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 Validation of Low Resistance Filters for Gas/Vapour Sampling 
Ayman M. Alarfaj 

Abstract 

       Traditional occupational hygiene assessment of occupational exposures to organic 

gases and vapours rely on low flow (<200 ml/min) NIOSH sorbent tubes. This work 

investigates 3M charcoal filter media (JK50 and JK40, 3M, Inc.) for collection and 

analysis of organic vapours across 0.1 – 5 l/min. To enable this work, a custom 

exposure facility was constructed and validated within which organic analyte 

gas/vapour concentrations could be introduced at known concentrations while 

controlling environmental variables such as temperature and humidity and other 

variables. This facility enabled experiments designed to investigate collection and 

desorption efficiencies across a range of sample flow rates, temperature and humidity 

conditions for both NIOSH sorbent tubes (e.g. SKC tube) and 3M charcoal filter media. 

As a result of the investigations described in this thesis, the following conclusions are 

drawn. 

Performance of the 3M charcoal filter media for collection and desorption efficiencies 

for loading, storage time, humidity and breakthrough at low flow rates (<0.5 l/min) 

were found comparable to the SKC sorbent tube. It is concluded that 3M charcoal 

media (JK50 and JK40) are suitable for sampling and analyses of hydrocarbons at flow 

rates <0.5 l/min. 

The collection efficiencies of the 3M charcoal filter media were investigated at high 

flow rates (>0.5l/min) for the same parameters, i.e., loading, temperature and humidity.   

It is concluded that 3M charcoal filter media can be used with confidence in sampling 

and analysis of airborne hydrocarbons up to 5 l/min.  

The Wheeler-Jonas model was found to satisfactorily predict the adsorption kinetics of 

the 3M charcoal filter media at different loading values of hydrocarbons. It was 

therefore concluded that the model can be applied to determine the suitable amount of 

3M charcoal filter media prior to sampling for a given loading. 

 

Keywords:  Occupational hygiene, activated carbon, low resistance filter, air sampling, 

desorption efficiency.
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Chapter 1 

1. Introduction 

1.1   Air pollutants in the workplace  

Air pollution in the workplace is a major health problem. Workers may be 

exposed to potentially harmful gases, vapours and aerosols that are emitted into the 

work environment as a result of industrial operations and processes. The relative health 

threat of different pollutants varies with their concentrations over time. Careful 

determination of both the composition and concentration of air contaminants is 

therefore necessary in order to predict any adverse health effects. 

 

Air pollutants may be classified into suspended particulate matters (SPMs) and 

gaseous and vapour pollutants. SPMs include total suspended particulate (TSP), 

respirable dust (SPM with median aerodynamic diameter equal to or less than 10 µm), 

fine or ultrafine particles, fumes, mists, smoke and haze. Typical examples of gaseous 

pollutants include carbon, sulphur and nitrogen oxides; while vapours include volatile 

organic compounds, polycyclic aromatic hydrocarbons and aldehydes.  

1.2    Air pollutants sampling and monitoring 

There are different methods and instruments that can be used to quantify air 

contaminants. Selecting the type depends greatly on the properties of air contaminants 

and the purpose of the air pollutant quantification. 
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It is important to differentiate between air sampling and air monitoring. Air 

sampling refers to techniques to obtain a representative air sample for later analysis or 

assessment of the pollutant present. However, monitoring refers to methods and 

equipment designed to give immediate information on air or gas characteristics (e.g. 

type and concentration). Based on this difference, the current study is more concerned 

with sampling, and most of the following discussion shall therefore be focused on 

sampling techniques and methods (Perkins, 1997). 

 

There are different techniques and types of instruments that may be employed to 

sample air pollutants. Selection of those techniques depends greatly upon the physical 

and chemical properties of the pollutant. In general, sampling methods can broadly be 

divided into passive and active methods. While either active or passive methods can be 

used to sample gasses or vapours, only active methods are applied in the case of 

aerosols. 

Active air sampling is carried out by collecting these species on filter media and 

the collected material can subsequently be analyzed using various preparation and 

analytical techniques. Conventional active sampling systems consist of air sampling 

pumps which are used to draw air through the filter medium which is settled in a filter 

holder or placed in a suitable housing. However, passive sampling (i.e., dosimeters) 

does not require pumps and are available for a limited numbers of gases and vapours. 

 

A point of interest is that each type of sampling method is applicable only for 

collecting pollutants or contaminants that happen to be present in the same physical 

phase, e.g., vapours, gaseous or particulate. There are a great number of reference 

books and articles that describe in detail the other methods of sampling. However, there 
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is an obvious lack of techniques that are used to collect contaminants of different 

phases in the applications of occupational hygiene. The current study was focused on 

finding a method that may constitute an attempt to overcome such a lack. 

 

Additionally, a novel attempt was initiated where the concept of fluidization to 

collect air samples was used. The samples were then recovered and analyzed using the 

recommended NIOSH analytical methods 1501 and 1500.  

1.3 Aims of current study 

Sampling for aerosols requires the employment of high flow pumps (in the 

vicinity of 2 l/min). Meanwhile, sampling for gases or vapours uses low flow rate 

pumps (less than 500 ml/min). With this difference in mind, a new sampler consisting 

of activated charcoal sorbent medium (3M  charcoal filter media) housed in SKC 37-

mm cassettes was attempted to sample volatile organic vapours using high flow rate 

pumps with the potential of combining the same arrangement with a particulate filter to 

simultaneously sample for aerosols. Such a dual sampler can prove very useful since it 

would eliminate the need for separate systems in case simultaneous sampling for 

organic vapors and particulate is required, therefore saving time and resources. 

 

The focus of the current study was therefore to study the suitability of the 3M 

charcoal filter media for collecting samples of organic vapours at high flow rates and to 

establish the necessary parameters for the medium so that it could be employed in 

occupational hygiene applications. Accordingly, the aims of the current study were to: 

  



4                                                                               

1. Validate the 3M charcoal filter media, JK50 and JK40, to collect samples 

of organic vapours versus the conventional SKC charcoal tube, 

2. Determine the desorption efficiency of the 3M charcoal filter media,  

3. Determine the optimal weight of the 3M charcoal filter media for 8-hour 

sampling periods. 

4. Study the performance of the 3M charcoal filter media (JK50) under 

different conditions of flow rate, concentration of analyte, weight of 

JK50, temperature and humidity. 

5. Fit the experimental desorption data to commonly known kinetic and 

thermodynamic models and determine the associated parameters so that 

the performance of 3M charcoal filter media (JK50) can be predicted 

under different conditions from those investigated in the laboratory.  

6. Assess the potential of using fluidisation in occupational hygiene 

applications to collect air samples in light of the preliminary results 

obtained.  

 

 

1.4    Outline of thesis 

Chapter 2: In this chapter, previous researches in the area of study are 

examined. Different gas and vapour sampling methods are analysed. Factors 

affecting air sampling are highlighted. Different sampling media, kinetic and 

thermodynamic models are underlined in detail. Finally a brief description of 

fluidization application in the field of occupational hygiene is pointed out.     
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Chapter 3: This chapter includes the results of physical and chemical 

properties of 3M charcoal filter media (JK50 andJK40) analysis and 

preliminary validation experiments.  

 

Chapter 4: Desorption efficiency of the collection 3M charcoal filter media 

(Jk50) is investigated in this chapter. Toluene, n-hexane, benzene and xylenes 

were utilized in these experiments. It includes the description of the employed 

methodology and factors that may affect desorption efficiency such as amount 

of analyte, co-adsorption and humidity were studied. The results are 

illustrated in tables and figures.  

 

Chapter 5: The chapter underlines the findings of preliminary set of 

experiments to determine the optimal weight or the number of layers of the 

3M charcoal filter media (JK50 or JK40) to collect samples of toluene and n-

hexane for 8-hour periods. It also includes the results of breakthrough studies 

under variable factors that affect breakthrough time such as initial 

concentration, weight of adsorbent, air flow, temperature and humidity.   

 

Chapter 6: This chapter describes the results of applying the most applicable 

kinetic and thermodynamic models to fit the results of breakthrough 

experiments.    

 

Chapter 7: This chapter describes the main summary and conclusion of this 

study. It also includes further works that recommended to be done to 

investigate some aspects that have not been included in this study.    
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Chapter 2 

2 Literature Review 

2.1   Gases and vapours in the workplace  

          Most of the industrial processes produce and release air contaminants as gas 

and/or vapour. In the absence of control measures they may be discharged either into 

the outdoor environment or into the workplace environment. Presence of contamination 

in the workplace impacts primarily on the workers' health.  The air contaminants may 

cause adverse effects to human health. The exact effects are related to the toxicological 

properties of each contaminant, its dose or concentration and the length of exposure 

(Perkins, 1997). Air contaminants are usually classified into aerosols, gases and 

vapours. An aerosol is a group of solid or liquid particles dispersed in a gaseous 

medium. 

          Gas are materials whose physical state is gas at normal temperature (25ºC) and 

pressure (1atm). Carbon monoxide (CO), hydrogen cyanide (HCN), and phosgene are 

examples of gaseous air pollutants.  Vapour is a gas formed when volatile compounds 

(solid or liquid) vaporize.  

          Solvents are materials utilized to dissolve other materials. Organic solvents are 

volatile, and therefore they are also known as volatile organic compounds or VOCs.  

Solvents are used in or produced from a variety of industrial processes and operations. 

Depending on their vapour pressure, temperature, volatilization of those solvents, a 
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potential for inhalation exposures of affected employees may occur. Toluene, benzene, 

xylene, methylene chloride, 1,1,1-trichloroethane and perchloroethylene are only a few 

of the thousands of available solvents whose vapours may pose health hazards in the 

workplace and in the ambient atmosphere at large (Bisesi, 2004). 

          Exposures to volatile organic compounds occur throughout life from conception 

to death. The toxicological effects of the naturally and manufactured-produced gaseous 

and vapour air contaminants on the human body greatly vary from one contaminant to 

another. Factors affecting toxicity of substances include how the material is used, 

temperature, volatility, concentration, and reactivity of the materials.  

2.2 Impact of gas and vapour on human health 

          Exposure to toxic air contaminants in some work environments could be 

unavoidable. Exposure routes include inhalation, absorption (skin contact), ingestion 

and injection. The main occupational exposure concern is directed to the inhalation 

route. By this route the substance penetrate the human body through the respiratory 

tract where the chemical can reach the circulatory system. Therefore, more emphasis is 

usually given to determine the concentration of toxic substances that exist in the 

breathing air of the work environment. This   emphasis of concern is justified because 

of the adverse health effect of toxic substances on the human body and the nature of 

toxic substances (Dinman and Dinman, 2000). On the other hand the route of entry, 

duration and frequency of exposure, and individual differences such as age and weight 

should be considered in assessing the health effect of exposure to toxic substance 

(Fulton, 1996). 

          Like other toxic substances and based on their toxicological effects, volatile 

organic compounds (VOCs) may be classified into extremely, highly, moderately and 
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slightly toxic. VOCs in air produce many physiological responses in the human body.  

Based on such responses the VOCs are classified as irritants, anesthetics, hepatotoxic 

agents, nephrotoxic agents, blood damaging agents (Schaper and Bisesi, 1997).   

2.3 Gas and vapour sampling in the workplace  

         There are numerous air sampling methods that can be utilized to capture and 

quantify the mass of collected air contaminants. Selection of the sampling technique 

depends on the properties of the gas being studied and the purpose of gas/vapour 

sampling. The objectives of the sampling are not limited to assess the risk in the work 

environment, evaluate personal exposure to gases/vapour, assess the effectiveness of 

control measures, detect leaks, and investigate medical cases.  There are two types of 

sampling: 

         Personal sampling is the preference method to assess employee exposure to air 

contaminant. The employee wears a sampling device which collects an air contaminant 

sample. The air sampling device is placed on employee as close as possible to the 

breathing zone of the employee. It is usually placed on an employee’s collar. By this 

method the sample presents the actual personal exposure level in the working area.  

           Area air sampling is used to quantify the background level of a contaminant, 

identify the source of exposure and assess the effectiveness of control measures.  The 

location of sampling device should be placed in fixed strategic location in the area of 

interest (Huey, 1996).  

         The purpose of air sampling is to obtain samples for further analysis while 

monitoring refers to methods and equipment designed to give immediate information 

on air or gas description (e.g. type and concentration).  Because most continuous 

monitoring instruments often do not have the high sensitivity to measure toxic air 
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pollutants at very low concentrations, air sampling is often more useful than air 

monitoring (Perkins, 1997).  

           To collect a representative sample of gas/ vapour particular attention should be 

directed to record work environment conditions such as temperature, pressure, humidity 

as well as molecular weight of air pollutant, volume collected, and sampling rate. These 

factors may affect the results of air sampling.  

2.4 Methods of air sampling 

There are numerous air sampling methods that can be utilized to capture and 

quantify the mass of collected air pollutants. The chosen method depends on different 

factors as the properties of the air contaminants being studied, sampling objective, 

required accuracy, and recommendation of the selected analytical method. One method 

is grab sampling while another one is the integrated or continuous sampling.  

The air sampling methods are used to measure personal exposures to workers 

over a workday, to identify sources of exposures, or to evaluate the need or 

effectiveness of engineering controls.  

Air sampling is often more useful than air monitoring in the following situations:   

• When it is believed that there is even a small amount of dangerous organic or toxic 

pollutants present. 

• In the development of toxic air pollutant control regulations 

• In the development of advanced laboratory techniques for quantifying minute 

quantities of collected air pollutants. 

The following sections brief descriptions of different types of air sampling methods.  
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2.4.1 Grab versus integrated sampling    

            Air sampling can be carried out for long or very short periods of time, 

depending on what type of information is needed. Grab sampling is the collection of an 

air-sample over a short period. The grab sampling method is not appropriate if the 

contaminant concentration changes with time or when the contaminant concentration in 

the work environment is low. It also cannot be used to collect reactive gases such 

hydrogen sulphide or nitrogen dioxide unless the sample is analysed immediately. Grab 

samples are usually collected in a period of few seconds up to five minutes.  Grab 

samples demonstrate the concentration of contaminants at a particular time. They can 

provide useful information for evaluating peak exposures (HSE, 1993). 

2.4.2  Passive sampling versus active sampling 

          Passive vapour-sampling devices are gaining wide acceptance among 

occupational hygienists to be used in measuring personnel exposures to hazardous 

vapours. It is believed to be a cost effective alternative to the conventional 

active/charcoal sampling method (Rose and Perkins, 1982; Harper and Purnell, 1987). 

           Many researchers studied the performance of various types of passive 

dosimeters using different substances in different environmental conditions 

(Lautenberger et al., 1980, Feigley and Chastain, 1982; Einfeld, 1983, Samimi and 

Flabo, 1983; Underhill, 1984 and Samimi and Falbo, 1985).  In contrast to an “active” 

sampler, where the air sample is brought into contact with a detector or collector device 

by forced convection or pumping, the passive sample typically collects the species of 

interest (e.g. benzene) from its working area by natural diffusion of the species into a 

trapping medium (Bartolucci et al., 1986).  
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         Passive dosimeters have various advantages: they are low-cost, easy to use and 

maintain, and are generally accepted by employees because of their light weight and 

size. 

       Numerous field studies have examined the differences between the coexisting 

active and passive sampling and have assessed the possibility of applying 

diffusive/passive monitoring in occupational solvent monitoring. These studies were 

done in the laboratory and in the field, and have generally given good results (Hickey 

and Bishop, 1981; Gregory and Elia, 1983; Van Der Wal and Moerkerken, 1984; 

Samimi and Falbo, 1985).  

          The difference between active and passive methods has been studied by different 

authors. For instance, Van Den Hoed et al., (1987) found no significant difference in air 

sampling between the two methods. The 3M-3500 Organic Vapor Monitor and an 

active charcoal tube for styrene.  

            Active sampling is assumed to produce "real" values of pollutants in the 

environment. But this may not be in fact true, since the evaluation error made using the 

traditional system with pumps and charcoal tubes (above all due to problems connected 

with calibration and constant flow rate) is known to be of the order of ± 5-10% (Rose 

and Perkins, 1982). 

          On the other hand, several authors studied the possibility of errors in estimating 

time-weighted averages (TWA) of time-dependent concentrations using diffusive 

samplers. The error is a result of analyte loss from some diffusive samplers back into 

the atmosphere during the course of sampling (Bartley, 1986). Depending on the 

specific sampler configuration, such losses may happen either directly from the sampler 

air spaces (Hearl and Manning, 1980; Underhill, 1984) or as a consequence from the 
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sampler walls or the sorbent itself (Feigley and Chastain, 1982; Gregory and Elia, 

1983; Posner and Moore, 1985 and Bartley et al., 1988). 

2.4.2.1 Integrated sampling  

        Integrated sampling refers to the methods of collecting contaminated air onto 

media. Because of the need to collect enough of the air sampling volume as 

recommended by analytical method, integrated sampling must be run over a minimum 

period of time, usually from 15 minutes to several hours, depending on the type and 

concentration of the air contaminant. The sampling result represents the average 

concentration of air contaminant over the sampling period. 

       This method of sampling has been used throughout the present study, and therefore 

it is described briefly as shown below. 

2.4.2.1.1 Air sampling devices 

         The air sampling devices include collection instruments that collect air sample 

from work environment for later analysis. The components of non-direct devices are 

discussed briefly below:   

2.4.2.1.2 Air-sampling Train 

        The entire array of equipment used to perform the air-sampling task is contained 

in the air-sampling train. A train consists of an air-inlet orifice, collection media, 

airflow meter, flow-rate control valve and a suction pump. 

2.4.2.1.3 Air-sampling Pumps 

         A critical component of the air-sampling train is the air sampling pump. A pump 

must be selected, based on the desired sampling flow-rate, ease of servicing and 

calibration, and suitability to be used in a hazardous work environment. Personal air-

sampling pumps can be classified into these basic categories: 
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     1. Low-flow pumps (approximately 10 – 500 ml/minute). These pumps are used 

for gas and vapour (e.g., VOCs) sampling, with a common flow-rate of 200 

ml/minute. 

    2. Medium-flow pumps (approximately 500 – 4,500 ml/minute). These pumps are 

usually used for particulate sampling as well as for gas and vapour sampling.  

    3. High flow pumps (about 10 to 100 litres/ min). These are used for static 

sampling such as asbestos clearance testing, cotton dust sampling.  

           A standardized air-sampling technique specifies the desired flow-rate and 

minimum volume of air that must be sampled. The sample volume is based on the 

sensitivity of the analytical method to be used. Sensitivity describes the smallest 

concentration of contaminant that can be detected by the laboratory. To achieve the 

required volume, the flow-rate is selected based on the desired sampling time (usually 8 

hours), and the collection efficiency characteristic of the collection media (Weiss et al., 

1982). 

           There are three mechanisms that are used in air sampling pumps. These include 

diaphragm, piston, and vane. The vane pump mechanism utilizes mains voltage (AC) as 

opposed to battery operated. The vast majority of battery-operated pumps are 

diaphragm pumps; a few battery-operated pumps are piston –driven.  

Pumps may fail because of dead batteries, mechanical problems, or extremes of 

environment. A pump should be run for at least five minutes prior to calibration, 

otherwise the representative calibration may not be obtained (Bisesi, 2004).  

2.4.2.1.4 Flow-rate meters 

            Maintaining a constant pump flow-rate is critical in determining the sample 

volume based on elapsed time. Sample volume is one of the determining parameters in 

the formula for concentration: 
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  Concentration = mass/volume…………….. 2.1 

Air-sampling pumps use a variety of devices to assure a constant flow. These include 

critical orifice and pressure-compensating devices (Huey, 1996). 

2.4.2.1.5 Calibration of air sampling pump 

             A constant flow rate is necessary to determine the total volume of air sampled 

accurately. For quality control purposes, it is necessary to calibrate pumps before and 

after each use (Shotwell, 1979). Calibration should be carried out with the actual 

sampling train that will be used in the field or experiment, especially for those with 

filter cassettes.   

         Calibration of air-sampling pumps is an integral part of the accurate measurement 

of air-flow rate and volume. There are two categories of calibration methods, primary 

and secondary. Primary method such as Soap-Bubble Meter is generally a direct 

measurements of flow rate on the basis of the physical dimensions of an enclosed 

space. Secondary methods (e.g. Wet-Test Meter, Dry-Gas Meter) must be calibrated 

themselves against a primary standard and have been shown to maintain their accuracy 

with use. They are used to measure very high volumetric flowrates, which is not 

possible on most bubble devices. 

         A soap-bubble meter is considered a primary method of calibration and is 

commonly used to calibrate high- and low-flow air-sampling pumps, where the 

accuracy of the method can be within ± 1% (Perkins, 1997). It consists of an upturned 

laboratory volumetric burette (a 1-l burette is used to calibrate high-flow pumps, a 100-

ml for low-flow pumps) connected to sampling train. Photograph 2.1 illustrates the set 

up of soap-bubble method which was used in this study.  
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Photograph  2-1Soap bubbler at Occupational Hygiene Laboratory, Saudi Aramco 

 

 

          The selected collection media to be used in air-sampling must be used during the 

calibration of the pump. Electronic bubble flow meters for pump calibration are now 

available from various manufacturers. For instance, dryCell calibrator (model DCL-M 

serial no. 110243), manufactured by SKC has also been used in this study. 

2.4.2.1.6 Air sampling collection media 

           The sampling medium is selected according to the physical form of the air 

contaminant. Solid media is the most widely used media to collect gaseous airborne 

contaminants. They are the method of choice for most volatile organics and many semi-

volatile organics as well as inorganic gases. There are several sampling media that are 

suitable for gases and vapours. Brief descriptions of these media are discussed below: 

1.  Activated charcoal   

              Activated charcoal is the most commonly used solid sorbent. The use of 

activated carbon to collect organic vapors has been reported by different authors 

(Saalwaechter et al., 1977; and White et al., 1970). The activated carbon has a large 

surface area for adsorption. Surface area of the typical activated carbon varies from 500 
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to1400 m2/g (Cheremisinoff and Moressi, 1978). However, Balieu (1989) reported that 

the typically activated carbons have surface areas in the range of the 1000-1600 m2/g. 

The surface of activated carbon is non polar, so the effect of water vapour is minimal, 

since collection mechanism of activated carbon is physical adsorption (Fraust, 1975).   

          Activated carbon is usually derived from coconut shells which have a highly 

reactive surface. It has the capability to capture a wide range of organic compounds.  It 

is not normally suitable for highly reactive materials such as amines, phenols, 

aldehydes and anhydrides and compounds with low vapour pressure. Activated carbon 

will be detailed later since they are the primary target of this study. 

2 Silica Gel 

            Silica gel is an amorphous (noncrystalline) form of silica resulting from 

treatment with sodium and sulfuric acid. It is the media recommended for collecting 

polar organic compounds such as amines, nitro compounds and inorganic materials. 

The main disadvantage of the silica gel is its ability to adsorb water vapour and replace 

collected compounds.   

         Care must be taken in extending the recommended sampling time, especially in 

relative humidity >50%, because of silica gel's affinity for water. It was concluded that 

in high humidity conditions, the collected sample may be totally lost because of 

saturation with water on the silica gel sorbent (Hall, 1999).   

3 Other Solid Sorbents 

          The remaining solid sorbents can be placed in two groups: inorganic and organic 

polymers. 

1 Inorganic: There are six inorganic solid sorbents include Alumina, Florisil, Firebrick, 

Molecular Sieve, Hopcalite and Lime. The first four sorbents are commonly used in 
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removing small contaminants from product stream. Hopcalite is commonly used to 

convert carbon monoxide to dioxide in respirator cartridge (Perkins, 1997).  

2 Organic Polymers:

2.4.3 Air contaminants collection principles  

   Organic synthetic solid sorbents polymers occur in the form of 

spheres, coalesced spheres, or amorphous masses. This includes different series such as 

Amberlite XAD series, the Chromosorb Century series, the Porapak series, Tenax and 

XAD-2.  Polymeric sorbents have some advantages over charcoal-based sorbents 

(McCammon, 1984). They can adsorb/ desorb efficiently, even small quantities of 

adsorbate, and they are not vulnerable to the effect of high relative humidity (Dressler, 

1979). However, some organic synthetic polymers (i.e. Porpak Q) may react with 

reactive gases and organic solvents.  

        Selecting the appropriate air sampling method is important for collecting 

contaminants especially for toxic compounds at low concentrations. Detectable 

contaminants must be accumulated over the sampling time. In air sampling, the volume 

of air sampled must be calculated from flow rate and sampling time. The contaminant 

must be collected in the appropriate medium for later analysis. Thus, brief descriptions 

of contaminant collection techniques used in air sampling are underlined below. 

2.4.3.1 Absorption of gases /vapours  

           Absorption is the process of transferring a gaseous compound into uniform 

distribution in liquid. This method involves bubbling air contaminants through liquid 

solution contained in an appropriate glass or plastic container and analysis is then 

accomplished in the laboratory. Absorption sampling devices are normally glass 

containers fitted with leak-tight seals, vacuum outlet and inlet tube with its end 

submerged.  The most common container used in occupational hygiene is the midget 
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impinger (Figure 2.1). The midget impinger is generally used with 10 to 20 ml of liquid 

at flow rates from 0.5 to 1 l/min.  

Figure  2-1: Illustration of midget impinger* 

 

                                  *Source: Perkins, 1997   

         There are two types of absorption: physical and chemical. Physical absorption 

involves the dissolving of pollutant in liquid. The solubility of a specific air 

contaminant depends on absorbency, temperature and the partial pressure of the 

pollutant in the air. The efficiency of physical absorption is low.  In contrast, chemical 

absorption involves using a liquid which reacts with the air contaminant to generate a 

unique, stable, nonvolatile and easily detected product in the liquid phase.  The main 

disadvantage of this technique is that if a bubbler is not maintained upright, spillage of 

sorbent may occur so the collected sample will not be considered (Wight, 1994).   
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2.4.3.2 Adsorption of gases/vapours  

           Adsorption of gases or vapours involves collecting gases / vapours on a solid 

surface. The surface of adsorbent is commonly a porous solid that gas molecules 

(adsorbate) are attached to.  The term adsorption is limited to the accumulation of gas 

or vapour molecules on solid interface. For porous sorbents, adsorption of gas or 

vapour molecules takes place in the channels and capillaries where molecules can 

diffuse into and be adsorbed on their walls. Forces causing adsorption are responsible 

for the deviation of real gases from the ideal gas behavior. 

           The chemical nature or polarity of activated carbon varies with the carbon type. 

This can influence attractive forces between molecules. For example, carbon of 

vegetable origin has a polar surface that shows adsorption preference of unsaturated 

organic compounds. This is the same case for silica gel. However, most of activated 

carbon are non polar and prefer saturated organic compounds (Cheremisinoff and 

Moressi, 1978). The boiling point of adsorbates give an indication of the ability to be 

adsorbed, the higher the boiling point (i.e. less volatile compound) is the more 

adsorbate will be adsorbed (Melcher et al., 1978). To discuss the adsorption process of 

gases or vapours by solid sorbent, it is important to identify the three components 

involved. These are adsorbent or sorbent (e.g. activated carbon), the adsorbates, (e.g. 

toluene, n-hexane) and the air stream, in which the adsorbates are carried.  

Types of adsorption 

          The basic forces leading to adsorption can be divided into physical (i.e., 

intermolecular or Van der Waals) and chemical (which generally involves electron 

transfer between the solid and the gas/vapour).  Depending on which of these two types 

of forces adsorption of organic vapours by activated carbons take place either by 

physical and/or chemical mechanisms. However, the two types are both described as 
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sorption or adsorption. These two processes depend on the nature of the adsorbate and 

the chemical and physical properties of the adsorbent; which is activated carbon in the 

present case (Balieu, 1989). 

2.4.3.2.1 Physical Adsorption 

          In the physical adsorption or Physisorption process, the contaminant molecules 

are interacting with the solid surface of the sorbent by means of Van der Waal’s forces 

(including dipole-dipole, dipole-induced dipole, London forces and possibly hydrogen 

bonding). This phenomenon is termed physical adsorption because electrons are not 

shared or paired, and the attraction is purely electrostatic.  The physical adsorption is 

multilayered. The number of layers being formed is proportional to the adsorbate 

concentration. The physical adsorption process is reversible and the reversibility is 

dependent on the strength of attractive forces between adsorbent and adsorbate. 

Physical adsorption is exothermic, where the heat of adsorption is in the range of 0.1 

Kcal/mole; i.e., comparable to heat of vaporization of liquid adsorbates (Chermisinoff 

and Moressi, 1978).  

 

2.4.3.2.2 Chemisorption  

          Chemisorption occurs when the adsorbed molecule is attached to the adsorbent 

by means of a chemical bond (e.g. covalent or ionic bond). This process is one 

molecule thick and irreversible (Condon, 2006). 

        The adsorption process is always exothermic regardless of the type of forces 

involved. Gregg and Sing (1982) reported that the differences between physical and 

chemical adsorptions are as follow: 
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1. Physical adsorption takes place under suitable temperature and pressure 

conditions in any gas-solid system, while chemisorption occurs only if the gas 

is able of forming a bond with the surface. 

   2. Physically adsorbed molecules can be disconnected unchanged at a reduced 

pressure at the same temperature where the adsorption occurs. However, the 

removal of chemisorbed layer is far more difficult. 

   3. Physical adsorption can form multi-molecular layers while chemisorption is 

always   completed by formation of a monolayer. 

4. Physical adsorption is time consuming while chemisorptions generally 

require activation energy. 

2.4.4 Fundamentals of adsorption 

            Adsorption occurs when the molecules of a given adsorbate (gas or vapour) 

become bound to the surface of a solid material or adsorbent. There are several 

parameters that contribute to the adsorptive behaviour of activated carbons as well as 

other sorbent materials. Typically, such parameters include the surface area, pore 

structure and size distribution, and total surface area of the material. The adsorption 

rate from the gaseous / vapour phase to the sorbent surface is influenced by the 

adsorbent particle size, while the adsorptive capacity is related to the total surface area 

(Cheremisinoff and Moressi, 1978). Other factors related to the adsorbate consist of the 

type of the adsorbate (compounds with high molecular weight, low vapour 

pressure/higher boiling point and high refractive index are better adsorbed), 

concentration of the adsorbate (the higher the concentration, the higher the sorbent 

consumption (Yun et al., 1998; Erdem-Senatalar et al., 2004; Cheng and Tsai, 2007) 

and presence of other adsorbates which can compete for the adsorption sites. Any 

interpretation based only on one of those parameters is incomplete (Cookson, 1978). 
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The distribution curve of an analyte (adsorbate) through an adsorbent tube and the 

breakthrough curve of the analyte in the effluent air stream is illustrated in Figure 2.2  

 

Figure  2-2 Breakthrough curve and concentration distribution in solid adsorbent*  

   

  

   

* Source: Melcher et al., 1978 

           Curve one shows that the adsorbate is adsorbed by the front section of the 

adsorbent. After continuous adsorption, the front section of the adsorbent reaches 

saturation which is an equilibrium where the incoming concentration (Ci) and 

desorption rate are equal. This is demonstrated by curve two. Curve three demonstrates 

the situation where the equilibrium zone gets longer and the adsorbate starts to break 

through the sorbent bed at time (tb). Adsorption equilibrium is defined as the condition 

when the number of molecules arriving on the surface is equal to the number of 

molecules leaving the surface into the gas phase (Kovach, 1978). Curve four represents 

the Breakthrough curve that is produced when the concentration of the adsorbate in the 

effluent approaches that of the feed concentration, at the stage all adsorbent is 

“saturated” with adsorbate. Breakthrough curve 4 is produced by observing the 
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concentration of the analyte in the effluent, and when all the adsorbent is “saturated” 

the effluent concentration approaches that of the feed (Melcher et al., 1978). It should 

be noted that sampling is quantitative until a breakthrough starts to take place 

(Saalwaechter et al., 1977). Breakthrough is defined as the detection of the compound 

in the effluent in terms of a percentage of the feed concentration.  As a rule in air 

sampling, the breakthrough is set by NIOSH at 5% (Kennedy et al., 1998).  

This study was concerned mainly with the suitability and effectiveness of using 3M 

Charcoal filter media (JK50 and JK40) in collecting organic vapours under field 

conditions, and then recovered for chemical analysis. In this case, the major parameters 

of interest are their adsorption kinetics and capacity and recovery efficiency. From the 

perspective of the occupational hygienist, prediction of the breakthrough curve from 

basic kinetic and equilibrium is important since it provides, in principle, a method of 

predicting the dynamic adsorption, static adsorption, and breakthrough time or volume 

without recourse to extensive experimentation (Perkins, 1997). The following sections 

shall briefly discuss these principles. 

2.4.5 Static adsorption - Langmuir isotherm 

            A plot of the amount adsorbed per unit of the activated carbon is drawn in 

Figure 2.3.  As illustrated in this figure, the relationship between concentration being 

adsorbed and in air stream is not linear.  Therefore, it is quite important to determine 

the adsorption capacity of charcoal. The capacity of adsorbent is the maximum amount 

of a specific analyte which can adsorbed under given conditions of partial pressure and 

temperature. It is known that the static capacity of activated carbon for chemical is 

constant (Perkins, 1997). 

 

 



24                                                                               

             Figure  2-3: Adsorption isotherm for different chemicals* 

 

                           *Source: Perkins, 1997 

           There are three methods that be used to determine the maximum capacity. This 

can be expressed by curves known as isotherm, isobars and isosteres. Isotherms 

describe the equilibrium amount of adsorbates adsorbed by the adsorbent as a function 

of adsorbate concentration in the gas phase at a constant temperature. Isobars are 

adsorption curves that show the equilibrium amount of adsorbates that is adsorbed by 

the adsorbent as a function of temperature at constant adsorbate partial pressure in the 

gas phase. Isosters are adsorption curves demonstrating the partial pressure under 

equilibrium conditions in gas phase as a function of temperature for a constant amount 

of adsorbate being adsorbed (Balieu, 1989).  

             In the adsorption literature, there are various isotherms or models ranging from 

fully empirical to largely theoretical. The most common isotherms or models are the 

Langmuir and the Freundlich isotherms (Perkins, 1997).  Such isotherms are usually 

used for fitting the experimental data in adsorption studies to understand the degree of 

adsorption (Treybal, 1981). Isotherms are indicative of the efficiency of an adsorbent 

for a particular adsorbate; however they do not provide data to enable the calculation of 

penetration or breakthrough times or the amount of adsorbate really adsorbed (Kovach, 

1978). 
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             Langmuir isotherm assumes that the adsorption is a monolayer on the sorbent 

surface area.  Type I Isotherms are typical of adsorbents with a predominantly 

microporous structure.  All the isotherms are of Type I according to IUPAC 

classification reflecting the domination of micropores in the pore structure (Gregg and 

Sing, 1982). 

            The Langmuir isotherm is derived from adsorption and desorption kinetics on a 

uniform surfaces and a single or monomolecular layer of adsorbate, and may be 

expressed by the following equation: 

i
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 ……………………………….. 2.2 

 
where  We = mass of adsorbate per dry mass of sorbent (mg/g) for a given Ci  
 Ci = the concentration of adsorbate in feed, ppm 
  K = the Langmuir equilibrium constant (ppm-1) 
  m = the maximum “static” adsorption capacity (mg/gram) 

Both K and m can be determined experimentally and they are unique for each adsorbate 

and sorbent pair. 

          It was found that the approach to equilibrium is very fast for a surface to which 

the adsorbate molecules have easy access, provided that diffusion rate from the mobile 

phase to the surface of the sorbent is also fast. This is usually the case when the mobile 

phase is gas or air (Perkins, 1997). 

2.4.6 Adsorption kinetics and models 

             The kinetics and equilibrium of adsorption of a given vapour/activated carbon 

pair is based on the concentrations of the adsorbate, volumetric flow rate of the feed 

stream as well as on the ambient conditions of temperature and humidity (Perkins, 

1997).  The modified Wheeler-Jonas model is probably the most widely used, followed 

by the Yoon’s model. These models are discussed briefly below.  
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2.4.6.1 The Wheeler-Jonas kinetic model 

              The Modified Wheeler equation 2.3 is considered the most widely used 

equation. It is originally based on a stability equation of mass balance between vapour 

entering an adsorbent bed and the sum of mass adsorbed by this bed plus the amount 

penetrating the bed (Nelson and Correria, 1976; Sansone and Jonas, 1981; Wood and 

Moyor, 1989).  It is used to describe carbon bed breakthrough and to calculate 

breakthrough time.   
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where: tb =  breakthrough time, min 
 We= adsorption capacity of sorbent, mg/gram 
 W = weight of the sorbent material, grams 
 Q = volumetric flow rate of the feed, ml/min 
 Ci = inlet concentration of the adsorbate in the feed, mg/ml 
 ρb = bulk density of sorbent material, grams/cm3 
 kv = overall adsorption rate coefficient, min-1 

 Co =penetration or breakthrough concentration of adsorbate, mg/ml 
 
            The modified Wheeler equation 2.3 has been utilized to determine the 

adsorption capacity and rate coefficient in packed charcoal bed. This can be obtained 

from the linear relationship between sorbent weights and vapour breakthrough (Moyer, 

1987;Wood and Moyer, 1989; Perkins, 1997). If a breakthrough time (tb) is plotted 

against bed (W), the slope is (We/QCi) and intercept is (We ρb /KvCi) ln (Ci/Co). This 

will allow to determine the We and Kv (Moyer, 1987, Wood and Stampfer, 1993). The 

equation assumes an adsorption process which is described by a kinetics reaction 

between the adsorbed molecules, the adsorbent and an occupied adsorption space.  The 

first assumption is fulfilled when the adsorption sites greatly exceed the number of the 

adsorbate molecules. The second assumption is true when the charcoal is clean, i.e., 

little or nothing is adsorbed on its micropore surfaces (i.e., physiosorption). The first 
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assumption was only valid for lower Ci/Co values; typically less than 0.04% (Wood 

and Moyer, 1991).  

          Based on studies by Wood and Moyer (1989), a correction term was taken into 

account for the difference between the experimental data and the predicted data by the 

equation, particularly at high penetration concentrations of the adsorbate. They used a 

comparable approach to develop an empirical equation with slight alteration in the 

modified equation. The purpose is to include the top portion of the breakthrough S 

shape.  The Wheeler or empirical equation is as follow: 
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             The modification can be shown in the last term of the equation, Co, the 

penetration or breakthrough concentration is subtracted from Ci, which allows the top 

potion of the breakthrough S curve to be calculated. However, in the field of 

occupational hygiene, it is interested to study breakthrough curve at low concentration 

1% to 10% of the initial concentration (Perkins, 1997).   

2.4.6.2 Yoon kinetic model 

        The Yoon model is easier than Wheeler; it does not require data on the 

specifications of the adsorbate of interest, the type of adsorbent, or the physical 

properties of the adsorbent. Values of some of these parameters rely on specific 

manufacturing processes and could be obtained only from the manufacturers. The Yoon 

Equation is another model that may also be used to describe the breakthrough kinetics 

of adsorption under given sets of experimental and ambient conditions. It was initially 

developed to address respirator cartridge service life in connection with individual 
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contaminants exposure to toluene and other organic and inorganic compounds (Yoon 

and Nelson, 1984). 

         The Yoon equation 2.5 offers a semi-empirical model to address breakthrough of 

contaminant vapours or gases with respect to solid sorbents. It links the breakthrough 

time (tb) to the exit concentration (Co) of the analyte, and the equation may be 

expressed as follows:   
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where: tb  = the breakthrough time, min 
 τ   = half-adsorption time (min); the time required to obtain 50% breakthrough 
 Ci  = inlet concentration of the adsorbate in the feed mg/ml 
 Co = output, penetration or breakthrough concentration of adsorbate, mg/ml 
             k’  = rate constant, min-1 
 

The rate constant k’ in Equation 2.6 is given by: 
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Where   k = proportional constant (dimensionless) 
 W´e= absolute equilibrium or maximum adsorption capacity (mg) 
 

         It should be emphasized that k is a dimensionless constant for a given adsorbate 

and sorbent pair and independent of the adsorbate initial concentration Ci and the 

volumetric flow rate of the feed Q. On the other hand, both k’ and τ depend on the 

initial concentration of the adsorbate in the feed Ci and the volumetric flow rate of the 

feed Q (Yoon and Nelson, 1990). 
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Figure  2-4: Schematic representation of the Yoon equation* 

 

*Source: Yoon and Nelson, 1984 

          If we translate the origin tb=0, Co/Ci = 0 to tb= τ,  Co/Ci = 0.5, the breakthrough 

expression is asymmetric along the Co/Ci-axis. We may then assume that the quantity 

of adsorbate which breaks through the sampler during the time interval tb=0 to tb= τ is 

the same as the quantity of adsorbate adsorbed during the time interval from tb= τ until 

full breakthrough of the adsorbate. This is illustrated graphically in Figure 2.4 where 

the absolute value of the saturation adsorption capacity W´e can be expressed as: 

  τQCW ie ='  ……………………………………………2.7 

       The value of W’e is related to the maximum adsorption capacity We as predicted 

from the Wheeler-Jonas model through the following formulae: 

 

WWW ee /'= ...............................................................2.8 

or              WQCW ie /τ= ...........................................................2.9 

where W is the weight of the sorbent material in grams. 

           It has been concluded that the decrease in the rate of adsorption is inversely 

proportional to the adsorption capacity and weight of adsorbent and directly 

proportional to increases in flow rate vapour concentration (Nelson and Harder, 1974). 
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          It was concluded that the Yoon model did not show any deviation from the 

experimental data of full breakthrough percentage while Wheeler-Joans deviate at 

higher breakthrough percentage (Nelson and Correia, 1976 and Yoon and Nelson, 

1990). Thus, it is assumed that the Yoon model is more convenient because it is easy to 

apply and the essential theoretical parameters k’ and τ are readily attained from the 

results of conventional experimental run (Yoon and Nelson, 1992).  

2.4.7 Maximum adsorption capacity (We) 

           The maximum adsorption capacity (We) is also known as the saturation 

adsorption capacity or the dynamic adsorption capacity.  This is defined when the 

sorbent material is unable to adsorb more of the analyte. At this point the analyte exit 

concentration equals the inlet concentration.  

          The maximum adsorption capacity is normally defined as the dynamic capacity, 

where the sorbent material becomes fully saturated. The dynamic capacity of a given 

activated carbon for an analyte is based on the inlet concentration of the analyte in the 

feed stream, flow rate of the feed and the bed depth (Kovach, 1978).  

         Application of adsorption capacity prediction techniques was applied by Jonas 

and Rehrmann (1973), for vapour adsorption at equilibrium under dynamic flow, i.e., 

kinetic conditions. They found that a well-packed bed of activated carbon granules 

exhibited an adsorption capacity very close to its equilibrium adsorption value. In 

reference to Figure 2.5, the maximum adsorption capacity We when Ci/Co=100%.  
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Figure  2-5: Typical complete breakthrough curve showing the area associated with We 
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The maximum adsorption capacity (We) can be calculated by the following equation: 
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where  We= maximum  adsorption capacity of sorbent at a given Ci (mg      
adsorbate/g sorbent) 

Q = feed flow rate ml/min 
W= weight of sorbent material, grams 
Co= breakthrough concentration (mg/ml) at residence time t 
ti = starting adsorption time, minutes  
t∞ = residence time when Co and Ci are equal. 

 
 Figure 2.6 illustrates the area over the full breakthrough curve (BTC) which could be 

integrated to calculate Area 3 (maximum adsorption capacity). Area 3 is then 

subtracted from the rectangular area (Area 1) defined by the upper tip of the BTC to 

determine the maximum adsorption capacity at the prevailing conditions of flow rate 

(Q) and initial concentration (Ci) . 
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                               Figure  2-6: Description of the adsorption calculation model  
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The area under the curve in each of the above figure is given by: 

dtCArea o∫
∞

=
0

2  ……………………………. 2.11 

sitCArea =1  …………………………….     2.12 
where Ci (mg/ml) is the adsorbate concentration in the feed stream and ts (minutes) is 

the saturation time at which Co (exit concentration of adsorbate) was equal Ci. 

The maximum adsorption capacity We (mg/gm) is related to the difference between 

these two areas via the following expression: 

or:  3Area
W
QWe ×=  …………………………............…2.13 

Where Area 3 = (Area 1 – Area 2), W (gram) is the sorbent weight used and Q the feed 

flow rate (ml/min) (Choi et al., 2008). Moreover, values of We could be determined 

from the experimental results either by Wheeler-Jonas models or Yoon models.  
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2.4.8  Factors affecting quantity adsorption process 

There are several factors that influence the adsorption process: 

1.  The physical and chemical characteristics of the adsorbent: for 

example, surface area, pore size, chemical composition, etc.  Granules or 

porous materials (e.g. activated carbon) are considered to be the best 

adsorbents as they have large surface areas in a small volume. They also 

do not restrict the flow of the gas drawn through the granule bed.  A 

granular adsorbent can take up to 40% of its weight in adsorbate 

(Chermisinoff and Moressi, 1978).   

   2.  The physical and chemical characteristics of the adsorbate: for 

example, molecular weight, molecular polarity, chemical composition.  

The polarity degree of the adsorbent plays role in the ability to adsorb 

the adsorbates. Activated carbon is composed of non polar atoms with 

little electrostatic polarity and effective for adsorbing low polarity 

organic compounds (Chermisinoff and Moressi, 1978).   

3. Concentration of the adsorbate in the influent air: higher 

concentration of adsorbate in air leads to greater adsorption. At constant 

flow rate the concentration of adsorbent was found to increase, and 

therefore, the time at which a break though of adsorbate occurs should 

decrease. Moreover, the adsorption capacity of charcoal will increase as 

inlet concentration increase (Dietrich, 1998).    

 4. The characteristics of the flow:  for example, temperature and 

humidity. Temperature is a thermodynamic property which affects 

adsorption. As molecules are heated, they move faster and because of 

this, are more likely to escape an adsorbate. This depends on the polarity 
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or the strength of the attraction. Nelson et al., (1976) found that a 10°C 

increase in temperature would cause a 1% to 10% decrease in the 

breakthrough time. Most charcoal sampling methods are validated at 

laboratory temperatures from 20°C- 25°C. High relative humidity (i.e. > 

80%) may limit the adsorption of non-polar compounds (Saalwaechter et 

al., 1977).  

         Since two kinds of adsorbents were the topic of the current 

research, and both are made of some type of charcoal and provided by 

3M Inc., the following discussion is meant to describe in details the 

adsorbent “activated carbon”, its properties and how it can be prepared. 

2.4.9 Activated carbon  

             Although there are different types of solid adsorbents available for collection of 

vapours from air, charcoal is most widely used, at least for collection non polar 

compounds or with relatively light polarity molecules (Languardt and Melcher, 1979; 

Posner and Okenfuss, 1981). Charcoals are manufactured from various row materials 

such as coconut, petroleum, wood and peat (Laine and Yunes, 1992). For occupational 

hygiene application, two types of charcoal have been used most frequently coconut 

based charcoal and the second charcoal is derived from petroleum and used less 

frequently (Perkins, 1997). 

2.4.9.1 Preparation and activation of charcoal 

            Activated carbon is manufactured by using different processes. The 

manufacturing of activated carbon is generally accomplished in two processes. The first 

process is called carbonization in which the charcoal is treated in inert atmosphere 
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(usually Nitrogen) followed by the second process, activation to develop the porosity 

and surface area.   

            In carbonization process, the carbonaceous materials are treated thermally in 

absence of air without adding any chemical agents. In this process, most of the non 

carbon elements (hydrogen, oxygen, trace of sulphur and nitrogen) are removed. It was 

reported that the carbonization temperature varied from 250°C to 850°C (Yu et al., 

2006). Low carbonization temperature yields low surface area values because the 

carbonization process is not completed.  On the other hand, high carbonization 

temperature probably causes destruction of pores. Generally, the preferable 

carbonization temperature is higher than 600 °C (Diaz-Teran et al., 2001).  

          One of the activation purposes is to produce activated carbon with high purity 

and large surface area (Balieu, 1989). The activation is accomplished by two methods; 

physical activation and chemical activation. Many chemicals are used for chemical 

activation, the most common ones are zinc chloride, alkalise such as potassium 

hydroxide, potassium carbonate as well as mineral acids mainly phosphoric acid 

(Hassler, 1978). Added chemicals serve as either activation agent and/or catalyst to 

facilitate gas activation or to remove undesirable components.  

            Physical activation involves oxidation reaction between charcoal and steam 

and/or carbon dioxide at elevated temperatures, while air is used at low temperatures. It 

oxidizes the carbon surface to increase the surface area and develop greater porosity 

(Hassler, 1978). Micropores are developed mainly during the activation processes of 

the carbons, and result in the large surface areas for adsorption to occur. Pore size 

distribution play a role of what adsorbate molecules can be adsorbed (Condon, 2006). 

          The different types of treatment generate activated carbons with large surface 

area, high porosity and wide pore-size distribution.  The pore volume or diameter 
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controls the size of the adsorbate molecules that can be adsorbed. The determination of 

the pore size distribution of an activated carbon is therefore important in understanding 

the performance characteristics of the activated carbon. Based on this parameter, pores 

of activated carbons are in general classified into macropores, mesopores and 

micropores. The International Union of Pure and Applied Chemistry (IUPAC) classify 

the pore size distribution into macropores (d > 50 nm), mesopores (2 < d  < 50 nm) and 

micropores (d  < 2 nm) (Condon, 2006).  

2.4.10    Desorption efficiency 

           Activated carbon has been shown to be a very effective medium for adsorbing 

many vapour and some gases from the air stream (Olishifiski and Kerwin, 1988). 

Occupational hygiene survey sometimes requires collecting gases/ vapours samples 

from the work environment to quantify the exposure to toxic gases/vapours. Then 

collected analytes are recovered (desorbed) by liquid desorption method. The liquid 

desorption is usually completed by using carbon disulfide (CS2) to desorb analyte from 

charcoal. Usually, one ml is added to a vial containing either the front or the back 

section of the charcoal tube and the solution is agitated for approximately 30 minutes 

periodically.  

Determination of the desorption efficiency is important to be determined to use it as a 

correction factor applied for incomplete recovery of analyte from adsorbent to 

desorption fluid (Posner and Okenfuss, 1981). During sampling, the contaminant comes 

into contact with activated carbon in a vapour state and in a dynamic or moving 

atmosphere. Therefore, it would be reasonable to conduct a desorption efficiency study 

by loading the charcoal in the laboratory with a known amount of contaminant under 

the same conditions in which loading would occur in the field if possible.  
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There are three methods that could be used to study desorption efficiency by injecting 

the analyte into the adsorbent then recover it. These methods are summarized below:  

1.  Liquid spiking required injecting a little quantity of analyte is spiked onto 

charcoal in the liquid state and then desorbed at later time. A microsyringe 

could be used for this purpose. This method is easier than preparing 

dynamic air contaminant exposure set up. 

2.  Gaseous/vapours injection (dynamic method). It consists of preparing 

standard air/mixture in which the activated carbon is exposed to, and 

3.  Phase equilibrium method, a prepared standard solution of the interested 

analyte in carbon disulfide is injected onto the activated carbon ((Fracchia et 

al., 1977; Dommer and Melcher, 1978; Krajewski et al., 1980; Pozzoli et 

al., 1982 and Gozalez and Levine, 1987). 

           As recommended by the NIOSH Manual of Analytical Method, the recovery of 

the adsorbate from the adsorbent should be greater than or equal to 75% of the 

concentration equal to sampling 0.1, 0.5, 1.0 and 2.0 times the exposure limit. Thus, if 

the percentage of recovery is less than 75%, the method is not suitable for monitoring at 

this limit (Kennedy, et al., 1998). Desorption efficiency (DE), also known as percent 

recovery, can be expressed by the following formula: 

%100x
materialsorbentonadsorbedanalyteofAmount

materialsorbentonfoundanalyteofAmountDE =  

2.4.10.1 Effect of loading on desorption efficiency 

         Regardless of the solvent and method used, some studies showed that neither the 

amount of analyte adsorbed on charcoal nor the loading level had an effect on 

desorption efficiency “DE” (Posner, 1980). Consistently, the higher the loading was, 

the more analyte desorbed; the DE was a constant.   
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2.4.10.2 Desorption of Mixtures 

             Desorption efficiency (DE) can be maximized by finding the best solvent or 

solvents. Often, airborne mixtures are found in industry and some are quite complex. 

The use of 5% 2-(2-butoxyethoxy) ethanol in CS2 was successful in sampling paint 

solvents containing as many as 42 compounds of varying polarity (Beck et al., 1990). 

Therefore, if sampling of mixture components has to be conducted, it is clear that in 

many cases a single charcoal tube will do the job, provided that the correct adsorptive 

solvents. Posner and Okenfuse (1981) found that in a mixture of non-polar analytes 

there is no effect on the desorption efficiency. In other cases, this may not be as 

effective if the mixture contains compounds of quite different polarities (Foerst, 1979). 

It was found that, in mixture of analytes, the adsorption efficiency of some components 

may be reduced more than if it was a single component (Kenny and Stratton, 1989). 
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Chapter 3 

3   Preliminary Validation of 3M Charcoal 

Filter Media  

3.1 Introduction  

The main aim of this chapter is two-fold; the first is to determine the chemical 

composition and surface properties of the 3M charcoal filter media (i.e. JK50 and 

JK40). The second aim is to conduct preliminary validation experiments to find out the 

suitability of the 3M charcoal media for occupational hygiene work. The validation is 

studied by means of comparing the results obtained by 3M charcoal filter media with 

those from the SKC sorbent tubes, which are commonly and conventionally employed 

in collecting air samples.  

Once this preliminary validation has been proven, the protocol presented by 

NIOSH (Kennedy et al., 1998) has been followed to determine the adsorption 

parameters of 3M charcoal filter media. However, this part of the study will include 

more elaborated experimental set-up and detailed experiments.    

3.2 Properties of 3M charcoal filter media 

Both JK50 and JK40 charcoal filters were obtained from 3M, Inc. They were 

delivered in rolled sheets; each of 1 meter in width and 10 meters in length.  In 

reference to Photograph 3.2,page 57, each sheet consisted of two sections: i) a core 
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section that was essentially a matrix of loose granules of activated carbon and ii) two 

layers of fabric material that held the matrix of the activated charcoal (AC) particulate 

matrix in place. 

No compositional or surface specifications of JK50 or JK40 were provided by 

3M, Inc. because of proprietary reasons, and it was necessary to determine them in the 

course of the study. The following include some reasons for determining the 3M 

charcoal filter media properties. First, it is important to know the nature of material that 

one will be dealing with second, those specifications do affect adsorption and the 

availability of their values is essential to discuss and explain results obtained and 

conclusions made, and third some of those specifications are used when the results are 

modelled.  

The compositional property that is of interest to the study are the chemical 

composition of both sections of the 3M charcoal filter media, and physical properties 

including i) the particle and average pore diameter, ii) total pore volume and iii) 

specific surface area of the activated carbon section of 3M charcoal filter media. 

Similarly, the same compositional and structure properties were determined for the 

conventional NIOSH sorbent tube (e.g. SKC sorbent tube). This is important to relate 

and compare the results obtained by using 3M charcoal media with those using the 

SKC material. 

3.2.1 Compositional analysis of 3M charcoal filter media 

3.2.1.1 Activated carbon particulate of JK50 and JK40 

           Samples of the Activated Carbon (AC) particulate of 3M charcoal media were 

freed from the matrix, dried over night in desiccators (Anhydrous calcium sulphate 

23001) and submitted to the laboratory for compositional analysis. An Energy 

Dispersive X-ray Spectrometer (EDS) coupled with a Backscattered Electron Image 
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(BEI) microscopy (model, Qunt 400) was used in the compositional analysis, and the 

results are presented in Figure 3.1. The analysis results of the image or spectra 

revealed that the composition of the AC section of 3M charcoal media was >99 carbon 

with trace amounts of oxygen (O) and potassium (K). These trace amounts of oxygen 

and potassium could have resulted from the manufacturing processes. These processes 

are generally completed by carbonization and activation.  Both physical and chemical 

processes take place in the manufacturing processes. The chemical process involves 

treatment with chemicals such as acids (e.g. phosphoric acid) or base like potassium 

hydroxide, sodium hydroxide  followed by carbonization process at temperatures from 

450ºC to 900ºC (Balieu, 1989).  Chemical activation is widely used to attain activated 

carbon with a very large surface and enormous micropore volume (Diaz-Teran et al., 

2001).  

            When the charcoal samples were treated with high amounts of KOH (100 or 

400%) and pyrolysis was carried out at the maximum temperature (1073 K), the 

carbons of the activated sample, presented a great enrichment of surface area and 

porosity. The thermal treatment and impregnation process affects the surface area and 

porosity of the activated carbon (Diaz-Teran, et al., 2001). Chemical activation with 

KOH has been known to be very effective method in creating carbon porosity (Evans et 

al., 1999).  

           It is well known that the degree of activation affects the pore structure of the 

resulting carbons (Mangun et al., 1998; Lee and Reucroft, 1999). 

 If the porous solids are not heated effectively, parts near the pores' outer shell collapse 

thus producing closed pores. These pores are not associated with adsorption and 

permeability of molecules (Zdravkov, et al., 2007).  
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           The presence of oxygen in trace amount might be due to carbon structure. The 

basic chemical structure of activated carbon is composed of carbon atoms and other 

heteroatoms as oxygen, nitrogen, hydrogen or sulphur depending on the raw material 

and the physical and chemical treatments employed (Cookson, 1982; Diaz-Teran et al., 

2001). The presence of oxygen could be as a result of storing activated carbon at room 

temperature in oxygen-containing atmospheres. This process is referred to as aging 

which is started with preliminary formation of oxygen complex on the surface of the 

activated carbon (Balieu, 1989). 

           Figure  3-1: Analysis result of AC particulate of 3M filter 

 
 

On a different and related note, blank samples of the 3M charcoal were 

subjected to analysis for organic solvents that were of interest, namely benzene, n-

hexane, toluene and xylene. This was performed by adding CS2 to samples of the 3M 

charcoal media and analyzing the extract in each case by means of a calibrated GC 

(Hewlett Packard 6890) equipped with flame ionization detector (FID) and 7683A 

autosampler (HP, Pa). Typical analysis results are listed in Table 3.1, which revealed 



43                                                                               

that the activated carbon of 3M charcoal filter media has no or only trace amount of 

those organic solvents. 

 

Table  3-1: Results of blank samples of 3M charcoal media  

No. sample toluene xylene benzene n-hexane 
1 JK50 3µg N.D* <0.3µg 2µg 
2 JK50 3 µg 2 µg <0.3µg 3µg 
3 JK50 3 µg 3 µg <0.3µg 2µg 
4 JK50 2 µg 6 µg <0.3ug 3µg 
5 JK50 2 µg N.D <0.3µg N.D 
6 JK40 3 µg 4 µg <0.3µg 3µg 
7 JK40 4 µg 4 µg <0.3µg 3µg 
8 JK40 3 µg 4 µg <0.3µg 4µg 
9 JK40 N.D. 2µg <0.3µg N.D 

10 JK40 3 µg 2µg <0.3µg 4µg 
    N.D: not detected 

 It should also be emphasized that blank samples of 3M charcoal filter media 

were always analysed whenever samples of 3M charcoal filter media were subjected to 

adsorb one or more of those solvents were submitted for analysis.   

3.2.1.2 The top and bottom fabric layers of JK50 and JK40  

Samples of the top and bottom fabric layers of 3M charcoal filter media (JK50 

and JK40) were separated and freed from the activated carbon particulate and brushed 

off clean. Then, they were dried over night in desiccators then submitted to the 

laboratory for analysis. The purpose of this analysis is to determine whether the 3M 

charcoal filter media fabric layers have any effect on the charcoal adsorption.    The 

analysis was performed by Fourier Transform Infrared Spectroscopy (FTIR); Model 

AWA200 of Malvern, and the results are shown in Figure 3.2.  
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                   Figure  3-2: FTIR absorption spectrum of the fabric layer of 3M charcoal filter 

fibres from filter
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By interpreting the infrared absorption spectrum, the “finger print” or functional 

groups of the material were identified.  The material was concluded to be a 

polypropylene homopolymer.  

 The fabric material was also examined by the Energy Dispersive X-ray 

spectrometer (EDS) and Backscattered Electron Image microscopy (BEI), and the 

analysis results are shown in Figure 3.3. Computer analysis of the image or the spectra 

revealed that the composition of the fabric material of the 3M charcoal filter media was 

greater than 98% carbon with trace amounts of oxygen (O).  
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Figure  3-3: Energy dispersive X-ray spectra of the fabric material 

 

3.2.2 Surface properties of 3M charcoal filter media 

3.2.2.1 Topographical properties of activated carbon of 3M charcoal 

filter media 

The topographical nature of samples of 3M charcoal filter media (each of the 

sections separately) and SKC was performed by Environmental Scanning Electron 

Microscope (ESEM) analysis. The results of the ESEM analysis are illustrated in 

Figure 3.3 and 3.4 for the activated carbon of both 3M charcoal filter media and SKC 

sorbent tube, respectively. 

Examining Figures 3.4 and 3.5 revealed that both the activated carbon of 3M 

charcoal filter media and SKC consisted of pore structure, and the pores could be 

classified into small and large pores. However, the portion of the small pores seems to 

be greater than large pore in both of the activated charcoal in 3M charcoal media and 

SKC.  
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Figure  3-4: Backscattered electron images of AC particulate of 3M filter 

 

Figure  3-5: Backscattered electron images of AC particulate of SKC sorbent 

 

3.2.2.2 Specific surface area, total pore volume and average pore 

diameter 

Activated carbons are widely used as sorbents of gases and vapours, and the 

specific surface area is the most important parameter for characterizing their adsorptive 

behaviour (Diaz-Teran et al., 2001). The pore size distribution and the total pore 

volume are also important particularly at high relative pressures of the adsorptive 

compounds. The adsorption of gases and vapours occur mainly in micropores. The 
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equilibrium between the sorbents and gases/vapours depends on the size and structure 

of the pores (Gregg and Sing, 1982).  

The specific surface area, total pore volume and average pore diameter of the 

activated carbon particulate of both 3M charcoal filter media and SKC sorbent tubes 

were determined using NOVA 2200 Gas Sorption Analyzer (Photograph 3-1), 

Model(N22-6) by Quantachrome Corporation, in the Research and Development Centre 

of Saudi Aramco,. The principle of the technique is based on the theory of adsorption 

of the Brunauer-Emmett-Teller (BET) method. BET method determines the surface 

area of a given activated carbon by measuring the amount of standard nitrogen gas 

adsorbed under varying gas pressures, while the temperature remained close to the 

boiling point of nitrogen at 77 K. This technique is the recommended method and has 

been used by different authors (Giraudet et al., 2006 ; Diaz-Teran et al., 2001).  

       Photograph  3-1: A photo for the NOVA 2200 

 

Determination of the pore size distribution of an activated carbon is important to 

understand the performance characteristics of the activated carbon (Zdravkov et al., 

2007). The pore volume or diameter limits the size of the adsorbate molecules that can 

be adsorbed. It should not be expected for different adsorbent materials to have the 

same physical parameters such as “surface area”, “pore volume” and “pores radius or 
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diameter” (Condon, 2006). Therefore, IUPAC classified the pore size into macropores, 

mesopores and micropores.  

Porous materials with the same apparent porosity, but with different size and 

geometry of pore react in a different way under the same conditions.  This classification 

is mainly according to the different mechanisms occurring in these pores during N2 

isothermal adsorption at 77K and 1 atmosphere pressure (Zdravkov et al., 2007). The 

macropores do not add considerably to the surface area because their surface area is 

minimal compared to the one of micropores; but they are necessary to provide 

passageway for adsorbate molecules to penetrate into the interior micropores, where 

they are adsorbed (Canbon, 2006).  Zdravkov et al., (2007) found that the micropores 

filling, capillary condensation and multilayers adsorption are processes that are related 

to micropores, mesopores and macropores respectively.  

Classically, micropores have been treated using the Langmuir isotherm with the 

assumption that micropores were too small for more than one molecular layer to 

adsorb. In fact, Type I isotherm have become to be characteristic of microporous 

adsorbents (Gregg and Sing, 1982). It is expected that the micropores have dimensions 

of the molecules being adsorbed.  Thus, the physical adsorption in these micropores is 

characterized by filling the available space for adsorption and the pore volume is low so 

the adsorbate-adsorbent interaction could be considered as single phase layer. On the 

other hand, Mesopores have highly specific area on which monomolecular, 

polymolecular and pore filling occurs through capillary condensation (Giraudet et al., 

2006 ; Zdravkov et al., 2007). 

Micropores, whose radius is less than 10 ºA, are developed primarily during the 

activation processes of the carbons, and result in the large surface areas for adsorption 

to occur. Pore size distribution play an important role of what adsorbate molecules can 
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enter the carbon particle to be adsorbed. For instance, large adsorbate molecules can 

block off micropores rendering useless their available surface areas. However, because 

of irregular shapes and constant molecule movement, the smaller molecules usually can 

penetrate to the smaller capillaries, (i.e., micropores) since adsorption occurs mostly in 

micropores, adsorption is dependent on the molecular size and configuration for a given 

activated carbon. The type of isotherm that is produced in micropores is usually a type I 

isotherm. All microspores analyses make the simple assumption that adsorption is 

limited by the pore size, specifically, the pore volume (Condon, 2006).  

The results of NOVA analysis are listed in Tables 3.2 to 3.4 for specific surface 

area, total pore volume and average pore diameter of the studied activated carbon, 

respectively. 

Table  3-2: Surface area of SKC, JK50 and JK40  

  
Type of activated carbon 

SKC  JK50 JK40 
Average surface area 
(m2/g) 1316 1191 1288 
St’d Deviation  ±63 ±65 ±6 

 

Table  3-3: Total pore volume of SKC, JK50 and JK40  

 
Type of activated carbon 
SKC JK50 JK40 

Average total pore volume 
(cc/g) 0.532 0.504 0.520 
St’d Deviation ±0.041 ±0.032 ±0.041 

 

Table  3-4: Average pore diameter of SKC, JK50 and JK40 

 
Type of activated carbon 

SKC  JK50 JK40 
Average  pore diameter (Å) 17.05 17.01 16.95 
St’d Deviation  ±0.03 ±0.01 ±0.08 

    1ºA=0.1 nm 
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The results shown in Table 3.2 indicate that the average surface areas values of 

3M charcoal filter media (i.e. JK 50&JK40) ranged from 1191 to 1288 m2/g which falls 

well within the typical range from 500 to1400 m2/g (Cheremisinoff and Ellerbusch, 

1978). Balieu, (1989) stated that typically activated carbons have surface areas in the 

range of the 1000-1600 m2/g.  Diaz-Teran et a.l., (2001), Nguyen et al., (2004) and 

James et al., (2005) found that the surface areas of the activated carbon may vary 

significantly with varying combustion temperature and activation materials.  

The effectiveness of activated carbons for the removal /adsorbing of organic 

compounds have been proven to be enhanced by their large surface area (Cheremisinoff 

and Moressi, 1978). It is found that the surface area of 3M charcoal filter media and the 

conventional SKC sorbent tubes were comparable.  

             The variation of surface area of activated carbon could have resulted from the 

variation of manufacturing process temperature. This gives good indication for the 

adsorptive ability of adsorbent (Suzuki, 1990; Haghseresht et al., 1999). At higher 

temperatures (1073 K) Diaz-Teran, et al., (2001), found larger amount of micropores 

with smaller pore size.    

Table 3.3 illustrates the total pore volume of charcoal of JK50 and JK40 filters 

and SKC sorbent tube. The total pore volume in SKC is slightly more than 3M charcoal 

media which is in agreement with the surface area.   

As specified by the results listed in Table 3.4 the pore average diameter ranged 

from 16 to 17 ºA or from 1.6 to 1.7 nm which is less than 2 nm. This is in the range of 

micropores as defined by IUPAC (Zdravkov et al., 2007). This would qualify the 

application of Langmuir isotherm where type I would be predominant.   
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Activated carbons of JK50 and JK40 have high surface area; their efficiency is 

determined by the area that is reached by the adsorbed gas or vapour molecules. This 

makes 3M charcoal filter media good to be investigated in this study. 

 

3.2.2.3 Particle size of activated carbon of 3M charcoal media 

 The particle size of the activated carbon of 3M charcoal filter media as well as 

of SKC sorbent tube was determined by Mestersizer 200S Analyzer, Model AWA200 

manufactured by Malvern. The analyzer was designed based on the Mie theory which 

by examining the way light scatters and is absorbed by particles, the size distribution 

and mean diameter of the particles can be predicted. The results of particle size analysis 

were obtained and are tabulated in Table 3-5. 

              Table  3-5: Average particle size of SKC, JK50 and JK40  

 Type of activated carbon  
SKC  JK50 JK40 

Average diameter, µm 688 539 536 
St’d Deviation ±14 ±8 ±5 

 

The results revealed that the average particle size of both types of 3M charcoal 

filter media was comparable with differences within experimental errors; and both were 

smaller than that of the conventional SKC sorbent tube. Further, these values of particle 

diameter agree with those cited in the literature for several activated carbons use in the 

field of adsorption, where values could range anywhere from 149 to 1,140 µm 

(Cheremisinoff and Moressi, 1978). 

3.2.2.4 Bulk density of 3M charcoal filter media 

The bulk density of JK50 and JK40 adsorbent material was defined by the mass 

of activated carbon divided by the volume between the sheets in place. In addition to 
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being a property of 3M charcoal filter media that ought to be specified, its value was 

required to estimate the bulk density of the activated carbon of the materials, where the 

bulk density is given by: 

sheetstwothebetweenvolumespace
sheetslowerandupperthebetweencarbonactivatedofmass

B =ρ  

Determination of the volume of activated carbon requires measuring the 

thickness of 3M charcoal filters. It was determined by taking measurements by a 

sensitive, digital caliper (Model CD-4”CX) along the sides of several sheets. The same 

method was used to determine the bulk density of the carbon in canister by Nir et al., 

(2002). A total number of 20 of such measurements were made for each type of 3M 

charcoal filters. Calculating the average and standard deviation in each case, the 

thickness was found equal to 1.78 ± 0.02 mm and 1.55± 0.03 mm for JK50 and JK40, 

respectively. The thickness of the upper and lower sheets was also measured and was 

found to be in the order of 0.003 mm; and therefore, was not taken into consideration. 

The results showed that the bulk density was about 0.23g/cm3 and 0.20 g/cm3 for JK50 

and JK40 respectively. 

 

3.2.2.5 Effective particle density of 3M charcoal media and SKC 

sorbent tube 

Effective solid density is defined as "the mass of the solid as determined by a 

given liquid displacement method" (Gregg and Sing, 1982). 

The particle density of activated carbon of 3M charcoal filter media and SKC 

sorbent tube was determined by using gradient flask and distilled water. The flask is 

filled with a certain water volume then a known amount of JK50 was put into the flask. 

This led to increase the water volume in the flask proportionally to a level that is 
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equivalent to the amount of particles in the flask. It was found that the particle densities 

were 3.3 g/ml, 3.4 g/ml and 2.90 g/ml for JK 50, JK40 and SKC respectively.  This 

result demonstrated that the density values for the examined activated carbons were 

comparable with a slight difference between JK and SKC activated carbon. (For 

photographs refer to Appendix A)  

3.3 Preliminary validation of 3M charcoal media 

3.3.1 Preparation of 3M charcoal filter  

As indicated earlier, both filter media of 3M charcoal filter media were delivered 

in rolled sheets, Photograph (3.2a).  Investigation of the adsorption properties of these 

media and their suitability to be used as sampling adsorbents was conducted on circular 

pieces or layers (37-mm diameter, each) that were cut off from those sheets. In order to 

obtain the 37-mm diameter pieces out of those sheets, a circular-shaped, sharp-edged 

die was designed and manufactured from stainless steel in house. Photograph (3.2b) is a 

photograph of the die. 

 

Photograph  3-2: A photograph of JK40 and JK50 roll sheets and punch circular die 

   (a)      (b) 
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The procedure to prepare circular-shaped filters to fit 37-mm blank cassettes is 

summarized as follows: 

1. Conveniently-sized pieces were cut off from each roll; each of A4 size 

approximately, 

2. Both sides of each 3M charcoal filter media were covered by aluminium foil 

Photograph (3.3) to minimize contamination. 

3. Apply the die with a fist-force on the A4-size 3M charcoal filter media to 

produce circular 37-mm filters Photograph (3.4). It is important to ensure the 

cutting process does not lead to loose charcoal from the filter.   

4. The prepared 37-mm pieces were kept in sealed plastic bags, Photograph (3.4).  

5. Before an experiment run was conducted, a piece of the 3M charcoal filter 

media was fitted into 37-mm opaque or clear polystyrene two-section cassettes 

provided by SKC (Model 225-4 and 225-2, respectively). This is illustrated in 

Photograph 3.5. 

Photograph  3-3: JK Filter is covered by aluminium foil 
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Photograph  3-4: Packed JK50&JK40 

 

 

Photograph  3-5 : An example of 37-mm diameter JK filter media 

(a) 

 
(b)      (c) 

 

Photograph  3-6 : Illustration for assembling 3M filter sample with SKC low flow pump 
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As illustrated in Photograph (3.7) and Photograph (3.8), the mean diameter 

obtained utilizing this procedure was 37.00 ± 0.11 mm, as determined by measuring the 

diameter of 15 freshly cut pieces by means of a Digital Caliper Model No. CD-4”CX 

(serial No. 06016905) and statistically worked out the mean and the standard deviation. 

Photograph  3-7: An illustration for the size of the cut filter 

 

Photograph  3-8:  Illustration for the JK50 and JK40 thickness 

 

 

According to the data provided by 3M Company, the specific weight (mass) of 

JK50 and JK40 was 400 g/m2 and 300 g/m2, respectively. The weight of activated 

carbon in a single 37-mm piece of JK-40 or JK-50 was determined by weighing a total 

number of 20 of such pieces of each, and the results were averaged. Accordingly, each 

circular piece of JK40 and JK50 weighted 0.3225 ± 0.0011 grams and 0.4300 ± 0.0013 

grams, respectively.  
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3.3.2 Experimental set-up 

A preliminary dynamic experimental set-up was devised to study the validation 

of the 3M charcoal filter media in comparison to the standard SKC sorbent tubes.  SKC 

sorbent tubes were provided by SKC, Inc. and marketed with Part No. 226-330. 

The validation experiments were conducted using toluene as adsorbate under 

controlled conditions of volume flow rate (Q), initial concentration of toluene in the 

feed (Ci), flow time (t) and under ambient temperature (T) and relative humidity (RH) 

of the laboratory. 

The experiments were conducted using fitted circular-shaped layers of the JK50 

and JK40 filter media into the standard 37-mm blank cassettes without extension 

(provided by SKC Inc, Model 225-4 and 225-2). Figure 3.6 is a schematic diagram of 

the experimental set-up. Further, a photograph of the set-up is given in photograph 3.9, 

page 60. 

Figure  3-6: Preliminary experimental set-up for validation 
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a) High volume pump (or compressor)

b) 

 to pull ambient air through the hydrocarbon filter (special 
activated charcoal) and desiccant (anhydrous calcium sulphate) 
High flow rotameter

c) 
 to monitor air flow rate    

Two impingers

d) 

 containing liquid adsorbate(s) to prepare vapour mixture in air at ambient lab 
temperature. 
Mixing Chamber

e) Test Manifold through which a slip stream of vapour in air mixture is drawn through the testing 
manifold.   

 to ensure homogenous mixture of vapour in air. The chamber is maintained at 
atmospheric pressure through a by-pass tube which extends into the fume hood exhaust system. 

f) Sampling System

g) 

 through which vapours in air mixtures are drawn through the respective filter 
media. (SKC Charcoal tube is the reference source; each of the test Sampling Media are calibrated 
to pull vapours through at independent velocity rates) 
TVA-1000B VOC analyzer

 

 to determine immediate concentration of the adsorbate in air mixture 
before and after passing through filter media. 

The set-up consisted of 4 parts where interconnection tubing and joints were made of 

tygon and stainless steel:  

1  Air supply

2 

:  Air under pressure was provided using an air compressor 

(Vacuum Pump Allegro, S/N 61803). The compressed air was passed 

through a series of desiccators and activated carbon filters. The desiccators 

and carbon filters were used to remove humidity and any traces of 

hydrocarbons that may have been present. The flow rate of the compressed 

air was monitored by a flow rotameter manufactured by  Allegro industries 

(Manufacturer Item no. 9804-03)  

Toluene feed supply: a stock of pure toluene (an essay grade of more than 

99.8% pure; supplied by Fischer Scientific) was placed in an impinger that 

was connected to a second impinger. The latter was used to trap any toluene 

that may have been condensed. A low flow-rate pump (made by SKC, 

model: 222-3) was used to draw a stream from the main air flow into the first 

impinger and through the second one before directing it into the mixing 

chamber.  A flow rate rotameter (model: 98W-051645) was used to control 

this air/toluene mixture. 
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3 Mixing chamber

4 

: The mixing chamber was assembled to receive the dry, 

purified compressed air and the toluene/air mixture.  These two streams were 

made to combine together in one line just before reaching the chamber to 

ensure full mixing.  The mixing chamber was fitted with two outlets; one to 

the sampling part of the experimental set-up and another for venting the 

excess to the outside (through a fume hood vent). The vent was tested 

periodically by Toxic Vapour Analyser TVA1000B (serial no. 11578298) to 

ensure that the toluene concentration in the mixture feed remained constant. 

Sampling trains

5 Toxic Vapour Analyser (TVA-1000B): A TVA-1000B (serial no. 11578298 

of Industrial Scientific) analyzer was used to on-line monitor the toluene 

level in the feed mixture and also effluent from each train. This was 

important to ensure that breakthrough did not take place; otherwise, the 

sampling filter was discarded and not analyzed for its toluene content. The 

Flame Ionization Detector (FID) of the TVA-1000B instrument was only 

: Four sampling trains were assembled to collect 

representative samples of the feed mixture. The first train consisted of a SKC 

sorbent tube (Cat No. 226-330) and low-flow rate sampling pump (provided 

by SKC; model: 222-3). Each of the remaining three trains consisted of a 37-

mm cassette housing one layer of either JK-40 or JK-50 and a low flow 

sampling pump (provided by SKC; model 222-3). Cassettes housing the 3M 

charcoal filter were prepared as described in the aforementioned section. 

Furthermore, each pump was calibrated using the soap bubble method and a 

primary calibration system provided by SKC; model DCL-M (serial no. 

110243).   
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used and calibrated prior and after each run according to the manufacturer’s 

calibration procedure. 

 Photograph  3-9: Preliminary experimental set-up  

 

 

 

  

 

 

 

During the current validation studies, each cassette or sampler was supplied 

with a feed mixture whose composition, temperature, relative humidity, and flow rate 

were known and kept constant during the duration of each experimental run.   

The input feed (influent or input) and output (or effluent) streams from each 

sampler were sampled and their composition was analyzed by the analytical technique 

included on-line TVA-1000B equipped with a flame ionization detector.  

Mass balance calculations around the samplers were always performed so as to 

ensure the reliability of the experimental set-up and of the analytical methods used. 

This was performed by using the following equation: 

FilterfromdesorbedtolueneofMassouttolueneofMassintolueneofMass +=
 

or  mQtCQtC oi +=  ………………………………….. 3.1 

where   Ci = concentration of toluene in feed stream, mg/l 

 Co= concentration of toluene in output stream, mg/l 

            Q = flow rate ml/min  

 m = mass of toluene desorbed from 3M charcoal filter, mg 

              t = sampling time 



61                                                                               

Both parameters Ci and Co were determined by the on-lineTVA-1000B VOC 

analyzer and parameter m by the laboratory analysis of the desorbed toluene from the 

sorbent. Parameter Q was measured by the respective rotameter and t by a stopwatch. 

The difference between calculated and determined values of m could then be obtained 

from: 

 

)]([
)]([

%
oi

oi

CCQt
mCCQt

Difference
−

−−
=  …………………………3.2 

3.3.2.1 Adsorption capability of 3M charcoal filter media  

  Before any validation experiment was conducted, it was imperative to 

determine whether 3M charcoal filter media (i.e. JK40 and JK50) were capable of 

adsorbing the test vapours. This was accomplished by comparing the concentration of 

toluene in an air stream feed to the sorbent to toluene concentration in the effluent 

steam from the pump. The air flow rate of the pump was fixed at 100 ml/minute; which 

was within NIOSH recommended range to collect VOC sampling NIOSH Methods 

1501 and 1500. 

  The set-up employed in this set of experiments was the same set-up described 

above, and the experimental procedure may be summarized as follows: 

1. The air flow through the compressor and impingers under the laboratory 

ambient conditions. The air flow was manipulated to obtain the desired value 

of initial concentration of toluene Ci in the inlet air stream. This concentration 

of toluene in the feed stream was ranged from 89 to 147 ppm. 

2. The value of Ci was further determined by the TVA-1000B VOC analyzer, 

which was connected onto the test manifold as illustrated above.   
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3. TVA-1000B VOC analyzer was alternately connected to the outlet of each 

sample pump to determine the toluene concentration in the exit air stream in 

each case. In each experiment run, the air flow rate through each sampling 

pump was set at 100 ml/min for a time period of 60 minutes. 

  The results obtained are listed in Table 3.7 and they indicate that the 3M 

charcoal filter media are effective adsorbent of toluene under the prevailing conditions.  

Table  3-6:   Results of adsorption capability of 3M charcoal filter  

Flow rate 
(Q) 

ml/minute 

Duration 
(t) 

 minutes 

Ci of toluene 
measured by 

TVA Analyzer 
ppm 

Co of toluene 
measured by  
TVA Analyzer 

ppm 

Mass desorbed 
from JK 

determined 
(µg) 

Mass 
calculated 

from Ci 
(µg) 

Difference% 
(refer to 

Equations 3.1 
and 3.2) 

100 60 109 Not detected 2,291  2464 7 

100 60 89 Not detected 2,136  2012 -6 

100 60 122 Not detected 2,535  2757 8 

100 60 147 Not detected 3,201 3322 4 

   

        The last column of Table 3.7 shows the results of applying the mass balance 

equation (Equation 3.2) to the experimental data. With such differences that ranged 

from -6 to 8% which were within the experimental errors, it could be concluded that the 

system was free of leaks and the 3M charcoal filter media are capable in adsorbing 

toluene at different concentrations. 

3.3.2.2 Validation procedure 

The validation of the JK50 and JK40 was established against the conventional 

NIOSH sorbent tubes (e.g. SKC sorbent tube).  SKC sorbent tubes (Cat. No. 226-330; 

50/100 mg) were used throughout this set of experiments. The following include the 

experiment procedures: 

1. A feed mixture of toluene in air was prepared as described above.  
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2. The 3M charcoal filter media was prepared for sampling by inserting the 37-

mm of JK50 or JK40 filter media into the SKC blank cassettes. 

3. By manipulation of the flow rate of air through the compressor and impingers 

at the laboratory ambient conditions, it was possible to generate several 

values of the initial concentration of toluene in the influent. 

4. A stream of the prepared mixture (toluene and air) was allowed to pass 

through SKC sorbent tubes and at the same time through the cassettes 

housing JK50 or JK40 for the same periods of time under laboratory ambient 

conditions of temperature and relative humidity; 22 ± 2°C and 34 ± 2%, 

respectively. 

5. Sampling periods attempted were 15, 30, 45, and 60 minutes. 

6. According to NIOSH Methods 1501 and 1500, flow rates did not exceed 100 

ml/minutes. Thus, two flow rate values, namely 50 or 100 ml/minute were 

used. 

7. The initial concentration of toluene in the feed was measured by the TVA-

1000B VOC analyzer. The concentration was found in the range between 40 

and 200 ppm, i.e., within several orders of the permissible exposure limit of 

the material (50 ppm).  

8. At the termination of each experiment, SKC sorbent tubes and 3M charcoal 

cassettes filters were separated from the set-up, labelled, sealed and 

refrigerated before they were analysed in another laboratory for their content 

of toluene according to NIOSH Methods 1501 and 1500. 

In each experiment run, three sample trains were mainly used (refer to Figure 

3.6). Sampling pump no. 3 was dedicated to SKC standard sorbent tubes, while pumps 

4 and 5 were for either JK50 or JK40. An additional sampling train was included in the 
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experimental set-up as a standby in the case of any misfortune of the used sampling 

trains. 

3.4  Results and discussion of validation experiments 

The results of the validation experiments are summarized in Figures 3.7 and 3.8 

for JK50 and JK40, respectively, and also in Tables 3.7 and 3.8.    

Table  3-7:  Adsorption of JK50 Vs conventional SKC sorbent tubes 

Run No. Air Sampling media  Pump No. flow rate 
ml/min 

Time, 
minutes 

Volume, 
ml 

 Mass 
desorbed µg 

1 SKC pump 3  
50 

 
15 
  

 
750 

  

250.9 
JK50-400 pump 4 280.6 
JK50-400 pump 5 321.0 

2 SKC pump 3 50  
30 
  

 
1,500 

  

686.5 
JK50-400 pump 4 829.0 
JK50-400 pump 5 529.4 

3 SKC pump 3 
50 

 
45 
  

 
2,250 

  

1090.9 
JK50-400 pump 4 1207.4 
JK50-400 pump 5 1088.8 

4 SKC Pump 3 50 
 

 
 60 
  

 
3,000  

  

2159.2 
JK50-400 pump 4 2009.6 
JK50-400 pump 5 1902.0 

5 SKC pump 3  
100 

 
15  
  

 
1,500  

  

917.1 
JK50-400 pump 4 862.9 
JK50-400 pump 5 862.9 

6 SKC pump 3  
100 

 

 
 30 
  

 
3,000  

  

1906.1 

JK50-400 pump 4 1808.8 
JK50-400 pump 5 1761.3 

 

           As indicated in Table 3.7 the mass recovered of toluene from SKC and JK50 is 

comparable in all experimental runs. It was found a slight variation in collected mass in 

each run which is within experimental errors. The highest difference of mass recovered 

between SKC and JK50 was recorded in experimental run number 4. In this run, the 

mass desorbed was 1902 µg and 2159µg for pump 5 (JK50) and pump number 3 (SKC) 

respectively. This minor variation in adsorption is expected and considered as 

experimental errors. 
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        Experimental run number 3 showed that toluene desorbed from pump number 

4(JK50) is higher than pump 3(SKC) and pump 5(JK50). However, mass recovered of 

toluene from both sampling media in the later pumps was 1089 µg. This means the 

adsorption efficiency of JK50 and SKC is almost the same. This result revealed that the 

JK50 filter has similar adsorption capacity as SKC sorbent tube.  

 

Table  3-8:  Adsorption of JK40 against conventional SKC sorbent tubes 

Run no. 
Air Sampling media Pump no. Flow rate 

ml/min 
Time, 

minutes 
Volume, 

ml 
mass, 

µg 
1 SKC pump 3  

50 
 

15 
 

750 
162.6 

JK40-300 pump 4 189.8 
JK40-300 pump 5 173.2 

2 SKC pump 3  
50 

 
30 

 
1,500 

434.6 
JK40-300 pump 4 466.6 
JK40-300 pump 5 400.2 

    
3 SKC pump 3 

50 

 
45 

 

 
2,250 

 

1,574.7 
JK40-300 pump 4 1,608.7 
JK40-300 pump 5 1,635.1 

4 SKC pump 3 
50 60 3,000 

1,598.2 
JK40-300 pump 4 1,684.0 
JK40-300 pump 5 1,580.6 

5 SKC pump 3 
100 15 1,500 

810.2 
JK40-300 pump 4 837.5 
JK40-300 pump 5 819.5 

6 SKC pump 3 
100 

 
30 

3000 
 
 

1,441.5 
JK40-300 pump 4 1,365.4 
JK40-300 pump 5 1,395.1 

 

                Table 3.8 illustrates the adsorption comparison between SKC sorbent tube 

and JK40 at different concentrations, flow rate and sampling period. The result showed 

the mass recovered of toluene from JK40 and SKC are almost the same at different 

experimental runs. In fact the variation of the collected mass of toluene between the 

different experimental runs did not exceed 40 µg except in run number 4 where the 

difference between pump 3 (SKC) and pump 4 (JK40) was 86 µg. This is due to some 

experimental errors such as train connection, pump calibration or analysis of sample,   
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Further, the mass recovered or desorbed from JK50 and JK40 filters in a given 

experimental run was plotted with the mass recovered or desorbed from the SKC 

sorbent tubes in the same experiment run as shown in Figures below.   

 

Figure  3-7: Mass of toluene desorbed from JK50 filter and SKC sorbent tubes 
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             Experimental conditions: 
1:  Q=50 ml/min; t=15 min, Ci=89 ppm 
2:  Q=50 ml/min; t=30 min, Ci=121 ppm 
3:  Q=50 ml/min; t=45 min, Ci=129 ppm 
4:  Q=50 ml/min; t=60 min, Ci=191 ppm 
5:  Q=100 ml/min; t=15 min, Ci=165 ppm 
6:  Q=100 ml/min; t=30 min, Ci=171 ppm 
 

Figure  3-8 : Mass of toluene desorbed from JK40 filter and SKC sorbent tubes 
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     Experimental conditions: 

1:  Q=50 ml/min; t=15 min, Ci=65 ppm 
2:  Q=50 ml/min; t=30 min, Ci=85 ppm 
3:  Q=50 ml/min; t=45 min, Ci=200 ppm 
4:  Q=50 ml/min; t=60 min, Ci=160 ppm 
5:  Q=100 ml/min; t=15 min, Ci=150 ppm 
6:  Q=100 ml/min; t=30 min, Ci=130 ppm 
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Figure 3.7 shows the mass collected by the train that included sampling pumps 

4 and 5 of JK 50 and sample from the train utilized pump 3, i.e., that included the 

standard SKC sorbent tubes.  It is clear that the adsorption level is almost the same with 

minimal difference that could be attributed to the experimental errors. Similarly, Figure 

3.8 shows results of the mass collected by sampling pumps 4 and 5 of JK40 against 

sampling pump 3 (i.e. SKC sorbent tube).  

Comparison between differences in adsorption level of JK50 and JK 40 against 

SKC showed the difference of collected mass between JK40 and SKC is less than the 

ones between JK50 and SKC in each in the same experimental run.  However, these 

two figures revealed that the adsorption of JK 40 and JK50 is comparable to the SKC 

sorbent tube with some experimental errors such as analysis or train connections errors 

and pump calibrations.  

As indicated, variation is minimal among the obtained results. This may also be 

illustrated by representing the results on a 45 degree plot for JK50 and JK40 against 

SKC sorbent tube as shown in Figure 3.9 and Figure 3.10 respectively. The x-axis of 

aforementioned figures represents the mass desorbed from SKC sorbent tubes for a 

given set of experimental conditions while the y-axis represents the mass desorbed 

from JK40 and JK50 filters respectively at the same conditions.  
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Figure  3-9: Mass of toluene desorbed from JK50 vs SKC 
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Figure  3-10: Mass of toluene desorbed from JK40 vs SKC 

Validation of JK-40

0

500

1,000

1,500

2,000

2,500

0 500 1,000 1,500 2,000 2,500

mass desorbed, µg (SKC)

m
as

s 
de

so
rb

ed
, µ

g 
(J

K
40

)

SKC JK40
 

  

            Linear statistical analysis of the data produced a regression coefficient of 0.99 

indicating excellent correlation between the results of both (JK50 and JK40) and SKC 

sorbent.  Furthermore, the paired t-test was performed for 3M charcoal filter media and 

SKC sorbent using online software package (http://www.graphpad.com). 
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          The results of paired t-test demonstrated that the two-tailed P value equals 0.3611 

for JK40 filter and SKC sorbent tubes, the mean difference between the JK40 and SKC 

sorbent equals to 23.50, df= 5, t=1.3434 and standard error = 17.5 . This difference is 

considered to be not statistically significant. On the other hand the two-tailed P value 

equals 0.3143 for JK50 filter and SKC sorbent tube, the mean difference between the 

JK50 and SKC sorbent equals to 46.40, df= 5, t=1.118 and standard error = 41.5. This 

difference also is considered to be not statistically significant  

3.5  Summary and conclusions  

The aim of this chapter was two-fold; the first was to furnish the compositional 

and surface properties of the 3M charcoal media (JK50 and JK40). These properties 

included the chemical composition of the materials, specific surface area, pore volume, 

and particle size distribution. The results of X-ray spectra analysis for the JK50 and 

JK40 particulates showed that the composition of 3M charcoal filter was >99 % carbon 

with trace amount of oxygen(O) and potassium(K). The presence of K and O could be 

resulted of 3M charcoal media manufacturing process. On another hand, the result of 

organic solvent analysis (toluene, xylene, benzene and n-hexane) for blank samples of 

3M charcoal media showed that the filter is free of air contaminant. The highest reading 

was 6ug for xylene, 4ug for toluene, <0.3µg for benzene and 4ug for n-hexane. The 

FTIR spectroscopy analysis of top and bottom fabric layers of 3M charcoal filter media 

is composed of polypropylene homopolymer and is composed of mainly of carbon with 

trace element and oxygen. It is assumed this fabric material will not interfere with 

adsorption of 3M charcoal filters.    

The results of NOVA analysis showed that the average surface areas values of 

3M charcoal filter ranged from 1191 to 1288 m2/g which falls well within the typical 
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range from 500 to1400 m2/g.  The average total pore volume of 3M charcoal filter was 

between 0.504 and 0.520 (cc/g). The pore average diameters were in range between 16 

and 17 ºA or from 1.6 to 1.7 nm which is less than 2 nm. The average particle size of 

both types of JK50 and JK40 ranged from 536 to 539 µm while SKC was 688µm. 

The second purpose was to conduct preliminary experiments to validate JK50 

and JK40 for occupational hygiene field work. This was necessary before elaborate, 

more involved experiments were conducted following NIOSH protocol for validating 

new air sampling media. Accordingly, JK50 and JK40 filters were tested for their 

suitability to effectively collect airborne organic vapours and at the same time a 

complete recovery or desorption of the vapours could be achieved for analysis. 

Validation was performed against the conventional NIOSH sorbent tube (e.g. SKC 

sorbent tubes) (Cat No. 226-330) which acted as a standard reference. The scheme was 

to use JK50 and JK40 and SKC to collect toluene vapour (the sole organic vapour 

employed in this set of experiments) from air stream under the same conditions of 

volumetric flow rate of air, initial concentration of toluene in the air stream and 

ambient temperature and humidity. The toluene concentration varied from 65 ppm to 

201 ppm. The results indicated that both SKC and 3M charcoal filters (JK50 and JK40) 

adsorbed similar mass of toluene at each experimental run. Therefore, it is concluded 

that the 3M charcoal filter media (JK50 and JK40) are suitable for collecting organic 

vapours from air stream, which could be recovered for further analysis. 
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Chapter 4 

4 Desorption Efficiency of 3M Charcoal 

Filter Media 

4.1 Introduction 

Determination desorption efficiency is employed as a correction factor to be 

used in the analytical result to determine the actual amount of analytes present in the 

sampling media. 

The objectives of this chapter are to describe the methodology and procedures 

to determine Desorption Efficiency (DE) of the 3M charcoal media (JK50) with respect 

to several organic solvents of occupational hygiene importance, study the effect of 

relevant factors (e.g., mass of adsorbate, storage period, the presence of analytes in 

mixtures and humidity) on DE and present and discuss the results. This chapter 

documents experiments of measuring DE of JK50 filter. However, JK40 results are 

illustrated in Appendix C.  

Another parameter that may also influence recovery or desorption efficiencies 

include temperature. Variation of temperature may only be encountered in the field 

during sampling, and its influence is limited to the process of the collection of the 

sample. 
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4.2 Methodology 

As discussed in Chapter 2, there were many methods to determine the 

desorption efficiency for a particular combination of adsorbate and sorbent (Krajewski, 

et al.,1980).  In the current study however, the analyte spiking or static direct injection 

method was employed due to its straightforwardness and simplicity. In addition, it is 

known to produce results that are comparable to those produced by other elaborated 

methods (Gonzalez and Levine, 1987). Saalwaechter et al.,(1977) used the spiking 

method in studying desorption efficiency with known mass of solvent by microsyringe 

injection and storing for around 24 hrs in a well sealed container to allow for 

equilibrium. 

Further, the analytical method described by NIOSH Methods 1501 and 1500 

were used to desorbing the analyte from the sorbent for quantitative analysis by gas 

chromatography (Kennedy et al., 1998). As recommended by Method No. 1501 of 

NIOSH, special grade of carbon disulphide (CS2), from Fisher Scientific, was the 

desorbing agent of choice under the current combinations, i.e., non-polar organic 

solvents as analytes and activated charcoal as the sorbent.  Non special grade of CS2 

includes traces of benzene that may interfere with benzene analysis at very low loading 

level (Levine et al., 1986). The special grade of CS2 gives high desorption efficiency 

and no effect of the presence of other compounds (Posner and Okenfuse, 1981). The 

desorption efficiency for the non-polar materials with CS2 as desorbing solvent is 

usually 100% while the polar is less than ideal (Pozzoli et al., 1982). 
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4.2.1 Desorption efficiency of the 3M charcoal filter media and 

storage stability 

        The liquid phase injection method procedure that was used to determine 

desorption efficiency of the 3M charcoal filter media. The following include 

preparation procedures of the desorption efficiency study: 

1. Prepare 37-mm disks of JK50 filters as explained in chapter 3. 

2. Maintain the JK50 filters in desiccators and dry with “Anhydrous calcium 

sulphate, stock number 23001” for 12-hours to ensure they were dry.  

3. Place individual disks of JK50  in four sets of 3.7 ml glass vials, each comprised 

of five vials that are sealed with a rubber septum.  Each set was reserved to one 

of the four analytes attempted (toluene, benzene, n-hexane and xylenes), and 

each vial for a given storage time period from 1 day to 21 days. 

4. Using a microsyringe (provided by Hamilton, Inc), measured volumes "1 µl, 5 

µl, 10 µl, 20µl and 25µl" of the analyte in concern were injected through the 

rubber septum into the vials at several points whenever it was possible. The  

injected volumes of an analyte were measured so that they were equivalent to 

sampling concentrations of 0.1, 0.5, 1.0 and 2.0 times the respective threshold 

limit value (TLV) for about 8-hour at a typical flow rate of 100 ml/min for 

activated charcoal as per NIOSH recommended procedures  (Kennedy et al., 

1998). The volumes were converted to mass through density calculations at the  

laboratory temperature (22± 2ºC).(For calculation see Appendix B) 

5. For determining desorption efficiency, the vials were analyzed within one day 

in accordance to NIOSH Methods 1501 and 1500, where carbon disulfide (CS2) 

was the desorbing agent. 
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6. Samples were desorbed from JK50 filters using 2ml of CS2. Filter was 

manipulated by the syringe to ensure CS2 was covering it. 

7. Place the vials in shaker for one hour to ensure the entire analyte is desorbed by 

CS2 and it reaches equilibrium at room temperature (Severs and Skory, 1975).  

8. Part of the extract was transferred to 1- ml using glass pipette.  These vials were 

placed into the GC auto sampler for analysis.  

9. To study the effect of storage periods that may stimulate the time taken in 

sample preparation, shipping and receiving on the desorption efficiency; some 

of the injected vials were analyzed once they reached the prescribed storage 

time period. Five sets of spiked samplers (of each type) were prepared and then 

analyzed after predetermined periods of time.  One objective of the latter was to 

test the storage stability of the adsorbate collected on the 3M charcoal filter 

media.  In addition to the one-day storage, other periods included 3 days, 7 days 

(i.e., one week), 14 days (i.e., 2 weeks) and 21 days (three weeks) were stored 

in refrigerator before desorption and analysis were performed. As recommended 

by NIOSH, the condition of storage is determined by the nature of the adsorbate 

(Kennedy et al., 1998). Refrigeration should reduce sample decomposition. It is 

a recommended to store the sample in refrigerator at 4°C in case the analysis 

cannot be done immediately (Saalwaechter et al., 1977).  Each experiment was 

repeated three times, and the results were averaged. The photographs of the 

above steps are illustrated in Appendix A. 

4.2.2 Adsorbates used 

Four adsorbates of interest to occupational hygienists were attempted, and these 

were toluene, benzene, n-hexane and xylenes (a standard mixture of orth- and meta-
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xylenes). All these adsorbates were obtained from Fisher Scientific with purity more 

than 99.8%.   

4.2.3 Co-adsorption: simultaneous sampling  

The 3M charcoal filter media may be used in typical field conditions to collect 

more than one analyte at the same time. Therefore, it was imperative to study the effect 

of the presence of several adsorbates at the same time on desorption efficiency of JK50 

with respect to each analyte and the storage stability of the analyte on each. Quadruple 

mixtures of selected adsorbates were injected in the same vials. The vials were then 

analyzed in the same manner as described above. 

In each case of the above, each combination of the injected volumes of 

adsorbate mixtures simultaneously represented what was equivalent to sampling 

concentrations of 0.1, 0.5, 1.0 or 2.0 times the  TLV of each adsorbate for about 8-hour 

at typical flow rate of 100 ml/min for activated carbon. In other words, one mixture 

attempted contained 0.1 times the TLV of each of toluene, benzene, n-hexane and 

xylenes, and so on. 

Tables 4.1 and 4.2 summarize the conditions of loading and storage time period 

for each analyte, both as single components or in mixtures. 
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Table  4-1:  Experimental conditions of single loading and storage time period for analytes 

Analyte(s) 
loadings* Storage time 

periods 
Days µl µg 

Toluene (T) 

1.00 867.0 1, 3, 7, 14, 21  
5. 00 4,335.0 1, 3, 7, 14, 21 
10.00 8,670.0 1, 3, 7, 14, 21 
20.00 17,340.0 1, 3, 7, 14, 21 

Benzene (B) 
0.10 86.2 1, 3, 7, 14, 21 
0.15 129.3 1, 3, 7, 14, 21 
0.20 172.4 1, 3, 7, 14, 21 

n-Hexane (H) 

1.00 656.0 1, 3, 7, 14, 21 
5.00 3,280.0 1, 3, 7, 14, 21 

15.00 9,840.0 1, 3, 7, 14, 21 
25.00 16,400.0 1, 3, 7, 14, 21 

Xylenes (X) 

2.00 1,728.0 1, 3, 7, 14, 21 
5.00 4,320.0 1, 3, 7, 14, 21 

20.00 12,960.0 1, 3, 7, 14, 21 
25.00 21,600.0 1, 3, 7, 14, 21 

* Each experiment was repeated three times at ambient laboratory conditions (22±2ºC and 34±2RH). 

Table  4-2:  Experimental conditions of co-loading and storage time period for analytes  

Analyte(s) loadings* Storage time 
periods 

Days µl µg 

T+B+H +X 1.00+ (none)+1.00+2.00 867.0+(0)+ 656.0+1,728.0  1, 3, 7, 14, 21 
T+B+H+X 5.00+0.100 +5.00+5.00  4,335.0+86.2+3,280.0+ 4,320.0        1, 3, 7, 14, 21 
T+B+H+X 10.00+0.15+15.00+20.00 8,670.0+129.3+9,840.0+12,960.0    1, 3, 7, 14, 21 
T+B+H+X 20.00+ 0.20+25.00+25.00 17,340.0+172.4+16,400.0+21,600.0   1, 3, 7, 14, 21 

* Each experiment was repeated three times at ambient laboratory conditions (22±2ºC and 34±2RH) 

4.2.4 Effect of water on desorption efficiency 

The effect of water on desorption efficiency of JK50 filter of toluene, as an 

example for other analytes, was investigated. The procedure that was followed 

consisted of the following steps where toluene was used: 

1. Three sets of 37-mm JK50 filters placed in vials were spiked directly with 

equivalent amounts to 0.1 and 2.0 TLV of toluene as in section 4.2.1. 

2. Equivalent amounts of water to 10 and 80% RH of water were injected only to 

two sets. These are listed in Table 4.3. 

3. The spiked samplers were maintained and stored at the laboratory temperature 

(i.e., 22 ±2ºC). 

4. The three sets were analyzed within one day at laboratory temperature. 
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5. Each experiment was repeated three times, and the results were averaged. 

               Table  4-3:  Experimental conditions of studying the effect of humidity on adsorption 

No. of set loadings 
Toluene, µl Volume of water µl Storage time 

 Set #1 
1 No water One day 

20 No water One day 

 Set #2 
1 95 One day 

20 95 One day 

 Set #3 
1 760 One day 

20 760 One day 

4.2.5 Gas Chromatograph calibration for desorption experiments  

Similarly to the validation experiments, all analyses were performed on a 

Hewlett Packard 6890 Series GC equipped with flame ionization detector (FID) and 

7683A auto sampler (HP, Pa). The column was a 60 m x 530 µm x 1.50 µm nominal 

capillary separation column made of fused silica (non-polar type) and provided by 

J&W Scientific. Hydrogen required for the operation of the FID was generated by 

hydrogen generator: PACKARD (A Canberra Company)–Model 9200.  Combustion air 

was supplied under pressure from the laboratory compressor room and passed through 

gas purifiers. Carrier gas helium was provided in cylinders by Abdullah Hashem 

Company, Saudi Arabia, (Assay >99.99%). Helium, air and hydrogen flow rates were 

regulated by the system. The GC was calibrated by injecting accurate volumes of the 

pure organic analytes into the injection port of the separation column. The standard 

injection technique recommended by the manufacturer was applied so that repeatable 

peak heights and/or areas were obtained. The instrument conditions were as follows: 

initial oven temperature = 40ºC and was raised to 190ºC at a rate of 12ºC/min, injection 

temperature = 250ºC, FID temperature = 280ºC, hydrogen flow rate 40.0 ml/min, air 

flow rate=400.0 ml/min and helium flow rate = 20.0 ml/min; and injection volume was 
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1 µl (±0.5%). Data were collected using HP GC ChemStation. The GC was calibrated 

for the four analytes that were in concern.  

4.3 Results and discussion 

4.3.1 Desorption efficiency (DE) of JK50 filter  

The desorption efficiency (DE) was determined directly by comparing the total 

mass in micrograms of adsorbate spiked into the sorbent media with the mass desorbed 

or recovered from the media. To isolate the effect of storage time on DE, the media was 

spiked and desorbed within a period not exceeding one day using NIOSH analysis 

Methods 1051 and 1500.    

4.3.1.1  Desorption efficiency of adsorbent- single adsorbate 

Desorption efficiency (DE) is the correction factor that related to the analytical 

results to calculate the actual mass of adsorbate present in the sampler.     

Data showing the dependency efficiency (DE) on the loading of toluene, benzene, 

n-hexane and xylenes onto JK-50 are listed in Tables 4.4 to 4.7, respectively for the 

five storage time intervals attempted. The data are also plotted in Figures 4.1 to 4.4 

where DE is plotted versus storage time and Figures 4.5 to 4.8 where desorbed mass 

(MS) is plotted versus injected mass (MT). The listed and plotted data are only the 

average values of MS of three experimental runs in each case. DE was obtained in each 

case by dividing the average MS values by the injected mass MT. The dotted lines in 

Figures 4.5- 4.8 are the 45º or identical lines which can illustrate the deviation between 

actual results and those of ideal situations, where the amounts of injected and recovered 

analytes are almost equal.  
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           The results showed that DE was generally greater than 85%, which is well 

within NIOSH recommended standard of 75%, which subsequently indicates the 

suitability of JK50 in collecting field samples. Although four compounds were only 

attempted in this study there is strong evidence from similar studies on activated 

charcoal (Feilgy and Chastain, 1982) and (Xiong et al., 1998) that JK50 is potentially 

suitable for other compounds as well. The same result could be applied to JK40.   

Experimental errors may have contributed to obtaining greater than 100% 

desorption efficiencies or recoveries. Vahadat et al., (1995) studied desorption 

efficiency of various adsorbents (e.g. Tenax GR, Carbotrap and Carboxen) and found 

the DE was varied from 84% to 115%.  McCurry et al., (1989) concluded that the MT 

cannot be approved as error free, thus Ms has more error contributed by analysis 

process (e.g. sample and standard preparation, instrumental variations, etc). 

  The 45º line included in Figures 4.5- 4.8 is meant to indicate the deviation 

between actual and ideal situations. In case of ideal conditions the injected and 

recovered amount are equal.   
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Table  4-4: Desorption efficiency results of toluene injection onto JK50 

Storage 
interval, 

days 

Amount 
injected, 

μg 

Solvent 
added 

g 

Amount 
recovered 

μg 

Desorption 
efficiency% 

 

Standard 
deviation % 

1 

867.0 2.52 825.4 95.2 ±5.2 
4,335.0 3,936.2 90.8 ±2.2 
8,670.0 8,869.4 102.3 ±3.6 

17,340.0 16,264.9 93.8 ±16.8 
Average 95.5 ± 4.9 

3 

867.0 2.52 883.5 101.9 ±3.1 
4,335.0 4,087.9 94.3 ±2.3 
8,670.0 7,941.7 91.6 ±3.1 

17,340.0 18,189.7 104.9 ±9.7 
Average 98.2 ± 6.3 

7 

867.0 2.52 
 

795.9 91.8 ±3.1 
4,335.0 4,395.7 101.4 ±8.0 
8670.0 8,063.1 93.0 ±1.8 

17340.0 17,392.0 100.3 ±4.1 
Average 96.6 ± 4.9 

14 

867.0 2.52 760.4 87.7 ±4.6 
4,335.0 4,200.6 96.9 ±4.0 
8,670.0 8,791.4 101.4 ±2.6 

17,340.0 16,785.1 96.8 ±12.8 
Average 95.7 ± 5.7 

21 

867.0 2.52 823.7 95.0 ±3.8 
4,335.0 4,543.1 104.8 ±9.2 
8,670.0 8,349.2 96.3 ±2.7 

17,340.0 17,062.6 98.4 ±4.8 
Average 98.6 ± 4.3 

                    Overall average desorption efficiency = 97% ± 5%, n=20; t=1.70, (no significant difference) for p=0.104 
  

 Table  4-5: Desorption efficiency results of benzene injection onto JK50 

Storage 
interval, 

days 

Amount 
injected, 

μg 

Solvent 
added 

g 

Amount 
recovered 

μg 

Desorption 
efficiency% 

 

Standard 
deviation % 

1 
86.2 2.52 83.4 96.8 ±16.5 

129.3 127.1 98.3 ±8.6 
172.4 163.8 102.30 ±3.6 

Average 99.1 ± 2.8 

3 
86.2 2.52 82.5 95.7 ±15.3 

129.3 123.2 95.3 ±9.2 
172.4 169.5 95.3 ±9.2 

Average 95.4 ± 0.2 

7 
86.2 2.52 87.3 101.3 ±11.0 

129.3 133.8 103.5 ±6.7 
172.4 165.3 95.9 ±6.0 

Average 100.2 ± 3.9 

14 
86.2 2.52 83.4 96.7 ±12.3 

129.3 131.9 102.0 ±11.0 
172.4 180.3 104.6 ±5.5 

Average 101.2 ± 4.0 

21 
86.2 2.52 88.8 103.0 ±11.1 

129.3 132.3 102.3 ±8.8 
172.4 176.2 102.2 ±6.7 

Average 102.5 ± 0.4 
                    Overall average desorption efficiency = 99% ± 3%, n=15; t=0.580, (no significant difference) for p=0.571 
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Table  4-6: Desorption efficiency results of n-hexane injection onto JK50 

Storage 
interval, 

days 

Amount 
injected, 

μg 

Solvent 
added 

g 

Amount 
recovered 

μg 

Desorption 
efficiency% 

Standard 
deviation % 

1 

656.0 2.52 628.4 95.8 ±9.6 
3,280.0 3,240.6 98.8 ±6.6 
9,840.0 9,967.9 101.3 ±1.9 

16,400.0 15,022.4 91.6 ±5.7 
Average 96.9 ± 4.2 

3 

656.0 2.52 556.9 84.9 ±7.1 
3,280.0 2,932.3 89.4 ±7.2 
9,840.0 9,328.3 94.8 ±2.9 

16,400.0 16,760.8 102.2 ±4.5 
Average 92.8 ± 7.4 

7 

656.0  639.6 97.5 ±5.5 
3,280.0 3,457.1 105.4 ±3.6 
9,840.0 9,967.9 101.3 ±4.7 

16,400.0 16,367.2 99.8 ±9.1 
Average 101.0 ± 3.3 

14 

656.0 2.52 687.5 104.8 ±11.6 
3,280.0 3,211.1 97.9 ±9.4 
9,840.0 10,273.0 104.4 ±2.4 

16,400.0 15,727.6 95.9 ±1.4 
Average 100.8 ± 4.5 

21 

656.0 2.52 595.6 90.8 ±11.7 
3,280.0 3,319.4 101.2 ±9.5 
9,840.0 9,515.3 96.7 ±3.8 

16,400.0 16,596.8 101.2 ±6.4 
Average 97.5 ± 4.9 

                      Overall average desorption efficiency = 98% ± 6%, n=20; t=1.447, (no significant difference) for p=0.164 
 

Table  4-7: Desorption efficiency results of xylenes injection onto JK50 

Storage 
interval, 

days 

Amount 
injected, 

μg 

Solvent 
added 

g 

Amount 
recovered 

μg 

Desorption 
efficiency% 

Standard 
deviation % 

1 

1,728.0 2.52 1,790.2 103.60 ±6.7 
4,320.0 4,428.0 102.50 ±7.9 

12,960.0 14,048.6 108.40 ±3.4 
21,600.0 22,680.0 105.00 ±6.2 

Average 104.9 ± 2.6 

3 

1,728.0 2.52 1,698.6 98.30 ±11.8 
4,320.0 4,380.4 101.40 ±4.1 

12,960.0 12,869.2 99.30 ±5.8 
21,600.0 20,304.0 94.00 ±7.7 

Average 98.3 ± 3.1 

7 

1,728.0  1,607.0 93.00 ±7.5 
4,320.0 3,888.0 90.00 ±7.3 

12,960.0 11,923.2 92.00 ±10.0 
21,600.0 23,112.0 107.00 ±8.7 

Average 95.5 ± 7.8 

14 

1,728.0 2.52 1,779.8 103.00 ±10.3 
4,320.0 4,164.4 96.40 ±7.2 

12,960.0 11,793.6 91.00 ±8.6 
21,600.0 21,492.0 99.50 ±10.3 

Average 96.5 ± 5.1 

21 

1,728.0 2.52 1,845.5 106.80 ±8.0 
4,320.0 3,844.8 89.00 ±3.2 

12,960.0 12,623.0 97.40 ±5.3 
21,600.0 21,254.4 98.40 ±5.6 

Average 97.9 ± 7.3 
                  Overall average desorption efficiency = 99% ± 6% , n=20; t=0.482, (no significant difference) for p=0.635 
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Reviewing the above tables demonstrate that the lowest desorption efficiency 

percentage (84.9%) of recovered analyte was recorded for n-hexane at value of 656 μg 

after three days. This low percentage might be due to the sensitivity of DE on MT at 

low values. It was reported that when small amounts of a VOC are injected, significant 

amounts of the VOC may be lost by the heat produced from the exothermic solvent 

adsorption (Dommer and Melcher, 1978). The mechanism of physical adsorption on 

activated charcoal is similar for most organic compounds with variation of adsorption / 

desorption rates (Matteson and Mark, 1971). It may therefore be assumed that the same 

results of high efficiencies could be attained if a dynamic desorption method was 

employed, since equilibrium between the analyte concentration both onto the sorbent 

and in the desorbing phase would be reached no matter from which side equilibrium 

was approached (Dommer and Melcher, 1978). On other hand, McCurry et al., (1989) 

studied desorption efficiency of sampling media by using three spiking methods (liquid 

spiking, vapour spiking and phase equilibrium spiking). They found that the charcoal 

experience more uniform adsorption with vapour (dynamic) method so that more 

micropores are filled with adsorbate. They also concluded that the vapour method and 

liquid method gave similar desorption efficiency values. The best method that produces 

the actual field is the vapour method. In contrary, Rodriguez et al., (1982) found that 

there was no difference between vapour spiking method and liquid spiking method for 

determination of methethyl ketone (MEK) desorption efficiency.  

Since the static approach (liquid spiking) was used in the current study in 

determining desorption efficiencies of the 3M charcoal filter media there was no means 

to control or measure the influence of injection conditions that could represent field 

sample conditions. These conditions may include the design of the collecting sorbent 

container, air flow rate and ambient temperature. The nature of those influences on DE 



83                                                                               

is not well understood (McCurry et al., 1989).  However, if a “total recovery” factor is 

considered to include the effects of those variable factors and the effect of desorption 

efficiency (DE) then the desorption efficiency can be used assuming that it is the most 

significant factor affecting the "total recovery" of compounds collected on a solid 

adsorbent (Dommer and Melcher, 1978).  

 

4.3.1.2  The effect of storage time period on Desorption efficiency of 

adsorbent- single adsorbate 

Generally, the collected air samples from the field are not analysed in the same 

day. Thus, they are stored for later analysis. Some compounds (e.g. cyclohexanone and 

methylethyl ketone) showed loss of 30-40% with storage time for anasorb CSC (Prado 

et al., 2006). Thus, immediate desorption for later analysis if the solution is stable or 

refrigeration the samples may help to prevent losing the analyte (Dommer and Melcher, 

1978).  

The effect of storage periods (from 3 to 21 days) for the 4 single adsorbates 

attempted are listed from Table 4.1 to 4.4. The effect is also plotted in Figures from 

Figure 4.1 to 4.4. These figures illustrate the relationship of DE to analyte loading for 

the five attempted storage time intervals. The results did not show particular trend, and 

it could be concluded that no specific dependency exists between these two variables.  

Accordingly, these results could be expressed by single average for each set. As 

recommended by NIOSH, the t-test for paired data was applied to these data (Kennedy 

et al., 1998). The result showed insignificant effects were produced, and consequently 

it was able to represent all data with as single average. Such averages are shown as 

dotted lines in Figures 4.1-4.4. Since the desorption efficiency is not affected by the 
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analyte amount desorbed, the determination of its value at one concentration level 

seems to be enough (Krajewski et al., 1980)  

        The average values of DE and standard deviation for each analyte are shown at the 

last row of each  Tables from 4.1 to 4.4 and also plotted (dotted lines) in Figures 4.1- 

4.4. These are the average values for all the experimental runs at different conditions of 

loading and storage time interval. This conclusion was possible since the t-test for 

paired data showed insignificant difference among the results of each set.   

                    Figure  4-1: Percentage of desorption efficiency versus MT for 5 storage times for toluene   
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Figure  4-2: Percentage of desorption efficiency versus MT for 5 storage times for benzene 

DE% vs. Storage Time, Benzene, JK50
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                   Figure  4-3: Percentage of desorption efficiency versus MT for 5 storage times for n-hexane  
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            Figure  4-4: Percentage of desorption efficiency versus MT for 5 storage times for xylenes 

               

DE% vs. Storage Time for Xylenes 

80

90

100

110

0 5 10 15 20 25
Storage Time (t), days

De
so

rp
tio

n 
Ef

fic
ie

nc
y%

1uL 5uL 15uL 25uL Linear (Average)

 

           The same result was found in a study by Saalwaechter et al., (1977). They 

concluded that there was no loss of toluene, styrene, trichloroethylene and 
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dichloromethane from charcoal during the storage period. They observed that keeping 

the samples in refrigeration (4°C) should slow sample decomposition.  

4.3.1.3   Effect of analyte loading on desorption efficiency 

The effect of analyte loading on desorption efficiency is illustrated in Figures 

4.5- 4.8.  These figures show the amount of analyte injected (MT) vs. the amount 

recovered (Ms) in each case. The 45º or identification line is also included in these 

figures indicate the degree of variation between experimental and ideal cases.  

Figure  4-5: Mass of analyte injected (MT) vs. mass recovered (Ms), toluene for 5 storage times 

MS vs. MT, Toluene, JK50
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Figure  4-6: Mass of analyte injected (MT) vs. mass recovered (Ms), benzene for 5 storage times 

MS vs. MT, Benzene, JK50
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Figure  4-7: Mass of analyte injected (MT) vs. mass recovered (Ms), n-hexane for 5 storage times 

MS vs. MT, n-Hexane, JK50
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Figure  4-8: Mass of analyte injected (MT) vs. mass recovered (Ms), xylenes for 5 storage times 

MS vs.MT for Xylenes, JK50
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The conclusion that DE is invariant with loading agrees with the large body of 

similar experimental studies.  Similar results were obtained from previous studies 

(White et al., 1970; Burnett, 1976; Posner, 1980; Krajewski et al., 1980). 

Other authors reported that the desorption efficiency has a direct relation to the 

amount loading. Posner and Okenfuss (1981) concluded that desorption efficiency 

increases with loading. This is in agreement with Saalwaechter et al., (1977), they 

reported that desorption efficiency decreases as the loading decrease. Ballesta et al., 

(1995) concluded desorption efficiency of toluene, hexane, methyl ethyl ketone and 

ethyl acetate decreases with decreasing the level of analytes on the charcoal.  

4.3.2 The effect of co-adsorption on desorption efficiency  

4.3.2.1  Desorption efficiency and stability of co-adsorption  

Desorption efficiency (DE) results of co-adsorption and storage stability of 

samples over the studied storage time intervals are listed in Tables from 4.8 to 4.11 for 
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the four analytes.  The results shown are the average of three runs in each case. The t- 

test for paired data was applied to determine whether co-adsorption had an effect of DE 

on JK50.  This statistical analysis was performed using on-line software packages 

(http://graphpad.com) and the tables show that there were no significant differences on 

adsorption between the presence and /or absence of other compounds.  

    Table  4-8: Comparison between desorption efficiency of toluene in single Vs mixture onto JK50 

 
Amount 

Injected, μg 
Storage period, 

days 
Desorption Efficiency% 

(Single Injection) 
Desorption Efficiency% 

(in mixture) 

867.0 
 

1 95.20 92.7 
3 101.90 98.5 
7 91.80 97.8 

14 87.70 102.8 
21 95.00 109.3 

4335.0 

1 90.80 99.4 
3 94.30 90.1 
7 101.40 95.9 

14 96.90 101.1 
21 104.80 103.8 

8670.0 

1 102.30 91.4 
3 91.60 102.4 
7 93.00 95.8 

14 101.40 90.3 
21 96.30 100.4 

17340.0 

1 93.80 88.9 
3 104.90 102.6 
7 100.30 94.8 

14 96.80 98.6 
21 98.40 105.6 

         Overall average desorption efficiency (single) = 97% ± 5%, Overall average desorption efficiency (mixture) = 98% ± 6% ,n=20; t=0.69  
          (no significant difference) for p=0.495 

Table  4-9: Comparison between desorption efficiency of  benzene in single Vs mixture onto JK50 

Amount 
Injected, μg 

Storag
e 

period, 
days 

Desorption Efficiency% 
(Single Injection) 

Desorption Efficiency% 
(in mixture) 

86.20 

1 96.8 90.3 
3 95.7 99.3 
7 101.3 95.3 

14 96.7 103.6 
21 103.0 106 

129.3 

1 98.3 95.3 
3 95.3 89.6 
7 103.5 91.6 

14 102.0 106.3 
21 102.3 104.6 

172.4 

1 95.0 89.3 
3 98.3 99.9 
7 95.9 91.3 

14 104.6 98.6 
21 102.2 103.6 

           Overall average desorption efficiency (single) = 99% ± 3%, Overall average desorption efficiency (mixture) = 98% ± 6%, n=15;  
            t=1.267 (no significant difference) for p=0.226 
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Table  4-10: Comparison between desorption efficiency of n-hexane in single Vs mixture onto JK50 

Amount 
Injected, μg 

Storage 
period, 
days 

Desorption Efficiency% 
(Single Injection) 

Desorption Efficiency% 
(in mixture) 

565.0 1 95.8 101.2 
3 84.9 91.3 
7 97.5 95.1 
14 104.8 98.7 
21 90.8 92.3 

3,280.0 1 98.8 89.3 
3 89.4 92.3 
7 105.4 99.3 
14 97.9 104.3 
21 101.2 98.3 

9,840.0 1 101.3 99.3 
3 94.8 89.3 
7 101.3 88.3 
14 104.4 95.3 
21 96.7 103.2 

16,400.0 1 91.6 93.3 
3 102.2 100.3 
7 99.8 92.3 
14 95.9 90.2 
21 101.2 103.3 

        Overall average desorption efficiency (single) = 98% ± 6%,Overall average desorption efficiency (mixture) = 96% ± 5% 
         n=20; t=1.479 (no significant difference) for p=0.155 
 

           Table  4-11: Comparison between desorption efficiency of xylene in single Vs mixture onto JK50 

Amount 
Injected, μg 

Storage 
period, 
days 

Desorption Efficiency% 
(Single Injection) 

Desorption Efficiency% 
(in mixture) 

1728.0 

1 103.60 95.2 
3 98.30 91.3 
7 93.00 103.3 
14 103.00 89.3 
21 106.80 101.2 

4320.0 

1 102.50 95.3 
3 101.40 88.3 
7 90.00 98.6 
14 96.40 102.3 
21 89.00 95.3 

12,960.0 

1 108.40 100.2 
3 99.30 95.6 
7 92.00 101.3 
14 91.00 95.6 
21 97.40 98.3 

21,600.0 

1 105.00 93.2 
3 94.00 97.5 
7 107.00 102.3 
14 99.50 106 
21 98.40 96 

         Overall average desorption efficiency (single) = 99% ± 6%, Overall average desorption efficiency (mixture) = 97% ± 5% 
         n=20; t=0.578 (no significant difference) for p=0.570 
 
 
 
 

The invariant results with or without co-adsorption are in agreement with 

previous studies. White et al., (1970) found in the study for fourteen organic 
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compounds that the presence of other co-adsorbed on the charcoal did not have a 

significant effect on desorption of any compound). Similar conclusion was reported by 

Posner (1981) found there were no noticeable interactions between the examined non-

polar compounds and as a result DE was independent of the presence or absence of 

other compounds. Another study by Posner (1980) claimed that the dependency of DE 

on the presence of other compounds is unique to non-polar compounds. This might be 

explained by the forces between non polar compounds are small and weak (Posner and 

Okenfuss, 1981). 

The t-test for paired data was also performed on results associated with different 

storage time intervals, and showed no significant statistical differences. Therefore, it 

was possible to deal with all the results as if they belong to the same population.  

4.3.3 The effect of water on desorption efficiency  

Water (i.e. humidity) may affect adsorption of analytes onto activated carbons 

due competition between the analyte molecules and those of water for the available 

active sites. The effect of co-adsorption of humidity or water along with toluene onto 

JK50 on the toluene recovery or adsorption efficiency is shown in Table 4.12.  

Table  4-12: Effect of water on desorption efficiency, toluene  

Water level  

(H2O) 
JK 50 

Spiked level, 
µl 

Spiked, 
µg  Desorbed level, µl 

Desorbed, 
µg 

Desorption efficiency 
% 

0 µl H2O 1 867.0 1.0 841.2 97 

0 µl H2O 20 17340 17.9 15500 89 

96 µl H2O 1 867.0 0.9 791.2 91 

96 µl H2O 20 17340 17.1 14800 85 

760 µl H2O 1 867.0 0.9 793 91 

760 µl H2O 20 17340 17.7 15350 89 
               Overall average desorption efficiency = 90% ± 4%,  n=6; t=2.314 (no significant difference) for p=0.068. 
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As seen from Table 4.12, there was no specific trend in the results obtained with 

the presence water or the lack thereof. This means that the water did not affect toluene 

adsorption /desorption efficiency of JK50. These results agreed with previous studies 

where water did not influence recovery of organic adsorbates unless it was co-adsorbed 

with amounts equivalent to relative humidity. Anderson et al., (1984) found that the 

presence of water did not affect DE for aromatic hydrocarbons, esters, methyl 

cellosolve. Rudling and Bjorkholm (1986) reported that the water can decrease 

desorption efficiency of polar compounds in an unexpected way. Being a polar 

compound, water has poor adsorption capacities with non-polar sorbent materials such 

as activated carbons (e.g., JK50) particularly in the presence of non-polar adsorbates; 

e.g., toluene and n-hexane. It was reported that the adsorption efficiency of activated 

charcoal did not change by relative humidity as the charcoal in non polar material 

(Cropper and kaminsky, 1963). Saalwaechter et al., (1977) found that the high relative 

humidity (94%) does affect the breakthrough volume of toluene. They reported that the 

charcoal has more affinity for toluene than water, the displacement of toluene by water 

occurs too slowly to be completed. Melcher et al., (1978) reported that the presence of 

high humidity environment during analyte collection may produce low recoveries for 

the compounds which are easily hydrolyzed.  

The t-test was applied to the data presented in Table 4.12 in order to test the 

hypothesis that the adsorption efficiency in the presence and absence of water did not 

differ. The results of the paired t-test showed no significant difference between the two 

groups and the data belonged to the same pool. 
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4.4 Summary and conclusions  

3M charcoal filter media (JK-50) is a material which consists of activated 

charcoal and provided by 3M Company. Activated carbons are frequently used to 

collect samples of volatile organic compounds. Thus, a desorption efficiency study was 

accomplished by solvent extraction.  In this study, desorption efficiency of JK50 was 

investigated with respect to four volatile organic compounds of occupational hygiene 

interest, namely, toluene, benzene, n-hexane and xylenes. Direct injection method of 

analytes was used throughout the study, where adsorbed analytes were desorbed by 

carbon disulfide (CS2) and then analyzed by means of calibrated GC. Amounts of 

analytes injected were equivalent in each case to air concentrations of 0.1, 0.5, 1.0 and 

2.0 times the respective TLV for about 8-hour at a typical flow rate of 100 ml/min. 

The effect of analyte loading, storage time interval and co-adsorption on the 

desorption efficiency of JK50 was determined.  It was found that desorption efficiency 

of JK50 under all conditions attempted exceeded 85%, this is well within NIOSH 

recommended limit for effective sorbent materials. The same conclusions were found, 

where no dependency of desorption efficiency was noted in all cases within the range 

of loading employed and for the storage time interval (up to 21 days) in refrigerator. 

Values of desorption efficiency did not seem to depend on the type of analyte, loading, 

.These results were also found to hold in case of co-adsorption of the analytes.  

Finally the effect of water (i.e., humidity) on adsorption /desorption efficiency 

onto and from activated carbon did not show any significant effect. Since activated 

charcoal, analytes used and carbon disulfide are all non-polar substances. The effect of 

humidity is assumed to be negligible on the current adsorption/desorption processes, 

and consequently on the determined desorption efficiencies. 
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While the work described in this chapter pertains to the indicated volatile 

organic compounds in a carbon disulfide/ 3M charcoal filter media (JK50), it is 

believed that the method can be extended to other organic solvents and to JK40. This 

makes JK50 an ideal sorbent for long-term personal or area exposure monitoring 

VOCs. 
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Chapter 5 

5 Breakthrough Experiments 

5.1 Introduction 

The 3M Charcoal filter media JK50 and JK40 were proposed to collect organic 

vapours in air for occupational hygiene applications. To determine their feasibility as 

adsorbent of the volatile organic vapours (VOCs) of JK50 and JK40 correctly, the 

maximum time or volume that air could be sampled for given conditions without 

breakthrough must be known. The present chapter focuses on the experiments and 

experimental set-up that were devised and used to determine the breakthrough time and 

volume of JK50 and JK40. Toluene and n-hexane were selected as typical 

representatives for VOCs; toluene for aromatic compounds and n-hexane for aliphatic 

ones. 

The effects of factors that may influence the course of breakthrough are also 

investigated. These factors included the concentration of the analyte in air, air 

volumetric flow rate, the mass of sorbent material, temperature and relative humidity. 

Further, the experimental results were presented in light of applicable theories and 

models of adsorption. 

The first sections of the current chapter present the results that are obtained 

using JK50 and JK40. As will be seen, those results are very similar, and therefore 

JK40 was dropped in later sections from further experimentation, where experiments, 
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results and discussion would be focused only on JK50. This conclusion was also 

backed up with the results of chapter 3 where the physical properties related to 

adsorption theory were equivalent.  

The current chapter is divided into two major sections. The first section presents 

the experimental set up and various procedures followed throughout the study. The 

second is concerned with the results obtained along with relevant discussion. 

5.2 Methodology 

5.2.1 Introduction 

It was indicated earlier that the experimental work of the current study was 

divided into two main parts. The first part which dealt with the preliminary validation 

experiments was already discussed above in Chapter 3 where the aim was to validate 

the 3M charcoal filter media (i.e., JK40 and JK50) against the conventional NIOSH 

sorbent tube (e.g. SKC sorbent tubes) in adsorbing/desorbing of organic vapours.  

The second part constitutes the heart of the current chapter and concerns the 

generation of the data necessary to render JK50 and JK40 reliable sorbent media for 

occupational hygiene field work.  Such data comprised breakthrough curves at various 

sets of experimental conditions of practical interest, e.g., the mass of 3M charcoal filter 

media, concentration of contaminants in the air feed stream, sampling volumetric flow 

rate, temperature and relative humidity. 

Prior to the breakthrough experiments though, a separate study was devised 

through which the pressure drop across the 3M charcoal filter media was determined as 

function in the sorbent mass and feed volumetric flow rate. Pressure drop data is 

required to fully characterise sorbent materials (Ziemmerman and Reist, 1984) 
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5.2.2 Experimental set up 

Only two analytes were attempted throughout this chapter, namely, toluene and 

n-hexane. Despite both are non-polar organic compounds, they were selected because 

their compositional structure differed; where toluene is an aromatic compound and n-

hexane straight-chained compound. The experimental set up was devised in order to 

fulfil the following objectives:  

1. Preparation of a dynamic known concentration of a given adsorbate. 

2. It was interesting to examine whether this difference influenced adsorption, 

particularly into the micropores of porous sorbents. 

3. Conduct a series of tests on both types of 3M charcoal filters (i.e., JK40 and 

JK50) for given sets of experimental conditions as explained above. 

4. Sampling and analyzing the air-adsorbate mixture before and after passing 

through the sampler for composition by means of the on-line calibrated GC.  

Photograph 5.1 is a visual shot of the experimental set-up while Figure 5.1 is a 

schematic of it. The set-up may be divided into four functionally discrete segments: 

1. the first segment dealing with the preparation of the feed or input vapour 

stream;  

2. the second with the sampler assembly; 

3. the third with the control of temperature and humidity, and 

4. the forth with the analysis of the feed to and exit streams to and from the 

sampler assembly. 

        The following sections are detailed description of those sections. To avoid 

catalytic effects during the experiments, the experimental set-up was constructed 

primarily with stainless steel tubing (small sections contains tygon tubing) and 

borosilicate glass, which are known for their inertness to react with organic compounds, 
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particularly at normal ambient temperatures (Chen et al., 2008). Liquid/soap leak 

detector was used to test for leakage where connections were made.  

Photograph  5-1  Experiment breakthrough set-up 
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Figure  5-1: Schematic diagram for the breakthrough experiments 
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5.2.2.1 The vapour feed stream 
 

The vapour feed stream was composed of an adsorbate (an organic solvent or a 

VOC) in a dilute mixture with air. Toluene and n-hexane were the only two solvents 

employed throughout this set of experiments. 

Both toluene and n-hexane were provided in liquid state from Fisher Scientific 

with greater than 99.8% essay quality. The air source was the laboratory central air 

supply system, where ambient atmospheric air was compressed by means of air 

compressors, purified by passing through activated carbon filters and dried by forcing it 

through desiccators of anhydrous calcium sulfate. The air stream used throughout the 

experiments was provided from this system through a pressure regulator (Norgren 

Type, Photograph of the regulator in Appendix A). Further, the chromatographic 

analysis of representative samples of the product air indicated that no foreign materials 

existed in significant amounts, and therefore, it was employed without further 

purification. 

The system used to produce a dynamic, constant and known concentration of 

the feed mixture was an adaptation of similar systems that were already described in 

literature (Harper, 1993). But is different in VOC injection (generation) system as a 

new technique has been used in this study to generate constant VOC at experimental 

conditions.  The system was simple and easy to operate, where the required adsorbate 

concentration and humidity level in the feed air stream were obtained by adjusting the 

relevant operational rotameters. Generally, the system consisted of main rotameter 

(Allegro industries), two sets of three metal bubbler columns (Agilent type) to generate 

water vapour and VOC, two rotameters (Bailey Fischer Porter serial no. 98W-007060 

and 97W-051645) to regulate air streams, two sets of Mass flow meters (Model 
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GFM17) and two sets of rotameters with needle valve (Cole Pramer, serial no. 62004-1 

and 191344-2) and digital Humidity and Temperature Recorder EXTECH (Model 

RH520). The system components were interconnected with ¼ inch stainless steel. 

A feed mixture of a given VOC with air was prepared as follows: 

1 Place 100 ml of distilled water in each of the first two bubblers (first set) which 

were immersed in a thermal bath to control their temperature and thus the 

vapour pressure of the water. The third bubbler was empty and used to trap any 

condensed amounts of water vapour. 

2 Place 50 ml of a given VOC in the first bubbler of the second set. The second 

and third bubblers were empty and used to trap any condensed amounts of the 

VOC vapour. 

3 Allow an air stream (S1 litres per minutes) of clean, dried air stream to flow in 

by means of adjusting the local pressure regulator.   

4 Air stream S1 was divided into two streams S2 and S3; stream S2 was passed 

through the VOC bubblers, while stream S3 was further branched into two sub-

streams S4 and S5. 

5 Sub-stream S4 was passed through a set of three bubblers the first two of which 

contained 100 ml of distilled water. The inlet tip of this sub-stream was located 

above the water surface so as to avoid direct contact with the water and 

subsequently to limit saturation. Nevertheless, the third bubbler in the set was 

used to trap any condensed water vapour, if any. 

6 Sub-stream S4 was then made to combine with sub-stream S5 to form stream 

S6. This arrangement was proven effective to obtain the required values of the 

relative humidity in the feed mixture. 
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7 Stream S2 was passed through three bubblers of the first one contains 50 ml of 

the VOC in concern. 

8 Streams S2 and S6 were recombined to form one stream (stream S7), which was 

divided again into two streams; vented stream S8 and feed stream S9. 

9 By manipulating the respective two controlling valves, it was possible to adjust 

and maintain the flow rate of feed stream S9 at the required value.  

10 Stream S8 or the excess air flow rate was vented to the outside atmosphere 

through vent VT1. The temperature and relative humidity of streams S8 and S9 

were monitored using digital Humidity and temperature Recorder EXTECH 

(Model RH520). 

11 It should be emphasized that flow rates of all streams were closely controlled by 

precise flow rotameters. However, stream S2 (out of the VOC bubblers) and 

feed stream S9 were further monitored by mass flow meters that ensured 

constant flow rates during the experimental runs. 

12 Feed stream S9 was then made to pass through a 3-way valve which was 

manipulated to direct the mixture either through or by-pass the sampler 

assembly or into venting line VT2. 

13 Frequent samples of the effluent stream from the sampler were diverted to the 

GC for monitoring through 6-way sampling loop. Excess of the effluent stream 

was allowed to be vented also through venting line VT2. 

14 The flow rate of the output of exit stream (i.e., stream S9) either from or by-

passing the sampler was further checked by means of SKC dryCell calibrator 

(model DCL-M serial no. 110243). 
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5.2.2.2 The Sampler assembly 
 

                          As schematically and photographically shown in Figure 5.1 and Photograph 

5.1, respectively, the sampler assembly consisted of the following components: 

1 Blank cassettes: A 37-mm two-piece plastic blank cassettes provided by SKC, 

Inc (Cat. No. 225-2LF) 

2 The 3M charcoal filter media, 37-mm in diameter, of either JK40 or JK50 were 

prepared and placed inside 2-part 37-mm blank cassettes. The 37-mm 3M 

charcoal filters were prepared in the same manner as described in Chapter 3. To 

ensure good sealing for the sampling media, screw clippers, made-in-house, 

were used to hold the two parts of each cassette together when the number of 

layers 3 or more.  

3 Pressure taps: Two T-connectors before and after the cassettes were used as 

pressure taps. The two were connected to a digital manometer (Model MAZ-

02E) range ±0.2 inch of water, manufactured by Modus Instruments, Inc., and 

Dwyer Mark II (Model no. 25 Molded Plastic Manometers) to determine the 

pressure drop across the sampler under given conditions of airflow rate, 

temperature and the adsorbate loading. The latter depended on the feed 

concentration, time and temperature. The digital manometer was periodically 

calibrated with an alcohol inclined manometer (For photographs refer to 

Appendix A)  

 

5.2.2.3 Temperature and humidity control 
     

             Adsorption of organic compounds by activated carbon depends among other 

factors on temperature and humidity at high level. It was found that high humidity 
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(90%RH) in mixture stream may compete with the adsorbate for the porous sites 

available on the activated carbon surface (Kaplan et al., 2006). Therefore, it was 

required to monitor these two parameters and maintain them constant at pre-defined 

values throughout each experimental run.  Moreover, the effects of temperature and 

humidity on adsorption process are described below:   

5.2.2.3.1 Temperature control 

The sampler was insulated by a thermal jacket (Model Cat.no. 01-108-3), 

while the connecting tubing to and from the sampler were wrapped by thermal 

insulation materials and with Heating Cable (Gals-Col, Heating Tape Catalog number 

DET 025). The temperature of both the jacket and wire heaters was controlled by 

means of thermostats and thermocouples (Type 3PN116C). By adjusting the 

thermostat, the temperature was maintained at a defined set point. The temperature is 

measured by using a digital thermometer (Fluke 50D K/J, serial no.77470021). For 

photographs refer to Appendix A 

It should be mentioned that temperature control was only used when 

elevated temperatures other than that of ambient conditions were attempted. 

5.2.2.3.2 Relative humidity control 

In reference to Figure 5.1, the relative humidity of the feed mixture was 

controlled by adjusting the flow rate of air streams S4 and S5 simultaneously.  For 

instance, higher humidity values were obtained by increasing the flow rate of stream S4 

with relative to that of S5, and the opposite is true for low humidity values.  As shown 

in Figure 5.1, the desired value of the relative humidity was not measured immediately 

after these two streams were combined; but rather after they were further combined by 

stream S2.   
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5.2.2.4 Analytical instrumentation and methods 

There were three objectives that the analytical methods had to fulfil, 

namely: 

1. Determination of the solvent concentration in the feed stream into the 

sampler assembly 

2. Monitoring the solvent concentration in the output stream from the 

sampler assembly as a function of time as in complete or 5% 

breakthrough experiments 

3. Determination of adsorption efficiency of the 3M charcoal filter media 

          Two methods were employed to meet those objectives, namely the integrated 

sampling and on-line gas chromatography methods. The following is a description of 

these two methods. 

5.2.2.4.1 Integrated sampling method 

As discussed in Chapter 3, in using integrated sampling method, a feed 

stream of a given composition of the adsorbate (toluene or n-hexane), airflow rate, 

temperature and relative humidity was passed through the sampler containing the 3M 

Charcoal medium (JK50 or JK40) for a given duration.  At the end of an experimental 

run, the samplers were collected, sealed and kept refrigerated before analysis. The 

sorbent were analyzed for the adsorbate following NIOSH methods 1501 and 1500 for 

aromatic and aliphatic hydrocarbons. When more than one layer of the sorbent medium 

was used, each layer was numbered and analyzed separately for the adsorbate content. 

This was important to determine the extent of adsorption in each layer and any 

breakthrough each may have experienced.  
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The composition of the feed and effluent streams from the sampler for each 

experimental run was determined by the on-line gas chromatograph. This is discussed 

in the following section. 

 
5.2.2.4.2 On-line gas chromatography method 

The on-line gas chromatography method allowed direct determination of the 

adsorbate concentration both in the feed stream into and the output stream from the 

sampler. Subsequently, it was possible to instantly determine when total or partial 

breakthroughs had taken place under the given experimental conditions. 

The on-line gas chromatograph (HP6890, Serial No US10343053) was 

equipped with a flame ionization detector (FID). In general, FIDs are known for their 

selectivity, linearity and sensitivity (Choudhary and Cooper, 1979).They can respond 

particularly to carbon and produce a signal for all carbon containing compounds that 

elute from the GC column in the nanogram range of concentrations.  

Calibration of the GC was performed using a certified VOC cylinder 

prepared in nitrogen background by Abdullah Hashim & Co.  

A breakthrough curve was considered complete when the concentration of 

the adsorbate in the effluent stream monitored by the GC equalled that of the feed. The 

sorbent was said then to have become “saturated”. On the other hand, a 5% 

breakthrough curve was generated when the percentage of the adsorbate concentration 

in the effluent reached 5% of the adsorbate concentration in the feed stream as specified 

in NIOSH (Kennedy et al., 1998). 

 

5.2.2.4.3 Composition of feed and output air flow streams  

Prior to starting an experiment or a set of experiments, it was important to 

ensure the vapour generation system had produced and maintained the desired 
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concentration at the given experimental conditions. This was performed by monitoring 

the concentration of the adsorbate in the feed stream by the on-line GC for at 61 

minutes, and making sure the value remained constant.  

On the other hand, before running an experiment, the segment of the 

sampling line that extended from the sampler assembly to GC was purged with helium 

as it is shown in photograph 5.1  

5.2.3 Experimental procedures: 

5.2.3.1 Pressure drop studies 

                The pressure drop (ΔP) resulting through the sampler depended on the 

number of layers (i.e., the mass) of either JK50 or JK40 and on the volumetric flow rate 

of the feed. It was then important to establish the ΔP at various values of those 

parameters for two reasons: 

• To ensure that sample pumps are able to draw the required flow rate, and 

• To meet NIOSH criterion that the pressure drop for air sampling media. 

            A series of experiments was executed to determine ΔP at various flow rates and 

a number of 3M charcoal filter (layer) media. The current experimental set-up (Figure 

5.1) and the procedure used may be summarized as follows: 

• Only part 1 of the experimental set-up (Figure 5.1) was used and the feed was 

dry air. 

• Assemble a blank two-piece cassette on-line, and measure the pressure drop 

(ΔPB) across the cassette at the pressure taps for different air flow rates Q; from 

0.5 to 5 l/min. 

• Charge the cassette with one of the already-prepared 37-mm 3M charcoal filter 

media of JK50 (or JK40) and measure the pressure drop ΔPB+F1 across the 
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cassette at the same pressure taps over the range of the flow rates that were 

varied flow rate Q (from 0.5 to 5l/min).  

• The pressure drop ΔP due to the 3M charcoal layers of JK50 (or JK40) was 

calculated by subtracting ΔPB from ΔPB+F1 in each case for the same feed flow 

rate. 

• Plot ΔP versus air flow rate Q for the same number of layers of JK50 (or JK40) 

in each case. 

 

5.2.3.2 Fixed residence time- 60 minute experiments  
 
The objective of this section of this novel  study was to estimate the numbers of 

3M charcoal filters (layers) media or (weight) of either JK50 or JK40 which could be 

employed without significant breakthrough of the materials into the effluent stream 

under given ambient conditions, and also to estimate the adsorption capacity of both 

JK50 and JK40. 

The experiment consisted of charging a blank 37-mm blank cassette with a 

stack of five (5) layers of JK50 or JK40 and run adsorption experiments at specific sets 

of conditions. Then, by determining the analyte amount in each layer it was possible to 

estimate the parameters of interest. Table 5-1 shows the conditions used throughout this 

set of experiments:  

Table  5-1: Conditions of the fixed residence time experiments 

Parameter Values 
Analyte toluene 
Experiment duration 60 minutes 
Initial concentration of adsorbate in feed  100 ppm (377 mg/m3) 
Temperature and relative humidity  22ºC & 34%RH, respectively 
Volumetric flow rate of feed (Q) 0.5, 1, 2, 3, 4 and 5 l/min 

 
          In reference to Figure 5.1 that describes the experimental set-up, the 

experimental procedure consisted of: 
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1. Stack a 2-piece, blank 37-mm cassette (provided by SKC) with five (5) layers of 

JK50 or (JK40). The layers were numbered from 1 to 5 in the direction of the 

air flow. The cassette was clipped tight to make sure the two parts of the 

cassette were sealed, and would not split during experiments. 

2. Prepare the feed stream with the desired flow rate and concentration of toluene 

of 100ppm (i.e. double the TLV of toluene). The concentration was checked for 

steadiness by running the solvent generation system for at least 61 minutes prior 

to conducting experiments and measuring the concentration of toluene in the 

feed stream by means of the on-line GC every 5 minutes. 

3. Ensure the feed flow rate is adjusted to 0.5l/min, and run the experiment for 60 

minutes. Both the temperature and relative humidity were kept under the 

ambient values. They typically measured 22±2 ºC, and 34 ±2%RH.  

4. Suspend the run after 60 minutes by stopping the flow of the feed stream into 

the sample. Dislodge the sampler assembly, cap the cassette with upper and 

lower plugs, seal it in a dry plastic bag and deliver it to the laboratory for 

toluene analysis in each one of the five layers.  

5. Repeat steps 1 to 4 at the next feed flow rate, and tabulate the results 

accordingly. A total number of 6 flow rates were attempted, namely, 0.5, 1, 2, 3, 

4 and 5 l/min. 

5.2.3.3 Full breakthrough curves 

Experiments to obtain full breakthrough curves or just breakthrough curves 

(BTC’s) were conducted to determine the general adsorption behaviour of the 3M 

Charcoal filter medium, namely, JK50 and to calculate adsorption-related parameters 

such the dynamic equilibrium adsorption capacity (We) of JK50. Also, BTC’s necessary 

to quantify the adsorption half-time at the prevailing conditions; a parameter that was 
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required to fit the results to the Yoon kinetic model for adsorption (Yoon and Nelson, 

1990). Table 5.2 demonstrates the set of experiments, the following conditions were 

employed: 

Table  5-2: Full breakthrough curves experimental conditions 
Parameter Values 
Sorbent material                        JK50 
Adsorbate                         Toluene and n-hexane 
Number of 37-mm layers                        2 layers or 0.8600 grams 
Feed flow rate                         2 l/min 
Initial concentration of toluene in feed                     10, 25, 50 and 100 ppm 
Temperature and humidity                       22±2 ºC and 34±2%RH 

 
 

5.2.3.4 Five percent breakthrough time curves 

                 Contrary to the full or complete breakthrough curve (BTC's), the five percent 

breakthrough time curve (5% BTC’s) experiments were conducted in order to 

extensively study the effects of parameters that are of practical importance of adapting 

JK50 in occupational hygiene applications. These parameters will determine the 

suitability and applicability as air sampling media in the field of occupational hygiene. 

It was only appropriate to do so using the 5% BTC’s .On one hand, the 5% BTC’s 

allow to perform more experiments in less time than full BTC’s and at the same time 

they fulfilled the same objectives. More importantly, the 5% BTC’s represented the cut-

off of the full breakthrough that is presently defined by NIOSH protocol (Kennedy et 

al., 1998).The parameters whose effects on the 5% BTC’s of JK50 were investigated 

included: 

1. the initial concentration of the adsorbate in the feed stream, 

2. the 3M charcoal weight or (number of layers in the current case), 

3. the feed flow rate  

4. the ambient temperature and  

5. relative humidity 
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The ranges of these parameters are listed in Table 5.3 below. 

 
Table  5-3: Five percent breakthrough time curves experimental conditions 

Parameter Values 
Initial concentration of adsorbate in feed, ppm 10, 25, 50 and 100 
Feed flow rate, L/min 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 
Weight of sorbent, grams (number of layers) 0.4300 (1), 0.8600 (2),1.2900 (3), 

1.7600 (4), and 2.1500 (5) 
Temperature, ºC 22 (ambient), 35 and 50 
Relative Humidity, % 10, 34 (ambient) and 70 

 
        The base-line experimental condition (case) which the results of all other cases 

were compared with and discussed relative to was the same one utilized in full 

breakthrough except the concentration of adsorbate which was fixed at 100 ppm in 

base-line case. 

As shall be seen later, the results of the current experiments were manipulated 

in order to determine the adsorption properties of the 3M Charcoal filter media and 

estimate the parameters that were required in modelling the experimental results 

through the modified Wheeler-John equation model as well as that of Yoon model. 

 
5.2.3.4.1 Effect of feed flow rate 

1. Adjust the air flow rate at the main source, through the bubblers and then the 

sampler to obtain and maintain the desired flow rate and concentration of VOC 

(i.e., toluene or n-Hexane). The concentration was monitored by the calibrated 

on-line GC. The desired flow rate of feed through the sampler was adjusted by 

the respective rotameter, but accurately monitored by the digital SKC flow 

meter (model DCL-M).  

2. Ensure other experimental conditions remained constant during each run; refer 

to Table 5.3. 

3. After the above conditions were established, the planned experiment run was 

begun. 
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4. Monitor closely the concentration of the adsorbate in the exit stream from the 

sampler as indicated by the on-line GC. 

5. When the latter reached the 5% mark of the inlet concentration or thereabout, 

stop the experiment and close the main air supply. 

6. Separate the sampler, seal the top and bottom holes with caps and keep fridge at 

4ºC. In some cases however, the sorbent was analyzed for the adsorbate content 

for mass balance purposes.  

7. Repeat steps 1 to 6 at each of the desired feed flow rates by means of rotameter 

( R) and the digital SKC flow meter, namely, 0.5, 1, 2, 3, 4 and 5 l/min. 

8. Record and analyze the data obtained.   

 
5.2.3.4.2 Effect of sorbent weight (i.e. number of 3M charcoal filter media) 

It should be pointed out that the only way to vary the sorbent mass of 

JK50 was by doubling, tripling, etc the number of layers. Therefore, a weight of 

JK50 was always a multiple of the mass of the single layer of JK50. In this 

section as throughout the current study, the sorbent weight of each sorbent and 

the number of its layers were used interchangeably. With that in mind, the 

procedure that was employed to study the effect of the sorbent mass on the 5% 

breakthrough time may be summarized as follows: 

1. Repeat steps 1-6 of subsection 5.2.3.4.1, but with only one layer of JK50. 

2. Records results 

3. Repeat step 1 with other values of the sorbent weight (i.e., changing the no. 

of layers). Refer to Table 5.3. 
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5.2.3.4.3 Effect of initial concentration of adsorbate feed rate 

1. Repeat steps 1-6 of subsection 5.2.3.4.1 to obtain and maintain the initial 

concentration of the adsorbate at 10ppm 

2. Change the initial concentration of toluene or (n-hexane) to the next values 

of concentration (Ci), one at a time. Refer to table 5.3. 

3. Record and analyze the data obtained, and draw conclusions.  

 

5.2.3.4.4 Effect of temperature  

1. Repeat steps 1-6 of subsection 5.2.3.4.1 to obtain and maintain the initial 

concentration of the adsorbate at 100 ppm and temperature at 35ºC. To 

reach this temperature, the sampler assembly was heated by means of the 

wrapped heating coil and the surrounding insulating jacket.  The 

temperature of the sampler was monitored by a combination of digital 

thermometer and a thermocouple. 

2. Record results. 

3. Repeat the above two steps but maintain the temperature at 50ºC and 

record the results. 

5.2.3.4.5 Effect of humidity 

1.  Repeat steps 1-6 of subsection 5.2.3.4.1 to obtain and maintain the initial 

concentration of the adsorbate at 100ppm and at 10% relative humidity 

(RH). To reach this value, the flow rate of the air stream through the 

distilled water bubblers (S4) was manipulated with respect the flow rate 

of air streams S2 and S5. Refer to section 5.2.2.3. The relative humidity 

of the feed air stream into the sampler was monitored by the digital 

humidity and temperature recorder 

2.  Record results. 
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3.  Repeat step 1 to raise the relative humidity to 70%, and record the results 

5.3 Results and discussion 

5.3.1 Pressure drop studies 
The dependency of the pressure drop on the feed flow rate and the number of 

layers (weight) of JK50 and JK40 is shown in Figures 5.2 and 5.3 respectively. 

Figure  5-2: Pressure drop obtained with JK50 at different weight 
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Figure  5-3: Pressure drop obtained with JK40 at different weight 

dP vs. No. Layers, JK-40
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The pressure drop is dependent on the weight of sorbent and flow rate (Harper, 

1993). As expected, the relationship between the weight of sorbent (JK50 or JK40) and 

the pressure drop for any given flow rate through the cassette is linear. This is in 

agreement with other authors. For instance, Chen et al., (1993) and Harper, (1993) 

found in their studies that the pressure drop increased linearly with the airflow, 

demonstrating that the flow is laminar.  

           The existence of 3M charcoal filter media particles (activated carbon) within the 

filter will reduce the area available for the flow forcing it through smaller volume and 

thus increasing resistance and pressure drop.  

         This conclusion was also supported by the comparison between the pressure drop 

results through the same number of layers (weight) of both JK50 and JK40. Pressure 

drop increases with increasing filter thickness, increasing velocity and decrease fibre 

diameter (Thomas et al., 2001).For instance, consider the ΔP values obtained at 2l/min 

versus the number of layers of JK50 and JK40 as shown in Figure 5.4. It is obvious that 

ΔP due to JK50 was always greater due to the fact that a layer of JK50 contained more 

of the activated carbons. It was also possible to show the same results for other values 

of Q that were attempted. 

Figure  5-4: Pressure drop comparison between JK50 and JK40 
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          Further and in reference to Figure 5.2 and 5.4, the pressure drop (ΔP) that was 

required to influence a particular volumetric flow rate increased with the increase in Q, 

and the increase was more rapidly at higher flow rates. This was probably due to a 

change in the air flow from laminar to turbulent flow conditions in porous-material 

beds (Harper, 1993). The solid lines in all of the above figures are the regressions lines 

of the experimental results.  

         NIOSH recommends that ΔP for sorbent tubes should not exceed 3 KPa (12 

inches of water) across the sampler (McCammon and Woebkenberg, 1998). It is 

obvious from the current results that the pressure drop never exceeded those two limits 

even at higher flow rates. 

5.3.2 Results of the fixed residence time (60-minute) experiments 
The analysis results of the 5-layers stack of JK50 and JK40 at the six values of 

the feed flow rate and feed concentration 96-103 ppm are listed in Table 5.4. The 

results were also plotted in Figures 5.5 and 5.6 for JK50 and JK40, respectively. 
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Table  5-4: Recovery of toluene from different layers of JK40&JK50  
 JK50 JK40 

Flow 
rate, 
l/min 

Layer 
No. 

Average amount of 
toluene recovered, 

µg 

Average recovery 
efficiency 

% 

Average amount of 
toluene recovered, 

µg 

Average 
recovery 
efficiency 

% 

0.5 

1st 11,800.6 99.6 10,744.0 97.9 
2nd 31.5 0.3 191.3 1.7 
3rd  5.2 0.0 12.7 0.1 
4th  4.1 0.0 13.0 0.1 
5th  1.0 0.0 9.6 0.1 

1.0 

1st 22,287.5 99.5 21,700.0 95.9 
2nd 86.0 0.4 700.0 3.1 
3rd  8.3 0.0 200.0 0.9 
4th  6.0 0.0 19.6 0.1 
5th  3.0 0.0 4.4 0.0 

2.0 

1st 41,386.0 96.7 39,900.0 88.2 
2nd 1,326.0 3.1 3,900.0 8.6 
3rd  92.0 0.2 1,200.0 2.7 
4th  8.0 0.0 203.2 0.4 
5th  2.0 0.0 10.8 0.0 

3.0 

1st 62,963.9 89.6 53,400.0 78.6 
2nd 7,146.1 10.2 11,100.0 16.3 
3rd  134.8 0.2 3,079.5 4.5 
4th  32.0 0.0 339.0 0.5 
5th  19.3 0.0 23.5 0.0 

4.0 

1st 82,627.0 82.9 62,800.0 69.4 
2nd  16,218.3 16.3 19,600.0 21.7 
3rd  658.0 0.7 4,700.0 5.2 
4th  111.0 0.1 2,731.6 3.0 
5th  87.0 0.1 664.6 0.7 

5.0 

1st 91,286.0 77.1 66,900.0 59.2 
2nd  21,826.0 18.4 32,700.0 28.9 
3rd  4,617.2 3.9 10,500.0 9.3 
4th  823.5 0.7 2.196.7 1.9 
5th  203.1 0.2 763.6 0.7 
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Figure  5-5: Toluene recovered Vs sorbent mass JK50 
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Figure  5-6:  Percentage of mass breakthrough JK50 
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Figure  5-7: Toluene recovered Vs sorbent mass JK40    
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Figure  5-8:  Percentage of mass breakthrough JK40 

 

The results shown in Figures 5.5 and 5.7 are typical behaviour of adsorption of 

any analyte/sorbent pair. For instance, when the feed stream was first passed through 

the stack of 3M charcoal layers, most of toluene was initially adsorbed at the inlet layer 

or mass (weight), and then as the stream passed on, little further or no adsorption of 

toluene took place. 
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 At higher flow rates (3, 4 and 5l/min), the inlet front layer of toluene became 

faster saturated (Figures 5.6 and 5.8) and the saturation zone partially developed and 

further adsorption occurred along the stack of JK50 and JK40 layers (i.e., in later 

layers). With increasing flow rate, more toluene was passed through, adsorption 

proceeded and the saturated zone moved forward until breakthrough at the exit was 

finally reached. Under the current experimental conditions, the mass transfer saturation 

zone did not seem to be fully developed presumably due to the short residence time 

attempted (i.e., 60 minutes) and/or flow rates (i.e., less than 5 l/min). If higher flow 

rates more than 5 l/min had, for instance, been attempted one would have seen the zone 

fully or partially developed. In the latter case also, the concentration of toluene in the 

exit stream would have risen more rapidly toward the inlet concentration of toluene in 

the feed stream. At this point, the sampler (layers) is assumed to be fully saturated; a 

condition which is rarely obtained during typical occupational hygiene field surveys, 

and therefore it was of marginal interest to pursue. The results indicate: 

• Low flow rates (0.5, 1 and 2l/min) favour full saturations in the inlet layer, 

where all adsorbate was removed before it reached the downstream end of the 

bed.  

• Higher values of the feed flow rate Q (3, 4 and 5l/min) required greater amount 

of the sorbent (i.e., 3M charcoal layers) for the same breakthrough at otherwise 

constant conditions.  

 

5.3.2.1  Estimation of JK50 and JK40 weight (layers) for 5% breakthrough 

time in 8-hour shifts 

The novelty of this set of experiments lied in the fact that the results obtained 

could be manipulated to estimate the optimum number of layers (sorbent weight) of 
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either JK50 or JK40 which was suffice sampling requirements for longer durations; 

e.g., 8-hour shifts at the prevailing sampling rate of 2.0 litres/ minute. The method 

could be summarized in determining the mass of toluene that was adsorbed in each 

given layer of the 5-layer stack and that passed through for every feed flow rate 

attempted. Saalwaechter et al., (1977) declared that the length of sampling time can be 

measured in term of time, volume or weight of contaminant adsorbed on adsorbent. It 

depends on adsorbate concentration, flow rate, temperature, pressure, humidity and the 

type and weight of adsorbent.  

For example, consider layer number 1 (0.43 g) of JK50 at Q=0.5 l/min.  The 

mass that was not desorbed by this particular layer was determined by summing up the 

four values of mass of toluene that was recovered in the subsequent layers, i.e., from 

layer 2 to layer 5. The same calculation could be performed for layer 2 at the same 

value of flow rate (Q), where the mass was determined by summing up the three values 

of the adsorbate mass that were recovered in layers from 3, 4 and 5. By repeating the 

same type of calculations for other values of flow rate (Q), Table 5.5 was constructed, 

where JK50 and JK40 was considered. 

The values of time shown in the first column of Table 5.5 were determined from 

dividing the actual volume air passed at a given flow rate by the typical flow rate value 

for sampling of particulate, namely, 2.0 l/minute. For example, consider the flow rate of 

0.5 l/min, the volume passed through the 5-layers stack during the 60-minute 

experiment was equal to 30 litres. Then, for a flow rate of 2.0 l/min, the time required 

for the same volume to pass through the stack is equal to 30 litres divided by 2.0 l/min 

or 15 minutes.
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Table  5-5: Percentage of mass breakthrough of toluene during 60 minutes experiments  

 JK50 JK40 
Time, 
min 

Layer 
No. 

Average 
amount of 

toluene 
recovered, µg 

Total mass 
after a 

given layer 
(µg) 

Percentage 
(%) mass   

BT   

Average 
amount of 

toluene 
recovered, 

µg 

Total mass 
after a 

given layer 
(µg) 

Percentage 
(%) mass 

BT  

15 

1st 11,800.6     10,744.0    
2nd 31.5 41.8 0.35 191.3 226.0 2.06 
3rd  5.2 10.3 0.09 12.7 35.3 0.32 
4th  4.1 5.1 0.04 13.0 22.6 0.21 
5th  1.0 1.0 0.01 9.6 9.6 0.09 

Total 11,842.4   10,970.0   

30 
 

1st 22,287.5     21,700.0    
2nd 86.0 103.3 0.46 700.0 924.0 4.08 
3rd  8.3 17.3 0.08 200.0 224.0 0.99 
4th  6.0 9.0 0.04 19.6 24.0 0.10 
5th  3.0 3.0 0.01 4.4 4.4 0.02 

Total 22,390.8     22,624.0    

60 

1st 41,386.0   39,900.0   
2nd 1,326.0 1,428.0 3.34 3,900.0 5,314.0 11.75 
3rd  92.0 102.0 0.24 1,200.0 1,414.0 3.13 
4th  8.0 10.0 0.02 203.2 214.0 0.47 
5th  2.0 2.0 0.00 10.8 10.8 0.02 

Total 42,814.0     45,214.0    

90 
 

1st 62,964.0   53,400.0   
2nd 7,146.0 7,334.0 10.43 11,100.0 14,542.0 21.40 
3rd  135.0 188.0 0.27 3,079.5 3,442.0 5.07 
4th  32.0 53.0 0.08 339.0 362.5 0.53 
5th  21.0 21.0 0.03 23.5 23.5 0.03 

Total 70,298.0     67,942.0    

120 

1st 82,627.0   62,800.0   
2nd  16,218.3 17,074.3 17.13 19,600.0 27,696.2 30.60 
3rd  658.0 856.0 0.86 4,700.0 8,096.2 8.95 
4th  111.0 198.0 0.20 2,731.6 3,396.2 3.75 
5th  87.0 87.0 0.09 664.6 664.6 0.73 

Total 99,701.3     90,496.2    

150 
 

1st 91,286.0   66,900.0   
2nd  21,826.0 27,478.8 18.4 32,700.0 46160.3 40.83 
3rd  4,617.2 5,652.8 3.9 10,500.0 13460.3 11.91 
4th  832.5 1,026.6 0.7 2,196.7 2960.3 2.62 
5th  203.1 203.1 0.2 763.6 763.6 0.68 

Total 118,764.8    113,060.3    
 
Now for JK50, by plotting the time (listed in the 1st column of Table 5.5) versus 

the percentage mass breakthrough for each layer listed in the last column of the same 

table, Figure 5.9 and Figure 5.10 were constructed for JK50 and JK40 respectively. 
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Figure  5-9: Percentage BT of toluene versus time – JK50 
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Figure  5-10: Percentage BT of toluene versus time – JK40 
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 From Figures 5.9 and 5.10, the 5% breakthrough time for a given layer was 

then determined by reading the value off the x-axis at which the horizontal line of the 

5% mass BT intersected with the respective curve (i.e., after 1st layer, 2nd layer and 3rd 

layer). Since the line representing the-after-3rd-layer did not reach the 5% BT mark, an 

additional experiment was devised in order to increase the analyte adsorbed in the 3rd 

layer for each of JK50 and JK40. This was accomplished by conducting the same kind 

of experiment for duration of 90 and 120 minutes at 5.0 l/min for JK50 and 90 minutes 

at 5.0l/min for JK40.  The experimental data are listed in Table 5.6, and Figures 5.11 
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and 5.12. These two figures illustrate the results of these particular experiments in 

addition of those shown in Figure 5.13 for JK50 and in 5.14 for JK40.  

 
            Table  5-6: Percentage of mass breakthrough of toluene during 90 and 120 minutes experiments  

 JK50 JK40 

Time, 
min 

Layer 
No. 

Average 
amount of 

toluene 
recovered, µg 

Total mass 
after a 

given layer 
(µg) 

Percentage 
(%) mass   

BT   

Average 
amount of 

toluene 
recovered, 

µg 

Total mass 
after a 

given layer 
(µg) 

Percentage 
(%) mass 

BT  

225 

1st 91,391.30     69,511.40   
2nd  44,000.00 60,104.50 39.67 43,000.00 65,883.20 48.66 

3rd  12,218.90 16,104.50 10.63 15,014.60 22,883.20 16.91 

4th  3207.6 3,885.60 2.56 5,975.40 7,868.60 5.81 

5th  678 678 0.45 1,893.20 1,893.20 1.39 
Total 151,495.80     135,394.6     

300 

1st 91,455.30     - - - 
2nd  51,097.50 78,444.60 46.17 - - - 
3rd  17,993.30 27,347.10 16.10 - - - 
4th  8,065.60 9,353.80 5.51 - - - 
5th  1,288.20 1288.2 0.76 - - - 

Total 169,899.90                 

 
Figure  5-11: Percentage BT of toluene versus time – JK50 
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Figure  5-12: Percentage BT of toluene versus time – JK40 
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The time of the 5% BT had to be estimated from Figure 5.11 and 5.12.  

Accordingly, two sets of 5% BT time and JK50 weight were generated, and the results 

are listed in Table 5.7 and 5.8 for JK50 and Jk40, respectively. 

Table  5-7: Estimation of 5% BT time versus sorbent JK50 weight 

No. of 
layers 

Weight 
 of sorbent 
JK50, grams 

 5% BT time, 
minutes 

5% BT volume, 
litres 
(for Q=2l/min) 

1 0.4300 70 140 
2 0.8600 150 300 
3 1.2900 290 580 

 
Table  5-8: Estimation of 5% BT time versus sorbent JK40 weight 

No. of 
layers 

Weight 
 of sorbent 
JK40, grams 

 5% BT time, 
minutes 

5% BT volume, 
litres 
(for Q=2l/min) 

1 0.3400 36 72 
2 0.6800 90 180 
3 1.0200 210 420 

 
By fitting the two sets of values representing the 5% BT time and sorbent mass 

that are listed in Tables 5.7 and 5.8 it was possible to construct Figures 5.13 for JK50 

and 5.15 for JK40. 

Since time and flow rate were inter-related, the 5% BT time values of Figures 

5.13 and 5.15 could be replaced by values of 5% BT volume as shown in the last 
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column of Tables 5.7 and 5.8. These two sets are plotted in Figures 5.14 and 5.16 for 

both JK50 and JK40.  

Figure  5-13: Five percent breakthrough time- JK50  

y = 255.81x - 50
R2 = 0.97

0

50

100

150

200

250

300

350

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Weight of JK 50,gm

tim
e,

 m
in

 

                         
               Figure  5-14: Five percent breakthrough volume – JK50 
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        Figure  5-15: Five percent breakthrough time-JK40 
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     Figure  5-16: Five percent breakthrough volume - JK40 
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Due to the limited number of experimental breakthrough data in Figures 5.14 

and 5.16, the weight of JK50 and JK40 that is required for a given volume of sampled 

air provided that the initial concentration of toluene is 100ppm could be estimated. 

However, if more breakthrough data is available there might be another method to 

estimate the required weight (no. of filters) of JK50 and JK40. For 8-hour sampling at 

the typical flow rate of 2.0 l/min, the sampled volume is 960 litres, and accordingly the 

estimated weight of JK50 and JK40 from Figures 5.14 and 5.16 are around 2.1 and 2.2 

grams, respectively. Since the average mass of each filter (layer) of JK50 weighted 

0.4300 grams, this could be translated to about 4.8 or 5 layers of the sorbent material. 
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Similarly, a weight of 2.2 grams is equivalent to around 6.4 or 7 layers of JK40 (for 

calculations refer to Appendix B). 

The same calculations could also be made for other values of flow rate and/or 

duration to estimate the appropriate mass or the number of layers of JK50 or JK40 that 

would be required for occupational hygiene field surveys. 

An obvious finding of above results was that the weights of both JK50 and 

JK40 required for sampling purposes under a given set of conditions were comparable 

considering experimental errors.  Therefore, it was decided to focus only on JK50 

throughout the rest of the study, mainly due to its higher specific mass per meter square 

and thus less number of layers as compared to JK40.  

 

5.3.3 Full breakthrough curves for toluene and n-hexane 

            Figures 5.17 and 5.18 show typical full breakthrough curves (BTC’s) for 

toluene and n-hexane, respectively at various values of the initial concentrations in the 

feed.  

 
Figure  5-17: Full breakthrough of JK50 at different concentration of toluene 
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Figure  5-18: Full breakthrough of JK50 at different concentrations of n-hexane 

n-hexane, JK50, 2 layers, Q=2 l/min
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The solid lines presented in these figures are the theoretical curves according to 

the Wheeler-Jonas curves model while symbols refer to the experimental results.  The 

Wheeler-Jonas models are discussed in Chapter 6. 

As the results indicate, S-shape curves were observed with both toluene and n-

hexane. It was reported that when the inlet concentration and airflow are maintained 

constant and the physical adsorption is the adsorption mechanism, the breakthrough 

curve normally has the S-shape (Wood, 2002). Such a shape was expected from 

adsorption theoretical considerations and agreed with the results of similar studies 

(Wood, 1987; Grubner and Burgess, 1979). The predominant S-shape in the current 

situation is an indication that the physical adsorption mechanism was dominant 

accordingly to the Van der Waals forces (Gregg and Sing, 1982).  
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5.3.3.1 Effect of the initial concentration of adsorbates on BTC shape 
 
Figures 5.17 and 5.18 also show the effects of the initial concentration of 

adsorbates toluene or n-hexane in the feed on the BTC shape. The breakthrough curves 

steeped slowly as the inlet concentrations decreased implying that low initial 

concentrations favour less steep concentration gradient within the sorbent material and, 

consequently, high adsorption efficiency (Yoon and Nelson, 1990; Nelson and Harder, 

1976). At low concentrations, condensation of the adsorbate is limited allowing the 

adsorbate molecules to enter micropores (Saalwaechter et al., 1977). In the case of high 

concentration, adsorbate condensation may occur in the macropores, thus restricting the 

molecules of the adsorbate from entering the micropores, and the total micropore 

volume becomes the limiting factor. This would generally result in less adsorbed 

adsorbate and consequently faster breakthrough (Condon, 2006). 

         These two figures indicate that breakthrough time were shorter for higher initial 

concentration (Ci). This observation was also expected since it follows the theory of 

adsorption in porous media where the adsorption rate of molecules on active sites is 

higher for higher values of initial concentration (Gregg and Sing, 1982).  

 

5.3.3.2 Comparison between toluene and n-hexane 

              A comparison among the results of toluene and n-hexane reveals that 

breakthrough times at otherwise constant conditions of n-hexane were shorter than that 

of toluene with a ratio of about 1 to 4. This could be more noticeable by referring to 

Figures 5.19 and 5.20 where the BTC’s of both adsorbates were plotted side-by-side at 

the two extreme values of Ci attempted; namely 10 and 100ppm, respectively. The 

objective of these two figures is to compare the adsorption behaviour between the two 

compounds and whether their structure and physical properties did influence the 
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adsorption behaviour. As seen, they agreed in the general S-shape of typical 

breakthrough curves, where increasing the initial concentration resulted in decreasing 

the breakthrough time. 

 

Figure  5-19: Comparison between toluene and n-hexane (100ppm) 

toluene and n-heaxne, JK50, 2 layers, Q=2 l/min, 100ppm
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Figure  5-20: Comparison between toluene and n-hexane (10ppm) 

toluene and n-hexane JK50, 2 layers, Q=2 l/min, 10ppm
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Despite toluene and n-hexane are nonpolar compounds and both classified as 

VOCs, this difference in their adsorption behaviour could be explained by the 

differences in their physical parameters, e.g., dipole moment, molecular weight, vapour 

pressure, boiling point and refractive index. Compounds with high dipole moments, 

molecular weights, lower vapour pressures, higher boiling points and high refractive 

indices are better adsorbed by activated carbons (Melcher et al., 1978; Grubner and 

Burgess, 1979; Vahdat et al., 1995). Table 5.9 shows toluene outweighs n-hexane in all 

of these parameters.   

Table  5-9: Physical properties of toluene and n-hexane 

Property toluene n-hexane 
Molecular weight, g/mole 92.1 86.1 
Dipole moment, Debye 0.36 0.08 
Vapour pressure (22ºC), mmHg 28.33 127.92 
Boiling point, ºC 110.6 68.7 
Refractive Index 1.497 1.375 

 
The presence of side chain affects the adsorption behaviour of the compound 

onto the adsorbent (Kawashit et al., 2004). Toluene has one methyl group while the n-

hexane linear.  From kinetic considerations, mass transfer at the outer surface or inside 

carbon particles affect the adsorption rate (Jonas et al., 1979; Poepescu et al., 2003).  

5.3.3.3 Determination of maximum adsorption capacity 
           

                 The full breakthrough curves that were obtained and reported above in 

section 5.3.3.1 for toluene and n-hexane were used to determine the maximum 

adsorption capacity of these two adsorbates at the prevailing conditions of initial 

concentration, flow rate, temperature and number of layer or weight of JK50. The 

maximum adsorption capacity could be defined as the maximum amount of a specific 

adsorbate which can be sorbed under given conditions of partial pressure and 
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temperature (Balieu, 1989). It could be calculated mathematically by measuring the 

area under the full breakthrough curve ( Choi et al., 2008).                           

         
The area under the curve in each of the above figure is given by: 

dtCArea o∫
∞

=
0

2  ……………………………. 5.1 

sitCArea =1  …………………………….     5.2 
where Ci (mg/ml) is the adsorbate concentration in the feed stream and ts (minutes) is 

the saturation time at which Co (exit concentration of adsorbate) was equal Ci. 

The maximum adsorption capacity We (mg/gram) is related to the difference 

between these two areas via the following expression: 

or:  3Area
W
QWe ×=  …………………………............…5.3 

Where Area 3 = (Area 1 – Area 2), W (gram) is the sorbent weight used and Q the feed 

flow rate (ml/min).  

By carrying out integration (5.1) under the fitted full breakthrough curves, 

calculating Area 1 from equation (5.2) and substituting the resultant in equation (5.3), 

values for We were determined, and the results are listed in Table 5.10 for toluene and 

n-hexane. (Refer to Appendix B for calculation). 

Table  5-10: Determination of We for toluene and n-hexane .  

Ci, ppm We, mg/gram 
toluene n-hexane 

10 64 19 
25 121 40 
50 170 59 
100 213 66  

 
 
As seen in Table 5.10, We depends on initial concentration (Ci), where it 

assumes greater value as Ci increases. These results were expected since the probability 

of occupying the available active sites in 3M charcoal filter media (JK50) increases for 

greater values of the concentration of toluene or n-hexane. This result is in agreement 
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with the finding highlighted by Yoon and Nelson (1990), and Vahdat et al., (1995). 

This is also compatible with adsorption theory that assumes that less solvent is 

adsorbed at lower concentration (Nelson and Correia, 1976). 

Further, the adsorption capacity of JK50 for toluene is much greater than that 

for n-hexane. As discussed earlier in section 5.3.3.2, this difference could be explained 

by the fact that toluene outweighs n-hexane in all the parameters that favour higher 

adsorption such as molecular weight, dipole moments, vapour pressure, refractive index 

and boiling point. Additionally, the difference in the adsorption behaviour between 

toluene and n-hexane may be attributed to the difference in their molecular structure in 

terms of chain length and presence of side groups (Kawashit et al., 2004).  

 

5.3.3.4 Langmuir isotherms based on full breakthrough  
 
            The adsorption isotherm may be linear, concave or convex depending on 

concentration of the solvent (Grubner and Burgess, 1979).  The data listed in Table 

5.10 was used for plotting the concnetration (Ci ) against adsorption capacity (We)  to 

determine the isotherm of the toluene-JK50 pair and n-hexane- JK50 pair. These are 

shown in Figure 5.21 and 5.22 respectively.   
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Figure  5-21: Langmuir isotherm for toluene  
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Figure  5-22: Langmuir isotherm for n-hexane 

Langmuir isotherm, n-hexane
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             It is evident that the isotherm represents Type I isotherm of adsorption 

according to the classification developed by deBoer,where the uptake does not increase 

continuously and seems to come to a limiting value manifested in the plateau of the 
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upper region of the curve (Condon, 2006). As expected the adsorptivity increased witht 

an increase in molecular wieght (Vahdat et al., 1995). Thus, the toluene isothterm 

exhibited highest adsoprtion capacity.  As pointed out by Gregg and Sing (1982) this 

limit exists because the pores are so narrow in the micropores region that they cannot 

accommodate more than a single molecular layer on their walls, which is conform to 

the Langmuir model already assumed to be applicable to the current findings. 

Therefore, Type I isotherm is usually interpreted as an indication that the majoirity of 

the adsorption has taken place in the micropores, and has been modelled by Langmuir 

isotherm with the assumption that the micropores were too small for more than one 

molecular layer to adsorb. Harper (1993),  argued that the isotherms are normally 

concave“non-linear” to the concentration as adsorption take place in micropores.  

          It could be seen that adsorbent and adsorbates properties affect the performance 

of the adsorption process.The effectiveness of adsorption process, including air 

sampling volume,  requires knowing the adsorption capacity that is often obtained from 

experimental isotherm data (Kim et al., 2006) 

The Langmuir isotherm may be represented by the following equation: 

          
i

i
e KC

mKC
W

+
=

1
 …………………………………………….. 5.4 

The parameters of Equation 5.4 were also estimated from the linear regression 

analysis of Equation 5.5, which is another form of Equation 5.4. 

mmKCW ie

111
+=  …………………………………. 5.5 

The parameters m and K were determined graphically by plotting the reciprocal 

of the sorbent weight against the reciprocal of the adsorbate concentration in the feed 

(Balieu, 1989). This is illustrated in the following Figures 5.23 and 5.24, where the 

slope and the intercept could be determined. Accordingly, equation 5.4 could be 

rewritten as Equation 5.6 and 5.7 for toluene and n-hexane.   
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Figure  5-23: Langmuir isotherm, toluene 

Langmuir isotherm, toluene
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Figure  5-24: Langmuir isotherm, n-hexane  
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From the above Figures 5.23 and 5.24, the values of m and K were found to be 

294 and 0.028 respectively for toluene, and 109 and 0.021 correspondingly for n-

hexane. Thus, the Langmuir equations for toluene and n-hexane can be written as 

follow:  
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For toluene:  
i

i
e C

C
W

028.01
21.8

+
=  ………………………………….. 5.6 

For n-hexane:  
i

i
e C

C
W

021.01
29.2

+
=  ………………………………….. 5.7 

From the above two equations, the adsorption capacity (We) for toluene and n-

hexane can be determined for any untested concentration by substituting of the initial 

concentration values. This will permit prediction of the adsorption capacity of activated 

carbon under the stated test conditions.  

5.3.4 The five percentage breakthrough time  
 

The following discussion is concerned with the results that were obtained from 

the five percentage breakthrough time experiments where each of the tested parameters 

was varied over a prescribed range. The 3M charcoal filter medium (JK50) was only 

used in these experiments; however, any discussion presented should also apply to 

JK40. Also, toluene and n-hexane were the only adsorbates used, and the results 

discussed therein would either include each separately or both at the same time. 

As pointed out in section 5.2.3.4, a base-line set of experimental conditions was 

defined. Throughout the current presentation and discussion, the results of this base-

line set were the basis against which the results obtained under other experimental 

conditions were compared. The conditions of this base-line set were: 

• Sorbent material=JK50 

• No. of 37-mm JK50 filters (layers) = 2 layers (i.e., 0.8600±0.0034 grams) 

• Adsorbate = toluene and n-hexane 

• Initial concentration of adsorbate in the feed = 100 ppm 

• Feed flow rate =  2 l/min and  

Laboratory ambient conditions (22±2°C, 34±2% RH) 
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5.3.4.1 Effect of feed flow rate on breakthrough time 

Figures 5.25 to 5.28 show the dependency of the 5% breakthrough time on the 

feed flow rate for toluene and n-hexane at initial concentration (Ci) of 100ppm values of 

each. The respective experimental conditions are listed on these figures.   

 
Figure  5-25: Five percentage breakthrough time at different flow rates, toluene 

toluene, JK50, 2 layers, Ci=100ppm
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Figure  5-26: Five percentage breakthrough time at different flow rates, toluene 

toluene, JK50, 2 layers, Ci=100ppm
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Figure  5-27: Five percentage breakthrough time at different flow rates, n-hexane 

n-hexane, JK50, 2 layers, Ci=100ppm
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Figure  5-28: Five percentage breakthrough time at different flow rates, n-hexane 

n-hexane, JK50, 2 layers, Ci=100ppm
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The experimental results are represented by symbols; while the solid lines are 

the theoretical lines obtained by fitting the data to the W-J model (refer to chapter 6). 

The results generally indicate that breakthrough or penetration concentration 

occurred faster at higher flow rates implying an inverse relationship existing between 

the breakthrough time and feed flow rate. This type of relationship was expected as 

higher flow rates means increasing the quantity of the adsorbate, and thus shortening 
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the residence times that were required to saturate the active adsorption sites 

(Saalwaechter et al., 1977).  Also, the breakthrough time curves are steeper for high 

feed flow rate. The steepness of a breakthrough curve is associated to the speed at 

which the vapour is adsorbed from the air as it flows through the bed (Wood, 2002). 

For example, the 5% breakthrough time at 0.5 l/min was about 13 times longer than 

that at 5.0 l/min or 4 times at 2.0 l/min. This implies that high values of Q results in 

faster kinetics of adsorption (Lavanchy and Stoeckli, 1997; Wood, 2002).  

            Both the breakthrough time and the breakthrough curve are related to 

parameters such as the adsorption capacity (We) of JK50.  It will be shown later, 

Chapter 6, that the experimental value of dynamic equilibrium adsorption capacity of 

sorbent JK50 did not depend on the feed flow rate through the sorbent material. 3M 

charcoal filter medium (JK50) was found to acquire the same adsorption capacity at 

otherwise varying flow rate of the feed. This is in agreement with Nir et al., 

(2002).They found that the adsorption capacity (We) unchanged with varying air flow 

pattern. On one hand, such results imply that the adsorption capacity indeed reached its 

maximum, equilibrium value, and on the other hand, they imply the inverse relationship 

between the breakthrough time and feed flow rate was indeed due to the saturation of 

the available active adsorption sites. This result is in line with adsorption theory that 

assumes that the mass of solvent adsorbed on a certain activated carbon is independent 

of flow rate and depends on concentration, humidity, type of solvent and temperature 

(Nelson and Corriea, 1976). 
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Figure  5-29: Effect of flow rate on breakthrough time; toluene, JK50, 2 layers 

toluene, JK50, 2 layers, Ci=100ppm
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  Figure  5-30: Effect of flow rate on breakthrough: n-hexane, JK50, 2 layers 

n-hexane,JK50, 2layers, Ci=100ppm
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 The effect of the feed flow rate on the breakthrough curves of toluene and n-

hexane at otherwise constant conditions is illustrated more explicitly in Figures 5.29 

and 5.30. These figures are plots of the 5% breakthrough time against the flow rate. 

They illustrate that breakthrough time decreased as the feed flow rate increased. They 

also show that the breakthrough time curves are non-linear and concave to the flow rate 
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axis over the range of flow rate studies, and the degree of curvature is apparently 

related to the sorbent weight. These results are in line with similar findings from other 

studies (Harper, 1993).  

5.3.4.2 Effect of initial concentration on breakthrough time 
 

             The dependency of the 5% breakthrough time (BT) on the initial concentration 

of toluene and n-hexane in the feed is shown in Figures 5.31 and 5.32, respectively. 

The adsorption properties of toluene were investigated more extensively than those of 

n-hexane. This explains the reason that Figure 5.31 combines the effect of initial 

concentration (Ci) on the 5% BT time, in the case of toluene, together with the effect of 

the weight of JK50. The experimental data results for n-hexane were obtained at the 

same conditions but the weight was fixed at two layers of JK50 (Figure 5.32). As seen, 

there is an inverse dependency of the breakthrough time on the initial concentration of 

the adsorbate in the feed. Such results do agree with previous study (Harper, 1993) and 

were expected since the probability of filling the available sites of the activated carbon 

tends to be greater with the increase in the number of adsorbate. Note that the curves 

tend to flatten out towards higher values of Ci implying that the rate of adsorption 

becomes slower and the sorbent material is approaching saturation (Nelson and Corriea, 

1976).  
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Figure  5-31 Five percentage BT time Vs. different Ci for toluene at different JK50 layers 
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Figure  5-32: Five percentage BT time Vs. different Ci for n-hexane at two JK50 layers  
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5.3.4.3 Effect of 3M charcoal filter media weight on breakthrough time 
 

The effect of sorbent weight (JK50) on the breakthrough time for toluene and n-

hexane is shown in Figures 5.33 and 5.34.   
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Figure  5-33: Five percentage breakthrough time of toluene at different JK50 layers 

toluene, JK50, 2 l/min, Ci=100ppm
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Figure  5-34: Five percentage breakthrough time of n-hexane at different JK50 layers 

n-hexane,JK50, 2 l/min, Ci=100ppm
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 As indicated in Figure 3-34 all of the five percentage breakthrough 

experimental data were close to the  theoretical fitting line except at five layers where 
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the breakthrough time experimental data are earlier than the fitting line. However, it has 

the same curve. This could be explained as experimental error as there might be 

unpredicted leakage in the sampling point set up, or a slight variation in the weight of 

the tested layer.     

As expected, the increase in the JK50 weight (number of layer) resulted in the 

increase in the BT time, where more active sites were available. The increase in the 

5%BT time seems to increase almost linearly with the weight of JK50. Harper, (1993) 

found that increasing the sorbent weight increase the breakthrough time by more than 

would be expected from simple linear relationship.  

For instance, values of the 5% BT time were estimated from the experimental 

data presented in the aforementioned Figures are listed in Table 5.11 for both toluene 

and n-hexane.  

Table  5-11: Relationship between JK50 weight and 5% BT time for toluene and n-hexane 
No. of layer Wieght of JK50, 

grams 
5% Breakthrough time, minutes 

toluene n-hexane 
1 0.43 61 19 
2 0.86 181 61 
3 1.29 301 109 
4 1.62 421 151 
5 2.15 535 181 
 
Plotting those values by means of linear regression produced Figure 5.35 with a 

coefficient of determination close to unity; the relationship between 5% BT time and 

JK50 mass was indeed linear.  

 

 

 

 

 

 

 



147                                                                               

Figure  5-35; Relationship between JK50 weight and 5% BT time 

Relationship between JK50 weight and 5%BT time 
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5.3.4.4 Effect of temperature on breakthrough time 
 

As discussed in Chapter 2, knowing the effect of temperature on the adsorption 

properties of a given sorbent/adsorbate pair such as adsorption capacity and 

breakthrough volumes is essential; particularly where the temperature can reach 

extreme levels such as the case is in Saudi Arabia. This effect was investigated by 

studying the adsorption characteristics of toluene and n-hexane on s3M charcoal filter 

media (JK50) at elevated temperature and comparing the results with those obtained at 

the ambient value.  

Two elevated values of temperature were tested, namely, 35 ºC and 50ºC, while 

other experimental conditions were kept at the base-line values. The experimental data 

obtained are shown in Figures 5.36 and 5.37 for toluene and n-hexane, respectively 

where the concentration of toluene or n-hexane in the exit stream (up to 5% of the inlet 

concentration; i.e., 5% breakthrough) was plotted against the BT time. These figures 

also show the results that were obtained at the baseline ambient temperature, (22ºC).  
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Direct comparison of the results of these figures indicates that an increase in 

temperature enhanced the breakthrough of the analytes tested and resulted in shorter 

breakthrough times.  For instance, a temperature increase from 22 to 50 ºC resulted in 

about 50-minute and 30- minute reduction in the 5% breakthrough time for toluene and 

n-hexane respectively, at flow rate (Q) of 2l/min and 2layers (0.86 g). This is translated 

to a reduction of about 100 and 60 litres of the 5% breakthrough volume. Melcher, et al 

(1978) found that a rise in temperature will led to shorter breakthrough. As general 

guideline, for charcoal, it has been proposed that for every 10ºC increase in 

temperature, the breakthrough time will be reduced by 1-10%.    

 
Figure  5-36: Effect of temperature on BT time, toluene, JK50 

toluene,2layers, Ci=100ppm, Q=2 l/min, RH=32%
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Figure  5-37: Effect of temperature on BT time, n-hexane 

n-hexane, 2layers, Ci=100ppm, Q=2 l/min, RH=32%
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The inverse dependency of breakthrough times on the temperature was expected 

since adsorption is invariably an exothermic process. Accordingly, the amount 

adsorbed at a given initial concentration of the adsorbate in the feed stream should be 

reduced as the temperature increases. Further, due to the lack of any overlapping or 

interference between the three breakthrough curves (BTC’s) shown in Figures 5.36 and 

5.37, it could be assumed that adsorption under the three values of the temperature 

reached equilibrium (Gregg and Sing, 1982). 

The dependency of the breakthrough time on temperature is illustrated more 

explicitly in Figures 5.38 and 5.39 for toluene and n-hexane, respectively, where the 

5% breakthrough time was explicitly plotted against temperature for three values of 

JK50 weight.  
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Figure  5-38: Effect of temperature on five percentage BT time, toluene, 100 ppm 

toluene,  5%BT at different layers and temp.
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Figure  5-39: Effect of temperature on five percentage BT time , n-hexane, 100 ppm 

n-hexane,  5%BT at different layers and temp.
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The results shown in these figures indicate that, regardless of sorbent weight 

and as discussed above, an inverse relation between the breakthrough time (and 

volume) and temperature.  Kawasaki et al., (2004) reported that the adsorption process 

must be changed with temperature. It depends on the molecular motion of an adsorbate 

which influences the adsorption behaviour onto the activated carbon. They found that 
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the adsorption kinetics of toluene and xylene onto activated carbon depended on 

temperature. Another study by Das et al., (2004) showed that the breakthrough time for 

toluene was decreased when the activated carbon bed temperature increased from 30C 

to 40C. Yun et al., (1999) reported that at higher temperature the reverse trend in 

breakthrough characteristic was observed. This is an indicative of reduced adsorption as 

a result of possible loss of the active sites for adsorption.    

 

5.3.4.5 Effect of humidity on breakthrough time 
 

Water vapour can be present in the atmosphere with high levels, and therefore 

may hinder adsorption of organic vapours such as toluene and n-hexane. The 

adsorption characteristics of toluene and n-hexane vapours on 3M charcoal filter media 

(JK50) were evaluated with respect to the variation of humidity. In this set of 

experiments, the presence of humidity in terms of percentage relative humidity or %RH 

was studied. In addition to the ambient relative humidity (i.e., 32 %RH), two additional 

values were attempted, namely 10 and 70% as shown in Figure 5.40 and 5.41. The 

latter two values were selected to comply with the NIOSH requirements to validate a 

new sorbent material (Kennedy et al., 1998). The experimental data are shown in 

symbols, whereas the solid lines were the simulated lines from the W-J equation. 

As seen from these figures, humidity did not seem to affect the breakthrough 

times for both adsorbates. There was no significant difference between the 

breakthrough times for dry or humid sorbents. This means that the humidity of the air 

stream does not influence the adsorption. 

             While these results are in agreement with those reported earlier in several 

studies (Saalwaechter et al., 1977; Harper, 1993), they contradict some others, 

Lodewyckx and Vansant (1999) reported that the water in air stream will decrease the 
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adsorption capacity only at very high values of relative humidity. The degree of the 

humidity effect depends on the properties of the sorbent and sorbate (Melcher et al., 

1978). 

      JK50 filter medium is composed mainly of activated carbon, which is known to be 

nonpolar (Cropper and Kaminsky, 1963). Since water is polar adsorption onto the 

activated surface would be minimal, and would not therefore interfere with the 

adsorption of either toluene or n-hexane; both being nonpolar. Finally, this was 

anticipated from the results obtained from the spiking experiments (Chapter 3) as the 

injected different values of water onto JK50 did not affect the adsorption of toluene.  

      Figure  5-40: Effect of humidity on the 5% breakthrough time, toluene 

toluene,  2 layers, Q=2 l/min; Ci=100ppm
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Figure  5-41: Effect of humidity on the 5% breakthrough time, n-hexane 

n-hexane, 2 layers, Q=2 l/min; Ci=100ppm
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5.3.5 Mass transfer mechanism of adsorbate onto JK50 

Diffusion (or conduction) of toluene onto JK50 filter could have a positive bias, 

particularly, at low values of the flow rate, and therefore, it was necessary to investigate 

its role in the current results.  The recommended method by NIOSH to do that was to 

plot the 5% breakthrough time versus the inverse of the flow rate (Kennedy et al., 

1998). This is illustrated in Figures 5.42 and 5.43, which were constructed based on the 

breakthrough time experiments that were run at 100 ppm of toluene on different layers 

(weight) of JK50 and 100 ppm of n-hexane on two layers of JK50 at ambient laboratory 

conditions. The solid lines in these figures were determined by linear regression. 
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Figure  5-42: Relation between 5%BT time and diffusion at 2l/min, toluene 

Relation between 5%BT time and diffusion; toluene
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Figure  5-43: Relation between 5%BT time and diffusion at 2l/min, n-hexane 

Relation between 5%BT time and diffusion; n-hexane
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The regression straight lines shown in Figure 5.42 and 5.43, with coefficients of 

regression (R2) close to unity imply that diffusion was in fact insignificant. 

Accordingly, dispersion (or convection) was the main mass transfer mechanism of 

toluene and n-hexane from the air stream onto JK50. 
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5.4 Summary and conclusions 
 

The adsorption characteristics of 3M Charcoal filter media (JK50 and JK40) 

that are proposed to sample for VOCs were studied and investigated. Two VOCs were 

used throughout the study, namely toluene and n-hexane. These two materials were 

particularly selected for several reasons. First, they are of interest to occupational 

hygienists where they are commonly used in different work environments; second they 

are reasonably safe to work with, and more importantly each one represents distinct 

categories of chemicals that are different in their structure and physical properties. 

Accordingly, the results and conclusions made there could be extrapolated to the 

members of each category rather than being confided and specific only to the two 

materials. Further, investigating the adsorption properties of two different materials 

would provide the basis for searching, evaluating, and developing better methods from 

each category. 

For instance, toluene is a cyclic compound with 3 double bonds and a single 

side methyl group, where as n-hexane is an open chain, saturated paraffinic compound. 

Toluene outweighs n-hexane in the dipole moment, vapour pressure and molecular 

weight. 

Pressure drop data was determined for the 3M Charcoal filter media at different 

flow rate conditions and weights. The maximum pressure drop which was determined 

for a 5-layer stack of JK50 did not exceed the recommended NIOSH maximum 

pressure drop of 3KPa (12 inches of water) across the sampler. For the proposed 2-

layer filter of JK50, the pressure drop did not exceed 0.40 inches of water at the 

proposed flow rate of 2 l/min. 

A preliminary novel set of experiments was devised to estimate the optimum 

weight of JK50 and JK40 for typical field sampling at 2 l/min and for 8-hour shifts. 
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Accordingly, it was concluded that 2 layers of JK50 could suffice for around 150 

minutes. It was found around about five layers of JK50 and seven layers of JK40 will 

be sufficient to collect 960 liters of air at the studied experimental conditions.  

From above experiments it was found the only difference between JK50 and 

JK40 is the weight (mass) of activated carbon and the results were comparable 

considering experimental errors. Therefore, it was decided to focus on JK50 throughout 

the rest of the study. 

The full breakthrough curves of toluene and n-hexane were determined at 

different concentrations. Toluene produced curves that were close to the typical S-

shape. In the case of n-hexane, the curves were still S-shaped but much sharper 

indicating n-hexane could reach full breakthrough much faster than toluene. This 

difference was reflected in the much lower adsorption capacity of n-hexane than that of 

toluene.  For instance, at 100ppm and ambient conditions of temperature and relative 

humidity (i.e., 22ºC and 34%, respectively), the equilibrium adsorption capacity of 

toluene was found to be equal to 213 mg/gram compared to 66 mg/gram; i.e., around 

three times greater. These substantial differences may be attributed to the fact that 

toluene possesses higher values of physical properties that favour adsorption such as 

molecular weight, dipole moment and boiling point. Further, the difference between the 

open-chain molecular and side branches structure could limit adsorption of the material 

into the micropores of JK50. 

Maximum adsorption capacity (We) of toluene and n-hexane and Langmuir 

isotherms based on full breakthrough curves experiments were determined. The results 

showed that toluene had higher We values than n-hexane. The results also indicate that 

the equilibrium adsorption capacity of toluene and n-hexane depended on the initial 

concentration of the adsorbates in the feed. Further, the adsorption isotherm of toluene 
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and n-hexane onto JK50 was Type I adsorption in micropores. The adsorption isotherm 

described in the current study are all non-linear Type I with curvature and breakthrough 

volumes are strongly dependent on the concentration of the vapour in the feed stream. 

The effect of the relevant variables on the adsorption properties of the 3M 

charcoal filter medium (JK50) was investigated through several sets of experiments 

over prescribed ranges of each. The variables included the feed flow rate (Q), initial 

concentration of a given adsorbate in the feed Ci, weight of the sorbent material (W) 

and the temperature (T) and relative humidity (%RH) of the sampling assembly. The 

results were presented in terms of complete and 5% breakthrough time and volume for 

toluene and n-hexane.  

 The results of the studied flow rates (0.5, 1,2,3,4 and 5 l/min) on breakthrough 

(BT) time revealed that the BT time decreases as the flow rate increases. It also showed 

that the BT curves are non-linear and concave to the flow rate axis over the range of 

studied flow rates. 

It was found that there was an inverse dependency of the five percent 

breakthrough on the initial studied concentrations (10, 25, 50 and 100 ppm) of toluene 

and n-hexane in the feed stream. This was expected since the probability of filling the 

available sites of the JK50 tends to be greater with increase in the number of adsorbate.   

The result of the effect of weight (one, two, three, four and five layers) on 5% 

breakthrough (BT) time showed that the BT time increased linearly as the number of 

JK50 layers increased. This is expected as increasing number of JK50 layers mean 

increase number of available active sites that will adsorb more adsorbates. 

The result from effect of the temperature studies (35°C and 50°C) was found to 

expedite breakthrough time in toluene and n-hexane. The inverse dependency of BT 
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time on temperature was expected since the adsorption is always an exothermic 

process. 

The effect of humidity on the adsorption behaviour of both toluene and n-

hexane was found to be marginally important. The studied two relative humidity 

percentages (10 and 70% RH) on adsorption process did not reveal any effect. This was 

expected from the fact that JK50, toluene and n-hexane are all non-polar while water is 

polar.  

Mass transfer mechanism of adsorbate onto JK50 was investigated.  The result 

showed that dispersion (or convection) was the main mass transfer mechanism of 

toluene and n-hexane from the air stream onto JK50.  
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Chapter 6 

6 Modelling and Determination of 

Adsorption Capacity  

6.1 Introduction 

As indicated earlier, the current study was concerned mainly with evaluating the 

suitability of using JK50 and JK40 as sorbents in collecting organic vapours under field 

conditions; then the samples are recovered and analyzed.  The suitability of these 

sorbent materials expressed conveniently in terms of breakthrough time or volume was 

already tested under specific conditions with positive results. The objective of the 

current chapter was to extrapolate those results to predict these parameters under 

different conditions through modeling without resorting to extensive experimentation. 

 Attempts were made to fit the experimental data presented in Chapter five to the 

kinetic models. Namely, these models were the modified Wheeler-Jonas and Yoon 

models. The results are presented and discussed in this chapter.   

6.2 The Wheeler-Jonas (W-J) equation 

The analysis of a given breakthrough curve (BTC) by the W-J or empirical 

equation (Equation 6.1) could provide estimation of the parameters for the 

physiosorption involved in subsurface analyte transport, namely, We and kv. Values for 

We and kv are required for developing and validating theoretical models for analyte 
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transport.  The application of Equation 6.1 could take several expressions; each of 

which would depend on the type of data available and how extensive the data are.  
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          The terms of Equation 6.1 were already defined in Chapter 2 (literature review), 

and the following sections discuss two of those expressions and how they were used to 

model the experimental data. 

6.2.1 Method 1 of the W-J equation 

             In case the available data is only for one experiment then Method 1 could be 

used to determine the We and Kv. It is based on the following linear expression of 

Equation 6.2:  
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where Co is the independent variable in this case. Accordingly, the breakthrough time 

(tb) was plotted versus the concentration quotient ]/)ln[( ooi CCC −  as illustrated by 

Figure 6.1. 

Figure  6-1: Expression of method 1 of the W-J equation 

Method 1 of the W-J equation

ln(Ci-Co/Co)

Ti
m

e,
 m

in
ut

es

 



161                                                                               

                  

The slope ‘a’ and the intercept ‘b’ of Equation 6.2 are given, by: 
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It should be noted that applying method 1, variables Ci, Q, T and RH% must 

remain constant. The value for We was first calculated from Equation 6.4, then kv from 

Equation 6.3 at the tested conditions. 

The convenience in using method 1 or Equation 6.2 in modeling is that the 

analysis may be accomplished based only on a single breakthrough curve (BTC). 

Despite this convenience, the use of this form presents several disadvantages. It is not 

always clear how many points have to be considered from the single BTC for the 

fitting, which consequently results in a high uncertainty on the calculated values of We 

and kv. The most serious disadvantage is that all evidence is based on one single BT 

experiment.  

The results reported in Chapter 5 for single BTCs for both toluene and n-hexane 

were used. The BTCs in concern represented results at otherwise varying Ci of toluene 

and n-hexane in the feed stream, namely, 10, 25, 50 and 100 ppm. The data used are 

plotted in Figures 6.2 to 6.5 for toluene and 6.6 to 6.9 for n-hexane, respectively. It 

should be noted that the data used here are the same as used in section 5.3.3 of Chapter 

5.The experimental data are presented as symbols, while the solid lines were obtained 

by linear regression. The experimental data that lay outside of the linear range of the 

equation (low values for ln(Ci-C0/C0) were excluded from the analysis and not used for 

the fit. 
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Figure  6-2:  Five percentage BT of toluene at Ci=10 ppm using W-J equation method 1 

Ci=10ppm; 2 layers of JK50, Q=2 l/min,

y = -75.016x + 1043.7
R2 = 0.98
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                            Figure  6-3: Five percentage BT of toluene at Ci=25 ppm using W-J equation method 1 

Ci=25ppm; 2 layers of JK50, Q=2 l/min

y = -44.34x + 619.69
R2 = 0.98
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Figure  6-4: Five percentage BT of toluene at Ci=50 ppm using W-J equation method 1 

Ci=50ppm; 2 layers of JK50, Q=2 l/min

y = -33.721x + 437.75
R2 = 0.96
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Figure  6-5: Five percentage BT of toluene at Ci=100 ppm using W-J equation method 1 

Ci=100ppm; 2 layers of JK50, Q=2 l/min

y = -21.716x + 259.62
R2 = 0.95
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Figure  6-6: Five percentage BT of n-hexane at Ci=10 ppm using W-J equation method 1 

 Ci=10 ppm; 2 layers of JK50, Q=2l/min

y = -21.71x + 254.62
R2 = 0.98
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          Figure  6-7: Five percentage BT of n-hexane at Ci=25 ppm using W-J equation method 1 

 Ci=25ppm; 2 layers of JK50, Q=2 L/min

y = -15.316x + 189.85
R2 = 0.99
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Figure  6-8: Five percentage BT of n-hexane at Ci=50 ppm using W-J equation method 1 

 Ci=50ppm; 2 layers of JK50, Q=2 l/min

y = -11.089x + 131.41
R2 = 0.98
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    Figure  6-9: Five percentage BT of n-hexane at Ci=100 ppm using W-J equation method 1 

 Ci=100ppm; 2 layers of JK50, Q=2 l/min

y = -8.0516x + 95.737
R2 = 0.97
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          Figures 6.2 to 6.9 indicate that the experimental data for the four values of Ci are 

clustered around straight lines when the results were plotted according to Equation 6.2. 

The linear regression indicated excellent fit between the experimental results  according 

to equation 6.2, where the regression coefficient ranged from 0.94 (at Ci=10ppm) to 

0.97 (Ci=100ppm). 
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Each regression line of the figures produced a set of slope and intercept at a 

given value of Ci. Thus, there were four sets of such slope and intercept for toluene and 

another four for n-hexane. Solving each set at the prevailing conditions of Q, Ci, ρb, 

and W resulted in four values of each of We and kv for toluene and for n-hexane. These 

values are listed in Table 6.1. (More details on calculations are given in Appendix B). 

           Table  6-1: Dependency of We on Ci based on method 1, toluene 

Ci, ppm toluene n-hexane 

We, mg/gram kv, min-1 We, mg/gram kv, min-1 

10 92 7,757 21 6,273 

25 137 7,790 39 6,630 

50 193 7,249 53 6,339 

100 229 6,677 78 6,359 

Average  7,368 ± 523  6,400±158 

 

As seen, We in both cases increases with the feed initial concentration of toluene 

and n-hexane Ci. This was expected from the adsorption theory and was modeled by 

several equations (Nelson and Correia, 1976).  On the other hand, no specific trend was 

noticed for the adsorption rate coefficient kv implying no apparent relationship between 

the kv and Ci. The variation shown in the kv values was however within the range of the 

experimental errors. A similar conclusion of independency of kv from Ci have been 

reported by Vahdat et al., (1995) for toluene, n-hexane and MEK . Similar results were 

also obtained for acetone by Moyer (1987).  
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6.2.1  Method 2 of the W-J equation 

The main factor behind selecting this modeling method is the availability of the 

breakthrough experimental data. The Method 2 of the W-J equation (Equation 6.1) is 

simply based on the following expression: 

baWtb +=  ……………………………………….. 6.5 

which conveniently relates the breakthrough time (tb) linearly to the weight W of the 

sorbent material. 

In reference to Figure 6.10, the slope ‘a’ and intercept ‘b’ of Equation 6.5 are 

given by the following expressions: 
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Figure  6-10: Expression of Method number 2 of the W/J equation 

Method 2 of the W-J equation
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    Tables 6.2 and 6.3 list the 5% breakthrough times at several values of the 

weight tested of JK50 for toluene and n-hexane, respectively. Other experimental 

conditions were kept constant during these sets of experiments.  
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Table  6-2: Five percent breakthrough time against weight of JK50, toluene 

 

No of JK50 layer  

 Ci, ppm 

Weight (gm) 
10 
(ppm) 

25 
(ppm) 

50 
(ppm) 

100 
(ppm) 

tb 
(min) 

tb 
(min) 

tb 
(min) 

tb 
(min) 

1 0.43 205 145 103 61 

2 0.86 583 427 295 181 

3 1.29 967 703 487 301 

4 1.72 1345 985 679 421 

5 2.15 - 1267 871 535 

                   

Table  6-3: Five percent breakthrough time against weight of JK50, n-hexane 

 

No of JK50 layer  

 Ci, ppm 

Weight (gm) 
10 
(ppm) 

25 
(ppm) 

50 
(ppm) 

100 
(ppm) 

tb 
(min) 

tb 
(min) 

tb 
(min) 

tb 
(min) 

1 0.43 61 43 31 19 

2 0.86 187 133 103 61 

3 1.29 313 229 157 109 

4 1.72 439 319 223 151 

5 2.15 559 409 287 181 

 

          Figures 6.11 and 6.12 show the fitting of the experimental data listed in the above 

tables to the Wheeler-Jonas model in accordance to Equation 6.5 for both toluene and 

n-hexane, respectively.  
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Figure  6-11: Five percent BT time versus weight of JK50 , toluene 

JK50, Toluene, 2l/min

y = 277.67x - 59.6, 100 ppm

y = 446.51x - 89, 50 ppm

y = 651.63x - 135.2, 25 ppm

y = 880.93x - 172.8,10 ppm
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Figure  6-12: Five percent BT time versus weight of JK50, n-hexane 

JK50, n-hexane, 2l/min

y = 290.23x - 62.6,  10 ppm

y = 213.49x - 48.8, 25 ppm

y = 146.98x - 29.4, 50 ppm

y = 96.279x - 20, 100ppm

0

100

200

300

400

500

600

0 0.5 1 1.5 2 2.5
weight, grams

5%
 B

T 
tim

e,
 m

in
ut

es

Ci 10 ppm Ci 25 ppm Ci 50 ppm Ci 100ppm

   

 

 

Relating the slopes and intercepts of the regression lines shown in Figure 6.11 

and 6.12 to Equation 6.1 under the test conditions used, the respective values for We 

and kv were determined, and these are listed in Table 6.4. (More details on these 

calculations are given in Appendix B). 
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        Table  6-4: Dependency of We  on Ci based on method 2 of the W-J equation 

Ci, ppm We, mg/gram kv, min-1 

 toluene n-hexane toluene n-hexane 

10 67 20 7,217 5,926 

25 123 37 6,884 6,768 

50 170 51 7,090 7,062 

100 211 67 6,573 6,805 

Average 6,941±281 6,640±494 

 

Similarly to the results estimated by employing method 1 of the W-J equation 

(Equation 6.1), the results obtained here also indicate that We increases with the initial 

concentration of the adsorbate in the feed Ci. The results also indicated that there was 

no specific trend noticed for the overall adsorption rate coefficient kv similarly implying 

that this coefficient did not depend on Ci, whereas the variation exhibited in its values 

was found to be within experimental errors.  

6.3 The Yoon equation 

Yoon and Nelson (1984) applied the Yoon model Equation (6.8) to determine 

the breakthrough time as a function of parameters K' and τ. The Yoon model could be 

expressed by the following linear equation: 

b
CC

C
at

oi

o
b +

−
= ln ……………………………………6.8 

Fitting the experimental data presented in Chapter 5 for toluene and n-hexane at 

10, 25, 50 and 100ppm to this linear equation generated Figure 6.13 to 6.16 for toluene 

and Figure 6.17 to 6.20 for n-hexane.  The straight lines shown in these figures were 

obtained by linear regressions, where the slope and intercept of each were given by:  
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'
1
k

a = …………………………………………………   6.9 

τ=b ……………………………………………………6.10 

 

Both k' and τ were defined earlier in Chapter 2 as the Yoon adsorption rate coefficient 

(min-1) and the 50% breakthrough time, min respectively. 

The 50% breakthrough time τ is related to the maximum adsorption 

capacity(We)through the following equation: 

τQCW ie = …………………… ………………………6.11 

Values of τ and We depend on Ci, and τ depended also on Q (Yoon and Nelson, 

1984). Accordingly, the maximum adsorption capacity We for a given breakthrough 

curves (BTC) was obtained from Equation 6.11 after the 50% breakthrough time τ 

estimated from the intercept of the BTC was substituted for (Yoon and Nelson, 1990).  

The estimated values for We as linked to the adsorption half-time of adsorption 

(Equation 6.10) were determined and the results are listed in Table 6.4. 

Figure  6-13: Five percentage BT of toluene at Ci=100 ppm using Yoon equation 

Ci=100ppm;  2 layers of JK50, Q=2l/min

y = 21.716x + 259.62, R2 = 0.95
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Figure  6-14: Five percentage BT of toluene at Ci=50 ppm using Yoon equation 

Ci=50ppm; 2 layers of JK50, Q=2 l/min

y = 29.213x + 380.44, R2 = 0.96
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Figure  6-15: Five percentage BT of toluene at Ci=25 ppm using Yoon equation 

Ci=25ppm; 2 layers of JK50, Q=2 l/min

y = 37.542x + 506.52, R2 = 0.97
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Figure  6-16: Five percentage BT of toluene at Ci=10 ppm using Yoon equation 

Ci=10ppm;  2 layers of JK50, Q=2 l/min

y = 63.467x + 792.56, R2 = 0.97
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Figure  6-17: Five percentage BT of n-hexane at Ci=100 ppm using Yoon equation 

 Ci=100ppm; 2 layers of JK50, Q=2l/min

y  = 8.0516x + 95.737, R2 = 0.97
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Figure  6-18: Five percentage BT of n-hexane at Ci=50 ppm using Yoon equation 

 Ci=50ppm; 2 layers of JK50, Q=2 l/min

y  = 11.089x + 131.41, R2 = 0.9877
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Figure  6-19 : Five percentage BT of n-hexane at Ci=25 ppm using Yoon equation 

Ci=25ppm; 2 layers of JK50, Q=2 l/min

y = 15.316x + 189.85, R2 = 0.99
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Figure  6-20 : Five percentage BT of n-hexane at Ci=10 ppm using Yoon equation 

 Ci=10ppm; 2 layers of JK50, Q=2 l/min

y  = 21.71x + 254.62, R2 = 0.98
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Table  6-5: Yoon parameters versus Ci for toluene and n-hexane 

Ci, ppm τ , min We , mg/gram k’,  min-1 

toluene n-hexane toluene n-hexane toluene n-hexane 

10 792 255 60 19 0.016 0.046 

25 506 190 96 36 0.027 0.066 

50 399 131 152 50 0.034 0.090 

100 259 96 197 73 0.046 0.124 

 

The results shown in Table 6.5 revealed that both the maximum adsorption 

capacity (We) and 50% breakthrough time varied with the initial concentration of the 

adsorbate in the feed; while We increased with Ci, τ decreased. The similar conclusion 

was obtained for methyl acetate by (Yoon and Nelson, 1984). This was expected since 

the probability of adsorption onto available micropores by the molecules of a given 

adsorbate increases as the concentration and thus the number of those molecules 

increases (Yoon and Nelson, 1990). At the same time, because of the presence of 

enough molecules of adsorbate to be adsorbed onto the available micropores, the 
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saturation capacity would be reached sooner; thus a reduction in the breakthrough time 

and τ (Nelson and Harder, 1974). 

6.4 Comparison between experimental and predicted values 

for adsorption capacity  

For comparison purposes, Tables 6.6 and 6.7 list the values obtained for the 

maximum adsorption capacity (We) from the W-J model (both methods 1 and 2) and the 

Yoon model, for toluene and n-hexane, respectively.   

                 Table  6-6: Comparison between experimental and predicted values for We , toluene 

Ci 

ppm 

We, mg/gram 

(Experiments) 

We, mg/gram 

method 1 of W-J 

We, mg/gram 

method 2 of W-J 

We, mg/gram 

Yoon 

10 64 92 67  60  

25 121 137  123  96  

50 170 193  170  152 

100 213 229  211 197 

           

               Table  6-7: Comparison between experimental and predicted values for We , n-hexane 

Ci 

ppm 

We, mg/gram 

(Experiments) 

We, mg/gram 

method 1 of W-J 

We, mg/gram 

method 2 of W-J 

We, mg/gram 

Yoon 

10 19 21 20 19 

25 40 39 37 36 

50 59 53 51 50 

100 66 78 67 73 

 

The breakthrough time tb as a function of the effluent concentration of a given 

adsorbate may then be calculated by employing either the Wheeler-Jonas (methods 1 
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and 2) or the Yoon model once the values of the respective parameters are known; We 

and Kv in case of the former and We and τ of the latter. 

 Method 2 of the W-J model requires extensive experimental work in order to 

determine both We and Kv. Although, this could be disadvantageous, this method is 

most statistically accurate since it depends not only on several breakthrough curves 

(BTCs), but also on the earlier segment of each BTCs where the data are reliable. 

6.5 Summary and conclusions 

The results of the breakthrough experiments of 3M charcoal filter media (JK50) 

and toluene pair as well as n-hexane pair reported in the previous chapters were 

modeled through the use of dynamic equations.  

  

Regarding the dynamic modeling of the results, two common models or 

equations, namely Wheeler-Jonas or W/J (both methods 1 and 2) and Yoon equations 

were found to successfully fit the results and therefore adopted in this study. However, 

the use of method 2 of the W/J model should produce more reliable estimates of the 

parameters since they were based on several experiments, and they should therefore be 

adopted. Accordingly, the kinetic equation according to the Wheeler-Jonas model 

becomes:  

For toluene:  )ln(
6573

49211

o

oi

ii
b C

CC
CQC

Wt
−

−=      ……………………. 6.18 

For n-hexane:  )ln(
6805

1667

o

oi

ii
b C

CC
CQC

Wt
−

−=      ………………………6.19 

            Although, the maximum adsorption capacity (We) value is varies with the initial 

concentration (Ci) as shown in Tables 6.6 and 6.7, the We value at Ci 100 ppm was 

used in equations 6.18 and 6.19 because it is double the TLV (Threshold Limit Value) 

of toluene and n-hexane.  This practice is widely accepted in the field of occupational 
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hygiene as an estimate of the worst case scenario of air contaminants levels in the work 

environment.  

             Equations 6.18 and 6.19 should allow the prediction of breakthrough times at 

other field conditions than those investigated in this study. These two equations were 

used in plotting the fitting curves of experimental breakthrough in Chapter five.  
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Chapter 7 

7  Summary, Conclusions and 

Recommendations for Further Work 

7.1 Summary 

Investigations from this thesis can be summarized as follows: 

1. The chemical composition of the 3M charcoal filter media (i.e. JK50 and 

JK40) particle size, average pore diameter, total pore volume and specific 

area were found to be similar to conventional SKC sorbent (Section, 3.2). 

2. 3M charcoal filter media has been investigated and found suitable for 

organic vapour sampling and analysis at low flow rates (Section, 3.4). 

3.  Desorption efficiency of the 3M charcoal filter media (JK50) of single 

volatile organic compounds of toluene, benzene, n-hexane and xylenes 

exceeded 85% (section 4. 3.1.1). It was concluded that there was no effect 

of analyte loading (Section, 4.3.1.3), storage period (Section, 4.3.1.2), and 

co-adsorption on the desorption efficiency of JK50 (Section4.3.2). 

4. The effect of humidity on adsorption /desorption efficiency onto and from 

3M charcoal media did not show any significant effect on the adsorption 

/desorption efficiencies. (Section, 4.3.3). 

5. The result of pressure drop study for the 3M charcoal filter media across a 

range flow rates and charcoal weights  (mass)did not exceed the NIOSH 

maximum pressure drop of sampling media (Section, 5.3.1). 
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6. Breakthrough curves exhibited the typical S-shape of adsorption 

breakthrough curves.  This mean that adsorption isotherm of toluene and n-

hexane onto 3M charcoal filter media JK50 was Type I adsorption in 

micropores  The results  of Maximum adsorption capacity (We) showed that 

toluene had higher We values than n-hexane (Section, 5.3.3) 

7. The results of the effect of flow rate on breakthrough time (BT) study 

revealed that the BT decreases as the flow rate increases. It also showed that 

the BT curves are non-linear and concave to the flow rate axis over the 

range of studied flow rates (Section, 5.3.4.1) 

8. It was found that there was an inverse dependency of  breakthrough time 

(BT) on the initial concentrations (section,5.3.4.2)  

9. The effect of 3M charcoal media weight on 5% breakthrough (BT) time 

showed that the BT time increased linearly as the number of JK50 filters 

(layers) increased (section,5.3.4.3) 

10. The effect of the temperature (i.e. 35C and 50C) was found to expedite 

breakthrough time in toluene and n-hexane (section,5.3.4.4) 

11. The effect of humidity on the adsorption efficiencies of both toluene and n-

hexane did not reveal any effect (section, 5.3.4.5).  

12. The results of the mass transfer analysis showed that the dispersion (or 

convection) was the main mass transfer mechanism of toluene and n-hexane 

from the air stream onto 3M charcoal filter media (Section, 5.3.5)  

13. Breakthrough experiments results were fitted to the Wheeler-Jonas and 

Yoon kinetic models. The fitted kinetic and thermodynamic equations or 

models should allow the prediction of breakthrough times at other field 

conditions than those investigated in this study (Section 6.5).   
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14. The results of fluidised bed experiments indicated that breakthrough times 

in the expanded bed for toluene and n-hexane were about two times longer 

than those in fixed bed (Section, 7.3.2).  The results indicate there was a 

direct dependency of the breakthrough times on the fluidised-bed weight 

(Section, 7.3.3) and initial concentration (Section, 7.3.4).  

7.2 Conclusions 

        Based on the literature survey, it was found that conventional NIOSH sorption 

tube (e.g. SKC adsorbent tube) widely used for hydrocarbon collection and 

measurements are limited by operational flow rate (<0.500l/min) which excludes 

concurrent aerosol sampling requiring sampling flow rates greater than 0.5 l/min. This 

thesis was therefore undertaken to address this gap by investigating the suitability of 

new sorbent media, namely, 3M charcoal filter media (JK50 and JK40) for air sampling 

of hydrocarbons at high flow rates.  

            This new approach of collecting vapour/ gases samples at high flow rate will be 

heavily utilized in the field of occupational hygiene. This tool will enable occupational 

hygienists to collect dual samples of different air contaminants (i.e. aerosols and 

vapour/gases) from the work environment simultaneously. Based on the results 

obtained, the following conclusions are made: 

 

1. Performance of the 3M charcoal filter media for collection and desorption 

efficiencies for loading (section 4.3.1.1), storage time (section 4.3.1.2), 

humidity (section 4.3.3) and breakthrough (section 3.4) at low flow rates 

(<0.5 l/min) were found comparable to SKC conventional sorption tube.   It 
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is concluded that 3M charcoal filter media (JK50 and JK40) are suitable for 

sampling and analyses for hydrocarbons at flow rates <0.5 l/min. 

2. The collection efficiencies of the 3M charcoal filter media were investigated 

at high flow rates (>0.5l/min) for the same parameters, i.e., loading, (section 

5.3.4.1, 5.3.4.2 and 5.3.4.3), temperature (section 5.3.4.4) and humidity 

(section 5.3.4.5). It is concluded that 3M charcoal filter media can be used 

with confidence in sampling and analysis of airborne hydrocarbons up to 5 

L/min.   

3. The Wheeler-Jonas model was found to satisfactorily predict the adsorption 

kinetics of the new media at different loading values of hydrocarbons 

(Sections 6.5). It was therefore concluded that the model can be applied to 

determine the suitable amount of 3M charcoal filter media prior to sampling 

for a given loading. 

7.3 Recommendations for further work 

Based on the results obtained and conclusions made, the following 

recommendations for further work should be considered: 

1.   Validate the 3M charcoal filter media (JK50 or JK40) under typical field 

conditions both at low and high flow rates to ensure that the 3M charcoal 

media could be used as an excellent sampling media for organic vapour. 

2. Conduct laboratory and/or field experiments where 3M charcoal filter media 

is used to concurrently collect vapour samples and aerosols. The results 

from such a study should indicate the feasibility of such combinations in 

occupational hygiene application and the effects of the pertinent parameters. 
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3.     There were no attempts made to seal off the side of the 3M charcoal filter 

media to prevent loose carbon particulate from falling off. Proper means to 

avoid such losses should be sought and implemented. Despite the minimal 

effect of such losses on the results, this should be looked into to enhance the 

marketability of the 3M charcoal filter media.    

4.  Carry out similar breakthrough experiments where mixtures of two or more 

VOCs are available and check the effect of this parameter on the adsorption 

and recovery results.  
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Appendix A Experimental Photographs 
Sample Preparation &Validation –Chapter Three 

Photo 1: 3M charoal roll sheets                         Photo 2:    Cutting 3M filter into A4 size 

    

Photo 3: Packed Jk50/JK40 filters                        Photo  4: Die for the hollow puncture                 

      

Photo 5:  Puncturing JK50/or JK40 filter           Photo 6: Punctured A4 JK50/JK40 filter 
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Photo 7: Sample of 37mm JK50/JK40 filters         Photo  8: Digital Caliper-Mitutoyo 

       

 Photo 9: Diameter of JK40/JK50 filter -37mm     Photo 10: Balance to weigh JK50/JK40 filter      

      

 Photo 10: Thickness of JK40 filter -1.55mm        Photo 11: Thickness of JK50 filter -1.78mm  
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Photo 12: Uploading JK50 filters onto SKC Cassette     Photo13 Aluminum Clip to hold 5 layers of Jk50 

    

Photo 14: Measurement of particle density   Photo 15: measurement of particle density     
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Recovery Efficiency Studies –Chapter Four 

Photo 16: Packed 37mm JK50/JK40 filters          Photo 17: Syringes and tools used in spiking 

        

    Photo18: Analytes and CS2 bottles used in spiking       Photo19: collecting sample of analyte  

         

hoto 20: injecting the analyte into JK50 filter       Photo21: cover the small bottle with cap  
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Photo 22: Adding CS2 into bottle                     Photo 23: Putting sample of analyte into shaker  

        

Photo 24: Injecting sample into small bottle       Photo25: Putting sample on the GC  

     

Photo 26: Reviewing the result of GC analysis        
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Breakthrough Studies –Chapter Five 

Photo.27:  Wrapping tube with thermal couple        Photo.28: Main air pressure control valve           

      

Photo.29: Digital manometer                                           Photo.30: Dwyer manometer  

    

Photo31: Three ways valve and sampling point     Photo 32: Measurement of pressure drop   
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Photo 33: Relative humidity measurement- 7%RH      Photo 34: Digital calibrator to measure flow rate         

    

Photo 35:Control temp at 50C, sampling point   Photo36: control temp of the sampling set up 
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Appendix B Calculations 
 

Appendix B-3.1 

Desorption Efficiency and Stability of Adsorbates 

Calculations of Spiked Volumes 

The volume of a given adsorbate that was spiked into JK-40 or JK-50 

was calculated assuming air composition of the adsorbate is at its exposure 

limit, for 8-hour exposure and a flow rate of 100 ml/min for sampling. 

1) Toluene 

Molecular weight (MW)= 92.1  g/mole 

Liquid density (d) at 25ºC=                 0.862 g/ml  

Threshold Limit Value (TLV)= 50 ppm 

Sampling Flow rate (Q)=                   100 ml/min 

Sampling period (t)=                        8.0hours 

Assume spiked volume=                  v µl at 25ºC 

Then, amount mass (m)= Density (d) x Volume (v)   

                                        =   0.862 v /1000 g 

Volume of vapour as a result of m =(0.862 v/1000) * (24.45/MW) 

    = 0.228 x 10-3 x v  litres 

Total volume sampled  = 8 x 60 x 100/1000  

                 =48.0  litres 

Since,  50 ppm = [(0.228 x 10-3 x v)/48.0] x 106 

Then  v          = 10.5 µl  

 

This volume and multiples thereof were used in the set of experiments 

related to the study of desorption efficiency and stability of toluene. 

The same steps were followed in case of Benzene, n-Hexane and 

Xylenes. 
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Appendix B .2 

Effects water on desorption Efficiency and Stability of Adsorbates  

Calculations of Spiked Volumes 

 

The volume of a given adsorbate that was spiked into JK-50 was calculated 

assuming air composition of the adsorbate is at its exposure limit, for 8-hour 

exposure and a flow rate of 100 ml/min for sampling. 

 

1) 10% RH water 

Molecular weight (MW)      = 18.0 g/mole 

Liquid density (d) at 22ºC    = 0.98 g/ml  

Since vapor pressure at 22C  = 19.829   mmHg  

 And Relative humidity     =    10.0 %RH 

Pressure                           =          19.829x0.10 

Then pressure at 10%RH (vapor at 22C/RH%)  =  1.983 mmHg 

Concentration               =         (1.983/760) x106   

                                      =         2,609    ppm 

Sampling flow rate (Q)  = 100   ml/min 

Sampling period (t)      =        8.0   hours 

 Assume spiked volume   =          V µl at 22ºC 

Then amount (m)        =         density x volume    g 

                                    =          0.98g/ml (v) /1000 ml 

                                   =          (0.98 v/1000) *(24.45/MW) 

                                 =          1.317 x 10-3 x V               liters 

                                 =          8*60*100/1000  

                                 =         48.0             litres 

Since 2,609 ppm       =        [(1.317 x 10-3 xV)/48.0]x 106  

Then volume (v)       = 95        µl 
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2)   80% RH water 

Molecular weight (MW)       =       18.0gmole/mole 

Liquid density (d) at 22ºC      =     0.98g/ml  

Since vapor pressure at 22C  =      19.829 mmHg  

 And Relative humidity     =           80.0%RH 

Pressure                            =          19.829x0.8 

Then pressure at 10%RH (vapor at 22C/RH%)  =  15.862  mmHg 

Concentration    =         (15.862/760) x106   

                           =         20,873 ppm 

Sampling flow rate (Q)   =100  ml/min 

Sampling period (t) =       8.0  hours 

 Assume spiked volume =     Vµl at 22ºC 

Then amount (m) =          density x volume                g 

                            =          0.970g/ml (v) /1000 ml  

                            =          (0.98 v/1000) *(24.45/MW) 

                            =          1.317 x 10-3 x V                   liters 

                            =          8*60*100/1000  

                            =          48.0  litres 

Since 20,873 ppm      =         [(1.317 x 10-3 x V)/48.0]x 106  

Then volume (v)       =     760       µl 

 

APPENDIX B .3 

The t-paired test  

In Chapter 3 and 4, the recovery efficiency of JK50 and JK40 was studied with 

regard to several adsorbates, namely, toluene, benzene, n-hexane and xylenes, 

under different of experimental conditions. 

The results obtained under two sets of conditions were compared using the t-

paired statistic to determine whether the results were significantly different. 

Specifically, the t-test was used in the current study to determine: 
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For example, the effect of the storage period on the recovery efficiency of JK50 

of the individual adsorbates tested when each adsorbate was the ONLY material 

spiked. 

The effect of the amount spiked on the recovery efficiency of JK50 of the 

individual adsorbates  

The effect of co-adsorption on the recovery efficiency of JK50 of the individual 

adsorbates tested when MORE THAN ONE was spiked simultaneously 

The paired t-test was computed from the following formula: 
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Where  x = the 1st variable (e.g., recovery efficiency after one day of 

storage period) 

 y = the 2nd variable (e.g., recovery efficiency after 3, 7, 14 or 21 

days   storage-period) 

    n = number of paired samples  

Calculations using the above formula were carried out using the on-line t-

calculator provided by GraphPad [http://www.graphpad.com]. 
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Chapter 5 Breakthrough Chapter 

Appendix B 5.1 

     Calculation number of layers required for 8 hours sampling-  

             1. Sampling volume =960 litres  

2. By referring to regression equation of Figure 5.15 and 5.16, the linear 

equation regression could be determined. 

          For JK50, (y = 511.63x – 100), Figure 5.14 

      For JK40 (y = 511.76x - 124), Figure 5.15 

3. To quantify number of JK50 layer (mass) that required for 8hours sampling 

(960L)     Y = 511.63x – 100 

     960 = 511.63x-100 

     511.63x = 960+100 

     511.63x =1060 

     X (mass required) =1060/511.63 

     X=2.07 g 

Each layer weighted .4300. Therefore, 2.07 gm is equal to 2.07/0.430= 4.8 

layers      

         4. To quantify number of JK40 layer (mass) that required for 8hours sampling 

(960L)  

                               960 = 511.76x - 124 

      511.76x =960+124 

      511.76x =1084 

      X (mass required) =1084/ 511.76 

      X=2.19 g 

              Each layer weighted .3300 then 2.19 g is equal to 2.19/0.330= 6.4 layers      

B 5.2:   Evaluation of the maximum adsorption capacity We and models’ 

parameters 
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B5.2.1:  Maximum adsorption capacity from full breakthrough 

curves: 

Consider the following figure which represents a typical S-shape breakthrough 

curve: 

 

Time, minutes

Co
nc

en
tra

tio
n, 

µg
/m

l

A3

A2

A1 = A2+ A3

 

 

The maximum adsorption capacity We (mg/gram) is related to A3 

through the following equation:  

  
3Area

W
QWe ×=

 …………………………............… 1 

where Area 3 (or A3) is given by: 

Area A3 = Area A1 – Area A2 

and Q the feed flow rate (ml/min) and W the weight of the sorbent 

material. 

 Area A1 is the area of the rectangular encompassing the breakthrough 

curve, and is given by:  

sitCArea =1  ……………………………. ………….2  

where ts (minutes) is the full breakthrough or saturation time at which 

Co was equal Ci. 

Moreover, Area 2 is the area under the BT curve and may be estimated 

from the following integration: 
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dtCArea o∫
∞

=
0

2
 …………………………………….. 3 

By carrying out integration 2 under the BT curve, calculating Area 1 

from Equation 3 and substituting both results in Equation 4, a value for We was 

obtained for a given set of conditions. The results at the initial concentrations 

tested are listed in the following table for toluene and n-hexane. 

Chapter 6 Modelling  

B.6: Parameters of the Wheeler-Jonas Model 

B.6.1 Method 1 of the Wheeler-Jonas Model: 

Generally, the Wheeler-Jonas model can be expressed by: 
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If variables W, Q, Ci and ρb remained constant, Equation 2.4 may be 

written in the linear form: 

b
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.................................................5 

Where the slope “a” and intercept “b” are given by: 
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a
ρ

−=
…………………………….....……..……………..6 

 

 i

e

QC
WW

b =
…………………………………………...…….….7 

By fitting the experimental data of full breakthrough curves to for the 

four values of Ci tested the respective slopes and intercepts could be obtained. 

Substituting in Equations 6and 7with these values, the adsorption capacity We 

and overall rate coefficient kv for each Ci were estimated.  
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B.6.2 Method 2 of the Wheeler-Jonas Model: 

At constant value of the logarithmic quotient and varying weight of the 

sorbent material, the Wheeler-Jonas model (Equation 4) may also expressed in 

the following linear form:   

baWtb +=  ……………………………..8 

which conveniently relates the breakthrough time (tb) linearly to the 

weight W of JK50. 

The slope ‘a’ and intercept ‘b’ of Equation 8 are given by the following 

equations: 
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a =
…….………………….......................9 
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b
−

−=
ρ

………………………10 

The 5% breakthrough data obtained with varying values of W were 

plotted in according to Equation 4 at each of four values of Ci tested for both 

toluene and n-hexane. Each line produced a set of slope and intercept according 

to equations 9 and 10.  

 

B.6.3 The Yoon Model: 

The Yoon model (Equation 11) could be expressed by the following 

linear equation: 

τ+
−

=
oi

o
b CC

C
k

t ln1
'

……………………………………11 

Where the slope and intercept are given by: 

k
a 1
=

…………………………………………………   12 

τ=b ……………………………………………………13 
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Fitting the experimental data for toluene and n-hexane at 10, 25, 50 and 

100ppm to this linear equation through linear regressions generated straight 

lines of which slopes and intercepts for toluene and n-hexane could be 

determined.   
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Appendix C  Experimental data 
 
                   JK40 Spiking data- C1 
                   Table 1 Experimental conditions and results of injection of toluene onto JK40 

Storage interval, 
days 

Amount 
injected, 
μg 

Solvent 
added 
g 

Amount 
recovered 
μg 

Desorption 
efficiency% 
 

Standard 
Deviation 
% 

1 867.0 2.52 893.9 103.1 ±5.8 
4,335.0 4178.9 96.4 ±8.8 
8,670.0 8175.8 94.3 ±21.1 
17,340.0 16906.5 97.5 ±4.4 

Average 97.8 ± 3.8 
3 867.0 2.52 850.5 98.1 ±6.4 

4,335.0 4517.1 104.2 ±11.7 
8,670.0 8618.0 99.4 ±15.2 
17,340.0 15051.1 86.8 ±36.0 

Average 97.1 ± 7.4 
7 867.0  808.9 93.3 ±4.7 

4,335.0 3801.8 87.7 ±15.9 
8670.0 9051.5 104.4 ±21.0 
17340.0 17236.0 99.4 ±16.7 

Average 96.2 ± 7.3 
14 867.0 2.52 744.8 85.9 ±14.4 

4,335.0 4261.3 98.3 ±5.4 
8,670.0 8444.6 97.4 ±10.3 
17,340.0 18432.4 106.3 ±4.6 

Average 97.0 ± 8.4 
21 867.0 2.52 785.5 90.6 ±2.0 

4,335.0 4447.7 102.6 ±10.5 
8,670.0 8262.5 95.3 ±7.2 
17,340.0 16334.3 94.2 ±13.5 

Average 95.7 ± 5.0 
                         Overall average desorption efficiency = 96.8 ± 5.9% 

                   Table 2: Experimental conditions and results of injection of benzene onto JK40 
Storage interval, 
days 

Amount 
injected, 
μg 

Solvent 
added 
g 

Amount 
recovered 
μg 

Desorption 
efficiency% 
 

Standard 
Deviation 
% 

1 86.2 2.52 85.79 99.5 ±10.34 
129.3 130.88 101.2 ±9.08 
172.4 174.18 101.0 ±13.01 

Average 100.6 ± 0.9  
3 86.2 2.52 89.74 104.1 ±18.49 

129.3 134.87 104.3 ±4.22 
172.4 169.68 98.4 ±7.24 

Average 102.3 ± 3.4  
7 86.2 2.52 80.20 93.0 ±30.56 

129.3  115.93 89.7 ±12.60 
172.4 178.02 103.3 ±13.24 
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Average 95.3± 7.1  
14 86.2 2.52 83.39 96.7 ±8.27 

129.3 125.08 96.7 ±12.36 
172.4 160.61  93.2 ±9.88 

Average 95.5 ± 2.0  
21 86.2 2.52 77.67 90.1 ±20.42 

129.3 120.26 93.0 ±18.63 
172.4 169.06 98.1 ±11.24 

Average 93.7 ± 4.1  
                          Overall average desorption efficiency = 97.5 ± 4.9% 

                  Table 3: Experimental conditions and results of injection of n-hexane onto JK40 
Storage interval, 
days 

Amount 
injected, 
μg 

Solvent 
added 
g 

Amount 
recovered 
μg 

Desorption 
efficiency% 
 

Standard 
Deviation 
% 

1 656.0 2.52 583.1 88.9 ±14.0 
3,280.0 3353.1 102.2 ±9.2 
9,840.0 9496.6 96.5 ±15.6 
16,400.0 17146.2 104.6 ±4.6 

Average  98.1 ± 7.0 
3 656.0 2.52 665.9 101.5 ±12.6 

3,280.0 2923.8 89.1 ±8.6 
9,840.0 8867.8 90.1 ±11.2 
16,400.0 16688.6 101.8 ±13.5 

Average 95.6 ± 7.0 
7 656.0 2.52 607.8 92.7 ±10.9 

3,280.0 3180.9 97.0 ±20.5 
9,840.0 9968.9 101.3 ±3.1 
16,400.0 15963.8 97.3 ±9.5 

Average 97.1 ± 3.5 
14 656.0 2.52 652.8 99.5 ±9.5 

3,280.0 3480.4 106.1 ±5.8 
9,840.0 8604.1 87.4 ±10.6 
16,400.0 16259.0 99.1 ±9.6 

Average 98.0 ± 7.8 
21 656.0 2.52 602.5 91.8 ±7.0 

3,280.0 3070.1 93.6 ±18.8 
9,840.0 10158.8 103.2 ±6.9 
16,400.0 15171.6  92.5 ±15.3 

Average 95.3 ± 5.3 
                   Overall average desorption efficiency = 96.8 ± 5.7% 
 
        
               Table  4: Experimental conditions and results of injection of xylenes onto JK40 

Storage interval, 
days 

Amount 
injected, 
μg 

Solvent 
added 
g 

Amount 
recovered 
μg 

Desorption 
efficiency% 
 

Standard 
Deviation 
% 

1 1,728.0 2.52 1726.44 99.9 ±10.16 
4,320.0  3733.78 86.4 ±10.23 
12,960.0  12209.62 94.2 ±12.08 
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21,600.0  22271.76 103.1 ±13.74 
Average 95.9 ± 7.3 
3 1,728.0 2.52 1824.94 105.6 ±13.48 

4,320.0  4192.56 97.1 ±4.42 
12,960.0  13777.78 106.3 ±13.31 
21,600.0  21889.44 101.3 ±7.56 

Average 102.6 ± 4.3 
7 1,728.0 2.52 1890.60 109.4 ±9.64 

4,320.0  4497.55 104.1 ±14.14 
12,960.0  12915.94 99.7 ±15.06 
21,600.0  19295.28 89.3 ±13.39 

Average 100.6 ± 8.5 
14 1,728.0 2.52 1654.91 95.8 ±15.58 

4,320.0  3936.38 91.1 ±13.91 
12,960.0  11565.50 89.2 ±9.84 
21,600.0  20764.08 96.1 ±15.39 

Average 93.1 ± 3.4 
21 1,728.0 2.52 1647.30 95.3 ±29.41 

4,320.0  4324.75 100.1 ±7.11 
12,960.0  11198.74 86.4 ±16.38 
21,600.0  21444.48 99.3 ±12.10 

Average 95.3 ± 6.3 
                     Overall average desorption efficiency = 97.5 ± 6.6% 
                   Table 5: Co-adsorption study, toluene, JK40 

Amount 
injected, μg 

Storage 
period, 
days 

Desorption 
efficiency% 
(single injection) 

Desorption 
efficiency% 
(in mixture) 

867.0 

1 103.1 87.2 
3 98.1 94.5 
7 93.3 104.3 
14 85.9 101.1 
21 90.6 98.6 

4335.0 

1 96.4 102.2 
3 104.2 95.5 
7 87.7 100.1 
14 98.3 90.2 
21 102.6 98.9 

8670.0 

1 94.3 94.8 
3 99.4 104.3 
7 104.4 89.9 
14 97.4 87.5 
21 95.3 99.4 

17340.0 

1 97.5 94.4 
3 86.8 103.2 
7 99.4 89.3 
14 106.3 91.1 
21 94.2 101.2 

Overall average desorption efficiency (single) = 96.8 ± 5.9%, Overall average desorption efficiency (mixture) = 
96.4±5.7,n=20; t=0.160 (no significant difference) for p=0.87 
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                 Table 6: Co-adsorption study, benzene, JK40 
Amount 
injected, μg 

Storage 
period, 
days 

Desorption 
efficiency% 
(single injection) 

Desorption 
efficiency% 
(in mixture) 

86.20 

1 99.5 86.34 
3 104.1 99.7 
7 93.0 102.4 
14 96.7 101.0 
21 90.1 96.3 

129.3 

1 101.2 103.6 
3 104.3 88.9 
7 89.7 93.8 
14 96.7 100.3 
21 93.0 102.3 

172.4 

1 101.0 90.1 
3 98.4 103.2 
7 103.3 96.8 
14 93.2 89.9 
21 98.1 98.2 

  Overall average desorption efficiency (single) = 97.5 ± 4.9%,  Overall average desorption efficiency (mixture) =  
96.9±5.7%,n=15; t=0.109 (no significant difference) for p=0.915 

 
        Table 7: Co-adsorption study, n-hexane, JK40 

Amount 
injected, μg 

Storage 
period, 
days 

Desorption 
efficiency% 
(single injection) 

Desorption 
efficiency% 
(in mixture) 

565.0 

1 88.9 100.9 
3 101.5 90.3 
7 92.7 96.1 
14 99.5 87.3 
21 91.8 102.1 

3,280.0 

1 102.2 86.6 
3 89.1 93.5 
7 97.0 103.0 
14 106.1 100.2 
21 93.6 94.3 

9,840.0 1 96.5 98.2 
3 90.1 102.5 
7 101.3 92.7 
14 87.4 88.4 
21 103.2 100.2 

16,400.0 

1 104.6 98.1 
3 101.8 103.8 
7 97.3 93.1 
14 99.1 95.9 
21 92.5 96.4 

        Overall average desorption efficiency (single) = 96.8 ± 5.7% 
        Overall average desorption efficiency (mixture)= 96.2±5.3% 
         n=20; t=0.602 (no significant difference) for p=0.554 
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            Table 8: Co-adsorption study, Xylenes, JK40 

Amount injected, 
μg 

Storage 
period, 
days 

Desorption 
efficiency% 
(single injection) 

Desorption 
efficiency% 
(in mixture) 

1728.0 

1 99.9 86.2 
3 105.6 107.2 
7 109.4 99.3 
14 95.8 100.7 
21 95.3 92.4 

4320.0 

1 86.4 105.4 
3 97.1 91.3 
7 104.1 88.1 
14 91.1 99.3 
21 100.1 95.3 

12,960.0 

1 94.2 93.1 
3 106.3 88.3 
7 99.7 95.4 
14 89.2 104.2 
21 86.4 89.3 

21,600.0 

1 103.1 88.7 
3 101.3 95.4 
7 89.3 102.3 
14 96.1 90.2 
21 99.3 101.3 

           Overall average desorption efficiency (single) = 97.5 ± 6.6% 
                Overall average desorption efficiency (mixture) = 95.7±6.4% 
                n=20; t=0.790 (no significant difference) for p=0.440 
 
                                                                    Breakthrough experiments 
           Table 9: Pressure drop study, JK40 &JK50 

JK40 JK50 
flow 
rate 
(l/min) 

#of 
layers dP, inch water #of layers 

flow rate 
(l/min) dP, inch water 

1 0 0 1 0 0 
1 1 0.077 1 1 0.076 
1 2 0.1 1 2 0.107 
1 3 0.124 1 3 0.14 
1 4 0.178 1 4 0.210 
1 5 0.240 1 5 0.250 
2 0 0 2 0 0 
2 1 0.266 2 1 0.285 
2 2 0.33 2 2 0.369 
2 3 0.381 2 3 0.442 
2 4 0.621 2 4 0.664 
2 5 0.711 2 5 0.851 
3 0 0 3 0 0 
3 1 0.459 3 1 0.5 
3 2 0.598 3 2 0.666 
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3 3 0.688 3 3 0.795 
3 4 1.054 3 4 1.193 
3 5 1.352 3 5 1.530 
4 0 0 4 0 0 
4 1 0.65 4 1 0.8 
4 2 0.8 4 2 0.96 
4 3 0.95 4 3 1.13 
4 4 1.430 4 4 1.820 
4 5 1.796 4 5 2.158 
5 0 0.000 5 0 0 
5 1 0.900 5 1 1.05 
5 2 1.130 5 2 1.42 
5 3 1.280 5 3 1.58 
5 4 2.020 5 4 2.69 
5 5 2.600 5 5 3.11 

 
           Table 10: Full breakthrough time at different concentration -JK50, toluene, 
  JK50 mass  10ppm 25ppm 50ppm 100ppm 
Q, 
l/min 

Number 
of layer JK50 (g) 

Time, 
min Time, min 

Time, 
min 

Time, 
min 

2 2 0.86 1093 817 709 451 
 
Table 11: Five percent breakthrough time at different flow rate and weight-JK50, toluene, Ci=100ppm; 
T=22ºC, RH=32% 
 1 layer 2 layer 3 layers 4 layers 5 layers 

Q, ml/min 5%time, min 5%time, min 
5%time, 
min 

5%time, 
min 

5%time, 
min 

500 313 787 1261 1735 x 
1000 145 379 613 853 1087 
2000 61 181 301 421 535 
3000 37 121 193 277 355 
4000 25 85 145 205 265 
5000 19 67 115 163 205 

 
Table 12: Five percent breakthrough time at different flow rate and wight-JK50, toluene, Ci=50ppm; 
T=22ºC, RH=32% 
  1 layer 2 layer 3 layers 4 layers 5 layers 

Q, ml/min 5%time, min 
5%time,, 
min 

5%time, 
min 

5%time, 
min 

5%time, 
min 

500 511 1279 x x x 
1000 235 613 1003 1381 1765 
2000 103 295 487 679 871 
3000 67 187 313 445 571 
4000 43 139 235 331 427 
5000 31 109 187 259 337 
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Table 13: Five percent breakthrough time at different flow rate and weight-JK50, toluene, Ci=25ppm; 
T=22C, RH=32% 
 1 layer 2 layer 3 layers 4 layers 5 layers 
Q, mL/min 5%time 5%time 5%time 5%time 5%time 
500 745 1861 x x x 
1000 337 895 1453 x x 
2000 145 427 703 985 1267 
3000 91 277 463 649 835 
4000 61 199 343 481 619 
5000 43 157 271 379 487 

 
Table 14: Five percent breakthrough time at different flow rate and weight-JK50, toluene, Ci=10ppm; 
T=22ºC, RH=32% 
 1 layer 2 layer 3 layers 4 layers 5 layers 

Q, ml/min 5%time, min 
5%time, 
min 

5%time, 
min 

5%time, 
min 

5%time, 
min 

500 1009 x x x x 
1000 445 1225 x x x 
2000 205 583 967 1345 x 
3000 121 367 631 883 1141 
4000 85 277 469 661 841 
5000 61 217 361 523 667 

 
 
Table 15: Five percent breakthrough time at temp-JK50, 2l/min, toluene, Ci=100ppm; RH=32% 

T=ºC T,K 

1 layer 2 layer 3 layer 
5%time, 
min 

5%time, 
min 

5%time, 
min 

22 295 61 181 301 
35 308 56 157 259 
50 323 49 139 223 

   
Table 16: Full breakthrough time at different concentration -JK50, n-hexane, T=22ºC,RH=32% 
  JK50 mass of 10ppm 25ppm 50ppm 100ppm 
Q, 
l/min 

Number 
of layer JK50 (g) 

Time, 
min Time, min 

Time, 
min 

Time, 
min 

2 2 0.86 373 283 205 151 
 
Table 17: Five percent breakthrough times at different flow rate and weight-JK50, n-hexane, 100ppm, 
T=22ºC,RH=32%  

Q, ml/min 

1 layer  2 layers  3layers  

5%time, min 5%time , min 5%time , min 
500 151 325 493 
1000 61 151 235 
2000 19 61 109 
3000 7 37 67 
4000 1.6 19 43 
5000 xx 13 31 
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Table 18: Five percent breakthrough time at different weight and concentration of JK50 (n-
hexane), T=22ºC, RH=32% 

 
 
 
 
 
 
 
 
           
 
 

 
Table 19: Five percent breakthrough time at temp-JK50,n-hexane, 2l/min, Ci=100ppm; 
RH=32% 

T, ºC T,K 

1 layer 2 layers 3 layers 
5%time,  
min  

5%time, 
min 

5%time, 
min 

22 295 19 61 103 
35 308 13 49 79 
50 323 7 31 55 

 

No of  JK 50  
layers  

Weight (g) 
 

Ci ,ppm 
10, 
ppm 

25, 
ppm 

50, 
ppm 

100 
ppm 

tb, 
min  

tb,  
min  

tb,  
min  tb,  min  

1 0.43 61 43 31 19 
2 0.86 187 133 103 61 
3 1.29 313 229 157 109 
4 1.72 439 319 223 151 
5 2.15 559 409 287 181 
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