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Advanced *C NMR analysis of humic acid after long-term rice straw incorporation into paddy soil

XU Ji-sheng*? ZHAO Bing-zi*, ZHANG Jia-bao*

(1.State Key Laboratory of Soil and Sustainable Agriculture( Institute of Soil Science, Chinese Academy of Sciences ), State Experimental Sta—
tion of Agro-Ecosystem in Fengqiu, Nanjing 210008, China; 2.University of Chinese Academy of Sciences, Beijing 100049, China )
Abstract; As an essential component of soil organic matter, humic acid may vary in chemical composition after long-term straw incorpora—
tion. However, the quantitative studies on structural differentiations of soil humic acid were limited by the development of analytical tech—
niques, especially for samples in the paddy soil. This study investigated the qualitative and quantitative characteristics of humic acids ex -
tracted from a paddy soil from Taoyuan County in China after 22 years of rice-rice (Oryza sativa L. ) rotations, with two fertilizations i.e. no
fertilizer application as a control and rice straw incorporation. Several analytical techniques including elemental analysis, isotopic analysis
(8%C) and advanced *C NMR[i.e. multiple cross-polarization/magic angle spinning( multiCP/MAS) and spectral -editing techniques] were
used. Results indicated that the yield of humic acid increased from 2.25 g-kg-(as in the control ) to 4.01 g-kg™ in the rice straw incorpo—
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ration treatment, whereas elemental compositions of the two humic acids were similar. The average atomic ratios of H/C, O/C and (N+0)/C
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were 1.35, 0.51 and 0.60, respectively, indicating the two humic acids experienced similar degree of saturation, oxidation, and polarity. In
comparison with the control, the 8*C value of humic acid decrease from -2.783% to -2.849% after straw incorporation, which represents the
contents of apolar components increased. The increase was verified through multiCP/MAS results and was ascribe to the higher proportion of
lipids, aromatics and lignin. The contents of proteins, peptides, and carbohydrates decreased after rice straw incorporation. The conversion of
constituents resulted in higher ratio of the alkyl C to O-alkyl C in humic acids and improved their hydrophobicity, indicating the higher de—
composition degree and more obvious hydrophobic characteristics of humic acids after straw incorporation. As revealed by advanced NMR
results, substantial protonated carbon existed in two humic acids. More protonated aromatic carbon were found in humic acids after straw in-
corporation while the protonated anomerics and O-alkyls in the samples decreased. The proportion of nonprotonated carbon were indepen—
dent of the rice straw incorporation. Specially, aromatics between §113 and 893 were found in both humic acids while the experimental sam-
ples showed higher proportion. Our results indicate that both the quantity and chemical structures of humic acid changed after rice straw in—
corporation and stress the importance of advanced NMR techniques in elucidating the fertility-improving mechanism through rice straw in—

corporation on soil.

Keywords: humic acid; paddy soil; multiCP/MAS; 3%*C; elemental analysis
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Table 1 Physical and chemical properties of the soils after 22 years of rice straw incorporation and no fertilization

24 e o4 ke o :
Qb3 Treatments pH(H,0) ﬁm?)k% Slo c/ "”‘ﬂ:rk()til N/ ‘w‘%lmil PI- R0 I(Otil K/ Available N/ Available P/ Available K/ C%EJ/J:O ’
9-kg g-kg 9-kg g-kg mg-kg " mg-kg- mg-kg " /%
Kﬁ.ﬁ_ﬂlﬂ . 4.65a 17.50b 1.93b 0.43a 12.25b 122.40a 10.68a 53.89b 31.0a

No fertilization
FARLLHI Rice 40, 22.47a 2.37a 0.49a 14542 128.09a 12.97a 1110l1a  297a

straw incorporation

T« RIS ING AR 3R A PR 22 57 2. 3% (P<0.05,n=3) . T,
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Table 2 Carbon content, organic carbon recovery rate and yield of

humic acid after rice straw incorporation
Qb p B4 Carbon A MLk Ml Organic BB ™ it

Treatments content/%  carbon recovery rate/% HA-C/g-kg™
Kﬁj@.ﬂﬂ . 51.5a 84.7a 2.25b
No fertilization
Fridid H
Rice straw 52.8a 79.8a 4.01a
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Table 3 Elemental content(ash-free ) ,atomic ratios, and isotopic compositions of humic acid after rice straw incorporation

A EL
LT Treatments Wyt Ash/

JLE &R (TCIK S )Weight( on ash-free basis )/%

J5 -1, Atomic ratios
w 35C/%

g-kg™ C N o] H/C o/lc (N+0)/C
AL 121 52.2 5.63 591 36.3 1.36 052 0.61 -004  -2.783
No fertilization
FrELIL H Rice straw 23 52.9 5.37 5.89 35.8 1.34 051 0.59 ~006  -2.849

incorporation
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The control (lelf column) vs the rice straw incorporation (right column).(a, f) multiCP/MAS NMR spectra for reference; (b, g) corresponding dipolar-dephased

multiCP/MAS spectra; (c, h) selection of alkyl carbons by a *C chemical shift anisotropy(CSA) filte; (d, i )selection of nonprotonated or mobile alkyl carbons

with a 35-p.s CSA filter and 40-ps dipolar dephasing;and(e,j) selection of protonated carbons.
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Figure 1 MultiCP/MAS NMR and identification of *C NMR signals from specific functional groups in humic acids
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Table 4 Assignments of the chemical shift region to types of carbon and their organic matter sources

i HHE e A BB I BT E= BTN
Chemical shift region General assignment Structure unit Potential sources References
'\.. 0
3220~188 BREE C=0 R—C, NN =] [16]
R/
0 0 0 R
5188~162 #: 3 COOIN-C=0 R—HG R—C R—C—N  Mdh i ECTMBILEY  [16]
OH NH—R’ R
-~ L .
3162~142 1T Aromatic C-O éoé Ve [14]
7 oH
-~ L .
5142-93 57 Aromatic C L SERERGE LR ARES 28]
e
5113~93 5315 Anomeric ; . A IR L T IR [12,16]
R’ R R’
R-—0—CH,
N
593~64 Jri e 3k O-alkyl R YR AR R [13,20]
R// RHI
R-0—CH;,
H
564~44 FA3E + S Uik OCHA/NCH R --C-R VNS AR e [14,17]
NH,
R—CH; R—CH,—R’
R " 1 ,
544~0 fe 3k Alkyl R —ch R R H1 T TG L [27]
R R’

E:R.R"R"FIl R AREMIBER -

R 5 B AEE e G 2 uxAET EE51(%)
Table 5 Percentages of total spectral area assigned to different functional groups obtained by multiCP/MAS *C NMR and spectral-editing
techniques for the humic acids(% )

fk22(v # Chemical shift(d)

220~188 188~162 162~142 142~93 113~93 93~64 64~44 44~0
. . I R
Ab3 57 % Aromatic C 523 Anomeric LeE K O-alkyl C R eI
Treatments sy 4 FREE Eﬁﬁlk OCHJNCH  jz
czo  COOI Avomalic . ARFTYS R THE o RETRk TSRk o AT RTRR L e, TEAIY
N-C=0 C-O %tal T Arom. i Arom. TE:)taI fitt Nonproton. fi# Proton. %tal Je A 3L 3 Proton. ﬁ)tal OCAHL fest C
c-C C-H anom. anom. 0C, ocC * NCH
Z:}]@HE .No 0.9 11.6 4.3 18.2 1.7 10.6 4.1 0.6 35 14.3 12 132 146 23 123 319
fertilization
FRHA H
Rice straw 0.6 10.8 5.0 19.9 8.0 119 34 0.5 2.8 12.2 12 110 152 31 121 330

incorporation

T D5 LU 587 12 BESCRR[29]; 5Kk LL AR B multiCP/MAS BC NMR il CSA £ 14

Z 1) 5 WP e Skt AU P MR F5% ;s BRIRONG P 05 A AR T AR Y EL 140 531 D 40% A
FRIE B AR (<1%) . KIAREEA HAASHEAE XS B+ 42% 5 S Sk BB AN e S 3 U K 2 800 11k, Hoh 5 kil



122

PSRty F£36EF1H

[ AL G143 51 84%F 85%, ot 48 ik I3t 1Ak, L 44
43511k 91%71 92% .

i R 2 NMR AR R 50 A3 R i 1 X
SRR ES 2, = BARIAE LR JL 1R 15,
B FH AR TR AR T R AN B AU i 1 L1, X AT
R B g F i RO R A R — B0 (R
3) , 8 A e A PR 3 - 3 e v R TN 2
R R . LU, R A FH G T 05 A ik
Wy 5 (AL TR AN 5 7585 ) EL A1), 389 1 A 10% , Horp g
TR b S B S s T BRI TR
T S Sk b R e SR R LB, L R T+l
01162 (AR G L= - o R N S N W (B B
FH e L EL A3 AR X BRI T 37%; 255 AE a8 X
Py i LU AG1 R M, 0 RS S R A 2 0 T A R v
R R B, e (AR 8113~93 fh2#
AV % DX 3 ) R A7 7 5 Sk e RN 2% Ak, AR A LA A
IS SR AR T 3] (3% 5) w] 3 H 38 H R A H S A
1R 5 Sk R TE AL 2 0 78 N Y LG R 7196F% 31 57%,
RIFE R A H 5 A 5 2 19 05 - ok 5 T 8113~93, 25
b, AT HENRS AR A S AR G 5 A R ) R
0, A 2S5 B AL 5 IR BT AR AR AR G B R A T
J AR5 ) 5y 52 R R FH SE IR . R A H S AR
PRS2 R 5 LU B R AR R AR 28 R 5T 26 LL 91 34
TIN5 TRV 28 40 A 8 Rl A P 42 o f 3 m h J— B0
(£3),

P TR B FH 5 s e 58 A s 4 R P A1, 5
H AJO-A ZE T KA IR (& 2) , B RS S H
TR 1Y) it AR FEARS S [ AS it A A
I T Ah 3EOSA BORR 1 O A BE A, 43 il 0.23 il
0.26, FRINLH B R MBE Wi et . X OGP S5 8K
R R A i e A P S RORR T K, & B it LA

< ] —— .

2ak | ORiEE
|  Ewwsn

.....................................

AIO-A I GRS HI

2 HABERHY AJO-A B E EMEBTKIEIEH
Figure 2 Variations of A/O-A,aromaticity and hydrophobic

index(HI) of humic acids in paddy soil

NEWTRAL & Y10 3, 57 A T 0.27~0.28 Z[A] Wl fi
PR 18T 0 7 P S e e s T 57 5, 15 P e i P
JE SAEOR BB AR PERAE S BA R S Rk PSS AT L
RIS T AA R R I BERS AR i A= P A
ARPR DX FP AR 2R AR R S AR IR,

3 #Z£ig

(DA B FAS 1 1 /KRS LW AR A4 58
FAHA T NEAL B & 1 78%.

(2) IR TR AU o T FIREE e AL B2
WA EAERR R HE AR A AR B R B . 8°C S5 2R
e i S SR PR AR R TR A B, 5 A B 22 10
AR AR B

(3)ARHE =1 2 NMR SE 2 70 A 45 2R ] HED , K A
BRI AL S Yo T, A K BT
B, 95 7 B AR o R ik TR I 1 W AORR A 8113~93
BRI N5 A B He 91, LUK 5 A e BRI AR 5t 3%
PO, (HAR AR EREAR T 8 B 2RSS 5
oo AR BT AR RRAHNS AN By SR ik FH 2 1 5t 5
PFF RSG5 5P 5 Sk i A de S 2 U BRI .
B AR i 1 WROR P bR A e S LU AR, i /K
AL S

Bt AT TR AR LR i R v 45 2 rp R Bk B
A BRI B S AP B AR DG T AR A B B R T 6 B A S
TE MR R

S

(1] ARV, TERILZR, /NS AR IHAS 1R A 38X 2 P A L 2R £

rhe R A s e 9], 496 4z, 2009, 40(3) :523-528.
CHEN Wei-cai, WANG Kai-rong, XIE Xiao-li. Effects on distributions
of carbon and nitrogen in a reddish paddy soil under long-term different
fertilization treatments[J]. Chinese Journal of Soil Science, 2009, 40(3).
523-528.

[21 5 J1, o hhEs, A, S At NE ARG FHE F X 208K S

RO AT AR R S R [I]. A 5 SRR AR R, 2011, 17(4):
898-905.
MA Li, YANG Lin-zhang, XIAO He-ai, et al. Effects of long-term fer—
tilization and straw returning on distribution and mineralization of nitro—
gen in paddy soils in subtropical China[J]. Plant Nutrition and Fertilizer
Science, 2011, 17(4).898-905.

[B1 M2, B 7, RN, 45, KR - 40 Bl AL V8 A R (8] (amoA il
hao ) Z AL S K IR REIE I A G R BFSE ). P42, 2010, 31
(6):1624-1632.

CHEN Chun-lan, CHEN Zhe, ZHU Yi-jun, et al. Effects of rice straw
on the diversity of nitrifying genes(amoA and hao) in paddy soil[J]. En—



TRIEME , 45 KRR HI X5 R (b 45 1

A 2 “C NMR 5 123

vironmental Science, 2010, 31(6):1624-1632.

[4] ) T2, FRLSR, 424, 55, LL38R8 A S R GUH DI R PART +
A LB AL RSEI ). 2R 224295k, 2006, 25(2): 140-144.

ZHOU Wei-jun, WANG Kai-rong, HAO Jin-ju, et al. Effects of organic
materials cycling on soil organic carbon turnover in a red soil paddy e—
cosystem[J]. Chinese Journal of Ecology, 2006, 25(2) : 140-144.

[B] 8 O, FEIRET, BN, 55, SR8 L S BUR I IE L : R I il
B[] Ak F BSR4k, 2009, 28(12) : 2596-2602.

ZHAO Guang, TANG Xiao-hong, LU Jia-ke, et al. The formation of hu—
mic acids in purple paddy soil ; Based on decomposition of rice straw[J].
Journal of Agro-Environment Science, 2009, 28(12) ; 2596-2602.

[6] 3k %6, 5% 2k, WAL, S5, it AR W BT X - 39 7 5 2 R
TR LS HFFIESE A [J]. PRBERI= 24, 2016, 36(2) : 614-620.
ZHANG Ge, DOU Sen, XIE Zu-bin, et al. Effect of biochar application
on composition of soil humus and structural characteristics of humic
acid[J]. Acta Scientiae Circumstantiae, 2016, 36(2 ) :614-620.

[7] Tan K H. Humic matter in soil and the environment: Principles and con—
troversies[M]. 2nd Edition. Boca Raton: CRC Press, 2014.

[8] sEmL, 52 AR, WHEWS, 55 KM A TS Yt A3 b I AR 45 A0 A AIE
BIBFFE ], Jeit 5oEik 434, 2009, 29(6) : 1531-1535.

ZHANG Jin-jing, DOU Sen, XIE Xiu-hong, et al. Structural character—
istics of humic acids from a long-term petroleum contaminated soil [J].
Spectroscopy and Spectral Analysis, 2009, 29(6 ) : 1531-1535.

[9] Chien S W C, Wang M C, Hsu J H, et al. Influence of fertilizers applied
to a paddy-upland rotation on characteristics of soil organic carbon and
humic acids[J]. Journal of Agricultural and Food Chemistry, 2006, 54
(18):6790-6799.

[10] Dou S, Zhang J J, Li K. Effect of organic matter applications on *C -
NMR spectra of humic acids of soil[J]. European Journal of Soil Sci—
ence, 2008, 59(3):532-539.

[11] Mao J D, Chen N, Cao X Y. Characterization of humic substances by
advanced solid state NMR spectroscopy : Demonstration of a systematic
approach[J]. Organic Geochemistry, 2011, 42(8).:891-902.

[12] Mao J D, Xing B S, Schmidt-Rohr K. New structural information on a
humic acid from two -dimensional *H-*C correlation solid -state nu—
clear magnetic resonance[J]. Environmental Science & Technology,
2001, 35(10):1928-1934.

[13] Jindo K, Hernandez T, Garcia C, et al. Influence of stability and origin
of organic amendments on humification in semiarid soils[J]. Soil Sci—
ence Society of America Journal, 2011, 75(6 ) .2178-2187.

[14] Panettieri M, Knicker H, Murillo J M, et al. Soil organic matter degra—
dation in an agricultural chronosequence under different tillage
regimes evaluated by organic matter pools, enzymatic activities and CP-
MAS “C NMR[J]. Soil Biology and Biochemistry, 2014, 78.170-181.

[15] Spaccini R, Piccolo A, Haberhauer G, et al. Transformation of organic
matter from maize residues into labile and humic fractions of three Eu-
ropean soils as revealed by *C distribution and CPMAS-NMR spectra
[J]. European Journal of Soil Science, 2000, 51(4 ) . 583-594.

[16] Zhou Z G, Chen N, Cao X Y, et al. Composition of clay-fraction organic

matter in Holocene paleosols revealed by advanced solid -state NMR
spectroscopy[J]. Geoderma, 2014, 223/224/225.54-61.

[17] Mao J D, Tremblay L, Gagné J-P. Structural changes of humic acids
from sinking organic matter and surface sediments investigated by ad-
vanced solid-state NMR: Insights into sources, preservation and molec—
ularly uncharacterized components[J]. Geochimica et Cosmochimica Ac—
ta, 2011, 75(24 ) .7864-7880.

[18] Johnson R L, Schmidt-Rohr K. Quantitative solid-state *C NMR with
signal enhancement by multiple cross polarization[J]. Journal of Mag—
netic Resonance, 2014, 239.44-49.

[19] Mao J D, Schmidt-Rohr K. Accurate quantification of aromaticity and
nonprotonated aromatic carbon fraction in natural organic matter by **C
solid -state nuclear magnetic resonance[J]. Environmental Science &
Technology, 2004, 38(9):2680-2684.

[20] Gao H J, Chen X, Wei J L, et al. Decomposition dynamics and changes
in chemical composition of wheat straw residue under anaerobic and
aerobic conditions[J]. PLoS one, 2016, 11(7).e0158172.

[21] F T2, FHLSR, X #& A PRI LR 38 N 1k 5%

M [J). A= ZsepZkads, 2004, 23(1):39-43.
ZHOU Wei-jun, WANG Kai-rong, LIU Xin. Effects of organic residue
cycling on soil nitrogen mineralization characteristics of rice cropping
system in red soil region of China[J]. Chinese Journal of Ecology, 2004,
23(1):39-43.

[22] Preston C M, Hempfling R, Schulten H R, et al. Characterization of or-
ganic-matter in a forest soil of coastal British-Columbia by NMR and
pyrolysis-field ionization mass-spectrometry[J]. Plant and Soil, 1994,
158(1):69-82.

[23] Debska B, Szombathova N, Banach-Szott M. Properties of humic acids
of soil under different management regimes[J]. Polish Journal of Soil
Science, 2009, 42(2).131-138.

[24] Pramanik P, Kim P J. Fractionation and characterization of humic acids
from organic amended rice paddy soils[J]. Science of the Total Environ—
ment, 2014, 466/467(1 ) :952-956.

[25] Yang Y, Shu L, Wang X L, et al. Impact of De-Ashing humic acid and
humin on organic matter structural properties and sorption mechanisms
of phenanthrene[J]. Environmental Science & Technology, 2011, 45(9 ).
3996-4002.

[26] SR E A, S5 AR, SRR KMEAE X 56 HLBT 8°C {H 52 14
FEN]. Al AR =24, 2006, 25(2) : 382-387.

ZHANG Jin-jing, DOU Sen, ZHANG Da-jun. Preliminary study of im-
pact of long-term fertilization on 8*C values of soil organic matter[J].
Journal of Agro-Environment Science, 2006, 25(2 ) ; 382-387.

[27] Wang C, He N, Zhang J, et al. Long-term grazing exclusion improves
the composition and stability of soil organic matter in Inner Mongolian
grasslands[J]. PloS one, 2015, 10(6 ) .e0128837.

[28] Alexis M A, Rasse D P, Knicker H, et al. Evolution of soil organic mat—
ter after prescribed fire: A 20-year chronosequence[J]. Geoderma,
2012, 189/190.98-107.



