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ABSTRACT 

A series of iron oxides, a-FeOOH, y-FeOOH, and a-Fe203 , 

which have been identified as products .formed during corro.,.. 

sion, have been char~cterized with re~pect to th~ir -surface 
) 

properties and the effett of surface treatment~~ The 

samples used were all prepared in Sinclair Laboratory. Gas 

adsorption 1 using a ~ravimetric va~uum microbalance, was t~e 

principal experimental approach. The pretreatment conditions 

included high-temperature activation up to 400°C hexamethyl­

disilazane (HMDS) treatment, and treatment with methanol. The 

results show that for all iron oxides dehydroxylation of the 

surface occurs partially at 400°C, followed by partial re­

hydroxylation after exposure to water vapqr at room temperature. 

The HMDS treatment was found to effectively hydrophobe the 

surf ace to an extent which is limited by the bulky nature of 

this molecule, where the·cross-~ectional area of this molecule 

is estimated at 40.A.2. Experimental conditi.ons were found 

whereby, a relatively small molecule, such as methanol, could 

interact chemically ~nd quantitatively with surface hydroxyls 

to hydrophobe the surface more effectively. The stability of 

this type of treatment for extended periods of time is currently 

under further investigation. 



INTRODUCTION 

Understanding the surface properties of iron oxides is a subject of 

great importance. Not only does if give insight into the method by which 

further oxide layers are depos'ited, it is of critical value in the development 

of protective coatings for corrosive materials. The effectiveness of such 

protective coatings depends to a large extent on a) the interaction between 

substrate and coating and· b") the affinity for water of the metal oxide icoating 

interface. Poor understanding of this can be seen as blistering and 

delamirtation of coatings. The hydrophilic nature of iron oxides is of funda­

mental concern in any corrosion studies (1). Principles learned in studies 

of iron oxide-water systems may be extended to the growth of oxide layers in 

the atmospheric rusting of ferrous metals, the water retentioi:i capabilities of 

certain .soils, and the -adsorption of polar vapors on ionic polids. Experimental 

techniques for studies of surface properties necessitate the use. of high­

surface-area ,. small-particle-size samples. Mossbauer specfroscopy and 

x-ray diffraction have shown that the oxides investigated in this ·study 

('1(- FeOOH, Y- FeOO H, o<-Fe 2o 
3
) are, among others, present as corrosion 

products formed on iron exposed to the atmosphere ( 2). 

Literature pertaining to gas adsorption on iron oxides is ~ew in number 

compared to tbe amount available on the adsorption of gases on met~l o:?(ide 

surfaces. The mechanism for the adsorption of water on iron oxide surfaces 

has been studied in this laboratory prior to my investigation. ln particular, 

Mccafferty and Zettlemoyer (3) studied the interaction of water vapor with 

0:-Fe2o3 
using heats of immersion (_4), dielectric techniques (5, 6), and 

adsorption thermodynamics. Ther concluded (7) that water vapor chemisorbs 

on bare rl.-Fe
2
o3 by a dissociative mechanism to form two hydroxyls per water 

molecule. In their view, the hydroxyl group adsorbs on a surface Fe3+ ion 
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and the proton forms a second hydroxyl with an adjacent o 2- ion. The first 

layer of physically adsorbed water vapor on the hydroxylated substrate is 

localized by double hydrogen bondjng of a single ·water molecule to adjacent 

hydroxyl groups, as was shown by energetic, thermodynamic, and dielectric 

arguments. The multilayer adsorption w.as proposed to develop into an ordE;:red 

ice-like structure. An investigation of the 0<-F~ 2o 
3
/water system using 

infrared spectroscopy was conducted by Blyholder and Richardson (8). Their 

findings were that prolonged outgassing at 25°C was sufficient to remove 

physically adsorbed water, while underlying surface hydroxyls were completely 

removed by out gassing at 475°C Jurinak's study of this same system ( 9) utilized 

water adsorptions at various activation temperatures to conclude that roughly 

one-third of the <X-Fe 2q3 
surface is covered with chemisorbed or strongly 

physisorbed water. For my investigation, in which I'll attempt to occupy 

these adsorption sites with molecules other than water, high-activation 

treatment is necessary to free these sites. Morimoto et al. ( 10) studied the 

amounts of chemisorbed and physisorbed water on OC-Fe 2o 
3 

·in such a. way as to 

take the hydroxyl groups remaining on the oxide surface into account. They 

reported the ratio of the number of water molecules in the first physisorption 

layer to that of ~nderlyin g hydroxyl groups to be about 1: 2. 

The principal thrust of my tnve~tigation is in the area of modification 

of the surface properties of iron oxides, particularly to hydrophobe the 

surface. Previous work in this laboratory began this phase of the study. 

High-temperature treatment was studied and the use of hexamethyldisilizane 

(HMDS) was begun. This study continues those approaches and also incoropora­

tes the use of methanol for reasons that will follow in the following paragraphs. 

Modification of surface properties by addition of surface-active materials 

to the surface hydroxyls of silica is relatively common. HMDS was chosen for 
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this study for several reasons. First, it reacts quan.titatively with surface 

hydroxyls from the vapor phase even at room temperature. Second, several 

studies of the silica/HMDS system have been published. The interaction of 

HMDS was reported by Stark et al. (11), Hertl and Hair ( 12, 13) examined 

the reaction oftrimethylchlorosilane (TMCS) with silica, as did Hair and 

Hertl ( 15) for all the methyl chlorosilanes. ~ettlemoyer and Hsing ( 16, 17) 

first examined water interaction with silane~treated silica by a near-infrared 

reflectance (NIR) technique. They also found small amounts of NH
3 

adsorp­

tion on HMDS-treated silica. Kiselev and co-workers ( 18) also investigated 

the interaction of water with the TMCS-treated silicas. The third reason for 

originally trying HMDS was due to its large size, .the idea being that it 

would occupy one adsorption site and, by its bulky nature, block other ~ites 

much like an umbrella. This last point has been found to have an undesirable 

aspect to it. The steric hindrance which limits maximum coverage to 2. 5 

groups /100A2 
may not provide enough of a surface concentration to completely 

hydrophobe a surface that can accomodate 10 water molecules in the sarne area. 

Very little work has been carried out successfully to chemically interact 

lower alcohols, and especially methanol, with surface hydroxyls ( 19, 20). 

Their smaller effective cross-sectional area would permit greater surface 

coverage, thus occupy more of the adsorption sites, and thus a greater degree 

of hydrophobicity. One drawback may be that t}:le effect may wear off with 

repeated exposures to water vapor and so revert back to the original state. 

- 3 -



EXPERIMENT AL 

The iron oxide samples used in thi_s investigation, lX-FeOOH, Y-FeOOH, 

and {X-Fe
2
o 

3
, w.ere precipitated from ·solution. They were prepared from 

colloidal sols and then characterized. This .work was all dori.e in Sinclair 

Laboratory by graduate students M. H. K;mg and T. C. Huang. 

· To determine the specific surface area of these samples, a classical BET 

volumetric vacuum rig was used (see figure 1). A rotary .pump in conjunction 

with an oil diffusion pump were used to maintain a residual pressure of 

10-6 torr as measured by an ion gauge tube control unit (Veeco RG-21A). 

Dosing and equilibrium pressures were monitored by a 1000 torr Datametrics 

capacitive differential manometer,· with a sensitivity of 0.01 torr. Gases use~, 

helium and argon, were of high purity and were cleansed further by passing 

through a two stage system: 400°C copper ribbon to remove residual oxygen; 

a molecular sieve trap maintained at liquid nitrogen temperature to remove 

condensible impurities such as water vapor. All measurements were done at 

liquid nitrogen temperature (-195°C) .. 

The sample chamber's "dead volume" is first determined using the following 

formula: 

V = ( (Pd -P ) / ( P .., P , ).) Vd = R . V4 s e e e avg avg 

wher.e: 

Vs = sample volume 

Pd = dosing pressure 

Pe = equilibrium pressure 

Pe' = previous equilibrium pressµre 

V d = dosing volume 

3 . . 
V 

4 
= 16. 126cm for this CSCR rig 
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A value of R is obtained for each set of the readings. This is done using 

helium at liquid nitroge_n temperatures over the range 2 torr to 12 torr. 

Know.ing sample volume, Vs, one can calculate the specific surface area. 

A series of readings using argon gas are not taken over a range of 10 torr 

to 80 torr. Formulas used are: 

PV d = ( pd· -P ) Vd - ( P - P , ) V 
a s e e e s 

V ads = ( PV ads). 273°K/(( 760 torr)(T)(W)) 

where: 

T = room temperature in °K 

W = weight of sample in grams 

V ct· = cm
3 

of adsorbed gas /g of sample, at STP a s 

BET = P / ((V d ( P - P ) ) e · a s o e 

where: 

P
O

= vapor pressure of argon at liquid nitre.gen temperature 

A plot is constructed with BET vs its corresponding Pe/P
O

• Linear regression 

analysis is performed for those points having O. 05 PIP e o 
.0. 35. The 

reciprocal of the sum of the sl~pe and intercept of the str~ght line passing 

through those points gives the volume of an adsorbed monolayer, Vm, in cm
3
. 

From this specific surface area of sample in m
2

/ g is given by: 

. . 23 . -20 . · 
S.S.A. = (V x 6.023 x 10 x 16.8 x 10 )/(22.400 x W). . m 

Tn.e adsorption isotherms for water, HMDS, and methanol were measured 

gravimetrically using a quartz spring microbalance (Worden Quartz Company). 

The microbalance (figure 2) was supported oi:i a vibration free concrete block 

and is similar in design to the spl,'ing balance of McBain ( 19). Tests run on 

the behavior of the spring by C. C. Yu and Dr. Micale, both of Sinclair 

Laboratory, showed that the Hooke's law region of the spring is valid for 
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total weights above 50mg. A total weight of 50mg was desirable merely for 

ease of viewing and measurement. The sensitivity of the spring was 

determined to be l..0077mg/cm. Small quartz buckets of weights between 10 

and 20mg were used leaving an allowable sample weight of approximately 

30mg. Deflections of the spring were measured by a standing cathetometer 

with a sensitivity of 1. 002cm. There was an accompanying eye piece to 

provide greater accuracy capable of detecting a deflecti~n as small as l/"7000cm. 

Given a sample weight of 30mg, changes of 67 micrograms/ gram s-ample and 

4. 8 micrograms/ gram sample, respectively, could be detected. 

All measurements were taken at 25°C. Temperature was maintained using 

a constant temperature circulation system (Lauda K2). Buoyancy effects were 

measured at various pressures encountered in water adsorption isotherm 

measurements and C. C. Yu and Dr. Micale found the resultant errors to be so 
. . 

small as to be negHgible compared to possible errors in taking measurement 

readings. Vapor pressure was measured with a 100 torr capacitive differential 

manometer (Datametrics) with a sensitiyity of 10-3 torr. A residual pressure 

of 10- 6 torr-was maintained, and it was monitor~d by an ion gauge (Veeco 
. . 

RG-21A). Vapors were prevented from re-entering the rig via the vacuum 

apparatus with the use of. a constantly mruntained liquid nitrogen trap. 
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RESULTS AND DISCUSSIO.N 

Through the use of water adsorption measurements, the approach was· to 

characterize the nature of the ~mrface properties of the following iron oxides: 

o<-FeOOH, Y-FeOOH, lX-Fe 2o3. The particular character of interest was their 

affinity for water. Their hydrophHicity was to be monitored as a function of 

pretreatment conditions such as high-temperature activation·, c)1emisorption 

of trimethylsilicon with surface hydroxyls via interaction with HMDS, and 

chemisorption of a single methyl groµp with the proton of the surface hydroxyls 

via interaction .of methanol with surface hydroxyls. 

The experimental approach adopted here, which utilizes gravimetric 

techniques for measuring water adsorption isotherms, is designed to determine 

the degree of surface hydrophilicity of iron oxides over an activation 

temperature range of 25°C to 400°C und~r high vacuum, and after hydrophobing· 

the surface with HMDS. and methanol. After activation at some temperature, 

two water adsorptiol). isotherms were run. The following is an example of what 

is done. After heating sample overnight at 100°C under vacuum of 10-
6 

torr, 

run a water adsorption on sample which is now maintained at 25°C. When this 

is done, desorb as much water as possible by once again placing sample under 

vacuum. When it reaches equilibrium, run a second water adsorption on 

the same sample which is still at 25°C. Place under vacuum, re-heat" to 20·0°c, 

cool to 2~°C, run two wa_ter adsorptions, etc. From this, the following data 

is most "important - the weight loss due to hearing, the monolayer values for 

the first and second isotherms, and the amount of irreversibly ads·orbed water 

after each isotherm. The monolayer values are determined by: examination of 

the water adsorption curves and are taken at the point _of maximum deflection, 
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known as the B point. Since the intrinsic surface properties of the iron 

oxide samples were sought in this approach, the _specific surface area, as 

determined from a BET analy"sis of argon adsorption isotherms at -195°C, 

was measured as a function of activation temperature. In this way, surface 

area changes that occur at elevated temperatur.es were taken in.to account. 

Since surface hydroxyl gro~ps on iron oxides are primarily responsible 

for the adsorption of water, the approach was to chemically treat these 

hydroxyls so as to render them hydrophobic. Due to the reaction of silan~s 

with the protons of hydroxyls, H_MDS was selected fo:i; the treatment of. the 

three iron oxides in this study. The reaction is the following: 
H 

. I . 
2ROH + (CH

3
) 3Si '"N - Si (CH

3
).
3 

)·NH 3+ 2R0Si (CH
3

)3, 

where R represents the iron oxide surface. This is represented in figure 3. 

HMDS adsorption isotherms at 25°C were run on each of the samples. 

The first to be studied was CX-FeOOH. It was first activated at 100°G 

under high_ vacuum. Due to problems in correlating' hydrophilicity with 

activation temperature whe·n the surface area varied, it was decided to 

activate an samples at 400°C prior to treatment. In this way the surface area 

would be con.stant for all the activation temperatures since those temperatures 

are all less than or equal to that pretreatment temperature. In addition, prior 

studies in this laboratory indicated that 400°C activation was more effective 

than 100°C activation for treating other iron oxides than those studied here 

and every indication was that ·this trend would continue. ·The amount of 

irreversibly adsorbed HMDS was noted and an attempt was made to determine 

if the large sized trimethylsilicon group acted in such a way as to-sterically 

hinder polar sites, oth~r than the one that it occupies, from any interaction 

with water.. As indicated in table 1, HMDS treatment did decrease the amount 
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of water adsorbed for the first three activation temperatures. For 25°C 

activation, the mono layer value dropped from 7. 0 to 5. 6 molecules/ 1001 2. 

For 100°C, it dropped from 8.4 to 7.5, while for 200°C, it went from 7.0 to 

5. 5. At the hig,her temperatures, the trend was reversed. T.his occurrence 

was peculiar to this sample alone. Once again it must be stressed that this 

was the only sample that was not treated with HMDS after 400°C activation. 

For steric hindrance, one must compare the 100°C .untreated sample to the 

HMDS· treated 25°C sample. The reason is that both these samples have seen 

100°C but no water. When.compar.ed in this way, there is a change of about 

3 molecules per 100 A 2 
for the 1-1/2 groups that adsorbed. Therefore, each 

group adsorbed hinders two sites. Of particular interest is the w·ay in which 

the amount of erreversibly adsorbed water increased for each activation 

temperature. This seems to indicate that the large trimethylsilicon molecule 

hindered the desorption of the water molecules. The reason for the large 

degree of hydrophobicity shown by fX_ FeObiI, exposed to 300° and 400°C 

temperatures but not treated with HMDS-,. is quite puzzling. While there is 

no satisfactory explanation at present, it may be related to the structural 

changes that the oxide undergoes at high temperatures. In table 1, one can 

see the very large weight changes (third column) accompanying the increase 

in act~vatioJ?. temperatures. These changes are due to a combination of factors: 

loss of water from the bulk, and a release of water from the reaction in vol vin g 

two molecules ofO(-FeOOH combining to form one molecule of Fe
2
o

3 
and one 

molecule of water. This transformation is supported by Mossbauer spectroscopy, 

, . . 

performed in Sindair by Dr . .Svetozar Music . In his examination, the 400°C 

!X- FeOOH was a mixture of Fe2o 3 and Fe
3
o 4. These changes are also evidenced 

by colqr changes from yellow to red to brown to black following the succession 

of activation temperatures. There is also evidence that these changes in crystal 
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structure may indeed be history dependent since there is a large difference 

in monolayer values for untreated, 400°C IX-FeOOH. When the heating occurs 

slowly over several days, the monolayer value was two molecules /lOOA 2. 

When taken directly to 400°C overnight, the first water adsorption gave a 

mono layer· value of ten _molecules/ 100,( 
2

. 
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Activation Surface 
Temp, °C Area,m2 /g 

25 56.1 

100 60.1 

200 134 .. 1 

300 117.5 

400 40.5 

25 60. 1 

100 60.1 

200 134.1 

300 117.5 

400 40.5 

C ? rte,·,.• 

Table 1 

Gas Adsorption Results on D(-FeOOH and HMDS Treated 0<-FeOOH 

lX-FeOOH 

w * w . ** w -w 
Wt .Loss 

ml m2 .. ml m2 

mg/g mg/g Mol. /lOOA. 2 mg/g Mol. / lOOA 2 
mg/g Mol. /1,00.A. 2 

11. 7 7.0 

8.1 15. 1 8.4 11. 5 6.4 3.6 2.0 

90.6 28.1 7.0 24 .. o· 6.0 4.0 1. 0 

133.9 3 .. 5 1. 0 3.5 1. 0 0 .0 

161. 4 1. 8 1.5 1. 8 1. 5· 0 0 

HMDS Treated CX- FeOO H after 100°c Activation (1. 5 
2 

Groups/ 100 A ) 

10.1 5.6 9.7 5.4 0.4 0.2 

4.7 13.5 7.5 7.2 4.0 6. 3 3.5 

78.4 22.0 5.5 12.0 3.·0 10. 0 2.5 

105.7 10.5 3·. 0 5.2 1. 5 5.2 1. 5 

123.1 6.8 5.6 4.8 4.0 1. 9 1. 6 

• First water adsorption isotherm monolayer at 25°c after indicated actjvation te mpera_t ure. 

**Second water adsorption isotherm monolayer at 25°C after activation at 25°C. 

Irrev. Adsorbed H 2o 

mg/g MoL /100A 2 

0 0 

5. 1 2.9 

8.0 2.0 

2.3 0.7 

1. 9 1. 5 

0.9 0.5 

7.5 4.2 

17.1 4.3 

9.5 2.7 

5.7 4.7 
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The Y- FeOOH sample also showed large changes in weight (column 3, 

table 2). This, once again, is due to loss of water. from the bulk along with 

the release of water from changes in crystal structure at higher activation 

temperatures. Although it was not examined by Mossbauer spectroscopy, 

it is most likely converted to the more stable iron oxide, Fe 2o3. The mono­

layer valu·es for untreated vs HMDS treated'(- FeOOH give consistently lower 

values for. the treated samples for each activation temperature. By comparfog 

400°C untreated with 25° HMDS treated (since both have seen 400°C but no 

water as yet), it can be seen that- the tri'methylsilicon group hinders two 

sites, but unlike Y- FeOOH, the hindrance· of desorption is non-existent. The 

beneficial effects ofHMDS treatment are very much in evidence .except at 

the 300° and 400°C activation temperatures. 1his may indicate partial removal 

of the trimethylsilicon groups at elevated temperatures. 
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Table 2 

Gas Adsorption Results on Y-FeOOH and HMDS Treated )"'-FeOOH 

Y-FeOOH 

w * w ** wml-wm2 ml n:i2 
Activation Surface Wt .Loss 

Area,-m2/g Mql. / 100A 2 . 2 
Mo.l. / 100.A.2 

Temp, °C mg/g mg/g mg/g Mol. / 100A mg/g 

25 20.4 3.7 6.0 3. 1 5.0 0.6 1. 0 

100 22,0 0.9 3.3 5·. 0 3 .. 2 4.8 0.1 0.2 

200 86~5 89.2 25.9 10 .. 0 20.7 8.0 5.2 2.0 

300 40.5 96.8 9.1 7.5 7.3 6.0 1. 8 1. 5 

400 14.1 100.1 2.7 6.5 2.3 5.5 0.4 1. 0 

HMDS Treated y-FeOOH after 400°C Activ.ation (2.5 Group~/ 100 A 2) 

25 14.1 0.9 2.2 0.8 2.0 0.1 0.2 

100 14.1 0.2 1. 1 2.6 0.9 2 .. 2 0.2 0.4 

2.00 14.1 1. 7 1. 7 4;0 0.9 2.2 0.8 1. 8 

300 14.l 0.9 3.2 7.5 1. 9 4.6 1. 3 2.9 

400 14.1 0.2 2.3 5.5 2. 1 5. o· 0.2 0.5 

o First water adsorption isotherm monolayer at 25°c after indicated activatton temperature. 

**Second water adsorption isotherm ·monolayer at 25°c after activation at 25°C. 

Irrev. Adsorbed H 2o 

mg/g Mol. / iOOA 2 

0 0 

1. 4 2.2 

9.9 3.8 

4.0 3.3 

o. 5 1. 2 

0.5 1. 2 

o. 5. 1. 2 

1. 3 3 .. 2 

1. 9 4.6 

0.7 1. 7 
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The steric hindrance by the trimethylsilicon group for the <X- Fe 2o 3 

sample was also in the· ratio of two water molecules blocked by each group 

adsorbed. The surface area changes due to activation temperature are very 

slight for this sample. The· changes in weight Eµ"e also small when compared 

to the other two samples. The weight loss for IX- Fe 2o3 is most likely due 

to loss of water from the bulk only. This is all in keeping with the.stability 

of Fe
2
o 

3
. The HMDS treated samples all ctfsplayed a definite hydrophobicity 

when compared to their c.orresponding activation temperature for the untreated 

samples. 
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Table 3 

Gas Adsorption Results on lX-Fe
2
o 

3 
and HMDS Treated D(-Fe 2o 3 

lX-Fe 2o_
3 

w ·* w ** W ml -W m2 
Activation Surface Wt .Loss 

ml m2 

Temp ,.°C Area,m2 /g mg/g mg/g Mol. /lOOA. 2 
mg'&" 

. • 2 
mg/g MoL /'100.A 2 

.Mol. / lOOA 

25 56.3 il.8 7.0 11. 8· 7.0 0 0 

100 59. 6 11. 3 17. 8 io. o 12.5 7.0 5.3 3.0 

200 69.2 19.7 15. 3 7.4 11. 6 5.6 3.7 1. 8 

300 61. 3 25.5 19.9 9.6 16.6 8.0 3: 3 1. 6 

400 36.6 30.3 8.3 7.6 7.0 6.4 1. 3 1. 2 

HMDS Treated fX-Fe 2o 
3 

after 400°c Activation ( 1. 5 Groups/ 100 A 2) 

25 36.6 5.4 4.9 5d 4.7 0.3 0. 2· 

100 ·36. 6 2. 1 5.9 5.4 4.4 4.0 1. 5 1. 4 

200 36.6 4.4 6.8 6.2 4.6 4.2 2.2 2.0 

300 36. 6 6.0 8.7 7.9 4.8 4.4 3.9 3·. 5 

400 36.6 5.7 8.2 7.5 5.7 5.2 2.5 2.3 

• First water adsorption isotherm monolayer at 25°C after indicated activation temperat ur.e. 

**Second water adsorption isotherm monolayer at 25°C after activation at 25°C. 

Irrev. Adsorbed H 2o 

mg/g Mol. / lOOA 2 

0 0 

7.3 4. 1 

4 .. 9 2.4 

5.7 3.1 

2.9 2.7 

1. 2 1. 1 

1. 9 1. 8 

3.9 ·3, 6 

5.4 4.9 

4.1 3.7 
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An experiment approach was attempted for chemisorbing methanol on 

surface hydroxyls, where ·the methanol .has a comparable cross-sectional area 

to the hydroxyl. The proposed mechanism that would ·occur is 

where R would represent the iron oxide surface. There is no question that 

an activation energy would b.e required for this reaction to proceed. For 

example, methanol will adsorb physically and reversibly at 25°C. A necessary 

requirement is that the methanol adsorbs chemically under the appropriate 

activation temperature conditions and that the adsorption be irreversible 

und.er roo.m temperature conditions and in the presence of water vapor or 

adsorbed water. 

The oxides O(-Fe
2
o 

3
, lX- FeOOH_, and Y -FeOOH were treated with methanol 

under the following conditions.. The samples were activated· at 400°C for ca. 

12 h followed by methanol adsorption isotherm measurements at 2~°C made in 

the usual manner. The results show· a sharp inflection, indicating relatively 

high energy adsorption for all samples at levels of 3 to 4 molecules/ 100 Ji. 
2

. 

A relatively flat plateau region follows u·p to high relative pressures, indicating 

low energy adsorption as expected for a methylated s_urface. All samples were 

subsequently outgassed at 25°C and the irreversibly adsorbed methanol for 
. . 2 

D<-Fe
2
o

3
,IX-:FeOOH, anc;l f-FeOOH was 2.5, 3.4, and 2.5 molecules/100 i, 

respectively. A series of water adsorption isotherms were subsequently 

measured on all iron oxide samples as a function of: activation temperature . 

An additional experimental technique was used to chemisorb methanol 

onlX-Fe
2
o

3
, and Y-FeOOH. The samples were heated to 400°C, exposed to 

methanol vapor at 70 Torr, cooled in the presence of methanol vapor, and 

finally out gassed at 25°C. Water adsorption isotherms were then measured 
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on these samples both before and after exposure to water vapr.Jr to determine 

the extent of irreversibility of the methylated surface. 

The water adsorption isotherms, as a function of pretreat::lent conditions 

are presente<;l in Figures 19, 20, and 21 forlX-Fe 2o3, CX- FeOOH, and 

i-FeOOH, respectively. In Table 4, the recent and previouslyreporte:d 

water adsorption results for lX- FeOOH, C(-Fe2o 3 and Y -FeOOH _are summari.zed. 

The iron oxide samples in general exhibit a high degree of surtace hydro­

philicity and frequently approach a close-packed hydroxyLconcentration of 

10 molecules/ 100 J\. 2. Activation of the surface at 400°C has the effect of 

partially dehydroxylating the surface and rendering it somewhat more hydro-· 

phobic. There is reaf?on to believe, however, that the surface will slowly 

rehydroxylate. The HMD S treatment is .somewhat more effective in hydro­

phobing the surface, apparently irreversibly so. The limitation of HMOS 

treatment is the size of the trimethylsilicon group which is large relative to 

the hydroxyl, and which limits interaction to only to about one out of every 

three s_urface hydroxyls. There is no question, howeyer, that HMDS and 

silane-type coupling agents can be used to modify the surface of iron oxides 

with functional groups which would be capable of specific interactions with 

protective co~tings. 

Methanol is unique in terms -of surface modification because of its relatively 

small size and the fact that it requires an activated surface or activation 

conditions to undergo chemisorption. The results on both O(-Fe 2o3 and 

1-FeOOH suggest that after activation af 400°0 the extent to which the 

surface is dehydroxylated wiU control the extent to which methanol will 

chemically interact with the s.urface at 25°C to yield one methylated oxygen 

and one hydroxyl pe·r methanol molecule. This method of methanol treatment 
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is identified as (2) methanol resulted in exposure of the surface of Fe 2o3 

to methanol at 400°C and subsequent cooling to room temperature in the 

presence of methanol. This method has been demonstrated as bein"g much 

more efficient for hydrophobing- the surface as indicated by the surface 

hydroxyl concentration being- less than one mo.lecule/ 100 A 
2 

after treatment 

as compared to 7.0 molecules/100 A. 2 
before treatment. Although there is 

no indication. that this hydrophobcd surface will rehydroxylate at 25°C in 

the _presence of yvater vapor over short periods of time, i.e., 48 h at 80% 

relative humidity, it remains to be demonstrated to what extent slow 

rehydroxylation will occur on the methylated surface. 
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Table 4 

Gas Adsorption Results on D(-Fe 2o 3 , /X-FeOOH, 1-FeOOH 

Sample Pretreatment 

None 

HMDS 

HMDS 

'( 1) Methanol 

( 1) Methanol 

(2) .Methanol 

{X-FeOO H None 

None 

·HMDS 

HMDS 

(1) Metha.nol 

( 1) Methanol 

y-FeOO H None 

None 

HMDS 

HMDS 

( 2) Methanol 

Activation 
Temperature 
coc) wml 

25 

400 

25 

400 

25 

400 

25 

25 

400 

25 

400 

25 

400 

25 

400 

25 

400 

25 

7.0 

7.6 

4.9 

7.5 

1.6 

2.6 

0.6 

6. 2 

10.0 

5.6 

5.6 

2.2 

6.2 

6.0 

6.5 

2.2 

5.5 

0.4 

2 
Molecules/ 100A 

Irreversibly 
Adsorbed 

Wm 2 Wm(Wm 2 Water 

7. 0 

6.4 

4.7 

5.2 

2.0 

1. 6 

0.4 

4.0 

5.4 

4.0 

3.2 

5.0 

5.5 

2.0 

5.0 

1. 0 

0 

l. 2 

0.2 

2.3 

-0.4 

1. 0 

.o. 2 

6.0 

0.2 

2.6 

1.0 

1. 0 

1. 0 

0.2 

0.5 

-0.6 

0 

1. 1 

3.7 

0 

1. 4 

0.3 

1. 5 

0.9 

5.7 

0 

3.7 

0 

1. 2 

1. 2 

1. 7 

Note. wm
1
-first wat~r isotherm at 25°C after indicated activation temperature. 

W m
2
--second water adsorption isotherm at 25°C after activation at 25°C. (1) 

Methanol-exposur~ of methanol to sample at 25°C after 400°C activation. (2) 

Methanol-exposure of methanol to sample at 400°C and cooled in presence of 

methanol. 
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CONCLUSIONS 

All of the iron oxides which have b.een investigated, and which have 

been identified ~s corrosion products, are hydrophilic and have a high 

concentration of surface hydroxyls. These surface hydroxyls can be used 

to interact quantitatively with hydrophobing agents, such as HMDS and 

silane coupling agents containing fµnctional groups which are capable of 

interacting with protective coatings. for the pur:pose of promoting adhesion. 

The efficiency for hydrophobing, however, is limited by the steric factors 

inherent for these types. of molecules. Methano1, hoWever, has been 

demonstrat_ed to be very efficient for hydrophobing CX- Fe 2o 3 when the 

exposure. occurs under activated c·onditidns, i.e. , 400°C activation. This 

technique for hydrophobing iron oxide surface must be pursued further in 

order· to determine the permanent nature o.f this type of treatment ·and how 

it might be used in conjunction with silane treatments. 
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