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Low

 

m olecular

 

weight

 

organic

 

acids

 

were

 

studied

 

in

 

the

 

course

 

of

 

pyrolysis

 

experim ents

 

(200-400'C,

 

2-1,000h)

 

of

 

keroge n

 

(Green

 

River

 

Form ation

 

and

 

M onterey

 

Form ation)

 

with

 

and

 

without

 

th e

 

presence

 

of

 

w ater

 

and

 

m inerals

 

(m ontm orillonite,

 

illite

 

and

 

calcite).

 

C1-Clo

 

aliphatic

 

acids

 

and

 

benzoic

 

acid

 

were

 

identified

 

in

 

the

 

pyrolysis

 

products

 

of

 

kerogen.

 

Their

 

distribution

 

is

 

characterized

 

by

 

a

 

dominan ce

 

of

 

acetic

 

acid

 

followed

 

by

 

form ic

 

an d

 

propionic

 

acids

 

with

 

an

 

even/odd

 

preference

 

in

 

the

 

range

 

of

 

C4-Clo-
Total

 

concentrations

 

of

 

these

 

acids

 

am ounted

 

to

 

0.3%

 

of

 

in itial

 

kerogen,

 

indicating

 

that

 

kerogen

 

has

 

a

 

good

 

potential

 

for

 

producing

 

organic

 

acids.

 

Geochemical

 

im plications

 

of

 

these

 

organic

 

acids

 

are;

 

(1)

 

they

 

are

 

possible

 

interm ediates

 

from

 

kerogen

 

to

 

natural

 

gas

 

(C02

 

,

 

H2,

 

CH4,

 

C2H6,

 

etc.)

 

by

 

decarboxylation,

 

and

 

(2)

 

they

 

m ay

 

be

 

im portant

 

and

 

potential

 

contributors

 

to

 

the

 

generation

 

of

 

secondary

 

porosity

 

by

 

dis-
solving

 

minerals.

 

INTRODu cr ION

 

Since

 

C2-C5

 

m onocarboxylic

 

acids

 

w ere

 

found

 

in

 

oil-field

 

w aters

 

(Carothers

 

and

 

K hara-

ka,

 

1978),

 

Iow

 

m olecular

 

weight

 

organic

 

acids

 

(LM W O A )

 

have

 

been

 

considered

 

to

 

be

 

a

 

source

 

of

 

natural

 

gas

 

by

 

decarboxylation

 

(K haraka

 

et

 

al.,

 

1

 

983)

 

and

 

as

 

possible

 

contributors

 

to

 

genera-

tion

 

of

 

secondary

 

porosity

 

by

 

dissolving

 

car-

bonates

 

and

 

alum inum

 

silicates

 

(Surdam

 

et

 

al,,

 

l

 

984).

 

These

 

organic

 

acids

 

are

 

considered

 

to

 

origin ate

 

from

 

organic

 

geopolym ers

 

(kerogen)

 

by

 

diagenetic

 

reactions

 

(Carothers

 

and

 

K haraka,

 

1978).

 

T he

 

search

 

for

 

LM W O A

 

in

 

the

 

products

 

of

 

laboratory

 

heated

 

kerogen

 

(G reen

 

River

 

Form ation,

 

at

 

I

 

OO'C

 

for

 

tw o

 

w eeks

 

in

 

distilled

 

w ater)

 

w as

 

first

 

conducted

 

by

 

Surdam

 

et

 

al.

 

(1984).

 

They

 

detected

 

tw o

 

acids;

 

acetic

 

acid

 

and

 

oxalic

 

acid,

 

using

 

ion

 

chrom atography.

 

The

 

am ount

 

of

 

oxalic

 

acid

 

w as

 

0.6m g/g-kerogen,

 

but

 

that

 

of

 

acetic

 

acid

 

w as

 

not

 

reported

 

(Surdam

 

et

 

al.,

 

1

 

984).

 

T he

 

authors

 

suggested

 

that

 

kero-

gen

 

m ay

 

be

 

a

 

potential

 

source

 

of

 

organic

 

acids

 

found

 

in

 

sedim ents

 

and

 

oil-field

 

w aters.

 

Other

 

laboratory

 

experim ents

 

have

 

show n

 

that

 

concentration

 

of

 

car boxylic

 

acids

 

(> C12)

 

increased

 

upon

 

heating

 

R ecent

 

sedim ents

 

(Baedecker

 

et

 

al.,

 

1977;

 

H arrison

 

1978;

 

K aw a-
m ura

 

and

 

Ishiw atari,

 

1

 

981;

 

1982).

 

Those

 

acids

 

w ere

 

considered

 

to

 

be

 

released

 

from

 

kerogen

 

and

 

hum ic

 

m aterials.

 

K aw am ura

 

and

 

Ishiw atari

 

(1985)

 

further

 

show ed

 

that

 

the

 

concentration

 

of

 

C12

 

and

 

C13

 

acids

 

increased

 

preferrentially

 

over

 

longer

 

chain

 

acids,

 

suggesting

 

that

 

the

 

shorter

 

chain

 

acids

 

are

 

released

 

from

 

sedim ents

 

duri ng

 

heating.

 

W ith

 

the

 

exception

 

of

 

Surdam

 

et

 

al.

 

(1984)

 

dem onstration

 

that

 

acetic

 

acid

 

w as

 

released,

 

the

 

distribution

 

of

 

short-chain

 

m onocarboxylic

 

acids

 

(C1~Clo)

 

has

 

not

 

been

 

reported,

 

possibly

 

owing
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K.

 

Kawam ura

 

et

 

al.

 

to

 

analytical

 

difficulties.

 

H ere,

 

w e

 

report

 

distributions

 

of

 

C1C;10

 

m onocarboxylic

 

acids

 

derived

 

from

 

dry

 

and

 

hydrous

 

pyrolysis

 

of

 

kero-
gen

 
at

 
200-400'C

 
for
 
2-1,000

 
hours

 
with

 
and
 

without

 

m inerals.

 

The

 

organic

 

acids

 

w ere

 

deter-

m ined

 

as

 

p-brom ophenacyl

 

esters

 

using

 

high

 

resolution

 

capillary

 

gas

 

chrom atography.

 

E XPER

 

JM EN TA L

 

Green

 

River

 

Form ation

 

(Eocene)

 

shales

 

(freshw ater

 

origin,

 

Type

 

I

 

kerogen)

 

and

 

M on-

terey

 

F orm ation

 

(M iocene)

 

shales

 

(m arine,

 

T ype

 

II

 

kerogen)

 

w ere

 

used

 

in

 

this

 

study.

 

The

 

organic

 

geochem istry

 

of

 

these

 

petroleum

 

source

 

rocks

 

has

 

been

 

w ell

 

studied

 

previously

 

(e.g.,

 

K ven-

volden,

 

1968;

 

Curri ale

 

et

 

al.,

 

1985)

 

and

 

m ore

 

recently

 

in

 

our

 

laboratory

 

(Tannenbaum

 

and

 

K aplan,

 

1985a,

 

b).

 

K erogen

 

w as

 

prepared

 

by

 

a

 

m ethod

 

described

 

in

 

Tannenbaum

 

and

 

K aplan

 

(1985a).

 

Briefly,

 

sed im entary

 

rocks

 

were

 

cru shed,

 

pow dered

 

and

 

extracted

 

with

 

a

 

CH2C12/

 

m ethanol

 

(1

 

:

 

I

 

)

 

m ixture

 

to

 

rem ove

 

the

 

bitum en.

 

The

 

residue

 

was

 

dem ineralized

 

with

 

H CI

 

and

 

H F.

 
The

 
kerogen

 
w as
 
w ashed

 
with

 
w ater

 
and
 
ex-

tracted

 

with

 

CH 2C12/m ethanol

 

(1:1).

 

The

 

ash

 

content

 

of

 

the

 

kerogen

 

w as

 

2.3%

 

(G reen

 

River)

 

and

 

10 %

 

(M onterey).

 

One-half

 

to

 

one

 

gram

 

of

 

kerogen

 

w as

 

sealed

 

in

 

a

 

pyrex

 

tube

 

with

 

and

 

without

 

m inerals

 

(m ontm orillonite,

 

illite

 

and

 

calcite)

 

and

 

then

 

heated

 

at

 

200-400'C

 

for

 

2-

1,000h

 

(Tannenbaum

 

and

 

K aplan,

 

1985a).

 

The

 

kerogen

 

to

 

m ineral

 

w eight

 

ratio

 

w as

 

I

 

:20.

 

K erogen

 

controls

 

with

 

and

 

without

 

m inerals

 

w ere

 

also

 

run

 

in

 

a

 

sam e

 

w ay

 

(300'C,

 

100h).

 

G reen

 

River

 

kerogen

 

(0.3-0.5g)

 

w as

 

also

 

sub-

jected

 

to

 

hydrous

 

pyrolysis

 

with

 

5m l

 

of

 

distilled

 

w ater.

 

A fter

 

takin g

 

gas

 

sam ples

 

from

 

the

 

pyrex

 

tube

 

for

 

gas

 

analysis

 

(Tannenbaum

 

and

 

K aplan,

 
1985a),  the  heated

 
kerogen
 
w as extracted

 
with

 

CH 2C12/m ethanol

 

(9:1)

 

using

 

a

 

Soxhlet

 

ap-

paratus.

 

The

 

extracts

 

(bitum en

 

fraction)

 

w ere

 

concentrated

 

to

 

2-4m l

 

using

 

a

 

rotary

 

evaporator

 

and

 

a

 

nitrogen

 

fl ow.

 

A n

 

aliquot

 

ofthe

 

bitum en

 

(50

 

or

 

I

 

OOpl)

 

w as

 

diluted

 

with

 

5 m l

 

CH 2C12

 

in

 

a

 

20m l

 

test

 

tube

 

with

 

a

 

tefl on-lined

 

cap

 

and

 

back-

extracred

 

with

 

a

 

0.005M

 

K O H

 

solution

 

(5 m l

 

X

 

3).

 

T he

 

back-extracts

 

containing

 

low

 

m olecular

 

w eight

 

carboxylic

 

acids

 

w ere

 

pH-adjusted

 

to

 

8.5

 

with

 

I

 

M

 

H CI

 

solution

 

and

 

passed

 

through

 

a

 

cation

 

exchange

 

colum n

 

(Bio-R ad

 

A G

 

50W -X 4,

 

100-200

 

m esh

 

K+

 

form ).

 

A fter

 

being

 

dried

 

with

 

a

 

rotary

 

evaporator

 

and

 

a

 

nitrogen

 

fl ow,

 

the

 

carboxylates

 

(R CO O-K *)

 

were

 

derived

 

to

 

p-

brom ophenacyl

 

esters

 

with

 

a,p-dibrom oaceto-
phenone

 

(reagent)

 

and

 

dicycl ohexyl-18-crow n-6

 

(catalyst)

 

in

 

an

 

acetonitrile

 

solution

 

(4m l)

 

at

 

80'C

 

for

 

one

 

hour.

 

T he

 

esters

 

w ere

 

purified

 

on

 

a

 

m icro

 

colum n

 

packed

 

with

 

silica

 

gel

 

(Bio-Sil

 

A,

 

200-400

 

m esh)

 

prior

 

to

 

G C

 

analysis.

 

A

 

H ewlett-

Packard

 

M odel

 

5840

 

gas

 

chrom atograph

 

using

 

a

 

0.25 m m

 

X

 

30 m

 

D B-5

 

fused

 

filica

 

capillary

 

colum n

 

and

 

equipped

 

with

 

an

 

FID

 

and

 

a

 

H ewlett-Packard

 

integrator

 

(

 

1

 

8850

 

A

 

G C

 

ter-
m inal),

 
and

 

a

 

Finnigan

 

M odel

 

4000

 

G C-M S

 

with

 

an

 

IN C O S

 

2300

 

data

 

acquisition

 

and

 

interpreta-

tion

 

system

 

w ere

 

used

 

for

 

identification

 

and

 

quantification.

 

The

 

details

 

of

 

ester

 

derivatiza-

tion,

 

purification

 

and

 

G C

 

analysis

 

are

 

presented

 

elsew here

 

(K aw am ura

 

and

 

K aplan,

 

1

 

984).

 

The

 

recoveries

 

of

 

authentic

 

C1~C7

 

m ono-

carboxylic

 

acids

 

added

 

to

 

CH2C12

 

solvent

 

(5 m l)

 

are

 

greater

 

than

 

90%

 

with

 

an

 

error

 

of

 

less

 

than

 

23%

 

for

 

any

 

single

 

com pound.

 

Procedual

 

blank

 

levels

 

are

 

usually

 

less

 

than

 

10%

 

of

 

the

 

actual

 

sam ples.

 

To
 

m in im ize
 

the
 

contam ination,
 

K O H
 

pellets
 
w ere

 

w ashed

 

with

 

m ethanol

 

and

 

com -

busted

 

at

 

550'C

 

for

 

3h

 

and

 

organic-free

 

w ater

 

w as

 

prepared

 

by

 

oxidizing

 

organic

 

im purities

 

in

 

distilled

 

w ater

 

with

 

K M n0 4'

 

Organic

 

solvents

 

w ere

 

re-distilled

 

in

 

all

 

glass

 

apparatus

 

prior

 

to

 

use.

 

A uthentic

 

standards

 

(C1~C7

 

aliphatic,

 

nor-
m al

 

and

 

branched

 

chain

 

m oncarboxylic

 

acids

 

and

 

benzoic

 

acid)

 

w ere

 

used

 

for

 

identification

 

and

 

quantification.

 

D ata

 

presented

 

here

 

are

 

corrected

 

for

 

procedural

 

blanks.

 

REsu LTS

 

AND

 

DISCUSSION

 

G eneral

 

distribution

 

of

 

organic

 

acids

 

A

 

typical

 

gas

 

chrom atogram

 

of

 

L M W O A

 

released

 

from

 

G reen

 

River

 

kerogen

 

is

 

presented

 

in

 

Fig.

 

I

 

as

 

p-brom ophenacyl

 

esters.

 

A

 

hom olo-
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Fig.

 

1.

 

Gas

 

chrowa togllam

 

of

 

p-brom ophena cyl

 

esters

 

of

 

low

 

m olecu lar

 

wel~ht

 

m onocarboxylic

 

acids

 

released

 

from

 

Green

 

River

 

kerogen

 

heated

 

at

 

300'C

 

for

 

I

 

Oh,

 

gous

 

series

 

of

 

norm al

 

chain

 

C1~C7

 

acids,

 

branch-
ed

 

chain

 

iC4,

 

iC5

 

and

 

iC6

 

acids

 

and

 

benzoic

 

acid

 

w ere

 

identified

 

by

 

com paring

 

G C

 

retention

 

tim es

 

and

 

M S

 

fragm entation

 

patterns

 

with

 

those

 

of

 

authentic

 

standards.

 

A

 

m ass

 

spectrum

 

of
 

acetic
 

acid
 

p-brom ophenacyl
 

ester
 

is
 

show n

 

in

 

Fig.

 

2,

 

as

 

an

 

exam ple.

 

The

 

acetic

 

acid

 

ester

 

show s

 

a

 

characteristic

 

base

 

peak

 

at

 

m /z

 

1

 

83/185

 

(CO C6H4Br)

 

with

 

a

 

m olecular

 

ion

 

peak

 

at

 

m /z

 

256/258.

 

The

 

unique

 

isotopic

 

patterns

 

result

 

100

 

>

 

H

 

~a)z

 

50

 

UJ

 

H

 

z

 

o

 

50

 

O

 

O

 

u

 

CH3-C-O-CH2-~ J~ _~~ 'O

 

Br

 

MW=2s6/258

 

76

 

e3

 

90

 

104

 

131

 

+

 

<~

 

Br

 

~

 

155/157

 

1831185

 

171

 

O

 

/~

 

'~

 

~ _

 

Br

 

198

 

216

 

M+

 

~

 

256/258

 

50

 

100

 

ISO

 

M/Z

 

200

 

2so

 

Fig.

 

2.

 

E.

 

I,

 

mass

 

sp ectru m

 

of

 

acetic

 

acid

 

p-bromo-
phena cyl

 

ester

 

from

 

kerogn,

 

from

 

the

 

relative

 

abundance

 

of

 

79Br

 

(50.52% )

 

and

 

81Br

 

(49.48 % ).

 

M ass

 

spectra

 

of

 

authentic

 

acid

 

p-brom ophenacyl

 

esters

 

are

 

presented

 

elsew here

 

(kaw am ura

 

and

 

K aplan,

 

1984).

 

C8-

Clo

 

acids

 

w ere

 

tentatively

 

identified

 

by

 

charac-

teristic

 

m ass

 

fragm ents

 

(M -2

 

1

 

3)

 

of

 

their

 

esters.

 

A s

 

seen

 

in

 

Fig.

 

I

 

,

 

acetic

 

acid

 

is

 

the

 

m ost

 

abundant

 

follow ed

 

by

 

form ic

 

acid

 

and

 

propionic

 

acid.

 

Between

 

C4

 

and

 

Clo

 

acids,

 

an

 

even/odd

 

preference

 

appears

 

to

 

exist,

 

except

 

for

 

C~

 

acids,

 

w hich

 

is

 

relatively

 

m ore

 

abundant

 

than

 

its

 

adjacent

 

neighbors

 

(see

 

Fig.

 

1).

 

Except

 

for

 

acetic

 

acid

 

(Surdam

 

et

 

al.,

 

1984),

 

these

 

m ono-

carboxylic

 

acids

 

have

 

not

 

previously

 

been

 

reported

 

in

 

pyrolysis

 

products

 

of

 

kerogen.

 

Although

 

C2-C9

 

dicarboxylic

 

acids

 

w ere

 

de-

tected

 

in

 

the

 

products

 

of

 

one

 

heated

 

kerogen

 

sam ple

 

(M onterey

 

Form ation;

 

300' C,

 

100 h,

 

bitum en

 

fraction)

 

w here

 

succinic

 

acid

 

w as

 

m ost

 

abundant,

 

reliable

 

quantitative

 

data

 

are

 

not

 

available

 

because

 

these

 

diacids

 

are

 

not

 

efficiently

 

extracted

 

from

 

the

 

heated

 

kerogen

 

by

 

the

 

pro-
cedures

 

used

 

here

 

and

 

their

 

analysis

 

m ust

 

be

 

perform ed

 

by

 

different

 

m ethods.

 

Concentrations

 

of

 

individual

 

C1~Clo

 

m ono-

carboxylic

 

acids

 

for

 

several

 

sam ples

 

are

 

pre-
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K.

 

Kawam ura

 

et

 

al.

 

Table

 

1.

 

Cbncentration

 

of

 

C1

 

~CI

 

o

 

brganic

 

acids

 

detected

 

in

 

pyrolysis

 

products

 

of

 

kerogen

 

(selected

 

samples)

 

Sam

 

ples

 

Pyr.

 

olysis

 

Tem p.

 

Time

 

c

 

c2

 

C3

 

('C)

 

(h)

 

1

 

iC4

 

Organic

 

acids

 

~ag/g-kerogen)

 

C4

 

C5

 

iC6

 

C6

 

C7

 

C8

 

C9

 

Clo

 

B1

 

Total

 

M onterey

 

kerogen

 

unheated

 

2

 

alone

 

200

 

alone

 

300

 

Green

 

River

 

kerogen

 

unheated2

 

alone

 

300

 

alo

 

ne

 

400

 

with

 

m ontm orillonite

 

3

 

OO

 

with

 

H20

 

300

 

with

 

H20

 

+

 

m ontm orillonite

 

300

 

with

 

H20

 

+

 

illite

 

300

 

with

 

H20

 

+

 

calcite

 

300

 

-

 

187 189

 

lOOO

 

727

 

2110

 

lO

 

191

 

939

 

10

 

lO

 

10

 

10

 

10

 

lO

 

10

 

92

 

383

 

432

 

l08

 

220

 

359

 

184

 

137

 

166

 

654

 

1490

 

418

 

1420

 

1330

 

2180

 

1470

 

17

 

320

 

121

 

20

 

82

 

133

 

42

 

235

 

249

 

323

 

257

 

9

 

76

 

15

 

3

 

18

 

30

 

8

 

50

 

112

 

69

 

57

 

24

 

76

 

49

 

5

 

29

 

41

 

14

 

57

 

95

 

70

 

56

 

10

 

N D

 

1

 

34

 

12

 

16

 

19

 

4

 

14

 

3

 

14

 

19

 

6

 

28

 

70

 

31

 

25

 

1

 

13

 

9 
5

 

17

 

74

 

19

 

17

 

3

 

21

 

24

 

8

 

30

 

93

 

36

 

2S

 

l

 

17

 

10

 

1

 

N D

 

N D

 

ND

 

439

 

15

 

7

 

7

 

11

 

3428

 

16

 

11

 

9

 

3

 

1401

 

2

 

1

 

ND

 

N D

 

2

 

298

 

15

 

23

 

26

 

14

 

15

 

1307

 

17

 

27

 

10

 

15

 

16

 

2263

 

6

 

10

 

7

 

5

 

4

 

641

 

23

 

44

 

36

 

28

 

55

 

2243

 

88

 

104

 

90

 

79

 

35

 

2778

 

28

 

63

 

39

 

36

 

55

 

3133

 

18

 

33

 

26

 

16

 

39

 

2176

 

IB:

 

Benzoic

 

acid,

 

2'Organic

 

acids

 

which

 

were

 

separated

 

from

 

unheated

 

kerogen

 

with

 

O.

 

005M

 

K OH

 

solution

 

(see

 

text

 

for

 

details).

 

sented

 

in

 

T able

 

I

 

,

 

except

 

for

 

iC5

 

acids,

 

w hich

 

w as

 

overlapped

 

on

 

the

 

gas

 

chrom atogram

 

by

 

an

 

unknow n

 

peak.

 

T otal

 

concentrations

 

of

 

the

 

acids

 

detected

 

by

 

heating

 

kerogen

 

ranged

 

from

 

0.4

 

to

 

3.4m g/g-kerogen

 

(M onterey

 

Form ation)

 

and

 

0.6

 

to

 

3.Im g/g-kerogen

 

(Green

 

River

 

For-

m ation),

 

respectively.

 

These

 

am ounts

 

are

 

gen-
erally

 

higher

 

than

 

the

 

concentration of

 

oxalic

 

acid

 

(0.6m g/g-kerogen)

 

reported

 

in

 

the

 

heated

 

G reen

 

River

 

kerogen

 

(100'C,

 

2

 

w eeks)

 

(Surdam

 

et

 

al.,

 

1984).

 

The

 

present

 

study

 

indicates

 

that

 

kerogen

 

has

 

a

 

great

 

potential

 

to

 

release

 

short-
chain

 

m onocarboxylic

 

acids

 

on

 

heating.

 

These

 

acids

 

are

 

probably

 

released

 

from

 

kerogen

 

by

 

(1)

 

desorp tion

 

of

 

the

 

acids  w hich

 

had

 

been

 

adsorbed

 

and

 

trapped

 

in

 

the

 

kerogen

 

m atrices,

 

and/or

 

(2)

 

chem ical

 

reactions

 

of

 

precursor

 

com pounds

 

present

 

in

 

the

 

kerogen

 

stru cture.

 

Fates

 

of

 

organic

 

acids

 

The

 

concentration

 

of

 

organic

 

acids

 

produced

 

depends

 

on

 

the

 

heating

 

conditions;

 

i.e.,

 

tem -

perature,

 

tim e,

 

presence

 

of

 

water

 

and

 

m inerals.

 

The

 

fluctuation

 

in

 

concentration

 

with

 

tim e

 

is

 

illustrated
 

in
 

Fig.
 

3
 
for
 
G reen

 
River

 
kerogen

 
sam ples

 

heated

 

at

 

300'C

 

with

 

and

 

without

 

w ater.

 

D uring

 

dry

 

pyrolysis

 

(without

 

water),

 

the

 

am ounts

 

of

 

C1-C3

 

acids

 

increased

 

to

 

a

 

m axim u m

 

between

 

2

 

and

 

10h

 

and

 

then

 

de-

creased

 

with

 

prolonged

 

heating,

 

w hereas

 

the

 

am ounts

 

of

 

C4-Clo

 

acids

 

stayed

 

alm ost

 

constant

 

over

 

the

 

entire

 

I

 

,OOOh

 

heating

 

tim e.

 

The

 

increase

 

of

 

the

 

acids

 

signifies

 

release

 

of

 

the

 

acids

 

by

 

desorp tion

 

from

 

kerogen

 

and/or

 

by

 

breakdown

 

of

 

the

 

kerogen

 

m atrices.

 

O n

 

the

 

other

 

hand,

 

the

 

decrease

 

in

 

concentration

 

indicates
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