevailing pressures 

due to the lack of competition with oxygen and nitrogen, has a positive effect on 

adsorption. This in turn underlines the performance of the newly developed silanisation 

HSU 101-075-10. 

A model calculation for an application case shows the considerable added value that 

silanisation provides in combination with the most favourable starting material. This 

becomes clear at an initial concentration of 70 ppmv, which is almost unbearable for a 

human being and which can already lead to severe disorders of the central nervous 

and the cardiovascular system. Corresponding input concentrations would have to be 

lowered to 5 ppmv in order to comply with the applicable occupational health and safety 

regulations (34). A physically hard-working person generates a mass flow of 

9.51 mg min-1 hydrogen sulphide by breathing. After 30 minutes, the relative 

absorption capacity per time unit for the adsorbent HSU 031-295 is 0.151 µg m-2 min-1. 

For the silanised HSU 101-075-10, this value is considerably better at 

0.541 µg m-2 min-1, and thus 3.6 times as high. This does not have such a significant 

effect on the weight of the required amount of adsorbent due to the relatively small 

area per weight of the basic material HSU 001-075. However, for the described 

application of the material HSU 101-075-10, only 68.9 g are required, whereas under 

the same conditions, almost 110 g of the material HSU 031-295 would be necessary. 

This clearly shows the potential that lies in the directed selection and functionalisation 

of the corresponding adsorbents. 
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5.1.5 Ammonia 
For the adsorption of ammonia, especially activated carbon in industrial applications 

as well as clinoptilolite tuffs in scientific research are utilised (39 p. 220 ff.; 40 p. 151 ff.). 

In this research, another method based on selected variants of the synthetic support 

HSU 9000 was chosen. These variants were compared to HSU 001-075 utilised for 

the other investigated target compounds.  

For the measurements, three different concentrations of dry ammonia in synthetic air 

were applied; these were 137 ppmv, 274 ppmv and 10,000 ppmv. The concentrations 

delivered by Linde as test gases offered a high storage stability and thus were perfectly 

suitable for the conducted experiments.  

Surprisingly, HSU 9000-2 does not behave similar to HSU 001-075. It was expected 

that the new material would bind more of the targeted ammonia onto the surface 

compared to HSU 001-075 at every concentration. But this is not the case. HSU 9000-2 

is obviously superior to HSU 001-075 at very high concentrations but less effective at 

lower concentrations. Respective results can be seen in Figure 31. 

 

Figure 31: Relative load of dry ammonia on different separation materials at different 
concentrations over 180 minutes 

In this case, the affinity for ammonia is obviously stimulated by higher concentrations. 

A similar effect, although with significantly lower loads, can be seen for the material 

HSU 9000-5, which was investigated as well. Due to the particle size of 5 to 10 mm 

and the impossibility to crush HSU 9000-5 into a smaller size, it was not possible to 

investigate its pore size and surface area. It is therefore compared by weight with 

HSU 9000-2, as depicted in Figure 32. 
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Figure 32: Comparison of HSU 9000-2 and HSU 9000-5 in their efficiency in the 
separation of ammonia from synthetic air at different concentrations over 
180 minutes 

Due to their special nature, the adsorbents of the 9000 series must not be dried 

completely, as they then lose their ability to separate substances. Therefore, there is 

at least some residual moisture on their surface. For measurements with low 

concentrations, it can be assumed that the effect of a possible further drying of the 

corresponding adsorbents superimposes the effect of loading by a low concentration 

of ammonia, giving the impression that the target substance is not separated. This 

effect then vanishes at higher concentrations when there are surplus amounts of NH3 

in the air and the drying effects lose their impact. As a result of the measurements 

carried out, especially with regard to the higher and therefore more interesting 

concentrations, HSU 9000-2 has proven to be the material of choice for the separation 

of NH3.  

In a next step, the kinetics were investigated. A concentration of 1 vol.-% gaseous 

ammonia in synthetic air was used with otherwise unchanged parameters. The loading, 

caused by the charging of the separation material with ammonia, were investigated 

after 10, 30, 60 and 180 minutes. For HSU 001-075 and HSU 9000-2, the results are 

depicted in Figure 33. 
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Figure 33: Adsorption kinetics of 1 vol.-% ammonia in synthetic air on different 
adsorption materials 

In case of HSU 001-075, kinetics describes a very plausible curve. The deviations over 

all measurements were very small, and the gradient decreases over time. For 

HSU 9000-2, the results are not as clear. Although there is an obvious tendency in the 

first 30 minutes, which is comparable to HSU 001-075, for 60 minutes, the weight is 

actually decreasing, which was not expected. After 180 minutes, however, HSU 9000-2 

is far superior to HSU 001-075. Consequently, for a final understanding of the potential 

efficiencies of these materials, the results from the breakthrough measurements must 

also be considered. Chapter 5.3.4. presents further findings that are of crucial 

importance for understanding the adsorption behaviour of HSU 9000-2.  

An input concentration of 1,000 ppmv ammonia is no longer bearable for a human 

being, the tolerability threshold is exceeded at 300 ppmv at the latest. The 

concentration considered here can therefore be regarded as harmful to health. From 

1,700 ppmv on, the ammonia concentration is lethal (34). The concentration value 

shown is therefore very suitable for a model-like consideration of a successful 

separation by a specifically applied adsorbent, since the initial value of the 

concentration in a real scenario would represent a considerable danger to potential 

workers. For example, the limit values for jobs are set to 20 ppmv in Europe. In order 

to reduce an initial concentration of 1,000 ppmv for a physically hard-working person 

with an air consumption of 95 L min-1 to a safe level even after half an hour of use, 

HSU 001-075 theoretically requires 36,456 m2 of adsorbent surface. In contrast, the 

improved material HSU 9000-2 only requires an active surface area of 8.539 m2. 
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Consequently, the more suitable material HSU 9000-2 requires less than a fourth of 

the area required by silica gel HSU 001-075. Thus, for the assumptions made here, a 

fundamental improvement could be achieved by an appropriate choice of adsorbent. 

This is also confirmed by the breakthrough experiments described in Chapter 5.3.4. 

5.2 Multi Component Measurements 

In the previous chapters, the focus was essentially on single-substance adsorption. In 

the remaining chapters, multi-component adsorption will also be dealt with. A highly 

probable multi-component adsorption always results from the separation of the target 

substance and humidity from the ambient air. Experiments with undried silica-based 

adsorbents have shown that slightly less adsorption was achieved for cyclohexane 

than for dried silica gels. 

In case of carbon monoxide and hydrogen sulphide, it is decisive that the humidity of 

the atmosphere is known, as the weight increase caused by these compounds is small 

compared to organic compounds and could be superposed by adsorbed humidity from 

the air. 

Two different set-ups were used for the multi-component experiments. Ammonia was 

employed in the form of ammonia water in different concentrations as adsorptive. 

Accordingly, the arrangement described in Chapter 4.1.1 was used for the associated 

measurements. For carbon monoxide, hydrogen sulphide and cyclohexane, the 

experimental set-up described in Chapter 4.1.4 was used. In principle, moist air was 

always fed into the measuring room with the adsorbents for more than 24 hours. It was 

then mixed with a certain concentration of the target substance for 5 hours at a 

constant total humidity content. The adsorbents were weighed after loading with moist 

air and after loading with the added adsorptive. The weight difference is then a 

measure of the separation success from a multi-component gas mixture.   

5.2.1 Cyclohexane with Humidity  
According to Chapter 5.1.4, the best results, both in terms of maximum loading and 

kinetics under dry conditions, were obtained for HSU 101-075-07. For this reason, this 

material is compared to an activated carbon already used in the industry.  

In the experiments carried out, the activated carbon used for the research always 

proved to be superior to the silica gels investigated in the separation of cyclohexane 

at lower concentrations. This is illustrated in Figure 34, where the relative loads of 
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HSU 001-075-07 and activated carbon are compared. At higher partial pressures 

starting from 0.53 p0 and the onset of pore condensation, the adsorption behaviour of 

the silica gels is clearly superior. However, this also shows that a mixed bed of both 

adsorbents can make sense. In the context of an appropriate air purification, at low 

concentrations of the air pollutant cyclohexane, the activated carbon can thus ensure 

the main part of the separation of the target substance. If the concentration continues 

to rise, the newly developed silanisation of the silica gel HSU 101-075-07 can remove 

cyclohexane from the ambient air with considerably greater efficiency. This results in 

a considerably increased range of applications.  

 

Figure 34: Comparison of relative loads in dry atmosphere caused by cyclohexane 
on HSU 101-075-07 and activated carbon 

Activated carbon is commonly known for its hydrophobic character (96 p. 329). For this 

reason, it is used e.g. in waste water for the elimination of organic trace substances 

(97 p. 6 ff.). The results of the measurements in humid air can be found in Figure 35. 
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Figure 35: Comparison of relative load on HSU 101-075-07 and an industrial used 
activated carbon caused by humidity and cyclohexane 

With reference to the surface of the materials, the affinity of water to bind on the surface 

of the silica is much higher than for the activated carbon, which was expected. Within 

the first 24 hours, when the adsorbents are only exposed to humid air, 

HSU 101-075-07 binds moisture on its surface in an amount of 35.9 µg m-2. The 

relative loading of the activated carbon is 9.8 µg m-2 at the end of the same period. 

Therefore, the loading of the activated carbon by air humidity is only 27 % of the 

comparative value for the functionalised silica gel HSU 101-075-07. Compared to the 

unfunctionalised variant HSU 001-075, HSU 101-075-07 is significantly lower in its 

capacity to adsorb water, which is proven when the relative loading of HSU 001-075 

after 24 hours in defined humid air is 90.2 µg m-2. HSU 101-075-10 thus adsorbs 60 % 

less moisture than the base material, which emphasises the selectivity of the 

functionalised adsorbent. Compared to the adsorbent HSU 101-075-10 for example, 

there is no significant difference, since the standard deviations for HSU 101-075-10 

overlap the measured values for HSU 101-075-07. 

After another 5 hours, in which the adsorbents are loaded with cyclohexane in addition 

to humidity, the superiority of activated carbon is once again evident. It achieves a total 

loading of 438.0 µg m-2 in the produced atmosphere, while HSU 001-075-07 only 

reaches a total loading of 97.5 µg m-2. On the other hand, the functionalised silica gel 

also has a comparatively large standard deviation. For both materials, it is shown that 

in addition to the previously adsorbed humidity, cyclohexane was also adsorbed 

significantly. The difference and thus guaranteed amount of adsorbed cyclohexane is 
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for HSU 101-075-07 61.6 µg m-2, and for the activated carbon used even 428.2 µg m-2. 

Compared to the isotherms in Figure 34, the adsorption capacity of the activated 

carbon is practically not restricted by humidity. The amount of adsorbed cyclohexane 

on the surface corresponds to the values achieved by dry activated carbon in a dry 

atmosphere, considering the standard deviation. HSU 101-075-07 also achieves 

values that are at least close to adsorption processes from the dry gas phase. 

Chapter 5.3.1 shows that moisture nevertheless has an influence on the load.   

5.2.2 Carbon Monoxide and Humidity 
Figure 36 shows the relative loads of HSU 001-075, HSU 001-075.1 and 

HSU 001-075.2 caused by the summation of a humid atmosphere and the same humid 

atmosphere supplemented with CO. The measurement results for each of the three 

adsorbents are displayed as stacked columns. Therefore, the columns below represent 

the loading of the adsorbents with moisture from the air. A complete equilibrium loading 

can be assumed after 24 hours in a constantly humid atmosphere. The additional 

loading with CO is represented by the column above. Since the adsorbent is already 

completely loaded with humidity, the additional loading must be caused by the CO 

added. Therefore, a resulting total column is the sum of the mean values of two discrete 

measurement series for each adsorbent under consideration. 

HSU 001-075 as base silica support adsorbs on average 129 µg m-2 moisture from the 

incoming gas mixture. HSU 001-075.1 in difference already achieves an average 

relative load of 203 µg m-2. Thus, the load of HSU 001-075.1 with air humidity is 58 % 

higher than with the base material. HSU 001-075.2 even reaches a relative load of 

390 µg m-2 in the same 24-hour period. This corresponds to an increase of 203 % in 

the ability to adsorb humidity. It can therefore be seen that the ability to adsorb moisture 

is considerably increased by the selected functionalisations. However, the resulting 

expectation that free adsorption sites for the target substance CO are blocked by 

humidity already adsorbed has not been confirmed. The results in Figure 36 clearly 

show that CO from humid air can also be separated by adsorbents already loaded with 

moisture. 
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Figure 36: Load by multi component adsorption of humidity and CO in a 
concentration of 10 vol.-% in synthetic air 

A superior load with CO, after loading with humidity, cannot be detected for 

HSU 001-075.1 with a relative extra load of 8.0 µg m-2 CO in comparison to the base 

material HSU 001-075 with a load of 10.2 µg m-2 CO. In this case, the standard 

deviations of the associated measurement series overlap over a sufficiently large 

range, such that on average, the observed values of both adsorbents can be regarded 

as equal. HSU 001-075.2, on the other hand, reaches a relative load of 33.8 µg m-2 

CO, which is significantly higher than the comparative values of the base support and 

exceeds them by 231 %. It is proven that the .2 functionalisation has a positive impact 

on the capacity for carbon monoxide as a compound to be separated, although the 

adsorbent was already affected by humid air. For HSU 001-075.1, it is at least shown 

that the cumulated relative load of all adsorbed compounds is higher compared to the 

unfunctionalised material. Major benefits can only be expected using HSU 001-075.2. 

This can also be determined in comparison to dry loading with CO as adsorptive. Both, 

HSU 001-075 and HSU 001-075.1 are considerably restricted in their capacity to 

adsorb CO by moisture in the air. In a dry atmosphere and a concentration of the target 

substance of 1 vol.-%, relative loads of 11.5 µg m-2 for HSU 001-075 and 15.7 µg m-2 

for HSU 001-075.1 are achieved. In humid air and with the significantly higher 

concentration of 10 vol.-% CO, the values decrease to 10.2 µg m-2 and 8.0 µg m-2, 

respectively. For HSU 001-075.2, the values even double from 16.4 µg m-2 to 
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33.8 µg m-2. Obviously, the elevated air humidity is the trigger for an intensified 

interaction of the adsorbent with the target substance, which further increases the 

adsorbent’s absorption capacity for carbon monoxide. However, this effect does not 

seem to be effective with lower densities of the bound ligand on the surface of the 

adsorbent HSU 001-075.1. The measurement data even indicates that a reduction of 

the adsorption capacity could occur, although it must be noted that the standard 

deviations clearly overlap each other. 

For multi-component adsorption, especially related to humidity, decisive insights were 

discovered and published (98) during the measurements. Further results are presented 

in the following for the first time. In order to gain insights into the adsorption kinetics of 

carbon monoxide in combination with humid air, another experiment was established. 

The experimental set-up corresponds to that described in Chapter 4.1.2 for single-

component adsorption. At the beginning of the experiment, a relative humidity of 40 % 

was set in the interior. This inner atmosphere was then exposed to carbon monoxide. 

After 10, 30 and 60 minutes, the load on the adsorbent was determined. The 

corresponding measured values were then compared with the values obtained in a dry 

CO-containing atmosphere as shown in Figure 37. Thereby, the squares represent the 

loading of the adsorbent over time in a dry atmosphere, and the triangles indicate the 

loading over time in the corresponding humidified atmosphere. 

 

Figure 37: CO loads by a concentration of 1 vol-% at certain times for HSU 031-279 
influenced by a humidity containing atmosphere of φrh = 40 % and without 
influence of humidity 
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It turns out that after 10 minutes, there is almost no difference between the 

measurements in humid and dry air. The results obtained for dry air with 2.1 µg m-2 do 

not differ from those for humid air with 1.5 µg m-2 if the associated standard deviations 

are considered. However, after 30 minutes, there is a clear difference. Although the 

standard deviations, especially of the measurement series with dry gas mixture, are 

very pronounced, they do not overlap. The mean relative load in dry air is now 5.8 µg 

m-2. Therefore, the load in dry CO-containing air after 30 minutes is on average 87 % 

higher than in humid air with 3.1 µg m-2. After one hour, this relative distance increases 

further to 108 %. The corresponding values here are 6.3 µg m-2 in humid air and 

13.1 µg m-2 in dry air. After a sufficiently long adsorption time, both values approach 

each other again. In a comparison of the two measuring methods used, the measured 

values for the relative loading per area within the standard deviation are the same after 

24 hours. 

Due to the oversupply of air humidity with moist air, a faster loading of the adsorbent 

would have been expected in this experiment. Instead, CO from dry air is obviously 

adsorbed more quickly. Apparently, a higher air humidity impedes the adsorption of 

CO. At the same time, this adsorption behaviour also shows that humidity cannot be 

adsorbed unhindered either. The competitive situation among the two adsorptives 

leads to an overall slowdown of the process. 

For the understanding of the separation efficiency, it is also reasonable to calculate the 

corresponding kinetics. The relevant values for HSU 031-279 are noted in Table 13. 

Table 13: Relative load of CO with a concentration of 1 vol.-% after certain times 
onto HSU 031-279 and relevant average values for 𝑟𝑎 

 Completely dry air Air with 40 % humidity 

𝑡 / 

min 

𝑞𝑟(𝑡) / 

µg m-2 

𝑟𝑎 / 

µg m-2 min-1 

𝑞𝑟(𝑡) / 

µg m-2 

𝑟𝑎 / 

µg m-2 min-1 

10 2.2 ± 1.5 0.22  1.5 ± 0.2 0.15 

30 5.8 ± 1.8 0.19  3.1 ± 0.3 0.10 

60 13.1 ± 1.7 0.22  6.3 ± 0.4 0.10 

 

Obviously, the values of the adsorption rate 𝑟𝑎 hardly change over the first 60 minutes 

for HSU 031-279 in dry air. For all three measuring points, the kinetic comparison value 

remains in a range between 0.19 µg m-2 s-1 and 0.22 µg m-2 s-1. Due to the standard 
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deviations of the relative load, which serves as the essential variable for calculation, it 

can therefore be assumed that the load does not change per time in the first 

60 minutes. As a result, there is a linear load increase on the adsorbent, and 

consequently, a constant capacity for the removal of the incoming threatening 

substance. In humid atmosphere, the factor is smaller over all the time and even 

decreases with the measurement point at 30 minutes for the first time. In other words, 

the capacity per time decreases as well for the target substance. Therefore, a possible 

adsorber bed would have to be planned to be longer. This would then require 

significantly more adsorbent, Furthermore, the maximum load was nearly identical in 

both situations, as explained before. It was achieved after 120 minutes at the latest for 

a completely dry atmosphere. For the humid atmosphere, the maximum load was 

achieved within a period of 24 hours. It can therefore essentially be said that air 

humidity has less of a decisive influence on the maximum load but has a considerable 

effect on the adsorption rate. 

5.2.3 Hydrogen Sulphide and Humidity 
The experimental set-up described in Chapter 4.1.4 was also used for the experiments 

with hydrogen sulphide and humidity. To enrich the humid air with the target adsorptive, 

a pressurised gas cylinder with a concentration of 0.5 vol.-% was connected to the 

system. Chapter 5.1.4 already shows that higher concentrations do not necessarily 

mean higher relative loads on the surface of the adsorbents. For this reason, the results 

for hydrogen sulphide in a higher concentration combined with water are of utmost 

importance and measurements of those combinations delivered surprising results, as 

can be seen in Figure 38 (99 p. 63 ff.).  



86 
 

 

Figure 38: Relative load 𝑞𝑟 on HSU 001-075 and HSU 101-075-10 caused by 
humidity and humidity combined with hydrogen sulphide in a 
concentration of 0.5 vol% in synthetic air  

The relative loads of HSU 001-075 and the functionalised variant HSU 101-075-10 are 

shown, and the mass increase for both adsorbents after 24 hours of loading with humid 

air and the subsequent five-hour loading with air of the same humidity and additional 

hydrogen sulphide is depicted. 

There is a clear trend which confirms the superiority of the functionalised silica gel. 

HSU 001-075 as base version is affected by humidity significantly more than the 

functionalised version. It is noticeable that the starting material HSU 001-075 with 

90.2 µg m-2 achieves 2.3 times the surface loading with moisture of the functionalised 

variant HSU 101-075-10 with 38.7 µg m-2. HSU 101-075-10 thus adsorbs considerably 

less moisture than the unfunctionalised HSU 001-075, which confirms its improved 

selectivity towards humidity, as it is the aim to adsorb as little moisture as possible.  

Mainly, the ability to adsorb hydrogen sulphide in this defined humid atmosphere is of 

interest. Although the concentration of water is not lowered, additionally brought in 

hydrogen sulphide does not lead to a gravimetrically measurable increase of the load 

on the adsorbent’s surface. For HSU 101-075-10 with 35.91 µg m-2 the load keeps 

nearly constant in comparison to the achieved load by an H2S free atmosphere. Even 

the relevant standard deviations caused by the different atmospheres overlap for the 

most part in case of this adsorbent. Thus, both averages of the measurement results 

can be regarded as equal. It therefore appears that hydrogen sulphide in humid air has 
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no significant influence on HSU 101-075-10, if it is already loaded with defined 

moisture. 

For the unfunctionalised version, the effect of weight loss is much more pronounced. 

Added hydrogen sulphide reduces the calculated average surface load from 

90.3 µg m-2 to 70.9 µg m-2. This corresponds to a reduction of 21.5 %, although even 

here, the boundaries of deviation of the measurements with only humidity and with 

humidity and hydrogen sulphide overlap each other. These results are a valid sign that 

HSU 101-075-10 is a better choice for the separation of H2S. Other chapters in the 

book concerning H2S also show a measurable positive effect of the functionalisation. 

Although the described experiments are not appropriate as singular evidence for the 

postulated theory, they fit into those other observations. Consequently, these 

experiments support the theory that the functionalised version is the better choice for 

the separation of hydrogen sulphide. Finally, this is proven with the breakthrough 

experiments of Chapter 5.3.3. 

5.2.4 Ammonia in Water 
The experiments for ammonia water were carried out with the set-up according to 

Chapter 4.1.1 as it must always be multi component adsorption. For the considerations, 

the adsorbents were exposed to an atmosphere saturated with a defined concentrated 

ammonia water in a range between 0 vol.-% and 25 vol.-% for 5 days or 120 hours. As 

could be seen in Chapter 5.1.5, higher concentrations of gaseous ammonia do not 

necessarily lead to higher loading. There seems to be a breakeven point, where the 

ammonia starts to destroy and thus erode the adsorbent. There is a similar effect for 

ammonia water. 

In Figure 39, single points of two isotherms are depicted. HSU 001-075, produced by 

Silicycle (Québec, CA), and HSU 9000-2, which base is produced by Sigma-Aldrich 

(St. Louis, MO, USA) were compared concerning the separation of ammonia water. 

The graph shows the relative loading that the respective material is affected by, as a 

function of the concentration of the target substance.  
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Figure 39: Measurement results for isotherms of ammonia water on different 
separation materials in the static set-up  

Clearly, there is a significant difference regarding the amount of ammonia bound on 

the surface for both investigated adsorption materials. HSU 9000-2 is much more 

effective for all measured concentrations. The maximum relative load achieved for 

HSU 001-075 is 798 µg m-2 at a concentration of ammonia in water of 1 vol.-%. For 

HSU 9000-2, the maximum value is reached earlier, namely at 0.1 vol.-% with a relative 

load of 7.67 * 103 µg m-2 and thus 9.6 times the maximum value of HSU 001-075 

relative to the surface. Differences in the relative loading at certain concentrations 

between the two materials can be quantified between 6.90 * 103 µg m-2 at a 

concentration of 0.1 vol.-% and 5.80 * 103 µg m-2 at a concentration of 25 vol.-%. 

For both materials, HSU 001-075 and HSU 9000-2, the maximum load decreases at 

higher concentrations. At an adjusted ammonia concentration of 1 vol.-%, HSU 9000-2 

receives a loading relative to the surface of 6.64 * 103 µg m-2. This corresponds to a 

decrease of 13.4 % compared to the value reached at a concentration of 0.1 vol.-%. 

At the next higher concentrations of 5 vol.-% and 12.5 vol.-%, the relative loads 

reached do not deviate as much and are also within the error tolerance. For a 

concentration of 25 vol.-%, however, the value falls below the tolerance range and is 

averaged over all measured values at 6.37 * 103 µg m-2 and thus 4.1 % lower than at 

a concentration of 1 vol.-% and 16.9 % lower than the highest load achieved. 

HSU 001-075 has increasing loads up to a concentration of 1 vol.-%, where the 

average load at a concentration of 0.1 vol.-% is 771 µg m-2. At a concentration of 
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0 vol.-%, which represents pure moisture without ammonia, the relative load reaches 

427 µg m-2. For higher concentrations, the loads decrease again but stagnate at a 

constant level. The deviations in the load at concentrations of 12.5 vol.-% and 

25 vol.-% lie within the standard deviations compared to the load of 5 vol.-% with a 

value of 560 µg m-2. 

The materials are clearly attacked by ammonia-containing air humidity and thus lose 

part of their mass. In contrast, the abrasive effect on the adsorbents does not seem to 

increase significantly with higher concentrations of ammonia in the water. In principle, 

however, it can also be concluded that air humidity containing ammonia is nevertheless 

adsorbed. The determined weight after adsorption is always higher than the initial 

weight of the prepared adsorbents before the experiment. 

In this research, ammonia water cannot be divided into its two phases. Therefore, the 

measurements concerning the adsorption kinetics were carried out with the 

experimental set-up described in Chapter 4.1.2. An extended measurement set-up for 

multi-component adsorption, as described in Chapter 4.1.4, is not necessary. 

Measurements were taken at 10, 30, 60 and 120 minutes with an ammonia 

concentration in the water of 1 vol.-%. The results are shown graphically in Figure 40. 

As suspected, based on the findings from the isothermal measurements, HSU 9000-2 

is loaded significantly faster than HSU 001-075. After 120 hours, a total load of 

6640 µg m-2 is obtained for HSU 9000-2 using ammonia water with a concentration of 

1 vol.-%. This is 8.3 times as high as the loading of 799 µg m-2 for HSU 001-075. 

Looking at the average relative loads after 10, 30 and 120 minutes respectively, the 

distance between the material separation sequences is constantly increasing. After 

10 minutes, HSU 9000-2 reaches a loading of 44 µg m-2, which is 2.9 times the loading 

achieved by HSU 001-075 within the same time with 15 µg m-2. After 120 minutes, this 

difference has increased over-proportionally. HSU 9000-5 is loaded with 210 µg m-2, 

which corresponds to 3.9 times the loading of HSU 001-075 with 54 µg m-2. 
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Figure 40: Comparison of HSU 001-075 and HSU 9000-2 regarding loading rate 
caused by ammonia water with a concentration of c = 1 wt.-% 

The obvious tendency of HSU 9000-2 to become more superior to HSU 001-075 in the 

adsorption of ammoniacal humidity over time can also be well proven by kinetics, as 

shown in Table 14. 

Table 14: Adsorption kinetics of HSU 001-075 and HSU 9000-2 in an atmosphere 
enriched with ammonia water with a concentration of c = 1 wt.-%. 

 Adsorption rate 𝑟𝑎 / µg m-2 min-1 

 10 minutes 30 minutes 120 minutes 

HSU 001-075 1.50 0.80 0.45 

HSU 9000-2 4.40 2.93 1.75 

 

Here, the values specified for the kinetics are calculated from the loads at the 

corresponding points in time. Basically, the calculated adsorption rate decreases with 

increasing time for both adsorbents. For HSU 001-075, it declines from 1.50 µg m-2 s-1 

to 0.45 µg m-2 s-1. Thus, the value decreases by 70 % within 110 minutes. During the 

same period, the kinetics of HSU 9000-2 decrease from 4.40 µg m-2 s-1 to a value of 

1.75 µg m-2 s-1 after 10 minutes, which corresponds to a reduction of 60 %. Accordingly, 

the kinetics of HSU 001-075 decrease disproportionately compared to HSU 9000-2. 

This is of special interest for the durability of the materials, which is investigated in 

more detail in the breakthrough experiments in Chapter 5.3.4. 
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5.3 Breakthrough Measurements 

In the application of adsorbents by the end-user, the focus of interest is on the 

material’s specific retention against selected compounds. Especially the adsorptive 

substances mentioned so far are known to be toxic to humans. Hence the interest in 

keeping these substances out of the air as long as possible and as effectively as 

feasible. The substances cyclohexane, carbon monoxide, hydrogen sulphide and 

ammonia were all used. Additionally, different adsorbent combinations were studied 

regarding their efficiency, especially against combinations of ammonia water and 

cyclohexane. 

The flow rate for the research was adjusted to 300 mL min-1. Two different cross-

sections were used for the employed material separation cells. In the first and smaller 

case, the cross-section was 19.6 cm2, in the second and larger case, 176 cm2. The 

larger cross-section is thus nine times as large as the smaller one. This difference in 

size also influences the flow velocity and thus has an impact on the residence time of 

the gas mixture in the cell at a constant flow rate. In this way, kinetic limitations in the 

adsorption capacity of individual adsorbents are partially circumvented in the larger 

cell, which also has a modular design. It can be extended in length and thus in the 

resulting interior space. Consequently, adsorber beds of different lengths can be 

implemented. 

5.3.1 Cyclohexane 
Cyclohexane is very well separated from air by the adsorbents investigated as already 

described in Chapters 5.1.1 and 5.2.1. With the data from the experiments concerning 

kinetics and maximum loading, excellent results can be expected regarding the 

breakthrough experiments as well. Furthermore, the various adsorption cells available 

allow conclusions to be drawn about the effects of reduced flow velocities and thus 

longer residence times. 

Figure 41 compares several set-ups. On the one hand, this concerns the adsorption 

cells used. The larger cell with an inner diameter of 150 mm and the smaller cell with 

an inner diameter of 50 mm are considered. For both cells, the breakthroughs are 

investigated without filled adsorbent and for comparison with an adsorber bed length 

of 1.5 mm. Results are obtained which are presented as concentration after a certain 

time at the exhaust of the respective adsorption cell. The inflowing gas phase 
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corresponds to dry synthetic air (Alphagaz 1.0 by Airliquide), which is loaded by gas 

washing bottles with cyclohexane. With a concentration at the entrance of the 

adsorption cell of 39,000 ± 1,500 ppmv, the experimental set-up corresponds to that 

presented in Chapter 4.3.1. 

 

Figure 41: Comparison of breakthrough behaviour through an atmosphere fully 
saturated with cyclohexane on HSU 001-075 at different sizes of the used 
adsorption cell 

Two things can be seen very clearly in the figure. First, the use of a very short adsorber 

bed for both cross-sections, such as the one employed here with a length of 1.5 mm, 

leads to a significant delay in the breakthrough. It also becomes clear that the shape 

of the breakthrough curve is significantly flattened both by the influence of the 

adsorbent and by the influence of the cell diameter, making the breakthrough less 

sharp. Reasons for this behaviour with regard to internal space of the reactor have 

already been described in Chapter 4.3.2. 

A high separation success in the breakthrough experiment can be seen in particular 

from the time period over which the target substance cannot be detected at the exhaust 
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of the adsorber bed. Figure 42 focuses on the initial phase of the considered 

breakthrough experiment in order to show more clearly, after which period which 

combination of bed length and diameter allows the target substance to pass. 

 

Figure 42: Magnified initial phase of breakthrough curves as depicted in Figure 41 

For the breakthrough in the small empty cell, an average concentration of the target 

substance at the cell exhaust of 151 ± 112 ppmv can be detected immediately after the 

start of the measurement. Permanently increasing concentrations for the same 

adsorption cell with an adsorber bed of 1.5 mm length can only be detected after 10 s. 

At this point, the concentration of the adsorptive cyclohexane at the exhaust of the cell 

is 142 ± 95 ppmv. A significant breakthrough occurs in the large cell with an adsorber 

bed of 1.5 mm length only after 30 s, and this with a considerably lower concentration 

compared to the smaller cell of 80 ± 51 ppmv. After 35 s, the concentration already 

rises to 177 ± 95 ppmv. The breakthrough at the large cell without an inserted adsorber 

bed must also be included in these considerations. For this combination, as for the 

small cell without adsorbent, a breakthrough is measured immediately as well. The 

initial concentration is already 152 ± 119 ppmv at the beginning of the 
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measurement (0 s). Thus, the initial concentrations of the empty cells are identical. 

However, it becomes quite clear in the further course that the larger cell contributes to 

the delay of the further breakthrough. Reference is made to Table 15,which shows 

which combination achieves an interpolated breakthrough concentration of 8,000 ppmv 

after which time. This set point is defined arbitrarily since its value corresponds to about 

one fifth of the measurable maximum value and is thus still a low concentration. At the 

same time, a concentration of this level means a beginning toxicity with lasting health 

consequences (34), so that it is basically relevant for later applications. Corresponding 

time values were interpolated from the existing values. 

Table 15: Interpolated point in time, when 8000 ppmv are first passed for different 
adsorber bed lengths 

Combination 

diameter / bed length 

Time 

𝑡 / s 

50 mm / empty 9 

50 mm / 1.5 mm 21 

150 mm / empty 48 

150 mm / 1.5 mm 113 

 

As can be clearly seen from Table 15, the influence of the reactor room is quite 

relevant. To reach the outlet concentration of 8,000 ppmv, only 9 s elapse in the small, 

empty adsorption cell. In the larger cell, the increase to the same concentration 

requires 48 s and takes just over five times as long. With an inserted adsorber bed with 

a length of 1.5 mm, values of 21 s for the small cell and 113 s for the large cell result. 

The increase to the mentioned concentration takes just over five times as long when 

the larger cell is interposed. However, the decisive factor is the extension of the 

breakthrough time with the same reactor size by using an adsorbent. Under the given 

experimental conditions, the time to reach the concentration of 8,000 ppmv is more 

than doubled for the small cell from 9 s to 21 s, and for the large cell from 48 s to 113 s. 

To gain further insights here, the smaller of the two cells was equipped with another 

adsorber bed with a length of 7.5 mm and the values were plotted accordingly. For the 

small adsorption cell, the breakthrough curves shown in Figure 43 result, whereby the 

breakthrough curves without adsorbent and with a bed length of 1.5 mm are already 

known. 
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Figure 43: Comparison of retention time by different bed lengths in the larger 

adsorption cell through an atmosphere fully loaded with cyclohexane 

An extension of the adsorber bed leads to a further delay of the breakthrough. As 

expected, however, the retention time difference compared to the empty cell does not 

increase to the fivefold difference between the short bed and the empty cell. One 

reason for this approach is, that a greater filling of the reactor interior with the adsorbent 

simultaneously reduces the reactor volume, which inevitably leads to a reduction in the 

residence time. This has a negative effect on the adsorption success because the 

different diffusion steps in adsorption basically require a certain amount of time, which 

may no longer be reached. Table 16 shows the times at which 5 %, 50 % and 95 % of 

the initial concentration of 39,000 ppmv are measured as breakthrough concentration 

using linear interpolation for the three adsorbent placements shown.  
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Table 16: Interpolated times at which cyclohexane concentrations of 5 %, 50 % and 
95 % of the input concentration are reached at the cell exit 

 𝑡0.05 / s  𝑡0.5 / s 𝑡0.95 / s 

𝑙 = 0 mm 5.5 10.7 48.7 

𝑙 = 1.5 mm 16.1 32.0 118.6 

𝑙 = 7.5 mm 49.3 86.5 422.6 

 

After 16.1 s, the first defined concentration threshold of 0.05 c0 is exceeded with a bed 

length of 1.5 mm. This delays the breakthrough by a delta of 10.4 s compared to the 

empty cell. A five times as long adsorber bed with 7.5 mm, delays the breakthrough by 

43.8 s compared to the empty cell. Thus, the longer bed delays the breakthrough 4.1 

times as long as the short bed. An optimal value of a fivefold delay is not reached, 

which was to be expected. For the time up to the breakthrough value of 0.5 c0, this 

ratio is even worse. It is achieved with a bed length of 7.5 mm after 86.5 s, with a bed 

length of 1.5 mm after 32.0 s. For the empty cell, this value is already reached after 

10.7 s. Thus, the breakthrough via the short bed length is delayed by a delta of 21.3 s, 

via the long bed length by 75.8 s, and the added value in the retention capacity for the 

long adsorber bed is 3.6 times higher than for the short adsorber bed. Reaching the 

concentration of 0.95 c0 can be delayed by the longer adsorber bed by 5.3 times 

compared to the shorter bed length. Such an effect seen for t0.05 and t0.5 can be 

explained with the minimization of the room inside the adsorption cell. This is caused 

by the increasing volume of the adsorbent, while the cell as well as the volume flow, 

keep the same. Consequently, the reaction room for the flow of atmosphere decreases, 

which leads to a shorter residence time for the atmosphere and thus worse results. For 

the highest concentrations at t0.95, this effect does not seem to be as relevant. As an 

explanatory approach, probably due to dispersion effects, there are more possibilities 

for the hazard to settle on one of the last free adsorption spaces. That means a long 

fade out, especially at the highest concentrations. 

In further measurements, the influence of humidity was also investigated. Incoming air 

was not only saturated with cyclohexane but also with moisture and had a humidity of 

80 % rh. Corresponding results concerning HSU 001-075 are depicted in Figure 44. A 

comparison of all previously used adsorber bed lengths and their respective 

breakthrough curves is shown as black filled symbols. In addition to the breakthrough 
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curves with cyclohexane in dry air, the corresponding breakthrough curves with 

cyclohexane in moist air are also depicted as white symbols. Due to the set-up of the 

experiment, the concentration of cyclohexane was lower in the measurements with 

humidity in comparison to the measurements without humidity. It decreased from 

approximately 39,000 ppmv to approximately 32,000 ppmv. For this reason, with the 

objective of improved comparability, the measured concentration was standardised to 

the input concentration. 

 

Figure 44: Comparison of breakthrough behaviour on HSU 001-075 in the smaller 
adsorption cell by dry and humid atmosphere of 80 % rh with cyclohexane 

For an empty adsorption cell, it obviously does not matter for the breakthrough, 

whether additional moisture is present in the atmosphere or not. On the other hand, as 

soon as there is adsorbent in the cell it is becoming decisive, as indicated by Figure 

44. This confirms not only the expectations regarding the adsorption behaviour but also 

the suitability of the measuring method. Humidity leads to a clearly worse behaviour 

concerning the breakthrough of cyclohexane. In Table 17 below, the times are 

interpolated, at which 5 %, 50 % and 95 % of the input concentration are measured at 

the exhaust of the adsorption cell for the different adsorbent fillings. 
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Table 17: Times for different concentrations after passing the adsorbent applying 
dry and humid air  

 t0.05 / s t0.5 / s t0.95 / s 

Empty, dry 5.5 10.7 48.7 

Empty, humid 6.1 10.9 46.7 

1.5 mm, dry 16.1 32.0 118.6 

1.5 mm, humid 13.0 25.7 75.2 

7.5 mm, dry 49.3 86.5 422.6 

7.5 mm, humid 42.7 70.8 175.8 

 

Differences in the breakthrough times for the empty cells between the humid and the 

dry atmosphere are clearly around the standard deviation. Within this deviation, the 

interpolated average concentrations of 5 % and 95 % with 5.5 s and 46.7 s are reached 

0.6 s and 2.0 s, respectively, earlier in humid air than in dry air. In purely mathematical 

terms, only half of the input concentration in dry air is reached slightly earlier at 10.7 s, 

but the standard deviations for all measured values are so high that simultaneity can 

be assumed. 

Moisture contained in the incoming air leads at a bed length of 1.5 mm to an increase 

of the concentration at the exit of the cell to 0.05 c0 within 13.0 s. Without the influence 

of humidity, the corresponding breakthrough time of 16.1 s is 24 % longer. Very similar 

conditions arise for the times until half of the input concentration, which is reached at 

25.7 s in humid air and 32.0 s in dry air, where the corresponding concentration at the 

exit of the adsorber cell is thus reached 25 % later.  

For the longer beds investigated with a length of 7.5 mm, values in the same order of 

magnitude result, whereby an even smaller influence of the humidity seems to exist. A 

first concentration mark of 0.05 c0 is reached with dry air after 49.3 s, which is 

1.15 times later than with humid air (t0.05 = 42.7 s). To reach the concentration of 0.5 c0 

in humid air, 70.8 s elapse, while in dry air with 86.5 s almost 16 s more pass. This 

corresponds to a delay of 22 %. In most cases, the range of low to medium 

concentrations is relevant. In this range, the breakthrough for dry air with cyclohexane 

occurs 15-25 % later than the breakthrough for humid air with cyclohexane. Thus, 

humid air has a significant influence on the adsorption capacity, but in the low to 

medium concentration ranges this influence is well calculable and limited. At higher 
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concentrations of 0.95 c0, additional moisture has a much stronger effect. The 

adsorption of water compared to the used adsorptives seems to be slower. With 

progressing time, the effect of air humidity increases to the disadvantage of the target 

substance to be adsorbed. For longer beds, this effect is more pronounced than for 

shorter ones. In case of cyclohexane, with a bed length of 1.5 mm, the time for a 

breakthrough with a concentration of 0.95 c0 is shortened from 119 s to 75.2 s, which 

corresponds to a reduction of the breakthrough time to 63 %. With a bed length of 

7.5 mm, cyclohexane is retained up to the target concentration for 423 s, and the fed 

humidity causes the value to shrink to 176 s, which corresponds to 42 %. 

5.3.2 Carbon Monoxide 
In comparison to the other investigated adsorptives, the breakthroughs of CO are the 

fastest. Consequently, the measurements were all conducted with the larger 

adsorption cell. With the smaller cell, however, it was not possible to reliably measure 

a separation success outside the standard deviation. HSU 001-075 as basis material 

and its functionalised versions HSU 001-075.1 and HSU 001-075.2 were used. As the 

measurement success in cases of HSU 001-075.1 were not as good as expected, the 

focus is on HSU 001-075.2. The concentration of CO in the otherwise synthetic air was 

1 vol.-%. In contrast to the other presented breakthrough experiments, the 

measurements were conducted with a reduced flow rate of only 100 mL min-1. 

It could be proven, even for the not functionalised silica support HSU 001-075, that an 

obvious adsorption process took place by using the investigated adsorbents. Figure 

45 shows the results of different bed lengths of HSU 001-075 in comparison to an 

empty cell. In this example, the depiction of the results is cut after eleven and a half 

minutes or an outlet concentration of 1,550 ppmv in order to fit the standard deviation 

of the smaller bed length into the graph. The standard deviations are relatively high 

and partially touch each other for the different bed lengths. However, there clearly is a 

difference between the different bed lengths. The longer the adsorbent bed length, the 

smaller the uncertainty, which is in harmony with the reaction engineering findings 

(3 p. 147 ff.). 
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Figure 45: Comparison of breakthrough curves caused by a CO concentration of 
1 vol.-% on HSU 001-075 with different bed lengths 

After an interval of 60 s, the influence of the adsorbents can be read off very well. At 

the exhaust of the empty adsorption cell, the concentration of carbon monoxide 

increases to 130 ppmv. For bed lengths of 1.5 mm and 4.5 mm, concentrations of 

34 ppmv and 10 ppmv, respectively, result. The effect is considerably intensified after 

120 s, when the concentration at the exhaust of the empty adsorption cell reaches 

1,516 ppmv and is thus more than ten times the measured concentration after flowing 

through a bed of 1.5 mm length, where a concentration value of 115 ppmv is reached. 

A bed length of 4.5 mm ensures that a concentration value of 15 ppmv is not exceeded. 

After 300 s, only the concentration values for the cell with the adsorber beds can be 

recorded. In case of the shorter bed length, the measured average concentration is 

then 446 ppmv and thus about four times higher than for the longer bed length, for 

which the concentration reaches 111 ppmv. This large difference in the concentration 

at the cell exhaust decreases due to the incipient breakthrough with time. A creeping 

breakthrough is shown in the graph, which can be due to flow inhomogeneities. These 

could be caused by an enhanced flow between the wall of the device and the adsorbent 

bed. Additionally, the adsorber bed itself could be inhomogeneous. A longer bed 

obviously leads to a significantly better proven separation result. After 600 s, the 

concentration after the short bed is 995 ppmv, after the long bed it is 458 ppmv. In 

absolute figures, the longer bed thus causes a reduction in concentration of 537 ppmv. 

In relative terms, the concentration is reduced by more than half. 
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Table 18 notes the times in which 500 ppmv and 1,000 ppmv are reached depending 

on the bed length. These values were chosen to fit into the existing experimental set-

up. As the input concentration has a value of 1 vol.-%, 500 ppmv corresponds to a 

fraction of 0.05 c0, and 1,000 ppmv is the equivalent to 0.1 c0. The higher concentration 

already represents a hostile gas composition. It can be assumed, that a concentration 

of 1,500 ppmv is lethal after 60 min. The used measurement devices can cope with 

concentrations up to 2,000 ppmv. Table 18 shows interpolated values of the next 

directly measured values.  

Table 18: Special retention times in seconds for different bed lengths of CO on 
HSU 001-075 at a concentration of 1 vol.-% 

 𝑡500𝑝𝑝𝑚𝑤 / s 𝑡1000𝑝𝑝𝑚𝑤  / s 

𝑙 = 0 mm 77 94 

𝑙 = 1.5 mm 356 602 

𝑙 = 4.5 mm 606 906 

 

As can already be seen in Figure 45, the breakthrough curve at the empty adsorption 

cell comes very close to the ideal form with its very steep increase in concentration. 

The mean measured time to reach the first concentration of 500 ppmv is 77 s. It takes 

94 s to reach twice the concentration of 1,000 ppmv, which is only 17 s longer. A 

successful adsorption can also be shown by comparing the breakthrough times for the 

mentioned different bed lengths with those for an empty cell. With a bed length of 

1.5 mm, a concentration of 500 ppmv can be detected after 356 s. This is 4.6 times as 

long as the time for the compared empty cell. For the bed length of 4.5 mm, the 

increase up to the mentioned concentration takes 606 s and thus is 7.9 times as long 

as at the time interval for the empty cell. For a concentration of 1,000 ppmv, these 

comparative factors increase again significantly for the short adsorber bed with 602 s 

to 6.4 times the time of 94 s for the empty cell and with 906 s for the long adsorber bed 

to 9.6 times the time of the empty cell. 

The benefit of a functionalisation can also be proven at least for HSU 001-075.2. 

Comparably to Figure 45, the success of different set-ups is compared in Figure 46. 

For these experiments, a bed length of 1.5 mm was used. Similar comparisons from 

the research results described here, but for bed lengths of 4.5 mm, have already been 

published in the scientific literature (98). Corresponding measurements were 
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conducted with the base material HSU 001-075 as well as the functionalised materials 

HSU 001-075.1 and HSU 001-075.2. These adsorbents were expected to perform best 

in case of carbon monoxide as stated before. For HSU 001-075.1, however, with 

regard to Chapter 5.1.3 and 5.2.1, it seemed likely that an improvement could not be 

proven, as the enhancements are relatively small and the deviations relatively large.  

 

Figure 46: Comparison of breakthrough behaviour of differently functionalised 
adsorbents with a bed length of 1.5 mm at a CO concentration of 1 vol.-% 

Obviously, the breakthrough curves of the unfunctionalised adsorbent and the 

.1 functionalised adsorbent are on nearly the same track. For the first 200 seconds, it 

seems that HSU 001-075.1 is slightly more successful in separation compared to the 

base material but then loses the superiority, and the base material becomes more 

effective, although both average curves are within the standard deviations of each 

other. Thus, it could be concluded that there is hardly any difference at all. On the other 

hand, it could be proven before that HSU 001-075.1 offers faster adsorption kinetics. 

This is emphasised by the results shown here. Fast kinetics mean that free adsorption 

spaces are filled and consequently blocked after a relatively short time. Assuming, the 

capacity of HSU 001-075.1 is not superior to the capacity of HSU 001-075, after a 

certain time, the ability to hold back further amounts of the target substance must 

decrease, and thus, the base material must become more efficient.  
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Functionalised silica gel HSU 001-075.2, which is marked as squares in Figure 46, 

shows a significantly better performance in comparison to both other adsorbents. After 

240 s, a concentration of 16 ppmv, and thus a two-digit concentration is measured for 

HSU 001-075.2 for the first time. At the same point in time, the unfunctionalised 

material HSU 001-075 already passes an averaged concentration of 324 ppmv, and 

HSU 001-075.1 passes an averaged concentration of 301 ppmv, whereby the standard 

deviations of the latter two largely overlap each other. This strong difference is clearly 

confirmed once again after 600 s. At this point, the concentrations for HSU 001-075 

and HSU 001-075.1 are already 995 ppmv and 1,127 ppmv, respectively, while the 

concentration for HSU 001-075.2 using the same bed length is comparatively low at 

184 ppmv. 

Based on these considerations, the possible improvement of silica gels becomes 

obvious. In fact, an adsorber bed of HSU 001-075.2 with a length of 1.5 mm is on 

average at least as powerful in the separation of CO as a bed with a length of 4.5 mm 

made of the unfunctionalised HSU 001-075. Therefore, the values of both adsorbent 

set-ups lie in each other’s standard deviations. This data emphasises the known results 

of kinetics and maximum loading, where the superiority of HSU 001-075.2 was already 

proven. 

5.3.3 Hydrogen Sulphide 
Hydrogen sulphide is problematic concerning measurements of kinetics and 

equilibrium loading as could be seen in the relevant Chapter 5.1.4. However, the 

adsorbents are working, as could be proven not only by the former described 

experiments, but also by the breakthrough curves described in this chapter. In 

comparison to the measurements of cyclohexane and ammonia, the retention capacity 

of the materials, on the other hand, has much less impact. In Figure 47, the 

measurements shown concerning the breakthrough behaviour were conducted with 

the smaller adsorber cell and an input concentration of 70 ppmv of hydrogen sulphide 

in synthetic air and an adjusted flow rate of 300 mL min-1. 
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Figure 47: Retention behaviour concerning hydrogen sulphide with an input 
concentration of 70 ppmv in dry synthetic air caused by different bed 
lengths of HSU 001-075 in the smaller adsorption cell 

A first detectable value with 2 ppmv was measured after 9 s for the empty adsorber 

bed and after 10 s for the short bed. The time difference in this case is very small with 

only 1 s. In the long bed, however, the first value is recorded after 15 s with 1 ppmv. 

Consequently, it is shown that the adsorbent causes an obvious delay in the 

breakthrough. This is also evident for the time of the complete breakthrough when the 

cell entry concentration of 70 ppmv is reached at the cell exhaust. The respective 

highest concentration values are measured for the empty cell after 35 s, for the short 

and the long adsorber bed after 53 s and 90 s, respectively. In order to make the shown 

course numerically more tangible, Table 19 shows for all three settings of the adsorber 

bed an interpolation of the times at which 5 %, 50 % and 95 % of the input concentration 

c0 are reached at the exhaust of the adsorber cell. 
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Table 19: Times for relative concentrations of H2S after passing different bed 
lengths of HSU 001-075 at an H2S concentration of 70 ppmv 

 𝑡0.05 / s 𝑡0.5 / s 𝑡0.95 / s 

𝑙 = 0 mm 8.9 14.9 27.2 

𝑙 = 1.5 mm 10.4 18.8 41.0 

𝑙 = 7.5 mm 16.1 26.9 57.1 

 

Particularly significant is the extension of the breakthrough time caused by the long 

adsorber bed compared to the short bed in relation to the breakthrough time at the 

empty cell. On average, the breakthrough to 0.05 c0 is delayed by the short adsorber 

bed by 1.5 s, and by the long adsorber bed by 7.2 s. This means that the fivefold longer 

adsorber bed extends the breakthrough time by a factor of 4.8, which meets the 

expected value of 5 very well. A very favourable ratio, which decreases for the 

measuring points at 0.5 c0 and 0.95 c0. For concentrations of 0.5 c0, the result for the 

short adsorber bed is 3.9 s, and 12.0 s for the long bed, which is equivalent to a 3.1-fold 

breakthrough time for the longer bed. Looking at concentrations of 0.95 c0, this value 

is further reduced to 2.2. Lowering effects may be due to flow inhomogeneities as 

described in Chapter 5.3.2. Nevertheless, it can also be seen that the absolute time 

gain increases. The lowest given concentration 0.05 c0 is reached after the long bed 

5.5 s later than after the short bed. At the concentration of 0.95 c0, the additional time 

is already 16.1 s. 

With a broader diameter of the adsorber bed, this steep ascent is not possible as can 

be seen in Figure 48, which is due to the consequently strengthened pore diffusion. In 

this case, the standard material of the silica gel, HSU 001-075, was compared with its 

functionalised version HSU 101-075-10. For these measurements, the input 

concentration was doubled to 140 ppmv. A higher concentration had to be used, 

because the lower concentrations led to results with too wide of a spread. Significantly 

higher concentrations, on the other side, were also impractical. These led, assumedly 

caused by the very quickly occurring overcharging, to very steep but undifferentiated 
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breakthroughs with high overlaps between both investigated materials. This is also a 

sign for the importance of a high affinity, which leads to fast kinetics.  

The large cell itself allows the increase in concentration at the cell exit to be 

considerably delayed while the bed lengths remain the same. For this reason, minutes 

instead of seconds were selected as the time unit for the abscissa. 

 

Figure 48: Comparison of retention capability of HSU 001-075 and HSU 101-075-10 
against hydrogen sulphide in a concentration of 140 ppmv 

A concentration of 9 ppmv can already be measured at the exhaust of the empty 

adsorber device after 30 seconds. Thus, the enlargement of the adsorber cell hardly 

influences the residence time. For the cells equipped with adsorber beds of the 

different materials HSU 001-075 and its functionalised version HSU 001-075-10, no 

hydrogen sulphide concentrations can be measured at this time. Table 20 gives an 

overview of the time at which a concentration value of 1 ppmv is reached for these 

three investigated set-ups. 
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Table 20: Times until a concentration of 1 ppmv is detected at the exhaust of the 
adsorption cell with an input concentration of 140 ppmv 

Used adsorbent 𝑡 (𝑐 = 1 ppmv) / s 

Empty cell 14 ± 3 

HSU 001-075 53 ± 11 

HSU 101-075-10 106 ± 38 

 

For the empty cell, a concentration of 1 ppmv is reached after 14 ± 3 s, while for 

HSU 001-075 it takes 53 ± 11 s. However, this value is even doubled to 106 ± 38 s for 

the functionalised HSU 001-075-10. Thus, after 2 min, corresponding concentrations 

of a beginning hydrogen sulphide breakthrough can be reliably detected for all 

investigated materials, e.g., at the exhaust of the empty cell 24 ppmv. For HSU 001-075 

and HSU 001-075-10, the values after 2 min are 6 ppmv and 2 ppmv, respectively. After 

5 min, clear concentration values can be measured for all three variants. 37 ppmv are 

already reached after the empty cell, whereas for the functionalised HSU 001-075-10, 

a significantly lower value of 9 ppmv is obtained. With the measured values for 10 min 

and longer intervals, the standard deviations increase significantly. This applies to the 

measured data of the cell equipped with adsorbents. For the empty cell, the standard 

deviations for all measured values are less than 2 ppmv. In contrast, for HSU 001-075 

and HSU 001-075-10, the standard deviations increase up to 12 ppmv and 9 ppmv, 

respectively. In case of both adsorbents, the standard deviations always exceed a 

value of 4 ppmv after a measuring time of 10 min. Nevertheless, they only overlap after 

15 min and 20 min between the empty cell and the one equipped with HSU 001-075. 

It can be proven that the adsorbent significantly delays the breakthrough. The 

measurement curve for HSU 001-075-10 never touches one of the other two curves, 

even if measurement deviations are considered. Therefore, the effectiveness of the 

functionalisation of the silica gel HSU 001-075-10 is very well proven. 

Another investigated aspect is the influence of humidity on the breakthrough 

behaviour. The results induced by an additionally applied humid atmosphere are 

depicted in Figure 49. For these measurements, humidity was set to 40 % rh and the 

used concentration of hydrogen sulphide to 10 ppmv, which is relatively low (100 p. 50). 

For the presented measurements, the smaller adsorption cell and a bed length of 

1.5 mm were used. In contrast to the other breakthrough measurements with normally 
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much higher concentrations of the compound to be separated, the period was 

investigated after which an initial breakthrough of a certain concentration could be 

determined. In all other cases presented in this book, the concentration after selected 

times was investigated. Consequently, the standard deviations are parallel to the 

abscissa and not to the ordinate. The experimental set-up used for these experiments 

corresponds to the one described in Chapter 4.1.4. 

 

Figure 49: Comparison of breakthrough behaviour at HSU 001-075 caused by a 
concentration of 10 ppmv H2S in dry and humid atmosphere of 40 % rh 

Obviously, the addition of humidity to the introduced atmosphere leads to an 

accelerated breakthrough. It takes 12 s to reach a hydrogen sulphide concentration of 

1 ppmv in humid air, while in dry air this value is measured 3 s later after 15 s. This is 

equivalent to a reduction of the retention time to 80 %. For the further course of the 

measured values, it becomes clear that the curve in humid air is steeper than its 

counterpart in dry air. Such an effect was to be expected since the humidity caused 

additional adsorption onto the adsorbents. Consequently, time differences increase as 

well until a certain concentration is reached. At a concentration of 5 ppmv, this time 

difference amounts to 4 s, whereas at a concentration of 7 ppmv the time difference 

increases to 5 s, which still means a reduction of the retention time in humid 

atmosphere to a level of 81 % of the reference value in dry air. Starting from 
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concentration values of 9 ppmv and higher, no such sharp distinction can be made for 

measurements in humid air due to the large standard deviation. Fundamentally, it can 

be very well deduced from the measured values obtained that the influence of humidity 

on the adsorption of the target substance is certainly present but not as pronounced 

as expected. Conclusively, the basic material HSU 001-075 is also suitable for 

significantly delaying the breakthrough in humid atmospheres despite its sensitivity to 

hydrogen sulphide. 

5.3.4 Ammonia 
Dry ammonia is a very good example for the improvement of the separation efficiency 

due to the selection of an appropriate adsorbent. Compared to e.g. carbon monoxide, 

it is held back significantly longer - even by the base material. For the results shown in 

Figure 50, an ammonia concentration of 10,000 ppmv and the adsorber cell with the 

larger diameter of 150 mm in conjunction with a bed length of 4.5 mm for both 

investigated materials was used. However, the breakthrough curve for HSU 001-075 

shows a comparably steep ascent. The lowest known toxic concentration of 20 ppmv 

on average was reached in this set-up first after more than 15 minutes. With a 

continuously increasing gradient, 100 ppmv are reached shortly after the mark of 

30 minutes; and after 60 minutes, even 300 ppmv are reached. But although these 

results seem to indicate an inefficient material for the separation of ammonia from air, 

the comparison to an empty cell allows a different assessment. Without any material, 

20 ppmv are reached after less than 20 s, depending on the measurement deviations, 

potentially even after less than 10 seconds. After one minute, the latest, 300 ppmv are 

reached. This data is not shown in Figure 50, as this would appear only as points on 

the ordinate, but emphasises the already high effectivity of the commercially available 

silica gel HSU 001-075 for the separation of ammonia. Nevertheless, HSU 9000-2 

obviously is the much more efficient material.   
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Figure 50: Comparison of breakthrough of dry ammonia at an initial concentration of 
1 vol.-% against HSU 001-075 and HSU 9000-2 

For HSU 9000-2, the ascent is by far not as steep as that for HSU 001-075. With 

20 ppmv, the lowest toxic concentration is first reached after more than 240 minutes. 

Not shown as it would negatively affect the readability of the Figure, 300 ppmv were 

reached after 10 hours at the earliest. This value represents the most unfavourable 

measurement result achieved. On average, it took 13.5 h before the named 

concentration was reached. For a potential application, the difference in the 

performances of the material has a far-reaching meaning. The more convenient 

HSU 9000-2 delays the increase to this concentration of ammonia by a factor of 16 

compared to HSU 001-075, which is also of high interest, as HSU 9000-2 normally 

should be expected to be less effective with the same bed-lengths. As stated in 

Chapter 3.1.1 in Table 5, the relative surface of HSU 9000-2 is relatively small in 

comparison, whereas the pore sizes are comparably large.  

It must be mentioned that the standard deviations in the measurements presented in 

Figure 50 are relatively high. The flow inhomogeneities probably have a significant 

influence due to the short bed length of the adsorbent of only 1.5 mm.  

Exemplary measurements were also conducted with ammonia water in a concentration 

of 1 wt.-%. The corresponding results are shown in Figure 51. 
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Figure 51: Breakthrough curves of ammonia water with a concentration of 1 wt-% 
on different separation materials 

After 1.5 min, a concentration of 282 ppmv can be measured at the exit of the empty 

cell. This is in clear contrast to the materials investigated for the separation of 

ammonia, which were used as adsorbent in the separation device. For both, 

HSU 001-075 and HSU 9000-2, no ammonia concentration is detectable at the cell exit 

after the same time interval. However, there is a considerable difference in the 

breakthrough behaviour between the two materials. The graph shows very clearly that 

HSU 9000-2 leads to a considerably delayed breakthrough compared to HSU 001-075. 

According to HSU 001-075, a concentration of 199 ppmv is already reached at the 

exhaust of the adsorber cell after 6 min. However, for HSU 9000-2, a time of 20 min 

elapses until the identical concentration is reached. The time difference here is 

therefore 14 min. Overall, it can be seen, that by using HSU 9000-2 compared to 

HSU 001-075, the course of the breakthrough curve is considerably flatter, but the 

breakthrough is also very much delayed. 

In comparison to the breakthrough measurements with dry ammonia, the breakthrough 

by ammonia water occurs earlier. This effect appears as expected because moisture 

is also adsorbed in the process under investigation. Consequently, humidity, which is 

adsorbed very well, is also occupying the free spaces on the surface of the adsorbents. 

A selectivity, which fully excludes the adsorption of water, is not given for both materials 

as already demonstrated in Figure 39 in Chapter 5.2.4.  
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In further experiments, the combination of the investigated materials was investigated 

as well. The results in this case are surprising. An exemplary measurement is 

represented in Figure 52, where the concentration at the exhaust of the cell with the 

adsorber bed is given in weight proportions over time. Since the individual materials 

used as adsorbents show considerable differences in the breakthrough behaviour 

against ammonia water, a logarithmic representation was chosen for the abscissa. 

 

Figure 52: Comparison of breakthrough-curves of ammonia water with a 
concentration of 1 wt-% on HSU 001-075, HSU 9000-2 and a 
combination of both materials  

For the bed lengths of the single materials again 1.5 mm were chosen in the adsorption 

cell with a diameter of 150 mm. When the materials were combined, the length was 

doubled, which is 3 mm in this case. With the knowledge of the results described 

above, a breakthrough time between the double of HSU 001-075 and HSU 9000-2 

would be expected for the combination of both materials. Surprisingly, this assumption 

could not be confirmed. The first concentration of ammonia appeared after 95 min with 

a value of 12 ppmv. This is 89 min later compared to HSU 9000-2, where a 

concentration of 16 ppmv appeared after 16 min, and 92 min later compared to 

HSU 001-075 with a concentration of 25 ppmv after 3 min. Consequently, the 

combination of the materials HSU 001-075 and HSU 9000-2 compared to the pure 

HSU 9000-2 results in a 16-fold delay of the breakthrough. Compared to pure 

HSU 001-075, the breakthrough is 32 times delayed until the first reading. This can be 
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assumed, because the first measured concentration with the combined bed is lower 

than both first measured concentrations of the pure adsorbents. The absolute time 

difference for the highest measured values is even clearer. After 226 min, a 

concentration of 292 ppmv is measured at the exhaust of the cell filled with both 

materials. With the simple HSU 9000-2, a concentration of 293 ppmv is reached after 

23 min. This results in a delay of the breakthrough up to a concentration of 300 ppmv 

of at least 203 min. Compared to HSU 001-075 as the sole material for substance 

separation with a concentration of 288 ppmv after 7 min, the difference even amounts 

to 219 min. As a result, the additional breakthrough time achieved is many times higher 

than expected and clearly demonstrates the added value that selected material 

combinations can produce for the adsorption of certain target substances. 

This behaviour could be explained by the separation of water and ammonia in the 

adsorber. Most likely, HSU 001-075, which is passed first by the atmosphere, 

separates only few of the ammonia but seems to adsorb most of the incoming water. 

As most of the humidity is separated from the gas phase before the section of 

HSU 9000-2, it does not block free adsorption places for the ammonia. Therefore, the 

ability to adsorb ammonia is increased. This explanation leans on the results depicted 

in Figure 50, where the breakthrough of ammonia in dry atmosphere occurred even 

later. Furthermore, it can be explained by the theories of multi-component adsorption, 

as described in Chapter 2.1.4. In addition, with a selectivity in favour of water for 

HSU 001-075, the described adsorbent system is an excellent example for the 

possibilities of powerful combinations of different adsorption materials. 
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6 Conclusion and Outlook 
Adsorption is a powerful method for the separation of different compounds from the 

ambient air. Earlier works at the chair of “Process Engineering, especially Separation 

Technologies” dealt with these topics mainly in conjunction with restaurants, food 

producing or other industries (9; 86; 101). In the previous chapters of this scientific 

paper, cyclohexane as well as carbon monoxide, hydrogen sulphide and ammonia 

were discussed. It was investigated how these substances can be adsorbed by silica 

gels and how the performance of these silica gels can be improved by adequate 

functionalisation. 

For the research, gravimetric measurement set-ups were designed, which alone 

represent a significant scientific progress. The experimental installations are not only 

equally suitable for measuring maximum loads and kinetics but also completely 

insensitive to corrosive materials. In addition, multi-component mixtures can be 

investigated, regardless of whether they are present in the gas phase or must be 

vaporised.  

For very corrosive adsorptives, the measurements showed that it is possible to make 

the adsorbents substantially more resistant by a targeted functionalisation. The 

example of hydrogen sulphide in particular shows that it is also possible to considerably 

improve the possible maximum load. When the basic material HSU 001-075 is 

increasingly attacked and degraded at higher hydrogen sulphide concentrations, 

HSU 101-075-10 obviously remains stable, and the load increases steadily from 

15.1 µg m-2 at 10 ppmv to 50.4 µg m-2 at 5,000 ppmv in comparison to 20.6 ppmv and 

13.6 ppmv for the base material affected by the same concentrations, respectively.  

A corresponding increase in the maximum loading capacity could also be observed for 

the other adsorptives. For cyclohexane at a partial pressure of 0.5 p0, the functionalised 

adsorbent HSU 101-075-10 is 20 % more efficient with a relative loading of 393 µg m-2 

than the unfunctionalised silica gel HSU 001-075 with a relative loading of 326 µg m-2. 

At a concentration of 10,000 ppmv, the possible uptake of CO for the functionalised 

HSU 001-075.2 is 43 % higher with a value of 16.42 µg m-2 than for HSU 001-075 with 

11.45 µg m-2. Measurements for ammonia at the identical concentration were even 

clearer with 85 µg m-2 for the starting material HSU 001-075 and 989 µg m-2 for the 
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improved material HSU 9000-2, which is equivalent to a 10-fold increase in 

performance at this point. 

Kinetics for all adsorptives considered could also be improved. This results in smaller 

amounts of adsorbents, which are necessary for the separation of the corresponding 

adsorptive. For example, to reduce a carbon monoxide concentration from 

10,000 ppmv to 30 ppmv for a physically hard-working person over 10 minutes there is 

a need for 7973 g of HSU 001-075 but only 4893 g of HSU 001-075.2. For hydrogen 

sulphide, the active surface required for a reduction of the concentration from 70 ppmv 

to 5 ppmv over 30 min is for HSU 031-295 at a value of 62,980 m2. for HSU 101-075, 

the value decreases to 17,580 m2. In case of ammonia, the necessary area for a 

reduction of the concentration from 1,000 ppmv to 20 ppmv over 30 min could be 

reduced from 36,456 m2 to 8,539 m2. 

Furthermore, an increase in selectivity could be observed. In a loading experiment with 

air humidity over 24 hours, it was found that HSU 001-075 achieved a loading of 

129 µg m-2, whereas the functionalised HSU 101-075-07 was only loaded with 

36 µg m-2. This effect is very desirable since cyclohexane was the targeted component. 

In the investigations concerning the loading of adsorbents with CO in humid air, a 

considerable improvement could also be achieved for HSU 001-075.2 with 33.8 µg m-2 

compared to HSU 001-075 with 10.2 µg m-2. However, it also showed that the rate of 

loading with the target material in humid air decreases considerably.  

The breakthrough behaviour has also been largely improved. Utilizing the adsorber cell 

with a cross-section of 19.6 cm2 under a volume flow of 100 mL min-1, for an input 

carbon monoxide concentration of 10,000 ppmv an outgoing concentration of 100 ppmv 

was already achieved after 130 s using HSU 001-075, and after 450 s, if 

HSU 001-075.2 was used. For hydrogen sulphide under a volume flow of 300 mL min-1 

into the larger adsorption-cell with a cross-section of 176 cm2, a reference 

concentration of 1 ppmv in dry air with HSU 001-075 was reached on average after 

53 s, and for HSU 101-075-10 after twice the time of 106 s. The greatest development 

leap in this respect under the last named experimental conditions could be 

demonstrated for ammonia water. Using both supports, HSU 001-075 and 

HSU 9000-2, the retention time to reach a concentration of 290 ppmv was increased 

more than 30-fold from 7 min to 226 min compared to the base material HSU 001-075.   
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The described investigations have shown that the separation of cyclohexane, carbon 

monoxide, hydrogen sulphide and ammonia can be significantly improved by a 

targeted functionalisation of the silica gels used. Both the absorption rate and the 

maximum load capacity could be significantly increased for all components described. 

Finally, it could be demonstrated that the breakthrough of these harmful substances 

could also be significantly delayed by appropriate functionalisation. This results in a 

considerable added value, especially for later applications. 
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