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Abstréct

: Although a number .of methods for determining hydroxyl groups
in ccal have been used, a more.reliable and independent method is

neaded -to correlate and check the results obtained in various labora-
toriss, This paper presents a new method for the determination of
aydroxyl groups in cecal based on the formation of trimethylsilyl ethers,
RO31(CHa)a, by treating coal with hexamethyldisilazane, (CH3)381NH81(CH3)3
and trlnechylchlor031lane, (CH3)3SiCl, in pyridine at about 115°C., The .
resulting derivatives are analyzed for silicon to calculate the hydroxyl
content in the coal samples. Experiments on model compounds have shown
that nydroxycarbonyl compounds and even highly hindered phenols (2,6-di-
t-butylpnenol) form trimethylsilyl ethers quantitatively under reaction
conditions,
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Introduction

Although a number of methods have been used for determining
hydroxyl groups in coals,_/ a more reliable and independent metnod is
needed for correlating and checking the results of varlous lavoratories.
This paper presents preliminary work on the determination of hydroxyl
groups in coal by the formation of thelr trimethylsilyl ethers. The
method appears to offer an excellent way for determining the hydroxyl
content of coals as well as providing a means for introducing a pro-
tective group which 1s easily removed. -,

Work in these laboratories has shown that hexamethyldi-
silazane (I) reacts quantitatively with hydroxyl groups, including
even the most- hindered ones, according to the following equation {(1}:

oROH + (CHa)sSiNHS1i(CHs)s =—> 2ROSi(CHs)s + NHa.
. I i . - B II - ..

The resulting trimethylsilyl ether (II) is thermally stable and
resistant to oxidation. The starting compound,. however, As easily
recovered. from the ether by hydrolysis.

This reagent was. first used for quantitative deterninatlon
of hydroxylated compounds in the analysis of mixtures of Fischer-
Tropsch alcohols, by mass-spectrometric analysis of their trimethyl-
silyl ethers (2). The mixture of ethers was more easily analyzed than
the original alcohol mixtures. Reaction between these aliphatic
alcohols and reagent (I) was rapid.and quantitative.

-The reaction was equally adaptable to simple phenols; this
prompted an investigation into its use for hydroxyl groups present in
hydrogen-bonded hydroxycarbonyl compounds such as 1,5- dlhydroxyanthra~
guinone (III). Hydrogen-bonded quinone groupings such as are found in
this compound have been postulated to exist also in ccal (3,4). This
compound is reported to form a dimethyl ether only under rather severe

*/ For a review of these methods, see reference 6.
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reaction conditions (5); i1.e., when its dipotassium salt is heated with
dimethyl sulfate at 140°C. It forms a bis(trimethylsilyl)ether (IV)
readily on refluxing in hexamethyldisilazane; the reaction 1s essentially
quantitative. :

‘ 1
(CHa)aSL

+ (CHa)aSiNHSi(CHa)a —

I11

a The related 1,u4- and 1,8-dihydroxyanthraquinones (V, VI) as
well as -the nydrogen-bonded keto-phenol, 2,4-dihydroxyacetophenone
(VI1), also react readily to form trimethylsilyl ethers.

H H
o 0 \0 CH3-C=0 H
\l
Z
0
v o = VI VII

The compound 6,1l-dihydroxynaphthacene-9,10-quinone (VIII), which is
similar to 1,4-dihydroxyanthraquinone, was found to acetylate to the
extent of only 10 percent, and metnylate to tne extent of 5 percent (6).

_VIII

L
- Further work has demonstrated that a highly-hindered. phenol,
2,0-di-t-butylphenol (IX), reacts quantitatively with hexamethyl-
disilazane in the presence of trimethylchlorosilane and pyridine to
form a stable trimethylsilyl ether (X) which can be used as a derivative
of the phenol. '
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{ (CH3)aC C(CHa)a (CHz)aC ’Q(CHa

I 2 | + (CHs)aSINHSi(CHas)s —> 2 | + NHa
[ “% : h %

| Ix X
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! Reported attempts to form other derivatives of this hindered

;Phencl indicate that it 1is necessary to form the sodium salt in liquid
jammonia first before any reaction will take place (7). Thus, even in
' the case of a hindered phenol, reaction with hexamethyldisilazane

| represents a convenient and quantitative method for the formation of
"a derivative.

The same procedure has been applied to a series of coals,
«with the formation of the trimethylsilyl ethers of the hydroxyl groups
in the coals. The derivatives have been analyzed for silicon to
- calculate the percentage of hydroxyl in the original coal.

)

Experimental Procedures and Results

. Preparation of Trimetnylsilyl Ether of l,5—Dihydroxygnthracuinone

™ To 15 ml. of hexamethyldisilazané was added 2.5 g. ‘of 1,5-

. dihydroxyanthraquinone (recrystallized, melting point 280°-284°C,)

{ and one drop of trimethylchlorosilane. The mixture was refluxed for
2t hours. Hexametnyldisilazane and other relatively volatile sub-
stances were distllled off under vacuum, leaving 2.6 g. of solid
which was recrystallized from petroleum ether (b.p. 50-68). The
orange crystals, m.p. 138-142°C., had an infrared spectrum with
absorption bands at 8.0, 9.45, 11.80, and 13.25 .., all of which have
been found to be common to phenyl trimethylsilyl ethers. In addition,
the band at 12.70 +~, found in phenols, was absent, and the ©.12 and
6.23 i~ bands of 1,5-dinydroxyanthraquinone, due to nydrogen ponded
carbonyl and aromat¢c absorptions, were snifted to 5.9 and 6.12 i~ in
the bis(trimethylsilyl)ether. These spectra are snown in Figure 1.

Analysis of the ether:

Caled. for C.nH,0,51 Cc, 62.46; H, 5.29
Found 2072k c, 62.81; H, 86.u45

Preparation of Trimethylsilyl Ethers of Other Hydrogen-bonded Hydrcxy-
carbonyl Compounds

By the same procedure derivativés were prepared from 1,8-
dihydroxyanthraquinone, 1,U4~ ~dihydroxyanthraquinone and 2, 4o dihydroxy-
‘acetophenone. The 1nfrared specfra of the last two compounds and their
derivatives, Figures 2 and 3, showed the same changes in spectra waich
were noted in the case of the 1, 5 dinydroxyanthraquinone.

it ‘\.
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Ereparation of'Trimethylsilyi Ether of 2,6-di-t-butylphenol

A 10 g. sample of 2,6-di-t-butylpnenocl was refluxed for 24
hours with 5 mi. of hexamethyldisilazane and 10 ml. of ‘trimethylchloro-
silane in 25 ml. of dry pyridine. Ammonium chloride sublimed into the
condenser and the color of the solution changed from pale yellow to
light pink during refluxing. Solvent and unreacted reagents were
distilled .off under vacuum, leaving 10.3 g. of straw-colored crystals
which were recrystallized from petroleum ether (b.p. 60-68°)}. A
second recrystallization gave colorless crystals of m.p. 109-110°C.

Calcd. for C17H3OSi0 G, 73.31; H, 10.86 'J
Found » C, 73.30; H, 10.90.

The infrared spectrum showed the complete disappearance of
the hydroxyl-band at 2.9 £Zand bands appeared at 8.0, 9.5, 11.8, and
13. 25/£4as in the other phenyl trimethylsilyl ethers. There were also: '
other’ changes in the spectrum due to skeletal vibrations. The spectra
are shown in Figlre 4, .

Unsuccessful attempts were made to prepare this trimethyl-
s1lyl ether with hexamethyldisilazane and trimethylchlorosilane. with-
out pyridine, trimethylchlorosilane and pyridine without hexamethyl-
disilazane, and hexamethyldisilazane and pyridine with only a drop of
trimethylchlorosilane as catalyst, a trace of ether was fuund in the
las case,

Formation of Trimethylsilyl Ethers of Coal Hydrogenation Asphaltene

To 20 ml. of hexamethyldisilazane was added 1.0 g. of coal
hydrogenation asphaltene and one drop of trimethylchlorosilane. The
solution was refluxed under nitrogen for 3 days, and then the reagents
were distilled off under vacuum. As the dry residue was somewhat
soluble in neptane, it could not be washed. Instead, the product was
vacuum oven-dried to constant welght., Infrared analysis indicated
that essentially all hydroxyl groups had reacted

Analysis of asphaltene before treatment ¢, 85.25;
H, 7.00; N, 1.15; 0, 6.60.

The treated asphaltene contained 6. 21% silicon, corresponding
to a ‘hydroxyl content equivalent to 6U4% of the oxygen present in the
original aspnaltene.

Formation of Trimethylsilyl Ethers of Coals

Reflux method. A 5 g. sample of the coal, ground to -325
mesh and dried to constant weight in a vacuum oven, was refluxed under
nitrogen in a solution of 5 ml. of trimethylchlorosilane and 10 ml.

. of hexamethyldisilazane in 50 ml. of dry pyridine. Except where noted

(Table 2), the reflux period was 4 days. At the end of this time, the
reagents were distilled off under vacuum. The reacted coal was washed
with petroleum ether (b.p. 60-68°) to remove the last traces of reagents
and dried in a vacuum oven. Original ultimate analyses; sillicon
determinations, and calculated percentages of hydroxyl in the coals,

)
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based on the uptake of silicon, are shown in Table 1. Some of the
data are also shown in Figures 5 and 6. -

Pretreating coal (Bruceton anthraxylon) with boiling water
had no. effect on the determinable hydroxyl content_ {(Table l)

In more recent work reflux periods from 1 hour to 8 days

‘were tried on one coal. As shown. in Table 2, the reaction was

essentially complete after only 1 hour. With this coal (14.5% 0)
the method was precise ‘to + 3% of the oxygen content, based on the

weignt of total oxygen in the moisture- and ash-free coal.

Table 2.- Effect of time on formation of trimethylsilyl
etners in coal from Hocking #b6 bed, Athens, Ohio.

Time, . Silicon in Oxygen as OH in —_jiﬁi_,
hours treated coal, % original coal, % Ototal
1. 8.08 5.07 35.0
4 LT.97 4,97 , 34.3
24 8.35 : 5.33 B 36.8
95 7.90 L4.60 31:8 B
96 CT.57 4.91 33.9 :
192 _ ' 8.57 5.43 o 37.5
Average . 8.07V ’ ; 5.05 3k4.9

Bomb method. 1In a small stainless steel bomb (volume, 70 ml.)
4,861 g. of Bruceton anthraxylon, 5 ml. each of trimethylchlorosilane
and hexamethyldisilazane, and 17 ml. of pyridine were heated to 150°C,
for 5 hours. The product was treated as in the reflux method. Results
are included in Table 1. ‘

As the bomb method at elevated temperature did not increase
the number of trimethylsilyl groups introduced into Bruceton anthraxylon,
it showed that the reaction had been rapidly completed at reflux
temperature in pyridine.

Silicon Analysis

Silicon was determined by peroxide bomb fusion of the samples,
followed by treatment of residues with hydrofluoric acid to volatilize
silicon. The analyses, done in duplicate, checked to within + 0.1%.



|
|
|
J

——— e

Discussion

A recent article by Blom, Edelhausen, and Van Krevelen (6)
reviews the various methods used for determining hydroxyl groups in
coals. The uncertainties in each of these methods indicate the need
for a more reliable method. Methylation by methyl sulfate in bvase (8)
and by diazomethane {6) gives low values, presumably due to incomplete
reaction. Ion-exchange, with barium hydroxide (9) may -give rise to
hydrolysis products and appears to suffer because of inaccessibility
in high-rank coals. Potentiometric.titration in ethylenediamine (10,
11) determines not only the acidic hydroxyl, but also sucn groups as
quinones and acidic non-hydroxylic hydrogen; this method is also
difficult to reproduce. Different procedures have been tried for
acetylation as well as for éstimating the extent of reaction (5, 12, .
13, 14); each worker has reported different values for similar rank
coals. The sources of these variations in results are still unexplained.

Comparison of the data in Table 1 and Figures 5 and 6 with
published values shows the present. ones to be nigher than tnose found
by methylation (6, 8), lower than those found by acetylation (6) and
ion-exchange (9), and similar to those determined by titration (10, 11)
and acetylation (12, 13, 14). Most of the other methods are indirect,
and either known side reactions or difficulties in completing the.

- reaction throw doubt on the reliability of the results. On the other

hand, thne present method is easy and direct, has no known side reactions,
and is complete even’'where other reagents fall altogether. -

As concerns the structure of coal, the ease of ether formation
may indicate that few highly hindered phenolic groups, such as in
2,6-di-t-butylphenol, are present, since this phenol required 24 hours
for complete reaction. .

Acknowledgments
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Sorption of Polar Vapors on Elastic Wall Gels

Paul Fugassi. and George Ostapchenko

Coal Research Lahoratory, Dept. of Chemistry
Carnegie Inst. of Technology, Pittsburgh 13, Pa,

;- From an investigation of the kinetics of methanol sorption on
coal, a new.sorption isotherm has been derived of the form,

_ ARE S
We = [ + L
- o — K,p’C
E = T -9

In these equations, Wy is the sorption usually expressed as moles of
sorbed vaper per gram of solid, ¢ is the relative pressure of the
vapor and p? is the vapor vressure of the liquified vapor at the tem-
perature in question. The equation has three adjustable parameters; .
4, K, and Ky,

The equation has been applied to the sorption of polar vapors by
proteins, nylon and cther gels of the elastic wall type., The equation
agrees with exveriment over a range of relative pressures from 0.1 to
0.9, and also accounts for the eflect of tenperature changes,

Since the equation was developed on the assumption that surface
adsorption is negligible relative to interior absorption, it would appear
that sorption of polar vapors by elastic-wall gels of the proteln and
polysaccharide is mainly a solution process.
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Sorption of Polar Vapors on Elastic Wall Gels

Paul Fugassi and George Ostapchenko
Coal Research Laboratory, Dept. of Chemistry
Carnegie Institute of Technology, Pittsburgh (13}, Pa.

. ' Sumary

From an-\investigation of the kinetics of methanol sorption on coal, a
new sorption isotherm has been derived of the form,

H+he G+ (;r,,,-z)c)(/-c)
In these equations, Wy is the sorption usudlly expressed as moles of sorbed vapor
per gram of solid, ¢ is the relative pressure of the vapor and p° is the vapor

pressure of the liquef:n.ed vapor at the temperature in question. The equation
has three adjustable parameters, 4, K, and Kj.

P

: The equation has been applied to the sorption of polar vapors by
proteins, nylon and other gels of the elastic wall type. The equation agrees
with experiment over a range of relative pressures from 0.1 to 0.9 and also
accounts for the effect of temperature changes.

Since the equation was developed on the assumption that surface ad-
sorption is negligible relative to interior absorption, it would appear that
sorption of polar vapors by elastic wall gels of the protein and polysaccharide
types is mainly a solution process.

Introduction

Recent kinetic investigations made in this laboratory on the sorption
of gaseous methanol by coal(l) and cellulose(2) have shown that both coal and

‘1, P. Fugassi, G, Ostapchenko, and R, Trammell, Fuel

2. P, Fugassi and G. Ostapchenko,.’

cellulose follow the same rate equation,

W = »A’x Yot

x W .

In this equation W is the weight of alcohol taken up by one gram of solid at
time t, We is the corresponding weight at infinite time, t is the time and Ik
is the experimental velocity.constant., On the basis of fragmentary data in the
literature and unpublished data from this laboratory it appears that a rate
equation of this form would be expected if the gas is a polar compound and if the
solid is an elastic wall gel composed of oxygen containing compounds.

For methanol sorption on cellulose the experimental velocity constant
involves the fraction of surface sites holding two methanol molecules per site
and from this fact the adsorption of methanol on the surface of cellulose is

\
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known to bz of the multilayer type. The dependence of k. upon the surface sites
holding two m2thanol molecules gave a new sorption equilibrium isotherm of the

following type.
° P W, = ATE )
. H-h’f..

(z)
. 14 (/1,’ ‘-/):):{/-C)
In equation 1, W, is the equlli rium sorption in moles per gram of solid at some
fixed t.emperature A is a constant being moles of interior sites per gram of
solid, and X is a dimensionless equilibrium constant, In equation 2, XK; is an
equillbrlum constant (atm.-l) for the adsorption of methanol on surface sites,
p° is the vapor pressure (atm,) of the liquefied vapor at the temperature in

© .question, and ¢ is the relative pressure of the vapor.

The mechanism which leads to these equations is that vapor is rapidly
adsorbed on the surface sites and then adsorbed molecules slowly rnigrate from the
surface into the solid phase, .

Equation 1 really gives the amount of vapor dissolved in the solid.
The total amount of vapor held by the solid is obviocusly the sum of two terms;
the adsorption on the surface and the absorption in the interior., Thus ,
. (w Jtotal = (we)interior (We)surface
For the total amount of vapor held by the solid, which is the experimental
quantity measured, the full equation is,

(We)./,,t,,_ﬂ A+h’ ZE + Bf(c) . (3)~

- In equation 3, B represents moles of surface sites per gram of solid.

The nature of f(c) is not completely known. If f£(c) is & , the full
equation would have four parameters; A, B, K and K. However, & is really the
BET equation for an infinite number of layers and approaches infinity as c-ap- .
proaches 1, For this reason f(c) must be a modified BET equation where adsorption
is restricted to n layers, The use of a modified BET equation introduces five
parameters and this number of parameters is meaningless when only equilibrium data
are avallable. Kinetie data if available would permit independent evaluation of -
one of the parameters. However such data are not available for most of the
systems to be discussed here. -

In applying the full equation (3) to the data in the literature the
assumption will be made that B approaches zero. ZExperimentally there is evidence
that in the case of methanol sorption on cellulose this assumption is valid.

In this case the amount of methanol adsorption on the surface appears to be less
than ten percent of the total weight of methanol held by the cellulose, However
an assumption of this type would be expected to effect the behavior of the equation
at low values of ¢. Accordingiy the discussion which follows uses the -partial
equation (1) and is limited to a range of relative\pressures from 0.l to higher
values. Equation 1 will be applied to some of the data available in the ...iterature
on the sorption of polar molecules by elastlc wall gels,

Sorpt:.on of Water by Proteins -

A comprehensive study of water sorptlon by various proteins has been
published by Bull(3). He showed that the experimental data fitted the BET

0 0 et e ks 2y o B8 - - e -
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equation up to relative pressures of 0.4-0.5 excepting salmin where two different
sets of constants in the BET equation were required. In general application of
the new equation shows that the experimental data are followed up to relative
pressures of 0.9 or greater, A comparison of experimental and calculabed_ values
of W, for the sorption of water on wool are given in Table I.

Table I :
‘Calculated and Experimental Values Wo - Water on Wool

c We x 103 (expt.) We X 103 (cale.) Ve (calc, - expt.)

o1 © 72,36 moles/gram 2.06 moles/gram 20.3 moles/gram
2 3.47 3.56 +0.09
3 k.57 . . L5k -0.03
.5 6035 . - 6'38 R +0003
.7 8.67 C8.TL ‘ +0.0L
.9 12.52 12.h6 ~-0.06

As previously mentioned the use of equation 3 would give better agreement at low
values of c. . . '

Equation 1 has three parameters; 4, K, and K;. A tabulation of the
values of these parameters for the sorption of water on various proteins is
given in Table II. :

Table II'
. Sorpt('.ion o )Water on Proteins (3) (mol y )
Protein K3 (atm,™ ) K . A (moles sites/gram
25°C, L6°C. 25°C, ~ ho°C. 25°C.,  hO0°C.
Wool } 173.18  T&5.02 D.I33  D.L3u6 0.0155  0.0LLk
Salmin 228.23 155,70 - -.0052 -.0232 8334 L1669
Gelatin 280.32 89,22 .2500 .3286 L0289 - .0239
Collagen : 315.56 8s.0h - .2L73  .3057 .0317 .0273
/g-Lactoglobuun 182.67 - T1.99 .2117 257 .0240 .0225
(crystals) : L ’
silk 213.53 80,03 2172 .3038 - L0127 ,0113
C-Zein : 305,67 11h,.72 1842 .2h01 - .0LL8 .0118
B-Zein - 283.47  132.86 .2308 .2363 - .0128 . .0115

The values of the equilibrium constant, Ky, in Table II are for the
reaction, Hgo(g) + 35325 , Ho0. In this equation S5 represents surface sites.
I{ will be noted that K, always decreases as temperature increases. The heat
of reaction associated with the change in Ky can be calculated by conventional
methods. When this is done it is found that the calculated heats of reaction
range from 9,400 to 16,200 cal. per mole excluding salmin, and the average value
is about 12,000 cal, per mole, It appears that the surface sites on various
proteins are very similar as would be gusssed from their similar chemical
camposition, v '

_ The values of K in Table II are for the reaction, Hy0 (surface) + D
&= D .E,0. Here D represents interior sites. An increase in temperature

- gives an incréase in K, However the change is not great so that the heat of

reaction is close to zero or in the extreme case about 3,000 cal. per mole
endothermic,. The values of K for salmin are negative which is an impogsibility. -
The behavior of salmin is stated by Bull{3) to be different from that of the
other proteins. Salmin dissolves at a relative pressure of 0.7 and while for
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.. the other proteins the BET equation is followed to a relative pressure of 0.5,

for salmin two BET equations are needed. Pauling(l) suggested that for salmin

L. L. Pauling, J. Am. Chem, Soc., 67, 55;69145) o

the number of sites increased with increasing sorption of water, -The negative
values for K could either be blamed on experimental errors in which case the true
value of K is a small positive number or a modifizd sorption equilibrium isotherm
must be used, From experience with the equation small values of K represent ad-
sorption on a non-porous solid as will be shown later, It is improbable that
experimental error is the cause of the negative value for K., Consequently the
second possibility seems more probable.

In the derivation of the sorption equilibrium isotherm where K is the

equilibrium constant of the reaction, HoO(surface) + D =D . HoQ, it was
assumed that the effective concentrations to be used were £ /-'¢U , and

for adsorbed water, empty interior sites (D), and filled 1nterior sites
( HZO) respectively, These formulations for D and D , H,0 are equivalent to
the assumption that the number of sites is independent of tge amount of adsorption
as found experimentally for the sorption of methanol by cellulose. . If the Pauling
suggestion is adopted that the number of interiér sites per gram increases as
sorption 1ncreaoes then the effective concentration of unoccupied sites should
be given by =@ +§(¢#) . The nature of £{@) is unknown but if (@) is
expressed asef @ where &¢ is an adjustable parameter then the resulting values
of X for salmin are positive and the equation for the scrptien equilibrium isotherm

becomes,
I+ FE(1- =)

To date only one example, that of salmin, has been found vhere K is negatlve

with o/ = 06 and until other examples are found it seems unnecessary to intro-
duce the additional parameter,

e @

; The “values of A, which is moles of interior (D) sites per gram of solid
sHow a small decrease w1th increase in temperature, Excluding salmin the maximum
change in A for a 15 degree temperature interval is of the order of 20%. The
average change in A is about half of this. It would be anticipated that A would
be independent of temperature or change slightly with the temperature.

Ty
In discussing Bull's results, Pauling (L) correlated the number of
water molecules held in the first layer as calculated from the BET equation with
the number;of polar side groups present in the protein chain and found approxi-
mately a one to one correspondence, Taking Pauling's values for the moles of
polar side groups per gram of protein and dividing these values into the pre-.

v viously listed values for A4, ratios are obtained ranging from 3 to 5. ‘These

ratios are interpreted as meaning that each pclar side group introduces suf-
ficient disorder into a protein lattice that 3 to 5 water molecules are held in
these disordered regions., With this modification the mechanism of the sorption
of polar molecules by proteins as deduced from the new isotherm is essentially
identical with the concepts of Bull and Pauling,

Sorption of Polar Molééules by Nylon

Nylon is a condensation polymer of the polypeptide type with no polar
side groups. In Table III are listed the values of A, X, and Ky calculated for
the sorption of various polar vapors on Nylon 66,
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Table IIT
Sorption of Polar Vapors on Nylon 66
Ref. Vapor State T x (atm.-1) X A (moles sites/gram)
3T 0 Unstretched 25°C. 105.52 0.218h 0.00608
3 " u : 27.63 0.3336" 0.00551
3 ] . Stretched 25 95.56 0.3717 0.00L73
3 u u - ho 31.2h 0.h4235 0.00117:
5 " ? ho 32.65 0.1825 . 0.0075L
5 CH OH n 25 12.66 0.1128 - o.0l2
5 C,Hz O o 25 22,96 0.2240 0.00695
5 CoH-CN " 25 30.15 0.2797 0.00116

5. J. A, Cutler and A, D, McLaren, Tappi, 36, h23 (1953)

For the results in Table IIT it will be noted that the sorption:of
vater by nylon is much less than the sorption of water by proteins as indicated
by the lower values for A, The lower values for A for nylon indicate as is
known from other evidence that nylon has a high degree of order or a low degree
of disorder., Part of the disorder in nylon must arise from the fact that the
chain length of the nylon polymer is much smaller than that in natural polymers.,
Each chain end can be considered as a disturbence center in the vicinity of which
disorder must occur., The molecular weights of the particular nylon samples are
not known but if the chains have an average moﬁecular weight of 10,000 then the
number of disturbance centers would be 2 x 10~% centers per gram of nylon. From
the protein data it appears that each polar side group or one disturbance center
furnishes sorption sites for 5 molecules gf water, If we use the same assumption,
the value of A for nylon would be } x 1077 sites per gram in comparison with the
experimental value of i to 5 x 10™° sites per gram, BExact agreement would re-
.quire an average molecular welght for nylon of 2,000 to 2,500.

In the disordered regions complete hydrogen bonding between adjacent
chains has not taken place, Sorption is probably limited to such regions as it
is unlikely that molecules of any vapor can permeate any region having high
order, As shown from the data in Table III, stretched nylon has lower disorder
than the unstretched material.

It is interesting to note that the values of A vary with the nature of
the vapor undergoing sorption. The.value of A decreases in going down the seriesy
CH OH, CoH-OH, and Co H CN. This change in A is probably caused by the increase
in moleculgr size in gomg from CH40H to 02 CN, 1In other words all types of
disordered regions are ‘present ranging from those which can only be permeated by

H.OH to those sufficiently disarranged to accommodate. 211 polar molecules whose
sn.ée is equal to or less than that of the G, H-CN molecule. Although H20 as a
small molecule.would be expected to permeate &s many disordered region$S as any
other molecule nevertheless the A values indicate that it is not as good as
CH,0H but is better than C,HcOH. The reason for this discrepancy is not known
but it may involve the fac% at the H,0 molecule can be considered multifunc-
tional with respect to hydrogen bonding if the spacial configuration is just
right.

Sorption.of Methanol on Various Polymers

The sorption of methanol on coal and other natural polymers has been
under. investigation in this laboratory for several years. These data fit the
sorption equilibrium isotherm. The values of A, K, and Ky are tabulated in

-Table IV.
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Table IV
Sorption of Methanol on Nat.ural Polymers

Ref. Solid T Ky (atm.~1) K A (moles sites/gram)
"2 Cotton linters 30°C, 1L.51 0,7h72 0.00261 ,

w " L 35 13.60 0,6505 0.00265
a " n LS 9.91 0,58k 0,0026l
6 Kineaid Lignite LS hh.13 0.5229 0.091h
" . Wyoming Coal L5 : 6.0 ° 0.9037 0.00648
1  Pittsburgh Coal 30 21,61 1.895 0.00170
1 u o 35 29.55 1,1859 0.00172
1

“« .o ko 32,00 1.1700 ' 0.00180

6. P. Fugassi and G. Ostapchenko, unpublished

The solids in Table IV have been listed in order of décreasing oxygen
content, Cellulose is considered a precursor of coal and if cellulose is con-
sidered as the lowest rank coal having zero geologic age, then the solids are
listed in order of increasing rank, It will be noted that A has at first a low
value, rises to a high value and then decreases, The low value of A for cellulose
is due to high order being present. With increasing age and rank order is de-.
stroyed and simultaneously oxygen content decreases. The low values of A for
Pittsburgh Seam coal is not dus to order but arises from the small amount of
oxygen containing gel present in the coal, For Pittsburgh Seam coal the values
of ¥y increase as temperature increases., This is the only system for which this
behavior has been found, e - ) .

Data are in the literature for a wide variety of possible combinations
such as polar and non-polar gases on non-porous solids, polar compounds on porous,
inelastic wall gels, etc., The sorption equilibrium isotherm has been applied to
such systems although the properties of these systems are not in agreement with
those.assumed for the derivation of the equation, It is found that the experi-
mental data can be fitted to relative pressures of 0.9. A tabulation of these
data ala: given in Tahle V. . .

Table V
‘ Values of Parametsrs & for Various Systems.

Ref. Adsorbent Adsorbate T (atm,.-L1) X A (moles sibes/gram)
7" Tharcoal n-caproic acid-Hy0 257¢c, 286, 0.3h39 0.00112

n n-amyl alcohol-Ho0 M 68.8  0.5221 0.00093

n " phenol-H»0 " 27.3 0.7416 0.00112

8 Ag n-Cy Hy o : -78° 336.6 0.0282 0.0003L

wooow CHCL,F - - 1398.5  0.0161 . 0.00052

.7. R. S, Hanson, Y. Fu, and F, E, Bartell, J. Phy. Chem., 53, 769 (1949)

8. R, T. Davis, Jr., T. W, De¥itt, P, H. Ermnett J. Pny, Chem,, 51, 1232 (1947)

i

fis
For such systems the equation must be considered as empirical. Ag is
a non-porous solid and has a low value for A. Increased polarity of the gas in-
creases Ky (n chHlo relative to CHClQF). While the sorption equilibrium isotherm
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must be considered as empirical for these systems, it is possible that such. an
equation might be valid for non-porous solids if the surface is heterogeneous
and composed of two types of sites having propertles s:.milar to the S and D
sites postulated for elastic wall gels.
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The Kineticsof the Sorption of Methanol op Cellulose

Paul Fugassl- and _George. Ostapchenko

Coal Research Laboratory, Dept. of Chemistry,
Carnegie Institute of Technology, Pittsburgh 13, Pa.

"The sorption of gaseous methanol on cellulose has been studied at
30, 35, and 45°C. The process follows a second order equation and has an
activation energy of 5,700 cal per mole. A mechanism for the sorption

‘process is suggested involving adsorption of methanol on the-surface

followéd by permeation of the solid by methanol molecules. The kinetic

.data require that the surface adsorption be of the multilayer type.

From the kinetic data a new sorption equilibrium isotherm is derived
whic¢h fits the experimental equilibrium data over the entire.pressure
range studied, from a relative pressure of 0.1 to-a relative pressure
of 0.9. From this equation and from equilibrium data for the adsorption
of tertiary butyl-alcohol on cellulose it 'is shown that most of the
methanol held by-cellulese is dissolved in the cellulose.
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. The Kinetics of the Sorption of Methanol on Cellulose

Paul Fugassi and George Ostapchenko
" Coal Research Laboratory, Dept. of Chemistry
Carnegie Institute of Technology, Pittsburgh (13), Pa.

Summary

The sorption of gaseous methanol on cellulose has been studied at 30,
35, and 45°C. The process follows a second order equation and has an activation

energy of 5,700 cal, per mole. A mechanism for the sorption process is sug-
gested involving adsorption of methanol on the surface followed by permeation
of the solid by methanol molecules, The kinetic data require that the surface
adsorption be of the multilayer type. [Irom the kinetic data a new sorption
equllibrium isotherm is derived which fits the experimental equilibrium data .
over the entire pressure range studied, from a relative pressure of 0.1 to a
relative pressure of 0,9, From this equation and from data for.the adsorption
of tertiary butyl-alcohol on cellulose it is shown that most of the methanol
held by cellulose is dissolved in the cellulose,

- Introduction

For'the sorption of methanol on coal, it was found that the weight of
methanol taken up at time t at some constant pressure and at constant temperature
was given by the equation . -

W= o™t 7
L+ ky We € ’
In this equation W is the weight of methanol held by one gram of coal at time ¢,

is the experimental velocity constant, and Wé is the maximum weight of alcohol-
hxld by one gram’of coal at the given temperature and pressure. The experimental

velocity constant, k,, was found to be independent of the pressure -over a con-
siderable range of pressure and hence is a true velocity constant in the sense
that it is a function of the temperature only.

Limited data in the literature appeared to show that the same equatlon
was valid for the sorption of polar gases on elastic wall gels such as cellulose,

As cellulose is considered one of the precursors of coal it was thought desirable

to investigatg the kinetics of methanol sorption on celiulose in-detail.

Experimental

(a8 - :
Apparatus: The sorption of methanol on cellulose was measured gravimetrically,
using a licBain-Bakr type adsorption balance, The spring was made of Ni-Span-C
wire and had a sensitivity of 1.57 milligrams per millimeter extension. Spring
lengths were msasured by a cathetometer to 0.1 mm, The sample, in the form of
fibers, was carried in a glass bucket weighing around 200 milligrams. Sample
weights were about 300 milligrams. The apparatus consisted of the balance, a
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2-liter flask to add sufficient volume to the system so that during sorption ex-
periments the methanol pressure did not vary more than 1 mm. Kg., a Hg manometer,
and a storage flask for the methanol, Mercury sealed stoncocks were used through-
out, The pumping system was a two-stage Hg diffusion pump backed by a mechanical
punp, The entire apnaratus was housed :Ln an air thermostat whose temperature coul
be held to #0,1°C .

Chemicals: Absolute inethancl, Mallinckrodt A.R. was used as received. It was
stored over Drierite. Tertiary butanol was redistilled, The sample of cellulose
vas prepared for us by the Hercules Powder Co. Cotton linters were washed with
NaOH solution, bleached with Clp and then washed with distilled water. No further
treatment of the material was made except that bafore the start of kinetic ex-
periments a cellulose sample, after evacuation to constant weight, was allowed

to remain in contact with methanol vapor for severzl days. The sorption of
methanol on cellulose is isothermally reversible; evacuation of the system always
caused the cellulose to return to a weight practically identical with the starting
weight, .

Prucedure: After evacuation of the system until the cellulose sample showed con-
stant weight, methanol vapor was admitted to the system and readings of the spring
length taken at various times. The spring lengths were converted into weights
making no correction for buoyancy which can be shown to be negligible or for
adsorption of methanol on the glass bucket and spring. Experiments using an
empty bucket showed that methanol adsorption on the glass bucket and the metal
spring could be neglected up to relative pressures as high as 0.9. The funda-
mental data, then, are weights at known time intervals including the equilibrium
weights character:.stic ‘of each pressure.

/4" . Caleulation of Velocity Constants
i
- From the experimental data, a value of the fraction of tiae wreacé:,,:i.on,
f could be calculated for each value of the time, f is def:med as
1g. = Mo
where w is the sample weight at time, t = O, W i8 the weight at t = ¢, and ¥,
is the- equ:tlibnmn weight at time t = o0, The value of e was plotted

against the time giving stralght lines through the origin. The slope cf this
straight line is k¥ W, and since W, is measured for each pressure and temperature
can be calculated, In general, points fell on a straight line and the line
passed through the origin. In all experiments readings were taken until at
least 80% of the equilibrium sorption was attained. At low pressures, c = 0.1,
experimental points corresponding to the initial stages of the reaction were

above the straight line, This behavior will be discussed later.

Experimental Data

The experimental values of ky and W, are tabulated in Table I.
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Table I
Exnerlmental Values,llﬁland g noles CHaGH
° . C2 ose e 0
e : kx (:%re-s'tms.) Y (—T‘c?ﬁglose)
20 0.89L 5,8 x 10° 22,6 x 1074
0.700 16,3 1B.1
0.500 ' 19,2 - 13,6 o
0.306 7.9 " 0.0
, 0.125 2,5 " 5.3 "
- 35 - 0,848 6.4 " .21 "
0.669 21.L " 17.3 "
0.L86 29,0 " 12,9
0.268 13,0 - " 8.8 v
' 0.119 1.9 n 5.1 "
L5 0.853 9,3 0 21.2 "
. 0.697 - 26.7 u 16.9 "
0.491 31.0 u 13.1 n
0.2%L 13.1 " 8.8 u
0.088 1.9 ¢ bs ®

It will be noted that the value of the experlmental velocity constant passes through
a maximum as the relative pressure, ¢, decreases.

Since a true velocity constant, k, must be a function of temperaiure
only, the experimental velocity constant, ky, must be equal to k multiplied by
some function of the relative pressure, c. Separation of k from k, requires
that a mechanism of the process be formulated. Even such an operation does rot
insure that k is actually known because both velocity constants and equilibrium
constants have a similar dependence on temperature. In other words, independent
equilibrium data are needed to make sure that the term k is really not k multi-
plied by an equilibrium constant.

It will be necessary to anticipate the discussion of the mechanism for
the sorption process to be given later. It is postulated in brief that the
mechanism of the sorption process is a two-step process, The first step, known
experimentally and theoretically to be rapid, is the adsorption of methanol
molecules on the surface of the cellulose.. The second step, which determines
the reaction rate as the slower step, is the migration of methanol from the sur-
face into the interior. From this type of a mechanism it is necessary that in

the simplest case /é ﬂg G—

where k. is the experimental velocity constant, X is the true veloclty constant
and ©-"is the fraction of the surface 51tes covered

Now the surface adsorption of methanol on cellulose can be of two types:
monomolecular with one methanol molecule on one site or polymolecular with more
than one methanol molecule on one site. For monomolecular adsorpt1on, the Lang-
muir adsorption isotherm holds and it can be shown that © increases as ¢ increases
for all values of ¢, Since ky goes through a maximum, € likewise must go through
a maximum as c.increases, Consequently the surface adsorption of msthanol on
cellulose cannot-be monomolecular. For polymolecular adsorption, the only al-
ternative, the surface adsorption at a given. temperature will be shown to be given

by the equation iy
_ () /ﬂ@f)_c/,_'_"_fl,ﬁﬁ)

/+Fl7/=<-/ﬂ. ‘e
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- can be evaluated-in turn for e, 9)_)6-3

L

In this equation Q,',is the fraction of surface sites covered by n molecules and

K1, Ky are equilibrium constants whose significance will be discussed later, ¢

is the relative pressure and p°, the vapor pressure.of methanol at the temperature
in question, The product, cp®, is the pressure of methanol vapor actually present.
Insertion of values of one, two, or three for n gives &, , &, , G5 , the frac-
tion of surface sites covered by one, two, or three molecules. It will be noted
that the expression for €, contains two parameters, Kj and Ks. From three kinetic
experiments at different values of ¢ but at the same temperature, k, Kys and K,

In figure I is shown a plot of €, as a function of ¢ forn =1, 2, 3,
Lh. It was found that -the experimental values of %, used in the equation,
ke k©p gave the best fit of the experimental data. Figure II is a plot of
Iz ©, against ¢. The points zﬂe the experimental points, The solid line is the
calculated line using 8.1 x 10% as the value of k (kg ) at 30°C.

The values of K2p°vevaluated at three temperatures are 1.07, 1.03, and
1,05. These values of Kop© are sufficiently close to one that these kinetic data
are experimental evidence for the correctness of the assumption, K2p° = 1, made
in the derivation of the BET equation, '

With this assumption, the equation for ©, simplifies into

e = 4f 4: ol — <)
2
( + (rpo—1)c
From this equation and from the equation, 'k = 6, , the values of Ky and k can
be obtained., However the values of K; can also be obtained from the equilibriuwa
isotherm and as the equilibrium measurements have the higher precision, it seems
desirable to use these values in calculating k.  The values of Klpo, as evaluated
from the equilibrium isotherm at 30, 35, and Y5°C, are 3,0, 3.6 and_lL.2 respec-
tively. The corresponding average values of k in units.of &rams celluloss
-7 moles CH30H -~ hours

for the three temperatures are: at 30°C., 8.1 x 10%; at 35°C., 10 x 10U; and at
45°C., 12,7 x 104. These values substituted in the Arrhenius equation give
5,700 cal. per mole as the average energy of activation. This low value for the
energy of activation is evidence that the sorption process is physical in nature.

Equilibrium Sorption Isotherm

The full solution of the kinetic oroblem in closed equation form re-
quires that Wy, the equilibrium sorption, be expressed as a function of the
relative pressure, ¢, and the temperature, T. The kinetic data are informative
and permit the derivation of an eguation for the equilibrium sorption isothern.
The sorption of methanol by cellulose can be visualized as a two-step process:
1. Adsorption of methanol on the surface, and 2, Migration of methanol from the
surface into the interior. :

For the surface adsérption, the following equafions hold:
.G + 5 &2 &S
3.+ &GS = &S
m. & 4+ G, ;S = G‘n_ls
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In these equations G represents the gas molecule; S the sur%'ace g:;te;j G*S, the
surface sites holding one gas molecule; Gp+S, the surface sites holding two gas
molecules, ete. ‘

If €, represents the fraction of surface sites holding one molecule;
&, , the fraction of surface sites holding two molecules; 9,-) , the fraction of
surface sites holding n molecules; then the equilibrium constants would be ex-

pressed as Koo &, ‘
Y =
;o | Pm (a6 6,)e
T K. ,° = O 2 '
2‘/, 8, c

K o _ &n
o s n - Bn-| < R . ’
where p° is the vapor pressure of the liquid and ¢ is the relative pressure.

Further manipulation of these equations requires some simplifying as-
sunptions connecting the equilibrium constants., If it is assumed that K, > K,
and K, = K3 = Ky, two assumptions similar to the ones made in derivation of the
BET equation (1), then it can be shown that » ‘

1.S. Brunaver, P, H. Emmett, and E, Teller, J, Am Chem. Soc., 60, 309 (1938)

9-1 = Hpo (11— /ﬂ_lp°<')
7 T
I+ (= h 2)p ‘e L
97. = 'Lr;_ /rﬂc 9‘,
) 9_17 = (/ﬁ- oC)n-/ 9‘, .
These equations were applied to the kinetic data and it was shown that the
kinetic data make two facts obvious: 1. The adsorption of methanol on cellulose

involves more than one molecule for one surface site, and 2. K2p° = K3p° =
K.p° = 1.0.

To determine the adsorption isotherm a term,>> , will be defined as
2= G+ 28, £ 36y . £ 5By

i is a _concentration unit representing moles of adsorbed molecules for
6.02 x 1023 occupied sites or one mole of sites. It has been shown (1) that

5~ 1is given by the equation, ‘ By,
, . z = - /71/3”<'_) =
and using the condition that K2p° = 1 this equation reduces to
S = G o __Hple
(=)™ . (/+'(/r,/»°—/)<)[/~6)

which is essentially the BET equation, for multiplying 5_ by a constant repre-
senting moles of sites for one gram of solid gives Wy, the equilibrium adsorption
in moles per gram, o

The second stage of the sorption process involves the migration of
molecules adsorbed on the surface into the interior. This reaction can be rep-
.resented by the equation, -

CHyoH (svrfoce) +D =2 D-CHs00
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In thls equat:.on D represents interior sites, Calling ¢ the fraction of D
sites holding methanol molecules, the equa_l:\.bnum constant, K, for the above
reaction can be written as K

(- d>>z

and solutlon of this equation for Cb gives

¢ =

. ) ‘ + f/ i

“and the amount of sorption, Wy, is given by the equation

We = AIMTZ

i+
where A is moles of interior sites for one grem of solid. In settin%up the last
equation it hasbeen assumed that the measured equilibrium sorption is the sorptior
on interior sites or, in other words, the surface adsorption contributes very .
little to the total sorption. An experimental and theoretical justification of
this assumption will be given later,

It should be pointed out that the parficular equation for Wy is not the
gencral form., The reaction involving sorption on internal sites might be,

e C/‘/30F/ (M]Q@) + mD = D,,," (C;{;O/J)n
In all cases examined to date, n * m = 1, Furthermore.it has been assumed by
using 1 - (}5 for the concentration of empty internal sites that the number of
sites is independent of the amount of sorption. If sorption leads to the forma-
tion of new sites, by expansion of the gel, then the concentration of empty
internal sites would be of the form, (1 - 4} + £ (¢) ). To date, no definite

experimental evidence has been found which requ:.res the use of a site-expansmn
tern,

' The sorption isotherm derived here, which is
: We = Al £ :
e e

= = Iup
e (/r f-_/)c) (1-«<
is an equation :anolv:.ng three parameters, A, K Ky. It has been found to fit
the equilibrium data in the literature for the sorption of polar gases by elastic
wall gels., The extension of this equation to other systems will be the subject
of a subsequent paper., But it can be stated that in general it will fit many
systems up to relatlve pressures of 0 9 or greater.

. The equation fits the equilibrium data for methanol sorption on cellulose
also to 0.9. Application of the equatlon to the metha.nol-cellulose system gives
t'ne constants listed in Table II.

N

Table II
Gonstant.s for Methanol “Sorption on Cellulose
Temg'.» A
30°C, lh.ﬁ atm,-1 0. 73 2,61 x 10-3moles D 51t.es/ gran
B 13.60 0.65 T 265 0 0n n
45 9.91 0.58 . 2.6 " n_n n "

The values of K in Table II, are d:unensmnless because z, used in X, represents
a dimensionless quantity, the average number of adsorbed molecules held by one ’
occupied surface site. It will be noted that A is independent of the temperature
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as would be expec’ted.. Ky and X vary in the normal mannmer with the temperature.
Using the equation, AF°®= — R7T L , and evaluating A4 from a
.- Plot of 1nK against the reciprocal of the absolute temperature ADFS, O H and

AS for surface adsorption (I7) and for interior sorption (K) can be evaluated.
These quantities have been tabulated in Table III,

Table ITT
T Thermodynamic Values .
Equilibriun Temp. T HF® AH AR
. 30°C. ~1610 cal./mole -5080 cal./mole  ~11,5 cal./degree
Surface 35 -=1600 n " n n o-1.3 ® n
Kl . hs n _1h50 L n n 1] n -11 'h L n
' " 30°C. 530 cal./mole ;1830 cal,/mole -7.8 n
Interior ~ 35 600 ™ n Ll " n -79% "
K ) us n 660 *® L] " n n - 7.8 . "

Thermodynamic data derived from measurements over limited temperature ranges
would be' expected to have low precision so thit conclusions drawn from such data
cannot be too definite., The heat of condensation of methanol vapor in the tem-
perature range from 30° to L5°C. isiknown to vary but assuming a constant value
over this temperature range the heat of condensation is approximately -8,600
cal, per mole, The fact that the value of A/ for the interior sorption (D sites)
differs greatly from the heat of condensation indicates that the interior sorption
cannot consist of a large number of methanol molecules clustered near one site.
In.general, clustering of methanol molecules so that interaction of methanol
molecules with methanol molecules takes place should lead to higher values of
the heat of reaction for the interior sorption than those observed, . .

N\

' Reaction Mechanism

The following reaction mechanism is suggested for thé kinetics of
methanol sorption on cellulose: ' '

. G+S5S = &5

2. G+ GS =2 GS |

3. GS +2D=> 2(D4G) + &S
4. GS +2(0-46)—>GS +2D

5 GyS+2(0-46)2 2DG + GS

Reactions 1 and 2 represent the adsorption of the gas on S (surface)
sites. Obviously additional reactions lesding to the formation of species like
G3+8, GQ-S are also involved but are not necessary for explanation of the ldnetic
data. All reactions involving surface adsorption of the physical type are known
to be rapid both on theoretical and experimenial grounds, The double arrow is
used to indicate that these reactions are in equilibrium,

Reaction 3 is the slow rate-determining reaction for the sorption
process., A molecule from a site of the G,°S type migrates into the interior and
is held on two D (internal) sites, Two internal sites are required to explain
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the second order kinetics found experimentally. The nature of these sites will
be discussed later., Reaction li is the reverse of reaction 3 and is necessary tc.
account for the reversibility of the sorption process. Reaction S is a rapid
equilibrium type reaction. It is postulated to have one G molecule held on one
D site, which is indicated to be the case from the previously derived sorption
isotherm, ) .

Using W to be W, — W_ or the increase in weight at time, &, and W, to
be Woo - W, or the increfise if weight at infinite time, the differential equation
for the process is, .

"%j—fz/- = dey & (We-w)T— Ly, (W)

Since £, the fraction of reaction, is

g , this equation can be arranged to give

(]
I = kOt (1-f) Lo uf
let B designate the term, 442 . Introduction of B gives ~

%36& df 43'@»(/5[&,]5)’-_ /3](’:‘j

|
\

Jdt
which on integration and substitution of limits gives,

s
bowet = L L. = £ /)

: 2JB = f 1+ VB
Unfortunately, this equation is difficult to handlé numerically because of the
appearance of B in the ln term, However, the experimental data indicate, that
at higher pressures corresponding to higher values of ¢, B becomes smaller since
6,/6 is 1/e. If B can approach a small number then the differential equation

s:‘mpfifies to d . . .
;l_é = L 3 92_ We (/ - 75‘) :
which on integration and substitution of limits give

&367_ et = 7C/1—7C -

This latter equation was used for the calculation of rate constants setting 'é kY 9’1»
= > . The experimental work indicates that at low pressures (¢ = 0.1l)

the full equation should be used. For single experiments it has been shown that

the experimental data fit the full équation using the trial and error method for

the evaluation of B, However, the low pressure reglion from ¢ = 0.to ¢ = 0.1 is

the region for which the experimental precision of the opparatus is low. This is

the reason for limiting the experimental work to the region, ¢ > o,/ .

It will be noted that the data suggest only GZ'S species on the surface
furnish G molecules for the interior sites., The question naturally asked is why
other types of surface species such as-G*S and G,°S are not involved in the reac-
tion., For the G*S configuration it appears that”the G molecule is held more
firmly on the S (surface) site than on the D (internal) site. The standard free
energy differences at 30°C. for the reactions G+S= G'S and G+ D=2 G-L
are about =-1600 and -450 cal, per mole, or a difference of 1150 cal. Two reasons
can be advanced for the relatively little participation of G,°S, (f:):l.s species in
the adsorption reaction. In the first place the fractions of surfice, —6l , &
occupied by each type are related by the equation,

o -] L d .__..‘ L] a’ 7—-9 3
e,ne-loe_3°6¥"l'°clc oC

I
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and except at high values of ¢, the relative concentrations of G3°S and higher
species are low, See Figure I. In the second place the adsorpt@on sites on poly-
meric materials need not, as in the case of metals, be restrictea to areas
essentially equal to the area occupied by an atom, The area of the surface sites
on cellulose could be much larger than the area of a single atom. Such sites
could be visualized in the case of methanol adsorption on cellulose, as cooperative
and hence adjacent functional groups such as hydroxyl. If this is true then the
orientation of the surface units is of importance and the different types of
sites correspond to adsorption on a heterogeneous surface. It is very probable
that gaseous methanol molecules cannot penetrate the crystalline latiice of
cellulose and where such 2 lattice is present on the surface, adsorption on such
erystalline sites will not lead directly %o sorption on the interior sites,

The reversibility of the sorption process is obviously dependent on
the relative values of €, and &, , which in turn depend on the pressure.
If in the system at equilibrium the pressure of methanol is decreased, €, approaches
zero faster than €, and the reverse reaction predominates. :

Desorption Experiments

The rates of desorption of methanol from cellulose have been measured
in a number of experiments but with the experimental conditions used here the
data are not significant and have not been reported, The desorption data follow
the same rate equation as the sorption data. This can be shown by plotting t/W
against t. The slope of the straight line should be I/Wé. In desorption experi-
ments all data fit on such a line. However the experimental slope is always
lower than 1/W,, where W, has been determined from equilibrium measurements,
Desorption experiments are made under high vacuum and as desorption is an endo-
thermic process it is believed -that in the present procedure the temperature of
the sample is appreciably lower than the thermostat temperature, The present
technique must be modified in some manner to get better heat transfer, probably
by pelletizing the cellulose sample. Experimental work on this phase of the
problem is continuing, It should be mentioned that in the sorption experiments
W, as determined from the plot of t/W against t always checked the value of W,
obtained from equilibrium measurements to 1% or better. "As the equilibrium mea-
surement is free from thermal effects caused by the evolution of heat it was
concluded that the sorption measurements were being made sufficiently close to

" thermostat temperatures so as to be significant. The low energy of activation

for the sorption process indicates that the change in k with change in tempera-
ture is-about 3% per degree in comparison to a change of greater than 6% per
degree usually encountered in kinetic work.

- Number of Surface Sites

The kinetic data indicate that the number of surface sites on cellulose
is small. The total weight of methanol held by cellulose at a given time must
be equal to the weight of methanol on the surface plus the weight of methanol
held in the interior. Thg‘experimental quantity is, of course, the total weight.
Kinetically, it would appear that the only manner in which the total weight could
follow the experimental kinetic aquations would be that the weight of the methanol
held in the interior is essentially equal to the total weight or that the weight
of methanol adsorbed on the surface is small, If this is true, the number of .
surface sites on cellulose must be small. Experimental confirmation of this point
is. desirable, '

~J
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The adsorption of tertiary butyl alcohol on cellulose has been measured
at L45°C, Tertiary butyl alcohol was selected as a molecule having relatively
large dimensions along the x, y, and z axis. The sorption of tertiary butyl
alcohol by cellulose is a very slow process, and equilibriun valueswere not ob-
tained because of the slowness of the .system to come to equilibrium. The following
procedure was adopted assuming that surface adsorption had reached its equilibrium
value in one hour, For non-porous solids ten minutes suffices. The cellulose
sanple was exposed for one hour to a known pressure of tertiary butyl aleohol and~

- the increase in weight recorded, The sample was then evacuated cvernight and a

new weight increase measured for a new pressure. Under these conditions, the
cellulose sample returns to its initial weight on pumping so that the adscorption
is reversible. Measurements of this type were made from relative pressures 0.1
to 0.8 and gave a Langmulr type isotherm, Tertiary butyl alcochol adsorptions
ranged from 1.4 x 10™ to 7.9 x 10™° moles alcohol per gram cellulose. Except at
low values of ¢, these values for tertiary butyl alcohol are much smaller than
those obtained with methanol (see Table I). These data are considered experi-
mental evidence that the number of surface sites on the cellulose is small and
that most of the methanol held by the cellulose is dissolved in the cellulose.
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Summary

The sorption of different amines on coals of various ranks has been
investigated. 1In all cases examined to date.the sorption is isothermally ir-
reversible. Different hypotheses for explanation of the irreversible sorption
are discussed and it is concluded that the most probable explanation is the
formation of solvates stabilized by mechanical trapping of amine molecules in
the gel structure of the coal., Experimental evidence in support of a trapped
molecule hypothesis is presented.

Introduction

Am:mes have been used frequently in extraction studies on coal. It
has been found that it is difficult to remove the last traces of amines from both
extract and residue, and this behavior might be considered evidence that the
amines have reacted chemically with coal. It is the purpose of this investiga-
tion to-study the sorption of gaseous amines on coal, to determine whether
chemisorption has taken place, and if chemisorption is involved to find the
nature of the functional groups in coal responsible for the chemisorption.

Experimental
Apparatus: Sorption measurements were made gravimetrically using MeBain-Bakr
Salances. The apparatus had six tubes connected in series so that six different
samples of coal could be studied at the same time under the same experimental
conditions. . The springs were made from Ni-Span-C wire, 0.005 inches in diameter.
The sensitivities of the springs ranged from 1.55 to 2.98 milligrams per milli-
meter extension. With a cathetometer reading to 0.1 mm. and a sample weight of
200 milligrams the precision of measurement was about 0.1%. The pumping system
was composed of a two-stage mercury diffusion pump backed by a mechanical pump.
The system included a storage chamber for storing the liquid whose sorption was
to be measured and a mercury manometer for reading the pressure, Nercury sealed
stopcocks were used for isolating the balance chambers and the storage chamber,
The entire apparatus was mounted in an air thermostat., The temperature of the
thermostat could be varied from 35°C ‘to 50°C,. and held at a glven temperature
* 0, 10° for a period of weeks.
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Chemicals: The sdmples of coal used were obtained in part from the stock of the
Coal Research Laboratory and were furnished in pert by the Pititsburgh-Consolidation
Co2l. Company. Samples in the form of coarsely-grained material were ground by
passage through a hammer mill. The samples thus ground were used unsieved in .
order to avoid separation of the petrographic components of the coal, Samples of -
pale crepe natursl rubber, GRS-1502 synthetic rubber, pulverized rubber.peels
(reclalmcd raobﬂr) and hard rubber dust were furnished by the General Tire and
Rubber Company. Samples of natural and synthetic rubber in the form of gum,
(unvalcanized) stock were washed repeatedly with methanol. Cured (vulcanlzed)
rubber samples were refluxed with a mixture of ether,.toluene, and methanol.
Anhydrous Drierite was used as a sample of -calcium sulfate. The iron pyrites
used was a mineralogical specimen consisting of small cubes of pyrites held in a
stone matrix. Some of the cubes were freed from the matrix and ground to prov1de
the sample.

Pyridine, Baker, C.F,, was redlstllled and stored over Drierite. Methyl-
amine, Sastman, was obtained and used as a 25% solution in Water. Ethanolamine,
Bastman, and’ Zthylenediariine, Matheson, Coleman and Bell, were redistilled before

use. 2lHet thoxyethylamine, Zastman, was received as a 56-70% solution in water;

potassium hydroxide was added and the mixture refluxed. 2-Methoxyeuhylam1ne was
distilled from the mlkture and then redistilled over sodiwm wmetal.

Frocedure: The samples of coal were weighed out to 0.1 mg. and allowed ‘to stand

_ overnight in a desiccator. The samples, after being reweighed and placed in the-

apparatus, were allowed to stand for one hour,“with an atmosphere of air present,
to come to the thermostat temperature. A reading of the spring length was taken.
It was assumed that the weight of the sample had not changed during the hour
waiting period.  The next step was to evacuate the apparatus and to follow the
samole weight (spring length) until constant weight was attained, Coal samples
vere allowed to stand in the vacuum for a minimum of one day aluhoush the samples
usually attained cons tant weight in shorter periods of time.

Following evacuestion, the balance compartments wvere isolated from the
vacuum line and the chosen vapor admitted to the system at a pressure equivalent
to a relative pressure of about 0.5, The samples were kept under these condi-
tions until a constant weight was reached. 'Usually periods of 3 to 5 days were

zaded to gel complete adsorption although in some cases several weeks exposure
was required. Plots of weigh 1%, W, vs. time, t, made for ‘each experiment aided
in the determination of the welght at equlllbrlum. After determination of the
equilibrium weight, the system was evacuated until the sample came again to a
constant weight. Figure 1. is a schematic drawing of a typical plot of W as a
function of time. W, is the initial weight of the sample. After vapor has been
admitted to the system the weight of sample increases to some constant value,
The increase in weight is called W,, the equilibrium sorption. When the system

is evacuated the weight of the sample rapidly decreases at first and then gradually
f2lls to a constant value. For all the work described here the final sample weight

+7as always greater than the initial weight, W,. The increase in weight after a

complated cycle of sorption and desorption is called wp (permanent sorption).

Experimental Results .

As previously mentioned, all coals investigated showed an irreversible
adsorption of amines. The values of the permanent sorption, W,, in moles per
gram for the sorption of 2-methoxyethylamine are given in Table I.
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Table I .
Permanent Sorption of 2-Methoxyethylamine on Coals :

: Coal 35:C. o°C.
Pocahontas - 3.7 x 16=h—ﬁoles/gram’ © 3.6 x 107 moles/gran
Eittsburgh (Edenborn) 5.9 f n u 7.1 " " u
Spitsbergen : 5.9 " " n 9.2 n " '
Anthracite (Pa.) < 7.2 n n n 6.6 " i n
Cannel 10.5 n 1 n 9.2 n n "
Clover Splint ) 15.7 " " " Wy n u u
I1linois No. 6 19.1 u n u 15.3 n " "
Wyoming 29.3 n " u 30.2 n n "

. Lignite (Kincaid) ) 3h.6 LR n 36.7 " u "
_Brown (German) L1.7 T 36.0 " " "

In examining these results it will be noted that for the higher rank coals the
values of W, do not parallel the rank. However, for lower rank coals the values
of U, paralgel.the rank, increasing as the rank decreases The high values of

W, for low-rank coals is noteworthy, being around L x 107~ moles per gram of coal:

‘this figure corresponds to a permanent sorption of 0,3 grams of 2-methoxyethyl-

amine per gram of coal or about 304 of the original weight of the dry cozl. "It
will also be noted that Wp does not change much as the temperature is changed,
and that W, does not increase or decrease uniformly with increase in temperature.
The tenmacity with which amines are held by the coal even under orolonged
evacuation suggests that the amine is chemically combined with the coal, To' check
this hypothesis, additional experiments were made to determine the nature of the
functional groups responsible for the irreversible adsorption. The following
possibilities were considered:. : ) :
1. The formation of solvatés with the inorganic constituents present
in the coal. _ : o :
2. The reaction of amines with acidic groups (COOH, OH) present in the

coal. .
3. The razaction of amines with elemental sulfur in the coal.
L. The reaction of amines with thicether or disulfide groups.
5. A reaction of amines with conjugated systems such as -C=C-C=0.
6. The formation of solvates stabilized by trapping.

‘%ach of these .possibilities will be considered in turn, o
. . - . N~

Inorganic Constituents: All coals contain mineral matter and the compounds which

comprise the bulk of this mineral matter are iron pyrites, silicates, and iron

and calciup salts (1). Since.calcium salts are known to form ammoniates there -

is a possibility that amines form similar complexes. Several sorption experiments
were made using ferrous sulfide (synthetic), iron pyrites (mineralogical) and
calcium sulfate. The results are tabulated in Table IX, All measurements were
made at 35°C. - . .

Table IT ‘
Sorption of Amines on Selected Mineral Constituents

Amine “Mineral - We (moles/gram) W, (moles{grgm)
_90.09 x 10—4

Ethylenediamine : FeS : 0.2 x 10-4
S : FeS, .. 043 0 L 0.13 o
2.-Methoxyethylamine FeSp o ’ 0
"  caSQ) . 6.64 x 10°b . 0.3

Inspeétion of the results in Table II shows that o is essentially zero for all
samples although W, is large for CaSO). : : -
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icidic Groups: The acidic groups in coal are probably COOH and OH. As the car-

- Bonyl freguency in the infrared spectra is-very WDak (2) .1t nay be concluded that

2, R, . Priedel and.J. A. Queiser, Anal, Chem., 28, 22 {1956)

the concentration of COOH in coal is very lom  The-reaction with amines would

be of ‘the tye,  RH(s) + BNH; (7) — R/VH3 B(s

+ The e’ﬂlll‘lbl‘“ un constant for this reaction is the product of a number of eqm_llbrlum

O’

constants involving solution in water, neubralization, etc. and data are insuf-
ficient for its evaluation. However, it can be shown that the equilibrium constant
for the reaction involves the basic dissociation constant of the amine in water.,
imines with large dissociation constants would be expected to have a large K for

the zoove rezction and a greater probzbility that the salt formed would not be ;
pumped of f under high vacuumn, The above fact suggests the following procedure.

If 2 given type of coal is picked then treatment of this coal with amines of i
dliferent basicity should give values of Wp paralleling to some extent the dis-
sociation constant.

Experiments were nmade wi uh Pittsburgh Seam (Zdenborn) coal aT 35°C,
using amines dissolved in water or conbaining watzr, Under these conditions the
coal samples ars simultaneously adsorbing water and amine. The results are shov
in Table III. :

kN

Table JIX
Permanent SOrptlon (U ) of Amines ‘on Fittsbirgh Seam Coal. (35°C.)
fmine pK (H20-25°C.) . W, (moles/gram)
Fethylamine - Fo0 . : 3. £.3 x 10-4
Zthanolamine - Hp0 . h.3 3.9
2-liethoxyethylamineT- HoO 4.6 6.0 u
Fyridine - HpO : 8.6 7.0 . v

17 .

These data show that W, actuall 1y increasss as the basié strenpgtl: decreases or -
the resuylt opposite to thath expected. The oxygen-content of the coal is about

h x 1077 moles of oxygen atoms per gram of coal. Consequently adequate oxygen

is present and salt formation cannot be ellmlnabeu on the basis of insufficient
oxygen in coal.

U

ction with Sulfur: Amines are known to react.with elemental sulfur but deta
n t‘ne nature of the reactions are not available. Although the content oft ele-
nertal sulfur in coal is supposed to be 'small, it seemed desirable to do a fev
periments on the amine-sulfur reactions. Accordlngly the sorptlon of various
nines on rhombic sulfur were measured. Sorption does occur and the color of

'n-e sample changes from yellow to deep orange and then to black during ihe course
of the sorption. The reaction product appears to form a very tight coating over .
the unreacted sulfur. as, even after reaction periods of six to seven: weeks, the *
vellou color of unr&.acted sulfur can be seen. through the bottom of the glass
bl\,x gt carrying ple, Hone of our experiments have gone to completion.
Host of ths sorption, 75% or more, is irreversible and values ranging from 0.72
grams of amine to 0.016 grams of amine per gram of sulfur were obtained. Izethyl—
amine showed the lowest permanznt sorption and ethylenediamine the highest
sermanent sorption. Sorption of ethylenediamine corresponds to 0.5 moles of
amine ver mole of sulfur, Urnless the elemental sulfur content of the coal is
hign, 1t does not seem possible to explain the 1rrevL1*sLble sorptlon of amines '
on coal in this manner,

(.
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Reaction with Sulfide or Disulfide Bonds: If thio-ether or disulfide bonds are

present in coal, such bonds might react with amines. To check this possibility
the sorption.of 2-methoxyethylamine on a series of Fittsburgh Seam coals of kmnown
sulfur content was measurad. The coal samples used were from the following minzs:
Hendrix, Zdenborn, Montour, Watermanh, Fursglove and Moundsville. The total sulfur
content of these coals ranged from 0.90%.to L4.25%. The permanent sorption fer
these samples ranged from 5.1 x 10— to 15.1 x 10"ll moles of amine per gram of
coal, The experimental values of-W, showed no correlation with .the total sulfur
pyritic sulfur, sulfate sulfur or organic sulfur contents of the coals.’

To determine whether any reaction of this type did occur under the .
experimental conditions used, the sorption of 2-methoxyethylamine on samples of
cured and uncured rubber stocks was measured. The data are tabulated in Table IV,

Table IV
Sorption of 2-hethoxyet1ylam1ne on Rubber (35“C. )
- Rubber % (moles/gram)
Pale crepe (vulcanized). , 1.8 x 1o-4 -
u " (uhvulcanized) 0.8 x 10™
GRS-1502 (vulcanized) 0.5x "
GRS-1502 (unvulcanized) o1 x © )
Rubber peels (reclaim) lhx -
Hard, rubber dust 3.8x ¢

S

. The permanent sorption on all samples is low.’ As Vﬁlcanized samples cohtain~more

sulfur than unvulcanized samples and as in vulcanized samples some of the sulfur
is present as thioether or disulfide bonds it can be concluded that the reaction
between amines and sulfur links is very slow at 35°C.
Reactions. with Conjugated Systems: The system of particular interest-is the
quinones, Many different reagents are known to react with quinones under rather
mild conditions., If the reagent belng added is de51gnatea as RH, the reaction

canbewrlttenas) C=C-C=0 + RH —; RC-C=C-oH

Among the compounds which undergo this reaction are amlnvs, alcohols, and bisul-
fites. - The sorption of methanol on coals of various ranks has been under
investigation in.this laboratory for several years. Although in these experlnents
coal samples have been exposed for periods of time as much as several weeks and
at temperatures ranging from 30° t6 L45°C., all methanol sorptions determined to
date have bzen reversible to better than 1%. These data indicate that the ex-
perimental conditions are not .correct for methanol -addition:-to coal or that the
concentration of conjugated systems of the quinons type in coal is very small.
Additional experiments have been made where samples-of coal were treated with
liguid reagents under conditions which would be expected to lead to the addition
of bisulfites or methanol to quinones. No evidence of appreciable reaction as
measured by increase in weight of the coal sample has yet been obtained. 1In
these experiments, reacting, say coal with liquid methanol, the system is two-
phased and this fact might explain the slowness of - the reactlon. On the basis of
the data at hand, it does appear that the concentration of qplnones in coal is
small. . : :

Solvates Stabilized by'Trépping: As mentioned before, most solvates would be
unstable at tne low ﬁ?essures prevailing during the desorption process. However,
such solvates might show sufficient stability if the molecules are trapped in the
gel structure. On this hypothesis the permanent sorption of amines is analogous
to clathrate formation found with crystalline compounds. The values of wp hence
are kinetic snd not equilibrium values for amine sorption.
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Two types of experimental evidence can be sought to support such a
hypothesis. TFirst, if it can be shown that an inert.organic molecule of high
volatility is irreversibly held by the coal, then the trapped molecule hypo-
thesis appears probable., Second, other polymer systems with functional groups ~
ol known inertness to amines mlght be expected to show the same behavior.

For an experiment of the first type diethylether was selected as the v -
molecule which could bs considered inert, Accordingly, the sorptiom of diethyl
ether on Wyoming coal was measured at 35°C, The value of W, for ether was
10 x 10-k moles for gram coal, and while this value is subs%,antlally less than

Wp for -2-methoxyethylamine, nevertheless ether is held by this coal very <
tenaciously. For an experiment of the second type the sorption of 2-methoxyamine
on two natural polymers was measured at 35°C.. The results are tabulated in
Table V, . :
Table V
Sorption of 2—hetho;qrethylamme on Polymeric Materlals
Polymer W, (moles/gram) W, (moles/gram)
Cotton linters =138 x 10- . . 5.0 x I0-
- Rew silk 10.5 ' - 5.5 "

- One other piece of evwdence may -be 01ted as supporting the trapped
molecule hypothesis. For a series of coals, W, was measured at 25°C. Keeping
the samples under high vacuum, the thermostat temperziure was changed succes-
sively to 40, U5 and 50°C, allowing the smmples to remain at each new temperature -~
for a minimun period of 2L hours. Under this procedure, 7 decreased slightly
“as thz temperature increased.. For a given coal, the values of log W, when
plotted agzinst Y/ gave a straw ght line whose slope is related to I%he heat of
reaction. Cf the six coals on which this procedure was tried, anthracite .gave
tiie lowest heat of reaction, 1.3 kcal. per mole, and Clover Splint gave the

*highest heat_of reaction, 3.3 kcal. per mole. These thermal values a.rejmuch to0
low to be associated w:Lth anything but a very low order of bonding.

—
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RODUGCTS FROM SULFONATION OF PETROLEUM RESIDUA

_ (1) (2)
Meyer B, Goren and I, Dean Elkins

Kerr-}oGee 0il Industries, Inc.

Olddshoma- City, Okla,

ABSTRACT

In = search for new ‘applications for resinous fractions derivable from asphzlt,
studies of sulfonation reactions of these substances have led to the dsvelopment
of an intermediate product which can be utilized to prepare either strong acid cation
zichance mterials or an activated gas-adsorbsnt carbon.

The cation exchanze materials have operating characteristics and stability re-

sembling the commercial sulfenated coals, while adsorbent carbons of very high
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(2) Present =ddress: Kerr-McGee 0il Industries, Inc,
Cushing, Cklzhom
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PRODUCTS FROM SULFCHATION OF PETROLEUM RESIDUA -
) Mayer B, Goren and I. Dean Elkins
Kerr—tcGee 0il Industries, Inc,
Oklahonz City, Okla,.

Processing of low gravity crudes at the Wyhnewood, Oklzhome refinery of Kerr-
McGee 0il Industries, Inc., affords asphalt as a ma2jor proiuct, 2nd among the mjor
efforts of the Kerr-iicCee research group has been the investigeticn of new uses for
rcizlly feasible methods for
separating vacuum reduced crude into the asphaltic coxponeats usually referred to as
asrzhaltenes, re51ns, and oils afforded us ﬂwnlc quantities of th2se materizls for
investigation in a search for nesw uses for these substances as raw raterials in the
chemical 2nd allied iﬁdhstries.

e
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By proper coatrol o’ the conditions of sepurat on it is possitle o preparse
resinous fractions of varying physical properties as rerlscted ¥y ring zad tell

softening point, hardness, penetration, stc.

though these resin fractions hove industrizl uses of their own =2
in paints, rubber, tile, emulsions, and others, projects were undertz
chermicz]l modification of these fractions in search of entirely new utilization of
tnese cormonents 2s chemiczl raw mete 1;15.

The higher molecular weight fractions of these resins are relatively commls:,
highly condensed mixed aroma ic—aliobutic—nanhthonic raterials, largely hydroczrbon
in nature, but conteining minor percentazes of sulfur znd oxygsn wost orozably
present as heterocyclic function, Without extensive fractionation by extrewcl]
tedious and expensive processes it appeared thet only sizmle chemiczl trez
the resins might result in desirable chan ages in the properiies of these su
Which might give rise to useful products,

Among the reactions investigated which did, indeed, af?
or end products was that of trez her melting
sulfonating agents, The course of the reactions wi £g
volves sulfcnation, sulfation, and oxidative COHQSDSEtLCn and is
as the somewha2t analogous well-lnown “sulfcnaticn" of cczl, How
asphaltic fractions investigated are fusible at (relatively) low
in the mechenical processing of the latter, dust and fines arising
operations are not lost to chemical processing, inasmuch as the dus

" melted, cast, and reground.

A single sulfonation (the term sulfomation
the reactions involved are considerably mcre com
however, it is convenient to use this rather than
swlfating agents" which is what it is intsaded to
corncentrated sulfuric z2¢id yielcds, with a variety
product which is readily wet by water and infusibie
thzt the starting meterial is essentially hydrcphoom in nature a T
withouv more than minor decorpositvicn., The sulfonated product is harder -
asphaltenes) less friable than the stariing meterial. I% possesses poor cation ex—
change properties, as will e seen from the "Experimental® ssction,

hY
Poweve s @ retreatment of this product with additional sulfenating =gents(4’
does afford products useful as cation-exciange mmterizls operative in DOuh the




hydrogen and sodium cycle, and of capacity and operating characteristics assentially
indistinguishable from comsercial Wsulfonated coal® cation exchange products, with
which the better products were ccmpared, Thus granular materials were prepared .
having satisfactory ion exchange .capacity, good physical stability and resistance to
attrition; they are economically regenerated, are free from color throw-off in the
allmli metal forms and are washed free of excess regenerant with & reasomable volume
of wash water. . .

The hardness and infusibility of thé once sulfonated Mintermediate product® led
to the testing of these substances as coking materials for the preparation of an

" activatable adsorbent char({5). It may be pointed out that slow coking of asphaltie

resin fractions (resins or asphaltenes) is preceded by fusion, evolution of gaseous
pyrolysis products with concomitant profuse foaming until the meterial is weil
carbonized, whereupon a light porous friable product is left bhaving essentially no
utility as an activatable char., On the other hand, slow charring of a properly-
sulfonated intermediate product derivable from the same resinous material affords in
good yield & hard granular carbon, the granules of a size essentially the same as the
starting material. No fusing or foaming occurs, and the char is readily activated by
the usual well-lknown methods to give a very active adsorbent of satisfactory hzrdness
characteristics. R . : .

The relationship of the original resinous material to the. Tsulfonated™ product’
is largely that of binder to base material as defined by Morgan and Fink(7). These
investigators classified binders as substances which, on carbonization, Mswell, be-
come macroporous and yield a lustrous char,” During the carbonization the material
goes through a plastic, or even a liquid stage, during which effervescence accompany-
ing the expulsion of volatile matter gives.rise to the swelling with building of the
meeroporous structure, Base materials, on the other.hand, should not become plastic,
or fluid during carbonization, but rather should have a rigid oriented structure.
Other desirable characteristics of a base material are that it should be %a large
ring-chain molecule with oxygen or other volatile constituents ir the ring.®

Inasmuch as binder materials carbonize to give (after acti’vation) carbons of low
activily, these investigations conclude that such substances are in the main not very
desirable as raw materials for activated carbon. :

Similar, though perhaps not as broad, conclusions were reached by Bureau of Mines
Investigators{2) who found that certain bituminous and sub~bitumirous coals, natural .
cokes, pitch cokes and petroleum cokes did not yield satisfactory adsorbent carbons
by methods which, with désirable raw materials, were. successful. .

Apparently the reactions attending the sulfuric acid treatment of the asphaltic
resins - e.g., sulforation, sulfation, and oxidative condensation serve to transform
these asphaltic resinous mterials from a binder (quality unknown) into a very satis-
factory basé material. The amount.of sulfuric acid which is required to effect the
conversion depends upon the relative binder/tase characteristics of the asphaltic
resin, and is most economically a quentity which will effect enough oxidative con-
densation to minimize fusion during charring., With pentane-precipitated asphaltenes,
about 3.5 parts of 95% sulfuric acid per part of resin effects, during a two-hour
"sulfonation® period, conversion into a satisfactory base material. For conversion
into an activetable char, the sulfonetion product, without isolation or washing is
slowly heated to coking temperature (about 550-600°C) in the absence of air, During
the heating period, excess acld, some sulfur dioxide, HpS, and even elementary sulfur
are evolved along with water, and later, as temperatures in excess of about L00~450°
are attained, carbonaceous pyrolytic decorposition products are evolved, The char

can be satisfactorily activated by the usual methods (steam) to afford active adsorbent
chars in good yield, : '

) Thus exef.mination'of sulfonating reactions on asphaltic resin fractions léads to
& proauct vhich may be resulfonated to yield useful cation exchange mterials or which
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can be carbonized and activated to give 2 good activated carbon. .

EXPERDMENTAL

Preparation of Cation Exchange Materiais

The reaction between hard asphalts or asphaltic resing and simple sulfonating
agent such as concentrated sulfuric acid is very slow at ambient temperatures, becoming
more rapid as the temperature rises to about 70°C. Above this temperature the re-
action proceeds rapidly, accompanied by vigorous evolution of SOz as the acid
oxidizes part of the aspheltic material, .= The mixture foams persistently and in con—
sequence the reaction must be carried out in oversize equipment with adeguate stirring.
Useful starting materials for preparation of either the cation exchange mmterials

_or the activated char were found to be blown asphalts of softening point in excess of

about 270° and asphaltic resins, asphzltenes, or mixtures thereof having similar

- softening point properties.’ Simple asphaltenes were very useful as starting mterials,

1. Sulfonation of Asphaltenes

Fused and subsequently ground pentane~precipitated asphaltenes derived from a
vacuum reduced asphalt {penetration 89, softening point 120°F) were screened, and ]
the 20/40 mesh fraction retained. Fines were remelted, cast to solidify and reground.
For the preliminary sulfonation 100 parts of the 20/40 mesh meterizl were tieated with
540 parts by weight of 95% sulfuric acid in a resin reaction flask equivped with an
efficient stirrer and vented for the escape of gases, The sulfuric acid w2s added
to the ground material slowly, the mixture was allowed to reach its equilibrium
temperature (about 45°C) and was then slowly heated on a steam bath. Because of %the
violent foaming which ensues, the temperature must be raised slowly = .one-half %o on2
hour being required to reach meximum steam bath terperature which is mintained for
a period of about two hours. The reaction had largely moderated at the end of this
time under these conditions and most of the acid appeared to be absorked., The mixture
was cooled and poured into a large excess of cold water. " Pines produced in the sul-
fonation were removed by baclkwashing in 2 large cylinder. Washing of excess acid

‘from the solid product is a tedious operation and is at best not wholly successful,

To test the product for ion exchange capacity, twelve grams of the washed and
dried material was transferred to a half-inch diameter glass colurm and alternately
exhausted and regenerated by treatment with dilute sodium hydroxide followed by dilute
hydrochloric acid. After several cycles of this sort, the product was regenerated
with 4 Normel hydrochleric acid. To wash out the excess acid required over a liter
of water (about fifty column volumes) and the material in the hydrogen form was found

. by standard colum testing methods to have an exchange capacity of only about 0.35

m.e.q./gram. (Twelve grams exchanged hydrogen for the cations in about 550 ml of hard
water containing 400 ppm hardness expressed as CaCO3). Thus this product is a very
poor ion exchange material, ] - :

2. BResulfonation of Intermediate Product ..-

The intermediate sulfonated product prepared (above) was further activated by
treating 150 parts of the dried mterial with 80 parts of 207 oleum in similar equip-
ment, The oleum was added slowly while the mixture was cooled in order to prevent
excessive heating and foaming. -—AB&in when equilibrium temperature wes established,
the mixture was heated slowly to steam bath temperatures and maintained for two hours,

‘The product was "drowned out" after cooling and thoroughly washed, finally in the

sodium form with hot water., A twelve-gram sample of:this product required somewhat
less than 100 ml of wash water to free it of excess acid after regeneration, and in
standard column operation exchanged hydrogen for the cations in 2,150 ml of 400 ppm:
hard water before leakage reached 5% -of the original total bardness. This much- -
improved product bad a working capacity of approximately l.43 m.e.q. per gram,
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3+, Double Sulfonation without Intermediate Isolation of Produ_ct

A quantity of 20/40 mesh asphaltene was;sulfonated with 5,5 times its weight of
concentrated sulfuric acid as in the first example. After the initial sulfonation
the mixture was cooled and a quantity of 20% oleum equal in weight to the original
sulfuric acid sharged was slowly added, after which beating was resumed. More 302
was evolved and . the mixture again foamed as btadly as during the original sulfonation.
After an additional two hours at steam bath temperature the reaction was’ @erminated
and the product was washed, The material possessed high exchange capacity but

_exhibited color throw-off on lengthy standing in the sodium form' in contact with water.

This was believed que to small amounts of lower molecular weight sulfate/sulfonate§.
To eliminate these, the washed mterial was soaked in hot (90°C) 20% sodium hydroxide -
for about six hours and then was thoroughly washed with hot water,

This material exhibited ion exchange capacity in both the hydrogen and sodium
eycles comparable with that of commercially available sulfonated coals. Color throw- .
off was not'noticeable, regeneration and washing requirements were essentially those
of commercial sulfonated coal. Yield of the twice-sulfonated material was about l.4
times the weight of pentane asphaltenes charged. Quite similar products were obtained
from similar sulfonations carried out on an oxidized asphalt and air oxidized asphaltic:

resins., .

Preg raiion of Activated Carbé)-ns, "

A speciasl apparatus was constructed of fused quariz for preparing and activating
chars from sulfonated materials, The mjor components of this apparatus were a steam
superheater and a carbonizing and activating vessel, both constructed of fused quartz.
The superheater wds a quartz macro combustion tube 3/4% x 30" with all joints at the
ends and heated by a standard electric combustion’ furnace., . L

The activating vessel was somewhat similar but arranged in a vertical position.
This vessel was larger in dizmeter (2") and shorter (10%"). It was also heated
electrically by furnace elements vhich fit closely for most of its length, Temperature:
was controlled by a large variable transformer, The lower end was closed and a socket
joint attached nezr the bottom at right angles to its axis. This joint received
superheated steam from the combustion tube. A grating of quartz waes included just
above the steam inlet, This helped distribute the steam uniformily. The upper end
of the tuoe was bottle shaped with a socket joint finish, This socket accepted a btall
joint fitting carrying a thermocouple and a condenser. .

Steam rate was measured by'pressu..re drop across a caiibrated orifice between the

supply line and the inlet to the superheater tube. - ’

Approximately 40 grams of dry, gramilar, sulfonated material was charged to the
vessel and carbonized without steam at 500-550°C., The temperature was then raised to
that desired for activation, and steam admitted at a rate sufficient to suspend or
fluidize the bed of carbon, ' At the end of the time of activation, heating of the
activation vessel was discontinued but sduperheated steam was continued until the

~ temperature of the carbon had fallen below 500°C at which time the steam was shut off,

The carbon was allowed to cool thoroughly beforé disconnecting the apparatus.

1, Activated Carbon from Asphaltenes

Two-hundred grams of pentane precipitated asphaltenes were slowly coked in the
absence of air, Foaming was severe because of fusion and evolution of volatile
mtter, so that the rate of heating required careful monitoring to avert mechanical
loss of material. The final temperature of coking was 500°C and heating was continued
for about ten minutes after essentially all pyrolysis products had been evolved. The
cooled porous, friable residue (104 g.) was crushed and screened, the 20/40 mesh .
fraction (54 g.) being retained. Activation for 30 minutes at 975°C with excess of
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superheated steam afforded 19.7 grams (4.8% based on asphaltenes) of an Yactivated,
carbon” which bad a CCl, service time(l,3,8) of 36 seconds. Thus, the activated
asphaltene coke would be considered worthless as an active char.

2. Activated carbon from Sulfonated Asphaltenes

100 g. of 20/40 mesh asphaltenes was treated with 200 ml (370 g.) of concentrated
sulfuric acid, heated to water bath temperature and ;naintained for two hours., The
temperature was slowly rzised until a final temperature of 400°C was attained, Copious
evolution of SOy attended the vhole operation. - The dry product was screened to
eliminate a small amount of fines and the 20/%0 mesh fraction coked at 500-550°C until
evolution of gases had ceased. Blf the char (38.5, g.) was activated with steam at
8009C for 35 minutes to yield 36 g. of activated carbon having a CCly service time of
185 seconds, The other half of the char was steam-activated at 950°C for 35 minutes
to yleld ‘24 g. of activated carbor baving a CClj service time of 1028 seconds. The
once~tested carbon was regenerated for seven minutes at 975°C and exhibited a CCl,
service time of 1050 seconds. The products are granular, of fairly satisfactory
hardness and have been prepared under conditions which y:\.eld carbons having CCly service
t:.mes as high as 1600 seconds.

The activity of the carbon increased with increasing temperature of actJ.Vat:Lon
up to about 850-875°C. Thus, carbon activated at temperatures above 900°C was no
more active than that obtained at 850°C, At these temperatures,. yleld of activated
carbon decreased rapidly with increased retentiod time and with increasing temperature.
These facts are in general accord with and confirm observetions rade by previous
investigators.(6)
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DETERMINATION OF TOTAL PYRIDINES AND TOTAL QUINOLINES
IN LOW TEMPERATURE COAL-TAR DISTIILATES BY
ULTRAVIOLET SPECTROPHOTOMETRY

Ta-Chuang Lo Chang and Clarence Karr, Jr.

Low-Temperature Tar Laboratory
Bureau of Mines
U. S. Department of the Interior
Morgantown, W. Va..

ABSTRACT

An ultraviolet spectrophotometric method for determining total pyridines
and total quinolines in coal-tar distillates is described. The bases are extracted
from the sample with 10 sulfuric acid. The pH of the acid extract is adjusted to
12 by adding potassium hydroxide. The free bases are extracted from the alkaline
solution with isooctane, and the ultraviolet spectrum is obtained from the iso-
octane solution. The total quinolines and total pyridines are determined from the
spectrum by using the following average absorptivities from 10 quinolines and 13
pyridines: 15.95 for quinolines at 316.5 mp~ and 23.24 and 21.25 for quinolines
and pyridines at 260 mu~ This method needs only a small amount of sample and can
be-applied to similar materials, such as petroleum distillates.
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DETERMINATION OF TOTAL PYRIDINES AND TOTAL QUINOLINES
IN 10W TEMPERATURE COAL-TAR DISTILLATES BY ~
ULTRAVIOLET SPECTROPHOTOMETRY Lo

Ta-Chuang lo Chang and Clarence Karr, Jr.
Low-Temperature Tar Laboratory
Bureau of Mines
U, S. Department of the Interior
Morgantown, West Virginia

Pyridine bases as derived from coal tar are complex mixtures of pyridine,
quinoline and their homologs (5,7). For the analysis of these bases according to
chemical type, (that is, as pyridines and quinolines), it was desired to develop
an ultraviolet spectrophotometric method that would apply to low temperature coal-
tar distillates and crude tar bases.

Previously LeRosen and Wiley (6) had attempted to determine pyridines in
petroleun products by extracting the sample with phosphoric acid wherein the pyri-
dines were determined by ultraviolet spectrophotometry and expressed as pyridine

by referring to a standard graph of pyriulne itself. Another paper (L) described a

similar process., .

In the method described in this paper, pyridine and alkyl derivatives are
estimated as "total pyridines," not as pyridine itself, as done by LeRosen and
Wiley. Similarly, quinoline and its alkyl derivatives are estimated as "total
quinolines." Briefly, the procedure is as follows: The sample is extracted with
10% sulfuric acid and the acid layer is adjusted to pH 12 by adding potassium
hydroxide. The tar bases in the alkaline solution are then extracted with iso-

cctane. The total pyrldlnes and total quinolines are determined by the composite

spectrum of the isooctane extract.

The selected wave length for calculating total quinolines is 316.5 mp.,
at which pyridines show no absorbance. The empirical absorptivity for total quino-
lines at this wave length is 15.95, the average coefficient of 10 quinolines chosen
for this study. The wave length selected for total pyridines is 260 mpe, at which
quinolines show considerable absorbance. Their absorbance can be calculated from
their concentration, as determined by the absorbance at 316.5 my., ‘and a correction
applied to total absorbance from which pyridines may be calcula eds The empirical
absorptivity for total quinolines at 260 m p- is taken as 23.24, the, average of 10
quinolines; that for total pyridines is taken as 21.25, the average’ coefficient of
13 pyridines.

APPARATUS

Beckman DK~2 Spectrophotometer with hydrogen discharge lamp.
Matched pair l-cm. silica cells.

Separatory funnels.

Pipettes and volumetric flasks.

CHEMICALS

Pyrldlne bases:
Pyridine, Fisher certitied reagent.
2-Methylpyridine, C. P, Eimer and Amend.
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3-Methylpyridine, 98%, Eastman Kodak Co., yellow label.
L-Methylpyridine, Eastman Kodak Co., white label.
2,3~Dimethylpyridine, Matheson, Coleman and Bell.
2,L-Dimethylpyridine, 95%, Eastman Kodak Co., yellow label.
2,6-Dimethylpyridine, 90%, Eastman Kodak Co., yellow label.
3,5-Dimethylpyridine, pure grade, Aldrich Chemical Co.
2-Ethylpyridine, 95%¢ purity minimum, Reilly Tar & Chemical Corp.
L-Fthylpyridine, 95% purity minimum, Reilly Tar & Chemical Corp.
5~Ethyl-2-methylpyridine, Eastman Kodak Co., white label.
3-Ethyl-L-methylpyridine, pure grade, Aldrich Chemical Co. -
2,4,6~Trimethylpyridine, Eastman Kodak Co., white label.
Quinoline, synthetic, Eastman Kedak Co., white label.
2-Methylquinoline, Quinaldine 95%, Eastman Kodak Co., yellow label.
L~Methylquinoline, Lepidine, Eastman Kodak Co., yellow label.
é~Hethylquinoline, Eastman Kodak Co., white label.
7-Methylquinoline, pure grade, Aldrich Chemical Co.
8-Methylquinoline, Eastman Kodak Co., white label.
2,L~Dimethylquinoline, pure grade, Aldrich Chemical Co.
2,6-Dimethylquinoline, Bastman Kodak Co., white label.
Isoquinoline, Eastman Kodak Co., white label.
3-Methylisoquinoline, Eastman Kodak Co., yellow label.-
Acridine, pure grade, Aldrich Chemical Co.

" Sulfuric acid, 10%, analytical reagent.
Sodium hydroxide, 10%, analytical reagent.
Potassium hydroxide pellets, analytical reagent.
Isooctane (2,2,4-trimethylpentane), spectro-grade.

EXPERTMENTAL

Procedure for Synthetic Mixtures. The ultraviolet spectra of the 23 bases
used for this study were determined individually in isooctane. The spectra agreed
well with those in the literature (1,3). The absorptivities of the bases and their
averages at 260 mu- and 316.5 mj were then calculated and are presented in Table I.

Stocks of synthetic mixtures containing bases listed in Table II were
prepared in 10% sulfuric acid solution. Their concentrations were exactly three
times those shown in the table, . :

The stocks to which neutral oil was added were washed three times with
isooctane, which was discarded. The volume of isooctane used each time equaled
that of the stock. Ten ml. of the acid layer was adjusted to pH 12 by slowly add—
ing KOH pellets. The alkaline solution was then extracted three times with 10 ml.
of isooctane. The extracts were combined, and the ultraviolet spectrum of the 30-
ml. extract was determined. The concentrations of total gquinolines and total pyri-
dines were determined by the absorbances and average absorptivities at 316.5 mpe
and 260 gy respectively. ;

Table III shows the recovery of bases by this method. In this table,
the "present™ concentrations were one-third of their stocks and the "found" were
the concentrations of the 30-ml. iscoctane extract of the corresponding mixtures.
For example, synthetic mixture number 1 in Tables II and III has a total pyridine
concentration of 0.0202 g/l. to correspond to the dilution of the original stock
from 10 to 30 ml. The concentration found, as shown in Table III, was 0.0201 g/1. -

Procedure for Tar-Base Samples. (a) For tar distillate: For samples con-
taining 1-2% base by weight, 10 ml. of distillate was weighed in a separatory funnel
and extracted three times with 10 sulfuric acid, 20 ml. the first time and 10 ml.
each the second and the third times. The acid layers were collected in a 1CO-ml.
volumetric flask. The 0il residus remaining in the funnel was extracted three times
with 10 ml. of 10% sodium hydroxide each time. This extraction removes any tar acids

. \
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Table I

" Absorptivities of Pyridine Bases

Wave Length
260 mjix 316.5 m v
Pyridine Bases k

Pyridine 17.44 0
2-Methylpyridine 25.43 0
3~-Methylpyridine 23.47 0
L-Methylpyridine 14,22 .0
2,3-Dimethylpyridine’ 26.86 0
2,4-Dimethylpyridine 22,41 0
2,6~Dimethylpyridine 26.7L 0
3,5-Dimethylpyridine _ 22.87 o]
2-Ethylpyridine o 24,47 0
L~FEthylpyridine ™ "i-, 13.07 0
5-Ethyl-2-methylpyridin 20.99 0
3-Fthyl-4-methylpyridine - 18.87 0
2,4,6~Trimethylpyridine 20.33 _0

Average 21.25 [§)

Quinoline Bases

Quinoline 24,23 9.84L
2-Methylquinoline 23.90 25,71
L~Yethylquinoline 27.69 - 8.97
‘6~Methylquinoline 17.79 12,39
7~Methylquinoline 19,16 18.95 -
8-Methylquinoline 12.56 12.87
2,4~Dimethylquinoline 24,2 17.25
2,6-Dimethylquinoline 21,25 13.56
Isoquinoline 28,67 27.27
3-Methyl~isoquinoline 27.08 13.69

Average 23.2L 15.95 .

Table ITI

Recovery of Total Pyridines and Quinolines from Synthetie

Mixtures by Using Average Absorptivitiesd/

Total Total Total Total
¥ixture Pyridines Pyridines Recovery, :Quinolines Quinolines Recovery,
No. -~ Present, g/i. Found, g/l. Percent Present, g/1. Found, g/1. Percent
A 0.0202 0.0201 99.3 0.0155 0.0155 1¢0.0
2 0.0282 0.0281 99.7 0.0093 C.0091 97.8
3 0.0081 0.0C80 99.8 0.0248 0.0245 98.7
4 0.0181 0.0181 100.0 0,071 0.0166 97.3
5. 0.0179 0.0173 96.2 0.0184 0.0201 109.0
6o/ 0.0179 0.0192  107.0 0. 018 ©0.0206 112.0
7 0.01875 0.0193 103.0 | 0.01238 0.0116 93.7
gb/ 0.01875 0.0206 109.8 0.01238 0.0117 9.5
9 0.01875 0.02C8 111.0 0.01238 0.0117. 9L.5
10/ 0.01875 0.0199 106.0 0.01238 0.0119 96.1
i 0.02203 0.01905 87.0 +0, 01354 0.0135 99.0
126/ 0.02203 0.01868 85.0 0.01354 0.0135 99.0
a/ At 316.5 ms, a for quinolines = 15.95; at 260 my-, a for quinolines = 23.24; at

260 mpv, a for pyridines = 21.25.
b/ These mixtures contained 0,03 g/1. neutral oil obtained from low temperature tar:

their acid s

0il

&

olutions (pH = 2) were extracted with isooctzne to remove t
\ 5

—

A
%

he neutral
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that may make complete extraction of tar bases difficult. The alkaline layer was
discarded, and the oil layer was then extracted again three times with 107 sulfuric
acid as before. These acid extracts were added to the 100-ml. volumetric flask,
and the final volume of the acid sclution was diluted to 100 ml. with 10% sulfurie
acid.

(b) For crude tar base: About 0.1 gram of crude tar base was weighed and
dissolved in 10% sulfuric acid in a 50-ml. volumetric flask. The solution was
diluted to the mark with’10% sulfuric acid. -

Twenty-five ml. of either of the above acid solutions was washed three
times with isooctans. The volume of iscoctane used each time equaled that of the
acid solution. - After washing, the volume of the acid solution was adjusted to 25

" ml. with waber- if necessary. Two ml. of thz acid solution was pipetted into a small

beaker that contained a few milliliters of water and placed in an ice-water bath.
Potassium hydroxide pellets were added to the acid solution with constant stirring
until the pH of the solution reached 12. The solution was transferred quantitatively
to a 25-ml. volumetric flask and was diluted to the mark with distilled water. Five
ml. of the alkaline solution was extracted three times with 10 ml. of isococtane each
time. The isooctane extracts were combined, and an ultraviolet spectrum was deter-
mined. NS '

S .

Calculation of Tar Bases in Sample.
Average absorptivity for quinolines at 316.5 myv = 15.95
Average absorptivity for quinolines at 260 mgr = 23.24
Average absorptivity for pyridines at 260 mjp = 21,25

A A -
et b LS ®

A A 16,5 )
- g 23.24
P= 260 '25 - xFp xF, (2)

vhere Q = total quinolines in grams,
P = total pyridines in grams,
A33¢,5 = absorbance at 316.5 mp,
- Aogp = absorbance at 260 mp, .
Fp = dilution factor for final isooctane extract, if any,
- Fy = dilution factor for the sample.

In the procedure described above, there is no further dilution for the
final iscoctane extract. Therefore, Fy_equals 1. Fs is equal to (30/1000 x 25/5
x 100/2) = 7.5 for the distillate and J(30/1000 x 25/5 x 50/2) = 3,75 for the crude
tar base. ) )

If the tar-base content in the sample is too high, further dilution of
the final lscoctane extract is necessary to obtain a satisfactory spectrum with
absorbances at 316.5 and 260 mg within a range of 0.1 - 0.9, The dilution factor
Py, therefore, has to be found by the actuel dilution made,

s If the tar-base content in the sample is so low that the composite spec—
trum of the final 30 ml. of isococtane extract is unsatisfactory, either of the fol-
lowing two procedures can be used: (a) Increase the volume of alkaline solution
for final isooctane extraction from 5 to0:10 ml. In this case, Fp is still 1, and
Fo is changed to 3.75 instead of 7.5; (b) increase the volume of iscoctane-washed
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acid extract from 2 ml. to any desired volume up to 20 ml. In this case, the dilu-
tien factor F, has to be changed to a value depending on the actual volum“ of the
acid solution used.

From the weight of total pyridines, total quinolines, and weight or
volume of the sample used, the percentage of total pyridines and total qu:molmes
can be calculated.

DISCUSSION 5

Selection of Wave Lengths and Absorptivities for Calculating Total Pyri-
dines and Total Quinclines. .The pyridine bases of tar distillates contain a great
number of pyridine and quinoline derivatives, and the exact composition varies with
the type of tar and manner of distillation. To represent all possible compositions
an unlimited number of synthetic mixtures would be required. For this study, the
best one can do is to make a synthetic mixture containing the main bases found in
tar distillates (5,7) as representatives. Thirteen pyridines and ten quinolines
have been selected. However, several other important alkyl pyridines and quino-
lines, such as tetramethylpyridines and trimethylquinolines, were not included in
this work because of their unavailability in this laboratory when this work was
done. It is expected that these bases will not appreciably change the pattern of
the composite spectrum and also that their absorptivities will not be far from the
average values of the 23 bases.

.

Table II shows the compositions of the synthetic mixtures. The spectra
of six typical synthetic mixtures, as shown in Figures 1 to 4, follow a general °
pattern that also applies to the spectra of pyridine bases extracted from two 'tar
distillates (Fig. 5).

To select suitable wave lengths for calculatlng total pyridn.nes and total
quinolines, several key wave lengths (256, 260, 265, and 270 msu.for pyridines and
304.5, 308, 313, 316.5, and 318 for quino]_mes were tried. Best recoveries for
the bases in the above synthetic mixtures have been found at wave lengths of 260 mu
and 316.5 e, respectively, for pyridines.and quinolines. The recovery at these
vwave lengths is shown in Table IIT. For the first four mixtures, which contained
all of the available pyridines and quinolines, recoveries were within 0.7%, or
better, -for total pyridines, and 2.7%, or better, for total quinolines. Based om
the recovery and the assumption that the reference mixture of equal amounts of indi-
vidual bases better represents the tar bases in the samples than other mixtures

-would, the following average absorptivities were chosen for calculating the total
-pyridines and the total quinolines in tar distillates: 21.25 for total pyrldlnes

and 23.24 for total quinolines at wave length 260 mpe, and 15,95 for total quino-
lines at wave length 316.5 mpc.

As the average absorptivity is based on the presence of many bases, the
chances of its failing to be applicable will increase as the number of bases

. decreases. For example, if only h-~ethylpyridine with an absorptivity of 13.07 is

‘present, the error incurred by using the average value of 21.25 will be the
greatest. Likewise, the error in the quinoline determination increases as the
number of quinolines in the sample decreases. However, coal-tar bases are complex
mixtures, and this situation will be unlikely to happen; also, in most instances
the true absorptivities of the base mjxtures are expected to fall in the nelghbor-
hood of the average values.

Of the twe types of bases, it is noted that the recovery for quinolines
is better than that for pyridines. This is due to the fact that pyridines do not
interfere with quinolines at 316.5 ms, while quinolines interfere with pyridines
at 260 mp, )
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Tc obtain 2 good composite spectrum, the best concentration of the bases
in isooctane is 0.03 - 0.04 gram per liter. However, this method can also be
satisfactorily applied to a finzl isooctane extract containing a total base con-
tent as Jow as 0.015 gram per liter, if the quinoline content roughly equals that
of the pyridinss. .

Interference. In extracting the bases from the distillate, & small
amount of acid-soluble phenols and hydrocarbons that also possess an absorption
for ultraviolet energy at 250 to 260 mgeis earried over to the acid solution and
eventually will interfere with the determination of the bases. However, this

-interference can be overcome by washing the acid extract with isooctane and by hold-

ing all phenols in the alkaline solution during the final- extractlion of the bases -
with iscoctane. Synthetic mixtures 6, 8, 10, and 12, which were contaminated pur-
posely with hydrocarbons from tar distil..ate, demonstrate the falirly good removal
of the hydrocarbons by treating the acid extract with isooctane.

Although the tar bases in distillates consist mainly of pyridines and

>qu1nolines, they also may contain some other nitrogenous compounds, such as pyr-

roles, indoles and anilines {5,7). However, pyrroles and indoles are very weak

~bases. Their pK, values are so close to lh that they are not extractable with

dilute mineral acids. Anilines are basic in property and are extractable with
dilute mineral acids. Some of the aniline derivatives, such as toluidines, have
been identified in tar bases. By examining their ultraviolet spectra (1,3), it was
"shown that the highest absorbance appears from 235 - 250 mpe while the lowest is
from 260 ~ 270 mjv, Fortunately, their presence usually is in a small percentage

. in comparison with pyridine bases (7). In this method, the interference of this

small amount of anilines can be assumed to be negllglble insofar as the composite
spectrum of the tar bases follows the general pattern of the synthetic mixtures.

On the other hind, if the composite spectrum shows an urmusual pattern with a peak
at 240 to 250 mp, it might indicate that the tar base might contain a rather
higher amount of anilines than uswal. Should this happen, the small amount of ani-
lines is included as pyridines at 260 m;., although the interference is not con-
sidered to be appreciable. '

. The two composite spectra (Fig. 5) of two tar distillates (Table IV) fol-
lowed the general pattern of those of the synthetic mixtures. One of these: dis-
tillates was obtained from a low temperature Wyoming lignite tar and the other from
a low temperature bituminous- coal tar. The spectrum of tar bases from the bitumi-
nous coal tar shows a emall additional peak at 252 mse. This might be due to an
unusually high amount of aniline derivatives or an unusually high percentage of a
certain alkyl pyridine. For example, 3-ethyl-4-methylpyridine present in a com—
paratively larger amount than other pyridines would give a small individual peak at
around 250 my~. A crude tar base, consisting of a mixture of neutral oil, tar
bases, and small amounts of benzene and tar acids, was recovered as a by-product in
the liquid-liquid countercurrent extraction of tar acids from the bituminous coal
tar distillate using aqueous methanol (8). This crude tar base upon analysis was
found to contain 70 weight-percent of total pyridines and 30 weight-percent of
total quinolines. The proportion of total pyridines to total quinolines.is quite
similar to that for the base obtained directly from the distillate. _

Analysis of Distillates Containing Acridine. High~boiling tar distillates
may contain some acridines. Acridine, qualitatively and- quantitatively, can be
measured by a similar procedure. Its ultraviolet spectrum shows a significant peak
at 339 mpewhich is suitable for its quantitative analysis and also shows an unusuall
high absorbance at a.round 250 m r which can be used as a confirmation for this com-
pound.
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methanol
“where (2).

A synthetic mixture, which ‘contained six pyridines, three quinolines and

acridine was analyzed in the same mammer as the other synthetic mixtures. The com-
posite spectrum of the mixture and the recovery of the bases by this method are
shown in Figure 4 and Table V.

The absorptivity fer acridine at 339 mpr is 42.2,

at 316.5 m, 13.9, and at 260 me, 17.2
Table IV

Determination of Total Pyridines and Total

Quinolines

in Tar Distillates

Distillatién Endpoint, °C.

Pressure, mm. Hg

Volume of Sample Used, ml.
Weight of the Sample, g.

Total Pyridines Found, g.
Total Quinolines Found, g.

Total Base, g.

Total Pyridines in Base, wt. %
Total Quinolines in Base, wt. &
Total Base in Sample, wt. %
Total Pyridines in Sample, wt. %

Total Quinclines in Sample, wt. %

Recovery of Bases from a Synthetic Mixture

Table V

Bases

Total Pyridines
Total Quinclines
Acridine

Other Applications.

Containing Acridine

Present,
ram/liter

0.0184
0.00989
0.0017

Distillate
Lignite Bituminous
Tar Coal Tar
125.0 125.0
0.1 U0
10.0 10.0
9.35 9.55
0.103 10,104 .
0.012 0.05
0.115 0.154
89-5 67'5
10.5 32.5
1.23 1.62
1.1 - S &
0.13 0.52
Found, Recovery,
gram/liter percent
0.020 109.0
0.0081 - 82.0

0, 00175

103.0

This method can also be applied to tar refinery

streams, such as the extract and raffinate, from tha countercurrent liquid-liquid
extraction of tar distillates with aqueous methanol and hexane (8)., The bases in
the hexane phase can be analyzed by this procedure directly, and the bases in the
phase can be purified by distillation am% extraction as described else-

Pyridine bases present in samples from petrolemﬂ refining can also be

determined by this method.

CONCLUSION

An ultraviolet spectrophotometfig method developed to determine total

pyridines and total quinolines in their mixtures has been shown to give satisfactory
analysis of these two types of bases in coal-tar distillates.

This method should
work equally well for the bases in similar materials. . -
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IDENTIFICATION AND DETERMINATION OF LON-BOILING -
PHENOLS IN LON TEMPERATURE COAL TAR

~_Clarence Karr, Jr., Paul M. Brown,.and Patricia A. Estep
Low-Temperature Tar Laboratory
Bureau of Mines .
U. S. Department of the Interior
Morgantown, W. Va..

George L. Humphrey
West Virginia University
Morgantown, W. Va.

ABSTRACT

Low-boiling phenols in a low temperature bituminous coal tar distillate
have been identified and quantitatively determined by gas-liquid partition chroma-
tography. These phenols were also determined by the conventional technique of -
fractional distillation, followed by infrared analysis. Comparison of the two
independent techniques of GLPC and IR was made. Phenol, cresols, xylenols and
ethylphenols were included in the analyses. . .
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IDENTIFICATION AND DETERMINATION OF IDW—BOH.fNG
PHENOLS IN IOW TEMPERATURE COAL TAR “

Clarence Karr, Jr., Paul M. Brown, and Patricia A. Estep
Iow—'l‘emperature Tar Laboratory
Bureay of Mines
U. S. Department of the Interior
Morgantown, West Virginia

_(}jeorge L, ‘Humph.rey
" West Virginia University -
~Morgantown, West Virginia

As part of an extensive program on separating and characterizing compo-
nents in tar resulting from low temperature carbonization of bituminous coal, it
was desired to identify and determine quantitatively the low-boiling phenols in a
certain tar distillate. Examination of the literature published within the last
ten years showed that information on identification of phenols in low temperature
tar mostly représents work done outside of the United States (3,6,7,8,9,10). The
best conventional quantitative procedure involves fractional distlllatlon of the
mixture of phenols, followed by infrared analysis. This technique has been
recently described by Fair and Friedrich (2), who, however, do not give any actual
examples of analysis of coal-tar distillates. An example, using essentlally the

_same technique, is provided by Jones and Neuworth (h)

To complement as we]_'l. as check the results obtained by distillation and
infrared analysis, a completely independent method of. separation and analysis was
chosen. This was a gas-liquid partition chromatographlc technique for phenols
which had been previously described (5). )

o Isolatlon of Mixture of Low-Boiling Phenols. A distillate was obtained
from a sample of low temperature (500°C.) bituminous coal. tar, furnished by the
Pittsburgh Consolidation Coal Company, Library, Pa., under very mild temperature
conditions, so as to reduce structural alterations of tar components to a minimum.

For this purpose, a rotary vacuum stripper was constructed.

"The strippei' consisted of a 12-liter—capacity, stainieés-steel, spherical

- flask, which was rotated at about 6 r.p.m. in a 20-gallon-capacity oil bath. &

mechanical vacuum pump with a free-air flow rate of 375 liters per mirmute was used
to reduce the pressure, and oxygen-free nitrogen was employed to maintain an inert
atmosphere in the system. An ionization vacuum gauge with a range of 1000 mm. to 1
micron was used for continuous pressure indication.. The main distillate was

- recovered with a cold-water Friedrichs condenser. A small portion of distillate,

representing -components distillable at room temperature and about 133 microns pres-
sure (equivalent to very approximately 2159C. at 1 atmosphere), was recovered with
a trap cooled with a mixture of triéhloroethylene and solidified carbon dioxide. A
similar trap was used to protect the sensing head of the ionization gauge. In

operation, the bulk of the distillation takes place from the fresh film of hot tar,

which is continually drawn up the wall at one side of the flask owing to the slow

rotary motion. At about 125°C. and 133 microns about 21 weight-percent of the tar
was distillable. '
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A Claisen alkali extraction was performed on the cold-trap portion of the
distjilate, following the procedure described by Woolfolk et al. (12). From this
extraction the tar-acid content of the low-boiling distillate appeared toibe about

20 volume-percent. This cold-trap material did not necessarily represent complste

recovery of any of its components from the tar. It was, however, considered to be
a good mixture for evaluation of a vapor-phase chromatographic technique because of
its high volatility and relatively simple composition. ’

Distillation of Iow-Boiling Phenols. A 37.25-g. portien of .the low-boil-
ing mixture of phenols isolated from the tar was fractionated in a Piros-Glover
micro-spinning-band vacuum still. All air was flushed out of the still with oxygen-
free dry nitrogen before the distillation was started. The still was operated at a
head pressure of 50 mm. Hg, which very nearly represents the pot pressure, since the
pressure drop in the spinning-band column is almost negligible. The boilup rate
was approximately 30 to 40 ml. per hour, and the reflux ratio was 10 to 1. The
speed of the band was fixed at 1800 r.p.m. Seven fractions were isolated, with a
recovery of 96.2 weight-percent. All fractions were initially colorless, but frac-
tion 7 developed a slight color on standing two days. The results of this distil- .

"lation are shown in Table I and Figure 1. The temperature readings in Figure 1 are '

for an jron-constantan thermocouple in the still head as recorded on a 10-millivolt,
5~inch-span recorder, the cold junction being at room temperature, which was essen~

‘tially constant. The weights of each component in each fraction were determined by

conventional infrared spectrophotometry, using the following analytiecal wave lengths,
in micronss o o '

Fraction :
Compound = 1 2 3 Lo .5 6 7

Phenol 14.55 14.55
* o~Cresol 11.86 11.86 13.35 -

2,6-Xylenol oo 1.0

p—Cresol ‘ 12.2