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Carbon-13 NMR Analysis of Organic Carbons
from a Nothern Hardwood Litter and Leachates,
Central Maine, U.S.A. *!

In-Gyu Choi*?

£

#)

S S 718 80] ol A o1F ) WS e Ge) 9] $3 SAEd) o

gled A8t o). Litter& FAete Fo529] 3

Hehe AR wals

g, =

18] 3 SRR BAE

Rt =1

ollon, PlEH, 7l2840 St2RdE Jf B B3 Awrt 5’1%101] a}a} gordel Frzt litter £
A Z=Astng Haxl Z71ec). Hydrophobic#t hydrophilic®  #-71€bA7) litterd) ® o 3o

(leachates)ol] Wo| A5, 159} i FRE

olgh gao] el g Zierh

Keywords : Litter, leachates, carbon-13 NMR

1. INTRODUCTION

Litter and litter leachates play an important
role in the chemistry of terrestrial and aquatic
ecosystem.! Extensive researches have been
conducted on the inorganic properties of hitter
and leachates. Recently the role of leachates
has an emphasis biologically and chemically in
the forest ecosystem.” In order to investigate
the biological and chemical role in the ecosy-
stermn, the chemical characteristic of litter and
leachates should be evaluated.

High molecular weight compounds such as
lignin®, humic acid?, fulvic acid® and poly-
meric nucleic acids present in natural waters
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are considered as the precursors of chlorinated
compounds. These materials cause problems
in public water supplies, and they may com-
bine with and concentrate toxic metals, and
react with chlorine to produce chloroform and
aother halogenated organics such as THM?*®,
Understanding of the chlorination mechanism
has been slow because the origin, nature, fate
and chemical structure of humic substances
which are highly decomposed organic com-
pounds derived from plant and microbial syn-
thesis is still not fully understood.

Some early attempts were focused on the
use of proton NMR spectroscopy to investi-
gate the different types of proton in litter, but
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the spectra were not reliable for aromatic and
olefinic protons because of solvent effects and
relaxing effects of spins of unpaired elec-
trons,”

In stead, carbon-13 NMR spectroscopic
techniques have proven to be valuable tools
for the characterization of litter,®® This 1s es-
pecially true for humic substances which are
very decomposed high molecular weight or-
ganic substances since very small amount of
sample is required, and detailed information
can be obtained about all of the important car-
bon-containing functional groups.'®™ How-
ever, early attempts to obtain usable spectra
by solid carbon-13 NMR provided little infor-
mation because of technical problems, Devel
opment of cross polarization (CP) of carbons
by protons matched with magic angle spinnming
(MAS), finally made it possible to achieve
13C resolution approaching that of solution
NMR_}LRZ.L?/

The purposes of this study were to better
understand the chemical composition of litter
and litter leachates, and to Investigate the
changes in chemical composition of organic
carbon 1in litter leachates with seasonal vari-
ation by using a new solid state carbon-13
NMR spectroscopy.

2. MATERIALS & METHODS

2. 1 Study Site

The study site is located in the Bear Brooks
Watershed in Maine. Vegetation is composed
mainly of nothern hardwood species, including
American Beech (Fagus grandifolia Ehrh.),
yellow birch(Betula allegheniensis Britton), stri-
ped maple( Acer pennsylvanicum L.) and sugar
maple(Acer saccharum Warsh,), with some
inclusions of red spruce(Picea rubens Sarg.).
Site elevation is 1015 m with an average
annual precipitation of 131cm.?

2.2 Samples

Slightly decomposed litter was collected,
and kept in plastic bag, and dried at room
temperature in the laboratory. Samples were

ground in a Wiley mill until they passed
through @ 100 mesh sieve, and refrigerated.

2. 3 Litter Leachate Collection and Fraction-
ation

Litter leachates were collected by using
lysimeters (90cm wide, 120cm long, 12cm
deep). Beginning in June 1992, 161. samples
were collzcted monthly until October 1992 and
filtered through 0.7.m fiber glass (GF /F)
and stored at 3%C. Dissolved organic carbon
was measured by CO: IR absorbance of
UV-persulfate oxidation products of DOC
(Dohrmann DC 80 Carbon Analyzer, Santa
Clara, C/.). Leachates were freeze dried.

Leachates were fractioned following a modi-
fication of the method reported in Thurman
and Malcolm,** The organic carbon was
characterized to five fractions : hydrophobic
acids and neutrals, and hydrophilic acids,
bases anil neutrals. Because of insufficient
guantities of hydrophobic bases, this fraction
was not determined.

2.4 Carbon-13 NMR Spectroscopy

All sarr ples were loaded in the Kel-F holder.
Sample weights were approximately 300-300
mg. Solic state carbon-13 NMR spectra were
acquired on a GE-300 solid-state Pulse NMR
spectrometer  with  cross polarization and
magic angle spinning (CP /MAS). In order to
remove sde band in spectra, MAS side band
eliminaticn software was used. It was equi-
pped wit1 a double tuned, single coil probe
with an external lock and an Andrew-Beams
type spinning apparatus set for a 1 sec recycle
time and a cross polarization time of 1 msec.
The magnetic field was 300MHz, 7.0T giving
a carbon-13 resonance frequency of 75.46MHz,
Typical factors used were : proton 90° pulse,
Sumscortact time, 1msec;recycle delay, 1sec
;spinning  speed, 5.5KHz:number of scans,
3600-7000.

The carbon-13 NMR analysis was based
upon measurement of relative signal areas,
with the assumption that all of the carbon in
litter anc leachates contributes to the car-
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bon-13 NMR spectrum. The spectrum can be
divided into 8§ regions : alkyl(0-50 ppm), meth-
oxyl(50-60 ppm), alcohol(60-65), carbohy dra-
tes(65-95 ppm), acetal & aromatic (95-160
ppm), phenolic (160-170 ppm), carboxyl
(170-185 ppm), and carbonyl (185-220 ppm)
carbons, Typical chemical shifts for the peaks
observed in carbon-13 NMR spectra are shown
in Table 1,1151517

3. RESULTS & DISCUSSION

3.1 Litter
CPMAS carbon-13 NMR spectroscopy allo-
Wws a semiquantitative interpretation of the

Table 1. Chemical shifts of CP /MAS carbon-
13 NMR spectra for various carbon
types(Wilson et al., 1981 ; Steelink
and Petsom, 1987 ;: Zech et al., 1987 ;
Frund and Ludeman, 1989 :Chen and

Robert, 1989 ; Benner et al., 1990 :
Newman and Tate, 1991)
Cherpical Shift Assignment
region(ppm)
0-110 aliphatic carbon
0~50 saturated alkyl(—CHz2-)
5060 oxygen and nitrogen substituted
alkyl in amine and methoxy(—~NH,
—~QCHz2)
60~ 65 alcohol ( —OH)
65—395 oxygenated alkyl{carbohydrates)
95160 acetal & aromatic carbon
160—170 phenolic carbon
170—185 carboxylic carbon
185—220 carbonyl carbon

methoxyl
carboxyl atkvl
carbonyvl
alcohol
carbohydrates /' acetal &
daromatic
phenolic

Fig. 1. Various carbon types in litter col-
lected from a nothern hardwoed forest
in central Maine determined by car-
bon-13 NMR

chemical compositien: of litter, The spectrum
of litter presented in Figure 4 showed strong
resonances between 65 and 95 ppm (mainly
carbohydrates) dominating with about 40% of
total carbon in litter (Table 2). This region
originated mostly from ring carbons 1 to 6 of
cellulose and hemicellulose monomer units,??
The anomeric carbon between 99 and 104 ppm
indicated that carbohydrates were linked by
0O-glycosilic bonding to polysaccharides.

The main carbon fractions in litter were al-
kyl, carbohydrates and aromatic carbons, with
carbohydrates (Figure 1). Alkyl carbon (0 to
50 ppm) which had a strong peak at 30 ppm
comprised approximately 18 % of carbon. It
has long been believed that the majority of or-
ganic carbon in litter, especially humic sub-

Table 2. Carbon composition of litter, monthly litter leachates(June(JN), July(JL), August(AG),
September(SP), and October (OC)), hybrophobic acid{HPO-A) hydrophilic acid(HPI-A),
and hyvdrophilic neutra{HPI-N) determined by carbon-13 NMR

Carbon type(ppm) Litter IN JL

alkyl (0-50) 18.38 23.57 2457
methoxyl(50-60) 6.68 1.13 1.81
alcohol{60-65) 6.80 0.3% 0.37
carbohydrates(65-95) 39.73 21.6 19.9

acetals & aromatic (95-160) 22.42 32.16 33.08
phenolic{160-170) 1.20 4.19 4.44
carboxyl{170-185) 2.68 10.68  11.28
carbonyl{185-220) 192 5.51 4.37

AG Sk oc HPO-A HPI-A  HPI-N
2195 15.31 8.66 23.03 14.29 7.57
LT 5.06 4.15 2.23 4.42 3.07
.40 2.40 1.8 0.11 1.94 1.72
2022 2160 21.23 15.01 21.41 24.15
3378 3326 3754 37.65 24.47 37.96
3.95 5.80 5.50 5.93 5.91 4.95
10,73 12,01 13.46 11.26 20.13 12.68
4.31 522 6.91 4.77 7.24 7.33
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Fig. 2. Various carbon types in monthly collected litter leacha:zes(JN, June : JL, July : AG, August
1 SP, September ; OC, October)from a nothern hardwood forest in Central Maine deter-

mined by carbon-13 NMR,
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Fig. 3. Various carbon types in hydrophobic acid(HPO-A), hydrophilic acid(HPI-A) and hydro-
philic neutral({HPI-N) of litter leachates collected from a nothern hardwood forest in cen-

tral Maine determined by carbon-13 NMR.

stances, consisted of aromatic carbon, but the
presence of significant amounts of alkyl car-
bon has been presented in humic substances,
22 Aromatic carbons were also present, but
the absence of prominent peaks at 57 ppm

produced by methoxy carbon indicated that
lignin was a minor component in litter, as
compared to tannins, which were important
non-lignin aromatic components.!” This fact
was confirmed by using dipolar dephased
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Fig. 4. Carbon-13 NMR spectrum of litter col-
lected from a nothern hardwood forest
in central Maine,

spectra, suggesting that the peaks at 145 ppm
and 154 ppm were derived predominantly from
tannin rather than lignin (Figure 4). The
strong peak at 30 ppm was assigned to methyl
carbon, suggesting the presence of aliphatic
compounds. It is thought that this alkyl car-
hon originates from paraffinic structure de-
rived from microbial lipids®™ and from plant
materials such as cutin, suberin, fats and
waxes, 2% Carhoxyl, carbonyl and phenolic
carbons accounted for only 1 te 3 %. As noted
by Zech et al.®’, decomposition of litter would
be accompanied by an increase of aliphatic,
carboxyl and carbonyl carbons presumably due
to the oxidation of side chains and splitting of
lignin molecules.

3. 2 Litter Leachates

Freeze dried litter leachates were analyzed
by solid state carbon-13 NMR spectroscopy.
The main strong peaks in spectra were pres-
ent at 30 ppm, 77 ppm, and 167 ppm {(Figure
5). The broad peak centered at 30 ppm was
assigned to the alkyl carbons including methyl
and methylene carbons, ' Primarily, plant or
microorganism derived lipids may contribute
to this region. Among all organic components
of litter, carbohydrates were the most readily
available to microorganisms, and compared

with carbohydrates carbon in litter(39.73%),
those in litter leachates were very low (appr-
oximately 20%) (Table 2). Benner et al!”
examined that the percentages of saturated al-
kyl carbon and carbohydrates were relatively
low compared with leaf materials, whereas
aromatic and carboxylic carbons were higher,

There are very significant variation between
monthly collections, The cecilections in June,
uly and August showed the high content of
alkyl carbons (approximately 25%), but these
carbons were greatly decreased in the collec-
tions of September and October with the low-
est alkyl carbons in October collection(8.66
%) (Table 2). In the coliections of September
and October, methoxyl, aromatic and carboxyl
carbons were increased, suggesting the high
contribution of microbial degraded lignin to lit-
ter composition since lignin was decomposed
relatively slowly, which led to the idea that
lignin makes an important contribution to the
fermation of humic substances. " Earlier,
NMelin™ proposed that humic substances orig-
inate from plant residues, and among the re-
sistant plant matenals, lignin could become
the core material of humic substance frame-
work by being degraded to simple phenolic
monomers, which then undergo oxidative
polymerization.® The two most obvious chan-
ges in conversion of lignin to humac substa-
nces would be a leoss of OCHs groups by
demethylation, producing catechol groups, and
oxidation of aldehvde compounds with coup-
ling of intermediates, 7%

Among the litter leachate frations, hydro-
phobic and hydrophilic acids totaled 90.65% of
the organic carbon, with hydrophobic acids
being the larger fraction at 68.5%(Table 3).
The remaining fractions{neutrals and bases)
reached to 6.35%. Hydrophobic acids{HPO-
A). and hydrophilic acids(HPI-A) and neu-
tralst HPI-N) were subjected to carbon-13
NMR analysis for characterization of their
chemical composition, Carbon-13 NMR spectra
obtained from HPO-A, HPI-A, and HFI-N are
shown in Figure 6. The carbon-13 NMR spec-
trum of hydrophobic neutrals and hydrophilic
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Fig. 5. Carbon-13 NMR spectra of litter leachates(JN, June:JL, July : AG, August:SP, Septe-
mber ; OC, October) collected from a nothern hardwood forest in central Maine.

bases could not be recorded due to the low
content of organic carbon in samples.

The carbon-13 NMR spectra revealed that
there were considerable differences in chemi-
cal composition between fractions (Table 2).
The hydrophobic acid fraction were mainly a

mixture o7 alkyl carbon (0-50 ppm), and acetal
& aromatic carbon {95-160 ppm) and carboxyl
carbon (170-185 ppm). The broad signal be-
tween 15 to 50 ppm represents the complex
heterogensity of alkyl carbon including meth-
ylene anc methyl carbon in long chain and
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Fig. 6. Carbon-13 NMR spectra of litter lea-
chates fraction(HPO-A, hydrophobic
acid : HPI-A, hydrophilic acid; HPI-
A, hydrophilic neutra) collected from
a nothern hardwood forest in central
Maine,

branched alkyl chains.' n-Alkanes, n-fatty
acids, n-alcohols, diols, sterols and n-alkyl
esters were found by pyrolysis-field desorption

Table 3. Chemical composition of litter lea-
chates collected from a nothern hard-
wood(HPO, hydrophobic ; HPI, hyd-
rophilic ; B, base; A, acids:;N, neu-

trals
pH DOC HPO-AHPO-N HPI-B HPI-A HPI-N
ppm % % % % %

August 3.62 115.65 68.50 3.72 3.67 22.15 2.96

mass spectra.® The aromatic region between
95 to 160 ppm suggests the presence of lignin
structures in the hydrophobic acid fraction.
Bands with chemical shifts around 155 ppm
originated from phenoclic carbons and from ni-
trogen substituted aromatic carbons.® The
non-oxysenated aryl carbons, occurring in the
range of 110-142 ppm, were mostly responsible
for the aromatic carbon content. This fact was
supported by the strong peak at 57 ppm which
was due to the methoxyl carbon in lignin
structures. In this fraction, the contribution of
angiosperm {(deciduous) lignin to the aromatic
carbon raay be significant, However the con-
tribution of other aromatics such as lignans,
stilbenes, flavonoids and tannins could not be
excludec Differences between hydrophobic
and hycrophilic acids in the carbon distri-
bution were not very prominent. The main
feature of hydrophilic acid was the excep-
tional high proportion of carboxyl carbon and
low proportion of alkyl and aromatic carbons
(Figure 2), suggesting the high degree of mi-
crobal oxidation. Chen and Robert® investi-
gated the biodegradation of spruce lignin by
carbon-13 NMR and concluded that oxidative
cleavage of a and b side-chains of the phenyl
propane unit was the most important reaction
during the fungal degradation of the lignin.
The rezion 170 to 185 ppm represented
carboxylic carbons, and the region 185 to 220
ppm regresented carbonyl carbons such as al-
dehyde and ketone carbons.” However, the
possibilizy of the presence of the amide group
could nct be excluded in this region, and this
region raay also arise from the spinning side
band. The hydrophilic neutrals contained very
low alkyl carbon compared with other



fractions, and the amounts of carbohydrates,
aromatic and carboxyl carbons were very simi-
lar.

4. CONCLUSION

The spectrum of litter showed that the main
carbons ware alkyl carbon derived from plant
lipids suca as cutin, suberin, fats and waxes,
carbohydrates linked by O-glycosilic bonding
to polysaccharides and aromatic carbons. The
amounts of carboxyl, carbonyl and phenolic
carbons were very minimal, However. in litter
leachates, alkyl, carbohydrates, aromatic and
carbonyl carbons were dominant carbon spec-
ies due to the microbial degradation of litter.
There were very significant variation between
monthly collections of litter leachates, The
collections in June, July and August showed
the high content of alkyl carbons, but these
carbons were greatly decreased in the collec-
tions of September and October while meth-
oxyl, aromatic and carboxyl carbons were
increased due to the high contribution of mi-
crobial degraded lignin to litter leachate com-
position,

Among the litter leachate organic frations,
hydrophobic and hydrophilic acids were domu-
nant organic carbons, with hydrophobic acids
being the larger fraction. The spectra of
hydrophobic acids (HPQO-A), and hydrophilic
acids {HPI-A) and neutrals (HPI-N) revealed
that there were considerable differences in
chemical composition beetween fractions. The
hydrophobic acids were mainly a mixture of
alkyl, acetal & aromatic and carboxyl carbons,
while hydrophilic acids contained the excep-
tional high proportion of carboxyl carbon and
low proportion of alkyl and aromatic carbons,
suggesting the high degree of microbial oxi-
dation. The hydrophilic neutrals contained
very low alkyl carbon compared with other
fractions.
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