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THE fltIRACTI OF NITROGEN AND CARB(] DIOXIDE 
VITh UNSUFPTED ORG/iN IC FILMS 

flTRODUCTIcV 

Filiform corrosion 

Corrosion occurring OEl metal surfaces coated with protective 

lacquers and paints is a probloir widespread and not well understood. 

Many attempts have been rde to inhibit and prevent such corrosion; 

none are completely successful. 

The original observation of corrosion occurring "underfiim" 

in a thread or hairlike fashion s reported by Sharinan in 1944 (11). 

This phenomenon was described as flliform" rusting of a steel plate 

that followed a threadlike track under an oil modified sthetic 

lacquer and is capable of spreading fairly rapidly from its point of 

origin. In a later review (12), the phenomenon was reported to 

occur on steel whether the surface was bare, lacquered or heavily 

painted. It is 1c-own to occur on polished steel specimens such as 

ball bearings and razor blades and even on steel that has been elec- 

troplated with nickel, copper or chromium. Aluminum and ngne3ium, 

among other metals, are readily attacked by this interesting manner 

of corrosion. Without a dot, the process is a universal problem 

of industrial significance as well as a laboratory curiosity. 

Â mature rust filament is from 0.1 to 0.5 nn wide and several 

hundred times as long. A growing filament travels along an almost 

straight course until it collides with a second f i1:.ment where it 
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tUl'flS and aJ.n.ost never crosses the second. After a time the entire 

nta1 surface becons covered vith nuzirous filaments, 

A most interesting feature of filiform corrosion is the struc- 

ture of the growing filament Ttheadtt that pushes forward undiminished 

in size or activity as growth proceeds. It appears to contain a 

rnall amount of bluish gray liquid within a semicircular boundary 

on its forward edge and a V shaped edge sharply separating it from 

the dry red deposit of rust. behind. 

To initiate the filif arm process, the surface coating, i.e., 

lacquers, paints, etc,, must be disengaged from the metal and a cell 

or head formed. There is evidence that the process is initiated at 

some weak point such as discontinuities and defects in the coating 

itself. In the laboratory, the process rmy be initiated by scratch- 

ing a lacquered steel panel ith a razor arid then exposïng the 

scratched surface to a corrosion stimulant sth as acetic acid 

vapors. certain atmospheric contaminates have also been known to 

stimulate growth. A similar type of corrosion involving "mounds" 

and "chains" has been initiated by srail droplets of water (12). 

The true "fili.form" or "underflim" type of corrosion occurs only 

when the relative humidity is greater than 65% and less than 95%. 

Inhibition by phosphate pretreating and organic inhibitors 

is not very effective. Only by coating with an impermeable filin 

such as paraffin can corrosion be altogether stopped. 
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Organic f i]jn 

In the caso of iron surfaces coated with very thin layers of 

organic lacquers, filiforn corrosion is easily propagated for labor- 

atory study. Those lacquers are of niny different formulations in- 

cluding oleoresinous, vinyl, phenolic, epoxy, alkyd and hydrocarbon 

types. Such coatings are commonly used to protect Iron base "tin" 

cans frorn foods, These linings or films are transparent (pigment 

free) lacquers chosen specifically to meet the requirements for the 

food product to be packed. 

In the corrosion process the filin is thought to play a very 

specific role. A corrosion mechanism advanced by S].abaugh and 

Grotheer (14) proposes the filin to serve as a semipermeable, osmotic 

merbrane that passes moisture from the air into the "head" under the 

flint where rusting takes place. The head or point of rusting ad- 

vanees along the threadlike course leaving behind a hydrated ferric 

oxide filament, I 5econd role played by the film Is disclosed by a 

more vigorous growth of the threadlike filament ith increasing film 

thickness. The thicker filin serves as a more abundant source of 

organic salts that are important in the process of moisture diffus- 

Ing through the film. Leaching of the salts from the film is indi- 

cated. These salts become solute particles within the filament head 

and help establIsh an osmotic pressure across the film, Then by 

osmotic diffusion moisture is supplied for corrosion. In this mech- 

anism the film actually contributes to the corrosion process. 



Thus, it cn be seen that even though the application of 

organic films to food cctainer surfaces and the like is a wide- 

spread practice of roc oized value there are certain obtrusive 

lL'itat ions. 

Interaction of gases 

To develop niore fully the proposed role of organic films in 

the corrosion process, a study of the Interaction of gases and vapors 

Involved vith the f ums has been undertaken. Since iaost £iliformn 

corrosion has been observed in air with the necessary humidity condi- 

tin intioned before, the Interaction of water vapor and the gases 

of air is of particular Interest. 

Slabaugh, et al (15) undertook the analysis of the sorptive 

properties of eight organic films typically used in container prep- 

aratjons. In this work the interaction of water vapor was investi- 

gated in hopes of explaining the filin structure and how moisture 

penetrates the film. Classical BET areas and related pararxters 

found in this study suggested important anomalies. 

A similar investigation is the subject of the present study 

in which the interaction of nitrogen and carbon dioxide with the sane 

eight filma is e,camined. Nitrogen is not only of interest as a coin- 

panent of the air, but also because it is profusely used as an adsorb-. 

ate for reliable low temperature surface area determinations for porous 

itdia. Carbon dioxide, though only a snU percentage in air, has 

several possibilities and consequently its interaction is of interest 
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here. The acïdic natn-e of carbon dioxide makes it a possible suspect 

for the formation oÍ' some water soluble species that may participate 

as solute particles in the proposed mechanism. Or perhaps some species 

are formed that stimulates the process the same as do acetIc acid 

vapors. Also, carbon dioxide is own to be a component In some cor- 

rosion processes, e.g., lead in air forms a corrosion film of lead 

coi'bonate. 



EXPERIINTAL 

The approach 

The first approach to this investigatici was aind at obtain- 

Ing adsorptii isothernis for testing against the BET theory of multi- 

layer physical adsorption. This was after S1thaugh, et al (15) in 

their investigation of the interaction of water v:or with these 

same films. However, after a preliminary investigation to determine 

the time required for the gas to reach equilibrium with the samples, 

a kinetic study was deemed necessary to explain the interaction of 

carbon dioxide. 

In hopes of describing the nature of the adsorption of carbon 

dioxide and perhaps learning something about the sites active to this 

gas, the behavior of the classical chemisorption rate eqtion due 

to Elovich (1) was examined. 

Samples 

The eight films used in this study were part of those previous- 

:Ir prepared by Slabaugh in the study mentioned abave . They were care- 

fully prepared as organic coatings of tin plates and then they were 

removed from their metal s.thstrates in unbroken, unsupported pieces 

and rolled into convenient packages of 300 to 350 ng each. Each film 

could be hwtg in the apparatus for study without the use of a con- 

tamer. Removal from the tin platea was achieved by dipping the edge 

into a shallow pooi of mercury. The resulting tin amalgamation at 

the film-metal interface loosened the film and permitted its removal. 
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In Slabaugh's work a nrked difference was noted between fibns 

that had been removed from Un or steel by snaking the nt.a1 plate the 

cathode in a electrolysis r.'thod and filmz that had been removed by 

a1garition. Those fflrns removed by ani1garnation shawed 20 to 30% 

fewer sites reactive toward water than those removed by electrolysis 

and are considered to be more nearly identical to the original film 

structure than those tained by electrolysis. Therefore, the samples 

chosen for the present study are those epared by aimlgai.ìtion. 

Identification and descriptive compositions are listed in Table I. 

Most of the kinetic studies were made only on f lira number 1, 

the oleoresinous type. No particuir.r advantage was considered in 

choosing this sample over the other seven. 

ßquipnEnt 

The extent of gaseous interaction with the films was determined 

by nasuring the change In weight of a 300 to 350 mg sample of film 

at appropriate time intervals by means of an eight piace gravimetric 

balance equipped with calibrated helical quartz springs. The elonga- 

tin of the springs from which the samples hung corresponds to a gain 

in the sample weight. AU eight samples were simultaneously exposed 

to the adsorbate gas which was admitted in controlled amounts and 

whose pressure was measured by a mercury manometer. Vhile taining 

the adsorption rate data the samples were maintained at a constant 

temperature by means of liquified nitrogen or a suitable slush mixture. 



g 

TABLE I 

Specifications of Films Exìxnined 

Fi]JU Nunber Type Free Film Thickness 
x io4, inches 

i Oleoresinous 31 

2 Phenolic 3.5 

3 Vinyl (heavy) 4,0 

4 Vinyl (light) 2.2 

5 Alkyd 3.1 

6 Epoxy 2. 

7 Hydrocarbon A 3.4 

8 Hydrocarbon B 3.5 

The adsorption b1ance used is illustrated in Figure 1. The 

essential component of the balance is the sensitive (approximately 

i imi / mg) helical quartz spring which supports the sample in an en- 

closed tube. The elongation of the spring is observed by projecting 

an image of a coded mark made on the fine glass hanger between the 

spring and sample onto a screen. By reflecting the projected beam 

with a suitable mirror a longer optical path was available for great- 

er magnification. In the balance so constructed a magnification of 

twenty five tintes the actual vertical movement of the spring was 

obtained. This provided readings In the change in weight of the 

sar1es with an accuracy to within 0.025 mg. 



The mirror in the projection system was found to be slightly 

non-planar. After extensive calibration with glass weights carefully 

'mighed ori a microbalance the nan deviation for any of the eight 

projection units was shown to be less than 3% over the entire length 

of the mirror, The spring constants were then derived from aU data 

excepting those values equal to or greater than four times this mean 

deviation, 

The glass adsorption tubes containing the quartz springs were 

housed in a constant temperature air bath maintained at 35.5 ± 0.10 C. 

The sensitivity of helical quartz springs to temperature changes is 

calculable (2) since only the torsional modulus of quartz is appreci- 

ably temperature sensitive, Assuming the sensitivity (extension per 

load) to be i ¡pjij / mg at 35° C, a rise of 10 changes the sensitivity 

to 0.99991 nmt / mg, This difference when magnified twenty five times 

represents an approximate 5% change in the spring constant. By main- 

tairiing the temperature to ± 0.1°, the variation becomes completely 

negligible. This was accomplished by continuot1y circulating air 

over light bulb heaters actuated by a thermoregulator - relay system 

located in the adsorption tube housing. 

Most gravimetric balances are influenced by bouyancy; however, 

the effects experienced with carbon dioxide were negligible at the 

low pressures whore nost of the experiments were performed. The same 

was the case with nitrogen except when higher pressures vere used, In 

all cases immediately after allowing the adsorbate gas to enter, the 

zero points were remarked. This proved to be a successful procedure 



as the amounts of gas adsorbed in the short time taken to again mark 

the zero points was indeed very small. 

Precision high-vacuum stopcocks lubricated with Apiezon N 

grease were used in the construction of the all-glass vacuum system. 

Each of the eight adsorption tubes could be independently opened to 

the manifold comprising mercury and oil manometers, a Mcleod gauge, 

gas storage buThs and a gas purification train. Pumping was accom- 

plished by a single stage mercury diffusion pump backed by a conven- 

tional oil rotary pump. Â trap filled with copper turnings arid kept 

at _7° C was installed between the manifo1 and the gas adsorption 

tubes to prevent the slow transfer of mercury from the ometer ito 

the cold samples. Without it, a sl weight gain in the samples was 

served which was caused by condensation of mercury vapor in the 

cold area. 

The temperature of all constant temperature mixtures 'was read 

from an ammonia vapor pressure thermometer. The two slush baths used 

were made of dry ice - isopropyl alcohol and solid - liquid chloroform. 

Temperatures obtained in this 'way wore constant over the entire ex- 

periment and could be reproduced within ± 0.10 C Individual Dawar 

flasks were used for each sample except for temperatures in the range 

-40 to -60° C. Temperatures in this region were accomplished by irm- 

mersing all eight sample tubes into one large bath of isopropyl alcohol 

which was pumped on signal from a thermoregulator through refrigerated 

coils at -7° C and back into the insulated vat. Ali temperatures 

were constant to within ± 0.10 C. 



BLOWER 

LIGHT 

BULB 
HEATE 0 

b 
ti 

VAPOR PRESS. 
THERMOMETER 

CONSTANT TEMP. 

AIR BATH 

III 
QUARTZ SPRING 

Ii 

CODED 
GLASS HANGER 

FILM SAMPLE 

SLUSH MIX 

GAS STORAGE 

GAS PURIFICATION 
TRAIN 

'\MCLEOD 
GAUGE 

TO PUMPS 

MERCURY 
M AN 0M ET ER 

COPPER TRAP 

- - 
SCREEN 

nui 

In I1L-JN.. MIRROR 
III L-< 
ltJ_ c® 

t1j CODED GLASS 
n HANGER U- SAMPLE 

PROJECTION SYSTEM 

FIGURE I. GRAVIMETRIC ADSORPTION APPARATUS H H 



19 

Preliminary operations 

The true weight of each sample was tained by subtracting 

the weight of ali adsorbed gases from the gross weIght of the sample 

determined :in afr. Each sample was weighed in air to within O.]. mg 

and inmiediately- suspended in the adsorption balance which was then 

sealed and evacuated. Lìmdiately, the spring positii was noted, 

.rking the zero point. À zero point narked before evacuation was 

found to be in error by approxintely 0.2 mg because of bouyancy. 

After complete outgasing of the sap1es the weißht changes were 

determined and the true weight obtained by subtraction. 

Outgassing was considered complete when the samples ceased to 

change in weight upon evacuatii at room mpur. With water ad- 

sorbed on the samples at least twenty four hours viere required for cut- 

gassing whereas after adsorption of carbon dioxide at low temperatures 

only two to four hours of pumping at room temperature were necessary 

to effect a steady sample weight . Not always could the ect zero 

points be reproduced; this prompted an investigation of outgassing at 

elevated temperatures. It was found that a change in the sorptive 

properties of the films occurred upon heating them to 95 C for one- 

half hour while in a vacuum. A standard procedure of outgassing was 

then adopted wherein the samples were evacuated at room temperature 

until constant in weight, then adjusted to the desired temperature for 

adsorption and the zero points were iìrked just after admittance of the 

adsorbate gas. 

The adsorbate gases were prepared in the following wa:. 
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Nitroea was ±tained from a coimnercial cylinder and purified by pass- 

ing it over hot copper turnings and then through two separate cold 

traps at liquid nitrogen temperature. Carbon dioxide was derived fron 

either decomposed sodium bicarbonate or dry ice. Purification was 

accomplished by trapping out the water vapor as the carbon dioxide was 

transferred to a second trap where it was frozen, moderately outgassed 

and slowly evaporated into a bulb for storage. 



RESULTS AND DISCUSSIC 

Interaction of nitrogen 

ju 

AU eight films were simultaneously exposed to gaseous nitrogen 

at -196° C and a relative pressure of 0.6. (Relative pressure is de- 

fined as p / p0, where Po is the vapor pressure of the liquid adsorbate 

at the temperature of adsorption). A period of seven hours was allow- 

ed for interaction. No adsorption was detected in any of the films, 

The low temperature adsorption of a gas on the surface of 

solids is uswìlly found to be of the "van der 1aa1s" or "physical" 

type. Such adsorption involves undirected and relatively non-specific 

forces similar to the van der Waals forces between molecules. kily a 

small, negligible activation energy is rqufred and at low temperatures 

it accounts for the predominance of the physical adsorption over the 

less common "cheinisorption" type. 

Physical adsorption is characterized by a rapid increase in the 

amount adsorbed at high relative pressures. This is due to the forma- 

tion of multiple superimposed layers of adsorbate on the surface. 

This type of adsorption on surfaces that are extremely irregular and 

porous leads to extensive condensation within the pores. Such adsorp- 

tion is the result of capillary phenonna characteristic of the ad- 

sorbent's surface. 

The absence of any nasurable interaction of nitrogen indicates 

either an absence of irregularities and pores in the surface of the 

films examined, that any pores that may exist are too small for 
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nitrogen molecules to enter or that the forces o± attractiofl between 

the surfaces of the films are too weak to cauce appreciable thteraetion 

manifested by a weight gain. Recent work by S1abauh (13) on the in- 

teraeton of water with these fi1rs thdiate a hysteresis in the iso- 

therm on desorption. This excludes the first case nntioned while a 

consideration of the size and geometry of the nitrogen end water mol- 

ecules rules out the second. The latter case is considered a reason- 

able explanation of the experimental observation. 

From this result it riy be concluded that nitrogen does not 

interact with any of the films examined and probably does not partici- 

pate in the corrosion. 

Interaction of carbon dioxide 

The nature of adsorption 

The interaction of carbon dioxide was first examined by at- 

tempting to obtain adsorption isothermns at. -52° and -59° . Prelim- 

mary investigation of the time required for the gas to reach equilib- 

riumn with the fiLas indicated that a period of five to six hours is 

sufficient. When plotted in the well Iiown straight-line relationship 

of Brunauer, ßmntt and Teller, the data appeared snewhat scattered 

and erratic. None of the rwis vs reproducible. Approxiticns of 

heats of adsorption from the isotherms obtained resulted in large, 

inconsistent values, sometimes positive in sign. A more thorough 

investigation of the time required to reach equilibrium was then nìde 

which revealed a very slow, almost undetectable gain in weight of the 
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samples beyond the five to six hour period previously thought suffi- 

cient. ie run de at _5O C and a relative pressure of 0.05 ndï- 

cat.ed that ail films were stun slowly adsorbing carbon dioxide after 

a lapse of thirty nine hours. Films numbered 1, 4, 5 and 8 showed a 

greater tendency toward equilibrium than did the other four. 

Such slow adsorption is typical of the "chemical" type of ad- 

sorption, i.e., chemisorpt.ion, which is the result of bonding forces 

comparable with those leading to the formati of chemical compounds. 

Chemisorption ny be regarded as the formaticxi of sor sort of surface 

compound involving an appreciable activation energy and relatively high 

heat. of reaction. As expected from the nature of the forntion of 

chemical bonds, chemisorption shows a decrease in the amsunt of gas 

adsorbed with decreasing temperature. For a given activation energy, 

the rate of adsorption is also temperature dpendent, decreasing with 

decreasing temperature. At sufficiently low temperatures, chmisorp- 

tion should largely subside; the physical type of adsorption should 

prevail. In contrast to chomisorption, physical adsorption increases 

with decreasing temperature and at a given temperature and pressure 

equilibrium is reached fairly rapidly. 

In order to investigate the temperature effect on the slow ad- 

sorption experienced at _580 C, the rate of adsorption was determined 

in run number Cc-5 at -76.5° C. The run continued for a period of 

twenty eight hours. A plot of the amount of carbon dioxide adsorbed 

versus tine is riven in Figure 2 for all eight films. It was noted 

that the slow adsorption did not cease. 
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Another run, CO2-9, was nade at _63.50 C for a ruare complete 

comparison of the adsorption rates at the low teiieratures. This rtui 

and all those succeeding it were nade on film nuniber i only, the oleo- 

resinous type. Each was succesfu1ly duplicated within experinierital 

error, Figure 3 shows the rate curves for these runs nade for the 

purpose of elucidating the tenerature and presure dependence of the 

slow adsorption phenonnon. The conditions are given in Table III. 

In all runs the nornl temperature and pressure dependence of 

cheimtsorption was observed. Restricting the discussion to filin nuner 

1, a eparison of runs O27 and CO2-9 reveals a seven and one-half 

fold increase in the initial rate of adsorption at the higher tempera- 

ture. Unless the adsrption has gone to comp).etion, the amount of 

gas adsorbed at the two temperatures cannot be strictly compared. In 

some cases, a variation in the temperature may actually change the 

nature of adsorption and the slower process iry £inafly result in a 

greater amount of gas adsorbed. Assuming no such complexities in this 

case and taking the liberty of extrapolation, a slight increase in the 

total amount of carbon dioxide is indicated for the higher temperature. 

In a comparison of runs 002_7 and CO2-l1 in which the temperature was 

held constant, the initial rate increased by a factor of seven when 

the relative pressure was increased four fold. The total amount of 

gas adsorbed was more than doled. These results are evidence of 

true cheniisorption. 

A sharp differentiation between adsorption of the physical and 

chemical types is not always possible since under certain conditions 
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the two will take place simultaneously. The conditione of run C0-U 

are most favorable for adsorption complexeci in this way. 

A hint or physical adsorption in this run was observed in a 

s1ijt reversibility upon pumping while the low temperature was xrnuin- 

tamed, Approx1xnte1y 2.5 mgJg was slowly desorbed after which the 

saxip1e remained constant in weight. Ccmiplete outgassing of the sample 

was achieved upon warming to room temperature. An absence of' physical 

adsorption to any- appreciable extent, however, can be shown by a cal- 

culation of the amount of carbon dioxide required to forni a monolayer 

on the surface. less than a monolayer present under the conditions of 

the run would indeed indicate no great amount of physical adsorption 

since physical adsorption increases rapidly with pressure with the 

fornMion of multiplo layers of adsorbate. Using a sample area given 

by water vapor adsorrtion isotherms, a value of 37 m/g s tained 

for the required weight of a monolayer. This is more than the amount 

of carbon dioxide adsorbed in run 002-U, realizing that adsorption 

s not yet complete. 

For the most part, the nature of the interaction of carbon 

dioxide with these eight films is of the chemical type. A further 

analysis of the process of interaction is given by a kinetic study 

in the following section. 

Chemisorption kinetics 

The rate of slow chernisorption in a large variety of hetero-. 

geneous systems has been satisfactorily described by the Elovich 



equation 

dcjdt a exp (-oq) 

.3 

in which the rete i seen to decrease exponentially with the amount 

of gas adsorbed q, The equation was first shovn to apply to the cat- 

alytic oxidation oi CO on Mn02 ('9) and has srLr.ee been found valid 

for a rather 1are body of data including a nimber of catalytic sys- 

tenis (16), the forntion of oxide filins on metals (9) and the cor- 

rosion £flJIi forntion of copper in aqueous solutions (3). The ease 

of its verification and the significance of its interpretation pronpt- 

ed its test with the experinental rate data of Figures 2 and 3. 

Taylor and Thon (16) have adequately interpreted the equation 

in relation to the concept of active center decay kinetics tri lwni- 

nascence and photoconductivity In solids. Other interpretations have 

been advanced (5) (e). Landsberg (5) has derived a logarithmic rate 

law far cheiuisorptii and oxidation which is tantamount to the Elovich 

equation. The mechanism proposed by Taylor and Thon is as follows: 

1. Surface sites active to the chernisarbable gas do not pro- 

exist, but are produced on contact between the solïd and 

the gas in a quasi-explosive way. 

2. Very rapidly a steady state is established in which the 

newly produced sites spontaneously decay following first- 

order kinetics. At the stage where this "initial" steady 

state site concentration is reached, a moro or less con- 

siderable nnssivett amount of gas, designated as has 

adsorbed. 



3. Up to this point the rate of chemis'ption is determined 

by the nass acticti of the adsorbable gcs hence of the 

pressure. Beyond the slow process sets in and the 

rate becons pressure independent and is governed solely 

by the availability of sites. A changeover from first-. 

order decay kinetics to second-order is observed. 

4. The decay of sites is a biniolecular process involving site- 
site interaction and repeated site-molecule collisions 

resulting in annihilation of a nuirber of sites prior to 

adsorption of the ntoiecule. A novel feature of the con- 

ditions for Indsberg's derivation is tho cooperative ef- 

fects among sïtes in which if one site is occupied, other 

sites cooperate to retain the adsorbed molecule. 

When the amount of gas adsorbed, q, equals zero, the constant 

in the Elovich equation obviously represents the initial rate of ad- 

sorption. It is the ss action of the gas that determines this rate; 

therefore, a is proportional to the gas pressure, usually to sose 

fractional order. With rising temperature, a increases with an acti- 

vation energy of the order of 10 kcal. This initial velocity, when 

calculated from a suitable plot of the rate equation ( see the following 

section) , is found to be markedly less than the experimentally meas- 

ured value, a, which is obtained from the amount adsorbed in the 

first time period. This means that the slow adsorption is preceded 

by a very rap.d massive initial adsorption not governed by the expo- 

nential law. Upon contact of the chornisorable gas with the surface, 
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a very large nwzber of active sites are created. A ssive amount of 

adsorpti takes place as the sites begin to decay and within a short 

time a steady state is established. Soon afterwards the exponential 

rate law takes aver. The amount of this initial adsorption, 

practically first-order dependent on pressure and increases slightly 

with temperature. 

Taylor and Thon derived two relations for the rate of site 

decay. Letting n be the n]omentary concentration of sites, they are 

and 

- dn/dt cn (dqjdt) 

- dn/dt = kon2 

where the significance of can be seen from the formulation 

_(dinn/dt)/(dqjdt) 

Here, c is the relative rate of site decay. In the first equation, 

06 represents the rate of site decay for a given site concentration 

and rate of adsorptïon. The value of corresponds to the efficiency 

of site annihilation by ari interacting gas molecule; it expresses the 

probability of the annihilation of sites upon repeated site-molecule 

interaction. A plain molecule-per-site inactivation is inconsistent 

with the exponential law. The relative rate constant is then charac- 

teristic of the nature of the sites involved in the adsorption. If 

during the course of slow adsorption a change in c' occurs, a change- 

over from one kind of site to another is indicated and is evidence of 

suriace heterogeneity. Sueh discontinuities have been demonstrated 

by Low in the chemisorption of hydrogen on ruthenium surfaces (7). 
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The experinients of Leibowitz, (6), in which a sudden 

change in the gas pressure occurred during the later stages of ad- 

sorption, deric*strto the independency of ¿ on pressure. This re- 

flects the sole dependency of the adsorption rate on the concentra- 

tion of sites. With increasing initial pressure, a slight decrease 

in ó noriaUy occs. A large change in with changing initiai 
pressure implies a change in the adsorption process 'with the f orne- 

tien of a new type of site. With rising temperature there is a de- 

crease in &.; this is prthably due to the creation of a larger number 

of sites during the initiai adsorption. A bimolecular annihilation 

of sites is revealed by the second equation of Taylor and Thon given 

above. 

Anonalies in the behavior of the Elovich paranters, as in- 

dicated before, are evidence of surface heterogeneity. Variations 

in the activation energy with the amount of gas adsorbed are usual- 

ly considered evidence of heterogeneity of the surface. The concept 

includes a spectral distribution of sites over activation energies 

that follaws a definite analical distribution law. Leibowitz, 

however, have shown that the conventional nthod of calculating ener- 

gios of activation for adsorption is unjustifiable on the basis that 

the Elovich relation is a decelerating process, to an extent dependent 

on which is itself temperature dependent. This nthod uses the 

Arrhenius equation in the form d in v/dt = E/RT where y is the veloc- 

ity of adsorption at comparable stages of adsorption at various temp- 

eratures. The use of the relation in this form stems from the 
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impossflility of ca1cu1atin specific rate oonst&nts, The coiriparablo 

velocities are achieved by substituting the times required Lor ad- 

sorption of oqu1 vo1uns of gas. According to Leibovitz, , the 

nthod is invalid and results in naning1ess activation energy values. 

Similarly, variations in heats of adsorption with increasing amounts 

oÍ gas adsorbed have becn exp]Juined by a spertral distribution of 

energies and is considered evidence of surface heterogeneity. It has 

been shown by Taylor and Thon (16) that the energy values are actually 

'oporticzial to the momentary concentration of sites by the exp(- q) 

law instead of the type of sites. Surface heterogeneity has lost 

some powerful manifestations. It can, however, be easily discovered 

in the behavior of the Elovich paranters. 

Application of the Elovich equation 

When the Elovich equation, 

dq/dt exp (-aq) (1) 

is integrated, it rny be written in the form 

with 

q = in (t + t0) - in t0 (2) 

to = (3) 

Equation (2) has the form of a straight line and when q is plotted 

as a function of in (t + t0), it provides a test of the Elovich 

equation. The relative rate constant, , , is found from the slope 

and ,, the initial rate, is then found by equation (3). The parameter 

to is disposable and determined by trial and error; its physical sig- 

nificance is illusory, being a hypothetical zero point time for the 



beginning of the slow adsorption and the Elovich law. with a cor- 

reetly chosen t0, the plot gives a straight line; with to too smafl, 

the plot i convex, and with t0 too large, it is concave to the axis 

of ]n (t . 
t0). The amount. of initially adsorbed gas, can be 

deducted by extrapolating t-'-O. In the plot, this is done by taking 

the value of q at the abscissa in t For conarison with , calcula- 

ted as above, an observed initia]. rate aob is determined by drawing a 

tangent to the first part of the rate curve and taking its slope. 

Figure 4, a plot for the adsorption of carbon dioxide on filin 

number 1 at -76.4° C and p/p0 0.134, serves as an illustration of 

the procedure. 

The method suffers from the inability of choosing unique values 

of t0 and may often yield imprecise and misleading results. In the 

plot of Figure 4, clear-cut departures from straight line behavior 

were not observed within the boundaries to 450 and to 600; values 

of to over a rather wide range were required to adequately illustrate 

the departure. Boundary values were obtained for each of the param.- 

eters by using the extreme values of t0 that represent straight line 

behavior. In this case, values for a were obtained to within p4%, 

for to within ±10% and to within 10% The results of all 

runs tabulated in Tables II and III are those from the best straight 

line plots and are accurate only to within the limits stated 
above, 

Data for each test were taken directly from the rate curves of Figures 

2 and 3. A moro precise, but extensivo method for testing the Elovich 

equation has been described (lo). Its use is not warranted here 



LI 

7 

06 
O 

a 

w 

o 
u) 

44 
I- 

z 
D 
o 

4 
a 

27 

/// = 

I 

/!!.to $ $00 

300 

300 

\Ìt y 

¡/1 hi 
II Ï 

I;,! I 
I 

ci 

g, 

o 
f I 

o o, 

0 O 
I, I 

?' 

/ I, 

I 

_yto I 
LOGtØ 

I1L 

2.6 2.8 3.0 3.2 3.4 

LOG (t#t) 

FIGURE 4. ELOVICH PLOT FOR 
NO.1., RUN CO2-7 

FILM 



28 

because of the nagerness of the data to be tested. 

The test of the Elovich equation as applied to the adsorption 

data of the eight organic films examined in runs CO2-5 and CO2-7 at 

-76.5° C and a relative pressure p/p0 = 0.129. The adsorption on ali 

films exhibited linear plots without discontinuities, similar to Fig- 

ure 4. Homogeneity of the surface sites was indicated for ali f i2.in. 

The Elovich paranters were determined for each filin by the nthod 

described. The8e are suiwrrized in Table II. Values for a vary be- 

tween 0.0029 and 0.029 mg/g min. while Z ranges between 0.069 an 

0.32 ß/!flge The amount of initially adsorbed gas, 
, 
ranged in 

value from 0.45 /g up to 3.0 mg/g. The data used in the plots were 

taken from run C0-5. Run 002-7, a rerun of 002-5, showed a slight 

shift in the rate curves except for films 1 and 4, prably due to 

experimental variation in establishing run conditions and zero points. 

From Table II, the hydrocarbon films, 7 and 8, show the great- 

est tendency to adsorb carbon dioxide, as indicated by the a values, 

while the phenolic filin, nuither 2, exhibits the least affinity of aU. 

Thi8 is also bore out in the curves of Figure 2 since less than a mono- 

layer of carbon dioxide has adsorbed on any of the eight films. 

If is taken to indicate a certain relative nurther of sites 

eliminated by a single adsorbing molecule, an efficiency of site an- 

nihilation, and if ali the sites eliminated cooperate to retain the 

adsorbed molecule, the relative size of z must also indicate the rei.. 

ative forces of attraction between a single site and a single adsorbed 

molecule. Foliowing this interpretation, the values for films 



TABLE II 

lovich parameters for the rate of chemisorption of carbon dioxide 
on organic filias at -76.5° C and p/p0 = 0.129, Run CO2-5 

3. 

2 

3 

4 

5 

6 

7 

a 

Filin a a,/a to 

Oleoresinous 

Phenolic 

Vinyl (heavy) 

Vinyl (light) 

Alkyd 

]poxy 

Hydrocarbon A 

Hydrocarbon B 

zng/g min min g/xng 

0.032 0.013 

0.010 0.0029 

0.021 0.0062 

0.037 0.016 

0.020 0.0054 

0.03e 0.00a9 

0.060 0.019 

0.075 0.029 

2.5 500 0.15 

3.0 1500 0.22 

3.4 500 0.32 

2.3 500 0.13 

3.7 850 0.22 

4.3 500 0.23 

3,2 700 0.075 

2.6 500 0.069 

mg/g 

o 75 

0.45 

0.53 

1.1 

0.60 

0.85 

1.9 

3.0 
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2, 5 and 6 which are identical and ten time8 larger than the values 

ot films 7 and indicate much weaker sites for these films 

than for the latter films. This order corresponds to the order of 

adsorption tendency; weaker torces of attraction result in leas ad- 

sorption. 

A comparison of the o values for the vinyl films reveals a 

slight influence on the effectiveness of site-molecule interactions 

by the film's thickness. Filin 3 is almost twice as thick as film 4. 

Although the significance of the available data is not conclusive, 

the larger vrlue of for the thicker filin suggests a weaker site 

that is less effective In retaining an adsorbed carbon dioxide mole- 

cule and in some way it iny be related to the inore sed vigor of 

corrosion that occurs under thicker films. 

From Table III, the lovich parameters describing the adsorp- 

ticxi of carbon dioxide on film nuther 1 at different temperatures 

and pressures indicate a well behaved cheiniaorption process. iach 

run in which this filin was investigated was successfully duplicated. 

In rini 0027, the large value of the ratio (a,/) indicates 

the adsorption of an amount of gas, q0, prior to the onset of the 

slcs procese. The tims required for this adsorption is found from 

the rate curve of Figure 3 to be apprthnately 2 minutes. This is 

a longer time than expected for an "explosive" production of sites, 

but at higher temperatures and pressures it decreases rapidly. Taylor 

and Thon (16) describe systems wherein the nssive adsorption contin- 

ues over into the slow adsorption process necessitating a modified 
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TABLE III 

Elovich parameters for the rate of chemisorption of CO2 
on filin 1, oleoresinous type 

Run Temp p/p0 a a/a to 

ing/g min min g/xng zng/g 

CO2-? -76.4 0.134 0.032 0.013 2.5 500 0.15 0.75 

CO2-9 -63.5 0.132 0.24 0.071 3.4 100 0.3.4 0.80 

CO2-U -76.4 0.551 0.20 0.057 4.3. 200 0.088 1.8 

procedure for the determination of q At the low temperature and 
to 

pressure of this run, the °quasi-exp1osie" production of sites is 

largely inhibited. 

During the slow process in run 002_7 the exponential rate law 

applies with the parameters given above. Upon Increasing the initial 

pressure, the parameters and increased norr11y. The relative 

rate cistant decrea3ed to almost half its original 'u-alu., typical 

of its normal behavior. This change in c is not evidence of a change 

in the nature of the sites created; changes In by a factor of five 

or more are nornUy observed in such cases. With an increase in the 

temperature from -76.4° to -63.5° C, a large change in the initial 

rate was observed while the values of and q changed very little, 

if at ali. 

This regular behavior is considered evidence of a simple 



chem.tsorpticn process describing the interactions of carbon dioxide 

with the films examined. 

Chemni8orption, however, is probably not the only phenomenon 

taking place. As pointed out by 'ieiser (17, p. 41), other factors 

rrkìy and probably do contribute to the behavior of gases in contact 

with SOlidS e The slow uptake of gases by solids ny involve many 

phenomena. Of these, penetration of the gas into the solid is most 

likely. Rate studies alone cannot conclusively distinguish chemisorp- 

tion fron other slow processes since the kinetic laws applying to the 

uptake of gases take the same form whether or not these processes take 

place (4, p. 176-177). 

Heats of adsorption and activation energies are essential to 

any process that may occur. The sgnitude of the energy involved is 

often helpful in describing gaseous interactions. Values of the acti- 

vation energies calculated for carbon dioxide adsorption on film 

nunter i correspond to chemisorption and serve to further identify it. 

Table IV lists the activation energies that were calculated 

from rws C-7 and 002-9 by substituting the times required for ad- 

sorption of equal amounts of carbon dioxide at the two temperatures 

for y in the modified Arrhenius equation, 

a (T2-T 
log v2/v1 

2.303 R x T2) 

The values are considered reasonably accurate since the in- 

validity of the method of computation, discussed before, arises 

through a neglect of whatever causes to change with temperature. 
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TABLE IV 

Apparent activation energies for 
the adsorption of carbon dioxide 

on film 1, oleoresinous type 

Aivaunt CO2 adsorbed Apparent activation energy 
xn1g leal/mole 

2 13.1 

6 13.9 

10 14.1 

Fron Table III, the values of c are seen to remnEdn constant. The 

slight Increase the activation energy iith increasing amounts of 

gas adsorbed is due to the changing character of the surface (7), 

i.e., interactions among sites depend upon the amount of gas adsorbed. 



34 

FURThER INVESTIGATICVS SUGGESTED BY THIS STUDY 

The adsorption of carbon dioxide found to be a "chemical" type 

of adsorption haa suggested several possible investigations that may 

be regarding. Among them are the following: 

1. An investigation of the interaction of carbon dioxide with 

the films at higher teneratiwes, near room teerature where uiliform 

corrosion is nornally thserved, would be insti ctive. The determination 

of isars would describe the temperature dependence of the inter- 

action in detail, a function important in establishing adsorption 

anonlies. 

2. More detailed applications of the kinetics of hemisorption 

would help to distinguish between other slow phenomena such as penetra- 

tion of the adsorbed gases into the films. 

3. A filiforin corrosion test performed in pure carbon dioxide 

gas as well as carbon dioxide - water vapor mixtures would probably 

be the most rewarding. If carbon dioxide is found to inhance the 

corrosion process, it may in son wy be explained by a similar study 

of the interaction of acetic acid vapors that have long been known to 

stimulate such corrosion. 

4. Characterization of the cheniisorbed species by infrared 

studies such as those of lates (18) in the chemisorption studies of 

carbon monoxide and carbon dioxide on the surface of Ti02 rriiy revea]. 

an important step necessary to the filiform mechanism. 
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SUMMARY 

The interaction of nitrogen and carbon dioxide with eight 

organic films commonly used as coatings for natal surfaces has been 

studied. The films emined are lacquers of several different f ormu- 

latins including oleoresinous, phenolic, vinyl, alkyd, epoxy and 

hydrocarbon types. Such films aro thought to play an important role 

in the ichanisxa of f ilifor'm corrosion. 

Upon exposing the filis to each gas respectively, the degree 

of interaction wis determined by measuring the change in sample weight. 

The investigations were nade at temperatures near or below the texnp- 

erature of liquefaction of each gas and at pressures less than one 

atmosphere. 

The complete absence of any nasurable adsorption of nitrogen 

on the filins examined is indicative of the existence of forces of 

attraction between the non-polar nitrogen molecule and the film sur- 

faces that are too ak to cause surface-molecule interactions. This 

phenomena cannot be explained by the lack of pores in the surface, nor 

by pores that are too sxwU to permit the entrance of a nitrogen 

molecule. It is concluded that nitrogen does not participate in 

fihiform corrosion. 

The data *tainod for the interaction of carbon dioxide were 

examined with respect to the classical Elovich rate law for chemi- 

sorption. When the amoi.uit of gas adsorbed, q, c8 plotted versus the 

time function in (t + t0), rectUinear plots were exhibited for all 
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eight fi]jns. This indicates hongeneity in the surface sites for al]. 

filtn. 

The normal temperature and pressure dependence of chexnlsorptii 

was shon by the application of the Elovich equation to the oleoresinous 

film. This can be cousidered evidence of a simple chemisorptil proc- 

ess, which adequately describes the 1nteractic of carbon dioxide with 

the fthns examined. Further evidence of cheinisorptic*i is given by 

activation energy values that were calcu]ited by a modified Arrhenius 

equation. 

According to the interpretation of the relative rate constant 

advanced herein, the surface sites of the hydrocarbon type films are 

shown to be more capable of retaining the chenilsorbed carbon dioxide 

molecule than any of the other filins. The phenolic filin is least capa- 

ble of ail. The effectiveness of carbon dioxide - site interactions 

for the vinyl filins was noted to be influenced by the film's thickness. 

This may be related to the more vigorous corrosion that occurs under 

thicker f ii 
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