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Sorption mechanism of cinnamic acid to biochars in aqueous solution

LI Guangpo'® ~ LIN Weixin'  /YANG Meiyu'* ~ CHEN Weifeng'*>*™  WEI Ran'
YANG Liuming'* QIAN Wei'? NI Jinzhi'?>*
(1. School of Geographical Science, Fujian Normal University, Fuzhou, 350007, China;
2. Key Laboratory of Humid Subtropical Eco-geographical Process of the Ministry of Education, Fuzhou, 350007, China;
3. Institute of Geography, Fujian Normal University, Fuzhou, 350007, China)

Abstract; Sorption of cinnamic acid in aqueous solution to fir wood-derived biochars produced at
different temperatures (300—900 °C ) was investigated in this study. The sorption isotherms of
cinnamic acid to._biochars were all nonlinear, and the sorption mechanism was dominated by the
surface adsorption. Higher specific surface area (SA) is the main reason of the maximum sorption
capacity for the biochars produced at high temperature of 800 °C and 900 °C. In order to clarify the
effect of chemical compositions of biochars on the sorption capacity for cinnamic acid, the SA

normalized sorption capacity was analyzed. The results showed that biochars produced at 300 °C and
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800—900 C contained the highest content of surface heterogeneous atoms and surface ash,
respectively, which occupied the adsorption sites of biochars and resulted in lower surface area
normalized adsorption capacity of biochars produced at 300 °C and 800—900 °C in comparison with
the biochars produced at 400 C—700 °C. Low pH suppressed the dissociation of cinnamic acid from
600 °C biochar, which inhibited the formation of hydrogen-bond between the phenolic hydroxyl of
biochar and the dissociated cinnamic acid, and reduced the sorption amount of cinnamic acid. Thus
the normalized adsorption capacity was lowest for the biochar produced at 600 C among the biochars
produced at 400 C—700 °C. This study has clarified the sorption mechanisms of cinnamic acid to
biochars with different properties, providing a theoretical basis for choosing suitable biochar as a soil
additive to decrease the allelopathic effect of cinnamic acid.

Keywords : pyrolysis temperature,, biochar, cinnamic acid, sorption, normalized sorption capacity.
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VEMI A K AR MRS 2 — A2 BF R J7 3k

Ni S50 BT W 2R e X PR R 1y WAL ) 2 JH 9 T I PR AR BSFR IR 5 P R RR 22 IR A 1 £
L i B0 SRR (LS [l AR 1) A2 490 25 LA A ) 42 it A P ) 5 P 26 ) o P AT R i 22 501), e 28 ] LA
SR 5 BT AL A AR AT ST R Bt A ) R L E B TR | A W R TR RE AT RS e
B APEIG  , A= DI B th G 8 B A HLTR AL D ORI 57 B 5, XA AL ) IR R 22 8 e 73 i
PRIy S U 3 DAFLBCFE AR T DR 2202 I ol 8 TR A 225 i) A6 W 5 3 A LA WL B 2 4, 2B W 0
i 5 LS ARy | AR T AR 0 MR R LK i A AR R e 2 S EUE M R R IR 03 2, G
BEF AL, AR IR B 2 AR TR T 48 1) A A Btk A AR K 2 55, S BORE A LA 0 1 A B BIL 3 A
ARIRIET20 A i v A T A PR A TR B AL ) B2 BT 5 f A 43

RITFRE TR % (300 C—900 °C ) Xt /KB AR IR 1A W R BIE S, TR B AN [ 3t B2 1 A o
P A 22 S5 S BRI, by b 58 8 A= ) A D L SRS N, I AR 00 A P i A o A e
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1 #BS 1 ( Materials and methods)
1.1 AR &

S FAAZ A E B P EVT P &8 AT AR, KT e 2 (VTR AT AR Il , O-KTF1200) Hr 4k
fift 3B A AL N, (40 =99.99%) , L 20 °Cemin™' BYHCRIGIE | 43 5I7E 300,400 500,600,700 ,800 900 C
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R EREE 54 3 h IR, 4 Bl 44 9 BC300 , BC400 . BC500 . BC600 . BC700 . BC800 . BC900.3 h )5,
IR IR RS RS A, BLENR R R 50 °C, BUBRE S BT A B9 A W ke i 2 0 )5 3 60 H 7,
BT TR E 7 .
1.2 AW B A R AE

FREX 0.50 ¢ AWy TA %S (2 NEE) , B TSI, 7E 750 C BB 4 h, Befil 25 AR 215 =
TR FRiE KAy E AR C O H AN 1 E 40 i TR 3BT ( Thermo Fisher Flash) 7, 0 7T
RO EMRAY R BRI C H N TR A0 & i 5145 5. A 5 ) 3R 10 B fE T Nexus 460 £1
SIIETEINAE , JEHEE D 4000 em™ 2] 400 em™ , 22 HER Ny 4 om™" A B HL R TR ( Specific Surface
Area, SA) F Micro ASAP2020 & [ 433G 22 , >R F3EJR 5% B3 pRBRIE 1155 BET-N, tb R L A9
KA C N, O A1 Si IR 43T ( X-ray photoelectron spectroscopy, XPS) K X HF2&EH, FHEi ( Thermo
Scientific K-AlpHa ) | %E.
1.3 MRRASEES

FREL 0.05 g AR EE (A= Pk 2 40 mL AR ISR, M I AT E 15 8 pH A IR, PR IIE
AW iR - K pH ABAE TP PEZE AT 43 S A B i TG 1 2 1) PR R I — PP P i A YR S i 7 A [ vk B ) 1A
FERRIA R, TR BE PRI A~ 25 0 R FIAS [R] pH B /K S5 VB0 , S BA T002S ) | i SO e, R o A €500 25
B E THIEIREG IR 7 BRZ S iR B 5.0 (2500 r*min”’ ,10 min) O ENE B
W pH (8, BUE 2 mL E3SWGS 0.22 wm JEAR BT 2 mL A8 A AR RS0 AR M0k 23 1 il PO RERR [ i
HH94.8% + 5.1%.
1.4 RAEFRI AT SR

DAV T2 B G 0 SR ) v KRR €33 2R 5 ( Waters ACQUITY-UPLC™ ) | UPLC 42 4NN &% , (3% 4T Hy
Waters ACQUITY UPLCTM BEH C 4 (50 mm x 2.1 mm, 1.7 pm); §ish#H R 205 F1k (KR 1
40%:60% ) , /K AHR A pH B 3.2 BIBEFRIE I ; JiLadion 0.3 mL - min ™", A 44 270 nm , AR 40 °C
PEFER R 2.0 wL. PRIRERR MV BE FH ARk it
1.5 W RR R Ak 3

A= 5% K S TR P PR RE R 4 1 B 35 Preundlich W R 265 305 26 AR R0 308 A7 481, AR SR P HC o 1% f 4
PE AT T HLA  Freundlich W Fi SR AR AN (1) .

0.= K.C." (1)

2, QTR P F- 7 P 500 PR TR 19 B R 6 (g = kg™ ) 5 €, S W RF - 7 o 7K A b PR AR TR )k J3E
(mg-L™") ;KA Freundlich W fff 285, H 47 8 mg-kg™'s (mg- L") ™Y N AHIA 85, TCE NN T
1 H A 2 P oA e 05 2, TR BT A4 A A 325 N< 1 R R 2 MR SRR R, IV B/ R R R 2R A 2R
A, I B DL Rk

2 2:5%—‘:;]‘11‘1/[:\,( Results and discussion)

2.1 PASFRIRLRE X AR A e R S5 )5 i

P 1 AR TRV PR IR 1 4 10 2 40 o ) BRLAL P S B o 26 A B A 9 0 1 7 SR it 2 AR TR P 1 T v T
F%fIK.BC300—BC700 & C 1% £ (68.60%—91.31% ) M ZR1HI C 7 1t ( 73.35%—85.89% ) ¥4 bifi #A firk ik £ 1) T
i THE, BC700—BC900 . C &5 (90.98%—91.51% ) 51 C & & (85.37%—86.04% ) 25 Ak A K. Fifi
IR TR A 1 HY/ C IR Ll 2RI RIS 15 B A6 W e 119 0 A A R R S A0 ek B 1 7 v i 34
K BC300—BC700 ST (N+0) /C JE T B 22 1H (N+0) /C JET- F B FRAR , Ui B BE A IR 2 09 T v, 2R
W 7% B I A AT T B 2 A e U, 8 4R 8 T 5 (800—900 °C) , 2B Wik By S 21 (N+0) /C L1 L A 3
FEAZR U255 O EREMIAN S N B REH BA AR E . R 1 BoR AW a5 & s MR Si 1Y
g AR T PR 14 T R 0, 2 ) o R A T, ML AR AR e b LR R
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Table 1 Physico-chemical properties of biochar

. s JEESMT Elemental analysis w4y (0+N) RHITET XPS (0+N) LR

, o ‘ Ash H/CP b : A%

Biochar  Yield/%wt. N/ c/ ooy g /C c N 0 Si /C (m>g™)

owt. Y%owt. Yowt. Yowt. (wt.%) (wt.%) (wt.%) (wt.%)

BC300 41.70 0.99 68.60 4.54 23.64 222 0.794 0270  73.35 1.37 23.41 1.86 0.26 7.68

BC400 28.98 0.67 79.47 3.50 13.05 3.30 0.529  0.130 81.14 1.26 15.49 2.11 0.16 4.05

BC500 25.16 0.72 87.15 2.84 5.95 3.34 0.390 0.058 84.13 2.21 11.05 2.62 0.12 4.20

BC600 23.12 0.67 89.97 1.81 3.77 3.78 0242  0.038  84.23 2.56 9.44 3.77 0.11 4.44

BC700 22.09 0.88 91.31 1.29 2.36 4.16 0.170  0.028  85.89 1.13 9.31 3.66 0.09 4.35

BC800 20.77 0.78 90.98 0.87 291 4.46 0.115  0.031  86.04 1.55 8.77 3.64 0.09 46.90

BC900 19.80 0.39 91.51 0.57 3.01 4.52 0.074  0.028  85.37 1.86 8.73 4.04 0.10 39.70

U R R T BORHL 2R PR Brunaer Emmet-Teller (BET) BURT 5075

* Calculated by mass difference ; " The ratio of bulk atoms; ¢ The ratio of surface atoms; * Calculated by Brunaer-Emmett-Teller(BET) model:

BL OS2 A W o B B B i 21 80 O 3 L —

3400 Cmil M‘Tﬁj‘j%;ﬁé%ﬁ@?;é%ﬂ@ O—H ’%}%/ﬁagﬁyfﬁ aromatlc—oa_]jc1 C.:f:O al?l)g?;ic O—H
SR 2910 2854 1458 1370 em™ Ak g i B 11 \C:H c"—‘?‘fl BC900
FH L F FP e C—H S 05004 ;2400—2100 em ™' 4k \\/ﬂ BC800
9 C = C I C = N 2 b i 4 41 50 W i b 1700— i l
1740 em ™ b S Fo 0 WESE RN C =0, 1620— g \\\—\-\ I
1500 em™ b K ASR AT H € —=C XURIchE; 2 \Q\Mm\ -
7E 1100 em™ AL ABOKAE S WS ZHEL Py ¢—0 B W N
B NI Si—O SEAR SR ; 1000—650 or \ n \\ seson
A LR T AT 0 C—H B AL il \ -
HALEW C—C Bl BC300—BC700 3 ifi B | — | B
AEH O—H .C—H .C—0, Fl C =0 % e #0WIE T ‘\ /\/\ /\
Fi 700 C—900 “C 7 R U 5 it 4 01 A A, 5 il B0

TCRITMT LS R —3K

P2 Won T AR B X 3R T ERE A Y R
BC300 ' C—C/C =C Frig BT e iR, i
BC300 It A58 &, H C—0/C—O0H I & i &
TSR BE 1 T R A X R TR A TR
FERTH iR, A 0 e T B RE Bk /72 3% 1
BRI TR TR, AR e H R TR R A R
Fh#a #, 2 BC300 LR M AL (7.68 m®: ¢7') KF
BC400—BC700(4.05—4.35 m* g™") , Al RE & i T~ #k
fiff 3ok A R A 0 e 2% TR 235 4 B A A AR ) 53K BC80O
(46.9 m™>g™") Fll BC900(39.7 m>g™") b2 i AL i
a2l T AR T BC300—BC700 11 5, = il K
WA VYRR & T K L2545 Lk 36
AL
2.2 AWHT PR IR ) W B A T 2

Freundlich W FiF 45 i 4 455 780 02 — Fh i 10 46 1R
LR PSRN R B S EE L ER 2,7 iR A%
P4 EE e R PR AR TR W PRI DL 5 A AH G 6 R RPELH
0.9249—0.9815, 3 B} Freundlich 555U 68 %5 4 H il iR

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm ™!

B 1 AYmRaiPeA
Fig.1 FTIR spectra of the biochars
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Fig.2 Effect of pyrolysis temperature on the content of

surface functional groups of biochars



6 1) P AR DR KRR AR 14 BT ATL A A 1249

IK IR rp AR ) 1 0 PR W B TR TR, 38 2 s 7 Rl AR s R I IV (B7E 0.5250 1 0.8750 2 [H]
TR A LA MRS, 150 A= e o PR IR WG A LA 6 T I B 22 PRURR R AE AR ) A 4 ¢ 11 1K,
TWHIN 2.69—3.25 (3 2) , Ul W 7 il 2 ) 4 1) AL 00 0 o PR ek P 1% R A A 14 W

R2  NEERRAYE ISR LI E S H
Table 2 Fitting parameters for the sorption isotherms of cinnamic acid
Freundlich Il & 24k

X773 Freundlich isotherm fitting parameters gk FE “F i pH
Biochar Range of 1gK, Equilibrium pH
K; N R?

BC300 1124.5 0.7402 0.9735 2.72—3.03 6.03—6.79
BC400 872.8 0.8750 0.9249 2.69—3.05 6.85—8.14
BC500 1403.4 0.6751 0.9815 2.80—3.20 6.21—9.19
BC600 1662.6 0.5250 0.9435 2.71—3.25 5.72—8.75
BC700 1369.3 0.6850 0.9593 2.84—3.20 6.68—8.99
BC800 1398.2 0.7867 0.9791 2.92—3.19 6.93—8.70
BC900 1656.8 0.7023 0.9719 2.88-13.21 6.64—8.04

2.3 AW PR (4 W BT AL

A= ) 10 %ot PR TR 1 R o 25 R 2 DL I B, L AN B D Sk S22 S [ R AR B T 5 114 24 90 0 o TR AR R 1)
W B /NS R TR, A LA () A ) i R O R /0N, AR 4006 i R B 45 T 2k 285, TH 8 s AR W k-
IR HF I BT S KR PR R A P =5 B 3 R A5 (1.0 mg - L756.0 mg+ L7 A1 12 mg- L") Bf A4
o b R, 25 S AN TAT 4, BCOOO 7E A An] PR A R vk BT YA H A 19 O WG i &, [R] B BC8OO 7 /&7 IR iR
WE (6.0 mg- L7112 mg- L") FHA S BCOOO HFH 4114 W B iF 57 24 BH 2 ) e Lo 3 v FRLR R Wz o st
PEAEZZ | Xt W R R A I B kT BC800 1 BCOOO- [ EL T L/ M 46.9 m™ g™ 1 39.7 m™ g™, ML
KT HE AW ) LR TR PR O] PR A R EL AT SR 1 W . R 1T, BC300 19 L R T AR A 7.68 m™ g™,
KT BC400—BC700 Y LR AR (4.05—4.44 m’ g™) , X PAEERR (49 1 Fff 5 A X BC400—BC700 #P
L A AR (1.0 mg- L") PRERRZK AR, BC60O Fit WK% Bk 45, 156 I A 49 e %o ) ek e %) % e AN
37 L R AR 2 ), 10 e R TR K.

FTRAGT LT R R W 5E0 , ASWRGERE 7 FhAS [ 2SI 8 1 8 1) A= 40 % PR el I R o 45 T
LT T R B WKL 3B, AR 48 4 A 5 W B 19 /N3 1 3 2H - BC400—BC700 , BC300 Fi
BC800—BC900. 1k Z il BC8OO—BCO00 Xif PAIFE R HA7 5 K 1) Wi Bt o, {FL 2 A Ak J T8 At 20 S5 /0, 136
BC800 11 BCOOO 1A s W FR i A AT REB LB o o5 i, 3k 1E 5 s % s K A3 A4S A TR R W1, A=)
BB IR 43t AT BH A 1 5 (4 LS AL T o 2 VT B B i 7, DA R A1 A 40 e Xt 45 0 A O A1
BC300 X PRI Ak 2 189 % R 45 T 288 174 L % 1 RRUb A W Bt R o £k W% Bf e — #4487 BC400—BC700,
Freundlich W B 45T U4 25 R B, BC300 X PRI A TR 1 1R BFF Ay 2 T W oA 3, PRI 0kt 29 1 e o o5 467 o
S FES R i BC300 F A KR A SR T (H N 0) (8 1 B 1), 25 A 964 800 R sz,
BHLLE A= 7% 0o AR R (I B>, 1R 1 BC300 Xof PR RE R 14 W B /1T BC400—BC700. 45 14307 , 28 3
RS | B T52 2K 53 FNZR 10 B RE B2 00, AN () R R T 25 118 A5 4 o o PR AR R e o 8 7 /NG
Z N : BC400—BC700>BC300> BC800—BC00( &1 3b).

HR A LU 2 T AR A 45 S | AE X S0 Bl FH L& 1 BE 1) 48 19 AE W 7%, BC400 , BC500 , BC600 Fl1 BC700 X
PRRE TR R f e TR B 2 B R e, EL I o AT SR A 7 22 5. b R T RRBR AL Z 11T, BC400 X PR RE R 1) iz B
/T BC500 F1 BC700( &l 4) , k)5 M fiH- 5 BCS00 F1 BC700 #0224 (8] 3b) |, 5 HA br 2 1 A2 52 i TN
FERRTE BC400 5 BC500 . BC700 | M2 S i) T3 R &R 0

K 3b R, MK A R RERR YR E KT 6.0 mg- L' B, BC60O Xof A1 2 4 b £k W B+ 22 /N T BCS00 Al
BC700. 1M X 5 A br Ak 2 Al 8 I B AR Bl —— 24 7K AH AR R V& i KT 6.0 mg - L' i, BC600 X A FE R
I [ /T BCS00 FT BC700 (&l 4) , i B b R AU &5 2 BC600 5 BC500,BC700 2= 51 2L
A, an SR AR R 3R BE AT SR A s K 2 S BT A EERR VL T BC600 5 BC500 , BC700
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Xof PRI R 149 W% B A /NI S AR AR AR R A T Y K R BR M B2 /N T 6.0 mg - L' B, BC6O00 Xif A BE iR
() 1 5 BCS00 A1 BC700 3B 5 24 7K AH AR MR K F 6.0 mg - L™ B, BCO0O S PRIHE R 1) W ff 2t BH i
/INF BCS500 A1 BC700, 4n& 3a i1 3b. [H1, BC600 5 BCS500,BC700 X PR iR W B (Y 22 7 5 A W o 3
B REAT UKy & B TE G A&,

B BC300 O BC400 O BC500 YV BC600 % BC700 (O BC800  Pp» BCY0O

— 18—

(@) (b)
7000
> Q’Z& 16+ -
» (a] o ¥
6000 a v 14+
* - w0 v
. 5000 |- !Q% % 12 *02% ®
] » & % ‘s 10F VO Vo Y
2 4000 | %& & x5
g > E 08F ]
= D v z v o v - L
S 3000 |- % % 06k -
%- k3| SR . .
L [m]
2000 o 0.4 o my
o ol ®
1000F % T L
1 1 1 | 1 | 0 » 0 I I 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Co/(mg-L™h Co(mg-L™h
95~ (o) 1ol (@
sol §
o1 1.00-@@036@8 [ X NS
8.5 _-Wvavgoo QQ%Q
sof B § 2 0991 n8o0°
B = vVem®oo g
75 . 3 = Vo™ )
= °© ¥ § 2 0981 -
70k 8 ! s
R 9 ] 8 v
6.5 2 097}
® 8§ g v
6.0 - v u v
v4 0.96]
551 v
50 1 1 1 1 1 1 1 1 1 | 0.95 1 | 1 | | | | | |
2 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Cl(mg-L™h Cl(mg-L™")

3 (a) HEWBAS PURERR A T A5 IR 2 (b) FER AR AL IR B 25 R 2R 5 (o) AWk -/K IR IR pH Z2 A6 A (d) PRERR
H 9 B (e AR TR I BT e PR /K AR BE 5 € AR W) R AR IR
Fig.3 (a)Sorption isotherms of cinnamic acid on biochars; (b) specific surface area normalized sorption isotherm;
(¢) pH variation of biochar-water system, and (d) ionization ratio of cinnamic acid ( C, is the concentration

of cinnamic acid in aqueous phase after sorption equilibrium; C is the initial concentration of cinnamic acid)

ARG IR TR AE Yok pH B b VA AHR [F A= W) - /K i W ) pH AT AR AE — 8
25 5 ( BC600 /KA I pH /INF BC500 F1 BC700 /KW A pH) |, [RIBHINA ARERR (pK, =4.37) & , IR EE
TR A7 B BT 1, A AR ) o - K VTR pHL FRAEG , BT B 2B W 7 - K VA TR pHL B9 738 Ak i 2 5 350 PR R TR 4 e
HEARTA, B 3d 7R BC600 7K H Gk B2 R R 1 FL A 24 i 5 BCS00 i1 BC700 7K ¥ H i) ik 25 4t
AHAE , B AR IR BE 4 i, BCO0O 7K 45 1 Hh A RE IR 1) i 125 1 8. 3% /N T 76 BCS00 Fl1 BC700 7K ¥ 1)
fift s AR W R S A T R (B 2) |, TR 366 A ) 3 1T ) B R 35 pK, TR 8—10 24 7 ey Mk B
WEERRME T (6.0 mg-L™") F,AEW /KIS pH #/NT 8 (8 3¢) |, AW 3 W R FE LA R s B
AT D55 E B A P AR R AR Y LB (—OH ---~ 0—C ==0) , [y BC600-7K 145 A % BC500 F1 BC700-
IKEEWRY pH AL, B FERR g 25 s B AIK, RS 55 A 1y e 3 T 1 0 000 Il S B 1) s D /b, e 4 iR
W /T BC500 F1 BC700.
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R AR AR R R AR P TRV TR P R B AL A F 5 1251
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