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SAMEVATTING 

"Adsorption mechanism of organo-S-compounds on activated carbon 

impregnated into textiles" deur Cornelia Carolina Eloff, voorberei onder leiding van 

professor JF van Staden van die Departement Chemie, voorgele ter gedeeltelike 

vervulling van die vereistes vir die graad Doctor Philosophiae in Chemie. 

Die beskermingstyd van 'n koolstofbevattende tekstiel teen bis(2-chloro-etiel)sulfied 

(HD) word as enigste kriterium vir aanskaffing vir militere aanwending gebruik. 'n 

Alternatiewe metode is ondersoek om tussen tekstiele wat gebruik word vir die 

vervaardiging van beskermingsklerasie te onderskei. 

Die dinamiese toetsmetode is gebruik vir die deurbreekbepalings. Orie verskillende 

tekstiele is gebruik in die studie: poli-uretaanskuimrubber wat met geaktiveerde 

koolstofpoeier ge"impregneer is (PUCP), geaktiveerde koolstofpoeier (CC), en 

geaktiveerde koolstofsfere wat met binders aan 'n geweefde tekstiel geheg is (C­

spheres). 

Die aktiewe oppervlak en mikroporievolume van die CC was die kleinste ( 152 m2/g en 

0.0577 cm3/g), gevolg deur PUCP (334 m2/g en 0.1444 cm3/g) en die C-spheres (383 

m2/g en 0.1716 cm 3 /g). Die CC het 'n verspreiding van poriee in die mikro- en 

mesoporiegebied getoon, terwyl die PUCP en C-spheres 'n klein verspreiding van 

poriee slegs in die mikroporiegebied getoon het. 

Die adsorpsiesnelheidskonstante van HD, bereken met die Wheeler-, Yoon en Nelson­

en Ackleyvergelykings vir die CC, was grater as die bereken vir die PUCP en C­

spheres. Dit kan aan die klein koolstofpartikel en gevolglik aan die kart afstand wat 

deur die HD-dampmolekule afgele word om die mikroporie te bereik waar adsorpsie 

plaasvind asook die cop mesoporiestruktuur van die CC toegeskryf word. Die klein 

adsorpsiesnelheidskonstante van die PUCP en die C-spheres kan moontlik aan die 

groat partikeldiameter en klein mikroporiee toegeskryf word. Die 
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adsorpsiesnelheidskonstante het afgeneem met toenemende blootstellingskonsentrasie 

en -temperatuur. 

Die adsorpsiekapasiteit van die CC vir HD-dampadsorpsie by 40°C en 0.5 cm/s het as 

funksie van HD-konsentrasie toegeneem. Die adsorpsiekapasiteit van die PUCP en 

C-spheres-tekstiele het nie verskil oor die blootstellingskonsentrasiegebied waaroor 

geevalueer is nie. 

Die resultate wat verkry is met die berekening van die persentasie van die 

residensietyd (T) wat gebruik word vir adsorpsie van HD, het die waardes van die 

snelheidskonstantes bevestig. 

Die karakteristieke vorm van die grafieke van die deurbreekresultate, na verwerking 

met Fick se diffusiewet, het daarop gedui dat hitteoordrag die transport van HD-damp 

na die koolstof beheer. Die diffusiekoeffisiente, D 1 en D 2 is uit die twee hellings van 

die grafiek bereken. D 1 was baie klein, ongeveer 10·13 cm 2 /s, wat gedui het op 

isotermiese diffusie wat die adsorpsieproses beheer. D 2 was grater, ongeveer 1 o-s 
cm2/s, wat daarop dui dat hitteoordrag- en/of interpartikeldiffusie die adsorpsieproses 

beheer. 

lsotermiese diffusie in die CC kan toegeskryf word aan die relatiewe groat poriee 

waarin adsorpsie stadig plaasvind. Die PUCP en die C-spheres het 'n grater 

koolstofmassa (relatief tot die CC) wat 'n grater hittekapasiteit het. Die hitte­

oordragkoeffisient is dus grater wat op isotermiese diffusie dui. In kleiner partikels 

(socs CC en PUCP) speel hitte-effekte 'n toenemende rel en was daar aansienlike 

afwykings van die isotermiese diffusie. 

Die D 1 en D 2 vir die C-spheres was 'n faktor 100 en 1000 grater as die waardes vir die 

CC en die PUCP, onderskeidelik. Seide D 1 en D 2 het vir die CC, PUCP en C-spheres, 

met 'n toenemende HD-konsentrasie, toegeneem, wat op 'n hoe oppervlakmigrasie en 

'n lae adsorpsie-energie gedui het. D 1 en D 2 vir die PUCP het met toenemende 

temperatuur toegeneem, wat op 'n toename in die sprongfrekwensie van die HD-

iv 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



molekuul gedui het. 

Uit die studie volg dat die "ideale" koolstof vir tekstielimpregnering 'n groot aktiewe 

oppervlak ( 400 - 500 m2/g) vir 'n hoe kapasiteit, 'n porieverspreiding wat mesoporiee 

(20 - 24 A) insluit en 'n koolstofpartikel kleiner as 30 µm vir 'n hoe snelheidskontante 

moet toon. 

'n Metode is ontwikkel waarmee tekstiele wat geaktiveerde koolstof bevat, en vir die 

vervaardiging van beskermende klerasie gebruik word, anders gekarakteriseer kan 

word as slegs deur die beskermingstyd te bepaal. 

V 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



SYNOPSIS 

"Adsorption mechanism of organo-S-compounds on activated carbon 

impregnated into textiles" by Cornelia Carolina Eloff, prepared under the guidance 

of Professor JF van Staden of the Department of Chemistry, as partial fulfilment of the 

requirement for the degree Doctor Philosophiae in Chemistry. 

Protection time against bis(2-chloroethyl)sulfide (HD) vapour penetration is used as the 

only criterion for procurement of protective clothing against chemical agents for military 

use. An alternative method was investigated to differentiate between textiles used for 

the manufacture of protective clothing. 

The dynamic test method was used for the breakthrough measurements. Three 

different textile technologies were used for this study: polyurethane foam rubber 

impregnated with charcoal powder (PUCP), activated carbon powder (CC), and 

activated carbon spheres bonded to a woven textile by binder (C-spheres). 

The active surface area and micropore volume of the CC were the smallest (152 m2/g 

and 0. 0577 cm3/g), followed by the PUCP (330 m 2 /g and 0.1444 cm 3 /g) and the C­

spheres (383 m2/g and 0.1716 cm3/g). The CC displayed a distribution of pores in the 

micro- and mesopore range, while the PUCP and the C-spheres showed a narrow 

distribution containing mainly micropores. 

The rate constant calculated with the Wheeler; Yoon and Nelson; and Ackley equations 

for HD adsorption on the CC was larger than the values calculated for the PUCP and 

the C-spheres. This could be due to the smaller particle diameter of the carbon and 

consequently, a shorter distance to cover by the vapour molecule to the micropore 

where adsorption takes place, as well as the open mesopore structure of the CC. The 

smaller rate constant for the PUCP and C-spheres could be due to the large particle 

diameter and narrow micropore distribution. The rate constant decreased with 

increased exposure concentration and temperature. 
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The adsorption capacity for the HD adsorption on the CC at 40°C and 0.5 cm/s 

increased as a function of HD concentration. The adsorption capacity of the PUCP and 

C-spheres did not differ over the concentration range investigated. 

Results obtained by calculating the percentage of the residence time (T) used for HD 

adsorption, confirmed the rate constants. 

Applying Fick's diffusion law to the breakthrough results gave a graph with a straight 

line with a distinct break indicating that heat transfer might be controlling the adsorption 

process. The diffusion coefficients, D 1 and D 2 were calculated from the two gradients 

in each graph. D 1 was very small ~ 10-13 cm2/s, which indicated that the adsorption 

process was controlled by isothermal diffusion. D 2 was larger ~ 1 o-s cm2/s, which 

could be indicative of heat transfer and/or interparticle diffusion controlling the 

adsorption process. 

Isothermal diffusion in the CC could be due to the larger mesopores in which 

adsorption takes place slowly. However, the PUCP and the C-spheres have a high 

carbon mass (relative to the CC) which has a higher heat capacity. The heat transfer 

coefficient is large, indicating isothermal diffusion. In smaller particles heat effects 

become significant ( PUCP and the CC) and with time there is a significant deviation 

from the expected curve for isothermal diffusion. 

The D 1 and D 2 for C-spheres were a factor 100 and 1000 larger than for the CC and 

the PUCP respectively. D 1 and D 2 increased with increasing HD concentration for the 

CC, PUCP and the C-spheres, which indicated a high surface migration and a low 

adsorption energy. D 1 and D 2 increased with increasing temperature for the PUCP as 

a result of the increase in the jump frequency of the HD molecules. 

From the study it follows that the ideal carbon for textile impregnation must have a high 

active surface area (400 - 500 m2/g) to ensure a high adsorption capacity, a pore 

distribution which includes mesopores (20 - 24 A) and a particle with a diameter smaller 

than 30 µm to ensure a high sorption rate constant. 
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A method was developed for differentiating between textiles containing activated 

charcoal used for the manufacturing of protective clothing, based on other 

characteristics than the protection time alone. 
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1.0 INTRODUCTION 

CHAPTER 1 

MOTIVATION 

Impermeable suits are mostly used for personal protection when spraying agricultural 

fields with pesticides and herbicides. These suits are however very warm, due to the 

low or no water vapour transport. Furthermore, the perspiration pores of the wearer 

tend to widen in order to dissipate body heat faster. This action tends to aid 

adsorption of the pesticide through the skin. The pesticides leak into the suit at 

interfaces with the gloves, boots and mask, due to the "bellows effect" [1]. Owing to 

the low water vapour transport and high heat insulation, these suits cannot be worn for 

prolonged periods without causing heat stress and other heat stress related diseases. 

The permeable textile has the great advantage in that the fabric can "breathe" and air 

and water vapour can pass freely from the interstices of clothing layers to the outer 

atmosphere. Permeable suits therefore, can be worn for longer periods and the wearer 

can indulge in low and medium rate work schedules with little discomfort and no risk of 

heat exhaustion. It must be stressed that high work rate activity in a permeable suit can 

lead to heat stress if the generation of water vapour is in excess of the maximum loss 

possible under the prevailing working environment. 

In the permeable concept, unlike an impermeable garment, a means of removing 

harmful organic chemicals from the moving air must be included. This is achieved 

almost universally by including as a layer of activated carbon impregnated into various 

carriers. Various types of carbon impregnated carrier systems have been developed 

over the past thirty years (2,3). 

The development of activated carbon textiles for use in garments that protect the 

wearer against percutaneous chemical vapours is of potential interest to everyone in 

the chemical process industry, particularly in view of the OSHA regulations on 
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hazardous chemicals. Present methods of incorporating activated carbon in protective 

clothing involves impregnation of the material in some way with charcoal powder (4). 

Powdered forms of an activated carbon readily adsorb hazardous chemical vapours, 

but they are not entirely satisfactory from other view points. Carbon particles must be 

physically entrapped in polymeric binders to remain in the material. This is detrimental 

to sorption and must be compensated for by incorporating an excess of carbon into the 

system in order to obtain a desired sorption level. Furthermore, impregnation ultimately 

produces fabric having reduced air permeability and increased weight. These factors, 

in addition to thickness, which is the major thermal insulation factor, contribute to 

excessive physiological stress experienced by the wearer when protective garments 

are worn in a hot environment. 

Permeable suits with impregnated carbon are being developed to make the materials 

lighter and more comfortable for hot and humid climates. Most of the materials can be 

laundered at least ten times with warm water and a special detergent. This form of 

protection against hazardous vapour and aerosols (not solid particles) will become 

essential as legislation becomes more strict and exposure levels are more strictly 

monitored. 

Carbon fibre fabrics and fabrics containing carbon are continually being developed for 

a variety of applications, including protective clothing and environmental control 

materials (5). Textiles containing carbon were primarily investigated for military 

applications. These textiles can also be implemented as automotive in-cabin air filters 

used for particulate filtration as well as odour removal. Most of the chemicals to which 

these systems can be exposed in chemical warfare, are similar in structure to the 

organo phosphorous pesticides. However the chemical which was used for the 

evaluations was the blistering agent; bis(2-chloroethyl)sulfide, or mustard gas as it is 

commonly known. The chemical is referred to in this study as HD. 

New developments in the field of materials require sophisticated and reliable evaluation 

of the materials. 
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1.1 SCOPE OF THE PROJECT 

The scope of the project can be illustrated schematically as follows: 

ENVIRONMENT 

A range of harmful 

chemicals: 

Pesticides ➔ 

Herbicides ( differing ➔ 

from each other in ➔ 

terms of chemical ➔ 

and physical charac- ➔ 

teristics, as well as 

purity) 

➔ 

➔ 

lllllllllllilllllllllllllllllllllllllllllllllllllillllillllllllllllllllllllllllllllllll:l:ilil!lllllli!lilllllll!lllllllllllllllilllllilllillllllllllllllll 

INDIVIDUAL 

of A range 

chemicals and 

breakdown 

products which 

can be detected 

depending on the 

protection ( or 

breakthrough 

concentrations) of 

the protective 

textiles 

The ability of a textile containing activated charcoal to offer protection against a harmful 

or hazardous chemical is measured as the protection time, tb. The protection time is 

the time that the textile can protect the individual wearing a suit, manufactured from 

these textiles, from exposure to harmful concentrations of the chemical vapour. The 

protection time can be increased by increasing the mass of carbon impregnated into 

the textile. Increasing the carbon load per unit area of the textile adds to the cost, but 

more importantly it adds to the physiological heat stress experienced by wearers of 

these suits. Therefore, the protection time can be increased by increasing the carbon 

load, but with more negative than positive consequences. 

Another way of improving the protection time is to improve the quality of the activated 

carbon impregnated into the textiles. The activated charcoals impregnated into these 
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textiles are characterised by the active surface area and pore volume distribution. 

However, the active surface area of the carbon is only determined before impregnation. 

The amount of binders and adhesives used to impregnate the charcoal into the textiles 

in order to prevent carbon loss from the textiles due to friction, perspiration and general 

movement, causes a decrease in the active surface area, which causes a decrease in 

the protection time. This decrease in protection time due to the impregnation method 

and poisoning by the binders is not usually documented. 

The active surface area of the activated charcoal, used for impregnation, is determined 

with N2 at 77K and it is suspected that outgassing of the carbon (being the standard 

method) takes place at elevated temperatures, e.g. 200°c to 300°C. This method is 

acceptable for determining the quality of the carbon before impregnation into the 

textiles. However, after impregnation the porous structure of the carbon can be 

occupied by the binders and, what is more important, these textiles are used at normal 

atmospheric temperature and pressure. Thus the active surface available for physical 

adsorption of the hazardous chemical vapours is much smaller than the active surface 

available when outgassed at elevated temperatures. 

1.2 OBJECTIVE AND OUTLINE OF THE STUDY 

The goals of characterising textiles may be described as follows: 

to determine the active surface area, pore volume distribution and 

micropore volume; 

to determine the effect of the carbon micropore structure on the 

adsorption rate constant, capacity and critical mass; 

to determine the effect of the challenge concentration and temperature 

on the adsorption rate and capacity, and 

to determine the effect of the micropore structure on the diffusion 

coefficient of the organic compound. 

In this study another method had to be found to differentiate between textiles containing 

activated charcoal based on characteristics other than the protection time which could 
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be altered by increasing the loading of the carbon per unit area. The active surface 

area was determined by degassing at room temperature and then determining the 

isotherm for nitrogen adsorption at 77 K [6]. The micropore volume was determined 

with the t-plot, and pore volume distribution of the charcoal after impregnation into the 

textile was determined by the density functional theory (OFT). 

The breakthrough time of the organo-S-compound (HD) through the three different 

textiles containing charcoal was determined with the dynamic breakthrough test 

method, which was developed for the evaluation of these textiles. The textiles were 

exposed or challenged with a certain concentration of HD vapour in nitrogen, referred 

to as the challenge concentration. With the breakthrough times available, the rate 

constant (k v), capacity (W 8 ) and critical mass (W c) for adsorption of the organo-S­

compound (HD) were determined for the three different textile technologies 

(polyurethane foam rubber impregnated with carbon powder (PUCP), carbon powder 

sprayed onto a woven cloth (CC), and carbon spheres point bonded with binders to a 

woven cloth (C-spheres)). Three equations, namely the Wheeler, Yoon and Nelson 

and Ackley equations, were used to calculate the aforesaid parameters [7,8,9). 

Fick's second diffusion law was used to determine the diffusion coefficient of the 

organic chemical through the different charcoal layers [1 OJ. The adsorption process 

of the organo-S-containing compound on the different charcoal systems was described 

in order to predict the behaviour of the textiles when exposed to HD vapour. 
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CHAPTER2 

THEORETICAL BACKGROUND 

2.0 INTRODUCTION 

When the clean surface of a solid is exposed to a gas or vapour, adsorption of the gas 

takes place on the surface. The extent of adsorption is controlled by the gas 

concentration. In general the adsorption of a gas or vapour on the surface is always 

larger than the concentration in the gas phase [1]. The phenomenon of adsorption can 

be divided into two general classifications: physical adsorption and chemical 

adsorption. 

Physical adsorption is a relatively weak adsorption process and is mainly caused by 

an attractive force between the surface atoms of the solid and the gas molecules [2]. 

This force is due to the dispersion forces which are caused by van der Waal's and 

electrostatic forces [3]. These forces are relatively weak compared to the covalent 

bonding which can occur in the chemisorption process. Physical adsorption is an 

exothermic process and usually occurs at low temperature. This can lead to multi-layer 

adsorption. Desorption, which is the reverse of adsorption, can lead to almost 100% 

recovery of gas from the surface of the solid by evacuation and heat treatment. 

Adsorption equilibrium can be influenced by adsorbate pressure, adsorption 

temperature and the interactive potential between the surface of the adsorbent and the 

adsorbate. Surface coverage increases with an increase in the adsorbate pressure and 

multi-layers eventually formed. 

Physical adsorption can be described as a condensation mechanism on the surface of 

the solid without chemical bonding between the solid surface and adsorbate molecules, 

in contrast with chemisorption. In general, the amount of gas adsorbed on a 

microporous adsorbent at constant temperature after exposure to a gas as a function 

of increasing gas pressure is referred to as the adsorption isotherm. The adsorption 

isotherm depends on the nature of the adsorbent and the adsorbate. 
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The following section will describe the development of adsorption theories from simple 

monolayer adsorption to multi-layer adsorption for both non-porous and microporous 

adsorbents. 

A. ADSORPTION THEORIES 

2.1 CHARACTERISATION 

2.1.1 Classification of pores 

A convenient classification of pores according to their average width has been 

proposed by Dubinin [4]. Pores of widths below ~20 A (2 nm) are described as 

micropores, those with widths above ~ 200 A (20 nm) as macropores, and those 

with widths between ~20 A and ~200 A (between 2 and 20 nm) as transitional 

or mesopores. 

The different ranges are not sharply demarcated. Each range of pore size is 

associated with a characteristic adsorptive behaviour and introduces a particular 

type of problem associated with the study of its adsorption techniques. 

To understand the way in which measurements of the adsorption of gases and 

vapours can be used to obtain information about surface area and porosity, it is 

necessary to deal with the concept of the adsorption isotherm. 

2.1.2 Adsorption isotherms 

Measurement of adsorption of gases can yield information about the surface 

area and the pore structure of a solid. Adsorption (strictly physical adsorption) 

has internationally been defined as the enrichment (i.e. positive adsorption or 

simply adsorption ) or depletion ( i.e. negative adsorption ) of one or more 

components in an interfacial layer [5]. A solid, such as charcoal, exposed in a 

closed space to a gas begins to adsorb the gas, and the process is 

accompanied by an increase in the mass of the solid and a decrease in the 
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pressure of the gas. After a time the pressure becomes constant at value p, and 

correspondingly the mass ceases to increase any further. The amount of gas 

thus adsorbed can be calculated from the fall in pressure by applying the gas 

laws if the volume of the vessel and volume of the solid are known; or it can be 

determined directly as the increase in mass of the solid, if the solid is suspended 

on a spring balance [6]. 

The solid is thus termed the adsorbent and the gas being adsorbed the 

adsorbate. Adsorption is brought about by physical and /or chemical forces 

acting between the solid and the molecules of the gas, giving rise to physical ( or 

"van der Waals") adsorption and chemisorption respectively. The van der 

Waals' forces are the same as the forces that bring about condensation of a 

vapour to the liquid state [7]. 

The quantity of gas taken up by the sample of solid is proportional to the mass 

m of the sample, and also depends on the temperature T, the pressure p of the 

vapour, and the nature of both the solid and the gas [8]. If n is the quantity of 

gas adsorbed expressed in moles per gram of solid, then 

n = f(p, T,gas,solid) (2.1) 

For a given gas adsorbed on a particular solid maintained at a fixed 

temperature, equation (2.1) simplifies to 

n = f(p) T,gas,solld (2.2) 

If the temperature is below the critical temperature of the gas, the alternative 

form can be used: 
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n ~ j _e_) 1 

l P O T,gas,so/id 

(2.3) 

where p0 is the saturation pressure. 

Equations (2.2) and (2.3) are expressions of the adsorption isotherm, i.e. the 

relationship, at constant temperature, between the amount of gas adsorbed and 

the pressure, or relative pressure respectively [9]. 

The adsorption processes occurring within the macropores behave in the same 

way as an open surface to adsorption and account for less than 1 % of the 

adsorption process in the micropores [1 OJ. 

The majority of isotherms which result from physical adsorption may 

conveniently be grouped into six classes. Types I to V were originally proposed 

by Brunauer, Deming, Deming and Teller and are also referred to as the 

Brunauer, Emmet and Teller classification [11). Figure 2.1 illustrates the six 

major classes of isotherm shapes that are obtained from adsorption 

experiments. The isotherm shapes give information on the different sizes of 

porosity. 
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Figure 2.1: 

Six different classes of isotherm shapes (12]. 
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Type I isotherms are typically of microporous solids in that micropore filling 

occurs significantly at relatively low pressures < 0.1 plp0
, the adsorption process 

being complete at ~ 0.5 plp0
. A typical example of this isotherm would be 

obtained by adsorption of N2 on microporous carbon at 77K. 

Type II isotherms are obtained by physical adsorption of gases on non-porous 

solids. Monolayer coverage is succeeded by multi-layer adsorption at higher 

plp0 values. Type II isotherms can be obtained from carbons with mixed micro­

and mesoporosity. 

Type Ill and type V isotherms are convex to the relative pressure axis. These 

isotherms are characteristic of weak gas-solid interaction. Type Ill isotherms are 

obtained from non-porous and microporous solids and Type V isotherms are 

obtained from mesoporous or microporous solids. 

Type IV isotherms possess a hysteresis loop, which is associated with 

mesoporous solids, where capillary condensation occurs. 

Type VI isotherms are stepwise isotherms and represent complete formation of 

successive monomolecular layers. 

2.1.3 Adsorption forces 

The adsorption forces provide valuable insight into the nature of the adsorption 

process. Although elementary, the following discussion should show how the 

adsorption will be affected by an increase in the polarizability of the gas 

molecule or by a change in the polarity of the solid. 

The forces involved in adsorption always include dispersion forces, which are 

attractive, together with short-range repulsive forces. In addition there will be 

electrostatic forces if either the solid or the gas is polar in nature. Dispersion 

forces were first characterised by London [13). These forces arise from rapid 
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fluctuation in electron density within each atom, which induces an electric 

moment in a near neighbour and thus leads to attraction between two atoms. 

Making use of the quantum-mechanical perturbation theory, London arrived at 

an expression for the potential energy of two isolated atoms separated by a 

distance ra [13). By omitting certain small values the equation can be simplified 

to: 

(2.4) 

where eo(r a) is the potential energy of two isolated atoms separated by 

a distance r a , and C 1 is the dispersion constant associated with 

instantaneous dipole-dipole interaction. 

An expression for the short-range repulsive forces can also be derived from 

quantum-mechanical considerations, as follows: 

(2.5) 

where Band a are constants. For mathematical convenience equation 

(2.5) is simplified to 

(2.6) 

where B is an empirical constant and the index m is usually assigned 

to the value m = 12. The total potential energy between two atoms 

thus becomes (with C1 = C ), 

~, ) = -C r -o + B r -12 
c-tJa a a (2.7) 
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which is often termed as the Lennard-Jones potential. 

Several relations have been devised for the calculation of the parameter C 

from the molecular properties of two atoms A and B, e.g. that of Kirkwood and 

Muller [14]: 

(2.8) 

where c1 is the speed of light, aA and as are the polarizabilities, and 

XA and Xs are the magnetic susceptibilities of the atoms A and B. 

Another expression is that of London [15): 

(2.9) 

where v 0
A and v 0s are characteristic frequencies related to optical 

dispersion (h being the Planck quantum constant). 

To apply these various equations to the adsorption of a gas on a solid, it is 

necessary to consider the interaction of the surface layers of a solid composed 

of atoms (or ions) of a substance Y, say, with isolated molecules of gas X. The 

individual interactions of each atom in gas molecule X with each atom of the 

solid Y must be added up to obtain the potential t/J(z) of a single molecule of the 

gas with reference to the solid: 

(2.10) 

Here ru is the distance between the molecule i in the gas phase and the 

centre of an atomj in the solid. 
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If the solid is polar, it will give rise to an electric field which will induce a dipole 

in the gas molecule X. The resulting interaction energy </JP is as follows: 

1 
</Jp = --a2F 

2 
(2.11) 

where F is the field strength at the centre of the molecule and a is the 

polarizibility of the molecule. 

If in addition the molecule possesses a permanent dipole, its interaction with the 

field will make a further contribution </JFµ expressed as: 

</JFµ = -Fµcos0 (2.12) 

whereµ is the dipole moment of the molecule and 0 is the angle between 

the field and the axis of the dipole. 

Finally, if the gas molecule possesses a quadru polar moment Qmom, this will 

interact strongly with the field gradient F to produce a further contribution </JFamom 

to the energy. 

Thus, the overall interaction energy </J(z)tot of a molecule at a distance z from the 

surface may be represented by the general expression: 

(2.13) 

Here </J O and </JR correspond to the terms in r a -
6 and r a -

12 respectively in 

equation (2. 7). These contributions are always present, whereas the 
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electrostatic energies (/Jp, </JFµ and ¢Famom may or may not be present according 

to the nature of the adsorbent and the adsorbate. In principle, equation (2.13) 

could be used to calculate the numeric value of the interaction potential as a 

function of the distance z of any given molecule from the surface of a chosen 

solid. The inevitable uncertainties are such that the final result can be no more 

than a rough approximation of the actual situation. It is useful to note that the 

interaction potential becomes larger as the solid atoms become smaller in 

relation to the size of a gas atom. The reason for this is that the number of solid 

atoms at a given distance from the gas atom increases when the solid becomes 

more closely packed. 

2.1.4 Mobility of the adsorbed atoms 

If a gas molecule collides with the surface of an adsorbent it can either remain 

at the surface for a time (7) or rebound and return to the gas phase. The time 

a molecule stays on the surface was already defined by Frenkel in 1924 (15], 

namely: 

where T0 

Qads -

T 

R 

T. _ T. e Qads/RT 
F - 0 (2.14) 

is the frequency of oscillation of the molecules in the 

adsorbed state (referring especially to the vibrations 

perpendicular to the surface); 

is the heat of adsorption (that is the amount of heat 

liberated when the molecules move from the vapour 

to the adsorbed state), which is also the energy 

involved in evaporation of the adsorbed molecule 

from the surface; 

is the absolute temperature, and 

is the molar gas constant. 

To is in the order of magnitude 10-13 s. (At room temperature T0 is equal to hlkT 
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which is 1.6 x 1 o-13s. [16]) The heat of adsorption ( Qads) is the determining 

factor for the magnitude of T. Thus, Tis the time of adsorption. 

During the time T, which is spent at the adsorbent's surface, the following 

"activities" can take place [16]: 

exchange of thermal energy between the adsorbed molecules at 

the surface, 

continuous exchange of energy by means of col I is ions with other 

adsorbed molecules and adsorbing molecules, 

due to the said collisions the adsorbed molecules accumulate 

momentum so that the component of this momentum, 

perpendicular to the surface, increases till it exceeds the 

adsorption energy and the molecule desorbs, 

if the accumulated momentum is not sufficient for evaporation, the 

molecule moves sideways, maintaining contact with the surface, 

two-dimensional movement. The higher the temperature the faster 

the surface migration. 

When the number of molecules adsorbed on the surface is not too high, the 

molecules are single adsorbed molecules and behave as a two-dimensional gas 

[16]. Referring to the lower regions of pressure in the adsorption isotherm there 

is an equilibrium between the gas adsorbed, which is a two-dimensional gas, 

and the three-dimensional gas above the adsorbent. 

The heat of spreading, or surface migration, is the difference between the heat 

of evaporation and the heat of adsorption. 

2.1.5 Multi-layers 

The molecules in an adsorbed layer interact not only with the solid, but also with 

their neighbours within the layer. The effect is negligible when the fractional 

coverage 01 of the surface is small and the adsorbed molecules are therefore 
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far apart, but it becomes increasingly significant as the monolayer becomes 

more occupied. A fully occupied monolayer in some ways acts as an extension 

of the solid and will attract more gas molecules from the gas phase. The result 

is that at higher relative pressures an adsorbed layer which is several molecules 

thick (a multi-layer) is built up. 

2.1.6 Adsorption equations 

A significant literature base exists describing mathematical models to interpret 

shapes of isotherms obtained from porous and non-porous solids (17]. 

Information concerning the effective surface areas, pore size distribution, 

micropore volumes, etc., are incorporated within the isotherm. Extracting the 

information is a difficult task as direct experimental evidence is limited. The 

equations are based on assumptions placed into models and are then matched 

against experimental isotherms (17]. 

a. Langmuir equation 

Surface areas from Type I isotherms can be determined with the Langmuir 

equation [17]: 

where Veq 

(2.15) 

equilibrium amount (mmol / g) of gas adsorbed per 

unit mass of adsorbent at relative pressures plp0
; 

Vm amount of gas required for monolayer coverage of 

adsorbent (mmol / g); 

b constant, dependent on temperature but 

independent of surface coverage, and describing in 

some way the energetics of the surface. 

Surface areas are obtained using the relationship: 
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where S 

N 

a 

surface area (m2/g); 

Avogadro's number (molecules I mol) 

projected area of an adsorbate molecule 

(m2 
/ molecule). 

The Langmuir equation is based on the following assumptions: 

only monolayer adsorption can occur; 

(2.16) 

adsorption is localized, with no adsorbate-adsorbate interactions; 

the heat of adsorption is independent of surface coverage, i.e. the 

adsorbent has a homogeneous surface [17]. 

b. BET equation 

The Brunauer, Emmett and Teller equation was devised to improve the Langmuir 

model to account for multi-layer adsorption [17]. According to Greg and Sing 

[18), a state of dynamic equilibrium was postulated in which the rate at which 

molecules arriving from the gas phase and condensing on the bare sites is equal 

to the rate at which molecules evaporate from occupied sites. 

If the fraction occupied is 01 and the fraction of bare sites is 00 (with 0, + 00 = 

1 ), then the rate of condensation on unit area of surface is pa1K00 where p is the 

pressure and K is a constant given by the kinetic theory of gases (K = 

0.5L/(MRT)½); a1 is the condensation coefficient, i.e. the fraction of incident 

molecules which actually condense on a surface. The evaporation of a molecule 

from the surface is actually an activated process in which the energy of 

activation may be equated with the isosteric heat of adsorption q1. The rate of 

evaporation from the unit area of an active surface is therefore equal to: 
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z 0 ve-q1IRT 
m 1 1 (2.17) 

where zm is the number of sites per unit area ( so that ~ ~ is the 

corresponding number of sites adsorbed molecules) and v1 is the 

frequency of oscillation of the molecule in a direction normal to the 

surface. Thus; at equilibrium; 

(2.18) 

Since 00 = 1 -01 

a1KP 
01 ;;;:: --------

a1KP + zmv1e -q11Rr 
(2.19) 

If n (in moles) is the amount adsorbed on 1 g of adsorbent, then 01 = nlnm, 

where nm is the monolayer capacity, Insertion into equation (2.19) gives; 

n 
= (2.20) 

where 

(2.21) 

Equation (2.20) is the Langmuir equation for monolayer adsorption [18]. By 

adopting the Langmuir mechanism but introducing a number of simplifying 
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assumptions, Brunauer, Emmett and Teller in 1938 [18) arrived at their well­

known equation (2.22) for multi-layer adsorption: (a) that in all layers, except the 

first, the heat of adsorption is equal to the molar heat of condensation qL; (b) 

that in all layers, except the first, the evaporation-condensation conditions are 

identical, i.e. that 

(c) that when p = p0
, the adsorptive condenses to a bulk liquid on the surface of 

the solid, i.e. that the number of layers becomes infinite (p0 = saturation vapour 

pressure). The summation of the layers leads to the equation: 

p 
n(po-p) 

where p0 

C 

AHA -

AHL -

1 c-1 p 
+--·-

nmc po 

saturation vapour pressure, 

exp[(AH - AHL)IRT], 

heat of adsorption, and 

heat of liquefaction. 

(2.22) 

The BET equation is widely used to interpret isotherms, obtained by using 

nitrogen at its boiling point 77K, as adsorbate. The BET equation is restricted 

in validity to relative pressures below approximately 0.30 (plp0
), or often less, 

and cannot be used for calculating the adsorbed layer thickness or specific 

surface area in higher pressure ranges. 

If plotted as nlnm against plp0
, equation (2.22) gives a curve having the shape 

of a Type 11 isotherm, as long as c exceeds 2. This point is close to, but not 

necessarily coincident with, the point where the amount adsorbed is equal to the 

BET monolayer capacity. When 0::;; c 2 2 the BET equation results in a curve 

having the general shape of a Type Ill isotherm. 
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Plotting (plp0Jln(1-plp0J against plp0 should yield a straight line with the slope 

equal to (c-1)/nmc and an intercept 1/n,,, c. Solution of the two simultaneous 

equations gives nm and c. From the monolayer capacity n,,,, the specific surface 

Scan be calculated with equation (2.23). 

Fram the mono layer capacity the specific surface (S in m2 I g) can then be 

calculated by using the following relationship: 

wherexm 

N 

M 

X 
S = ~A Nx10-20 

M m (2.23) 

is the monolayer capacity (g adsorbate I g 

adsorbent); 

is the apparent cross sectional area occupied by a 

molecule of the adsorbate in the completed 

monolayer (P..2, for N2 this is 16.2 P..2); 

is the Avogadro constant, and 

is the molar mass of the adsorbate (g/mole ). 

According to the Gurvitsch Rule the uptake X5 is equal to the monolayer capacity 

xm [19]. Referring to the previous equation, the classical model will lead to the 

relation: 

(2.24) 

(2.25) 

where X 5 is the saturation uptake. 
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Then xm = X 5 , but Am can also be calculated as follows: 

Am = f(M/pN)213 (2.26) 

where p 

f 

is the density of the adsorbate in liquid form, and 

is the packing factor (usually taken as 1.091 ). 

Inserting the expression for Am into the equation (2.25): 

(2.27) 

or 

(2.28) 

Thus 

X S .! 
s 3 =-- • V 

1 

fN 3 
p (2.29) 

where V (cm3
) is the molar volume of the adsorbate in liquid form. 

c. t-plots 

t-plots were devised to detect deviations of experimental isotherms from a 

standard isotherm by testing whether the isotherm under examination is super 
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imposable on the standard isotherm by altering the scale of ordinates [20). The 

concept of a standard isotherm implies that a solid surface, when free of 

complications of adsorption in porosity, adsorbs to equal extents of surface 

coverage at constant relative pressure. 

De Boer, [16] proposed a method for determining pore surface and volume 

distributions for microporous materials based on the t-curve, a plot of t, the 

statistical thickness versus the relative pressure, plp0
· The t-method uses a 

composite t-curve obtained from data on a number of nonporous adsorbents, 

with the BET C constants similar to those of the microporous samples. A plot 

of the volume of nitrogen adsorbed (VA) as function oft, obtained from the t­

curve, afforded both a technique for differentiating between narrow and wide 

pores and a means of determining the distribution of narrow pores. 

The initial slope of VA-t curve corresponds with small values of t which 

represents an adsorbed film within large pores and complete filling of smaller 

radii pores. Therefore, from the initial slope of the VA-t curve the total surface 

area of the sample can be obtained by using the equation: 

(2.30) 

The surface area of the wider pores is similarly obtained from the slope of the 

line from the slope of the second straight part of the curve. The difference 

between these two surface areas is the surface area of the micropores alone. 

An abrupt break in the two linear parts of the VA-t curve indicates the presence 

of a group of micropores in a narrow radius range, whereas a curvature between 

the two parts of the curve is an indication of a distribution of micropores. 

d. Dubinin-Radushkevich (DR) equation 

This equation differs from the Langmuir and BET equations in that it is not based 

on a model process to describe the physical adsorption of gases [21). It is 
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based on the energies of adsorption. Dubinin, (21] found empirically that 

characteristic curves for adsorption of many microporous carbons could be 

linearized using the DR equation: 

(2.31) 

where Wv is the volume of adsorbate filling micropore ( cm3 
/ g) 

at relative pressures plp0 and temperature T (K), 

W0 is the total volume of micropores (cm3 
/ g), 

e0 R is the adsorption potential of the surface ( cal / mol), 

and 

E is the energy of adsorption (cal/ mol). 

The value of the DR equation is the realization that the characteristic curve of 

adsorption is a measure of the pore-size ( or pore-energy) distribution. Dubinin 

recognised that the adsorption energy for micropores is much higher than for 

super micropores, due to enhanced adsorption effects in microporosity. He 

proposed that micro- and super micropores be filled differently according to their 

respective adsorption force fields and the interaction between the adsorbed 

molecules. This mechanism is known as TVFM (the volume filling of 

micropores). Dubinin used a slit-shaped pore model as the basis for his theory. 

He also assumed that the distribution of pore sizes was heterogeneous and 

followed a Gaussian distribution. 

Evidence to support Dubinin's theory was obtained from active carbons, which 

at low levels of burn-off have a homogeneous micropore distribution (22]. The 

derivative of the DR equation may be written as: 

(2.32) 
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n 

where W v and W0 -

p 

Boubinin 

are terms defined in equation (2.31), 

is the adsorbate affinity coefficient, and 

is a constant, related to the adsorption 

potential of the micropores. 

A plot of log W v against log 2 (p O Ip) should be rectilinear [22]. Figure 2.2 

illustrates plots of adsorption data, as isotherms and in DR coordinates. 

Figure 2.2: 

Adsorption data presented as an isotherm (left} and in DR coordinates (right). 

log n 

X 

y 

Adsorption DR plots 

plpo log2 plp 0 

The micropore volume is equal to the y-axis intercept at x = 0 in the DR plot. 

The parameter B Dubinin (in equation (2.32)) can be calculated from the slope and 

is referred to as the structural constant of the adsorbent. The value of B Dubinin 

is a qualitative measurement of the relative average micropore sizes of the 

adsorbent. The steeper the gradient, the larger the average micropore size (i.e. 

a wider distribution). Hence the following information can be obtained by 
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interpretation of an adsorption isotherm using the DR equation 

extents of micropore volume capacity; 

relative pore-size distributions; 

deviations of adsorption energies from a Gaussian or related type 

distribution. 

Langmuir and BET equations predict values of V m, the number of mmol / g 

required to establish a monolayer. Conversion into a surface area value (m2 
/ 

g) requires the projected area of an admolecule. For N2 this is 14.2A2
. The DR 

equation predicts values of micropore volume ( W O). This number is converted 

into surface area. 

It was shown by Wood, Rehrmann and Karwacki [23] that the DR micropore 

volume for organic molecules can be estimated, as follows, if the BET surface 

area determined by N2 at 77K is known: 

and 

where W0 

(2.33) 

(2.34) 

is the micropore volume for DR adsorption isotherm 

on carbonaceous materials and organic vapours 

(cm3 I g), 

is the BET activated surface area (m2 
/ g), and 

is the micropore volume measured with N2 (cm3 
/ g) 

at 77K. 
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2.1. 7 Activated diffusion 

Physical adsorption is a rapid process (hours); longer equilibration times are an 

indication of activated diffusion [24]. This can be confirmed by obtaining an 

adsorption isotherm at a higher temperature. A reduction in the equilibrium 

times is an indication of activated diffusion. Activated diffusion operates when 

the dimensions of the adsorbate molecules are only slightly smaller than the 

pore diameter. At lower temperatures the molecules have insufficient kinetic 

energy to enter the pore. With increasing temperature the amounts adsorbed 

increase. A stage is eventually reached where the amounts adsorbed decrease 

with increasing temperature. 

2.1.8 Molecular sieve effects 

Each adsorption site is unique in shape, size and potential energy [25]. A 

critical stage exists when the diameter of one of the sites and the effective 

diameter of the adsorbate molecule do not fit. When the site size is smaller than 

the adsorbate molecule it cannot occupy the particular site and adsorption is 

reduced. This is the basis for molecular sieving effects. 

Molecular sieving can be used for separation processes. The critical dimension 

of a pore is the diameter at which the adsorbate has sufficient energy to be able 

to enter the pore. In addition to the energy barrier at the entrance to the pore, 

diffusion rates are also dependent on the energy barriers for diffusion within the 

porosity. 

2.2 TYPE I ISOTHERM 

If a solid contains micropores the potential fields from neighbouring walls will overlap 

and the interaction energy of the solid with a gas molecule will be correspondingly 

enhanced [26]. This will result in the distortion of the isotherm, especially at low 

relative pressures, in the direction of increased adsorption. There is evidence that this 

interaction may be strong enough to bring about complete filling of the pores at a low 

relative pressure, rather than just surface coverage. 
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Type I isotherms are characterised by a plateau which is nearly horizontal, and which 

may cut the p/p0 = 1 axis sharply or may show a "tail" as saturation pressure is 

approached. The incidence of hysteresis varies: some isotherms do not display any, 

others display a definite loop. 

The uptake does not increase continuously but comes to a limiting value in the plateau. 

The classic interpretation of this limit is that the pores are so narrow that they cannot 

accommodate more than a single molecular layer on their walls; the plateau thus 

corresponds to the completion of the monolayer. 

The shape of the isotherm can be explained in terms of the Langmuir model. The Type 

I isotherm was therefore assumed to conform to the Langmuir equation (2.20). In 

practice the conformity with the equation varies considerably. In some cases a straight 

line is obtained when plotting (plp0Jln against plp0
, but for some adsorbents the line 

is distinctly curved. Conformity to the Langmuir equation is not automatic proof of the 

mechanism. xm is considered to be equal to the monolayer capacity, and can be 

converted into the specific surface S with equation (2.23). There are suggestions that 

would indicate that this interpretation is invalid, and that the value of S arrived at does 

not represent a true specific surface. 

However, the Gurvitsch rule is often obeyed by systems displaying a Type I isotherm. 

According to Gurvitsch's rule the quantity xs Ip should be a constant for different 

adsorbates on the same adsorbent [27]. This constancy can only be assumed if the 

adsorbates are chosen to have the same value of V and therefore of V 113 
- since S is 

constant for a given adsorbent and the packing factor f is assumed to have the same 

value for all the adsorbates. The variation in V between typical adsorbates is greater 

than the variation in the X8-values for a given adsorbate. (According to equation (2.29), 

V 113 for N2 at 77 K is 3.3 cm with p= 0.81 g / cm3 and M= 28 g, Mlp = V= 35 cm3
.) [19] 

The conformity to Gurvitsch's rule, shown by systems giving Type I isotherms, is 

sufficiently general to suggest that the adsorbate is condensed in the pores in a form 
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having a density close to that of the bulk liquid adsorptive. This in turn suggests that 

the pore has a width in excess of two molecular diameters, since the individual 

characteristics, namely size and shape, of the different molecules are bound to 

influence the way in which they pack into such a narrow capillary. A width of several 

molecular diameters would be required to ensure the smoothing out of such effects and 

enable the packing to simulate that in a bulk liquid. Thus, in very fine pores the 

mechanism of adsorption is pore filling rather than surface coverage. The plateau of 

the Type I isotherm thus represents the filling-up of pores with adsorbate by a process 

similar but not identical to capillary condensation, rather than a layer-by-layer building 

up of a film on the pore walls. 

Microporosity is sometimes associated with an appreciable external surface, or with 

mesoporosity, or with both, which is displayed as a hysteresis curve in the isotherm. 

In general, there are three processes prior to capillary-condensation associated with 

the hysteresis loop of a Type IV isotherm, which may occur in a porous adsorbent 

containing micropores along with mesopores; a primary process taking place in very 

narrow micropores (for N2 at 77K ~3 A to ~ 7 A); a secondary, cooperative process, 

taking place in wider micropores ( ~ 7 A to ~ 18 A), succeeded by a tertiary process 

governed by a modified Kelvin equation {> ~ 18 A). 

The limits of pore size corresponding to each process will depend on the geometry and 

the size of the adsorbate molecule. 

2.3 PORE SIZE DISTRIBUTION: OFT MODEL 

A sample of porous material may be characterised by its distribution of pore sizes (28]. 

Each pore size present will contribute to the total adsorption isotherm in proportion to 

the fraction of the total area or pore volume of the sample it represents. 

Mathematically, this relation is expressed by [28]: 

X(p) = f x(p,H)f(H)dH (2.35) 
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where X(p) -

x(p,H)-

f(H) -

is the experimental quantity adsorbed at pressure p, 

is the quantity adsorbed per unit area at the same pressure 

(p), in a pore of size H, and 

is the total area of pores of size H in the sample. 

The integration is over all pore sizes in the sample. The function x(p,H) is called the 

kernel function and describes the model isotherms that have been evaluated 

numerically using the density functional theory. The function f(H) describes how pore 

area is distributed by size in the sample and is easily converted to a pore volume 

distribution by size. Because there are no analytic equations for any of these functions, 

the problem must be solved in a discrete form; the integral equation becomes a 

summation: 

X(p) = Ex(p,H1)f(HJ 
i 

(2.36) 

Given a set of model isotherms, x(p,H), and an experimental isotherm, X(p), the DFT 

software determines the set of positive values f(H) that most nearly, in a least square 

sense, solve the equation shown above. DFT also allows a selectable regularisation 

constraint to be applied to avoid over fitting in the case of noisy data. This process is 

referred to as smoothing in the DFT program. 

The current models assume a slit-like pore geometry. The pore sizes range from 4.0 

to 4000 A and are covered in 91 classes in a geometric progression, and a model for 

the free or external surface is also included. Each of the 92 model isotherms has been 

calculated at 181 pressure points. 
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B. ADSORPTION KINETICS 

2.4 THE WHEELER EQUATION 

The sigmoid curve, resulting from a plot of vapour concentration exiting a packed bed 

of activated carbon granules against time, displays, according to Jonas and Rehrmann, 

[29) second-order kinetics only in the linear or mid-portion of the curve where the exit 

concentration rises rapidly with time. The first portion of the curve, showing trace gas 

penetration of the bed and characterised by the convexity with the time axis, represents 

the condition of an excess of active sites over free gas molecules and displays pseudo 

first-order kinetics with respect to the gas molecules. This study deals only with the 

adsorption characteristics of the textiles up to first traces of gas penetration, and 

therefore is characterised by pseudo first-order adsorption kinetics. 

The modified Wheeler adsorption kinetics equation was initially derived from a 

continuity equation of mass balance between the gas entering an adsorbent bed and 

the sum of the gas adsorbed by, and that penetrating through the bed (30]. This 

equation, shown in the polynomial form, has been successfully used by Jonas and 

Rehrmann in studies of the kinetic adsorption of gases by activated carbons (29]: 

where tb 

w 
Co 

Q 

(2.37) 

is the gas breakthrough time at which the concentration Cx 

appears in the exit stream (min), 

is the kinetic adsorption carbon capacity at the arbitrarily 

chosen ratio of C xi C O (g adsorbate I g carbon), 

is the mass of carbon (g), 

is the challenge (inlet) concentration (g / cm 3), 

is the volumetric flow rate of air (cm 3 
/ min), 

is the bulk density of the packed carbon bed (g I cm 3), 

is the concentration in the outlet at time tb (g I cm 3), and 

is the pseudo first-order adsorption rate constant (min-1
). 
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In equation (2.37), Pp is determined as a property of the granular size and shape of the 

adsorbent when filled by gravity settling in a container column. The density of the 

carbon bed in the case of the textiles was determined by density measurement of a 

sample of the textile. 

The values for C0, Wand Qare established by the experimental conditions, while the 

temperature is maintained constant. Using different charcoal bed weights ( W) and 

determining the breakthrough times (t b) at a selected penetration fraction (CxlC0 ), 

values for We and k v can be calculated from equation (2.37). The theory predicts that 

a plot of the breakthrough time ( t b) as a function of the bed weight ( W) gives a straight 

line, with the slope equal to We IC 0Q and the intercept equal to: 

(2.38) 

The values obtained for the slope and the intercept allow for the calculation of the 

adsorption capacity (We) and rate constant (k v) respectively. 

The breakthrough time was taken as the time from the start of the experiment up to the 

time the concentration in the outlet reached 1 % (0.01 times) of the inlet concentration. 

Typical breakthrough curves are displayed for the three different textiles in Figures 3.4, 

3.5 and 3.6 in Chapter 3. An example of a graph obtained by applying the Wheeler 

equation to the experimental results is shown in Figure 2.3. The graph shows a linear 

relationship as is predicted by the Wheeler equation (2.37). Linear regression of the 

first three points, representing one, two and three textile layers, showed a coefficient 

of correlation of r 2 = 0.999 and a coefficient of r 2 = 0.988 was obtained for regression 

of all five points. The deviation from linearity for the last two layers could be attributed 

to an increased resistance against air flow through four and five textile layers. (Air flow 

through the textile layers was measured with an electronic air flow meter with an 
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accuracy of 0.1 ml/min.) The sorption rate constant, vapour capacity and minimum 

mass to provide protection against the hazardous chemical could be determined with 

this experimental setup and the equation (2.37). These parameters were calculated 

and depicted in Tables 5.1, 5.2, 5.3 and 5.4. The results are discussed in detail in 

Chapter 5. 
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FIGURE 2.3: 

Adsorption data for HD vapour on the CC. A plot of tb vs carbon mass 

impregnated into the textile layers shows a linear relationship as predicted by 

the Wheeler equation (2.37). 
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2.5 THE YOON AND NELSON EQUATION 

Yoon and Nelson have presented a gas adsorption kinetic model which is a further 

modification of the modified Wheeler equation (31]. When comparing the Yoon and 

Nelson equation with the Wheeler equation, the major difference observed is in the 

logarithmic concentration ratio form. Thus, the In (C O IC x) in the Wheeler equation 

becomes In (C 0 -C x )IC x· The Yoon and Nelson equation may be written as: 

(2.39) 

which may be rewritten as follows: 

(2.40) 

The equation (2.40) predicts that the graph of In (C 0 -C xJ I Cx as a function of tb will 

be a straight line with the slope equal to (-k vC O I W eP p) and the y - intercept equal 

to k v WI Qp p . The Yoon and Nelson equation differs from the modified Wheeler 

approach by: 

using data over a range of breakthrough concentrations compared to the 

Wheeler equation which only uses data of the breakthrough values 

smaller than 1 % of the inlet concentration ( C0 ), 

assuming different values for We and kv at varying sorbent masses 

compared to the Wheeler (and Ackley) approach which assumes that the 

parameters are independent of the sorbent bed mass. 

The graph in Figure 2.4, deviates from linearity at the breakthrough concentration equal 

to 20% of C0 • This could be due to the partial saturation of the micropores of the 

carbon and different processes playing a role in the adsorption process. The results 

are discussed in detail in Chapter 5. 
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FIGURE 2.4: 

Adsorption data for HD vapour on the CC. A plot of In (C0 - Cx)/Cx versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). 

2.6 THE ACKLEY EQUATION 

Ackley has proposed a residence time model for describing respirator sorbent beds 

[32]. The relationship between the breakthrough time and the bed residence time 

allows correlations of data and predictions of bed performance. The residence time (7) 

is equal to the bed depth (b d) divided by the superficial velocity (V,) and can thus be 

expressed in terms of the volume of the sorbent (V 1 ) and the air flow rate (Q) as 

follows: 

v, 
T = -

Q 
(2.41) 
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The volume of the sorbent is equal to the sorbent weight divided by the bed density. 

Thus, T may be expressed as follows: 

(2.42) 

The term can be substituted into equation (2.37) to give the Ackley equation: 

(2.43) 

The graph of the breakthrough time (t b) as a function of the residence time fl) is 

illustrated in Figure 2.5. The equation (2.43) predicts a straight line with the slope 

equal to We pp I C O, and the intercept equal to {-(We pp IC O k v ) } { ln(C O -C x ) I 

C x }. The graph sowed a deviation from linearity for the fourth and fifth point 

representing four and five textile layers. This deviation could be due to a resistance 

to the air flow through the textile layers. The results are discussed in detail in Chapter 

5. 

Theoretically these three models should yield the same values for We and kv from the 

slopes and intercepts of straight line plots of the experimental data. Calculation of 

these parameters with the Wheeler and Ackley equations showed a high degree of 

agreement. Values obtained with the Yoon and Nelson equation differed largely from 

the values. This could be due to the saturation of the carbon. The parameters 

calculated with the Wheeler and Ackley equation is only done on the initial stage of 

adsorption, whereas calculations with the Yoon and Nelson equation is done over a 

longer time period. The discussion of these experimental results is given in paragraph 

5.2. 
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FIGURE 2.5: 

Adsorption data for HD vapour on the CC. A plot of T vs th shows a linear 

relationship as predicted by the Ackley equation (2.43). 

C. TRANSPORT MECHANISMS 

2.7 PRINCIPLES OF ADSORPTION 

Physical adsorption of gases is a surface process but also involves transfer of a 

molecule from one phase to another. In porous adsorbents, adsorption takes place by 

different processes: 

1 . Mass transfer through the external boundary surface area of the particle, 

thus external mass transfer. 

2. Internal transfer taking place in the interior of the solid particle or sorbent. 

The pores are thus characterized by an effective transfer coefficient that 

can describe the diffusion through the pores. The adsorbate diffuses 
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through the fluid filled pores or solid phase diffusion where transfer takes 

place via surface diffusion along the pore walls. 

3. Adsorption or desorption on the surface at active sites of the adsorbent 

that transform the adsorbate to its adsorbed state, which can be 

reversible (physical adsorption), or to a surface complex, which is 

irreversibly adsorbed ( chemisorption ). 

Adsorption on charcoal is stronger for components with higher molar mass and can be 

influenced by other characteristics such as unsaturation, or by strong electrostatic 

forces. The concentration distribution curves of less strongly adsorbed component 

move through the adsorbent bed more rapidly. Thus, the distribution curve is more 

elongated. A complicating factor is that exchange adsorption of the stronger bound 

component takes place, thus influencing the initial concentration distribution. Silov's 

rule of parallel adsorption-zone-displacement cannot therefore be applied to the 

description of mixed adsorption zones, and Langmuir's rule that the presence of a 

second adsorbed component in equilibrium decreases the adsorbed amount of the first 

component, does not apply either [33]. 

It was demonstrated that adsorption on the sorbent surface occurs in a relatively short 

time ( 10-5 s) compared with the time necessary for external mass transfer or diffusion 

in the pores, which can be in the range of up to a few minutes [34]. Therefore only the 

first two processes of the above-mentioned are covered in the literature [35]. 

2. 7 .1 Intra particle transport: Macropore diffusion 

Five distinct mechanisms of transport through the pores were identified in the 

literature: molecular diffusion, Knudsen diffusion, Poiseuille flow, eddy diffusion 

and surface diffusion [36]. The effective pore diffusivity is thus a complex 

quantity which often includes contributions from more than one of the aforesaid 

mechanisms. The following parameters may play a role in the mass transfer 

operation, which will influence the above mechanism in controlling the mass 

transfer to a lesser or greater extent: 
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the pore structure and thus the composition of the adsorbent; 

the character of the sorbate, whether an organic or inorganic 

mixture or only one component; 

the concentration of the sorbate; 

the linear velocity of the adsorbate around an adsorbent particle 

or through an adsorbent bed. 

If pore diffusion controls the mass transfer process, the diffusivity (DJ is based 

on the pore cross-sectional area: 

DP is influenced by: 

~ J = -eD -
p p ax (2.44) 

the random orientation of the pores, thus giving a longer diffusion 

path, 

a reduction in the concentration gradient, which reduces in the 

direction of flow, and 

the variation in the pore diameter. 

The above effects are accounted for by the tortuosity factor (8): 

D D - -
p 8 (2.45) 

where D is the diffusivity under the same conditions but in a straight 

cylindrical pore. 

For straight, randomly orientated cylindrical pores it was shown that 8= 2. The 

tortuosity factors fall within the 2-6 range. However, the tortuosity is usually 

treated as an empirical constant. The determination of the Bfactor calls for an 
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in-depth study of the pore shape and size. 

a. Molecular diffusion 

In molecular diffusion the resistance to flow arises from collisions between 

diffusing molecules. The effect of the pore is merely to reduce the flux as a 

result of geometric constraints which are accounted for by the tortuosity factor. 

Molecular diffusion is dominant whenever the mean free path of the gas (i.e. the 

average distance travelled between molecular collisions) is small relative to the 

pore diameter. 

If transport within the macropores occurs only by molecular diffusion, the pore 

diffusivity is given as: 

Dm 
D - - (2.46) 

p T 

where Dm is the molecular diffusivity and may be estimated by the 

Chapman-Enskog equation which describes the molecular diffusivity of 

binary gas mixtures: 

where 

0.00158T312(1/M1 + 1/M2 )
112 

Dm = -----------
Pd,2{]( dkT) 

(2.47) 

p 

n 

are the molar mass, 

is the total pressure (Pa), 

is a,2 = ½ ( o 1 + o J the collision 

diameter from the Lennard-Jones 

potential (A), 

is a function of dkT 

where e = J e1 e2 is the Lennard-

Jones force constant with k the 

Saltzman constant. 
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b. Knudsen diffusion 

In small pores and at low pressure the mean free path is greater than the pore 

diameter, and collisions of molecules with the pore walls occur more frequently 

than collisions between diffusing molecules. The collision between molecule 

and pore wall provides the main diffusion resistance and these phenomena are 

described as Knudsen diffusion or Knudsen flow. 

The feature characteristic of the diffusion process is illustrated by a randomness 

of the collisions and re-emission of the adsorbate molecule into the sorbate 

stream in a random direction. 

Knudsen diffusivity may be estimated from the expression: 

Dk = 9700µ (TIM) 112 

is the mean pore radius (cm), 

is the temperature (K), and 

(2.48) 

whereµ 

T 

M is the molecular mass of the diffusing species. 

In the Knudsen regime each species diffuses independently so that the 

diffusivity does not depend on either composition or total gas concentration. 

The temperature dependence is slight and Dk is inversely dependent on the 

square root of the molecular mass. 

From the above it follows that both Knudsen and molecular diffusion can control 

the mass transfer at the same time, i.e. molecular diffusion is dominant in the 

macropores while Knudsen flow is dominant in the smaller pores. Owing to the 

dependence of the mean free path on pressure, there will be a transition from 

molecular diffusion at high pressure to Knudsen flow at low pressures. 
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c. Surf ace diffusion 

The contribution to the flux from transport through the physically adsorbed layer 

on the surface of the macropore is referred to as surface diffusion. A significant 

contribution of the flux is possible because of the high concentration present as 

adsorbed phase. Thus for surface diffusion to be noticeable significant physical 

adsorption is necessary. This requires temperatures not too far above the 

boiling point of the species considered. At high temperatures the thickness of 

the adsorbed layer decreases and the surface flux becomes relatively small to 

the flux through the gas phase. Thus direct measurement of diffusion is not 

feasible since the flux due to diffusion through the gas phase is always present 

in parallel. 

The overall diffusivity is given as: 

1 - e 
D = D + ( PJ KD 

k e s 
p 

(2.49) 

d. Poiseuille flow 

If there is a difference in total pressure across a particle, then there will be a 

direct contribution to the adsorption flux from forced laminar flow through the 

macropores. This is generally negligible in a packed bed since the pressure 

drop over an individual particle is very small. The effect is usually of greater 

influence in the direct laboratory measurement of uptake rates in a vacuum 

system. Thus, the Poiseuille equation shows the equivalent diffusivity as: 

where Pa 

u 

r 

D = P r 2/Bu a 

is the adsorbate pressure (Pa), 

is the viscosity (poise), and 

is the mean pore radius (cm). 

(2.50) 
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2. 7 .2 Micropore diffusion 

Diffusivity is a function of temperature and concentration. In addition, the 

diameter of the sorbate molecule has a relatively large influence on the 

activation energy. The van der Waals' radius can be used to calculate the 

molecular diameter. The molecular shape also plays an important role in the 

diffusion process. This was illustrated by adsorption of cyclohexane or the 

linear paraffins for which the van der Waals' radius is much larger than that for 

the cyclohexane [37). 

2.8 KINETICS OF SORPTION 

Adsorbents exert three distinct diffusional resistances on mass transfer: 

a. the micropore resistance of a particle, and 

b. the macropore diffusion resistance of the adsorbent, and 

c. for adsorption from a (multi-component) fluid mixture there may be an 

additional resistance to mass transfer associated with transport through 

the laminar fluid boundary layer surrounding the particle. 

The relative importance of micropore and macropore resistances depends on the ratio 

of the diffusion time constants, which varies widely depending on the system and 

conditions. As the time constant is a function of the square of the particle radius, 

variation of the particle size serves as confirmation of the controlling resistance. 

Since adsorption is exothermic and the heat of sorption must be dissipated by heat 

transfer, there is, generally, a difference in temperature between the adsorbent particle 

and the adsorbate while sorption is taking place. The significance of this temperature 

difference depends on the relative rates of mass and heat transfer. Theoretical 

analysis may show that: in a batch adsorption experiment, it is the dissipation of heat 

from the external surface of the adsorbent sample, rather than the conduction of heat 

within the adsorbent, which is generally the rate limiting heat transfer process. 

The simplest case to consider is a single microporous adsorbent particle exposed to 
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a step change in sorbate concentration on the external surface of the particle at time 

zero. Heat transfer is assumed to be sufficiently rapid, relative to the sorption rate, so 

that temperature gradients through the particle and between the particle and 

surrounding fluid are negligible. Representation of a particle equivalent to a sphere is 

an acceptable approximation, then the transport described by Fick's diffusion equation 

is: 

If the diffusivity is constant, then: 

where De 

q(r,t) -

is the intra crystalline diffusivity, 

is the adsorbed phase concentration. 

(2.51) 

(2.52) 

If diffusivity depends on concentration, the approximation is still acceptable, provided 

that the uptake curve is measured over a small differential change in adsorbent phase 

concentration. 

If the uptake of sorbate by the adsorbent is small relative to the total sorbate 

introduced, the ambient sorbate concentration will remain constant ( essentially) and the 

initial and boundary conditions are given by: 

q(r,0) =q:, q(rc,tJ =qq, z1 = 0 
r=O 

(2.53) 

The solution for the uptake curve is given by: 
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q-q: _Mt_ 6 E= 1 ( n
2n2Dct) -----1-- -exp 

q -q 1 M n2n=1 n2 r2 
0 0 00 

C 

(2.54) 

where q (t) is the average concentration through the particle, defined by: 

(2.55) 

where M ti M,., is the fractional approach to equilibrium. 

Equation (2.54) converges rapidly as t - 00 since the higher terms of the summation 

become very small. For fractional uptakes greater than 70% only the first term is 

retained to give: 

Mt 6 ( n2Dct) 1--::::-exp 
M n2 ,2 

co C 

(2.56) 

Ast - 00 a plot of /n(1 - M ti M ,.,) versus t should be linear with the gradient equal to 

n 2 D cl r/ and the y-axis intercept equal to ln(6 I n 2
). Such a plot provides a simple 

method for checking conformity to the diffusion equation and determining the diffusion 

time constant. 

When heat transfer is controlling, the uptake curves commonly show a rapid initial 

uptake followed by a slow approach to equilibrium. The observation of a distinct break 
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in an experimental uptake curve provides a useful clue that heat transfer resistance 

may be important. If the process is substantially isothermal, the intercept of such a plot 

(In [1 - M ti M rol versus t) should be In ( 6 In 2 
), and a significant deviation from this 

value can provide useful evidence of the intrusion of heat transfer effects. Isothermal 

behaviour is obtained when the heat transfer coefficient is infinitely high (low adsorbate 

concentration) or when there is an infinitely large adsorbent capacity. When diffusion 

is rapid, the kinetics of adsorption are controlled entirely by heat transfer. Therefore, 

a variation of concentration of the adsorbate will show the influence on the heat transfer 

coefficient. Variation in the configuration of the adsorbent provides a convenient 

experimental test for heat transfer and bed diffusion resistances. 

Adsorption in large pores is relatively slow and the uptake is controlled by isothermal 

diffusion and is independent of the quantity adsorbent used. In the smaller pores heat 

effects become significant and deviate from the isothermal curve [38). 

For fast diffusion processes the transport is controlled by heat transfer. Uptake curves 

are independent of pore size but vary with sample size due to changes in the effective 

heat capacity and external area to volume ratio (AN). 

Figure 2.6 shows the theoretical uptake curve calculated according to equation (2.56) 

with the gradient equal to -n 2 D c Ir c 2 and the intercept equal to In ( 6/n 2 
). Significant 

deviation from this value can provide evidence of intrusion of heat effects. Increased 

thermal effects become increasingly important, especially at high sorbate 

concentrations. 
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FIGURE 2.6: 

Experimental and theoretical uptake curve calculated according to equation 

(2.56). The data used, were obtained with the CC textile at the test conditions: 

40 °C, 124 µg HD/I, and an air velocity of 0.50 cm/s. 
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CHAPTER3 

EXPERIMENTAL DESIGN AND DETECTION PROCEDURES 

3.0 INTRODUCTION 

Breakthrough test methods, used for evaluation of the protection time against 

hazardous chemicals, were studied. Various nonquantitative and quantitative methods 

are used internationally [1]. A method, "The Mustard Gas Droplet Test, FINABEL 

Test", was studied and implemented to do quality assurance testing on the chemical 

textiles used for the manufacture of protective suits [2]. This method is a static test, 

which implies that no air movement is involved. The dynamic tests consist of air 

movement through or over the textile, while it is also possible to control various 

parameters, e.g. air velocity, challenge concentration of the chemical vapour and 

relative humidity. It is also very important that the test method used simulates as 

closely as possible the actual conditions under which it will be used. For this reason 

two methods were developed by the author: a dynamic breakthrough method, which is 

used to study the characteristics of the activated charcoal impregnated into the textile, 

and an aerodynamic test method to study the characteristics of the textile system, 

which usually consists of at least two layers, the outer (woven) and inner (charcoal 

containing) layers. 

3.1 CHEMICALS 

Analytical grade reagents were used in this study. 

3.1.1 Solvents 

Ethyl alcohol, CH3-CH2-OH (preparation of GC-calibration standards) 

3.1.2 Gases 

Gas chromatograph operating gases: 

High purity nitrogen, N2 99,9999% pure (carrier gas). 

High purity hydrogen, H2 99,99% pure (detector gas). 
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High purity synthetic air, 21 % 0 2 + 79% Ni detector gas). 

Standard grade nitrogen, N2 99,99% pure (test setup). 

Liquid nitrogen, N2 (cryogenic cooling). 

3.1.3 Challenge chemicals 

bis(2-chloroethyl)sulfide, (CI-CHrCH2hS, (HD), 98% pure. 

Physical properties of HD: 

d20
4 = 1.274 kg/I 

Molecular mass = 159 g/mole 

Freezing point= 14 °C 

Boiling point= 227.8 °C 

Vapour pressure= 10.3 mm Hg at 20 °C 

Volatility= 610 mg I m3 at 20 °C and 2851 mg I m3 at 40 °C 

3.2 TEXTILES 

The textiles used in this study can be grouped into three different technologies, namely 

CC, PUCP, and C-spheres. 

3.2.1 Charcoal cloth (CC) 

This textile consists of a nonwoven carbon carrier. The current method used for 

the manufacture of these textiles favours high production rates and disposable 

systems. Polyamide or polyester fibres constitute the major part of the 

nonwoven matrix. Therefore, organic vapours will not be adsorbed into the body 

of the fibre and will either evaporate quickly or be attracted to and held by the 

activated carbon. The carbon (50 ± 1 0 g / m2
) is used as an extremely fine 

powder (96% having a dimension of less than 25 microns) which requires a 

minimum of binder to bind the carbon to the fibres. The minute dimensions of 

the particle also ensure rapid adsorption of vapour from the gaseous phase. 

This can be further optimised by choosing an activated carbon with the correct 

ratio of macro-, mesa- and micropores. It was assumed that a predominantly 
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microporous structure will ensure enhanced adsorption [3]. However, it is vital 

that the organic vapour molecules can penetrate the interstices of the activated 

carbon structure with ease, otherwise the vapour will pass the carbon en route 

for the skin surface. The optimum ratio of pore distribution will ensure the most 

effective rapid distribution and adsorption. Another aspect in efficient adsorption 

of vapour is the use of carbon particles of minimum size so that the path length 

for adsor:ption on the carbon surface is kept to a minimum. 

Careful choice of the binder chemistry helps to minimise the effect of pore 

blocking and enhances the shelf life of the final product. In the textile studied, 

the carbon is impregnated from the one side of the nonwoven material only, the 

other surface being treated with an oil and water repellent finish. 

The outer layer is a two-by-two twill fabric, using a polyamide warp thread and 

a modified acrylic, Teklan, in the weft. The weave structure of a twill fabric is 

such that the warp thread predominates on one side of the fabric and the weft 

thread on the other. A shower proofing silicone treatment is applied to the outer 

layer. 

An average service wear life of 28 days is obtainable, although the wear life 

could vary to as long as 150 days, depending on the duties of the wearer. 

These levels are considered adequate for a disposable clothing item. 

The biggest disadvantage of this material is that it has low physical strength and 

is easily damaged through friction and tearing. Thus the textiles are usually 

laminated to a textile with high physical strength, e.g. polyamide or polyester, 

which unfortunately adds to the heat load of these textiles. 

3.2.2 Polyurethane foam rubber impregnated with charcoal powder (PUCP) 

The foam rubber system consists of a two-layered textile: 

an inner layer of light nylon tricot cloth bonded to a 2 mm fully reticulated 
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polyurethane foam sheet. The foam is impregnated with active carbon 

approximately 180 ± 20 g/m2
; 

an outer layer of heavy-duty corespun polyester cotton, in which 

polyester is the core and cotton the wrapping. The outer layer has a 

mass of approximately 180 g/m2
, and is water and oil repellent treated 

with "Quarpel". 

a. Inner layer 

The foam is manufactured from an open cell polyurethane. The backing on the 

polyurethane and laminated to the polyurethane is a knitted 100% polyamide 

material. The mass of the backing material is 40 ± 4 g/m2
. The polyamide is 

laminated to the foam layer by thermal fixing with a hot-air process. The mass 

of the inner layer laminate is 200 ± 30 g/m2
. The inner layer is 1.9 mm ± 0.3 mm 

thick. 

At first sight polyurethane appears to be an ideal substrate to impregnate with 

carbon. Very high loading levels of up to 200 g/m2 can easily be achieved and 

the added binder gets ample opportunity to attach the carbon to the foam 

structure, thus reducing the loss of carbon from the foam matrix. In operational 

use the impregnated foam system has however major disadvantages. 

Polyurethane foam has high insulation properties and a suit made from this 

carrier results in a product with high physiological load. A person wearing this 

suit can only survive for approximately 60 minutes while conducting work at a 

medium work rate ( 180 W) before displaying signs of heat stress [4]. 

b. Outer layer 

The material is woven from corespun polyester:cotton (50:50) yarn. The weave 

structure is a 2/1 twill. The mass of the outer layer is 169 ± 8 g/m2
. The 

breaking strength of the outer layer is high in order to protect the inner layer 

from physical damage. The outer layer is also impregnated to display infrared 
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remission and is further impregnated to display water and oil repellency. The 

outer layer is also impregnated to have flame retardancy characteristics. 

The biggest disadvantages of this textile are: 

high insulation, which causes a high physiological load, 

adsorbs water to a high degree, and 

the foam depolymerises after a few years, therefore decreasing 

the shelf life. 

3.2.3. Spherical carbon (C-spheres) 

In these system, activated carbon spheres, 0.5 to 1 mm in diameter, are point 

bonded in a predetermined pattern onto one surface of a polyamide, polyester 

or mineral fibre fabric. This method of impregnation gives rise to almost a 

millimetre of adsorbing carbon to remove vapour from the air [5,6]. 

This is a most effective protection system but it takes time for the vapour to 

penetrate the spheres and adsorb onto the carbon. Thus approximately 200 ± 

30 g/m2 of activated carbon are required, compared with the 50 g/m2 of carbon 

in an impregnated nonwoven system, in order to obtain the same rate of 

adsorption from the diffusing contaminated air. The total capacity of the bonded 

sphere type system for organic chemicals is about three times the level of the 

impregnated nonwoven textile. However, the total micropores structure restricts 

penetration of carbon particles by organic vapour molecules and the adsorption 

phenomenon is delayed and minimised. This is not usually the major 

consideration. Additional carbon adds to the weight, heat stress and cost. 

A common weakness of this type of textile is that it must be stored under a 

vacuum as the active surface area is easily contaminated by adsorption of 

organic vapours. 
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3.3 ELECTRON MICROSCOPE STUDIES 

A scanning electron microscope from the Botany Department, University of Pretoria, 

was used to conduct the studies of porosity of the carbon impregnated in the textiles. 

3.4 ACTIVE SURFACE DETERMINATION 

A textile sample (approximately 4 cm2
} was dried in an oven at 70°C ± 5°C until 

constant mass was reached. The textile was cut into small pieces to fit into the sample 

holder of the BET (Model ASAP 2010). 0.4 g was weighed out accurately to four 

decimal places by cutting small pieces of the textile and placing the pieces into the 

sample holder through a funnel The funnel was used to ensure that no carbon powder 

from the textile was lost. The holder was closed with the air tight fitting which allows 

for a vacuum to be drawn on the sample holder through a stainless steal ball valve. 

The sample was then connected to the degassing port of the ASAP 2010. 

Degassing was done by placing a heating mantle around the sample holder and 

drawing vacuum on the sample overnight at 25°C. After 16 hours of degassing the 

active surface was determined by adsorption of N2 at 77 K. 

The degassing was done at ambient temperature as the textiles are used at these 

temperatures and degassing at a higher temperature could give a too high surface area 

and micropore volume, which is not available for adsorption at normal ambient 

temperatures. The degassing could not be done at temperatures higher than 70°C as 

the polyurethane and binders used for impregnation of the carbon would degrade and 

possibly poison the carbon. 

3.5 BREAKTHROUGH TEST APPARATUS 

3.5.1 The dynamic breakthrough test setup 

Experimental setups used by different international institutes were studied (7]. 

These test setups and parameters are illustrated in Table 3.1. 
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TABLE 3.1: 

Different dynamic test setups 
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H.1sreemfitt11 <o. 5 

!iillililli!iillli!!ii ..................................... 

i!llll!!i!i!il!!i!!l!!i!!i!ii!i!!!i!ii!iiiii!!!!i!!i! 6
-
24 
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) 

..................................... 
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textile 

10 000 I air/h 

0.075 

30 
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4 

DB-3 

<0.1 

6 

2.5ml/45min 

20 
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compound 

1200 mg 
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) 
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mg.min/m3 
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20 

ambient 
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GC 
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6 
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20 
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) 
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Air blown Air blown 
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24 ml air/min 45 ml NJmin 

0.509 0.50 

30 20-40 

dry dry 

0.785 1.5 

photo-ionisation TCT-GC-FID 

0.001 0.009 

24 till breakthrough 

none none 
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organo-S- organo-S-

compound compound 

695.5 324 

(886 µg/cm2
) (216 µg/cm2

) 

time elapsed for time elapsed for 

C == 0.01 .Co C == 0.01.C0 
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a. Procedure 

Little information was available on the test setups. A setup was therefore 

designed and built to suit local climatic test conditions. This test setup is 

illustrated in Figure 3.1. 

Mass flow 
Controller 

RH, T 
Sensor 

HD vapour generator 

Textile holder 
Mass flow 
Controller 

HD vapour 
Generator 

FIGURE 3.1: 

3-way needle 
Valve 

Dynamic breakthrough test setup. 

MSSSSSS\ ► 
Air sampling tube 
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The exposed area of the textile was 1.5 cm 2
. The flow through the system was 

varied between 13 cm3 
/ min and 45 cm3 

/ min which is equal to a velocity of 0.15 

cm Is and 0.50 cm/ s respectively. 

b. Standard atmosphere 

A standard atmosphere of organic vapour was prepared by means of a dynamic 

flowthrough vapour generator. Standard grade nitrogen (N2 99, 99% pure) was 

blown through a 118th inch (outer diameter) stainless steal tube at a pressure of 

100 kPa. The tube was turned into a spiral of approximately 10 circumferences 

with an inner diameter of approximately 5 cm. This spiral was immersed into a 

waterbath at the set temperature, to ensure that the nitrogen was at the same 

temperature as the rest of the test setup, e.g. the organic liquid in the vapour 

generator. The nitrogen was spilt into 2 or 3 "air'' streams, depending on the 

agent concentration needed. The main nitrogen stream bypassed the vapour 

generator(s) and was mixed with the one or two nitrogen streams after passing 

through the vapour generator( s ). 

The second ( and third) nitrogen stream was blown through a vapour 

generator( s ). The flow through the vapour generator, and thus the vapour 

concentration, was controlled by a mass flow controller(s). A vapour generator 

consisted of a 40 ml glass tube sealed off at the top. The inlet and outlet tubes 

at the top were 15 mm long each, with an inner diameter of 4 mm and an outer 

diameter of 6 mm. Nitrogen was blown in at the inlet tube, which extended to the 

bottom of the generator where it opened into the generator through a sintered 

glass tube (No. 1 porosity) to ensure efficient gas dispersion through the organic 

liquid in the generator. The nitrogen was dispersed through the liquid. The 

nitrogen carrying vapour exited the vapour generator through the outlet tube and 

was mixed with the bypass nitrogen before the vapour entered the in-line filter 

holder containing the textile sample. 

Before the vapour stream was blown through the in-line filter holder it could be 
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channelled either through an air sampling tube for calibration purposes or 

through the in-line filter holder containing the textile sample by using a three­

way valve. This valve was introduced to aid switching between the calibration 

point and the in-line textile sample holder. 

c. Vapour calibration in the test setup 

A three-way valve was introduced into the nitrogen line for calibration and safety 

purposes. During the calibration the valve was turned in the direction of the air 

sampling tube. The sampling tube was connected to the valve with a specially 

manufactured tube holder. The holder was machined from stainless steal and 

an O-ring was fitted inside the holder to ensure a gas-tight seal onto the glass 

sampling tube. The vapour concentration in the setup is calibrated by sampling 

the nitrogen containing the vapour from the setup with an air sampling tube. 

The air sampling tube (15 cm in length) is made of glass, with an inner diameter 

of 3.5 mm and an outer diameter of 6 mm. The tube is filled with 100.0 mg Tenax 

TA (20 - 35 mesh) with a plug of glass wool at both ends of the Tenax bed. 

The water in the waterbath was heated with a heating element and the 

temperature was controlled with a thermostat. The temperature of the waterbath 

was also measured with a mercury thermometer. The regulator on the nitrogen 

cylinder was opened to a pressure of 100 kPa and the three-way valve on the 

outlet of the test setup turned towards the sampling tube. The nitrogen flow 

through the total test setup was set to the desired flow with a calibrated needle 

valve. The flow through the vapour generator was set on the mass flow control 

box and the flow through the controller, and thus the vapour generator, was 

read as a percentage of the total flow from the digital controlled readout. The 

total flow through the test setup was measured with an electronic flowmeter. 

Proper functioning of the electronic flowmeter was ensured by regularly checking 

the flow with a soap bubble flowmeter. After the temperature of the waterbath 

had stabilized, the flow was checked again. 
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After the concentration generated is calibrated, the three-way valve is turned 

and the N2 is blown through a textile sampfe-which is placed-i~an 1n-line filter 

holder and connected in the N2 stream. The challenge area is 1.5 cm2
. The 

superficial velocity of the N2 through the textile was varied between 0.50 cm/s 

and 0.15 cm/s. 

3.5.2 The aerodynamic breakthrough test setup 

A study of the effect of different challenge methods on the protection ( or 

breakthrough) measurements obtained with the different textiles, showed that 

different challenge methods influenced the protection times of the different 

textiles. 

The three different textiles were used for the evaluation of a different chemical 

challenge method: the aerodynamic method on the adsorption rate constant and 

thus the protection offered by the textiles. This method was developed 

specifically to simulate the application of the textile more realistically than for 

example with the dynamic test, which can only be used in comparative studies 

to evaluate the quality of the carbon and impregnation method. 

The aerodynamic test method was a variation of the method described by Klotz 

[8]. This method was developed to simulating the real method of exposure more 

accurately. The method characterizes the individual's body and the clothing 

system by geometry, air permeability, vapour penetration efficiency and vapour 

deposition. 

HD in vapour form was used to evaluate the textiles. Breakthrough was 

detected with the same method as that used with the dynamic method. 

Results obtained with the aerodynamic test method were compared with the 

dynamic breakthrough results. 
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Concerns regarding hazardous chemicals in the workplace and on the battlefield 

motivated efforts to model the protective capacity of permeable clothing against 

aerosols and to identify the physical mechanisms involved in aerosol protection 

by permeable clothing systems. The modelling effort has produced a physical 

predictive model for the processes of aerosol penetration and deposition 

associated with permeable garment systems. The model calculates air flow, 

aerosol penetration and deposition both within the fabric and on a cylindrical 

surface beneath the fabric. Although the model was developed for an aerosol, 

with a few alterations it can also be applied to vapour penetration through a 

permeable textile. 

Vapour penetration of the fabric is used to calculate the vapour concentration 

between the fabric and the cylinder and the vapour adsorbed in the charcoal. 

Using the airflow between the fabric and the cylinder, the model calculates the 

vapour on the cylinder surface, which provides an estimate of the skin 

contamination, while the vapour adsorbed in the textile/garment provides an 

estimate of garment contamination. 

The model is illustrated in Figure 3.2 [9]. The distance between the fabric and 

the surface of the solid cylinder surface, 6.R, is called the gap. This geometry 

allows flow into and out of the fabric. 

63 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



FIGURE 3.2: 

Model of air flow through the textile in the aerodynamic test setup. 
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With the geometry, external pressure distribution, and permeability of the fabric, 

r, the air flow through a fabric is calculated. Permeability is the ratio of the 

velocity of air flow into the fabric surface to the pressure drop across the fabric. 

The velocity of flow through the fabric is determined by the difference between 

the pressure outside the fabric, P0 (e), and the pressure in the gap, P/e). The 

normal velocity entering the permeable layer (face velocity) is: 

(3.1) 

For clothing geometries the thickness of the fabric layer and the gap are 

generally much smaller than the overall radius, thus radial dependence of the 

pressure inside the gap is neglected. 

Once in the gap, air flows around the cylinder, until the internal pressure is 

greater than the external pressure. Then the air flows out, through the textile. 

a. Vapourdeposition 

Vapour deposition processes are quantitatively expressed by the deposition 

velocities, Vd, which is the speed with which a vapour moves into the surface. 

The deposition velocity can be measured by dividing the mass deposited per 

unit area, Mdi by the time-integral of the vapour concentration of exposure, CT, 

as 

(3.2) 

Thus the mass that will deposit on a surface, per unit area may be expressed 

as follows: 

(3.3) 
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b. Experimental procedures 

The differences in vapour generation and challenge methods of the dynamic 

and aerodynamic test methods are illustrated in Table 3.2: 

TABLE 3.2: 

Differences between the dynamic and aerodynamic test methods 

DYNAMIC METHOD 

1-() VAPOUR 
[HALL ENGE 

lil VAPOUR 
GENERATION 

TEXTILE 

0 0 0 0 0 

0 00000 

O O O O 0 
0o O O O 0o 

l-0 

ll .. llll((t Thermal adso~tion c~ogenic trapping 

AERODYNAMIC METHOD 

A function of challenge air velocity <Y n) 

Air sampling tube with Tenax TA 

20 - 35 mesh 10 m 

Thermal adsorption cryogenic trapping 
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TABLE 3.2: (cont.) 

Differences between the dynamic and aerodynamic test methods 

~lllllllllliiiliiiilllilllllllllllllilililjljljljljljljljljlllijljljljljljljljljllll 1 - 5 layers 1 layer 

124 X 10-9 

V n = 2.3 m/s 

(13.2 cm/s - 10.6 cm/s*} 

* Velocity of air permeating through textile. 

c. Aerodynamic test setup 

A dynamic method and an aerodynamic method were used in which the 

challenge method of organic chemical to the textile differs greatly. The 

aerodynamic test setup is illustrated in Figure 3.3. 
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3.5.3 Results and discussions 

a. Dynamic test method 

Textiles were exposed to HD vapour and the breakthrough curves for the 

different textiles were determined for one to five textile layers (W). The 

results are displayed in Figures 3.4, 3.5 and 3.6. 
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FIGURE 3.4: 

Breakthrough curves for the PUCP textiles with the dynamic test method at the 

test conditions: 40 °C, 124 µg HD/I, and an air velocity of 0.50 cm/s (1, 2 and 3 

layers represent the number of the textile layers used). 
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FIGURE 3.5: 

Breakthrough curves for the CC textiles with the dynamic test method at the 

test conditions: 40 °C, 124 µg HD/I, and an air velocity of 0.50 cm/s (1, 2, .. ,5 

layers represent the number of the textile layers used). 
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FIGURE 3.6: 

Breakthrough curves for the C-spheres textile with the dynamic test method at 

the test conditions: 40 °C, 124 µg HD/I, and an air velocity of 0.50 cm/s (1, 2, .. ,4 

layers represent the number of the textile layers used). 
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HD breakthrough through textiles with the aerodynamic test method at the test 

conditions: 24 °C, 124 µg HD/I and an exposure air velocity of 2.2 mis. 

Figure 3. 7 illustrates the breakthrough curves obtained for the three 

textiles with the aerodynamic breakthrough test setup. It was difficult to 

measure adsorption rate constants for HD vapour on the three different 

textiles using the Wheeler equation with the aerodynamic test method. 

The duration of the breakthrough experiment was seven days ( 10 000 

min) and the air permeability through multiple layers will decrease 

drastically, influencing the permeation of HD vapour through the textiles 

in the aerodynamic test method. Consequently it was not attempted to 

calculate the adsorption rate constant and capacity with this method. It 
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will also be necessary to change the contaminant HD to a more volatile 

chemical, e.g. dimethyl methylphosphonate or carbon tetrachloride 

(DMMP or CCl4), for future determinations, thus ensuring a shorter 

breakthrough time. 

3.6 ANALYTICAL TECHNIQUES 

a. Calibration of the gas chromatograph 

Standards were prepared by diluting a mother solution of HD in ethanol 

(AR). The HD was synthesized with a well-known method from thionyl 

chloride and dithioglycol [10]. The HD is double-distilled to remove all 

impurities. The mother solution was prepared by pipetting 3 ml HD with 

an A-grade pipette into a 100 ml volumetric flask and filling it to the mark 

with ethanol. Three dilutions were prepared by pipetting 1 ml, 2 ml and 

3 ml of the mother solution into 100 ml volumetric flasks. 0.1 µI of the 

dilution was injected into the thermal desorption unit with a 1 µI syringe. 

The injection per concentration was done in triplicate. The external 

standard method was used to calculate the response factor. The 

retention time for HD was 1.31 min. The detection limit for HD was 9 ng. 

b. Sampling 

Sampling the HD vapour, for calibration of the test setup and 

determination of the breakthrough through textiles, was done with air 

sampling tubes. The tubes consist of a glass tube packed with 100 mg 

Tenax TA (20-35 mesh). Free fatty acid (FFAP) was first used but the 

desorption efficiency was low. The 80-100 mesh Tenax was initially used 

but the pressure drop across the sampling tube was too high due to the 

fine particles. A plug of glass wool was placed on both sides to retain the 

Tenax in the tube. A restriction at the one end of the tube also aids the 

retention of the Tenax during sampling and desorption. 
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c. Analysis 

Air sampling through the textile sample can be conducted as a function 

of time, or sampling can be conducted continuously over a set period of 

time, for example 6 hours. 

The sampling technique is well known however, the method used for the 

analysis of the air sampling tube was a relatively new method, namely 

thermal desorption. The adsorbent in the air sampling tubes are normally 

unpacked and analysis is conducted by solvent extraction of the 

adsorbed vapours from the adsorbent with a suitable solvent, evaporation 

of the solvent to concentrate the sample is followed by injection into the 

GC. With this method losses may be experienced during solvent 

evaporation due to the volatility of the trapped chemical vapours. The 

mustard gas is however not volatile. To ensure complete desorption the 

air sampling tubes were desorbed at 270°C for 10 minutes. During 

desorption the trapped sample in the tube was concentrated by cryogenic 

cooling of the sample in a cold trap at -100°C. After desorption was 

completed, the cold trap was flash-heated to 250°C in 15 seconds and 

the temperature kept constant for 5 minutes. The time for complete 

desorption of the HD from the sampling tube was determined 

experimentally by determining the amount of HD not removed from the 

tube with a second desorption of the tube. The sample was injected onto 

a gas chromatograph (GC) column, separated and detected by a flame 

ionization detector. 

The analysis was conducted on a CHROMPACK CP 9000 gas 

chromatograph, with a thermal cryogenic trap injector (TCT) connected 

to the injection block. A 10 m nonpolar column with CP Sil 5 CB as 

stationary phase, which is equivalent to OV 101, was used. The film 

thickness ( dt) was 1.2 µm and the maximum working temperature of the 

column was 350°C. An isothermal temperature programme was used. 
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The TCT-GC-FID working conditions are summarized in Table 3.3. 

TABLE 3.3: 

TCT-GC-FID operational conditions 

!!lllll!l!!!!!!!!!j!j!j:jjj!jjj!j!j!jjjjjjjj!!!!!l!!!!!!! 10 m x 0.75 mm fused silica WCOT CP-Sil 5CB (dt = 1.2 µm) 
-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-·-:-:-:-:-:-:-:-:-:-:-:-:-1111111 120°c, isothermal 

1!1111111!!111!!1!!11!11!1!1!1 N2 (high purity), 15 ml/min 

!!llllllllllll!l!l!lll!l!ll!!l!lllll!l!llll F ID 1 250 ° C 

11!111111!!111111!1!!1!!1!11! synthetic air, 250 ml/min 

H2 (high purity), 30 ml/min 

Pre-cool time 1 min 

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll Desorption time 10 min 

llll!l!lllllll!l!lllllllll!lllllllllllllllllll!llll!ll!ll!lllllll!lllll!lllll!lllllllllll!ll!l!!llll!l!II Desorption temperature 270 °C 

i!i!i!i!i!i!i!i!i!i!i!i!l!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i!i Vented desorption flow 5 ml/min 

lllllllllllllllllllllllllllllllllllllll!!llllllllll!llllllllllllllllllllllllllllllllllllllllllllllll!llll Injection ti me 5min 

l!l!l!l!l!l!l!lll!l!l!l!lll!lllll!l!l!l!l!l!l!l!l!l!l!l!l!l!l!l!lll!lll!l!l!lll!l!l!l!l!l!l!l!l!l!l!l!l!I Injection temperature 250°C 

IJll!llf I Capilla~ trap :o~:~~~s;~:i:~~= 1.2 

----------+--------------11 

Trap cooling temperature -100°C 

Data integration and analysis were done on a Spectra Physics Model 
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SP6469 integrator. 

The increase of mustard gas in the N2 flow downstream of the textile 

sample in the test setup was an indication of a breakthrough, and was 

monitored as a function of time. The challenge concentration was known. 

Thus a mass balance was used to calculate the mass of mustard gas 

adsorbed on the textile as a function of time. 

The repeatability of the breakthrough curve for a specific set of conditions 

was determined for the polyurethane carbon containing textile. The 

deviation between the breakthrough curves was between 5% and 8%. 

This could be due to mainly two reasons: impregnation of the charcoal 

powder is not homogeneous throughout the polyurethane foam rubber, 

and the desorption of the mustard gas from the adsorbent in the air 

sampling tube is 95% efficient. 5% or less of the HD was still detected 

on the tube after a second desorption cycle. 
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4.0 INTRODUCTION 

CHAPTER4 

CHARACTERISATION 

The objective of the characterisation was to determine the differences in pore volume 

and pore distribution between the three different textiles. The active surface areas 

were determined with the ASAP 2010 by nitrogen adsorption at 77K. The micropore 

volume was determined by the t-plot and the pore distribution was determined by the 

density functional theory. 

A scanning electron microscope from the Botany Department, University of Pretoria, 

was used to obtain the electron micrographs for the different textiles. 

4.1 RESULTS AND DISCUSSION 

4.1.1 Electron microscope studies 

a. Charcoal cloth (CC) 

Figure 4.1 illustrates a fibre from the CC, magnified 10 000 times. The carbon 

particles bonded to the textile fibre with binder can be seen in this figure. The 

porous structure of the carbon cannot be seen as a higher magnification is 

needed for viewing micropores. 
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FIGURE 4.1: 

Electron micrograph of the CC ( 10 000X magnification). 

b. Polyurethane foam rubber impregnated with charcoal powder (PUCP) 

Figure 4.2 is a 5 000 times magnification of the carbon impregnated in the 

polyurethane foam rubber. The porous structure, although at this magnification 

only macropores, can be seen. 
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FIGURE 4.2: 

Electron micrograph of the PUCP ( 5 000X magnification). 

c. Spherical carbon (C-spheres) 

Figure 4.3 is a 100 times magnification of a carbon sphere of the C-sphere. The 

porous structure is only visible on spheres which are broken. The spheres, 

which are perfectly round, have a smooth surface and appear to be covered by 

a substance which could be the binders used to point bond the spheres to the 

woven support textile. 
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FIGURE 4.3: 

Electron micrograph of the C-spheres (100X magnification). 

4.1.2 ACTIVE SURFACE AREA DETERMINATION 

a. CC 

The isotherm, illustrated in Figure 4.4, is a closer representation of a Type II 

isotherm which is usually obtained from a carbon containing micro- and 

mesoporosity [1]. The CC showed the smallest equilibrium adsorption uptake. 

This can be due to a small active surface area and a small micropore volume. 

The isotherm displays a sharp rise in adsorption volume up to plp0 ~ 0.2, which 

indicates the presence of micropores. The inflection point is not sharply defined 

and the plateau of this isotherm is not horizontal like the isotherms obtained with 
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the foam rubber textile and carbon spheres. Adsorption continued to increase 

after plp0
:::: 0.2, which further indicated the pressence of mesopores. It was also 

observed that the adsorption line turned upwards approaching the saturation 

pressure line plp0 = 1 asymptotically displaying possible wetting of the previous 

adsorbed film by the adsorbate condensing in the pores [2]. A hysteresis loop, 

although small, was observed for the desorption line, thus indicating that in this 

region there are two relative pressure values corresponding to a given value 

adsorbed; the lower value always residing on the desorption isotherm. Many 

theories exists for the hysteresis: Zigsmondy postulated that the hysteresis was 

caused by contact from a different angle during adsorption and desorption, while 

McBain accounted for hysteresis by assuming pores containing a narrow 

opening [3]. The characteristics measured for the CC are summarised in Table 

4.1. 

b. PUCP 

The adsorption isotherm for N2 adsorption on the charcoal impregnated into 

foam rubber, illustrated in Figure 4.4, displayed Type I isotherm characteristics 

[1]. The PUCP showed larger equilibrium adsorption uptake than the CC. This 

can be ascribed to a fairly large active surface area and micropore volume. The 

isotherm displays a sharp rise in adsorption volume up to plp0 ~ 0.2, which 

further indicates the presence of micropores. The inflection point is well defined. 

A flat plateau region was developed early in the isotherm at plp0 
:::: 0.2. The 

plateau is parallel to the relative pressure axis, which indicates no further 

adsorption. The adsorption line cuts the plp0 = 1 line at a definite angle, which 

indicates that the liquid condensing in the pores does not completely wet the 

previous adsorbed film [2]. A hysteresis loop is present. The adsorption 

characteristics measured are summarised in Table 4.1. 

b. C-spheres 

The isotherm for the N2 adsorption on the C-spheres, illustrated in Figure 4.4, 

displayed a Type I isotherm with an almost horizontal line for adsorption at plp0 
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~ 0.1 [1]. The C-spheres showed, relative to the other two textiles, a large 

equilibrium adsorption uptake. This can be ascribed to a fairly large active 

surface area and micropore volume. The adsorption line did not turn upwards 

approaching the saturation pressure line plp0 = 1 but approached the line at 

90°. No hysteresis was displayed at the plateau. The BET and Langmuir 

surface area plots showed linear characteristics at low relative pressures 

according to Henry's law. The results are summarised in Table 4.1. 

From the nitrogen adsorption studies on the textiles containing charcoal, it may 

be concluded that the position of the inflection point and the inclination of the 

saturation plateau to the relative pressure axis can provide a significant amount 

of information on the porous structure of the adsorbents. 

TABLE 4.1: 

Physical adsorption characteristics of the textiles 

-:>,m/mii•i:;:, :) 
> > < :: :!~?i>:Ji::: ::::u> 
--:••~•:itt~r~s~:!;:;itj:i: 

: : ~~@rf1.tf >< > 

:•::::~Pt:=■-111:1:::::i . . . . . . . . . ::: ~:r:ii : : : : <t 

~"~g::■,:l!lllll!:i : 
-- <<> tMtt1:t1Rt,t: rr> :: 

152.1981 

159.4861 

0.0929 

124.5955 

0.0577 

24.41 

+115.418 

334.2515 

330.9075 

499.6667 

0.1659 

311.7151 

0.1444 

20.06 

-150.83 

389.0793 

383.7623 

514.0886 

0.1834 

372.5563 

0.1716 

19.11 

-125.92 

From Table 4.1 it follows that the CC has a small surface area compared to 
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the two other textiles. The differences measured between the single point 

surface determination and the BET multipoint determination were within 

experimental error. The total pore volume of the CC is relatively small, and 

the micropore volume indicates that there is a large distribution of mesa- or 

macropores present in the carbon. The average pore diameter indicates 

more mesopores present. From the BET C value it could be concluded that a 

monolayer was formed. 
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FIGURE 4.4: 

Adsorption isotherm of N2 on the three different textiles 
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4.1.3 Micropore volume - t-plot 

a. CC 

The shape of the t-plot is associated with a small surface area and therefore, 

a small micropore volume. The curvature between the two parts of the VA - t 

plot indicates a fairly wide distribution of micropore diameters. 

b. PUCP 

The shape of the t-plot is associated with microporosity. The curvature 

between the two parts of the VA - t plot indicates a fairly wide distribution of 

micropore diameters. 

c. C-spheres 

The shape of the t-plot is associated with microporosity. The curvature 

between the two parts of the VA - t plot indicates a fairly narrow distribution of 

micropore diameters. 

4.1.4 Pore distribution 

The pore size distribution of the three different textiles, determined with the 

density functional theorie (OFT), is summarised in Table 4.2 and illustrated in 

Figure 4.5. 

TABLE 4.2: 

Pore size distribution determined by the OFT 

0.0252 0.0898 0.1042 

0.0139 0.0279 0.0382 

0.0293 0.0155 0.0094 
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From Table 4.2 and Figure 4.5 it follows that the CC has a very small micropore 

volume compared to the two other textiles. The CC also has a wider distribution 

of both micropores and mesopores than the other two textiles. From Table 4.1 

it follows that 32% of the total pore volume for the CC is mesopores, compared 

with only 9% and 5% for the PUCP and the C-spheres respectively. 
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FIGURE 4.5: 

Pore size distribution determined with the OFT. 
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CHAPTER 5 

SORPTION RA TE CONSTANTS 

5.0 INTRODUCTION 

Protective textiles containing activated charcoal are compared with each other on the 

basis of the protection time against an organic vapour [1]. For CBW protective textiles 

the protection time against HD vapour is usually compared. The protection time can 

however be increased by increasing the carbon loading, which has negative influences 

on the heat load experienced by the wearer and also increases the cost. An alternative 

method had to be found to evaluate and compare textiles. 

The rate of vapour adsorption by the textiles containing activated carbon was studied 

in terms of the functional dependence of the pseudo first-order adsorption rate 

constant. HD was used as the adsorbate vapour, and the PUCP, the C-spheres and 

the CC as the respective adsorbents. The dynamic test method was used to blow a 

constant HD concentration through the textiles, at a constant linear velocity and 

temperature. The breakthrough time was taken as the time it took until 1 % of the inlet 

concentration was detected in the outlet air stream. By applying the Wheeler; Yoon 

and Nelson; and Ackley kinetic equations to the experimental results, graphs of 

breakthrough time as a function of carbon mass (Wheeler), In( C0 -C/Cx) as a function 

of breakthrough time (Yoon and Nelson), and bed residence time as a function of 

breakthrough time (Ackley) were drawn and pseudo first-order adsorption rate 

constants were determined. The influence of HD concentration (varied between 20 x 

10-9 g / cm3 and 124 x 10 -99 / cm 3
) and temperature (varied between 20°C and S0°C) 

on the adsorption rate constant and adsorption capacity was investigated for the three 

textiles. The results showed that the rate constant is a more effective parameter to 

compare the protective textiles containing charcoal than the protection time. 

5.1 EXPERIMENTAL 

The three different textiles were evaluated. These textiles were exposed to different 
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challenge concentrations of HD vapour. The exposure temperatures were also varied. 

The breakthrough time was measured and was considered to be the time it took for the 

outlet flow to reach a concentration equal to 1 % (0.01 times) of the inlet concentration 

( C0). The dynamic test method, described in detail in Chapter 3, was used for this 

study. To study the influence of the variation of the mass of adsorbent on the 

breakthrough time the number of textile layers were increased. See Chapter 3 for the 

breakthrough curves for the different textiles at 40°C, 124 µg HD/I and 0.5 cm/s. The 

influence of different test conditions on the We and kv of HD adsorption on the different 

textiles were also investigated. The test results are illustrated in Figures 5.1 to 5.13. 
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Figure 5.1: 

Breakthrough curves for the PUCP textiles with the dynamic test method at 

test conditions: 20 °C and 40 °C, 20 µg HD/I, and an air velocity of 0.50 cm/s 

(1, 2 and 3 layers represent the number of the textile layers used). 
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Figure 5.2: 

Breakthrough curves for the PUCP textiles with the dynamic test method at 

test conditions: 40 °C, 47 µgHD/1, and an air velocity of 0.50 emfs (1, 2 and 3 

layers represent the number of the textile layers used). 
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Figure 5.3: 

Breakthrough curves for the PUCP textiles with the dynamic test method at 

test conditions: 40 °C, 79 µgHD/1, and an air velocity of 0.50 cm/s (1, 2 and 3 

layers represent the number of the textile layers used). 
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Figure 5.4: 

6000 

Breakthrough curves for the PUCP textiles with the dynamic test method at 

test conditions: 40 °C, 124 µgHD/1, and an air velocity of 0.15 cm/s (1, 2 and 3 

layers represent the number of the textile layers used). 
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Breakthrough curves for the PUCP textile as function of temperature with the 

dynamic test method at test conditions: 124 µg HD/I, and an air velocity of 0.50 

cm/s. 
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Breakthrough curves for the CC textiles with the dynamic test method at test 

conditions: 20 °C, 20 µgHD/1, and an air velocity of 0.50 cm/s (1 and 2 layers 

represent the number of the textile layers used). 
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Figure 5.7: 

Breakthrough curves for the CC textiles with the dynamic test method at test 

conditions: 40 °C, 20 µgHD/1, and an air velocity of 0.50 cm/s (1, 2 and 3 layers 

represent the number of the textile layers used). 
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Figure 5.8: 

Breakthrough curves for the CC textiles with the dynamic test method at test 

conditions: 40 °C, 59 µgHD/1, and an air velocity of 0.50 emfs (1, 2 and 3 layers 

represent the number of the textile layers used). 
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Figure 5.9: 

Breakthrough curves for the CC textiles with the dynamic test method at test 

conditions: 40 °C, 124 µgHD/1, and an air velocity of 0.15 cm/s (1 and 2 layers 

represent the number of the textile layers used). 
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Figure 5.10: 

Breakthrough curves for the C-spheres textiles with the dynamic test method 

at test conditions: 20 °C, 20 µgHD/1, and an air velocity of 0.50 emfs (1 and 2 

layers represent the number of the textile layers used). 
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Breakthrough curves for the C-spheres textiles with the dynamic test method 

at test conditions: 40 °C, 20 µgHD/1, and an air velocity of 0.50 cm/s (1, 2 and 3 

layers represent the number of the textile layers used). 
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Figure 5.12: 

Breakthrough curves for the C-spheres textiles with the dynamic test method 

at test conditions: 40 °C, 60 and 109 µg HD/I, and an air velocity of 0.50 cm/s (1 

and 2, and 1 layers, respectively represent the number of the textile layers 

used). 
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Figure 5.13: 

Breakthrough curves for the C-spheres textiles with the dynamic test method 

at test conditions: 40 °C, 124 µg HD/I, and an air velocity of 0.15 cm/s (1, 2 and 

3 layers represent the number of the textile layers used). 
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5.2 RESULTS AND DISCUSSIONS 

The results were interpreted by using the Wheeler (2.37), Yoon and Nelson (2.40) and 

Ackley (2.43) equations respectively. The rate constants, capacity for HD and critical 

mass were calculated with these equations. 

5.2.1 Kinetic equations 

a. Wheeler 

Graphs similar to Figure 2.3 were obtained for the breakthrough time (tb) of the 

HD through the textiles as a function of mass (W) of activated carbon in the 

three different textiles under different test conditions. These graphs are shown 

in Figures 5.14 to 5.16. Straight lines were obtained in most cases. The 

equations obtained from the linear regression are summarised in Table 5.1. The 

high coefficients of correlation for the regression equations indicate a high 

degree of confidence that the straight line equations accurately represent the 

data points. 
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Figure 5.14: 

Adsorption data for HD vapour on the PUCP. A plot of the tb versus carbon 

mass impregnated into the textile layers shows a linear relationship as 

predicted by the Wheeler equation (2.37) 
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Figure 5.15: 

Adsorption data for HD vapour on the CC. A plot of the tb versus carbon mass 

impregnated into the textile layers shows a linear relationship as predicted by 

the Wheeler equation (2.37) 
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Figure 5.16: 

Adsorption data for HD vapour on the C-spheres. A plot of the tb versus 

carbon mass impregnated into the textile layers shows a linear relationship as 

predicted by the Wheeler equation (2.37) 
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From similarity considerations between the regression equations and equation 

(2.37), adsorption capacity (We) values were calculated from the slope, which 

equalled W el C O Q and adsorption rate (k v) from the y-axis intercept, which 

equalled •We p 8 ln(C0 / CxJ I C0 k v· The critical bed mass (We), or the mass of 

carbon just sufficient to reduce the inlet concentration to the arbitrarily chosen 

exit concentration, was calculated from p8 /n(C0 I Cx )lkv and are summarized in 

Tables 5.2, 5.3 and 5.4. The values calculated for kv and We are summarised 

in Tables 5.2, 5.3 and 5.4 for the PUCP, the CC and the C-spheres respectively. 

The critical bed residence time ( re), or the time the HD vapour molecules have 

to spent in the carbon bed for complete adsorption was read from the graphs in 

Figures 5.26, 5.27 and 5.28 and are summarized in Tables 5.2, 5.3 and 5.4. 
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Table 5.1: 

Linear regression of results with the Wheeler equation 

b. Yoon and Nelson 

The inlet concentration (C0 ), outlet concentration (Cx) and breakthrough times 

(tb) were used to plot graphs similar to Figure 2.4. These graphs are illustrated 

in Figures 5.17 to 5.25. The results were subjected to linear regression. The 

gradient and y-intercept were calculated and used for the calculation of kv and 

We- The values are also summarised in Tables 5.2, 5.3 and 5.4 for the different 

textiles. Different values for kv and ~ were obtained for each textile layer 
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calculated with the Yoon and Nelson equation as the kv and We are dependent 

on the sorbent mass. 
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Figure 5.17: 

Adsorption data for HD vapour on the PUCP. A plot of In (C0 - Cx / Cx) versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with one textile layer. The air velocity (v) 

was constant for all test conditions namely, 0.50 cm/s 

109 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



12 

10 

da 
~ 
(..) 

I 

(..)0 6 
...__, 
C 

4 

2 

~ 
\ -
-+\ 

\+ 
\ 

0 

t--...._ ■ 
~ 

~ ~ ...____ - -

" -~ I -- -... ~ --... !!.____ 
......... 
~ Ill .,. 

\ 
.......... ,_ 

\ ~ 
......... 

--1' "" ,_ 
~ --

1000 2000 3000 4000 
Breakthrough time (min) 

• 40 degrees C, 47ug/l, 0.50cm/s 

+ 40 degrees C, 124ug/l, 0.50cm/s 

■ 40 degreesC, 124ug/l, 0.15cm/s 

Figure 5.18 : 

5000 

Adsorption data for HD vapour on the PUCP. A plot of In (C0 - Cx / Cx) versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with two textile layers. 
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Figure 5.19: 

Adsorption data for HD vapour on the PUCP. A plot of In (C0 - Cx I Cx) versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with three textile layers. 
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Figure 5.20: 

Adsorption data for HD vapour on the CC. A plot of In (C0 - Cx / Cx) versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with one textile layer. 
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Figure 5.21: 

Adsorption data for HD vapour on the CC. A plot of In (C0 - Cx / Cx) versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with two textile layers. 
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Adsorption data for HD vapour on the CC. A plot of In (C0 - Cx I Cx} versus tb 

shows a linear relationship as predicted by the Yoon and Nelson equation 

(2.40). The results were obtained with three textile layers. 
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Figure 5.23: 

Adsorption data for HD vapour on the C-spheres. A plot of In (C0 - Cx / Cx) 

versus tb shows a linear relationship as predicted by the Yoon and Nelson 

equation (2.40). The results were obtained with one textile layer. 
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Figure 5.24: 

Adsorption data for HD vapour on the C-spheres. A plot of In (C0 - Cx I Cx) 

versus tb shows a linear relationship as predicted by the Yoon and Nelson 

equation (2.40). The results were obtained with two textile layers. 
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Adsorption data for HD vapour on the C-spheres. A plot of In {C0 - Cx / Cx) 

versus tb shows a linear relationship as predicted by the Yoon and Nelson 

equation {2.40). The results were obtained with three textile layers. 
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c. Ackley 

The residence time (7} was calculated with the three different methods, dbl V,, 

VIQ and W/Qp8 . Similar plots, to Figure 2.5, for ras function of tb were obtained 

for the different textiles under different test conditions. These graphs are 

illustrated in Figures 5.26 to 5.28. Straight lines were obtained and the 

gradients and y-intercepts were used to calculate the kv and ~- The values 

were summarised in Tables 5.2, 5.3 and 5.4. 

118 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



8000 
...-.... 
C 

.E 6000 ..__, 
(I) 

~ 4000 
..c 
O> 
::::J e 2000 
..c 
+J 
~ 
ct1 
~ 0 
co 

-2000 

.J. 

" 
t 

0 

,. 
I 

J • _,,. v~ , / ~ 
~ 

~ 

I ,I ~~ 
'/ ,_,,.,.. ~ 

~ 

/' ..... v-
.Y -
~ 

~-

0.001 0.002 0.003 0.004 0.005 
Residence time (min) 

-a- 40 degrees C, 20ug/l, 0.50cm/s -e- 40 degrees C, 47ug/l, 0.50cm/s 

+ 40 degrees C, 79ug/l, 0.50cm/s z 40 degrees C, 124ug/l, 0.50cm/s 

• 40 degrees C, 124ug/l, 0.15cm/s 

Figure 5.26: 

Adsorption data for HD vapour on the PUCP. A plot of T versus the tb shows a 

linear relationship as predicted by the Ackley equation (2.43). 
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Figure 5.27: 

Adsorption data for HD vapour on the CC. A plot of T versus the tb shows a 

linear relationship as predicted by the Ackley equation (2.43). 
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Figure 5.28: 

Adsorption data for HD vapour on the C-spheres. A plot of T versus the tb 

shows a linear relationship as predicted by the Ackley equation (2.43). 
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The values for kv and ~ differed much from the values calculated with the 

Wheeler and Yoon and Nelson equations. The thicknesses of the textiles (db) 

were measured with a textile thickness gauge as 0.086 cm, 0.076 cm and 0.093 

cm for the CC, the C-spheres and the PUCP respectively. These thicknesses 

were used to calculate the residence times. 

The residence time, calculated with the carbon mass impregnated in the textile 

( W/Qp8 ), was substituted into the equation T = db IV, , using the linear air 

velocity, the bed depths ( db) for the different textiles were calculated as: CC = 

0.0036 cm, PUCP = 0.0127 cm and C-spheres = 0.0124 cm. The calculated bed 

depth was used to calculate the kv and We. These calculated values compared 

very well with the values calculated with the Wheeler equation, whereas the 

values calculated with the measured thicknesses in some cases could not be 

compared (and are therefore not summarised in Tables 5.2, 5.3 and 5.4). Only 

one value was obtained for the kv and ~ with the Wheeler and Ackley 

equations at each set of test conditions, respectively. 
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Table 5.2: 

Rate constants, HD capacity and critical masses for the PUCP at different 

challenge conditions 

0.089 ± 0.001 0.243 0.213 0.198 0.090 ± 0.001 

0.006 

·.·.·.·.·.•.•,•.·.·.·.····.·.•.·.·.·.···•.·.·.·.· 

}iitm1i·1J u 37 605.9 ± 292.1 21 656 20 321.2 21 436.2 37 889.9 ± 296.4 
-:-:-:::::-::::::-:::::::::::::::::::::::·::::::::::::::: 

:•••WHW:19l:::Ji 0.100 ± 0.019 0.434 0.315 0.259 0.101 ± 0.030 

0.008 

30 841.7 17110.1 38 470.3 22 826 ± 1711 

0.151 0.105 0.078 0.086 ± 0.011 

9 512.3 7 504.0 13 495.4 26 780.9 ± 3236.7 
··········· .......... . . . . . . . . . . . . . . . . . . . . . . . . . 

w.;Jiti¢1D 0.118 ± 0.001 0.128 0.147 0.116 0.120 ± 0.001 

0.0017 

0.015 

* - only one textile layer was evaluated 
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Table 5.3: 
Rate constants, HD capacity and critical masses for the CC at different 

challen e conditions 

2.95x1 as ± 1 .5x1 as 124 415 45 624.1 4.01x106 ± 2.01x105 

0. 113 ± 0.001 0.303 0.368 0.113 ± 0.001 

0.0007 

····:.:-:.:-:-:.:.:-:.:.:-.-:.:-:-:-:-:-:-: 

'l9.J!#!nt1f Y 311 488. 1 ± 1a 115.5 60 119.7 41 217.2 27 985.7 366 994.9 ± 75 943 

0.057 ± 0.001 0.217 0.406 0.349 0.057 ± 0.001 

0.0008 

48 184.7 89 140.8 46 920.2 39 993.3 48 150.0 

0.059 0.144 0.325 0.452 0.172 

0.006 

58 917.9 46 451.2 46 621.1 311 715 ± 64 271 

::W,{ , {: 0.087 ± 0.001 3.335 0.198 0.091 0.071 ± 0.001 
:>:(glgq) < 
·:-:-:.:-:-:.:-:-;.:,:-·.·.·.·-:-:-·-:.:.:.: 

w~(itttI o. 0032 
-:-:-:•:•:•:•:-:--. ·-·-•-•.·-·-:-:::::::::: 

••:::::::::i:!f(#)::::i::::::::i: 0.0015 

.-.·.·.·-:-:-:-:-::-:-:-:-:-:-:-:-:-·..--: ~cm.jro'J> 23 665.6 ± 625.7 31 380.9 40 272.7 24 551 ± 648 

?i!!:/!w.!i:i!i!ii }! 0.174 ± 0.001 0.243 0.292 0.181 ± 0.001 

•••••••(P!i@H): 

0.0112 
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Table 5.4: 

Rate constants, HD capacity and critical masses for the C-spheres at different 

challenge conditions 

0.0144 

0.0059 

0.0179 

::rJ:tiY~i!l:l!!iililllilii!: o .115 ± o. oo 1 

:•:•11:::Jiiiiilllll:ll:1:: 
0.0149 

17 815 

0.267 

43 925.0 

0.136 

20 267.6 

0.135 

8 247.6 

0.155 

10 159 

0.201 

21 196.1 

0.228 

84 398.4 

0.119 

12 157.5 

0.117 

22 376 ± 68 

0.205 ± 0.011 

0.0114 

23 949.8 56 737.3 

0.171 0.162 ± 0.033 

0.0049 

99138.6 18 716 ± 373 

0.124 0.156 ± 0.005 

0.0147 

20 248.1 6 701 ± 41 

0.135 0.181 ± 0.001 

0.0408 

The critical mass needed to reduce the outlet concentration to 1 % of the inlet 

concentration was less than the impregnated carbon mass for the PUCP, CC 
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and C-spheres, namely 0.027 g, 0.0075 g and 0.03 g respectively. The critical 

residence time (Tc) needed to reduce the outlet concentration to 1 % of the inlet 

concentration was in all cases less than the residence time ( 7} of the HD 

molecule in the PUCP, CC and C-spheres textile namely, 0.0254 s, 0.0072 s and 

0.0248 s, respectively at an air velocity of 0.50 cm/s. 

The results showed that the parameters calculated with the Wheeler and Ackley 

equations are in good agreement. The kv and ~ have single values for the 

different test conditions because the equations do not take account of the bed 

depth. Different values for kv and ~ were obtained for the different textile 

layers with the Yoon and Nelson equation due to the different adsorbent masses 

which were used in the calculation. 

In general, the rate constant showed that the CC had a higher adsorption rate 

than the PUCP, which in turn had a higher adsorption rate than the C-spheres. 

This could be due to the smal I particles of the CC and the powder impregnated 

into the polyurethane foam rubber, compared with the large particles of the C­

spheres. The adsorption capacity of the C-spheres was the highest, followed 

by the We of the PUCP and the CC, due to the large micropore volume of the C­

spheres. 

The We and kv calculated with (2.37), (2.40) and (2.43) in Tables 5.2, 5.3 and 

5.4 were used to calculate tb and were compared with the experimentally 

measured tb's. The values for the test conditions 40 °C, 124 µg/I and 0.50 emfs 

are summarized in Table 5.5. The percentage deviation of the calculated from 

the experimental value is also summarized in Table 5.5. 

The results in Table 5.5 show a small deviation from the experimental data 

calculated with the Wheeler equation. The tb's calculated with the Ackley 

equation showed small deviations from the experimental data for one layer of the 

PUCP and one, two and three layers of the CC textiles. At higher adsorbent 
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masses the percentage deviation exceeded 10%. The percentage deviation 

from the experimental data for the C-spheres was high. The tb's calculated with 

the Yoon and Nelson equation showed small percentage deviations from the 

experimental data for two and three layers of the PUCP. The percentage 

deviations for the other textiles were high. 
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Table 5.5: 

Comparison of the tb's calculated with equations (2.37), (2.40) and (2.43) and 

the experimentally measured tb's. 

0.027 191 217 13.6 473 147.6 194 1.6 

0.054 680 633 -6.9 694 2.1 587 -13.7 

0.081 1020 1049 2.8 1025 0.5 979 -4.1 

0.0075 85 69 -18.8 1573 1750.6 83 -2.4 

0.015 175 185 5.7 313 78.9 178 1.7 

0.0225 275 302 9.8 275 0 274 -0.4 

0.03 440 419 -4.8 369 -16.1 

0.0375 540 536 -0.7 464 -14.1 

0.03 350 334 4.6 701 100.3 690 97.1 

0.06 1200 1167 -2.8 1572 31 1550 29.2 

0.09 1900 2001 5.3 2443 28.6 2410 26.8 

0.12 2900 2834 -2.3 3270 12.8 

5.2.2 Influence of the challenge concentration on the adsorption capacity 

a. PUCP 

The adsorption capacity fWe) as calculated with the Wheeler equation, was 

plotted as a function of the HD concentration at constant temperature (40°C) 

and linear velocity (0.50 cm/s), as illustrated in Figure 5.29. 
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FIGURE 5.29: 

Adsorption capacity of the PUCP as a function of the challenge concentration. 

According to Figure 5.29 the adsorption capacity stayed constant over the 

concentration range studied due to a decreasing rate constant. At lower 

concentrations the capacity is high due to a large micropore volume and the 

number of HD molecules per bed volume is sufficiently low to be adsorbed within 

the residence time of the molecules in the carbon bed. At higher exposure 

concentrations the capacity remains the same. Although a larger number of HD 

molecules are available for adsorption, the adsorption rate is not sufficiently high 

for a larger number of molecules to be adsorbed. From the micropore volume 

studies discussed in Chapter 4, it follows that the capacity for nitrogen at 77 K 

is 0.083 cm3 N2 /g of carbon. An average capacity of 0.086 g HD/ g carbon was 

measured over the concentration range, which is equal to 0.068 cm3 HD/ g 

carbon at a HD density of p = 1.27 4 kg/I, or 80. 7% occupancy of the micropore 
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volume of the PUCP. 

The We was calculated experimentally with the breakthrough tim~s (t x 

challenge concentration / carbon mass), with the Wheeler equation (2.37) and 

with the Ackley equation (2.43) and are listed in Table 5.6. 

TABLE 5.6: 

HD adsorption capacity for the PUCP 

................................................................................. ······················ ..... ························································· 

: ::::::>:: ::m : lltill ;: l]i]I/ I :: : ] :1t.ltlb&til1}) tt t\ :::J:::;::1~,1;~1@111j JI J 
l!'il! li,itiitll> -::-:-: i!i!l!i!tai :11,a::::i;tilliiiii!:tiii !!l!l!iJ:!!tll!!lll1l!:!iilll1lllllll!!! 

1::::::: : : 40,:e.~:2.o:a11~!:011>n¢u1:::::::::t::::::f:: > << :::t::m::utrnl 
0.077 ± 0.007 0.089 ± 0.001 0.090 ± 0.001 

0.070 ± 0.001 0.086 ± 0.001 0.086 ± 0.011 

0.118 ± 0.017 0.116 ± 0.001 0.120 ± 0.001 

The capacity and micropore volume correlates, namely a high capacity is found 

for the PUCP with a large micropore volume. The HD capacities calculated with 

the experimentally measured th were in general lower than the values calculated 

with equations (2.37) and (2.43), this could be due to the 80% occupation of the 

micropore volume only. The capacities obtained for these two equations were 

obtained from linear regression of the experimental results for at least one, two 

and three textile layers, respectively. 

A sensitivity analysis was conducted on the We values calculated from the 

Wheeler equation. The test condition: 20 °C, 20 µg/1 and a linear velocity of 

0.50 emfs, was taken as the reference test condition. The percentage variation 

from the reference We was calculated for the other conditions. The reference 
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condition for the PUCP was chosen as 40 °C, 20 µg/1 and a linear velocity of 

0.50 cm/s. The results are illustrated in Figure 5.30. 
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FIGURE 5.30: 

% variation of We of the PUCP calculated with the Wheeler equation. 

The decrease for We of HD adsorption on the PUCP is not linear with the 

increase in the exposure concentration as an 21.1 % decrease in the We was 

measured for an increase of 520% in the exposure concentration. The decrease 

measured for We could be due to an overloading of the carbon or too short a 

residence time in the carbon bed as was illustrated with the reduction in the 

linear velocity. The We increased by 32% for a decrease in the linear velocity 

from 0.50 emfs to 0.15 cm/s in spite of the large increase in the inlet 

concentration. This could be due to increased residence time of the HD vapour 

in the textile. 
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b. CC 

The HD capacity of the CC was expressed as a function of HD concentration at 

constant temperature (40 °C) and linear velocity (0.50 cm/s), as illustrated in 

Figure 5.31. 
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FIGURE 5.31: 

Adsorption capacity of the CC as a function of the challenge concentration. 

From Figure 5.31 the capacity (WJ increased as a function of the HD 

concentration. At a HD concentration of 124 µg/I the maximum capacity for the 

CC was measured, namely 0.087 g HD/g carbon or 0.069 cm3 HD/g carbon. 

According to the micropore volume for nitrogen at 77K of 0.043 cm3 Nifg carbon, 

calculated with the t-plot in Chapter 4, the micropore capacity was exceeded by 

approximately 61.4%. This could be due to pore filling of the mesopores of the 

CC. 

The HD adsorption capacities calculated experimentally (tb) and theoretically 

with equations (2.37) and (2.43) are listed in Table 5.7. 
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TABLE 5.7: 

HD adsorption capacity for the CC 

Ill !IJif l!lli'f Jllllllf llll1Jl;lifllllf llf j! I lfli full■lill!l!I! l 
•1ll!!!!~l1!!!llljl!lilllll1i1

l:111:: j:J!J:j:J:::,a::•
1i•ia:::p~J:••:••········ ·····••::•••tal:::.·;;:·•:fi:;1:•:•:::::. 

1:i:iliil:::1:1:1:J:1:1:::i:illiiiiliiilili:iiil::1:::iiiiiliiiiiiiiiii:iliiili!llilili:ililii!lilll::::1oi:ll:!1Jl~:lllio:::11,~;:;o]l&riil:tml1i:::;:::q:::::::::•::::iii:i:ililiiiii:i:::jid!1t:illill:::::::::::::1:i:ili1i:::::::1 

0.112 ± 0.002 0.113 ± 0.001 0.113 ± 0.001 

0.054 ± 0.001 0.057 ± 0.001 0.057 ± 0.001 

0.072 ± 0.008 0.087 ± 0.001 0.071 ± 0.001 

0.184 ± 0.127 0.174 ± 0.001 0.181 ± 0.001 

The capacity and micropore volume correlates, namely a low capacity is found 

for the CC with a small micropore volume. The HD capacities calculated with 

the experimentally measured tb correlated with the values calculated with 

equations (2.37) and (2.43). 

Similar to the PUCP a sensitivity analysis was conducted on the We results 

obtained for the CC. The reference condition for this textile was similar to the 

NATO standard, namely 20 °C, 20 µg/1 and a linear velocity of 0.50 cm/s. The 

results are depicted in Figure 5.32. 
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Variables 

20 degrees C, 20ug/l, 0.50cm/s 

20degreesC,20ug/l,0.50cm/s,2 layers 

■ 40 degrees C, 20ug/l, 0.50cm/s 

D 40 degrees C, 124ug/l, 0.50cm/s 

1140 degrees C, 124ug/l, 0.15cm/s 

FIGURE 5.32: 

% variation of We of the CC calculated with the Wheeler equation. 

An increase in the carbon mass at the reference experimental condition (20 °C, 

20 µg/1 and 0.50 cm/s) did not improve the capacity markedly, which indicated 

that the carbon mass is sufficient to offer protection at this exposure 

concentration, or that the residence time in the single layer is long enough for 

complete adsorption, or that the rate of adsorption is high enough for effective 

adsorption. The capacity decreased by 49.5% for a 20 °C increase in the 

temperature. This could be due to an increase in the volatility of HD. (The 

volatility of HD increases from 610 mg/m3 at 20 °C to 2851 mg/m3 at 40 °C [2].) 

HD is physically adsorbed and physical adsorption is affected negatively by an 

increase in temperature and thus volatility. The decrease in capacity measured 

at increased exposure temperature and concentration (40 °C and 124 µg/1) was 

smaller than the decrease measured for increased exposure temperature alone 

(23%). This could be explained by an increase in the number of HD molecules 

available for adsorption. For a decrease in the linear velocity through the textile 

134 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



an increase in the capacity supports the fact that the residence of the molecule 

in the carbon bed is longer which aids adsorption. 

c. C-spheres 

The HD capacity of the C-spheres was expressed as a function of HD 

concentration at constant temperature (40 °C) and linear velocity (0.50 cm/s) 

and the results are illustrated in Figure 5.33. The experimental and theoretical 

values calculated are depicted in Table 5.4. According to Figure 5.33, the 

adsorption capacity stayed constant over the HD concentration range (20 - 124 

µg/1). The HD capacity measured for the C-spheres is higher than the capacities 

measured for the PUCP and CC textiles. This could be explained by the large 

micropore volume which was measured (Chapter 4). The capacity remained 

constant over the concentration range due to a decreasing rate constant. At 

lower concentrations the capacity is high due to a large micropore volume and 

the number of HD molecules per bed volume is sufficiently low to be adsorbed 

within the residence time of the molecules in the carbon bed. At higher 

exposure concentrations the capacity remains the same. Although a larger 

number of HD molecules are available for adsorption, the adsorption rate is not 

sufficiently high for a larger number of molecules to be adsorbed. From the 

micropore volume studies discussed in Chapter 4, it follows that the capacity for 

nitrogen at 77 K is 0.132 cm3 N2 /g of carbon. An average capacity of 0.155 g 

HD/ g carbon was measured over the concentration range, which is equal to 

0.122 cm3 HD/ g carbon at a HD density of p = 1.27 4 kg/I, or 92.4% occupancy 

of the micropore volume of the C-spheres. 
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FIGURE 5.33: 

Adsorption capacity of the C-spheres as a function of the challenge 

concentration. 

The HD adsorption capacities calculated experimentally (tb) and theoretically 

with equations (2.37) and (2.43) are listed in Table 5.8. The capacities and 

micropore volumes correlate, namely a high capacity is found for the C-spheres 

with a large micropore volume. The HD capacities calculated with the 

experimentally measured tb were in general lower than the values calculated 

with equations (2.37) and (2.43). This could be due to a low carbon load in a 

single layer of the textile. The capacities obtained for these two equations were 

obtained from linear regression of the experimental results for at least one, two 

and three textile layers, respectively. 
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TABLE 5.8: 

HD adsorption capacity for the C-spheres 

0.167 ± 0.001 0.204 ± 0.001 0.205 ± 0.011 

1::::::::::::::::::::::::::i:::::::::::::::::::l!l!l!i!!!l!l!l!l!l!l!!!!!!!!!!JJjjjjjjjjjl!i!l!lilliJJj:jJ4gjijif ll~Ji:lao:::u1~::::o~■:::¢tllllll:llllllll:l'.J::::,:: :li:i:::::J::::::::::: : : : .::::::::~:::::::l!l!I 

0.154 ± 0.012 0.162 ± 0.001 0.162 ± 0.033 

0.115 ± 0. 004 0.155 ± 0.001 0.156 ± 0.005 

0.139 ± 0.010 0.175 ± 0.001 0.181 ± 0.001 

Results of the sensitivity analysis for the C-spheres are illustrated in Figure 

5.34. An increase in the carbon mass at the reference experimental condition 

did not improve the capacity markedly which indicated that the carbon mass is 

sufficient to offer protection at this exposure concentration, or that the residence 

time in the single layer is long enough for complete adsorption, or that the rate 

of adsorption is high enough for effective adsorption. A 20 °C increase in the 

test temperature lead to a 20% decrease in the capacity. This could be 

explained by an increase in the volatility of the HD. The volatility of the HD will 

be higher at a higher temperature and it is expected that physisorption will be 

negatively influenced. A 24% decrease in capacity for the increased exposure 

temperature and concentration indicated that an increase in the volatility of the 

HD and an increase in the number of HD molecules available for adsorption, 

influenced the adsorption negatively. It could be argued that the diffusion into 

the micropores is not fast enough to adsorb the large number of HD molecules 

at the present residence time. An increase of 8% in the We at a slower linear 

velocity showed that a longer residence time aids the adsorption process. 
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FIGURE 5.34: 

% variation of We of the C-spheres calculated with the Wheeler equation. 

The results indicated that exposure of the textiles to a higher temperature lead 

to a decrease in adsorption capacity (and protection) of 50%. Thus, increased 

temperature has a more negative effect on the protection offered against HD 

vapour by textiles containing activated carbon than an increase in the exposure 

concentration. From the results in Figures 5.30, 5.32 and 5.34 it could be 

concluded that the specification for protective textiles contemplated to be used 

for protective clothing in desert and subtropical climates, with higher 

temperature, should be different from the specifications for protective clothing 

to be used in milder climates. The protective textiles to be used in hot climates 

should at least be qualified at another set of test conditions, preferably at a 

higher temperature. 

5.2.3 Influence of the challenge concentration on the adsorption rate 

constant 

a. PUCP 

The adsorption rate constant kv calculated with equation (2.37) was expressed 
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as a function of HD concentration at constant temperature (40 °C) and air 

velocity (0.50 cm/s) and illustrated in Figure 5.35. The rate constants for the 

adsorption of HD on the carbon powder were very high. This could be due to 

the small diameter of the charcoal powder which, according to D. L. Griffiths, was 

14µm [3]. According to Rehrmann and Jonas the rate constant is a function of 

the particle diameter [4]. Thus a relatively short distance had to be covered by 

the HD molecules before adsorption could take place in the micropores. From 

Figure 5.35 it follows that kv decreased with an increase in the HD 

concentration. For a bed depth of 0.0127 cm and a linear velocity of 0.50 cm/s, 

the mean residence time is 0.0381 s. For an HD exposure concentration of 20 

µg/I the rate constant of 46 094.6 min·1 (768 s·1
) was calculated. In accordance 

with the first-order reaction concept, an amount of 768 volumes of HD-nitrogen 

mixtures (containing 20x10-9 g HD/ cm3
) equal to the volume of the carbon bed 

(0.0191 cm3
) can be adsorbed by the carbon per second. Therefore the HD in 

each volume of HD-N2 mixture was adsorbed in 0.0013 s (1/kv). At higher HD 

concentrations (47 - 124 µg/I) the decrease in the kv could be explained by the 

increase in the number of HD molecules per HD-N2 volume as the HD 

concentration was increased, while the mass of carbon or active surface area 

available for adsorption remained constant. Thus the number of volumes which 

could be adsorbed in a certain residence time decreased, and consequently a 

decrease in the adsorption rate was measured. 
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FIGURE 5.35: 

The adsorption rate constant of the PUCP as a function of the challenge 

concentration. 

b. CC 

The adsorption rate constant kv was calculated with equation (2.37) and the 

variation with HD concentration at constant temperature (40 °C) and air velocity 

(0.50 cm/s) is illustrated in Figure 5.36. From Figure 5.36 it follows that the rate 

of adsorption was the highest for the CC when compared with the other two 

textiles. This could be ascribed to the small diameter of the CC particles, 

namely 20 µm [3]. Thus the HD molecule had to travel a short distance in a CC 

particle before reaching the micropores where adsorption could take place. The 

decrease in the rate constant with an increase in the HD concentration can also 

be explained, as for the PUCP, in that the available adsorption area remains 
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constant as the HD concentration is increased. 
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Adsorption rate constant of the CC as a function of the challenge 

concentration. 

c. C-spheres 

The adsorption rate constant (k v) calculated as function of HD concentration 

at constant temperature (40 °C) and air flow velocity (0.50 cm/s) for the C­

spheres showed a decrease with an increase in the HD concentration (Figure 

5.37). The rate constants were low compared with the kv calculated for the other 

two textiles. This could be due to the large diameter of the carbon sphere, 

namely 0.5 mm (3,5]. Thus a relatively large distance had to be covered by the 

HD molecules compared with the CC and the PUCP, before the micropores were 

reached for adsorption to take place. 
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FIGURE 5.37: 

Adsorption rate constant of the C-spheres as a function of the challenge 

concentration. 

5.2.4 Influence of the environmental temperature on the adsorption 

capacity and the rate constant 

a. PUCP 

The breakthrough time as a function of the ambient temperature was also 

investigated for the PUCP textiles. The We and kv were plotted as a function of 

the environment temperature at constant HD concentration and superficial 

velocity, 124 µg HD/I and 0.50 cm/s. It was found that the capacity of the carbon 

for HD vapour decreased with temperature (Figure 5.38). The high HD capacity 

at 20°c was due to physical adsorption of the HD molecules on the charcoal 

and the relatively low volatility at this temperature which aided physisorption. 
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At higher temperature, e.g. 50°C, the sorption capacity decreased due to 

increased volatility. 

The rate constant stayed constant at 20 - 30 °C (Figure 5.39). At this 

temperature the volatility of the HD is sufficiently low to be adsorbed at a high 

rate. The adsorption rate decreased at temperatures above 30 ° C. Due to the 

increase in the volatility a smaller number of HD molecules can be adsorbed per 

bed volume therefore, the rate decreased. 
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FIGURE 5.38: 

Adsorption capacity of the PUCP as a function of temperature. 
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FIGURE 5.39: 

Adsorption rate constant of the PUCP as a function of the temperature. 

5.2.5 Residence time of the adsorbate in the carbon bed utilised for 

adsorption 

From Table 5.2 with the adsorption rate constant kv = 22 7 42.9 min-1 or 379.0 s-1 

for the PUCP at conditions T = 40 °C, V, = 0.50 emfs, and C0 = 124 µg/1 and at 

first-order reaction, it is perceived that 379 volumes, which is equal to the textile 

bed volume of 0.0191 cm3 containing 2.368 ng HD, reacts with the carbon per 

second. Therefore, the HD in each bed volume of 0.0191 cm3 of HD-air mixture 

were adsorbed by the textile in 0.0026 s (1/kv) [5]. Even under these extreme 

conditions the adsorption occurred in only 10.4 % of the mean residence time, 

(T = 0.0127 cm/ 0.50 cm/s) of the gaseous volume in the textile. Table 5.9 

summarises the percentages of the mean residence times utilised for adsorption 

under the different experimental conditions for the different textiles. 
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TABLE 5.9: 

The percentage of the residence time (T) utilised for adsorption 

cc C-spheres 

11.2 

10.4 8.9 13.1 

17.3 6.6 

5.1 2.2 4.3 

1.6 

1.6 

9.5 0.28 10.5 
···········•····· ........ ··.·.·.·-·.·-·-·.·.·.·-·.·.·-·.·.·-·.·.·.·.·-·.·.·-·.·.·.·-· 

4.0tc. 1:24: :: "::::<1a1::~ .. }: 1.4 10.6 11.3 

The percentage residence time needed to lower the inlet concentration 

to 1 % increases for the PUCP with increasing temperature, from 1.6% at 

20 °C to 11.2% at 50 °C. The same increase in the rwas also measured 

for the CC (0.28% at 20 °C to 2.2% at 40 °C). However, a decrease was 

measured in the% residence time needed for the C-spheres from 10.5% 

at 20 °C to 4.3% at 40 °C. At low temperatures the volatility of the HD is 

low and a low percentage of the residence time is needed for complete 

adsorption of the HD vapour. At high temperatures (40 °C) the volatility 

of the HD is high and a larger percentage of the residence time is needed 

for complete adsorption. For the C-spheres the decrease in the % T 

needed for complete adsorption at higher temperatures could be due to 

the increase in the diffusion into the micropores and therefore more 

effective adsorption. 

The percentage residence time needed to lower the inlet concentration 

to 1 % increases for the PUCP with increasing air velocity through the 

adsorbent bed, from 1.4% at 0.15 emfs to 10.4% at 0.50 cm/s. The same 

tendency was measured for the C-spheres, however a decrease in the 
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percentage residence time was measured for an increase in the air 

velocity through the adsorbent bed for the CC, 10.6% at 0.15 cm/s to 

8.9% at 0.50 emfs. 

The percentage residence time needed to lower the inlet concentration 

to 1 % increases for the PUCP with increasing HD concentration from 

5.1 % at 20 µg/I to 10.4% at 124 µg/1. The same tendencies were 

measured for both the CC and C-spheres textiles. This could be due to 

a larger number of HD molecules to be adsorbed in each bed volume with 

an increase in the HD concentration. 

Overall the percentage residence time needed to lower the inlet 

concentration to 1 % was longer for the C-spheres textiles compared to 

the PUCP and CC textiles. Although the C-spheres have large micropore 

volumes and small average pore diameters, the spheres have relatively 

large diameters and are coated with the binder which blocks the 

macropores, preventing the HD vapour molecules from entering the 

micropore region. Owing to the different sizes of the spheres and the one 

layer of spheres only, the packing of the carbon "bed" is not optimal and 

it is suspected that channelling takes place. This would account for the 

longer time needed for adsorption and the low rate constants compared 

with the other two textiles. 
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6.0 INTRODUCTION 

CHAPTERS 

TRANSPORT MECHANISMS 

The rate of physical adsorption at a surface is generally high so that in a porous 

adsorbent the overall rate of adsorption is always controlled by mass or heat transfer 

resistance, rather than by the intrinsic sorption kinetics. This is not always immediately 

obvious from first inspection of the kinetic data as a diffusion-controlled process may 

exhibit many of the characteristic features commonly associated with a slow activated 

surface rate process. There are several distinct resistances to mass and heat transfer 

which may limit the sorption rate. Without detailed analysis, coupled with designed 

experiments, it is not always obvious which resistance is rate controlling. Thus, 

although direct measurement of the transient uptake curve for a sample of adsorbent 

in principle provides a simple method of studying adsorption kinetics, the interpretation 

of such data presents more difficulties than might be expected. The basic theory 

required for the analysis and interpretation of transient uptake curves for batch systems 

is presented as well as examples of the results found while performing the experiments. 

6.1 EXPERIMENTAL 

The dynamic breakthrough test method was used. The three different textiles were 

evaluated. Different exposure conditions discussed/shown in Chapter 5 were used. 

Equation (2.56) was applied to the breakthrough results. Diffusion coefficients were 

calculated for the two gradients obtained with each breakthrough measurement. 

6.2 RESULTS AND DISCUSSION 

The results obtained for various experimental runs were analysed according to 

equation (2.56) and are illustrated in Figures 6.1, 6.2 and 6.3. 
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FIGURE 6.1: 

Uptake curves for the PUCP textiles calculated with equation (2.56) at test 

conditions: 40 ° C, 124 µg HD/I, and an air velocity of 0.50 cm/s ( 1, 2 and 3 

layers represent the number of the textile layers used). 
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FIGURE 6.2: 

Uptake curves for the C-spheres textiles calculated with equation (2.56) at test 

conditions: 40 ° C, 124 µg HD/I, and an air velocity of 0.50 cm/s ( 1, 2, 3 and 4 

layers represent the number of the textile layers used). 
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FIGURE 6.3: 

Uptake curves for the CC textiles calculated with equation (2.56) at test 

conditions: 40 ° C, 124 µg HD/I, and an air velocity of 0.50 cm/s ( 1, 2, 3, 4 and 

5 layers represent the number of the textile layers used). 

A straight line with a distinct break in each set of results indicates that heat transfer 

might be controlling the adsorption process [1]. (In some instances the HD 

concentration (124 µg/Q) in the vapour phase was also sufficiently high, so that heat 

transfer could be the main controlling process of adsorption.) From the graphs the 
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diffusion coefficients D1 and D2 were calculated from the two gradients in each graph. 

The diffusion coefficients calculated for the first part of the uptake curve were very 

small ~ 10-13 cm 2 I s, which indicated that the adsorption process was controlled by 

isothermal diffusion. However, the diffusion coefficient calculated from the second part 

of the uptake curve was larger ~ 1 o-s cm2/s ( especially for the C-spheres) which could 

be indicative of heat transfer and/or interparticle diffusion controlling the adsorption 

process. 

Increased concentration of organic (HD) vapour on the surface and the slow dissipation 

of heat from the carbon surface could be responsible for the decrease in the heat 

transfer coefficient (h) [1]. 

The break in the results for the PUCP (Figure 6.1) and the C-spheres (Figure 6.2) 

appeared relatively late in the breakthrough curves. This is due to the higher loading 

of carbon impregnated on the textiles [2]. The carbon loading on the textiles was: 50 

± 10 g carbon/m 2 for the CC, 180 ± 20 g carbon/m2 for the PUCP, and 200 ± 30 g 

carbon Im 2 for the C-spheres [3]. 

Increasing the number of textile layers in the bed increased the carbon mass and 

therefore the heat capacity and the heat transfer coefficient. This indicates that the 

adsorption process was controlled by isothermal diffusion [4]. The break in the curve 

occurred after the sorption process had progressed and the active surface area had 

been covered to a certain capacity, indicating the change in the adsorption process to 

heat transfer. 

Figure 6.3, obtained for the CC, displayed the break earlier than in the case of the 

PUCP and the C-spheres. Owing to the small carbon mass the adsorption process was 

controlled by heat transfer almost from the start of the breakthrough determination [5]. 

Two distinct processes control the adsorption of HD on the carbon in the textiles, 

namely (a) isothermal diffusion and (b) heat transfer. 
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a. Isothermal diffusion 

In the initial region, thermal effects are unimportant and the uptake is essentially 

independent of sample size [6]. In the later region the uptake curves diverge for 

different sample sizes. 

Initially the adsorption process for all three textiles evaluated was controlled by 

isothermal diffusion. For the CC this was due to the pore distribution over a 

wide range of meso- and micropores (measured with the OFT method in Chapter 

4). The adsorption in the larger pores is slow and takes place by isothermal 

diffusion. 

However, the PUCP and the C-spheres have a high carbon loading (relative to 

the CC) which has a higher heat capacity and therefore the heat transfer 

coefficient is large, indicating isothermal diffusion [6]. Also, in the case of the 

C-spheres, due to the large particle diameter, i.e. 0.3 mm, adsorption of HD in 

large carbon particles is relatively slow and the uptake curves are essentially 

controlled by isothermal diffusion and are independent of the quantity of 

adsorbent used [7). In smaller crystals heat effects become significant ( PUCP 

and the CC) and in the later stages there is a significant deviation from the 

expected curve for isothermal diffusion. 

b. Heat transfer 

The adsorption of HD vapour in large pores is relatively slow and is controlled 

by isothermal diffusion. This should apply to the CC, which according to the 

average pore diameter analysis in Chapter 4 has a large average pore diameter 

of 24.4 A. However, with the low capacity and small carbon loading (mass of the 

adsorbent bed) the CC has a small heat capacity and thus a small heat transfer 

coefficient, which causes the adsorption to be heat transfer controlled. A further 

factor that plays a role in the adsorption process being controlled by heat 

transfer, is the small diameter of the charcoal particle, i.e. 20 µm. Thus the 

adsorption rate constant is large. 
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6.3 DIFFUSION COEFFICIENTS AS A FUNCTION OF MASS OF CARBON IN 

THE BED 

The transport model by de Boer and Gilliland, namely the migrations of 

adsorbed molecules along the internal surfaces of the microporous materials, 

was adopted for this study [8,9]. 

De Boer describes surface migration as a process in which molecules hop 

between adjacent adsorption sites. "A model of hopping molecules offers a 

reasonable description of surface transport in systems which display adsorption 

energies exceeding the thermal energy of translation. At low coverage, transport 

proceeds by the jumping of molecules between the adjacent surface sites. At 

high coverage neighbouring molecules interact and the process bears some 

similarity to liquid diffusion. However, a jumping mechanism still occurs but with 

a jump distance that is about the same as in the low coverage case. The 

variation in surface diffusivity with coverage is probably due to progressive filling 

of sites of decreasing energy. 

The heat of adsorption for gas-solid systems decrease with an increase in Cs , 

because of the progressive filling of sites of decreasing energy. Molecules which 

are more weakly bound to the surface would encounter smaller energy barriers 

and consequently would be more mobile. Surface heterogeneity may therefore 

result in an increase of surface diffusion Ds with Cs. 

Surface transport measurements were presented in terms of a two-dimensional 

form of Fick's law: 

where 

dCS 
N = -bD-

s s dx (6.1) 

is the flux in the x-direction across a line of 

width b, and 
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dC/dx is the surface concentration gradient. 

The jump distance and frequency may vary with Cs to give: 

1 2 dCS 
Ns = - -bll v1C )-4 s ,. s dx (6.2) 

The jump frequency of a single molecule can be given as: 

where 

E 

V = Voe-EIRT (6.3) 

is the frequency of vibration of the adsorbed 

molecule normal to the surface, and 

is the size of the energy barrier which 

separates adjacent surface sites. 

As the surface is filled up and lower energy sites are occupied, the energy barrier 

for migration can be expected to decrease. A useful measure of the binding 

energy is the differential heat of adsorption q, and can be approximated that E 

varies linearly with q: 

E = aq (6.4) 

Combining equations (6.1), (6.2), (6.3) and (6.4) give: 

D = 1/4 v: ,le -aq/RT = D e -aq/RT '6.5' s O s O I' 'J 

Equation (6.5) describes surface transport as the jumping of adsorbed molecules 

between adjacent adsorption sites of different energy. Equation (6.5) is a 

quantitative statement that the more strongly adsorbed molecules are less 
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mobile". 

From the foregoing it could be concluded that an increase in surface 

concentration would mean multi-layer adsorption at sites with a lower adsorption 

energy (E), thus a more mobile molecule with a higher diffusion coefficient. The 

same argument could be applied to an increase in temperature. Increase in 

temperature increases the jumping frequency and causes an increase in the 

diffusivity of the adsorbed molecule. 

a. CC 

The diffusion coefficients are summarised in Table 6.1. The diffusion 

coefficient D1 for the CC decreased with an increase in mass. This could 

be explained by an increase in the surface area onto which the HD 

molecules could be strongly adsorbed as a monolayer. The low value for 

D1 cannot be explained with the above theory. The increase in q with 

an increase in mass shows that after a time a monolayer has already 

been formed and HD molecules are adsorbed as secondary ( and higher) 

layers. The adsorption energy is therefore decreasing and consequently 

an increase in the diffusion coefficient is measured. The low value for D2 

for three textile layers could not be explained with the above theory. 

b. PUCP 

The diffusion coefficient D1 increased with an increase in mass, which is 

contrary to the model of surface migration. The percentage increase in 

D1 was small compared to the percentage increase in mass. This could 

not be explained by the present model, but could be due to pore filling. 

The diffusion coefficients are summarised in Table 6.1. 
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TABLE 6.1: 

Diffusion coefficients as a function of mass 

0.0075 56.94 179.1 

0.0150 66.97 331.4 

0.0225 57.00 325.9 

0.0300 27.26 390.0 

0.0375 21.58 556.1 

0.027 8.09 3877 

0.054 12.81 2150 

0.081 16.14 1 465 

0.03 25 330 2 162 000 

0.06 5 699 107 800 

0.09 3 673 1065000 

0.12 2 216 133 200 

D2 decreased with an increase in mass. This could be due to a large 

micropore volume in which monolayer coverage was not completed, 

therefore causing a decrease in D2. 

c. C-spheres 

The decrease in the diffusion coefficient, D1 with an increase in mass 

could be explained in the same way as for the CC, namely that due to an 

increase in the adsorption energy the molecules are strongly adsorbed 

and consequently D1 decreases. 

D2 also decreased with an increase in mass. This could be due to a large 
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micropore volume in which monolayer coverage was not completed, 

therefore causing a decrease in D2. The diffusion coefficients are 

summarised in Table 6.1. The high value for D2 for three textile layers 

cannot be explained with the above theory. 

6.4 DIFFUSION COEFFICIENTS AS A FUNCTION OF HD CONCENTRATION 

a. CC 

The diffusion coefficients are summarised in Table 6.2. The D1 and D2 

showed an increasing tendency with an increase in the HD concentration. 

This could be explained by increased surface coverage and possibly the 

formation of multi-layers where adsorption energy is lower, making 

surface migration and diffusion faster. The low values for the fourth layer 

cannot be explained by the above theory. 

TABLE 6.2: 

Diffusion concentration as a function of HD concentration 

20 42.25 114.5 

60 54.51 218.8 

94 160.40 513.5 

124 56.94 179.1 

20 0.41 42.29 

49 6.95 1 509.00 

77 5.96 2 292.90 

124 8.09 3 877.00 

20 1 899 400 100 

109 18 240 827 200 

124 25 330 2162 000 
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b. PUCP 

The D1 shows a weak function of HD concentration with a slight increase 

in the diffusion coefficient. This could be explained by the monolayer 

which was not fully reached and the adsorption energy is still high with 

lower surface migration and thus a smaller D1. 

D2 shows a stronger increase at high HD concentration (77 µg/1 and 124 

µg/1), which indicates that monolayer coverage has been completed and 

that the adsorption sites and multi-layer adsorption energy are less 

strong and diffusion is thus also faster. The diffusion coefficients are 

summarised in Table 6.2. 

c. C-spheres 

The D1 and D 2 show a large increase with an increase in the HD 

concentration, which indicates a high surface migration and low 

adsorption energy. This is contrary to the theory that the smaller the 

micropores, the higher the adsorption energy will be (10]. It could also 

be argued that the adsorption sites have low adsorption energy, due to 

deactivation of the -0 and -OH groups on the surface to prevent water 

adsorption and thus perspiration poisoning of the carbon (11]. The 

diffusion coefficients are summarised in Table 6.2. 

6.5 DIFFUSION COEFFICIENTS AS A FUNCTION OF TEMPERATURE 

a. PUCP 

The D1 and D 2 increased with an increase in temperature due to an 

increased jump frequency [12]. The diffusion coefficients are 

summarised in Table 6.3. The low value for D1 at 40 °C cannot be 

explained with the above theory. 
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TABLE 6.3: 

Diffusion coefficient for PUCP as a function of temperature 

20 11.47 149.58 

30 20.65 1 471.00 

40 8.09 3 877.00 

50 27.01 2 208.70 
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CONCLUSIONS 

A method was developed which could be used to vary the test conditions (temperature, 

air velocity through the carbon bed, exposure concentration and adsorbent mass). The 

dynamic breakthrough method was used to differentiate between textiles containing 

activated carbon other than breakthrough time. 

Adsorption isotherms, active surface area, pore volume and pore distribution of three 

different textile systems namely, charcoal cloth (CC), polyurethane foam rubber 

impregnated with charcoal powder (PUCP) and carbon spheres (C-spheres) were 

measured. The adsorption capacity (We) and rate constant (kv) for HD adsorption on 

the textiles were measured and the results were interpreted in terms of the micropore 

volume and pore distribution. The influence of the exposure concentration on the We 

and kv were investigated for the three textiles. The influence of temperature on the We 

and kv of the PUCP were investigated. The diffusion coefficients for HD in the carbon 

of the three textiles at different exposure conditions were investigated and interpreted. 

The more relevant results are summarised in Table 6.4. 

The isotherm displayed by the CC represented a Type II isotherm closer than a Type 

I, indicating micro- and mesoporosity. The PUCP and the C-spheres both displayed 

Type I isotherms indicating a microporous structure. The active surface area of the C­

spheres was the highest, followed by the PUCP and the CC respectively. The 

micropore volumes measured were in agreement with the active surface areas 

measured. The C-spheres displayed the smallest average pore diameter. Pore size 

distributions measured with the DFT confirmed the results obtained for the isotherms 

namely, a narrow pore distribution was displayed by the PUCP and C-spheres with a 

farely wide distribution displayed by the CC, containing a large volume of mesopores. 
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TABLE 6.4: 

Summary of results 

0.0036 0.0127 0.0124 

20 14 500 

50 180 200 

1
1!aw.ll!l1.uff.i&illl!t.lfIHIIIl:l: 146 334 389 

lllllllll!lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllilllilillll 

0.0577 0.1444 0.1716 

0.0293 0.0155 0.0094 

24.41 20.06 19.11 

0.087 0.086 0.155 

It llllli\1111 93 531.9 22 742.9 18 527.1 

ltll■lllti 
0.0032 0.0129 0.0179 

8.9 10.4 13.1 

llillllill 56.94 8.09 25 330 

179.1 3 877 2 162 000 

Three equations; Wheeler; Yoon and Nelson; and Ackley were used to calculate the 

We and kv for HD vapour adsorption on the three textiles. The calculated We and k v 

were used to calculate breakthrough times ( tb's) with the three equations. The tb was 

considered as the time at which the outlet concentration ( Cx) was equal to 1 % of the 

inlet concentration ( C0 ). Comparison of the calculated t b 's with the experimentally 

measured tb's showed that the deviation from the latter was the smallest for the tb 's 
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calculated with the Wheeler equation followed by the Ackley equation. The tb's 

calculated with the Yoon and Nelson equation showed the largest deviation from the 

experimental values. 

The We for HD vapour of the C-spheres was the largest, which confirmed the micropore 

volume measured for the textile. The We for HD vapour of the PUCP was the second 

largest confirming the micropore volume results. The We for HD vapour of the CC was 

the smallest confirming the micropore volume results. The kv of the CC was the largest 

due to the small particle diameter. The critical mass ( We) was the smallest and the 

critical residence time (re) was the shortest for the CC. These results indicated that the 

ideal textile should have an open pore structure, with mesa- and micropores and the 

carbon particles should have a small diameter ( smaller than 20 µm). 

The We of the PUCP stayed constant over the concentration range evaluated, due to 

the large micropore volume. The We of the PUCP did not increase with HD 

concentration due to the decreasing kv and a constant residence time ( 7) of the HD 

molecules in the adsorbent bed. These results were confirmed by the increase in the 

We at a slower air velocity through the bed. For CC the We increased with an increase 

in the HD concentration due to the high kv. The r was sufficient to adsorb the HD 

molecules over the concentration range investigated. The We of the C-spheres stayed 

constant over the HD concentration range tested. Although the micropore volume and 

the We are large, the kv is not high enough to adsorb more HD molecules at the r, due 

to a large particle diameter. These results indicated that the ideal textile should contain 

carbon with a large micropore volume to ensure a large capacity. 

Sensitivity analyses on the We indicated that the increase in exposure temperature had 

a more negative effect on the We than an increase in the exposure concentration. This 

indicated that textiles to be used for the manufacturing of protective clothing in hot 

climates should be qualified at higher exposure temperatures. 

The kv of the PUCP decreased as a function of HD concentration due to the Tin the 
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textile bed being too short to adsorb an increasing number of HD molecules per bed 

volume. The same results were obtained for the CC and the C-spheres. The results 

indicated that the ideal protective textile should have a large kv and thus a small carbon 
, 

particle and open pore structure containing mesa- and micropores. 

The We and kv of the PUCP showed a decrease at temperatures higher than 30 ° C. 

The results showed that the protection offered by a textile against HD vapour 

decreases seriously at ambient temperatures higher than 30 °C. 

A study of the% rof the HD molecule in the carbon bed used for adsorption showed 

that less than 20 % of the ris used for adsorption. Overall the %rused for adsorption 

increased with increased temperature, air velocity through the adsorbent bed and 

exposure concentration. 

Drawing a graph of the breakthrough results for the PUCP, CC and C-spheres 

processed with Fick's diffusion equation gave straight lines with a distinct break 

indicating that heat transfer might be controlling the adsorption process. In the initial 

region thermal effects did not play an important role and adsorption was controlled by 

isothermal diffusion. Deviation from the isothermal process occurred first for the CC 

due to the small carbon mass and thus low heat capacity of the sorbent bed. The 

PUCP and C-spheres have a high carbon loading which has a high heat capacity and 

thus a high heat transfer coefficient. The thermal heat effects only played a role later 

in the adsorption process for these two textiles causing deviation from the isothermal 

diffusion. 

Expressing the diffusion coefficient as function of mass indicated that the D1 and D2 

increased as a function of the sorbent mass. This could not be explained by the de 

Boer and Gilliland theory of an increase in the active sites and therefore more high 

energy sites with stronger binding energy. 

Expressing the diffusion coefficient as function of HD concentration indicated that the 
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D 1 and D 2 increased as a function of the concentration for all three the textiles. A high 

HD concentration could fill the high energy sites quickly followed by filling of lower 

energy sites which would result in low binding energy and high jump frequency and 

cause the D 1 and D 2 to increase. 

Expressing the diffusion coefficient as function of temperature for the PUCP indicated 

that the D 1 and D 2 increased as a function of the temperature due to the increase in 

the jump frequency. 

The selection criteria for chemical protective textiles can be summarized as: 

-high chemical protection and therefore high capacity, 

-thin and lightweight and therefore the chemical reaction/adsorption should be 

fast and, 

-the layer should have a high physical strength for resistance against friction and 

abrasion. 

The ideal textile could be identified as a textile impregnated with a high active surface 

area carbon (400 - 500 m2/g) to ensure a high adsorption capacity, a pore distribution 

which includes mesopores (20 - 24 A) and a carbon particle with a diameter smaller 

than 30 µm to ensure a high sorption rate constant. 
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