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Adsorption characteristics and mechanisms of tris (2—chloroisopropyl) phosphate from corn straw biochar

LI Yujie, LUO Qing’, WANG Congcong, WU Zhongping, ZHANG Jieliu

(Key Laboratory of Regional Environment and Eco—Remediation of Ministry of Education, Shenyang University, Shenyang 110044, China)
Abstract: In this study, we investigated the mechanisms through which tris (2—chloroisopropyl) phosphate (TCIPP) is absorbed on biochar
and the effects of pH, temperature, and adsorbent addition on this adsorption effect. We prepared biochar from corn straw through oxygen—
limited pyrolysis at 500 °C, and we analyzed the changes in the surface functional groups and the elemental composition of biochar before
and after adsorption of TCIPP by elemental analysis, FTIR, and XPS. The results showed that the adsorption of TCIPP on biochar was more
consistent with the quasi—secondary kinetics (R*=0.964 1) and Temkin (R>=0.994 8) models. The adsorption of TCIPP on biochar was
mainly achieved through chemisorption and intermolecular forces. The adsorption process included liquid—film diffusion, surface
adsorption, and internal particle diffusion. The pH and adsorbent addition had a stronger effect, whereas the temperature had a weaker
effect on the adsorption process. The results of FTIR and XPS before and after the adsorption of TCIPP on biochar showed that the
functional groups on the surface of biochar, such as —OH, C=0, and C—H on the aromatic ring, participated in the adsorption process via
T—T interactions and coordination bonds. Our findings show that the adsorption of TCIPP onto biochar is influenced by several processes
and factors. Therefore, the influence of physical and chemical properties and external environmental factors should be considered when
using biochar to remove target pollutants.
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A HLBEBR BE (Organophosphate esters, OPEs ) 1E i
— g BURHAA ), LA BEA P m BAESUE Pa  h d
U SRR A, BB A BUR = A AR R R B )iz
L FHFSERE RS IR A MR LA R B
i, @A MLBE FR S (Chlorinated organophosphate es-
ters, C1-OPEs) D H: 4 5 09 A= W 25 P F1 A 858 . A1
CL R — 224 LIS Y 2 )7 T R
WiiR = (2— & 5 N 3L ) Tig[tri (1-chloro—2—propy) phos-
phate , TCIPP] . F 2000 4F 4 [ 83 51 A 55 DU = i 56
HEYIRY, | T OPEs 2 LAY By s T 45 Fh bt
Rhr TR A 3 aek B 0 sl ok 55 O itk AOK L B R
EIRBEA R, A IR, TCIPP B 5L 45 SR 554
Joz vh = i R 9 OPEs , HAE K PR EE v 9 4 TH ik B2 &
KILE D 5 ; LA TCIPP 2 1 Cl-OPEs 5 3% 5 43 v
OPEs [ 74% Lk _El, Bb4h, TCIPP if HA 2
A B 5 R B R BRI TR SR A W B
PERORT, R, iR T HE R K L 3R 58 R L TCIPP Ay
F 1 Cl-OPEs V5 &8 5 H AR W5 .

H i, C1-OPEs Y 2 BREA 2R AUK R
Wy ok e SO I i 45 ks RIS R A AE T G
FERE B 8 By 7 AR R G A n] T R R B )
ZBRTG P AL E R, iR B & U IR A] Fr el 4
s, B2 W F 25 2505 4L W i W B 2 B F
G W AR Ry b s A R I S R 2 R
MELZ — AL REA RUBAE A LTSS G, i B
AT RVE 12 A AR B R BRSO AT R R K
G SEOL R N, S g EAEIE Y T A RS A AR
Py s %K R R LR S e AR R 1, 1- R LR
W B R, R BLAE W R IERN 1, 1- R LM
2= B 343 51 T 35 81.87% F1 90.18% , .1 it #L
DL W B Sk 3L A IR Z o AR R X s e )
) 2 B A 2 Bt 2 A0 5 BB S5 1 i ok s i R A AR AL
T 7 e A TR A p (L A R T R B R R
AW B ) - HEXS TS Yy 2, 4-D At . B R A
DA A 558 Rl 49 K A5 A A Wi o 550 02 B TCIPP 1 A 58
e A LAY G g i S B SR AR W e W
TCIPP B 5 318 A LA 8 .

FORFEFF R — PR E Y R, A4 R
TR, A R SRR R 2 LA R | 2 A T
B A0 O R e A S R B, R B AR T IR
il £ A= By et AR (200~500 °C) A EE T 1 i (600~
1 000 °C) &1F R oAb A B =4 HoA 7= i JRERE/D
SR, R 25575 8 38 RERE B M B S

AT LAEKRFEFT N IR, 75 500 CRRAUHR
ST HI DI IH5E T APIRXK H TCIPP T
FAIE, FHERDE T A RN S S I R REZ [T DG R, A
AP RAE TCIPP 153K TR T TR AP AR .

1 #MHETE

1.1 B H &

FORFEFFR B L T4 W P R AT, 258+
KEE G, BT 75 CF T8, e, BA
s, T EE Ll S Comin (O R T 2 18
FESTEE (500 C) S PAFR6 h, ff HRR A EZIR,
W15 20 i [ AR BORLBIT S 3 100 H 1 , ¥ 1 T4 5 4%
(it 4 €S500) .

1.2 £YRMRE

I FH 314 1 455 (S4800, H A ) WLEE A W) 3¢ 1 2 T
TESHARAE s A e i BURITFLAR 40 AL (JW-BK 122F
FUH S R B, Fb ) W B e T BURFL AR 43 A1 5 )
FH X S48 Z @ A0 51 (Ultimal v, H ) W 2 & 14 45
4 5 W BT J 2 T B A 17 728 Ak 3l ol A B 2T AN
{ (IRTracer 100, H A< ) W22 5 W B I A= 4 ¢ 2 1T IG
B M AL SR A B AR Ak ok XG4 BT RE IS Y
(Thermo SCIENTIFIC ESCALAB 250Xi, 25 [& ) | & ;
C.H . NJCE M 5 F T 2 P (Elementar—vario
EL cube, 8 ) & , JK 5 & i 4% 7E 800 C T 4%kE4 h
HE,0 LRGN E:0(%)=100(%)-C(%)-H
(%)-N(%) =K (%) s pH A FE A=Wy e 55 K 85 F K 1
20(g: mL) FrINAS A pH IR o
1.3 BR B 236

W B} 29 3 S5 < A BIFRE 4 mg A=) BTN 8 mL
JFRR U g 500 g+ L7 B9 TCIPP IS P, & T 1E IR IR
AN 25 °C 120 remin R 3%, 2 B T A5 0,515,
30.50.90, 120,240, 480, 600, 1 080 min B FE , 2
0.22 pm B4 HLUE A (Nylon ) 14 38 J5 , FHCAH €433 Joit
TR R A (LC-MS) I 22 75 & 1 TCIPP By MR FE . T4l
SIEE 3K

SR B SZ 56 < A AR B 4 mg AR PR A 8 mLL
iR B O 50~1 000 g+ L7 Y TCIPP A, & THE
TRIRGAE N 25 °C 120 r-min ' ¥R Y% 217, &/ HLUE
T U8 IS, A LC—-MS I 22 %5 9 H TCIPP AR .

SRR, B E NI A Y LU i TCIPP 1Y
AR, AR, WA S TCIPP (9735 [l
FH 94.89% , Ut W W 5 30 8 v S 55 B4 RE S TCIPP 1)
2 92 5 W B4 5 e P Z AN

WWW.QEs.0r9.CN
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VRE SRRy FREE1H

1.4 ZmEZEXRE

pH 521 556« A F HCL 8} NaOH 1875 % ¥ i pH
{8, A8 638 Bl by 3~10, TCIPP W0 Mk B 9 500 pg- L7,
WSINAE < I I 22 YA, W00 52 VA TCIPP VR FE

T 5 5 W) S < A Y i T AR IR, AR AR R
15~45 °C, TCIPP I W e B 4 500 g - L7, WS i AE 9 ¢
Je ¥R 215, M2 TCIPP YR EE .

W F 5500 5 00 5 T SIS < 3 BRI 1~10 mg 2E )
BEANA 8 mL J ¥ & 54 500 wg - L' TCIPP 7
PR35 2 VA, I TCIPP MR JEE .

1.5 U5

¥ i LC-MS (Ultimate 3000/TSQ Endura, Thermo
Scientific ) I %E %5 W H TCIPP ML

LC 251F : Thermo Hypersil GOLD A3 4E (2.1 mmx
100 mm, 3 pm) , Jit 3 AH Dy B A 4l 7K (V: v=T70:
30), B AHTE I K 0.3 mL-min™', KR 35 °C, JEFE &
10 pL,

MS F5 0 R H B 55 25 1 (ESD) |, 1IE & F B,
WETEAr HER 0.7 me 27", W55 HL R 3 500 V, B 155
IR FE 350 °C, filf i <K 2.67 X 10* Pa, £ S 1 W )
(MRM) B i, KBS HLER 1.

R RESHENHEEHR

Table 1 MS parameters and limit of detection

AN
gy RERIE EFRACERET) WA
E&w . . . Limit of
Retention Transition Collision .
Compound Time/min  (Quantitative ions)  energy/V detection/
Vi
8y (pg L)
TCIPP 2.00 326.950—99.000 22.13 0.25

326.950—174.889 11.72
326.950—250.8.5 10.25

1.6 ZHEALIE

A 5 W B TCIPP B R B o ( QOB A S F

(Co-CIXV

Ql - m
. Qo i ZI R W B R, mg - g5 Co oA TCIPP B B
WRE , mg - L5 C ol o 1) 2075 W TCIPP ¥R, mg -
L7 VR RARER, Lym N A BRI, g0

W2 5% 2y 77 2 S 35 504 23 0l R — 2 HE )
J12E R SR N B A TG S R

HE—R B J12:0.= Q. x(1-¢€")

o ko X QF Xt
R 1200 = I:TQQM

1% WHART]

WURLNY 8L Q0 = ki X1 + C
FHP 2 Q. Ay U B Y- 17 s 1) e R B 7, mg 275 Q0 o
B 2] B W B, mg = @' s By Ko A3 ) e R UE— 2 UE )
B 72 ) W B 3 2R 5 B, min ™ g emg b s koA R TN
BARY B mg- g min™; C O SR RREA K
L

4 Yl W o S 6 %5 B 43 1) R A Langmuir , Freun-
dlich } Temkin Jy F2 A 745, SAS T FEANT

Langmuir J5F£: Q. = %

Freundlich jf%_%:@e =kp X C;lz

Temkin FHE: Q. =aXInkr +aXxInC.
A Qo AT B 2, mg - g5 Ki A Langmuir W Fff
HR Lomg™ 5 C. R W RV s ARV AR B, mg» L5 K
> Freundlich W& [} % %5, (mg . g_l) (L - mg_l)”"; n N
Freundlich “F-i 245, Ky ok 5 58 1) 5 KRB 8 A0 G 19 °F
M5 H 5 0 R LAIF IR SCFRORN BIREE

F FHl Excel \XPS PEAK 4.1, Jade 6, OMNIC , SPSS
26 SE AR T Ak 38R 23 A, F A OriginPro 9.0 i
T LA AR 21

2 #ER5iTie

2.1 RAESHT
2.1.1 AWy BRARYE B

A=W B 3 A (T 1) B, AR W R R T
VT R ARSI O FLIR G H |, 1 28 K ik A LB &5
2 A W A R W R R et L EL AT s W B 7 g ) R
F R

IR B TC R AT 4 J (36 2) R B RS FFAE W ok
PLCIEER N E(78.63%),0 H N ILHE KK/ w5
i, 500 CH iR fL g R o8 420 BLAN, AR W 443 R i
JEF . O/C H/C B2 (O+N)/C R 43 51 36 7R A ) I 1 5

B 1 EYaRrEEBEEE(x3 000 £)
Figure 1 SEM image of biochar(x3 000 times )
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AR 7 AR KN, 0/C L (0+N)/C ) H/C 1 B
(ELS /)N | A 0 0 B4 S KM R /D | 5 e e s v
A H/IC,0/C LL K (0+N)/CAE 43 514 0.025
0.149 F10.166, -5 [R]85 B 7K A A5 A1 6l 5 19 2= 9 e AR
Fb R, 106 B L T B 5 08 R KA A W e 1
B PE B S, 2R 2 W, AR e Y e 3 TR
215937 m*- g, BALIAB R 0.135 em’ - g7, B AL AR
A 2.492 nm, & 500 CF il & W FEFF AP e oA £
fLE5H o 5 FSE ST il 28 1 /N Z FUOK R RS FF A4
AR, FRAEFFLE W o 0K 43 AL, C 7 il
D7 BRI , LR T BRI 4 LA R,
2.1.2 AR E X ST (XRD) 43

2 R AW e i) XRD B3, A2 4 i 7E 25°~50°71
FEl PN PR K R AT S 06 % 20=29.37°4b 5 137 ) A CaC O
T S i ok LAY H o0 KCI b A (0 A5 559 06, 156 0 2 9 i
A KR KCL AR, AN I8 /D5 1 Si0. T i
WAL T 20=74.02°4b , AT BE 2 = Tk T S A AR o )
LG BEIR , R BOK 7 & A Si0. 4153, X S8
WISE A 0 1 A 2 R s SR — B
2.2 BRI

i FF A= 0 ¢ %o TCIPP F9 R B ek B B 1] ) 722 Ak
P&l 3a FIT s, W BRHR 7 5 8 b P R 38 T, Bt 5 i £k 4
TV AR B WP . R A R LW AL, 43R
FAE— RN UE 22 J 1 A5 R X W o aod R A TR
F 11 3b Fl KL 3e AT AL, HE BTG 1) R (H (R=

30000 1 ¢S500

25000 [

u.

/a

1ty

20000 [

—
W
(=]
(=]
=

55 3 Intens

10 000 [

50001

20/(°)

2 MR X SHEATH B
Figure 2 XRD spectra of biochar

0.964 1) B & 1= F#fE— 21 (R*=0.899 0) , HHfE— 25
7 2RI BA I A5 1)~ A6 W2 B0 ot 5 S R ) e A R B
TR, U E TG Bl ) 2 AT R S i R
B3l A, 26 B A= W 2% 5F TCIPP 1 W ot LA Ak 27 W% oy
FP7,

SR — A i R B AILER SR FH O, N O R X
SCEG RO VEAT A . r TR 3d AT, R P R R
AN 3 B, 22 B A W e X TCIPP Al et A
TURL PN 4 BRCE—Fa oh A W  R REARE —AB B
R FEE 70 A0 PN A B R 2 TR BREAE S, Ko
AU AT T 1 55, LR/ IN AT T 3RS W o A
WA 7510 PR T PO M ) R T, GRS , 10 R} I 7
W B0 N B AS 5 R A . TORL N B S 5L
Ki>K>Ks, 32 B R B4 F0H 3RS W0k P 7 08 2R > 6 1T
WL B, AN, CIE AN S 2, At 3R B R 6 2ok
2~ R AL [ A R 0
2.3 iR IR B

by i — AR ST 2 W e KF TCIPP FR W FFFHILER, 4351
FH Langmuir, Freundlich F1 Temkin J5 F2E %5 W [ff 1 F2
WATA M. FH B4 TN, Bl TCIPP ¥ W0 i vk B 1
B, A= e B4 I B AL B 2 B S R (P<0.01) , 24
B R B — o W BB, W B R AR L A AT B
PEZE S 1038 245 5 TCIPP Y ¥k 5 RE 5 A7 S0 I
FRFRICR -

A &l 4 T, Temkin 7 2 19 RE A 2 55 T Lang-
muir Fl Freundlich & 7 | & BH A= 99 s %F TCIPP A8 W% [t
SR ERFE Temkin 2. Temkin FHEEH A THIAE
SER P P B3 - A A P R W B o 7R B UL
R FRAER IS5 T WM RS, b,
Freundlich Jy B2 H 1/n {86 B9 K /N 0] FH F 2678 85 WO
Xof W B S 5 55 , 1/ (RIS W BFHE BB . 3
B Un B 7E 0.1~0.5 6 Fil N 5 T W B, R 2 DI xfE L
R, 3 3k R4S H 1/n Jy 0.44 , 15 B A= ¥ ¢ % TCIPP 1Y
W B 3d AR o T A T Y
2.4 EHx M ET ISR FTIR 247

] 5 Sk A= 1 2% W [ TCIPP B 4 FTIR (&35, A rp
AILVE M AR & A FE N ERER . I sAT

R2 EXRBEFEMROTERAMRRELER

Table 2 Elemental composition and physicochemical properties of corn straw biochar

JLR BT 43b

Elemental mass percentage/%

ER7/V Koy

ST L

Atomic ratio

R I BALIRTR Y FEfLAR

pH  Specific surface Total hole volume/ Average pore

Biochar Ash/%
C H N H/C

0o/C

area/(m’-g™") (em’-g™") diameter/nm

(0+N)/C

CS500  78.63 1.36 1.97 11.70 6.35 0.025

0.149

0.166 10.00 215.937 0.135 2.492
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Figure 3 Adsorption kinetic fitting curve
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Figure 4 Isothermal fitting curve of biochars adsorption TCIPP
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U, W B I C=0 [ I 58 98 55 , 1 C—O0—C [ U 1
S, A RE AR MR W N T TCIPP Jm 5 50M 1 B g 141
KA A, 669 em™ 4k K55 F IR C—H AT
HMETEAR sl , 5 W S RTAH & AR T RS BB A
RFEHM C—HERAZSS TSR, 5 TCIPP Z
IF] 7] BEAFETE m— AH B PP,
2.5 S B AT fE B9 XPS 434

FI I XPS %A= ) i 3R 1B RE T C L0 J5 - 1y 45



EHIE S - TORREFFAE W o0 B = (25 T ) R 1 W B 2 L35 17

CS500+TCIPP

CS500

|

1% 124 # Transmittance

H
4000 3500 3000 2500 2000 1500 1000 500
B Wavenumber/cm™
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Figure 5 FTIR spectra of biochar before and after adsorption

G B A AR VAT 2 R A wE AT, S A A Y Y
XPS ik K (E 6) ] LLE H AW R £ 0 R
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