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ABSTRAGT

Solid-séil.humic-acid contains:stable organic -free .radicals,
~on.the;orderaofilOIBvradicals/gb Degradation studies-using-CuOéNaOH'
" reveal that these :adicais are not caused;byﬂimpuritieSror-by-un=
-stable species trapped in the solid ‘humic acid .polymer; but rétherv
.are an ‘integral part of the malecule. 'From'thi;=s;qdy,~estimgtes
uafe'made:asltovthe;per cent af~the,semiquinane$ present‘in the ortho
-or para form, Analysis of -the EPR'sﬁectrum, after reduction of the
»gample;;and aftef‘sodium-salttformation, yielded:evidencevthat two
-stabletfreenradicals>coexistﬁin humic .acid. -6ne of-thése-isia_semie
uquinonevof.a'catecholVOr3hydrgqui£one»type;tthéuother could be a
,quinhydrone.type:radicale “l;-is~also-found“thét.humic écid‘eXHibits
wsaturatibn<effe6tsuat«higyﬁbéwer valueSa | |

~Correla;ionsﬂare-élso mg@eubétween the EPR data .and the IR

--spectra.of the :samples.

vi



:?t;“Definition

- I ‘ INTRODUCTION

d . The problem of deflning humlc ac1d has plagued sc1entlsts for

'fthe past two hundred yearso. It can not be deflned 1nithe mannerlnmmich

':most organic compounds are def:.nedo That 1s, 1t can not ‘be glven a

’?,'fdefinite structure° 1t has Mo " unlque melt1ng p01nt, molecular welghts

iR ﬁthave been given by dlfferent workers (19 2) WhiCh range from 500 to "

*;~50 000 but most commonly c1ted molecular Welght 1s in the range

"fr2;0~5-0 x 10 (3), and 1t contalns 11tt1e or- no crystalllne structure

“"-SﬂFlrstg other non-humlc sub-r

"Stances such as polyuronlc aclds9 complexed protelns9 and metallac aons
o=ordinated with the humic ac1d may be separated from the 5011 by

13;basic extractiono‘ Therefore9 the deflnltlon may be amended to read

: “that portion of the 5011 oréanlc.matter whlch is’ soluble ‘in base,."
",insoluble in.mlneral acld9 and.remains.after mlldlac1d hfdro1y51s" o
'The‘second marn.objection to thrs deflnltlon is that it is too broad
inrthat‘it does not include the source. It has been shown - by'many

pinvestigators (4;15@ 6):that'slight changes are apparent'in humic acid



from different sources, Variation in the apparent degree of conden-
sation is the probable cause of this change. Thus, the definition
should be amended again to include the source, especially since -
Raudnitz (7, 8) has reported recently the occurrence of humic acid
in living plants. The third objection to the definition of humic
acid is not that it is too broad, but rather that it is too narrow,
This opinion is voiced, because as seen in the following extraction
scheme advanced by Scheffer and Welte (9), other factions result

which many workérs feel are the same or very similar to humic acid.
decomposed matter in soil

nondark colored (nonhumic) dark colored (humic)

'cold aqueous alkali"

insoluble

Mac 1d"

Yalkali decomposition
plus acid ppt.”

soluble

soluble insoluble insoluble
Fulvic acids Humic acid Humus coal Humins

Hymatomelanic acid
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‘It'has-beeﬁ shown'b§ chroﬁatpgraphic'and-qptiCal studies (10;"11, 125_i3)
‘ﬁhat;fulvic.aciHS'are'prqbably'the 1ni£ia1 forms or the decoﬁpdsition
pfoducts_of»hﬁmic acidy, ‘and that the fractionation of extracts of soil
-érganic matber'ﬁnto acid,precipitable'(%humic"):and acid soluble ("fulvic?)
.maferiai>i5'a-very arbitrary procedure, ;Fér,example;‘Laatsch-(14) |
.»observed-the formation»of a brown;flocculent‘precipipate characteristic
'of-humic~gcid§ after*bro1onged’diélysis of_a«solution-of‘fu%vic acids
A (from%stfbngly.podzolic soil)-follqwed'by.evaporation ;o.l/lO‘voluméo
-Other workers (15, 16) have been a51e‘to show with som§~success that
“humins are not a sep&raté grbup of»humic'substances,,but are apparently
“humic‘aeids:OCCering in‘a~stab1e';iﬁk with the mineral part of the
soilo, This~calis;fox'a'different method:ofAeXtréétion for'ﬁumic
~a¢idg which is-beinglihvestigated'by-different'wOrkers"GI7)%
-The definition of hdﬁic.acid.is very~unsa£isfactoryfat.this
aéoint and ;t is -hoped that the p:esént wofk being carried out on
\humic\acid»using eleétrbn paramagnétic resonance spectrometry wirlz
help in the‘formulatibn of a more'n&aﬁingful definition for humic

aCido

;History-of-Soil'Humﬁs;Stﬁdy

Humic acid was first extracted byﬂAcﬁard (18) in 1786, by a
me thod Whiéh is almost’ the same as‘thét used today. By the end of
the 18th century, it WasvéstabiiShed‘that humic .acid was a plant ;\

| nutiiént’ and -that it was a unique natural compounds,



.Berzelius;and;his pupil Mulder (19) were two of the main pro-
,popgnts,_in"the719th'centurygfof many different soil acids of definite

'chgmicai structure which they thought were derivatives' of carbohydrates.

Ulmin ’-040 H32 011
Humin ©  Cug H3g 015
“Humic Cup H24 012
‘Crenic Cuo Ha4 O16

.4Apo¢renic Coq4 Hy2 012
The classification by extraction techniques showed that investi-
LgatorsAihvthe:19th qentur§ were-looking at different seoil extracts-and
trying tq.classifyvfhemg but assignment of ‘specific chemical formulas
ﬁcausédimdch confusion, for ‘they started to find a multitude of
“~léifféiépt.cpﬁpounds.due-to‘theﬂabsénce of deﬁailed investigationse.

At the end of the 19tb ﬁenturygrfhree theories were: prevalent
«whiéhfve%é’£b r§g§ive;huch-attention in the 20th century: 'i) humic
‘iécidjiSithé:fésgltfdf-carbohydrate,reactions or the decomposition of
A_cgllui@se (20);.2)Qhumiclacid wﬁs,prepared'by microbiological synthesis
(21);.ahd~3) hﬁmié acid is a ligno-protein complex'(éZQw'.

" In 1914 .Shmuk (23) showéd that the nitrogen -part of humic acid
'isﬁ'prﬁbéb1y3qf protein brigin §nd that humic acid -frem the soil ish
~aramaﬁi¢ in’naturé} ,He:pbstulaﬁed”that‘humic acid :.is obtained by
the enzymatic-oxidétion or-arom;tic compoﬁndSqto quinenes and -then

the ‘condensation of these compounds with each other.



During this time Fischer and‘échrader (24) were presenting
evidence in favor of,the fact that'theneromatic~compounds@ which
formed humic acid, &rg: mainly from lignin,in contrast to thejtheory
“that cellulose w§s~the:main precursor. The-important'arguments in
‘favor of this theoiy'were:

'15: The»eimilaritﬁ-betweeﬁ the structural units

. of both 1ignih'ahdfhumic‘acido

2, ‘Thejfact'thafhhuuic-type substances were

obteined by -alkaline oxidation of 1iénin’in
an autoclave,. Willstétteifehd,Zechmeister
(25) obtained qnly‘week'colofed 1ow-molecu1ex-

.f>ﬁeigﬁ£"eoﬁgounds from cellulose un&er'similar
cohdiﬁionSw"

3, The resistance of lignin t0‘microhial.atta6k -

- while cellulose wis rapidly'decomposed to
low-molecular weight suhetaneeeo |

Along this same- 11ne, Waksman (26) went so far as to pro~
-Apose hhat humic ac1d nus the Schiff's base product from the re=-
action between lignin andvprotelnsa |
Lignin |

Since humiciacid is siupposed to'be‘derived;Kat least
in part) from lignin, a brief description will be given of
1ignin at this time, |
| Lignin is. the b1nd1ng material for -plant walls and can )
be thought of as encrustlng the cellulose fibers and giving them

their structural strengthp The .name; ‘'lignin, is derived from



. the wb#d WW@Qd:fbrming“b»

'A:formal definition of .lignin .is that given by Brauns (27) in
1952 ﬁLighin is:thatrencrusting matérial of tﬁe~p1apt~which is-built
“up mainlygﬁif not entirely; of phenyl propane building stoﬁes; éarries
the.méjor_part‘éf-thevmethoxy content bf—the wood, ié<unhydrolyéab1e
'by.aéids,-readily-oxidizable, soluble'gn hot -alkali and bisulfate,
;ahd rgadily‘cdndenses with plant'and thio compoundsi |

'Ligninﬁis.élso defiﬁed by its.sburce~and=the method for its
extrécﬁiono.

Onehmgfﬁod of'obtaining lignin is by dispersing the wood
in toluene and then grinding 4t ‘in a ball-mill for 48 ‘hours. “The
‘toluene:is-theﬁzremoved énd;axlignin called Bjorkman #4ignin is
extracted with dioxane and water.,

Another-method employs 72% sulfuric acid which disselves the
'celluloserfrbm the wood~and.leaves-therligninfbehindm The proeduct
S0 obtained‘is?célied Klaso%»ligninu

| Althqugh ményaéthgr‘procedures-are commonly'usedg‘thg;above
-fiiuétrates-the'diversity of extra;tion conditions., |

Inlfhe case of Bjorkman lignin the'cOnditions gre_quite
mild, while in the -case of the Klason lignin the conditions are
-quite_éeverea :Theuiﬁporﬁant‘poinf-is-that informatign as .to the
structure can be.obtaiﬁed:frOm both of the‘differeﬁt.tignin

samples,



Nomenclature based on the extraction method is not used for
humic acid. One reason is that the extraction methods (the use of
NaOH, NaF, or Na,P0, solutions) are not really too different.
Another reason is that the modern trend is to use dilute solutions
(approximately 0,1 N), and to minimize the time which the sample is
in contact with the solution. The humic acid which results from the
different extraction methods, appears (by IR and degradation studies)
to be the same in all cases,

From the standpoint of source, however, both lignin and
humic acid require a description such as '"Western Hemlock Klason
lignin; humic acid from a podzol-B pine forest soil",

It was proposed by Klason (28) in 1897 that ligmnin is.

built of coniferyl alcohol (I) derivatives, From studies of model

H 3CO

HO CH'-'CH“'CHZ_OH

lignin degradation products, composite structures have been proposed.
The following is one which is proposed by Erich Adler (29), which
shows many of the structural units of soft wood lignin and bears

out Klason's proposal.
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In the case of hard woods, the oxidation pattery is only
slightly different in that compounds like II are thought to make
up the main body of the structure (30).

}13CO
HO CH=CH-CHo— OH

HCO

I



The Role of Lignin, Protein and Carbohydrate

While it is felt by most that humic acid is a polymer resulting
from the condensation of polyphenolic units, there still remains the
question as to the source of these units. Many schemes such as the one

below have been proposed to show the possibilities,

Lignin and lignin-like
materials acting as
polyphenols to complex
with amino acids

Lignin and other aromatic

compounds giving poly-
phenols to complex with

Humic Acid

Leaf polyphenols re-
acting with amino acids
both from the leaf and

ifrom the soil

/
\

Cellulose, starch, etc.
sugars utilizable by
micro-organisms —

shikimic acid —
polyphenols which re-
act with amino acids

amino acids

FIGURE I (31)
As was already indicated, many of the workers in the first

part of this century felt that lignin is the main structural unit in

humic acid and that it 1is relatively unchanged.

Breger (32) claimed that cellulose is probably removed from

sediments by biochemical processes, while lignin is not destroyed and

is incorporated into humic acid. Lynch (33) found that both lignin

and humic acid w@re resistant to microbiological attack and that

lignin complexed with protein resists attack on the protein. Thus,

in accordance with the idea that lignin 1is chemically stable,
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its conversion into humic acid was regarded as a physico-chemical
process rather than a biochemical process., It was felt th;t the only
structural changes are merely the loss of some functional group and
the gain of new ones.

However, recent investigations (34, 35) on the utilization
of aromatic compounds by micro-organisms as a source of energy makes
it necessary to reconsider the question of the participation of
lignin in humus formation. For example, microbiological attack
could degrade lignin to simpler molecules; these could condense
with other plant phenolics to form the humic acid polymer.

Until 1960, ho;ever, the only products obtained by
oxidative degradation (36, 37, 38, 39, 40) of humic acid were

typical lignin breakdown products, III through X, (with the

exception of indole-derived compounds reported by Flaig (41) in

1956).

oH OH ‘0€H3 . & OCHs

O
COOH COOH COOH

11 IV Vo Vi

OH OH OCH o™ OH
0

CHO CHO ,

"~ NCOOH

VI Vill 1X X



In 1960 Steelink, Nordby, Ho and Berry (42) identified
resorcinol (XI) from a KOH fusion of humic acid from podzol-B forest
soil, and almost simultaneously Coffin, DeLong and Wakentin (43)
reported 2,4~ dihydroxy-(XII1), m-hydroxy-(XII1), and 3,5- dihydroxy

benzoic acids (XIV) from a similar degradation,

OH COOH
OH
OH
OH
X1 XIt
COOH COOH
OH HO OH
X XV

The presence of resorcinol and resorcinol derivatives would
tend to indicate that part of the hu;ic acid molecule could have
been derived from catechin, tannin, or flavone structures. The fact
that these moieties form a significant part of the macromolecule
was shown by Steelink and Green (44) in 1962, They showed, for the
first time, the co-occurrence of guaiacyl-derived products and

resorcinol-derived products in a humic acid degradation mixture and

that the concentration of resorcinol-derived compounds was comparable

to that of the guaiacyl-derived substances.

11



The humic acid used by Steelink and Green was an acid
hydrolyzed (2N HC1l for 4 hours) humic acid from a podzol-B soil.
The reason they were able to obtain XIII and XIV. compounds was due
to the mild oxidative technique (aqueous alkaline cupric oxide)
which Pearl and Beyer (45 a, b) had used on lignin (yielding com-

pounds XV . and XVI')..

OH OH
co HO CH OCH
H . C 5
3 O CHy -
|
H3CO o OH
COOH COOH
XV X VI

The substances which Steelink and Green reported were
vanillin (VII]),' p-hydroxybenzaldehyde (VI1), syringaldehyde (X),
m-hydroxybenzoic acid (XIII), 3, 5 dihydroxybenzoic acid (XIV),

vanillic acid (XVII) p-hydroxybenzoic: acid (XVIII).

COOH COOH
OCHx

OH OH

X VI XVl

Until recently, very little was known about the role of
cellulose and sugars in the formation of humic acid. Substances
of an aromatic nature were detected in sugar-containing liquids
by Mishustin, Dragunov and Pushkinskaya (46) using cultures of

penicillium, and by Kononova and Aleksandrova (47) using
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»éulturéé of ésﬁergillus niger,
-In.195?,.howeve¥, in a-carbon 14 study by Mayaudon and.Simonart;
(48); it was :shown ﬁhat cellulose and.ﬁemicéllulosé.di& not play an
=l impbrtantgpart in humic acid=f9rmationo The cellulese was extracted
Vfgom rice.and the hemicellulose from fye~grasseso These reéults»één-
be seen iﬁnTable“I, in which F=folic acid, HH=the hydrolyzable -portion
:of-hgﬁic aéid;.H%hﬁﬁic acid; and RH=the humin part of the soil. 1In
thé4§ase of -the cellulose and'iigninﬁwhich wefe used}fboth were
yaliowed:té decompose,in‘the'soil for theLsgmelamognt.of timeéj'At the
_ ehd:of;this~ﬁime9 8@%‘of tﬁe’cslluiesérahd.éQ% of the “lignin had
~déc6m§oséd9 and it:was found~that’5;9%*§f'the-ceilulese and 34,2%
~ of the-1igninﬂwés~incorporated into the humic acid. It;is-inferesting
_vtp noté-fhat‘althougﬁ cgllulose and-hemicellulose did-netrplay»an
imporfant;pért.in humic #cid:formation,stringaidéhfdevand*vanillin,

:which can-be thought of as deéraded lignin, didvpiay"an,important part.

e T . F_ CHH _H__ . _RH*
“__Cié labeled proteinacéous material 18,0 3640 765 39b9
‘*._q14 labeled glucose '  . 20,0 30,0 k7 45,0

|6y, labeled cellulose 2503 346 5,0 45,2
- 614 1abe1ed:lignin . 10,3 13,0 35,7 41,0
'ﬂlci4;1abeiéd hemicellulose _ 2203. 31,8 29,9 35,7
clz,""lfabé'léd: --syr.inga'ldehyde _ 25,2 13,0 2843 33.4
 '¢14'iabe1ed'vani11in , “ 31,3 10,4 29,6 280

KALL nqmberé"represent relative percentages. of the Cy, of .the
decomposed substance as found in the -different ektractso

" TABLE I



Thé,nitrogen cohtent of humic acid:has been found teo vary from

0.5% to 750%"with7most»workers‘reporting valueS'of'around.SbO%b "It
- has been  shown byrmany'workers‘(493'50) that most. of the nitfogen is
vfhydrélyzablea“’Thisyhydroiyzed,portion'is ih'theffarm of.amino acids

‘(over'23.differeht-éneSZhave been repprted) which.may'be from bound

:préteinﬂmatérialk ~It;is inferesting»to-note.that:Anderson (51) has
. also reported nub1eic acid bases in thevhydrolyzeﬁ portion of humic
acide Thése bases were not :in thé:free-state but were released by
'HClOa*hydrdlyQisg‘ |

"There 'isj hewever, 'a small amount«af‘nit;oggn“left,after
‘hydrolysis. Due‘to'the fact that Flaig and Breyham (4;)'were able
tofobﬁain indole -derivatives from oxid;tive deg;adation studiéé on
:humiq acid; the residue after hydrdlysis)conld contain cyclié-‘
nifrogen,

It wés found by Burges (52) that humié,acidg extracted with
1061\1ac£ig‘aéid’and then precipitated with ether, 'had a smail
(Oof%) nitrogen content, If:nitrogenfpoor-humic;acid was added to
cultures which had certain soil fungi'present,:if would incorpérate
up téié% nitrogen. Burges~conc1uded from this -information that the
‘"éureﬁ humiclacidxis nitrogen free.

1t would seem that’ﬁpure" humic -acid is.initially nitregen
'free;'ﬁhen it reacts furthér with nitrogén compounds in the éoil
(amine aéids,,péptidesb»amino sugars)s_ﬁhich are probably the
‘products of re-synthesis éince thé~majdrity-of plant‘and~anima1
.residueS'are easily decomposed by<micrqorganiémsp .A scheme for

the condensation of amine acids with pyrocatechol has been presented

14



by Flaig (53) as shown below:

OH 0 OH
]
OH .0 H
172 Op R—NH2 172 Oo
——— —_—
NH
{
R
9 OH (o)
! "
-0 OH -0
R—=NH2
E *_*
HN HN
! |
nlm R NlH R NH
R I
R R

Although much work has been done on the relation of lignin,
carbohydrates and nitrogen to humic acid, there is still much
uncertainty as to the biosynthetic process. An illustration of
the diverse ways in which humic substances can be formed during
the humification of plant residues can be seen in the following

scheme proposed by Kononova (54).

15



dead organisms

carbohydrates tannin-like substances
proteins lignins
decomposition by decomposition by
micro~organisms micro~organisms
end products end products
COy, HyO, C02, H0,
NH3, etc. NH3, etc.
Y Y
products of decomposition substances of aromatic nature
resynthesis and metabolism (polyphenols, quinones)
substances of amino acids
quinoid nature proteins
\ / Y
condensation into condensation into
humic acid humic acid

It should be mentioned, however, before going into the next
section, that it is still felt by some people that humic acid is
formed during the extraction process. A method is therefore needed
for the proof that humic acid does exist in the soil.

The Importance of Quinones in Humic Acid

The fact that quinones participate 1in the formation of humic
acid was first postulated by Trusov (55) in 1916. He felt the course

of humidification ".1is carried out as indicated by the following

16
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sequence: 1) hydrolytic decomposition with the formation of simpler
substances of aromatic nature; 2) oxidation of the latter with the
formation of: quinones; 3) further condensation of the quinones and
their conversion into dark~colored complex products (humic substances).

With Trusov's hypothesis, much early work was carried out
on the synthesis of model humic acids from hydroquinone (56, 57).
It was felt by Flaig (58) that hydroquinone and catecol polymerize

to model humic acids according to the following scheme:

OH [0}
[
[0)
©l
7! OH™ .., . o —
H f n o 1
S H
l ©)
—_—
= 1 ot

OH 9 3 h
OH ,% OH 0 0 0
[©) - —N
————e

He also found that resorcinol did not react under the same conditions.
Flaig (59) later showed the effect of alkyl substituents on

the course of their condensation reactions,

OH
H3 02
5>~ brown product
Hé) . Alkali Soln. ether soluble
HO OH CH3
ol
H
CCHy 02 - "
H3C Alkali Soln,.

OH
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OH
1]
02
ALKALI
SOLN.
OH o
OH OH 0
]
OH )
" =0 COOH
“*_ ;
OH 20 . _-COOH
\\\ COOH
S .
10 % NaOH ,
307 Hp0p COOH

Under somewhat similar conditions, it was reported in 1955
(60), that synthetic humic acids from quinone had molecular weights
of from 600 to 1000 and gave different fractions upon electro-
phoresis, They also yielded COj, oxalic acid and acetic acid upon
degradation which would agree with the reactions shown above, where

aliphatic compounds are found.

In 1957 the formation of purpurogallin (XIX) was first

oH 9 4
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reported (61), and in 1958 Flaig (62) showed different ways for the

preparation of purpurogallin from lignin type breakdown products,

Of special interest is the use of phenoloxidase which occurs in soils,
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Purpurogallin was also found in the alkaline degradation
products of model humic acids, by chromatographic methods (63),
and by the use of IR, Scharpenseel (64) showed that purpurogallin
is. present in soil humic acid along with pyrogallol and pyrocatechol,
Harries(65) showed in 1902 that pyrogallol forms hexahydroxy-
diphenyl by aerial oxidation in the presence of barium hydroxide,
and Flaig showed (66) by the ultraviolet absorption spectra, that
for both substituted and unsubstituted pyrogallol the first
oxidation step is an « -hydroxy-o-benzoquinone, Flaig then pre-
sented several schemes (67, 68) which accounted for all of the
above information and later he used this information in the

formulation of a model humic acid (Figure 2) (69).



20

0] 5 x
1 ! 8 8 OH 9 OH
e I o
N TN
R (o] -C- o-
}
Figure 2

It is interesting to note that somewhat similar results have
been obtained by the use of electron paramagnetic resonance spectro-
metry. It was found by Gutowsky, et al, (70), that although hydro-
quinone, when treated with a weak base (dil. alc. KOH), gives the
simple five-line EPR spectrum characteristic of the p-benzosemi-
quinone ion, a complex spectrum such as seen in Figure 3 .1is obtained
if the solution 1is made more strongly basic. Also, the character of
the spectra for this solution changes continuously with time as
different radicals are formed and destroyed, and the line width

decreases.

Figure 3



It was then postulated by Gutowsky that dimeric species
(see Figure 4) were being formed, and that the odd electron was
going from one ring to another by means of fast electron transfer.
Coupled products of type XX and XXI were suggested for hydro-
quinone oxidation, while compounds of type XXII were proposed
to form during quinone reduction. The possibility of alkoxyl
attack was rejected because of the narrower spectra which Gutowsky

thought was also explained by the electron transfer hypothesis,

0-

O; o)
o 0-
o..

XX XX

o 0- O-

O Hs5C o H3CO.
o- o- o-
XXIl XXl XXIV
Figure 4

A further study of the dimerization of quinones was done
recently by J. E, Wertz and co-workers (71). 1In this article it
was shown that the spectra obtained from a solution of p-benzo-
quinone in\ethanol or methanol (after disappearance of the
original five-line spectrum have exactly the same splitting and
g-values as XXIII and XXIV respectively. The ring proton

splittings of XXIII and XXIV are about eight times smaller than

in unsubstituted benzosemiquinones, therefore, it was felt that



alkoxyl attack could not be rejected as Gutowsky and co-workers did
because of the small line width of the EPR spectra of the products.,
They also prepared an authentic sample of XXII and found that when
it was placed in 10% NaOH solution its spectrumwas identical with

the spectra obtained from either hydroquinone or quinone in 10%

NaOH,

Recently Adler and Berggren (72) carried out a series of
oxidation studies on quinones and found that it was possible to
convert dimeric o-benzoquinones into Q-naphthoquinones, as seen

in the following scheme,

NaiOg4 o NalOg
H3C CH3z H 3C o) l “o H3CO OH
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The above reactions are interesting in the light of the

recent report on anthraquinone from humic acid degradation (73),
Anthraquinone was found in the decarboxylation products of the

water-soluble acid fraction obtained by the alkaline permaganate
oxidation of humic acids extracted with 0.5% NaOH at 100° C for

30 minutes from volcanic ash soils., It would therefore seem
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that'the‘anthraquinone wés prébabiy-formed in-the.above-manner;&uﬁing
the degradation eof the.humic acid, | |

From the above .discussion, it can be -seen that quinones
-prabablyaplayfa'major part ‘in the formation of humic-acid, altheugh
conclusive proofsiS'stiliVnot»availabie as to their exiStence'in‘
,thevhumic;acid‘@oleculei ‘This fact will be discussed iﬁ.more detail
later, | |

The Studyjof Undegraded Humic Acid

- X=Ray Diffraction

- .Sedletzky and Biunowsky'(24)'found,‘by»means of Xeray
.analysis ‘that humic acids: from soils -and peats give diffuse X-ray
diffraction lines., They-regarded these results-as evidence of
the crystalline structure of humic acids: Gotbﬁnqvt(]5); however,
_concludes from his werk that the diffuse lines are:due‘goiinﬁra»
-molecﬁlar diffractiona

Konenova (76) found these diffraction: lines are more
:&istinct~fremﬁhumic acids of more mature -seil. 'Similar results
ﬁere.obtained by ‘Inoue (77), using humic acid“from'coéla He
also found .that by.adding substituents to the!humic»acids‘(by
"reactiné‘the humic acid withya20ucompounds)s‘he.could‘change_the
diffraction pattern.

The .above results would .tend to:show that humic .acid
- becomes more crystalliné in nature .as it matures; -hewever; a more
recent article by Fontana and Burana (78) states that aftef'gtudying
igeven differeﬁt humic .acids, they :failed to find any lines at all, -

-They .attribute the lines found by other werkers to impuritiess
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Electron Microscope

- Studies on -the crystalline nature of humic acid have also
“been carried out-by.Flaig and Beuteispacher (79) wusing an electron
microécépe; From this work they concluded~that‘humic acids con-
‘sists. of tiny spherical particles capable of uniting into -chains
and forming aggregate.structuresu These same results were also
.found by Kasatochkin, Zolotarevskaya:and Lukin (80);

Ultra Sonics

Ultra sonics was first used (81) in order to degrade the
humic -acid molecule, However, at low frequencies sodium humate
| and humic . acid sufféred né molecular degradatien, and at high
frequencies only .acetic acid and formic acid were found; It was
concluded by Srivasfava'and Bukbwitz (82) after comparing the
'>results of 2 humic acid Study'with those of kfilium (a :linear
polyelectrolyte) and~bovipe plasma,albumen (a tightiy coiled
protein), which degrade readily, that a liﬁear molecﬁlar‘structure

(both coiled and uncoiled)_musf‘be ruled out for humic acid.

Differentiai Thermal Analysis

| Bouilloux (835 found in 1947 that glucosidic'ﬁumic acids
differ from the phenolic and natural humic aéids by-thé existence
of a violernt exothermic reaction in the region of 350° ¢, "It was
concludéd’from this work-thatiéugars~do not have an impofﬁént
role in humificétion,‘but<notﬁing oppoeses a:phenolic-o;igin of
‘natural humic acids. | |

Although absolute resﬁlﬁsxcaﬁ noet be compared, ar‘)'in-.=

vestigation byrMitcheIl-(84)"éeéﬁed-tQ confirm the above results.,
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,ﬁUltraVioietj-and Infrared Spectrometry

The ultraviolét . region of thespectrﬁmlhas been uséd for
determining the degree of humification (85).and for such things
.és'showing~the similarity'betwgen.fulvic acid and humic acid (86),
:Howevef, as pointed.outrby“Zieéhm§n~and'Scholz (87) ‘the ultra--
violet region is monotonic due to the complexﬁnature'of"hﬁmic
.acid, and thereforevof'little value in characterizing functional
groups.

'The‘infréred region,; on the other'handg is used quite
ufrequently.for studying the fﬁnctionalagroups.of humic acids as
can be seen in Table IT, 'Ittis>especiélly good for showing the
" “formation of the sodium salt of the>acidb This is seen in the

L with strong bands at 1600

reﬁlécemenﬁ of the band at 1720 -cm”™
ﬁcm'gl and 1580 cm =1 which is regarded bkaellamy (88) -as evidence
‘foffthe ionized carbexyl group. The infrared region has-glso been
uused for classification of humicfaci¢s‘according-to-soil'type (89),
'stﬁdieé of synthétic-humic'acids‘(905,;and.for'coﬁparing-different
s#bStances iike-fulvic and humic acid-(9i)b
AVery-little*work'has béen carried out ‘in. the mear and

-fat>infrared3 although Ziechman and Scholz (87) have shown that
spéctroscopyvin the near infrared shb&s1differehtiable-bands

‘which could be used for the fasﬁAdétermination of the quineid

and benzoeid systems in humic acids
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uPurposé~of This: Investigation

In 1960 Rex (92) reported the existence of .free radicals in
- lignin .and -soil organic matter., The fact ihat humic acid'possesseé
a stable free radical was eétablished'by Steelink .and Tollin (93)
in:1962, using electron paramagnetic resonance spectroscepyo
Based upon their study of seoil humic acid, Steelink and

Tollin showed for ‘the first time that humic,acid actually exists..
in the seil (that it was net created upon extraction) andialéo
showed that EPR could be used to determine thé chegical nature of
- humic acid., They propesed that;humicpacid.may cénsisg_gf a mixture
of ordinary ‘semi-quinene tjpe radiéals.and-electronatransfer complexes
of the quinhydrone-type and.thét such a system could be ﬁnvestigated
by ob@é&ving-the effects of chemical treatment, .such as oxidation,
reduction, and hydrolysis -on -the EPstpectraa"

‘The purpose of ‘this -investigation is, therefore, to study
" -the effects of oxidation, reduction,and hydrolysis on humic acid by
-means of-electronwparémagnetic.reSOnancé.spectrosc0py and‘to~sqme
-extent,infrared~spectroscopyo This -should hélp to shed ‘light .upon
fhe structure of -humic acid due to the ability -of electron para-
‘magnetic resonance spectroscopy to look at the frée radical portien
6f thé,molecule without the complex nature of the molecule interfering,
-Othé: methods of studying humic .acid (IcRoy UoVe, Xeray diffraction,
.etco) have'yieldéd‘little-information (as previously -stated); due to

the molecules complex nature. -



“II DISCUSSION OF RESULTS

Sodium Salt Formation and Chemical Reduction

Steelink and Tollin (93) proposed that the electron para=-
magnetic resonance (EPR>*signa1 &f‘humic acid comes from twe radicil
speciesb one of which is a semi-quinone type radical, and the other
a quinhydrone type radical,

| To test this proposal, humic acids from various soils were
reduced with sodium in al;ohol, in which the sample was isolated as
‘the sodium salt, It was found (see'Téblé III)_that‘the.products
~showed-é substantially higher'frée-radical content than the original
sample, Also, when the sodium salt was disselved in water and
precipitated out -as the acid, the resulting product had a radical
content that was lower than the initial sample, The differences,
however; in radical content between the initial acid sample and the
reprecipitated sample were mnet very large. |

‘Infrared spectra were ‘also taken of the samples (IR spectra,
1-3), The reduced salts showed replacement of the band at 1710 cﬁ’l‘
with strong bands at 1600 to..1590 cm’l, together with .increased
absorption in the ;egion of»1390'cm"1~9 which.Bellémy\(88) regards
as evidence fOr the ionized carboxyl greup. ' In the case of the
reprecipitated reduced ‘acid, the;pecttmnwas.exactly'the same as

the initial acid -sample,

28
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The above results can be explained on the basis of a quinone/

semi-quinone/hydroquinone model for humic acid as shown in the follow-

ing scheme (104, 105):
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0- OH
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According to the

two main reactions would
A, The quinones

radical ions

106, 107) to

above scheme, upon reduction in basic media,
take place:

(1) would be reduced to semi-quinone

(I111), which have been shown (70, 71,

be stable for extended periods of time.

B, The semi-quinone radical ions could be reduced to

hydroquinone

ions (V).
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The increase in radical content which was found upon reduction
of humic acid, can be explained by the fact that more semi-quinone ions
are formed by reaction (A) than are destroyed by reaction (B),

The decrease in radical content, below the initial amount,
on reacidification of the reduced sodium humate can be explained
if the semi-quinone ions formed by reaction (A) are more unstable
than those that were destroyed by reaction (B). This is consistent
with the known (105) instability of semi-quinone radicals in acid
solution.,

The fact that the infrared spectrum, of the reduced humic
acid, showed no change from the initial spectrumupon reacidification
of the sample could be due to the fact that the quinones which were
reduced represent only a small part of the humic acid molecule, Thus,
any change would not be apparent in the infrared spectra.

A second explanation for the results is based on the
assumption of a quinone/semi-quinone/hydroquinone/quinhydrone
model for humic acid. 1In this case the previous scheme would

be altered to include an equilibrium of the following type:

OH O~H--~-—0




Equilibria of this type, between-a diamagnetic quinhydrone °
and .a paramagnetic semi-quinone, are well known (108), and are

shifted far to ‘the left in basic solutien, The only .exceptions

. ‘to this.are in cases dealing with molecules ‘like anthrarufin

"~ and quinizariﬁ, which form intramolecular. quinhydrones and are
diamagnetic in basic selution (108).(see Appendix)@
In order to test the effect of salt formation, sedium
salts we;e.formed of numerous humic acids (see -Table 1V), and a
.large increase in radical concentration was observed (salt
formation can also be seen in infrared spectra 4-8), This then
would help torsubstantiate the presence of a quinhydrone .type - .
.moiety'in ﬁumic acid, |
~ Further evidence that a quinhydrene could be present is
V'iﬁe‘fact that the signal shape (see Figure 6) shows the pfesence
»of two different free radical species whose spectra are supetr-
riﬁposea (the~-shoulder on the EPR signal waé not always apparent)
hﬁ&ever); Steelink and Tollin (93) also showed that a quinhydrone
species could be ‘used to explain the temperature dependence of the
EPR signal,
The actual radical conﬁribution from a;quinhydrone radical
(the exact nature of this radical is still uriknewn,) would probably
‘be very small due to  the fact that quinhydrone radicals,musf be
prepared in the seolid salt form (109) or by agsorption on barium
~hydroxide (108) since they dissociate to free radical ions in
solution, This fact could explain why the shoulder on the EPR

signal is not always apparent.



Although beth ortho- aﬁd para-quinones are -available for
Quinhfdrone formation, as can be seeﬁin,Figure 2, ‘it ié.ﬁrdbable
‘that most of the stable quinhydrones persist in the humic acid-
molecule as o-guinhydrones. This is because, for geemetrical
reasons, the two rings, in the case of p-quinones, must ‘lie
parallel to each other, and quinones with many groups attached
‘have been shown (110, 111) ‘to form unstable quinhydrones. In
the case of o-quinenes, steric factors'have_very little effect
~and;bequinhydrones'formed from such molecules as. phenanthrene~
“quinone-3-sulfonic .acid are very -stable (112), |

The Quinhydroné species would. thus .explain the initial
“increase "in radicalyconteﬁt upon sodium sélt;formation,.while a
nonninteracting semiaqﬁinone radical, in addition to the quin~
~hydrone, would explain the radical content of the initia1.acido

In order‘to obtainamore.information.abogt thé nathe~af
fthe,quinoﬁes.in humic acid, a reduction'(sodium/ethanol) study
‘was -carried out over -a period of time, The results from this
-study can be seen in Table V,

"In the case of bgth the Swiss .and Engligh samples, the

radlcal concentration rose to a hlgh value and then decreased,

o '. : : 42 ’ *

ke , e v

The 1n1t1al increase is probably due ‘to salt formatlono As for
the radical concentration and the line width after the initial
.'salt formation, the fluctuations show that many gompleX reactions
are taking place, Thisvéould be due ‘somewhat to both alkoxyl‘

- attack (71) and the time 'lag between'ebtainingvthe.samﬁle and the *

-measurement of the radical content in the instrument, These



extraneous.effects could be éliminated if the reduction was carried
6ut directly(in the microwave cavity of the EPR spectrometer like
'fhe.reductions carried out by Maki and Geske (1l13). Changes in the
"EPR signal could then be determined as the reduction takes places

An electrolytic reduction of English humic acid was carried
-out using a drop?ing meﬁcury~e1ectfodeb This reduction gave.a
radical concentration (see Table &);Which was -similar -to the maximum
value obtained from the sodium/alcohol reduction., This reduction,
‘hewever, was not carried out ‘in the:éavity so the effects of the
-reduction with time could net be determined,

cAlfhough further-studies'such as those usiﬁg the in situ
-technique-of'Maki.énd'Géske:are-needed for a more definite con-
~ formation of the structure, tﬁe Pfesent study -would clearly suppert
'abhumié adid-model cbntaining>siénificant contributions from quineone;
_semiaquinéneb'hydroquinone and quinhydrone systemss

~Spectra-of Basic Selutiens-

A high-resolution EPR-study .of :aqueous alkaline solutions of
:'humié»acid; carrie@‘out"iﬁ thiéklaboratoiy;-revealed‘fihe-étructdfe
(see Figure S?zfgrva»Sﬁiss.humic acid samplé,reduced by a. sodium=-
ﬁercuryxdispersionvin water Although this spectrumcould not be
:resolved,‘i; sﬁpportS‘tﬁe interpretafion th;t the'spectra°couldvbe
-due to‘tWO-separ;te abSQ?bing radicals, TFurther work such as the

in situ ‘study mentioned -above should reveal more specific ‘information.

Chemical Oxidation

Since o-quinones have been shown (59)-to breakidown ... . .

‘under ‘alkaline oxidativeZCOnditions into dicarboxylic acids; an
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alkaline degradation .study was carried out on ‘humic acid.
Humic -acid -samples were treated with CuO-NaOH according to

the procedure of Pearl (103), The pH was then adjusted to values

_ of 6.8; 3,0, and 1.0, The solution was extracted at each pH with

Adiethyl ether to remove 1ow.m01ecuiar weight phenolic compéunds
:(these pompounds were diamagnetic). A—solid precipitate was
'6btained at each pH value and the radical concentraction was

V meésuf§d (see TaBle Vi),

To .a first approximation, the total number of radicals

in the degrédation products of English and Swiss humic acids are

»éqgél to those in the o;iginai sampleso It_Would appear that the

;xidéti;n ﬁ:g noé ;iénifi;;nti;-ége;ted of deét?oyed the radical

specieéb This was ﬁot the case for the Califormia humic acid,

; for.dlose_tov40%“ofsthe radicdl concentration was destroyed.

The infrared spectra of the oxidative degradatiqp products
areA9él7$
» Thg~following'facts;can:be inferred from the above

- information:

’(§) The radical species (in the case of English_and Swiss
humic acids) is fairly stable towards alkaline-oxidation,
_and is probably in the‘p=semiquiﬁone‘formot

(BD ‘The radical species (in the case of Qaliforﬁia humic
~acid) is somewhat unstable towards'alkaliné-oxidation9

and is probably .in both the o- and p-semiquinone form.. -



(c) The radical concentration is more concentrated -in the
cases of -the higher pHs which would ‘be eéexpected if some
molecules contained more o-quinones -than others, for

the o-quinonés would .be oxidized -to-diacids and would
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cause precipitation at lower -pHs ‘than for those molecules

which contained mainly .p-quinenes, The IR -spectra 'show
acid absorption only at ‘the lower -pHs,

(d). Reduction in moleéular<Weightfby,a1kaline.oxidation.maf
contribute ‘to the “increased spin concentrations of -some
of the fractions. This is in agreement with the in-
creased ‘sharpness .of -the IRﬁpeaks<after~degradationo

Acid Hydrolysis

When humic acid 'is refluxed with dilute mineral acid, the
~hydrelysate contains a higher ‘carbon content and a.lower hydrogen,
nitrogen and mineral content (42). This treatment also removes
carbohydrates and protein material (114), The effect of acid
- hydrelysis upon humic acid was studied by EPR, and the restlts
-:can be seen in Table VII,

4Upon hydrolysis ‘the radical concentration increases quite
markedly with time., At the same time, the peaks in the infrared.
-spectra (see IR .spectra 17-25) become sharper-and new .peaks:appear
(both the Swiss and .the English ‘humic -acid ‘spectra behave in .=
.exactly -the same manner). |

The explanation that the molecular weight is becoming
-smaller by removal of cafbohydrate*and protein material, fits :the

-above data very well,
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The "residue“‘was a flocculant SoirdJWhich-appeared in the
solution, and was obtained by centrifuging the solutieno -It ‘has a
~h1gh radlcal cohcentratlon,‘and ‘the 1nfrared spectra showed more |
fflne structureithan was the case'ﬁortthe.ether.hydrolysatesa “The
faet that_the Yresidue™ might'he formed from thefcarbohydrates
-present Wae>ruled‘out»by_the fact that a eynthetic’humic.acid
rfermed by heatlng dextrose-gave 8. very dlfferent “infrared spedtrum
;(see IR spectrum 26) It is . 1nterest1ng to hete, that somewhat
-}51m11ar treatment of hydroqulnone (90) yielded a synthetlc ‘humic
[ac1death‘a,spebtrum very similar torthat of -humic acid (see:'IR
gepeetrum'ZT)a : | |

j itﬁwae;also;foune that"theihydrdiysates were ‘somewhat ) 3

h_1nsoluble Adn aqueous NaOH (the re51due was very 1nsolque)o ‘This

"‘ﬁcould be explalned by decarboxylatlons although the 1nfrared

vspectra showed only sllght decreases 1n the carboxylate reglono
It Would seem, therefore, that hydroly51s doesnft- affect
’ *the radlcal 1tse1f\ but=tends.te:remove:carbohydrate and prote1n
r"imaterialg leavingfhehind the?So;called”"inner-core"l(ﬁzg‘44)0

Saturation Effects -of Humic ‘Acid

If.a~samp1e.ie:irradiated'with'ra&iation-of frequencyy) , some
,of»thebeLeCtrons.inAthe'lewernstate will»abéorb~energy1§nd jump- to
-the‘higher‘Stategsprovided»thathﬂ=g&H° At thelsame‘time'the electrons
»ih-the‘upper’State willfbe*etimulated'te»emit radiation ef frequency

!‘and fall.tofthe=low¢rfétatea{Fer-any.system ih-thermai equiiihrium'
there will be more electreheriﬁithe.grouﬁdrstate»and'$o~thisawill
result :in-a .net absorption of energy. 'The Maxwell=Boltzmann expression9:

N = B
N2+ kT
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:in which N; - is the number of electrons in the iipper state, Ny is the
number in Ehevlower state, aF is the energy:separation between levels,
k is the Boltzmann constaﬁt@-and T is the absolute temperature; -can be
‘used to show tﬁat at ro§m temperature~therg will be aléeviation in the
ratio of N; to'Ny from one, and that fhis deviation will increase as
‘the température‘is lowered, |

“If resonance absorption is :to continue,‘there~mﬁst be some
- means, other -than stimulated.radiation,,for the electrons to .fall
back down to the.ground-state and‘losé-their energy. Without some
.mechanismwforlfhe electrons to relax dewn to groﬁnd stéteg the number
“of electrons in the two states will become equal in»numﬁer due to ‘the
excess in the lower level going.to,ﬁhe upper level, This will result
“in ne further abserption of energy. One mechanism by which the
keleCtrons can lose their energy is called "spinalattice'interactionﬁ.
and is-a sharing of the energy with the thermal vibrations of the
fSQlid'as:a whele, The length of'glme necessary for:the electron to
lose its energy ‘is called the spin-lattice relaxation time, .In most
u.caéesb rélaxation-times'are'short andinoAtrouble.is encourntered, In
. the case of humic acid; hewever, the relaxation'timés areflong and -a
Aﬂlp@lpéwér‘input‘(attenuatign of 500) must be used, for it .was found
tthat:humic‘acid.samples tend ‘to saturate readily'at high power inputss

the saturation effects of petroleum asphaltenes have ‘been
‘studied by Yeén, Erdman,and Saraceno (115), They found an inverse
relation between the population eof arbmatic,carﬁon atbms.per-Spiné
and the spinslattice re1axation tiﬁea

Similar studies on humic aéid could ‘yield .information as to

“the ameunt of aromatic carbons in humic acid.
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ITI EXPERIMENTAL

Humic Acid Samples

1,

2,

3e
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5.

6o

The English humic acid was gréciously-supplied by Professor
Alan Burges, Department of Betany, University of Liverpools,
The -humic acid was obtained from-a podzol-B soil in the
Delamere Forest, Cheshire, England.

The Sﬁiss humic acid was a commercial product supplied by
Fluka A G, Buchs, Switzerland, The humic acid ‘was ebtained
from .a muck soil of a compost type prepared by the company.
The Wisconsin humic acid-was-obtained-from"a scrub oak

forest podzol from Wiscensin, which was graciously

“'supplied by Professor Frances Hole, Department of Soil

Science, University of Wisconsins

The Arizona humic acid was obtained from.a brown pine
forest soil lying some two -feet ‘below the surface, The
soil was from the top‘of Kitt_Peakb elevation 6,800 feet,
Pima County, Arizona-

The California humic acid was obtained from.a podzol-B

* s0il found in the ﬂpigmy“-foreét, Mendecine County,

California.
The. Leonardite humic acid was a commercial product obtained

from leonardite coale.
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. ‘Extractien

L,

20

3‘0

One‘kilogfam'of California podzol-B was placed in-a 4 liter
Erlenmeyer flask and 2.5 liters of cold d@lM NaOH‘wés added,
The mixture was thén shaken periodically for 24 hours; at
the end of which time, the sélution was decanted off and
then centrifuged, The solid was removed and the pH of the

solution was adjusted tolluOJBy the use of con. hydrochloric

.acid. The solution was then centrifuged and the -liquid

decantgd offb; The remaining selid was then redissolved in
0,1M NaOH .and centrifuéed again. The solution was decanted
off and reacidified as before. The solution was then
c.entrifuged.aga»ino ‘The solid was remeved and then mixed
with one liter of a-l:l mixture of hot benzene and ethanel, -
The  solutien was then centrifuged and the solid placed:in-a'
90° -G oven to dry for 2 hourse

The fulvic acid solution (that acid solutien re-

‘maining after the ‘final precipitation of the humic acid)

was a deep red color.

The Arizona ‘humic acid was extracted 'in the same way .as
the Califernia humic acidol It was noticed,:howeverg that
the fulvic -acid-solution was a .pale ‘yelleow in color,

The Wisconsin-humic ‘acid was divided'into .twe parts, One

-part was extracted - in the same way as the California humic
.acid. The. eother part was extracted by using cold sedium

pyrophosphate as proposed by Stevensen (99),
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5.

6‘a

(Continued)

The_fulvic acid selutions resulting from ‘the sodium -
pyrophesphate and the sodium hydroxide extractions was a;deep
wine red in coleor: The fulvic acid from the sodium pyro=
phosphate extraction was then extracted by -the method of
Konenova (100),

The dark red f&lvic‘acid solution was passed through
a column of activated charcoal. About 5 hours was required
to get the solution to pass thfough the charcoal., Thé fu1Vic

acid was then leached from the charcoal by means of 0,2N

sodium hydroxide, The resulting solutien was again a dark-

red in color. It was found that -similar results could be

obtained by merely heating the solutien with activated

charcoal and then filtering the charcoal off. This final

method was used to purify the sample,

The volume of fhe basic solution was then reduced»oh
a vacuum flask evaporator, and the thickened solution then
allowed .to dry in the air. A shinyAblaék solid resulted,

The English humic acid was extracted from a2 podzol-B soil by

40

Professer Alan Burges (101) with lacticacid and reprecipitated

with ethyl ethers

The Swiss humic acid was extracted by the Fluka A G Company
from an alkali-treated 'soil with 0,5N sodium hydrexide,

No communication was received as to the method by 'which the
Leonardite humic acid was extracted, so it was assumed that

it was obtained from the leomardite ceal by the conventienal
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6. (Continued)
method (102) of extracting with sodium hydroxide and remeoving
the inseluble salts by centrifuging the humate 'solution,

"Type of Soil

The type of soil used in most of -this work (in the

"cases of English, wisconsin9 Arizona and Célifornia) was a
podzolic -type, Podzolic soils have a profile: Ag =.Ay - B -~ Gs
Ag is the forest litterhorizon and forms a layer -about three
to five centimeters thick. The humus horizon (Al) is not
usually developed. A2 ‘is the podzoliCuhorizoﬁ which is of
whitish coler and is mainly .composed of quartz grains .. v
which are resistant to decomposition, ‘The podzelic ‘horizoen
is almost devoid -of humis and is poor in mineral'colloidso
The illuvial’horizon { B ) has a very high humus content
which can be attributed to -the high coentent.of: clay
"~ particles and-mineralbcoiloidsa It is .from this horizon
that the samples of humic ‘acid were obtaineda.'Beldw-this
horizen occurs»s;ightly changed soilnfofming rock, usually
- designated horizon C,

‘Acid Hydrolysis

One gram of California humic acid was ‘ground to a
thick paste 'in a mertar and pestle with water of pH 830,
This was placed in a 100 ml flask with 50 ml of 4.ON H2S04s
This mixture was then ‘made to- reflux, Samples were remeoved
from the seolution periodically over a 24 hour period. Upon

standingy @ dark brown :selid precipitated from the acid selution,



(Continued)
The .precipitate was désignéted the Yhydrolysis residue™,
‘Swiss and Eﬁglish'humic acids were tfeated by the same
rprocedure;o

‘Copper Oxide Oxidation

To 185 ml of water Wasradded 41,3 g of sodium hydrexide
and 57.3 g of cobper sulfate (pentahydra@e};q This slurry was
transferred to a high speed stirring autocla?e (200 ml capacity).
Six gramé of humic acid were tﬁen @dded to the mixture., The
autoclave was flushed with nitrogen for several minutes and
then heated to 170° G for 3 hours. The reaction mixture was
allowed to cool for 12 hours, The solid was then removed-by
means of centrifuge, and the pH of Fhe centrifugate was adjusted
to 6¢8°.vAll pH measurements were. made by means of .2 Beckman |
Model G, glass-electrode pHAmetera

This exidation was carried eut according to the general
'proéedure described by Pearl and Beyer (103),

‘Ether Extractien

The filtrate from the oxidation mixture (at pH = 6.8)
was extracted with ethyl ether in-a centinuous 1iquid411quid
extractor (250 ml capacity). This extraction was carried eout
.until the ether coming over was colerless, This procedure
required about 3 days. An .extraction was then carried out at
pH ='3,0 and pH = 1,0 and the selid residue removed in each

case,
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~Sodium/Ethanol Re&uction
One gram of English humic acid was placed -in 50 ml of
absolute ethanol inlé 200 ml flaék’equipped with-a mégnetic
stirrer and a reflux condenser: To the solution was added 0.5
'gramf ofmétallicsadium and the stirrer was started. At the.
end of ten minﬁtes a one ml sample was.remOQed and 0,5 gram:
of sodium was added. This process was then repeated eleven
times at ten minute intérvalsé
At the end of éach'tén minute period 5 ml of ébsolute ethanol
was added ‘to the one ml sample and it was centrifuged, The
.solution was ﬁhen~decanted off and the sample shaken with an
additionél,S ml'of_;bSQlﬁte‘eEhanolo- The sample was 'then
centrifuged, the solutien pauredréff, and the solid dried .in
an_80o C oven for eight hourss:
This same procedure was used fer a one gram sample of

Swiss humic acid.

‘Electrolytic Reduction

By means of a dropping mercury electrode the half-
'Wave;pgfential for humic acid was determined. The humic acid
'was,then‘eleCtrolytically»reduced at a potentiél highér than
-its half-wave potéﬁtial by -means of‘é dropping.mefcury electrode,
The English humic acid which was reduced was dissolvéd'in 051N
.NaOH, The sample was ﬁashed with absdlute ethanol after the

:reduction,
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‘Sodium Salts

The sodium.salts oflthe humié acid~samb1es ﬁere preparead
by dissolving approximately 0.3 gram¢ of humic acid ‘in 1 ml of
2N.NaOH; To ‘this solution was immediately added 20 ml of |
.ébsolute ethanel, The resulting precipitate'was‘filtered

rapidly, washed with ethanel and allowed to dry.

Electron'Paramagneiic Resonance'Spectra

| All paramagnetic resonance spectra were obtained with
a Varian IOO'Eilocycleumodulation spectrometer, M0d61-V=4562b
-Spin concentratiens wére estimated by -comparisen with éiphenyl=
.picrylhydréZylo Number of radicals were assumed ‘to be pro-
portional to signallheight'times-signal width squared, All
' samples were dried over P,0;0 in an YAbderhalden Pistol™ using
‘toluene (in tﬁe case of the Wisconsin samples benzene was used).
‘It was found that size of the particles (humic acid) had little
;or no effect upon the signal,

“Infrared Spectra

All iﬁfrared'speCtra were ‘taken with Perkin Elmer
*"Infracord”;‘Model 137, Samples (approximately 4 mg) were
b-disperséd in’KBrA(400‘mg) by mechanical grinding for 3 minutes
.in a "Wig=l-bug', The Samples:were pressed into :pellets (loi mm
thick) with a Beckman "Pellet Dief, Model #SOZQO The pelleting
.pressure usédﬂwas‘1005000'poundsiperjéquare inch (thé.gauge
-pressure was ZO;OOO,pounds per square inch). It was found that
'thé best pellets resulted when the pressure was increased very

slowly over a ten minute period while the sample was under vacuum.
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(Continued)
The potassiim bromide ‘used was Baker "MARM.:grade, It
was .ground ﬁo a fine powder with a mortar and pestle,énd then
placed in a drying oven at '110° C for 2 days, After drying |

+it was placed in a desiccator over calcium chleorides,



IV . SUMMARY

i1y 1The.presént study would clearly support -a humic acid
modei cohtainiﬁg'significant contrib&tionsrfrom«quinene, semi=
QUinone; hydroquinone, and quinhydrone Systemsa

2 More specifié-informatioﬁ‘as to the nature of the
.hﬁmic acid free .radical could be obtained by 'an in situ reduction
study~éf-humic acidsamp’lésu
| 3@ The radical species is fairly stable towards alkaline
0xidétion, in the case of Swiss~and English humic acids, which
would suggest that it exists-as a paraasem;quinone'freejrgdicalo

‘45, The radical species -appears somewhat unstable towards
alkaline oxidétion,riﬁ the case of California humic aqid,_which
woul&;éuggest that,both the ortho~ and,para=semiquin0n; forms-
:contribute.to‘the ra&ical species. | |

5. The'hydrolysis‘study~subsﬁéntiates,fhe idea-thatA
;hydrqusis does'th~afféct the radical itself, but tends te
reﬁoﬁe'carbéhfdrate and protein material-leaving behind the so-
~¢a11ed1“inner cére"rof-humiC'acidu f

6., Further saturation stﬁdies on humic acid could yield

“information as to the aromatic nature of humic acid.

46
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. sample

English

California

Swiss

TABLE ITII .

*FREE RADICAL CONTENT OF VARIOUS

REDUCED HUMIG AGID SAMPLES

Chemical Treatment
none
-Sodium/alcohel salt

'Sodium/alcohol

(reacidified)

none

Sodium/alcohel salt

~nene

Sodium/alcohel salt
Sodium/alcohol

(reacidified)

'35 x 10

48

Spins/gram
.104 X 1018
18

0.6 x 108
0,9 x 108

9,0 x 1018

0.7 x 1018

14 x ‘1018

0.3 x 1018
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TABLE IV
FREE RADICAL CONTENT OF HUMIC AGID

SAMPLES AND THEIR SODIUM ‘SALTS

‘Sample ‘Chemical Treatment . Spins/gram .
English .none ' 1.4 x 1018
Sodium salt o 23 x‘1018
‘Swiss none : . 9,7 x 1018
Sodium salt ' 16 x:1018
Leonardite ' ‘none Dol x ':10'18
Sedium salt 6.6 x-1018
Arizona none 0.6 x 10%8
‘Sodium salt 80 x 1018
. Wisconsin none 0.4 x 1018
'(NayP)0y exts.) ' v 18
Sodium salt 17 %710
>Fulvic Acid | -none 0.4 xf101'8

"Sedium salt 0.7 ~x‘l()‘I8
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" TABLE V.
"FREE RADIGAL CONTENT ‘CF HUMIG ACID -

"SAMPLES AFTER SODIUM/ALCOHOL REDUCTION

Sample Elapsed Time Spins/gram ~Line Width
of Reductien:(min) . - (gauss)
English 0 lo4 x <1018 13,6
10 8.5 x 1018 6ol
20 9,2 x 1018 6.2
30 34st x 108 5,5
45 . 63 x:1018 633
60 .12,5-x 1018 63
90 : .. 12,2 x 1018 750
120 1152 x~10ig 65
1150 11,2 x 10 750
180 7.9 x 1018 65
210 , 9,2 x 1018 7.7
240 559 x 1018 605
Swiss 0 0.7 x 1018 . 349
: : 20 14 % 10 §~ 740
40 9,1 x 1018 7%0
60 3,3 x 1018 68
.80 1ok % 10}2 7:40
100 751 x 100 668
©120 , 413 x 10 645
140 : 15 x .10!8 643

FREE RADICAL CONTENT OF HUMIC ACID
SAMPLE AFTER ELECTROLYTIC REDUCTION

English (Ma salt) | 33,5 x 1018 842



Sample

English

Swiss

California

Sample

Englisﬁ

‘Swiss

TABLE VI .
FREE - RADICAL" CONTENT OF

OXIDATIONrPRODUCTS-OF*HUMIC ACID

pH-Fraction Spins/gram % -of Imitial
: Radical Conc.
6.8 - . 2.8 x'1018 70
3.0 2.2 x 1078 20
Original 1.4 x 1018 100
3.0 1,5 % 1019 71
‘ 1"90 v 093A quls 7"05
Original 0.6 x:10 100
6.8 1,9 x 1075 4943
3.0 0:3 x 107 842
100 093 x 1018 ' l
‘Original - 0.9 x 10 : 100
TABLE VII

FREE RADICAL CONTENT. OF- °

' HYDROLYZED HUMIC AGID' SAMPLES

Length.of Time -(Hrss)
" of Hydrolysis

23 (Residue)

24 (Residue)

1242 % -1¢

%cof Initial

.- ‘Weight

35.0
1247
100

282
15.0
100

23,3

24455

3.0
-100

Spins/gram

lo4 x 1073
745 %1010,

9.3 x 2018

15,0 x 1018

19.4 x <1618
41.0 x 1018



VI SPECTRA

EPRSpechmnof Sodlum/Mercury Reduced
Humic Acid in a Sodium Hydrox1de SOlutlonoooaooooooooaeaoooaooaoo 53

Page

EP:R‘Spectrumof English Humic Acid (SOlid)voooaoooooooooeooooeaooo 53

Infrared Spectra

Lo
2,

36

4,
5°
6°
7a
8.
9.
10,
11s
12.
13,
14,

154

16,
17.
: ‘18.0
‘19,

20, .

21,
22,

23,

24,
25,
26,

27,
E 289;

EngllSh Humic ' ACldoooooooooaoocaooooooooooaoaooaaoooooooooo
English Humic Acid, Reduced Sodium Saltoccsococoscoascosoos
Engllsh Humic Acid, Reduced and Reprecipitatedcsocowososocoso

.Leonardite Humic

Leonardite Humic
California Humic
California Humic
Wisconsin Fulvic

ACldaoooooadooaoooooooooaaoooaooaooacoaaoo
ACld Sodium Saltoaoooaoaoooooaoooaooooogo
ACidoooooooooooooaooaooooaaaooaooooaooooao
ACid; Sodium Saltocoocococosocoocoocooocosae
ACidg Sodium Saltodaoaaoooooooaoaaooooaapa

. I3 3 H
Swiss Humic ACldodoobooaaooovoooooooeaoooaaoooomooooooooooo

Swiss Humic Acid,
Swiss Humic Ac1d

Degraded pH 3 Fractionoooanaoooaoaoooaoao
Degraded pH 1 FractionNoososococoooconossoo

English Humic Acldaoooooaocoooaaoooaoaeoooooooooooooaaaoooo
English Humic Acid, Degraded pH 6.8 FractioNescoccocsocscos
English Humic ACid Degraded pH 3.0 Fracti@no3oaaoooooasaoa

GCalifornia Humic
California Humic
California Humic

ACldoaconaoooooooooooonooaoaoooaeaaooooaeo
ACld Degraded pH 3, 0 Fractlonooaoosaooaoa
ACld Degraded pH 1, 0 Fractlonooeoaaoooooo

English Humic ACidaooaoaaoooooooooaaoaoaoaaaoaaooooocaooooo
English Humic Acid, Hydrolyzed 2 hoUrScocccococoncocococososs
English Humic Acid, Hydrolyzed 23 hourSoooaaooooooaaooooooa
English Humic Acid, Hydrolyzed "Resldue"yocoaaoonoooaaooooo

'SWiSS~HumiC ACidmoooooeooooooogooooooaocooooooooooooaaoooqc
‘Swiss Humic Acid,
Swiss Humic Acid,
Swiss Humic Acid, Hydrolyzed "ResidueMcocccooccscosoosoocsoo
Humic Acid from Dextroseeoaoeooooooooooaooocoaooaooooaooooo
Humic Acid from Hydroqulnoneooeooooaoooooeooooooooeoooooooa

AP01ystyrGHEoomoacoooooooooocooooeooocaaaoaoooooaooooowocooo

Hydrolyzed 2 hourScoaoo;ooocooaaeosoaoapo
HydrolyZed 23 hOUrSaaaéoca&coooooooooaooo

52

54
54 .
54
54
54
54
54
54
55
55
55
55
55
55
55
55
56
56
56
56
56
56
56
56
57
57
57
57



—2 GAUSS —

FIGURE 5. EPR Spectrumof Sodium/Mercury Reduced Humic Acid in
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FIGURE 6., EPR Spectra of English Humic Acid (solid).
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