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Modeling of Carbon and Oxygen Elements and Groups on Biochar Surface
Based on Mid-infrared Spectroscopy and Machine Learning

CAO Hongliang'>  WANG Pan'?  WANG Zhuochao'> YANG Zhengming'®> MA Jiamin'? XU Yang'’
(1. Key Laboratory of Smart Farming Technology for Agriculiural Animals ,
Ministry of Agriculture and Rural Affairs, Wuhan 430070, China
2. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China)

Abstract; In order to achieve high-precision and rapid prediction of carbon and oxygen elements and
active groups on the surface of biochar, a data set containing quantitative characterization information of
mid-infrared spectroscopy and surface carbon and oxygen elements and their occurrence forms was
established based on 120 groups of biochar samples accumulated by the research group. Using support
vector machine ( SVM ) and random forest ( RF) machine learning intelligent modeling methods,
combined with interval partial least squares (IPLS) and principal component analysis (PCA) and other
feature selection strategies, four prediction models of IPLS + RF, IPLS + SVM, PCA + RF and PCA +
SVM were constructed, and the quantitative and rapid prediction of surface carbon and oxygen content
(S_C, S_O) and eight carbon and oxygen occurrence forms, a total of ten prediction targets, was
realized. Among them, there were five forms of C=C, C—C, C—0, C=0, O =C—0 from the Cls
energy spectrum and three forms of C =0, C—0, O =C—O0 from the Ols energy spectrum. The results
showed that the main occurrence forms of carbon on the surface of biochar were C_C =C and O_C—O,
and the main occurrence forms of oxygen on the surface of biochar were C_C—0, C_C =0, C_O=C—
0 and 0_C =0; the characteristic bands of 4 000 ~3 464 cm ' and 1 588 ~ 650 ¢m ™' both contained

characteristic information highly related to the content and speciation of carbon and oxygen on the surface
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of biochar, but the information contained in 1 588 ~650 ¢m ™' was more abundant. From the perspective
of model prediction accuracy, the four prediction models of IPLS + RF, IPLS + SVM, PCA + RF and
PCA + SVM all had good prediction ability, especially IPLS + SVM and PCA + SVM. The coefficient of
determination of the optimal model for ten prediction targets was above 0.93; however, from the
perspective of model stability and generalization ability, C_C—C, C_O =C—0, 0_C =0, 0_C—O0

still needed to be further improved.

Key words: biochar; carbon and oxygen group; infrared spectroscopy; machine learning; quantitative

prediction
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Mid-infrared spectrum of biochar
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Tab.3 Hyper-parameter optimization of mid-infrared spectral prediction model based on IPLS

H 3
T A bx RF SVM

n_estimators ~ max_depth kernel ¢ epsilon degree gamma coef0
S_C 34 7 rbf 1.947 0.183 scale
S_0 99 7 rbf 1. 169 0.118 scale
C_C=C 97 7 poly 1.941 0. 149 4 scale 0.925
C_C—C 36 5 rbf 1.995 0.127 scale
C_C—O0 41 7 rhf 1.013 0.115 scale
C_C=0 75 6 rbf 1.211 0.114 scale
C_0=C—0 99 9 rhf 1. 820 0.123 scale
0_C=0 68 30 rbf 1. 054 0.125 scale
0_C—0 91 10 rhf 1.471 0. 100 scale
0_0=C—0 69 8 rbf 1. 667 0.114 scale

FEF IPLS [ A= ) Je 3% T Wik 48000 R Rk U E g
VAL F A5 AR X6 BL 5 16 4% - th 28 4 mT 0, S_C & #% IPLS +
RF #i #1, H RF # # (R* Jy 0.975, RMSE
0.339% ) Ml % F SVM L% (R* 7 0.983, RMSE
0. 277 % ) THIRE B2 W& AIK , H 38 S HIF Ji5 A5 78 11 °F- 3
ot N 18 25 55 4 7 MR 25 ¥ R BEAR T 5 &, Ui W] RF
BRI & et S AR MR RE T AR . PSSR F500 44 g 5
FafdvE f i & B e & e AP e PR . [
FLA TR 48 b fe LB RAR K . S_O 3£ #% TPLS + RF

RiT C_C =C ¥E$# IPLS + SVM Fi%l  C_C—C Lt
IPLS + RF ##1 , C_C—O % #& IPLS + RF %1, C_
C=0 #% #% IPLS + SVM # # , C_0 =C—0 &% %
IPLS + SVM #:%1  O_C =0 #$% IPLS + RF #5571, O0_
C—O ¥ $£ IPLS + SVM i #l , 0_0 =C—0 i
IPLS + SVM #% #1

25 T b Fe DA AR PE AN DR AL 33 I 4 e 5 e g
AT A F. WNIERERE R T 0 & 0 =
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Tab 4 Quantitative regression results of carbon and

oxygen elements and groups on biochar surface based

on IPLS ( before L2 regularization)

BRI B ik
T B bx sl RMSE/ RMSE.,/ MAE.,/
% % %
IPLS + RF 0.974  0.345 0. 404 0. 501
3-C IPLS +SVM  0.978  0.313 0. 380 0. 480
IPLS + RF 0.981  0.286 0.610 0.638
5-0 IPLS + SVM  0.981  0.277 0.522 0.591
TPLS + RF 0.972  0.440 1.504 0.915
ce=¢ IPLS +SVM  0.996 0. 181 0.201 0.314
IPLS + RF 0.915 0.674 2.502 1.344
ce—c IPLS +SVM  0.918  0.658 3.475 1.574
) IPLS + RF 0.959  0.262 0.579 0.568
€0 IPLS +SVM  0.912  0.361 0. 664 0.553
. IPLS + RF 0.904  0.339 0.332 0. 454
€e=0 IPLS + SVM  0.982  0.160 0. 104 0.270
IPLS + RF 0.940  0.448 1. 106 0. 835
€0=C=0 IPLS +SVM  0.973  0.302 0.795 0. 652
IPLS + RF 0.970  0.507 3.386 1.350
0-6=0 IPLS + SVM  0.941 0. 669 7.015 1.914
IPLS + RF 0.913  0.786 3.162 1.541
0-6=0 IPLS +SVM  0.971  0.499 4. 803 1.763
IPLS + RF 0.784  0.549 1.098 0. 837
0-0=C=0 IPLS + SVM  0.862  0.444 0. 664 0.576

9 AT 8 b Fre A s R RPBK T 0.9, 1
LI C R 5 E I O JCF [ UK B & 5 78
WR2EJT I, BT A AR Y X 7 MR % 25 RMSE #8/N T 1,
JeHEZRm C & 0.C % C=C.Ci% C—0.Cif
C=0.C i 0 =C—0 #{% T 0.3, 1 T RMSE &
FE X IR 22 ATV J7 W RN IT 7, R T oK iR 2
Z I 2206, b RMSE /)y, Hag SOk, A58 Al
RMSE B PR3 Lo #5270, 158 B ASE B o8 $ 40 i 005 72 2
VORI, T 5% 22 A AR

R RS AR BB T T, X T A A Y AT AT A2 X
Bouk o FURSE AR R SLim € (RMSE, 2y 0.388% ,
MAE., } 0.503% ), 1fi O (RMSE., ) 0.610% ,
MAE. J 0.638%), C i C—0 ( RMSE. ¥
0.549% ,MAE., 4 0.561% ),C i C =0 (RMSE_,
$70.144% ,MAE, 5 0.315% ) 3¢ X iF 5, 28 X
Y7 MR 15 2 28 SUOF- 359 2 15 2 0K TH AR 5 78 B 1Y
KAV IR R ARG M iz Ak B AR s 2 C 3
C=C (RMSE., 3} 2.311% ,MAE_, ) 1.082% ), C
i C—C (RMSE., 2} 2.656% ,MAE, J 1.351% ),
Cifs 0 =C—0 (RMSE. H} 1.285% , MAE,, #
0.827% ) ,0 i C =0 (RMSE, Jy 3.502% , MAE_,

J 1.338% ), O it C—O (RMSE., } 6.895% ,
MAE. # 2.119% ), 0 jif 0 =C—O0 (RMSE., #
1.027% ,MAE, } 0.759% ) , 3¢ X 5 iiF 5 J5 , i 2%
2R A AR AR PR 25 . SRR, EE RN
- O BT EE 5 R0 43 R IR 46 5 1 70% 1 Bl
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R AFL R B B B2 4 A I DL, 4 g i S R BT L
Az At . QBT B R/ o GRS M A 2 1 A5
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PERETE AR BRI 0
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2.3.2 LT PCA W r A ik dE AL AUR 51740

285k PCA RRAE % K i 2 8 S 501k 38 XL
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PR RI ORI 5 Fn . MR IREE BRI R R R,
FrT C_C=C &k, HA 1 H#r Y PCA + SVM 271
HREAL T PCA + RF BEAY iy 25 A A3 350000 455 32 o vy,
M H A8 U7 MR i 2% 38 S 3y 4 X a5 2% T /)N 15 B
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Tab.5 Quantitative regression results of carbon and P A SCRREAS A A R 111, )8 FNRE AR dE A

oxygen elements and groups on biochar surface Wﬁll\ﬁézl-‘ﬁ*ﬁ E’Jﬂ%@'ﬁ{i ffE ) — T R HL s 5
B B A7 Hom LR W it B¢ A5 3 7 56 1 A ) A

fE4EEE  R*  RMSE RMSE., MAE,

MIELS LK S v, al LAk B 264 R 31| 25 4

IPLS + RF 0.974 0.345 0.404 0.501
y IPLS + SVM 0.978 0.313 0.380 0.480 RERFML4E, LHEC C—C.C_O0=C—0,
- PCA +RF 2 0.915 0.636 1.114 0.673 . . .
PCA+SVM 6 0.975 0.410 1.08 0.718 0_C=0H1 0_C—O0 Ay AR 28 f 12 1E WAL ik
IEI’LSS:%TV[ 8-‘;21 8;57‘: 82;2 823? AFAE L LA A In) R, AE HE BR A A AT % T
$_0 PCAA++kRF 11 0.976 0.334 0,464 0,478 RS E S E R NG, AR UL E 2 a8
PCA+SVM 11 0.981 0.301 0.385 0.387 S b g 1 Bp NP =1 3 - o
7N i, t ;
LS L RE 0963 0.6 T 439 0731 1‘%1@“&5‘}?&%&‘] 1Y [a] & *E%EUEE’JIEJﬁjCﬁitE’JEE
) IPLS + SVM 0.994 0.187 0.198 0.316 TR BREARR AT A IR B B
cc=C" PCA+RF 6 0.964 0.513 1.113 0.731 R
PCA+SVM 4  0.968 0.504 1.081 0.722 A °
IPLS + RF 0.903 0.968 2.372 1.113 .
IPLS + SVM 0.905 0.971 3.384 1.356 3 i
c_c—cr PCA +RF 7 0.869 1.107 3.764 1.579
PCA+SVM 7 0.938 0.874 2.015 0.914 (1) AW RET C ILEMRERAL C_C=C
IPLS + RF 0.959 0.262 0.579 0.568 o L -
o IPLS + SVM 0.912 0.361 0.664 0.553 FO_C—0RFE,£m O tEMALESENIE C_
- PCA+RF 5 0.937 0.313 0.327 0.448 C—0.CC—0.C.0—C—0 K% 0 C—0 [.
PCA +SVM 0.986 0.172 0.162 0.269
IPLS + RF 0.904 0.339 0.332 0.454 (2) B IPLS #4545 3 n] 0, 4 1F o B 4 000 ~
IPLS + SVM 0.982 0.160 0.104 0.270 o g A
C_C=0 PCA+RF 7 0.964 0.216 0.152 0.300 3464 cm ™ A1 1588 ~650 em " L T HAEY RE
PCASVM 8 0.964 0.218 0.145 0.299 R4 IE 2 o ik HORRAE I A 8 HE RO 00 4 O £
IPLS + RF 0.934 0.531 1.117 0.858 & {1 588 ~ 650 om ' 4 e e
IPLS + SVM 0.966 0.372 0.781 0.643 B,H ~ em T BIEMGEEFEEER.
C0=C—0" pCcA+RF 8 0.934 0.554 1.137 0.683 3)%F 10 A Tl 3% &5 4 F A g0
PCALSUM 7 006 0438 Lova 0 ea0 (3) Xf ™ T 5 AR A T 4 AT A4S
IPLS + RF 0.957 0.686 3.027 1.273 IPLS + RF .IPLS + SVM ,PCA + RF ,PCA + SVM, H rr
IPLS + SVM 0.932 0.774 3.524 1.803 i T b B - o
0_C=0" PCA +RF 5 0.943 0.818 3.146 1.230 IPLS + SVM fil PCA + SVM [fy B P 1k fig JC o 52 th o
PCASSVM 0 0.95% 0.985 2.057 1122 WML 70 K L BF AR AR MERIA S C S
IPLS + RF 0.907 0.925 3.014 1.461
IPLS + SVM 0.954 0.837 3.167 1.643 0.0_.C=C.C_C—C.C.C—0.C_.C=0.C.0=C—
0_€—0" PCA+RF 5 0.895 1.246 2.214 1.037 0.0.C=0.0_C—0.0_0=C—0 #EAH R IFm
PCA+SVM 7 0.962 0.967 1.661 0.829 e R 50.93) HEC CC C 0—
IPLS + RF 0.771 0.656 1.034 0.631 EmAHTEE ] (R°>0.93) HJE C_ .C_0=
IPLS +SVM 0.846 0.562 0.627 0.438 o _ O B A T A Y
0_0=C—0" pCcA+RF 17 0.854 0.513 0.557 0.436 C 0.0_¢ O‘O_C‘ O {9 S LT3 57 52 Sk
PCA+SVM 8 0.931 0.357 0.461 0.425 BiJ5 , RMSE #9748 fb %8 A, 15 B A% 7 i vk 5592 T BB
e ORI H AR A BRI T L2 IR AeAb R, T E
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