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CHAPTER I 

Introduction 

Air pollution is a problem that is as old as recorded 

history. It is only in the past twenty years that this 

problem has been recognized as a serious threat to mankind. 

Air pollution as it exists today originates as the by

products of man's technological advancements. These by

products can be classified as followss 

(A) Inorganic compounds 

(B) Organic compounds 

(C) Particulate matter. 

In cities like Washington, D.C., where there is little in

dustry, public activities generate 90 percent of the air 

pollution. The role of the public in pollution generation 

is growing as the industrial sources continue their efforts 

in the pollution control field. 

The two major sources of pollution due to public ac

tivity are domestic heating and motor vehicle operation. 

Prom these sources the inorganic compounds of nitrogen 

oxides, sulfur oxides, and carbon monoxide are of major im

portance (16), A study of the removal of any of these con

taminants from the atmosphere would be of considerable im

portance. Nitrogen dioxide (NO2) was chosen for this work. 

Nitrogen dioxide is classified as an acidic gas. The 

removal of this contaminant from an air stream can be 



accomplished by several methods. However, with the normal 

concentration level of contaminant in the atmosphere being 

only a trace, the principle method of removal from life 

supporting atmospheres is by gas-solid adsorption,' This 

adsorption is usually accomplished using a porous solid 

such as activated carbon (25). 

Activated carbon was first applied in gas masks in 

World War I to remove chlorine (15iP.7). Since then acti

vated carbon has become the basic adsorbent in air purifi

cation systems. With this universal acceptance, it is 

surprising that such little information has been published 

regarding the effectiveness of activated carbon for many 

reactive gases. For the experimisntal work reported in the 

open literature, rarely have the gas concentrations been at 

the trace levels (25). 

The purpose of this thesis V7as to study the NOg and 

activated carbon system. The NO2 concentrations were in 

the range of 0,0 to 50.0 parts per million (ppm) to provide 

data for possible air pollution prevention applications. 

This information was obtained in the form of approximate 

equilibrium data acquired from the investigation of the 

behavior of a fixed bed isothermal adsorber. These equili

brium data were used in the development of a mathematical 

model for the gas-solid adsorber. This type of adsorber is 

inherently complex from a fundamental standpoint because the 

solid and gas compositions change with time and position 

V7ithin the adsorber. Even at constant temperature, the 



system will reach steâ dy state only after the adsorber 

capacity is completely exhausted. With the development of 

a suitable mathematical model for this complex system, val

uable insight can be gained as to the important transfer 

processes involved in the NOo adsorption on activated car

bon. 

In working toward the above objectives, the range of 

variables V7as limited to 298°K to 3^3°K for temperature, 

0.0 to 50,0 ppm NOp in air for concentration, Reynolds 

numbers of 59.7 to 119.^ for fluid flow conditions, and a 

pressure of 0,920 atmospheres. The adsorption was carried-

out in a fixed bed isothermal adsorber. The fixed bed 

through which the nitrogen dioxide air stream passed was 

made up of conditioned Witco activated carbon particles of 

six to twelve mesh size. The bed weights ranged from 0.2 

to 1.0 grams. 
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CHAPTER II 

Theoretical Development and 

Literature Review 

In a study based on gas-solid adsorption, considera

tion must be given to the type of adsorption taking place. 

Adsorption is classified as to two types, physical adsorp

tion and chemisorption. Physical adsorption or "van der 

Waals" adsorption is the result of intermolecular forces 

of attraction between the solid and the substance adsorbed. 

This phenomenon occurs when the attractive forces between 

a solid and a gas are greater than those existing between 

the molecules of the gas itself,- The gas will transfer to 

the solid surface by a process similar to condensation. 

Such a condensation will be accomplished by an evolution of 

heat in amount somewhat larger than the latent heat of va

porization (range 1-20,000 cal/g mole). Physical adsorption 

is also readily reversible (29,p,208), The type of adsorp

tion on a porous solid such as activated carbon is usually 

physical adsorption (25). 

Chemisorption is the result of chemical interaction 

between the solid and the adsorbed substance. The strength 

of the chemical bond may vary considerably, and identifiable 

chemical compounds in the usual sense may not actually form. 

The adhesive force present is generally m.uch greater than 

that found in physical adsorption. The heat liberated dur-
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ing chemisorption is usually large, of the order of the 

heat of chemical reaction (range 10,000 - 100,000 cal/g 

mole), Chemisorption is usually irreversible. The adsor

bent after desorption will often appear to have undergone 

a chemical change (29,p,209), A substance may afford phy

sical adsorption at one temperature and at a higher temper

ature exhibit chemisorption behavior (32,p,J^^8), 

Regardless of the type of adsorption, there is a gen

eral sequence of transfer processes involved. Since this 

work is concerned only with isothermal adsorption, no heat 

transfer behavior will be considered. Therefore, the iso

thermal adsorption of a component' in a gas mixture by a 

solid particle can be described by a three-step mechanism: 

(A) diffusion from the bulk gas phase to the external 

surface of the solid 

(B) diffusion into the particle 

(C) adsorption on the pore surface. 

Steps (A) and (B) are diffusion phenomena while step (C) is 

a chemical phenomenon. The effect of each of these steps 

relative to one another provides the basis for a certain 

system behavior. Each of these rate processes are differ

ent and each ma.kes a contribution to the overall system 

response to variations of system conditions such as temper

ature, pressure, concentration, and fluid flow conditions. 

The adsorption rate process as described in step (A) 

is usually referred to as external diffusion and has receiv

ed much attention in adsorption studies. The external 

/0-



diffusion transfer process applies to the mass transfer 

from the bulk gas phase to the outer surface of the solid. 

This transfer step is completely independent of the surface 

of the solid as well as its porosity. This process, along 

with step (B) has proven to be most important in explaining 

adsorption on porous solids. 

Internal diffusion, as step (B) is usually termed, 

applies to mass transfer through the pore volume and migra

tion along the solid surface of the pore in a porous parti

cle. In porous ma.terials such as activated carbon, internal 

diffusion has often been shown to be an important step, if 

not the rate determining resistance. For the adsorption of 

methane in hydrogen on activated'carbon, the diffusional 

steps were found to be the important rate determining mecha

nisms (13). 

The adsorption on the pore surface, step (C), is very 

complex and is usually approximated by proposing kinetic 

rate equations. Various first and second-order rate equa

tions have been formulated to explain this behavior. The 

use of a particular rate expression for the surface mecha

nism is justified simply because the kinetic model can be 

shov7n to satisfactorily predict the behavior of the system 

being studied. 

In the study of adsorption processes the above rate 

mechanisms are applied to systems which involve a collec

tion of solid particles (adsorbent) arranged in a fj.xed bed 
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through which a gas stream flows bearing the adsorable 

component (adsorbate). The desired result is the accurate 

prediction of the bulk gas concentration of the adsorbate 

leaving the bed as a function of time. In many cases, the 

adsorber bed performance can be calculated assuming that 

only one of the mechanistic steps controls the overall rate 

of adsorption. Based on various assumptions, several inves

tigators have solved analytically the governing mathematical 

equations for this situation. For example, for surface 

adsorption or external diffusion controlling the rate, 

Nusselt(21), Anzelius (1), and others (12,28) have present

ed equivalent mathematical'developments, Thomas (31)» Rosen 

(26), and Edeskuty and Amundson (9) all solved the problem 

when only internal diffusion is significant. When more than 

one of the rate steps is considered, the describing mathe

matical equations are greatly complicated. Based upon 

reasonable assumptions Smith and Masamune (30) have present

ed analytical solutions to all the conceivable combinations 

of the three rate steps. With this background work a com

plete study of the relative importance of each transfer re

sistance is seemingly possible. 

The mathematical model of the gas-solid adsorber sys

tem must begin with the development of a m.aterial balance 

accounting for the adsorbate added to and removed from the 

bulk gaseous space within the adsorber. The material 

balance is made on a differential element of the adsorber 



as shown in Figure 1, 
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Figure 1 - Fixed Bed Adsorber 

The material balance is based on fluid flow through a bed 

of spherical, solid particles under isothermal and isobaric 

conditions at a constant superficial velocity. The assump

tions of no axial mixing or gradients in the radial direc

tion are also made. Using a Taylor series approximation of 

the differential adsorbate material balance with truncation 

of terms of second order and higher, the following expres

sion is obtained: 

adsorbate 
into 
element 

or 
/ 

adsorbate 
out of 
element 

\ 

accumulation 
in gas 
phase 

amount 
adsorbed 
on solid 

-V = e B m + R 

(2-la) 

(2-lb) 

V7here v 

C 

superficial gas velocity, cm/sec 

concentration of adsorbate in gas phase 

g moles/cc 

z = reactor length, cm 

€3 = adsorbent bed void fraction 

t = time, sec 

R = adsorption rate, g molos/g solid/sec. 



k-̂  

For porous solid adsorbents such as activated carbon 

a second material balance must be incorporated into the 

mathematical model. This mass balance accounts for internal 

diffusion behavior in the pore structures. The Pick equa

tion as this balance is named is as f ollovrs : (8,p,l6^) 

(2-2) 

where Dg = apparent'diffusivity of adsorbate, cm^/sec 
k 

C = concentration of adsorbate in pore, g mole/cm3 

r = radius position, cm 

•? = apparent density of particle, g/cc 

W = adsorbate loading on adsorbent, g mole/g carbon 

The surface behavior is the final relation needed to 

form the fundamental set of equations, V/hen the rate of 

adsorption at the surface is the controlling step, the rate 

expression can be written in many forms. Langmuir (17) 

considered the surface of a solid to be made up of elemen

tary spaces or sites, each of which could adsorb one mole

cule. The maximum number of these sites can be defined as 

Woo o^ "'̂he maximum adsorbent loading for the entering adsor

bate concentration. The number of sites occupied at any 

particular time can be defined as V/ or the adsorbent load

ing. If the rate of adsorption is first order and directly 

proportional to the number of sites available (Woo -W), the 

follovring relation can be written. 
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/_dw\ = kf (W^-W) (2-3) 

\ <^t y ^ 

where k^ = adsorption rate constant, sec"^ 

W = adsorbent loading, g mole/g carbon 

Woo= adsorbent loading at saturation, g mole/ 

g carbon 

t = time, sec 

Using equations (2-lb), (2-2), and (2-3), with appro

priate initial and boundary conditions a mathematical model 

of an adsorption system can be developed depending upon the 

mass transfer steps to be studied. Smith and Masamune (30) 

have presented an excellent survey on the development of 

analytical solutions to various assumed systems, 

A solution to the sequence of equations proposed in the 

mathematical model cannot be obtained until the system 

equilibrium behavior is found. This equilibrium behavior 

provides the necessary quantitative relationship between 

the adsorbate concentration (C) or partial pressure in the 

gas phase (p) and the amount of gas adsorbed on the adsor

bent (W)o These equilibrium relationships for isothermal 

adsorption behavior are called isotherms. When non-linear 

isotherms represent the system behavior at equilibrium, a 

survey of the many theories of adsorption is in order, A 

thorough review of these theories has been presented by 

Reis (10), 
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One of the first correlations derived to describe 

non-linear isotherms was that of Preundlich (11), 

Preundlich proposed an empirical relationship for the 

isotherm 

W = B(p)l/n (2-̂ 4-) 

where W = adsorbent loading, g adsorbate/g carbon 

p = pressure of gas, atm 

B,n = specific constants for particular gas and 
k 

surface. 

This equation has been found best suited for correlating 

experimental data in the region where there are several 

layers of adsorbed molecules (29,P.211), 

Langmuir (17) was another of the early workers in 

adsorption equilibrium, Langmuir's treatment was specifi

cally for chemisorption and limited to a monomolecular 

layer. The Langmuir isotherm is based on several assump

tions. They are as follows: 

(A) All the surface of the catalyst has the same 

activity for adsorption, 

(B) There is no interaction between adsorbed 

molecules, 

(C) All the adsorption occurs by the same mechanism. 

The Langmuir isotherm may be written in terms of the adsor

bent loading (W) as follows: 

W = #_b_JP~ (2-'̂ ) 
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V7here p = pressure of adso rba t e , atm 

a = k / r 

r = rate of desorption 

k = fo3ri\rard rate constant for adsorption 

b = a constant for a particular system. 

The Langmuir approach finds its greatest application in 

surface-catalyzed reaction studies (6,p,6lO), 

In physical adsorption molecules of gas may be adsorb

ed to the depth of many molecular layers« An adsorption 
k 

isotherm equation has been derived by Brunauer, Emmett, 

and Teller (̂ ) which provides for multilayer adsorption. 

It assumes that the surface possesses uniform, localized 

sites and that adsorption at one' site does not affect ad

sorption at neighboring sites, just as in the Langmuir 

theory. It also assumes that molecules can be adsorbed in 

ma,ny layers. The energy of adsorption for the first layer 

is assumed to be constant, and the energy of adsorption in 

succeeding layers is assumed to be equal to the energy of 

liquefaction of the gas. 

The Brunauer, Emmett, and Teller or BET equation is 

as follows: 

P ^ = J:̂  + (c-l)p (2-6) 
W (PQ-P) W^C Wjĵ cpo 

where W = adsorbent loading, g adsorbate/g carbon 

p = pressure of gas, atm 

PQ = vapor pressure of gas, atm 
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WjQ = loading of gas required for the monomolecular 

layer coverage, g adsorbate/g carbon 

c = constant at a given temperature. 

Several of the assumptions of the BET theory are un

satisfactory. According to this theory, one molecule may 

be adsorbed on top of an isolated molecule, and the energy 

is assumed to be the same as when the gas is condensed to 

liquid in which each molecule has twelve nearest neighbors. 

Adsorption isotherm equations have been derived which have 

more realistic assumptions (1^), The problems of surface 

heterogeneity and lack of an exact theory for liquids make 

it impossible at present to derive exact equations (6,p,6l2). 

Because of this, the BET equation was the most advanced 

correlation used in this thesis, 

V/ith a suitable adsorption isotherm equation, the heat 

of adsorption for a particular system can be determined by 

applying the Clausius-Clapeyron equation. For equilibrium 

systems this equation permits the evaluation of the heat 

change involved in the transition from one phase to the 

other, 

iln p ^ :AH (2-7) 
dUTr) R ' 

where p = gas pressure, atm 

T = absolute temperature, °K 

R = gas constant, cal/g mole °K 

A H = change in heat content of the system accompany

ing the .phase change, cal/g mole. 
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The heat of adsorption can be calculated from the slope 

of a plot of the In p versus l/T for a constant adsorbent 

loading. Such a plot is called an isostere (3,p,25), The 

heat of adsorption for a certain system will give an indi

cation of the type of adsorption, either physical adsorp

tion or chemisorption. 



CliAPTER I I I 

Equipment and Procedures 

Equipment 

The laboratory equipment used in this study consisted 

of two subsystems. The first subsystem was used to prepare 

the adsorber inlet stream of desired composition. A flow 

diagram of this adsorber feed preparation system is shown 

in Figure,2. The air flow source was breathable grade air 
k 

supplied in commercial compressed air cylinders and was com

pletely oil free. The moisture content V7as found to be be

low detectable limits. The air was also found to contain 

no measurable amounts of nitrogen dioxide, sulfur dioxide, 

nitric oxide, chlorine, hydrogen chloride, or hydrogen 

fluoride. 

The primary purpose of the feed preparation system was 

to prepare the desired concentration of nitrogen dioxide in 

dry air. The success of this system was based on the dif

fusional properties of the Teflon permeation tube. The 

permeation tube is discussed in detail on page 21 . The 

diffusional behavior of the permeation tube is dependent 

upon the temperature. For this reason a constant tempera

ture bath (Lab-Line Instruments, Inc., catalog no. 3322) 

was used to ensure temperature control of the permeation 

tube. Because of the corrosive nature of nitrogen dioxide, 

all tubing, fittings, and valves tliroughout the apparatus 

15 
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were stainless steel. The stainless steel tubing used 

was 18 gauge, l/l\ inch outside diameter (O.D.), unless 

otherwise noted, Crawford Swagelok fittings were used ex

clusively. The needle valves used v/ere l/h inch (Whitey 

Co,, Model 2VS^). The three-way valves used were l/^ 

inch (Hoke Co,, catalog no, 7l65pJ^S), 

The system flow as shown in Figure 2 began from the 

compressed air cylinder, item A. The air flow passed 

through a standard pressure regulator, item B (range 0-5000 

psig), through a pressure controller, itemC (range 0-200 

psig), past a pressure indicating gauge, item D (range 0-

l60 psig), and through a flov7 regulating needle valve, 

item E, The fresh air then passed through a three-way 

valve, item P, which allowed the air to flow over the per

meation tube, item I, or through a carbon bed for its con

ditioning prior to starting an adsorption run. With the 

flow set over the permeation tube, the aAr passed through a 

heat exchange coil, item G, ten feet in length submerged in 

water in the Lab-Line constant temperature bath, item H, 

A mercury in glass thermometer was used to monitor the tem

perature of the bath. At this point the air entered the 

permeation tube cell, item I, containing the Teflon permea

tion tube. This cell was constructed of 11 gauge, type 

316, one inch O.D., stainless steel pipe fourteen inches 

in length. Here the nitrogen dioxide diffusing from the 

Teflon tube provided the desired concentration of contami-
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nant. This stream then passed through a needle valve and 

was the prepared feed stream for the second subsystem. 

The second subsystem as shown in Figure 3 consisted 

mainly of the fixed bed adsorber and air flow measurement 

equipment. The fixed bed adsorber was designed to operate 

isothermally, A constant temperature bath (Precision 

Scientific Co., catalog no. 666^8) was used to provide the 

necessary control. The other major equipment required was 

a wet test meter (Precision Scientific Co., catalog no. 
k 

19500-009) for air flow rate detection. The other equip

ment items required were three sample ports, one three-way 

valve, one mercury in glass manometer, one mercury in glass 

thermometer, two needle valves, and the oxidizer. The 

oxidizer was used to determine if the reduction of the 

nitrogen dioxide to nitric oxide could be detected in the 

system. 

The fixed bed adsorber was constructed of 15 gauge, 

1/2 inch O.D., type 316, stainless steel pipe. The adsorb

er shell x̂ras 2-3/^ inches in length. Swagelok fittings 

were used at both ends to reduce the pipe size to the l/^ 

inch tubing size. 

The flow of the fixed bed adsorber and flow measure

ment system is as shown in Figure 3. The flow of the pre

pared adsorber feed was split into two streams to provide 

the desired rate of flow to the adsorption bed. The split 

stream v;as purged to the vent. The desired flow passed the 
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feed sample port, item K, and through the three-way valve, 

item L, The three-way valve provided a bypass around the 

adsorption bed to allow a predetermined feed flow to be set 

before establishing flow through the adsorber. With flow 

passing through the adsorber, item P, the pressure was 

measured by a mercury in glass manometer, item M, (range 

0-8000 mmHg) upstream of the constant temperature bath, 

item 0. The air flow passed through a heat exchange coil, 

item N, ten feet in length submerged in water in the con

stant temperature bath. The bath temperature was monitored 

with the mercury in glass thermometer. The feed leaving 

the heat exchange coil entered the adsorber submerged in 

the constant temperature bath. The exit gas passed a 

sampling port, item Q, and through a block valve to the 

oxidizer, item R. The oxidizer was a glass contactor fill

ed with 100 ml of an oxidizing solution made up of 2,5 g 

of sulfuric acid, 2,5 g of potassium permanganate, and 

distilled water. The air from the oxidizer passed another 

sample port, item S, and flowed to the wet test meter, 

item T, for flow measurement. Upstream of the wet test 

meter was a block valve system providing for the bypassing 

of the meter when a flow measurement was not being mo.de. 

The exit gas from the wet test meter and the bypass lino 

was vented. 
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Experimental Procedure 

These adsorption studies were dependent upon the con-

stant dynamic production of contaminated air. The Teflon 

permeation tube technique as proposed by O'Keeffe and Ortman 

(22) was used as a convenient contaminant source. The Tef

lon tubing used in this work had an inside diameter of 0,2188 

inches with a wall thickness of 0,0̂ 1-69 inches. The various 

lengths of tubing prepared ranged from 2,0 to 6.0 inches. 

The standard polished steel balls used for plugging the 

tubes were 0,3̂ -̂J'O inches in diameter. 

Permeation Tube Preparation 

The first step in the procedure of filling a permea

tion tube was to prestretch both ends of the tubing. The 

ends were stretched by repeated insertion and removal of 

the steel balls. The tube was filled with liquid nitrogen 

dioxide by the following method, A steel ball was placed 

in one of the prestretched ends. The other end was placed 

onto the tapered connector on the nitrogen dioxide lecture 

bottle. The lecture bottle was then inverted and the Tef

lon tube placed in an ice bath. The ice bath produced a 

temperature below the normal boiling point of nitrogen dio

xide (21.3^0). At this low temperature liquid nitrogen 

flowed easily into the tube. When the immersed portion of 

the tube was full, the tube was removed from the ice bath 

and the top sealing steel ball V7as inserted. The final 

position of the steel balls should be an inch from each end. 
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After the tube was filled, a period of twenty-four 

to thirty-six hours at a constant temperature was required 

before the tube would reach its constant diffusion rate. 

The constant diffusing rate was found by weighing the fill

ed Teflon tube, and placing it in the permeation tube cell 

in the constant temperature bath. This bath temperature 

was maintained at 83 + 0,3lOp for the duration of this work. 

After placing the tube in the system, a low flow of air was 

passed over it. The tube was then removed from the system 

and weighed periodically. In this manner the constant rate 

of diffusion could be determined, A typical weight loss 

history curve for a permeation tube is shown in Figure ^, 

This constant rate of diffusion was the basis for the 

syringe calibration. 

Activated Carbon Preparation 

The next experimental procedure developed was direct

ed toward obtaining consistency among activated carbon sam

ples. The initial carbon bed saturation runs were ms,de with 

V/itco activated carbon "as received". This work revealed 

considerable scatter in the data. An attempt to duplicate a 

run resulted in a deviation of eighteen percent between the 

duplicates of the saturated bed loading values calculated. 

These results were considered to be unsatisfactory and a 

carbon bed conditioning procedure was adopted. The V/itco 

activated carbon "as received" was heated to a temperature 

of l^O^C for a period of twenty-four hours 0 After this 



23 

17 
i I I r — i r~—i \ 

Diffusion Rate = 1.7787 x lO'^g rnol NO^/hr 

cn 

en 16 
CD 

CD 

13 

15 
0 40 

oTube Weighings 

80 120 
Time, hr 

160 200 

Figure 4-Teflon Tube Weight History 



2^4-

cooking period, the carbon vxas cooled in a desiccator. 

The individual carbon charges were then weighed on the ana

lytical balance. These individual charges were then heated 

to llO^C for an additional two hours. The samples were 

then reweighed and these weights recorded as actual carbon 

bed weights to be used. 

This bed conditioning procedure yielded much more con

sistent results. The attempt at duplication resulted in a 

deviation between duplicates of less than one percent. The 

procedure employed is not believed to be this accurate but 

did provide satisfactory data for this work. 

After developing the bed conditioning procedure, 

several of the carbon bed properties were determined by 

direct measurement. The diameter of the adsorber bed was 

found to be 0,9^ cm. The average of twenty particle diame

ter measurements yielded an average of 0.252 cm per particle 

for the 6 - 1 2 mesh carbon. Nine measurements of the bed 

length occupied by one gram of carbon were made. An esti

mate of the true average of these was found by using stand

ard statistical techniques. The estimate of the true aver

age of the length of bed per gram of carbon with 95 percent 

confidence limits applied vxas found to be 3.81 + 0.13 cm/g 

carbon. The same approach was applied to eight determina

tions of the number of carbon particles per gram. Using 

95 percent confidence limits, the estimate of the number 

of carbon particles per gram was found to be 238 + I7 

particles per gram,. V/ith these measurements, the carbon 
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bed density and void fraction were calculated to be 0.3795 

g/cm-̂  and 0.25 respectively, A complete summary of the 

estimated carbon properties are presented in Table I, The 

Manufacturer's list of specifications on the carbon is pre

sented in Table II, 

Carbon Bed Saturation Procedure 

A carbon bed saturation procedure was used to obtain 

approximate equilibrium data for the nitrogen dioxide in 

air on activated carbon system. In the preparation of the 

adsorber tube, glass wool was placed in one end of the tube 

and the carbon particles were placed into the other end. 

Glass wool was then placed in. the adsorber tube to hold the 

carbon bed securely. Before the first bed saturation run 

was made, a blank system was run with glass wool in the 

adsorber. No detectable adsorption was noticed. After this 

check the normal procedure for all succeeding runs was used. 

First the contaminated air flow was blocked off and 

fresh air was introduced into the system using the bypass 

flush line. The temperatures of both baths were checked. 

The adsorber tube was placed in the constant temperature 

bath and connected into the system. During this time the 

adsorber bypass line was sustaining the total flovr of the 

fresh contaminant-free air. The fresh air flox-j was now 

set at ^,7 g moles/hr, A sample of the air was taken to 

determine the concentration of nitrogen dioxide. If zero 

concentration of the contaminant was found, the air was 
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TABLE I 

ESTIMATED CARBON BED PROPERTIES 

Property Ileasurement 

Diameter Particle, cm 0,252 

Diameter Bed, cm 0,9^ 

Fixed Diameter Bed Length cm/g 3,81 

Number of Particles/g 238, 

Bed Density, g/cc 0.3795 

Bed Void Fraction 0.25 
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TABLE II 

LISTED ACTIVATED CARBON PROPERTIES 

Manufacturer 

Grade 

Mesh Size, U.S. Standard 

Pore Volume, cc/gm 

Surface Area, m^/gm 

Apparent Density, Ib/ft-̂  

Hardness 

Ash, % 

Nitrogen Dioxide Capacity, wt,^ 

Sulfur Dioxide Capacity, wt. % 

Witco Chemical Company 

6 - 12 

0,65 

1̂ 00 

27 • 

90 

0,6 

25 

20 
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suitable for carbon bed flushing. The carbon bed was flush

ed for one hour after the air stream was shovm to have no 

detectable nitrogen dioxide. 

Upon completion of the flushing period, the bed v/as 

again bypassed. At this time the air flow was introduced 

over the permeation tube. After a period of approximately 

thirty minutes the desired inlet contaminant concentration 

could be set by setting the proper air flow over the tube. 

When a suitable concentration was obtained, the desired flow 

to the adsorber was set by adjusting the amount of contam

inated air to be purged to the vent, l/ith the desired flow 

and inlet concentration set, the flow through the carbon 

bed was established and the time- noted. The flow rate was 

monitored continually and minor flow adjustments were then 

made to assure desired flow conditions. Adsorption bed 

outlet concentration was then determined at fifteen minute 

intervals. When no detectable NO reduction to NO was 
2 

found, the oxidizer (Figure 3» item R) was no longer used. 

These results were found early in the work, and the oxidizer 

samples were omitted. The adsorber inlet concentrations 

were determined every hour. The run was terminated when 

the bed outlet concentration approached within one part per 

million of the inlet. With this concentration tolerance 

met, the flow was blocked from the adsorber and the time 

noted. The carbon was then removed from the reactor and 

weighed. This procedure would generate the desired outlet 

concentration history of the bed and complete orxQ run. The 
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next run would begin with the loading of another carbon bed. 

Alternate Bed Saturation Procedure 

An alternate bed saturation procedure vras developed to 

reduce the amount of time required to saturate an activated 

carbon bed with nitrogen dioxide. This procedure began 

with the same bed flushing period as standard procedure. 

The constant temperature bath containing the adsorber was 

set at the desired temperature. Then the inlet concentra

tion of nitrogen dioxide was set at approximately 200 parts 

per million. This inlet stream was introduced into the car

bon bed for a predetermined time period of 2,^,6, or 8 hours. 

This procedure provided differing levels of bed saturation. 

After the time period had e3.apsed, the inlet concentration 

was reduced until the bed exit NOp concentration was equal 

to the inlet concentration. At this time the carbon bed 

was assumed to be saturated at the NO2 concentration of the 

inlet stream. The carbon bed was removed from the system 

and weighed on the analytical balance. The xfeight gain of 

the carbon was assumed to be the NO2 adsorbed. This pro

cedure was used for the 3^3°K isotherm determination only. 

Carbon Regeneration 

The ease of carbon regeneration was of interest. Con

sequently, a regeneration procedure was devised. After a 

carbon bed had been exposed to the saturation procedure, the 

regeneration procedure involved heating the bed to 92°G and 

passing contaminant- free air over it. The regeneration was 
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considered complete when no detectable nitrogen dioxide was 

found in the bed exit stream. Approximately eight hours 

were required to achieve this condition. 

Analytical Procedure 

This adsorption study required an analytical method 

capable of determining nitrogen dioxide concentrations in 

air in the range of one to fifty parts per million (ppm). 

An analytical m.ethod based on formative colorimetric analy

sis was used exclusively. In this technique, air contain

ing NOp was contracted with liquid reagent to produce a 

color change in the reagent proportional to the concentra-' . 

tion of NO in the gas. The color change was measured elec-

tronically by a colorimeter. The reading of the colori

meter was converted to concentration of the NOp in air by a 

suitable calibration curve. 

The reagent used in this work was the Saltzman reagent 

(27) as modified by Lyshkow (19). The following reagent 

grade chemicals were used to prepare one liter of reagent 

solution, 

Lyshkow Modified Saltzman Reagent 

0,050 g N(l-napthyl) ethylene-diamine dihydrochloride 

0.050 g 2-naphthol 3,6 disulfonic acid disodium salt 

1,500 g sulfanilamide 

15.0 g tartaric acid 

0,25 ml Kodak Photoflow (as a wetting agent) 

deionized v̂ ater to make one liter. 
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The colorimeter was a Bausch and Lomb Spectronic 20 

with 1/2 inch O.D. cylindrical cuvettes, A wavelength set

ting of 550 millimicrons was used for all samples. 

The most critical item used in the analysis work was 

the syringe used for sampling. Disposable, 50 ml polypro

pylene syringes with Luer-lok tips (Becton, Dickenson and 

Co,, Model 850 L/S) were used. The syringe was fitted with 

22 gauge 1-1/2 inch stainless steel Luer-lok needles with 

polypropylene hubs (Becton, Dickenson and Co,, Model 1000), 

The syringe was filled with 5 21I of reagent and was then 

used to withdraw a ^5 oil sample of the gas to be analyzed. 

The syringe then provided the contacting cell for the air 

sample and the reagent. 

Syringe Calibration 

Each syringe was calibrated using the Teflon permea

tion tubes as the primary standard. Knowing the constant 

diffusion rate of NO2 from the permeation tube, known con

centrations of NOp in air could be produced by varying the 

air flow over the permeation tube, A ^5 ml sample of this 

known NOp concentration was taken in a preconditioned 

syringe containing 5 ml of reagent. The syringe was then 

shaken for one minute to provide sufficient contact between 

the gas sample and the reagent. The red-violet color v:as 

completely developed at this point. The colored reagent was 

then transferred from the syringe to the colorimeter cuvette. 

Before the transmittance of the sample was read, the colori-
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meter was zeroed and referenced to one hundred percentage . 

transmittance using the unexposed reagent. The colorimeter 

reading in percentage transmittance (̂ T) was then taken for 

the sample Imown concentration. To establish the calibra

tion curve, five samples of the same blended concentration 

were taken with each syringe. This procedure resulted in a 

calibration curve for a specific syringe as shoira in Figure 

5. 

As shovjn, a plot on semilog scale of the log (̂ T) 

versus concentration of NO2 in ppm" adsorbed in the reagent 

yielded a straight line, A standard least squares fit was 

used to determine the best correlation to fit the data 

points. After obtaining the correlation, an estimate of the 

relative error for the syringe analysis was made. The rel

ative error was calculated based on the five replicate sam

ples of the same concentration. These samples were obtained 

at four different concentration levels. The relative error 

(R.E.) was calculated by the following relation, 

R ]? ~ Standard deviation x 100 f?-.l̂  
• • ~ mean 

This relative error, calculated for the concentration 

levels, is shown in Table III, The relative error ranges 

from 1,13 to 1,90/3 for concentration levels from 19,5 to 

38,^ ppm. The largest relative error of 3.59^ at 9,2 ppm 

was in the low concentration range, as would be expected. 

Based on these results, the syringe analysis technique was 

considered satisfactory. 
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TABLE III 

RELATIVE ERROR IN SYRINGE ANALYSIS 

Concentration 
Level, ppm 
Tube wt, loss 

9.2 

19.5 

28,9 

38,^ 

Concentration 
Average, ppm 
Analysis 

9A 

19.5 

29.2 

38,2 

Standard 
Deviation 
Analysis 

0,33 

0,22 

0,55 

oA^ 

of 
Relative 
Error 
% 

3.59 

1.13 

1.90 

l . l i j -

The actual syringe analysis technique was rather sim

ple. An unknown gas sample V7as obtained using the same pro

cedure as employed in the syringe calibration method. The 

transmittance of the reagent exposed to the unknown gas sam

ple was found. This percentage transmittance was related 

to the NO concentration in the gas sample by means of the 

calibration curve. This concentration was reported as the 

actual concentration. This procedure provided an analysis 

technique which required five minutes per sample. 

The syringe technique provided stable results only 

after the syringes had been preconditioned, A syringe vras 

preconditioned by filling it with a gross nitrogen dioxide 

concentration (1000 or more ppm) and allowing it to sit 

over night. The syringes did not provide reproducible read

ings if unused for six to eight hours, Ti'/o to three samples 

were required to stabilize the syringe for succeeding work. 
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CHAPTER IV 

' Experimental Results 

One of the objectives of this thesis was the determi

nation of the equilibrium relationship between activated 

carbon and various concentrations of nitrogen dioxide in 

air. Approximate equilibrium data were obtained using the 

carbon bed saturation procedure as outlined previously. 

Adsorption isotherms were found at two temperature levels 

(298°K and 323 K), The total pressure was essentially con

stant for all runs (0,920 atmospheres). The results are 

shown in Table IV, In columns four and five the saturated 

carbon bed loadings are shown as-calculated by two methods. 

Column four contains the equilibrium loadings as obtained 

by the graphical integration of the carbon bed outlet con

centration history from a bed saturation run. The graphi

cal integration calculation was based on the trapezoidal 

rule. Column five of the table presents the saturated car

bon loadings calculated gravimetrically (carbon weight 

difference at end of run compared to weight at beginning). 

Column six shows the percentage deviation between the two 

methods assuming that the graphical integration value is 

correct. The values in column six show that at gas phase 

NO2 concentrations of 35.0 ppm to ^5»5 VP^ the deviation 

between the two methods ranges from 2,̂1- to 9.0 percent. 

Upon this basis these values were used with maximum con-

35 
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TABLE IV 

EXPERTliEKTALLY DETERKIIIED ADSORPTION 

ISOTHERM DATA 

P = 0 , 9 2 0 Atmospheres 

Run T N^2 L o a d i n g , g N02/g A.C. ''/o Dev, 
°K c o n e . Graph . V/eight 

ppm I n t . D i f f . 

2 8 - 2 5 298 3 5 . 0 0 .0736 0 .0701 h,7 

2-25 298 15,0 0.0598 0.09^2 57.5 

9-25 298 18.0 0,0595 0.0925 55*5 

11-25 298 35.0 0.07̂ 5 0.0696 6.S 

12-25 298 \\5.5 0.0779 0.0812 ^.2 

13-.25-A 298 9.7 0.0568 0.0̂ 70 16.9 

13-25-B 298 8.5 0.0̂ 70 

^-50 323 17.5 0.0500 0.0377 2̂ .6 

18-50 323 h^'.,5 0.06^^ 0.0586 9.0 

19-50 323 25,0 0.060^ 0.0̂ 07 32.7 

20-50 323 37.0 0.0627 0.06̂ 2 ?.^\ 

30-50 323 9.7 0.0367 0.0303 17.^ 

file:////5.5
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fidence. On the other hand the equilibrium bed loadings 

obtained at gas phase NO^ concenjbrations lower than 35,0 

ppm show considerable deviation. These values were used 

with minimum confidence in obtaining equilibrium correla

tions. 

In all cases the equilibrium bed loading used was 

that calculated by the graphical integration technique. 

This was done because at the termination of each run the 

outlet value was within one ppm of the inlet concentration, 

but they were not equal. This necessitated that the satu

ration curves be extrapolated to where the exit and inlet 

concentrations were equal," This technique is shown in 

Figure 6 using a typical bed saturation history curve. 

Employing this technique the bed loadings calculated gravi

metrically should always be sma.ller than the graphically 

integrated values. This is the case for all runs except 

2-25, 9-25, 12-25, and 20-50, The two methods results for 

runs 12-25 and 20-50 are so close that no significance can 

be cited. However,in runs 2-25 and 9-25, the weight differ

ence determinations must have been in error because the 

loading values calculated are considerably too large. 

Of special interest is Run 13-25-B, This run employed 

the same carbon as used in Run 13-25-A, After the termina

tion of Run 13-25-A, the inlet NO concentration V7as reduc-

ed to the outlet concentration obtained in 13-25-A. The 

inlet and outlet concentration being the same provided a 

carbon bed assumed to be completely saturated. This run 
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was an attempt to increase the accuracy of the bed satura

tion values at the lower NO^ concentrations. Because of this 

procedure, both Runs 13-25-A and 13-25-B have the same gra

vimetric saturated carbon loadings. 

After obtaining the equilibrium data, a least squares 

method was used to fit the Preundlich, Langmuir, and BET 

isotherm equations. All three equations provided accepta

ble correlations. These respective correlations are shown 

in Figures 7» 8, and 9. In obtaining these correlations the 

data were weighted to provide emphasis to the points of 

maximum confidence. This data weighting V7as performed in 

the following manner: 

(A) The 298°K isotherm - All data were entered once 

except Run 11-25 which was entered in duplicate, 

(B) The 323°K isotherm - All data were entered once 

except Run 20-50 which was entered in triplicate 

and Run 18-50 which was entered in duplicate. 

One of the isotherm relations could not be shown to be 

significantly better than the others due to the approximate 

nature of the data. The only duplication run attempted 

was 11-25, This run was a duplicate of 28-25, These two 

runs show a deviation of less than 0,2 percent. This com

parison is much closer than would be expected. Also the 

error increases as the NOp concentration decreases. This 

can be shown by the increase in the percentage deviation 

between the tvfo calculation methods in Table IV, 

Although no significant difference was established 
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Figure 9 - Brunauer-Emmitt-Teller Isotherms 
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among the respective isotherms, the BET isotherm was 

chosen because it incorporated the vapor pressure of NOp 

and was more consistent in the amount of variability ac

counted for in the data. This can be seen by comparison 

of the correlation coefficients (r^) as shown on the respec

tive figures. 

Isotherm data were also gathered at a temperature of 

3̂ 4'3̂ K, However the procedure used to obtain carbon satur

ation was the alternate bed saturation technique. This iso

therm was not consistent with the tvjo obtained using the 

other procedure. The equilibrium carbon bed loadings are 

much lower than those predicted by the two lower tempera

ture isotherms. This comparison- is shown in Figure 10, The 

basis for alternate bed saturation procedure is that the 

adsorbent possesses equivalent adsorption and desorption 

characteristics. From the results of this work this pro

cedure must be rejected as a method for approximating car

bon saturation loadings. 

Using the BET isotherm, the approximate heat of adsorp

tion of NO2 onto activated carbon could be found by using 

equation {2-7), This relation is shown in Figure 11, The 

heat of adsorption calculated to have an average value of 

3800 cal/g mole over the range of bed loadings considered. 

The approximate heat of adsorption calculated here is very 

close to the heat of vaporization of NO2 which is 3520 

cal/g mole. This close agreement gives rise to the postu-

lation that this system complies to physical adsorption 
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criterion. 

The ease, of regeneration also indicated a physical 

adsorption system. Run 12-̂ 1- was followed by a regeneration 

procedure as outlined in the experimental procedure chapter. 

After regeneration, Run 12-^-R was completed. The behavior 

of the regeneration bed is shoim in Figure 12 compared with 

the virgin bed behavior. The regeneration reclaimed approx

imately 60 percent of the original bed capacity, With more 

extreme regeneration conditions, certainly more bed capacity 

could be retained. 

The BET isotherm correlation afforded a method of cal

culating the quantity of N62 necessary to cover the adsor

bent xfith a monolayer thickness," This single layer cover

age was found to be 0,0891 and O.O899 g N02/g carbon for 

the 298 and 323^K isotherms respectively. The average of 

these two values is plotted on Figure 9. Over the range of 

NOp concentrations studied a complete monolayer coverage of 

the carbon was never reached. With only monolayer adsorp

tion present, the interpretation of the surface behavior is 

greatly simplified. 

The area covered by a monolayer thickness of NOp could 

be calculated from the BET equation. The area calculated 

using each isotherm is as follows: 

(1) 298°K isotherm - surface area = 177.3 m^/g 

(2) 323°K isotherm - surface area = 158,9 m^/g 

As can be seen above the 298°K and 323°K isotherms are 

within 12 percent with respect to the area calculation. 
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The surface area as calculated from this work does not com

pare well with the activated carbon manufacturer's listed 

surface area of 1^00 square meters per gram. However, the 

NO2 molecule is somewhat larger than the nitrogen molecule 

used for the listed surface area measurement. The inabili

ty of the NO2 molecule to enter pores which V7ere accessible 

to nitrogen could explain some of the discrepancy in the two 

surface area mea^surements, 

The final experimental results to be shoTim and dis

cussed are those obtained for the purpose of testing a 

mathematical model of the system. These results are shovm 

in Figure I3 in the form of the response of the adsorption 

system to various residence times in the adsorption bed. 

The residence time parameter was calculated by dividing the 

adsorption bed length (z) by the superficial gas velocity 

(v). This figure shows the different shapes of the nor

malized bed outlet concentration curves which are possible 

depending upon the residence time in a certain diameter 

fixed bed. These data are very consistent in that as the 

residence time decreases the outlet concentration curve 

loses more of its breakthrough shape. These data form the 

basis on which the mathematical models of the system were 

tested. 

The results presented in this thesis are based on ex

perimental data recorded in Research Notebooks 5» 9» 13» 

and 19 on file V7ith the Department of Chemical Engineering, 

Texas Technological-Col3.ege, 



^9 

CD 

o 
o 

o 
c: 
o 
o 

CD 
M—» 

= 3 
O 
-a 
CD 
M 

E 
O 

0 10 

Q z/v = 0.1111 sec 

A z/v = 0.0555 sec 

D z/v = 0.0223 sec 

,-L 

20 30 
Time, hr 

40 50 

Figure 13-Activated Carbon Adsorption Response 
Curves 



CHAPTER V 

Mathematical Model Development 

With Numerical Solution 

The purpose of developing a mathematical model of this 

system was to provide an adsorber design basis. If a suit

able "model" could be developed, generation of various sys

tem responses to condition changes could be accomplished 

easily. With this type of data available, more confidence 

could be placed in scaled-up adsorber designs. 

After considering the experimental results, two obser

vations were made, 

(1) The overall adsorption- rate was slow, 

(2) The equilibrium relationship was not linear. 

With this insight and the experimental data in hand, there 

were basically two different approaches that could be used 

to determine which of the various rate models best corre

late the data. These two approaches are known as differ

ential and integral. The integral approach was applied in 

this work. 

In applying the integral approach, the different rate 

models that are proposed to describe the different types 

of adsorption mechanisms are substituted into the differ

ential material balance, equation (2-lb), and the equation 

is integrated. The degree of complexity of this integra

tion is greatly increased when the equilibrium relationship 

50 
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is non-linear, A numerical integration technique was 

applied in this work to circumvent this problem. The test 

of the proposed rate model is in the accuracy with which 

the numerical solution to the partial differential equation 

predicts the experimental results. 

The use of the numerical solution introduced certain 

error into the final solution obtained. With this error 

in the solution, the judgement as to the validity of a cer

tain rate model could be in considerable jeopardy. Because 

of this uncertainly in the solution technique, the first 

mathematical model considered incorporated external diffu

sion as the rate controlling step. The system of equations 

which govern the external diffusion controlled system pro

vided not only a straight-forward approach for numerical 

solution purposes but also the calculation of the external 

mass transfer coefficient was vrell defined. 

External Diffusion Model 

The mathematical model for the external diffusion con

trolled system is formulated by the combination of equation 

(2-lb) with the following expression for the external rate: 

where k̂ , = external diffusion mass transfer coefficient, 
o 

g moles/(cm )(sec)(atm) 

x>Q = carbon bed density, g carbon/cc 

t = time, sec 
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a,Q = external area of carbon, cm^/g carbon 

P = gas phase adsorbate pressure, atm 

p = gas phase adsorbate pressure in equilibrium 

with the solid surface, atm, 

A reduced form of the BET equation is now used to express 

p* in terms of W, 

p* = AW p^ (5-2) 
1-BW 

where A = BET c o n s t a n t , l/WjjjC 

B = BET constant, (c-l)/WjjiC 

W = adsorbent loading, g mole N02/g carbon 

PQ = vapor pressure of adsorbate, atm 

This expression is a simplified version of the BET equation 

based on the following assumption: 

P^-P ^ Po (5-3) 

for all p<10""^ atm and p^ > 1 atm. 

Now substituting (5-2) into (5-1) the following relation 

results: 

where "C = gas phase adsorbate concentration, g moles N02/̂ c 

R = gas constant, (cc) (atm)/(*^K) (g mole) 

T = temperature, °K, 

Equations (2-lb) and (5-^) must be solved simultaneously to 
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provide the solution to this mathematical model. 

The method used of estimating the external diffusion 

mass transfer coefficient (k^) was based on the relation 

proposed by Chilton and Colburn (5), This procedure is 

outlined in Appendix A along with the methods used to cal

culate the system physical properties of gas density, vis

cosity, and binary diffusion coefficient, A computer pro

gram was written in Fortran computer language to perform 

these calculations and incorporated the numerical Integra-

tion procedure, A copy of this program is included in 

Appendix 3, 

A numerical integration method can be applied by using 

finite-difference approximations-. The partial derivatives 

are replaced by difference quotients in the independent 

variables of length (J) and time (K), and the result used 

for an approximation of the derivatives. In general the 

domain over which the partial differential equation (PDE) 

holds is equal to the number of independent variables. For 

the special case of two independent variables J and K, the 

domain is two dimensional and can be represented on a plane 

surface as shown in Figure 1^, The computational procedure 

can be best visualized by covering the domain with a net

work of rectangular spacings. In this solution the spacing 

between any adjacent vertical lines (time direction) is 

taken as At, a constant, and between any two horizontal 

lines (length direction) as Az, a constant. The value of 

the dependent variables G(J,K) and H(J,K) can be specified 



at the intersection of the gridwork within the domain. 

5̂  

(Length) 

J 

J-1 

At 

K-l K 

7\ 

K(Time) 

-> t 

Figure 1^ - Gridwork Arrangement For Numerical 

Computation 

The particular technique used in this work to deter

mine the values of G(J,K) and W(J,K) for all positions on 

grid is known as "Euler's method" (l8,p,137). The method 

may be applied by writing the partial derivatives of inter

est in the form of the following bacto-jard difference for

mulas : 

4 G V ^ QlL^^i^lIzLtEl + o(Az) (5-5) 

Utyz 
C(J,K) -G(J,K-1) . 0(At) 

At (5-6) 

fcOw\ 
Utyz -

W(J,K)-W(J,K-1) ^ 0( At) 
At (5-7) 
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The truncation error of Az and At is shown along with 

each equation. Upon substitution of (5-5), {5-G) and (5-?) 

into equations (2-lb) and (5-^), the following two equations 

result: 

W(J,K) = k^a_RTAtC(J,K-l) - l̂ gac A tAPoW(J ,K-1) 
+ 1-BW(J,K-1) 

W(J,K-1) (5-8) 

G(J,K) = G(J-1,K) [ v / A z / ( v / A z + Cg/At)] ' + 

G(j,K-i) [ € 3 / A t / ( v / A z + e ^ / A t ] -

^B[.^(J ,K) - W ( J , K - I ) / A M V / A Z + ^B/A^)] (5-9) 

These two equations are solved in a computational sequence 

based on the initial conditions of the system. The compu

tational path across the grid is accomplished by calculat

ing all values of G(J,K)and W(J,K) in the J direction for 

the first K or time step. 

For purposes of clarification, the details of this 

computational sequence follow. Referring to the gridwork 

as shown on Figure 1^, the origin is defined as location 

J=l and K=l. The J=l position is located at the front of 

the adsorption bed or z~0, and the K=l corresponds to time 

before starting flow to the adsorber of t=0. With this 

basis, the initial conditions provide that G(J,1) and 

W(J,1) are both equal to zero for all J, from 2 to the end 

of the bed. Also the value of 0(1,K), for all K from K=2 
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to total time of run, is equal to the inlet concentration 

of adsorbate.^ With these values of C(J,K) and W(J,K) 

known, the grid calculation starts with time location of 

K=2, having taken one time step into the run equal to At, 

At time step K=2 each value of G(J,K) and W(J,K) is calcu

lated by simultaneously solving equations (5-8) and (5-9) 

respectively for each successive J location beginning with . 

J=2 taking length steps through the grid equal to Az, The 

length steps are taken until the specified length of adsor

ber has been traversed. The G(J,K) and W(J,K) at this point 

are the bed outlet values after a time of At into the run. 

At this point another time step is taken to K=3 and all the 

J steps at this time are calculated. In this manner the 

entire grid is filled, 

A major step in the numerical solution is the determi

nation of suitable values for the increments of Az and At, 

The stability and convergence of the calculations are 

heavily dependent upon the size of the increments Az and At 

chosen. The convergence dependence on the relative sizes of 

Az and At was removed by writing equations (5-7) and (5-8) 

in implicit backi-rard difference form (I8,p,l69), There is 

no known procedure to determine the increment size of Az 

which will allow for stability in the solution (20), This 

is dependent upon the physical behavior of the system des

cribed. It was because of this stabilizing question that 

the external diffusion model was developed first in this 

study. The external diffusion model was relatively easy to 
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develop and provided the basis for the determination by 

trial and error of satisfactory increment sizes. The nume]> 

ical solution was still further stabilized by resetting the 

calculated G(J,K) to zero whenever its true calculated 

value was less than zero. This step was justified by 

noting this condition as a boundary condition. 

Internal Diffusion Model 

In a fluid phase internal diffusion model, the mathe

matical equations which describe the system are based on 

equation (2-2), This mass balance in the pores of the par

ticle is related to the mass balance in the gas phase, 

equation (2-lb), by using a boundary condition applied at 

the solid surface. This boundary condition relates the 

adsorbate concentration in the pore structure to the con

centration in the gas phase. This set of equations has 

been solved analytically when linear equilibrium relation

ships are assumed (30). If non-linear equilibrium is pre

sent, the analytical solution to the governing equations 

has not been presented (2^), A numerical solution to this 

system would require a three dimensional gridwork approach 

which would possess prohibitive stability and convergence 

problems. The solution to this system was considered be

yond the scope of this work. 

Surface Rate Model 

The approach to the model based on the surface rate 

controlling was the same as that used for external diffu-
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sion model. The integral approach was applied with the 

surface rate equation (2-3), This rate expression will be 

repeated for clarity here. 

fc)w\ 
kf.(Wo5.W) (5-10) 

where k^ = adsorbing rate constant based on experimental 

data, sec"-̂  

Woo=: maximum equilibrium loading possible, 

g N02/g carbon. 

This equation can be written in backî 7ard difference form 

and rearranged as follows: 

W(J,K) = kf At(Woo-W(J,K-l) + W(J,K-1) (5-11) 

Equation (5-11) can be substituted in place of (5-8) in 

the same computational sequence as presented for the exter

nal diffusion model. The txfo equations (5-11) and (5-8) 

can then be solved employing the same grid procedure as 

before. The major difference between the surface rate and 

the external diffusion calculations VJSLS in the determination 

of the adsorption rate constant as opposed to the calcula

tion of the external diffusion coefficient. The adsorption 

rate constant was found by a trial and error procedure. The 

rate constant used was the one necessary to force the model 

to fit the experimental data. The results of this search 

are shovm in the next chapter. 

As was stated at the beginning of this chapter, certain 
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error was to be expected in the final solution. The cal-

culational procedure required the use of high speed compu

tational equipment. An IBM model 36o~50 digital computer 

was used in this work. As with any machine computation the 

rounding of numbers is a necessary evil. The round-off 

error in this work was minimized by the use of the double 

precision allowance for variables G(J,K) and W(J,K), 

Another error to be m.entioned is the truncation error in

troduced in the finite approximation of Euler's method. 

As is shoT-rn with equations (5-5) t (5-6) t and (5-7) f the 

truncation error is dependent upon the increment size used. 

The truncation error is stated in this work whenever defi

nite increments were used in a numerical solution. 



CHAPTER VI 

Mathematical Model Evaluation 

The first methematical model developed in Chapter V 

was based on external diffusion as the rate controlling 

step. The numerical solution of this model is shoxm in 

Figure 15, The calculated normalized outlet concentra

tion histories for bed residence times (z/v) of 0,1111 and 

0,0223 seconds did not compare favorably with the respec

tive experimentally determined concentrations. The two 

experimental runs were obtained at a temperature of 298°K, 

pressure of 0,920 atmospheres, and Reynolds number of 59,7, 

An external diffusion coefficient of 3,199 x 10" moles 

N02/cm sec atm was calculated for these conditions. The 

two residence times of 0,1111 and 0.0223 seconds were ob

tained by using carbon beds of 3.809 and 0,759 cm in length. 

Upon comparison of the calculated concentrations with 

the experimental, the external diffusion model predicted an 

adsorption rate much faster than the rate shown experimen

tally. This is shovm by the steeper slope on the external 

diffusion model than on the experimental curve. The exter

nal diffusion model V7as rejected as a satisfactory model 

for describing the actua.l system. However, the numerical 

solution appeared to be a good approximation for the solu

tion of the model equations. This can be shown by the fact 

that the carbon loading of the model at saturation is within 

60 
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ten percent of the saturation loading shown by the experi

mental curve. The numiorical solution was also found to be 

stable when length increments (Az) and time increments 

(At) could be varied respectively from 0,003 to 0,007 cm 

and 6o to 180 sec Vfithout affecting the final calculated 

values. These increments allow for maximum truncation erixDr 

for the short bed considered to be within 0,007 cm of the 

total length of 0,759 cm and to be within three minutes of 

the total .time of 6,5 hours, V/ith this being the magnitude 

of error in the solution, the numerical solution was consid

ered satisfactory, 

V/ith the work completed on the external diffusion 

model, the same numerical approach was applied to a, surface 

rate controlled model. The surface rate process w-as expect

ed to predict a slower overall adsorption rate than did the 

external diffusion model (29,p,23^), Several surface rate 

models were investigated. The rate mxodel which provided 

the best predicted adsorber performance was the first order 

fori'/ard rate expression as developed in equation (5-10), 

The surface rate dependency was based on the number of avail

able sites present on the carbon at a particular time. The 

results obtained from this model are shovm in Figure l6. The 

surface rate model predicted the experimental results vfith 

better accuracy than did the external diffusion model. The 

surface rate constant used in this solution vras k^ - 2,7 x 

^ -1 
lO"-̂  sec , The adsorption rate predicted vras still faster 
than that observed experimentally, Hovrever, the surface 
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rate can be concluded to be of more relative importance 

in the determination of the overall rate of adsorption 

than is the external diffusion step. The deviation between 

this model and the experimental results could possibly be 

explained by incorporating the internal diffusion resis

tance into the model. 

No further testing vras included in this work because 

of the difficulty arising from the use of the equation de

scribing the internal fluid phase diffusion. The solution 

to the internal diffusion problem is greatly complicated 

by the presence of the non-linear equilibrium system 

studied. The solution to this problem vras not considered 

in this V7ork, 
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CHAPTER VII 

Summary and Conclusions 

The approach in this vrork vjas to obtain data from an 

isothermal, fixed bed adsorber in an attempt to predict the 

behavior of such an adsorber. This procedure was used to 

determine indirectly the equilibrium behavior of the nitro

gen dioxide in air and activated carbon system. These equi

librium relationships or isotherms vrere found to be non

linear. The equilibrium correlation proposed by Brunauer, 

Emmett, and Teller Vfas used to determine the carbon satu-

râ tion necessary to' provide a monolayer thiclmess of nitro

gen dioxide. These isotherms also provided the basis for 

determining the heat of adsorption of NO2 on activated car

bon of approximately 38OO cal/g mole. The carbon was found 

to regenerate to within 60 percent of its original capacity 

with only moderate regeneration conditions used. 

An integral approach v/as used to investigate the rela

tive importance of the various transfer processes. The use 

of a numerical solution technique provided the solution of 

various proposed models. The external diffusion controlled 

model vras found to predict an adsorption rate considerably 

faster than that found experimentally. The surface behav

ior controlled model predicted a slovrer adsorption rate than 

did the external diffusion model. The surface model approach

ed the actual system behavior. The investigation into the 
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fluid phase internal diffusion mechanism vras not possible 

because of the mathematical complications due to the non

linear equilibrium relationship exhibited by the system. 

The conclusions to be presented from this vfork are as 

f ollovrs : 

1, A monolayer coverage of the carbon with NO2 was not 

achieved for the range of NOp concentrations stud

ied, (0.0 - 50,0 ppm), 

2, Evidence of physical adsorption vras found based on 

the ease of regeneration cited and on the close 

agreement of the calculated heat of adsorption with 

the NOp heat of vaporization (3520 cal/g mole), 

3, The surface behavior rate step is relatively impor

tant to the overall adsorption rate. 
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CHAPTER VIII 

Future Work 

Future work on adsorption systems such as NO and acti-
\ 

vated carbon should take a more direct approach at deter

mining the fundamental properties of the system. The car

bon should be prepared with care to obtain uniform parti

cle size. The properties of the homogeneous carbon should 

be more accurately determined. The equilibrium isotherms 

should be determined directly and accurately vrith equipment 

now available from conmiercial sources. 

V/ith these properties' accurately determined, a differ

ential approach should be used to investigate the relative 

importance of the transfer processess involved. A differ

ential approach V7ill provide faster and easier evaluation 

of various proposed models. Although the differential 

scheme facilitates model evaluation, several problems in 

construction of apparatus and system analysis must be solved. 

6? 
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NOMENCLATURE 

A = BET isotherm constant, l/W c 
' m 

a = Langmuir isotherm constant 

a^ = external area of carbon, cm^/g 

B = BET isotherm constant, (c-l)/W c 
m 

b = Langmuir isotherm constant 

G = adsorbate concentra.tion in pore, g mole NOp/co 

C = adsorbate concentration in the bulk gas phase, 

g mole NO /cc 

c = BET isotherm constant at a given temperature 

DQ = apparent diffusivity of adsorbate, cm^/sec 

Dĵ j= binary diffusion coefficient, cm^/sec 

dp = effective diameter of particles, cm 

G = mass flow, g/cm^ sec 

H = heat of adsorption, cal/g mole 

J = length position variable, cm 

j^ = dimensionless mass transfer number 
K = time position variable, sec 

k = Boltzmann constant 

k« = adsorption rate constant, sec"^ 

k = external diffusion mass transfer coefficient, 
p 

g moles/cm sec atm 

M = gas molecular vjeight 

n = Preundlich isotherm constant 

Npe= Reynolds number 

P = total system pressure, atm 
70 
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p = adsorbate partial pressure, atm 

p = gas phase adsorbate pressure, atm 

p* = gas phase adsorbate pressure in equilibrium with 

the solid surface, atm 

PQ = vapor pressure of adsorbate, atm 

R = gas constant 

R = adsorption rate, g moles N02/g carbon sec 

r = radius position variable, cm 

r^ = correlation coefficient 

T = absolute temperature, ̂ K 

TQ = critical temperature, °K 

Ty = reduced temperature 

t = time, sec 

VQ = critical volume, cc/g mole 

V = superficial gas velocity, cm/sec 

V/ = adsorbate loading on adsorbent, g mole N02/g carbon 

V/jjj = adsorbate loading on adsorbent required for monomolecu

lar layer coverage, g mole N02/g carbon 

WQQ= adsorbate loading on adsorbent at saturation, 

g mole N02/g carbon 

z = bed length, cm 

•Q = adsorbent bed void fraction 

^ ^= force constant in Lennard-Jones potential function 

j ^ ~ gas viscosity, centipoise 

/^ = gas density, g/cc 

z>-Q = carbon bed density, g carbon/cc 

/̂ p = apparent density of particle, g/cc 
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Appendix A: Estimation of Physical Properties 

Density 

The density of the gas was calculated as that of air 

at the appropriate pressure and temperature, 

yO = EH (A-1) 
' RT 

vfhere/'rr dens i ty , g/cc 

P = t o t a l p r e s su re , atm 

M = molecular vreight of a i r 

R = gas cons tan t , atm cc/g mole ^K 

T = temperature , °K 

Viscos i ty 

The viscosity of the gas was calculated as that of air 

at the appropriate temperature. The equation used in the 

calculation vras that developed by Bromley and V/ilke (2), 

X = 0.00333 (KT^)^/^ fi(l,33Tr) 

V 2/3 ĉ 

vj-here>l= gas viscosity, centipoise 

M = molecular vreight 

TQ= critical temperature, "̂ K 

VQ= critical volume, cm^/g mole 

Tp= reduced temperature, T/T^ 

f. (1.33T-^) = 1,058TJ^«^^5 _ 0,261 
1.9 T^a 

(A-2) 
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a = 0,9 log (1,9T^) 

Diffusion Coefficient 

The binary coefficients were calculated from the follow

ing dimensional equation: 

^ij = T3/2[̂ (Mi + M^)/MiMj ^/2 

^ (Tiĵ  XliO 

[2.^ X 10"^ - ̂ ,92 X lO'^lvi^ + MA^/^J 

%Mj 
(A-3) 

vrhere T - temperature, °K 

P = total pressure, atm 

Mj|_= molecular weight of air 

M.= molecular vreight of NO2 

JCI^A- collision integral 

cr̂ =: 0,833 V3il/3 

YQ^~ critical volume of component i. 

The collision integralJTL^^ is given in tabulated form in 

Shervjood and Reid (23) as a function of k T, vrhich xms cal-
^ • • 

culated from the follovring expression: 

|J1 = 1.3 (T̂ T̂,.J ^/2 (A-^) 
ij 

vrhere € = force cons tant in Lennard-Jones p o t e n t i a l 

funct ion 

"^ri =^sduced tem.perature of component i . 
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External Diffusion Coefficient 

The method of estimating the value of the mass trans

fer coefficient (k^) vras based on the Chilton and Colburn 

(5) equation, 

ĝ - JL^ 1—^^-1 (A-5) 

where j^ = dimensionless mass transfer number 

G = m^ss flow, g/cm^ sec 

P = pressure, atm 

M = viscosity, g/cm sec 

/? = density, g/cc 

Dj_ 4 = binary d.if fusion coefficient, cm^/sec 

The correlation for j^ V7as calculated by the equation pro

posed by DeAcetis and Thodos (7). 

h = ̂ ^r, (A-6) 

where N„„ is the modified Reynolds number (range 20-rs 

10,000) for the case of flow through packed beds and is 

defined as 

Nre =-̂ iLf (̂ -7) 
M 

where d = effective diameter of particles, cm 

G = m̂ ,ss flovr rate, g/cm sec 

H = viscosity, g/cm sec. 
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c 
C NUMERICAL INTERGRATION PROGRAM FOR FIXED BED ADS 
C ORBER 
C 

DIMENSION C(l,50l,6),H(501,6),CPti,501,6) 
C C IS BULK PHASE N02 CGNCENTRATION . (GM M0L6/C.M3) 
C W IS ACTIVATED CAR&CN LOADING (GM MOLE N02/GH CAR 
C SON) 

DOUBLE PRECISION C,W 
IN=5 
I0UT=6 
READdN,!) FLOy,TEMP,P,CO,R 
READ{INt2) GASMW,TCA,VCA,CONTHW,TCC,VCC,SIGMA,CDLINr 
R£AD( INt3)BEDW,DlBED,DIPAC,EPSBED,EPSPC,D£\'BED,TAREA 
READ{IN,4}DTHETA,NLSTGP,KT0T 

1 FORHAT(^FIO.O) 
2 FURHATCSFIO.O) 

3 FORHAKYFIO.O) 
4 F U R M A T ( F 1 0 - 0 , 2 I 6 ) 

C 
C CALCULATION OF PHYSICAL PROPERTIES 
C 
C MASS FLOW CALCULATION 
C FLOW(CUFT/HR) G(GRAM AIR/SQ CH SEC) 

G= FLOVi*1.05*GASMW/3600./(3.1'fl6*(DI8ED*»2. )/4, ) 
C DENSITY CALCULATION 
C P(ATM) T£Hp(DEG.K) DENGASCGRAM/CO 

DENGAS^ P* GASf4W/R/TEMP 
C VISCOSITY CALCULATION 
C VISGAS{GRAH/CM SEC) 

TRA=TEMP/TCA 
FTRA={1.058»TRA»*0.645)-0.26l/(1.9*TRA«*{0.9^^ALGG{1.9« 
ITKA))) 
FTRCA = FTRA/ 10.*«-2, 
VISGAS= (3.33/10.^^*3. )̂ ( (GASMW*TCA) i:-». 5 ) *FTRCA/{ VCA*»0 
1.667) 

C VELOCITY CALCULATION 
C VEL(CM/SEC) 

VtL=G/DENGAS 
C 
C CALCULATION OF FLOW PROPERTIES 
C 
C REYNOLD*S NUMBER CALCULATION 

REYfiUM-̂  DiPAC^G/VISGAS 
C DIFFUSIVITY CALCULATION 
C DIF12(SQCM/SEC) 

FHW-{(CONTHW -(-GASMW ) / aCNTMV/^GASIU:) ) * ^ ^ 0 . 5 
0 IF 12= ( ( TEi- 'P^* 1 , 5 ) frFiMVJ/ ( P* ( S I GMA-:^^2 . 0) *C0L I TfT ) ) i>̂  ( { 2 . U 

l / 1 0 . i ^ ^ ^ 3 . ) - { 4 
1 . 9 2 / I 0 . * * 4 . )^»FMVU 

C SCHMIDT CALCULATION 
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SCHNUM=VISGAS/DENGAS/DIF12 

C MASS TRANSFER COEFFICIENT CALCULATION 
C CKGIGRAM MOLE/SQCK SEC ATM) 

FACTJ=0,725/{(R£YNUM*ft.4l)-l,5) 
CKG= FACTJ*G/GASMW/P/(SCHNUM**.667) 

C 

C CALCULATION OF BED LENGTH AND SEO LENGTH INCREME 
C NT 
C 

BEDL=BEDW/DENBED/{3,14I6*{0I8ED**2.)/4*) 
DLGTH=8EDL/500. 
WRITE!I OUT,5) 

5 FORMAT!1H0,5X,9HMASS FLOW;5X,5HTEHP.,5X,8HPKESSURE , 5X, 
117HC0NT* INL 
lET CONG.) 
WRIT£(I0UT,6) 

6 FGRHAT{1H0,2X,13H9RAM/SEC SOCH,4X,5H0ES.K,7X,4HATM.,13 
1X,3HPPM) 
WRITE{I0UT,7) GtTEMP,P,CQ 

7 F0RHAT{lH0,5X,Fi0,5,5X,F6.1,5X,F5,2,12X,F5,2) 
WRITEIlOUTtll) 

11 F0RMAT(1H0,5X,5HGASMW,5X,6HTC AIR,5X,feHVC AIR,5X,6HC0N 
ITMW,5X,6HTCC 
10NT,5X,6HVCC0NT,5X,5HSIGMA,5X,6HC0LINT,5X,6HGASC0N) 
WRITE! I OUT, 12) GASHW, TCA, VCA,C0.̂ 4T;-'H, TCC , VCC , S IGMA, COLI 
INT,R 

12 FORMAT! IHO , 5X, F5.2t 5X, F6, 1, 4X, Fti. 2 ,5X, F5.2 ,6X, F6.1 , SX, 
1F6.2,5X,F6.3 
1,5X,F7.3,5X,F7,2) 
V/RITE!I0UT,13) 

13 FGRHAT!1H0,5X,6HBED Iff ,5X,lOHBED LENGTH,5X,7H0IA BED,5 
1X,8HDIA PACK 
1,5X,8HB£D VOI0,5X,9HPACK VDID,5X,BHBED DENS,5X, 9HSURF 
lAREA) 
imiTE!I0UT,14) 

14 F0RHAT!lH0,5X,5HGRAHS,llX,2HCH,i0X,2HCM,10X,2HCf',3 7X,6 
1HG/CUCM,6X,9 
IHSOCM/G AC) 
WRITE!I0UT,15) 8EDW,8EDL,DIBED,DIPAC,EPS8ED,EPSPC, OENQ 
1ED,TAREA 

l^ FuRiMAT!lH0,5X,F6,3,8X,F&.3,5X,F6*3,5X,F6.3,9X,F6.3,7X, 
1F6.3,8X,F6.3 
1,7X,F6.3) 
WRITE{I0UT,8) 

8 FORMAT ! / / / / , 5 X , l l H G A S DENSI TY, 5 X , SSiVELOCI TY, 5X , OHV I SCO 
1SITY,3X,13HR 
1EYN0LU»S NUM,5X,11HDIFFUSIVITY,5X,11HSCHMIDT NU:S5X,17 
IHnASS TRAriS. 
1 CGEF,) 
WRITE!I OUT,9) 

9 FORMAT (1 HO, 7X,7HGRAM/CC,8X,6nC;-./SEC, bX, one :l/C;'. SEC, 25 X 



80. 
1,8HSQCM/SEC, 
120X,20HGM MOLE/SEC SQCM ATM) 
WRITE!IOUT,10)DEN&AS,VEL,VISGAS,REYNUH,DIF12,SCHNUM,CK 
IG 

10 FORHAT(1HO,5X,F10,5,4X,F10-5,5X,F10.5,7X,F7.2,2X,E15,9 
1,10X,F5.2,8X 
1,£15,9) 
WRITE!TOUT,16) 

16 FORMAT!////,20HN0. BED LENGTH STEPS,lOX,16HLENGTH INCR 
1£MENT,10X,14 
IHTIME INCREMENT,10X,10HT0TAL CALC) 
WRIT£!I0UT,17) 

17 FORMAT!1HG,35X,2HCM,27X,3HSEC) 
WRITE!I OUT,13) NLSTEP,DLGTH,DTH£TA,KTOT 

18 F0RHAT!1H0,5X,I7,17X,F7.4,21X,F7,2,19X,I7) 
701 READ!IN,900) CK1,WINF 
900 F0RMAT!2F10,0) 

C 
C NUMERICAL INTEGRATION STARTS HERE 
C 
C SET UP BOUNDARY CONDITIONS 

1 = 1 
DO 22 J=l,NLSTEP 
C!1,J,1)=1.D~15 

22 W!J,l)=1.0-16 
C BcT CORRELATION CONSTANTS A B PO 

A = 0.00315 
6=511.3991 
PG=U2105 
FACT1=VEL/DLGTH+EPSBED/DTHETA 
JCOUNT=l 
K1<=1 
KKK = 1 
JJJ=2i 
1 = 1 
K = 2 

C START CALCULATION OF GRID 
20 C! I,l,K)=C0/10.^-*6./R/TEHP 
21 DO 30 J=2,NLSTEP 

W ! J , K ) =CK1"»DTHE T A * ! WINF-VI ( J , K-l) ) +W! J , K-l) 
IF!W!J,K).LE.0,0) W{J,K)=1.D-16 
C!I,J,K)=C!I,J-l,K)*!yEL/DLGTH/FACTl)fC!I,J,K-l)*!EPSB 

lED/DTHETA/FA 
lCTl)-DENBED>(W{J,K)-W(J,K-i))/OTHETA/FACTl 

JCDUNT=JC0UNT+1 
IF(CII,J,K).LE.0.0) GO TO 400 

30 CONTINUE 
GO TO 402 

400 DO 401 J=JCOUNT,NLSTEP 
W I J ,K ) =CK1*DTHETA^^- ( U'l NF-W ! J , K-l) ) ^\: ( J TK-1 ) 

I F ! W ( J , K) . LE, 0 . 0 ) i; ( J , K ) = 1. D-16 
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C!I,J,K)=1,D-15 

401 CONTINUE 
402 KK=KK+1 

JC0UNT=1 
KKK=KKK+I 
IF!KK.GE.6) GO TO 32 

31 K=K+1 
GO TO 20 

32 CONTINUE 
KK = 1 
IF!KKK.GE.JJJ) GO TO 34 

33 00 35 J=2,NLSTEP 
C!1,J,1)=C!1,J,6) 
W!J,1)=W!J,6) 

35 CONTINUE 
K = 2 
GO TO 21 

34 CONTINUE 
DO 44 J=l,NLSTEP 

44 CP! I,J,K)=C! I, J,K)*R»TEKP^^l-E+06 
WRITE!I OUT,40) KKK 

40 FORMAT! 1HG,23H COrJCENTRAT I ON PROFILE , 2 X , 3 H K= , 2 X , 1 6 ) 
WrUTE! I OUT, 41) !CP! I , J , K ) , J = 1 , NLSTEP) 

41 F O R M A T ! I I F I O . 5 ) 
J J J = J J J + 2 0 
I F ! K K K . L T , K T 0 T ) GO TO 33 

36 WRITE! IQUT,42) KTOT 
42 FORMAT!//,3X,37H PROGRAM MADE KTOT TIME STEPS, KTOT = 

1 ,16) 
CALL EXIT 
END 




