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CHEMICAL STUDIES ON SOIL HUMIC ACIDS

VIII. Contribution of Carbonyl Groups to the Ultraviolet
and Visible Absorption Spectra of Humic Acids
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Forty humic acid (HA) samples and several related substances were reduced with Na,S,0,
and NaBH, in order to investigate the effect of carbonyl groups including quinone on the ultra-
violet and visible absorption spectra of HAs. Difference spectra of Rp and B type HAs
as well as lignin due to NaBH, reduction had a peak at 320 nm, while those of A type HAs
had a peak and a shoulder at different wavelengths. The difference absorbance of A type
HAs in the visible range was also higher than that of Rp and B type HAs. There were very
significant positive linear correlations between the difference absorbance due to NaBH, reduc-
tion and carbonyl group contents of HAs. The absorbance of the highly humified HAs at
600 nm increased in 0.1 N NaOH but decreased in the phosphate buffer at pH 7 by the reduction
with Na,S,0,. Decreasing rates in both cases decreased with increasing degree of humification.
It was presumed that the influence of ketonic and aldehydic carbonyl groups on the visible
absorption was small and that of quinones was large for the low humified HAs, Pyoyyy type
HAs and the two artificial HAs prepared from hydroquinone and glucose. Though the
influence of quinones also increased, that of aliphatic ketone and aldehyde on the visible
absorption increased with increasing degree of humification.

Additional Index Words: bathochromic effect, phenolic hydroxyl group, quinone, sodium
borohydride, sodium hydrosulfite,

We have studied the elementary (4) and the functional group compositions (8),
the products by acid hydrolysis (9, 10) and the degradation with KOH (II) of soil
HAs in order to clarify their chemical structures and compositions. From these
results, it was presumed that the constituents and structures of matural substances
are denatured to produce dark colored amorphous polymers with long conjugate
system in the process of humification. Since the ultraviolet and visible absorption
of HAs was presumed to be largely contributed by the dark colored polymers, we
investigated the ultraviolet and visible absorption, especially their relationship to the
dissociation of the phenolic and carboxyl groups of HAs in previous papers (12, 13).
Carbonyl groups may largely contribute to the structure of the dark colored polymers,
and therefore, it may greatly influence the ultraviolet and visible absorption of HAs.
The carbonyl group contents of HAs on carbon basis ranged from 5 to 20%; and in-
creased with increasing degree of humification (§). ADLER and MARTIN (2) studied
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the change in absorption spectra caused by the reduction with NaBH, for lignin and
several carbonyl compounds with phenylpropane structures. This type of study has
not yet been performed on HAs. In this study, the change in ultraviolet and visible
absorption spectra of HAs caused by the reduction with NaBH, and Na,S,0, is ana-
lysed to clarify the influences of quinones and other carbonyl groups on the ultraviolet
and visible absorption spectra of HAs.

MATERIALS AND METHODS

1. Samples. Soil HAs: Forty HAs listed in Table 1 were used. The analytical
values of these samples such as elementary composition, functional group composition,
the products by acid hydrolysis and KOH degradation were reported in previous
papers (4, 8-13).

Fulvic acid (FA): Fr. B, and Fr. D, of a fulvic acid obtained from the Bh layer
of a podzolic soil at Hichiso were used. The method of preparation, difference ab-
sorption spectra between pH 12.4 and 7 and between pH 7 and 3.5, and KOH degrada-
tion products were reported previously (11, 13).

Related substances: As artificial models for humic substances, glucose-HA,
hydroquinone-HA and polymaleic acid reported previously (/1) were used. Milled
wood lignin of rice straw was offered by Prof. N. Terashima of Nagoya University.
Elementary composition of this sample was 54.2%; C, 4.9%; H, and 0.399; N. This
sample was also analysed by alkali-hydrolysis and KOH degradation by SHINDO and
KUWATSUKA (6, 7). Cercosporin, a derivative of 3,10-dihydroxyperylene-4,9-quinone,
isolated from the cultured mycelia of Cercospora kikuchii (15) was offered by Prof.
S. Yamazaki of the University of Tokyo.

2. Reduction of HAs with Na,S:0, and the measurement of absorption spectra.
1) Reduction in 0.1 N NaOH. HA solutions in 0.1 N NaOH having concentration
between 2-12 mg/100 ml were prepared. After measuring the absorption spectrum
from 400 to 700 nm, about 10 mg of Na,S,0, was added to the solution (about 3 ml)
in a measuring cell, and the absorption spectrum of the reduced HA was measured
immediately. Difference absorption spectrum was measured by placing the non-
reduced HA solution and the reduced solution, with Hitachi 124 spectrophotometer,
The absorption spectrum of the reduced HA solution as well as the difference absorp-
tion spectrum in the range shorter than 400 nm could not be measured because of the
large absorption of Na,S,0; itself in the range.

2) Reduction in phosphate buffer at pH 7. Five to 60 mg of each HA sample
was dissolved in 100 ml of 0.1% NaOH. To 2ml of this solution, 6 ml of 1/12M
phosphate buffer at pH 7 was added. To another 2 ml of the HA solution, 6 ml of
the phosphate buffer solution which contained 30 mg of Na,S,0, was added and mixed
to prepare the reduced HA solution. Absorption spectra of the reduced and the
non-reduced HA solutions and the difference spectrum between them, 4E(Na,S,0,
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at pH 7) spectrum, were measured from 400 to 700 nm. The spectrum of the reduced
HA was measured within 3 hr after Na,S,0, addition.

3) Reduction of HAs with NaBH, and measurement of the absorption spectra.
Five to 60 mg of each HA sample was dissolved in 100 ml of 0.1%, NaOH. To 2 ml
of this solution, 2 ml of 0.1% NaOH and 4 ml of 0.2 M borate buffer at PH 10.1 were
added. To another 2 ml of the HA solution, 2 m] of 0.8%; NaBH, solution in 0.1%/
NaOH and 4 ml of the borate buffer were added. The absorption spectra of the
reduced and the non-reduced HA solutions and the difference spectrum between them,
4E(NaBH,) spectrum, were measured from 220 to 700 nm, 15 to 18 hr after NaBH,
addition.

RESULTS AND DISCUSSION

1. Difference spectra of HAs due to the reduction of carbonyl groups

Difference spectra of HAs due to the reduction with Na,S,0, in the phosphate
buffer at pH 7, 4E(Na,S,0, at pH 7) spectra, are shown in Fig. 1. There were not
so much differences in 4E spectra except for P,i++ type HAs (curves 8, 9). The 4E
spectra reached their maxima between 420 and 450 nm and then decreased almost
linearly with increasing wavelength. Their maximum peaks shifted to longer wave-
length in the order: Rp<B<A<P,_,,, type. This may suggest that the quinone
structure which influence the visible absorbance of HAs becomes unsaturated to form
longer conjugate system with increasing degree of humification. The 4E spectra of
P, .41+ type HAs had peaks at 450, 540 and 575nm due to 3,10-dihydroxyperylene-
4,9-quinone(DHPQ). DHPQ also influenced the 4E spectra of the other HAs, showing
that these HAs contain small amounts of Pg pigments. The 4E spectra of the artificial
HAs prepared from hydroquinone and glucose (Fig. 1, curves 10, 11) resembled those
of soil HAs except the P,.,,. type HA. However, the difference absorbance per fixed
concentration of these artificial HAs were 3.5 to 8 times as large as those of soil HAs
at their maximum peaks. This implied that conjugate systems containing quinone
play an important role in the visible absorption of these artificial HAs more than in
soil HAs.

All the 4E(NaBH,) spectra of B and Rp type HAs had a peak at 320 nm (Fig.
2, curves 3—-6). The 4E(NaBH,) spectra of the milled wood lignin of rice straw (Fig.
2, curve 13) and the Bjorkman lignin extracted from Picea abies by ADLER and MARTIN
(2) also had a maximum at 320 nm and a shoulder at 340 nm. ADLER and MARTIN
(2) showed that the 4E(NaBH,) spectra of lignin are due to coniferylaldehyde with
etherified phenolic OH group (4Emax at 340 nm) and the etherified 4-keto-guayacyl
group (4Emax at 303-314 nm). The similarity between the 4E(NaBH,) spectra of B
and Rp type HAs and lignin suggests that some carbonyl groups in these HAs exist
in phenylpropane structures as in lignin. Compared with lignin, HAs are charac-
terized by high absorbance in the visible range. The 4E(NaBH,) of HAs were also
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large while that of lignin was zero in the visible range. Therefore, carbonyl groups
are thought to participate in longer conjugate systems in HAs than in lignin and also
influence the visible absorption of HAs.

The 4E spectra of A type HAs (Fig. 2, curves 1, 2) differed from those of B and Rp
type HAs. The 4E spectra had a peak at 280 nm and shoulders near 320 nm and
between 450 and 460 nm. Carbonyl groups in A type HAs may influence the visible
absorbance in a different way, participating probably in different conjugate systems
from those of B and Rp type HAs.

The 4E spectrum of the hydroquinone-HA (Fig. 2, curve 12) had a broad shoulder
around 430 nm and was similar to those of A type HAs especially in the visible range.
Therefore, the large 4E(NaBH,) of A type HAs in the visible range may be related to
the polymerized quinone structure. The 4E spectrum of the glucose-HA had the
highest peak at 355 nm and the second peak at 250 nm (Fig. 2, curve 11), and was not
similar to those of soil HAs. Therefore, the hydroquinone-HA is supposed to be a
suitable model for the dark colored polymers in HAs more than the glucose-HA. The
4E(NaBH,) per fixed concentration of the hydroquinone-HA and glucose-HA were
1.5 and 2 times larger than those of soil HAs at the wavelengths of maximum absorbance.

The 4E(NaBH,) spectrum of Tsubame Pg had peaks at 260 and 455 nm and shoul-
ders at 570 and 610 nm (Fig. 2, curve 9). These peaks and shoulders are ascribed to
the DHPQ derivatives. The 4E spectrum of cercosporin, a derivative of DHPQ, had
peaks at 305, 485, 600, and 635 nm and minima with minus values at 345, 380, and
395nm (Fig. 2). Though the maxima of the 4E(NaBH,) spectrum of cercosporin
shifted to longer wavelength than that of Tsubame Pg, the shapes of both spectra were
similar to each other. Maximum 4E(NaBH,) of cercosporin at 485 nm was 2.7 times
larger than that of Tsubame Pg at 455nm. In addition, the 4E(NaBH,) spectrum
of Tsubame Pg did not take minus values like that of cercosporin. These results imply
that constituents other than Pg pigment may largely contribute to the ultraviolet and
visible absorption spectrum of even Tsubame Pg which was purified for Pg pigment
by Sephadex G-50 (5).

The 4E(NaBH,) spectra of the two fractions of Hichiso FA were very different
from those of soil HAs. Furthermore, the spectra of the two fractions were different
from each other, though these were fractionated from the same FA. These samples,
Fr. B, and Fr. D,, had maximum peaks at 245 and 290 nm, respectively (Fig. 2, curves
7, 8). Both samples have a common peak at 245 nm and a shoulder at 330 nm. An-
DERSON and RusseL () pointed out the similartiy between polymaleic acid (PMA)
and FAs. We also compared the KOH degradation products of soil HAs and FAs
with those of PMA (11). PMA produced only succinic acid which is also the major
product from soil HAs and FAs. The wavelengths at the peak (270 nm) and the
shoulder (340 nm) of the 4E(NaBH,) spectrum of PMA (Fig. 2, curve 14) were different
from those of the FAs,
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2. Relationship between dE(NaBH,) and carbonyl group content

The decrease in absorbance of soil HAs due to the reduction with NaBH, per
fixed concentration, 4E(NaBH,), was compared at 285, 320, and 600 nm. These
wavelengths were selected because 4E/E(NaBH,) was largest near 600 nm, and the
absorbance at 600 nm is used to indicate the degree of humification, and also because
4E(NaBH,) spectra had peaks at 285 or 320nm. The JE(NaBH,) at 285, 320, and
600 nm increased with increasing Egq. In addition, very significant linear correlations
were found between carbonyl content and the 4E(NaBH,) at 285 and 600 nm at 0.1%
level (Fig. 3), and at 320 nm at 19 level. Though a very significant linear correlation
was also found between carbonyl content and Eggo(r=0.708***), the correlation be-
tween carbonyl content and 4E¢(NaBH,) was more significant (r=0.829%**), These
results suggest that 4E(NaBH,) may be directly attributed to the reduction of carbonyl
groups. The 4E4(NaBH,) of A type HAs were all higher than the estimates by the
regression line (Fig. 3), showing that the 4Eg(NaBH,) per fixed concentration of
carbonyl group is high for A type HAs. This result suggests that A type HAs have
longer conjugate systems than the other types.

3. Relationship between the JE|E by the three reduction procedures and the degree of
humification

In this study, HAs were reduced with Na,S,0, and NaBH,. The oxidation poten-
tial of Na,S,0, (—1.12V) (14) is low enough to reduce effectively the reversible redox
systems such as quinones in HAs producing corresponding diphenols. Because the
reduction with Na,S,0, is accompanied with the consumption of OH- ion, and Na,S,0,
is degraded of itself in an acidic medium, it is usually used in an alkaline medium for
reduction of quinones. Therefore, HAs were reduced in 0.1 N NaOH. However,
bathochromic effect of the phenolate anion formed by the reduction influenced the

4E gg5 ( NaBH,) 4E goo( NaBH,)
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Fig. 3. Relationship between JE and carbonyl group content of HAs. Concen-
trations were fixed at carbon 1 g/100 ml. See Table 1 for the symbols.
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absorbance of the reduced HAs which makes it difficult to interpret the effect of reduc-
tion on the absorption spectra. Therefore, HAs were also reduced with Na,S;0, in
the phosphate buffer at pH 7. NaBH, is generally used as a selective reducing agent
for ketone and aldehyde to obtain alcohols. Unlike Na,S,0,, the reduction product
of quinone with NaBH, is not phenol but dihydroxycyclohexadiene. Carboxyl, ester
and amide groups, ethers and C=C double bonds are not reduced with NaBH,; (3).

In Table 1, the 4E/E at 600 nm due to all the three reduction procedures and the
4E[E at 285 and 320 nm due to the reduction with NaBH, were compared among
various soil HAs. The 4E/E at 600 nm due to each reduction procedure generally
followed in the order: 4E/E (Na,S,0, in 0.1 N NaOH)<4E/E(Na,S,0, at pH7)<
AE[E(NaBH,). The relationship between the former two may be explained in terms
of the bathochromic effect of the phenolate anion on Egq, values.

4E[Eggy(NayS,0, in 0.1 N NaOH) and 4E/Egyy(Na,S,0, at pH 7) appear to decrease
with increasing Eggo (Table 1). This trend suggests that the rate of contribution of
structures other than quinone to the visible absorption increases with increasing Egoo,
that is, the degree of humification. However, the conjugate systems in which quinone
structure participates may also develop in the process of humification as seen from
the shift of the maximum peaks of 4E(Na,S,0, at pH 7) spectra to longer wavelength
with humification (Fig. 1). Furthermore, quinones and conjugate systems other than
quinones may not exist independently but may be conjugated with each other, in-
creasing in degree of conjugation with humification. Because the reduction of quinone
with Na,S,0, results in diphenol and does not cut off the conjugate system, it may
influence the visible absorption less than the reduction with NaBH, which cuts off the
conjugate system. Furthermore, the extent of shortening of the conjugate system
and the influence of the reduction with Na,S,0, on the visible absorption may become
less with increasing degree of conjugation of quinones and structures other than qui-
nones.

The Egq values of many HAs, especially of A type HAs, increased after reduction
with Na,S,0, in 0.1 N NaOH and the 4E/E(Na,S,0; in 0.1 N NaOH) had negative
values (Table 1). For HAs having long conjugate systems such as A type HAs, the
bathochromic effect of the phenolate anion formed by the reduction of quinone may
be larger than the decrease in the visible absorbance due to the shortening of the con-
jugate systems.

Unlike 4E/Egy, (NayS;0,), 4E/Eg(NaBH,) had no relation with Eg, and had
considerably larger values. The values of 4E/E(Na,S,0, at pH 7) and 4E/E(NaBH,)
for the low humified HAs, P,_,,, type HAs, and artificial HAs were almost similar
to each other. This may suggest carbonyl groups which influence the visible ab-
sorption of these HAs are mostly composed of quinone groups. On the other hand,
the difference between 4E/E(NaBH,) and 4E/E(Na,S,0, at pH 7) increased with in-
creasing Egg, that is the degree of humification (Table 1). This may suggest that the
rate of contribution of carbonyl groups other than quinone to the visible absorption
increase with humification.
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4. The effect of the sources and types of HAs on AE|Egy due to the reduction of carbonyl
groups

The change in absorbance due to the reduction with NaBH, and Na,S,0, was
closely related to the sources and types of HAs (Table 1).

The Egy, of A type HAs increased by the reduction with Na,S,0, in 0.1 N NaOH
except one sample, Komagahara, of which Eg, decreased only a little. In case of A
type HAs, the 4E[/Eg(NaBH,) were much higher than the 4E/E(Na,S,0, at pH 7).
These results suggest the presence of long and complex conjugate systems of quinones
and other carbonyl groups in A type HAs.

Not only A type but also B and Rp type HAs extracted from the calcareous soils
(Table 1, group 1) increased in Ejgq, after the reduction with Na,S,0, in 0.1 N NaOH,
except for the HAs obtained from Ishimakisan soil. In addition, the 4E/E(Na,S;0,
in 0.1 N NaOH) and the 4E/E(Na,S,04 at pH 7) of the HAs obtained from the cal-
careous soils were lower than those of HAs from other sources. On the other hand,
the 4E/E(NaBH,) at 600 nm of the HAs obtained from the calcareous soils except Jaana
soil were higher than those of the HAs with similar Eg, values from other sources.
High pH condition of the calcareous soils may have promoted the oxidation of HAs
and the development of conjugate systems composed not only of quinones but also
other carbonyl groups.

The 4E[Eg, due to the reduction of the HAs obtained from forest soils with
Na,S,0, and NaBH,; (Table 1, group 3) ranged between those of the HAs obtained
from A, layers of forest soils and from kuroboku soils.

The 4E[Eg(NaS;0, in 0.1 N NaOH) and the 4E/Eg,(Na,S,0; at pH 7) of the
HAs obtained from A, layers of forest soils (Table 1, group 4) were the highest next
to the 4E/E of P,._,.. type HAs. In addition, the 4E/E(Na,S,0, at pH 7) was almost
equal to or greater than the 4E/Eg(NaBH,). This result suggests that quinones
contribute greatly to the Egy of these HAs with very little contribution from the other
carbonyl groups. This suggestion does not imply that the contents of carbonyl groups
other than quinones are small but that carbonyl groups contributing to the visible
absorption of these HAs are very few.

In all the three reduction procedures, the 4E/Egy, of the HAs obtained from paddy
soils (Table 1, group 5) were smaller than those of other HAs with similar Egq. This
result suggests that the contribution of both quinones and other carbonyl groups are
small because of the small contents of carbonyl groups in these HAs. The values
of the 4E{E(Na,S,0, at pH 7) and the 4E/E(NaBH,) of these HAs were similar but
the difference between the two values increased with increasing Egp. This result
suggests that the contribution of carbonyl groups other than quinone to the visible
absorption increases with increasing Egy, though it is much smaller than that of quinones
for these HAs.

The 4E/Egy of P,.,,, type HAs (Table 1, group 6) were very high in all the three
reduction procedures. This may be due to the high contribution of Pg pigment to
the visible absorption of these HAs.
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The 4E[E(Na,S,0, at pH 7) and the 4E/Eg(NaBH,) of both the artificial HAs
made from hydroquinone and glucose (Table 1, group 7) were very high, with the
two ratios having nearly similar values, suggesting that quinones contribute highly to
the visible absorption of these HAs.
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