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LB, M 259 SR ] S e R S | EA TR, T ELAE BC200 b, F TR B B RE A B AR, A T
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Sorption mechanisms of polar and apolar organic
contaminants onto biochars

WANG Fei SUN Hongwen™"

(MOE Key Laboratory of Pollution Processes and Environmental Criteria, College of Environmental Science

and Engineering, Nankai University, Tianjin, 300071, China)

Abstract; Biochars were prepared by pyrolyzing corn straw under temperatures of 200, 400, 600
and 700 °C. Elemental component, surface area, pore volume and Fourier transform infrared
spectroscopy of the biochars were characterized. Sorption of polar propranolol and non — polar
naphthalene onto the biochars were studied and sorption mechanisms were discussed. With the
increase of pyrolytic temperature, aromaticity of biochars increased, polarity decreased, and surface
area increased. Sorption of propranolol and naphthalene increased with increasing pyrolytic
temperature and the values of lgK  increased from 3.10 (at low equilibrium concentration of
3mg-L™") and 2.88 (at high equilibrium concentration of 10 mg-L™") to 3.89 and 3.67 for
propranolol and increased from 2.74 (at low equilibrium concentration of 3 mg-L™") and 2.65 (at
high equilibrium concentration of 15 mg-L™") to 4.59 and 4.05 for naphthalene. Hydrophobicity

played a major effect on naphthalene sorption on low pyrolytic temperature biochars, and the
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contribution of surface adsorption and pore filling increased with the increase of pyrolytic
temperature. Besides the above mechanism, electrostatic attraction played an important role in the
sorption of propranolol. There were plentiful polar functional groups on BC200, which favored the
electrostatic attraction, leading to a greater sorption of propranolol compared to naphthalene. The
actual adsorption amount calibrated by surface area on BC200 was greater than the value predicted
by monolayer adsorption, and hence, oblique attachment or multilayer adsorption may occur on
BC200 due to the presence of a large number of polar functional groups. On the other sides, the
sorption of naphthalene was greater than propranolol on biochars obtained at high pyrolytic
temperature, where the pore filling mechanism was enhanced by the relative smaller size and greater
hydrophobicity of naphthalene molecules.

Keywords : sorption, biochar, naphthalene, propranolol.
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I B2 AR Ak, AR W 14 L 3 AR A R AT AR T P T A 2 e AR AR R AR A I R A R
RE' EHIT, JC TR W W P BB A 5 SR vh T HOW B K M LA 83 A 245 W B, A 9 e 3 i 7K
Wy S AT LR B 1) A A LB R A S B S FL AT, e FL SRR SZ AR TR K
5 A B 0 ) 2 TR B 2 8 e A 7 e SRR M R 24 3 T A R ) 2kl g

UTAR, 2590 S A NP B A — R A LTS ey, by T AR BRI v h ) 2 G Y T8 5 | e R
BRZ (Y OCTE ) 25— B A Wt B AT DRI LA AR R A5 58 P K, — 2B 25 T vl B s 4 LB R
110 TR A LG Yt 2 A e b W B AR /0 LA 35 255 3 IR B2 AR BELIBT 1 1
— 7, RIS O MU PG , 1 HIE 8 SE A T B BRI DRI, B— 52 1A BEL IR 790 70 2R 358 vh )3z A
U TS AR 2RI R R B K PR SR I — > B2 IR BELINTT , EUR PO A7 7 A A
SR PERE A R K AR IR KIEMRE N 470 mg- L"), 1 HAE SRR A T, FE LA T RA7
FEN | RS RARE 25 A D O BRI KA 31 T 1% e 1 K P A . 9 5 A0 P ) 27 2086 2 11 W
BUBE, A BT 32 5 R AE W 2 A B ATLBR B TA T, ™ DR AR ) 5 ) W B L BE LA

ARICHIFGE T A BE X A W 2 RIS AR RS, T8 1 A W 5 X SR AR P R AR AR A IL A
[ 88 AR Wy e b AR RFAILAR , A ST AN [ T8 B9 A T A A B3 v 845 BRI P S L B S

1 SZEG#P4) ( Experimental section)

1.1 PRSI

AW R B A - DL ORASFT M EORE 43517 200,400 600,700 °C R IREE RN 4 h, Hl45 g4 4
i 0.074—0.45 mm i, JFE& T T8 th IR AE , 43 3 /E BC200 BC400 BC600 A1 BC700.

R B FRAE TR AL (C N H) I IC R 0 H1 I %E ( ElementarVarioEL, Germany ) , 0 JCEK % &
FH TS 22 Il T3 R i K o3 3l i B AR ) e AE T RS R 750 CHE IR MR 6 h FrASFf i 8 4x & 3K
5. b 3R AR AL AR BE i e 2 AL MY ( Quantachrome NOVA 2200, USA ) U G A8 HL M- 25 e 2T A8l
(FTIR) i FTIR 43)64% ( BRUKERTENSOR27 , Germany ) 7E 4000 cm ™' £ 400 em™" i K478 Bl il 52 .

W IR (C,oHyy NO,» HCL, 41 99% ) I [ S5 [ Alfa Aesar A ], 25(C o Hy, 21 =98% ) i [ 7 =
CNW 723 ). 2898 R FIZS IR B 4 o DL 3% 1.
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Table 1 Physicochemical properties of compounds

AFRE FER/OKIERE X JEE SRR AR
A R 5 FEOKARRE e e~ IRk
E&y Molecular Octanol-water o . Molecular
Molecular . . Acidity Solubility/
Compound weight/ partition . I volume/
structure coefficient (mg-L7")

(g-mol™!) coefficient (em*mol™")

W IE IR 0

- /\(‘;\H 257 2.90!16] 9.53014) 470110 23743016
Propranolol o O
%% Naphthalene 128 3.29016] 31.0016) 123+3(16]

1.2 WERHEETRLR

43 BIFREL— 2251 50 .20 .10 .5 mg 4 BC200 . BC400 . BC600 . BC700 T~ 40 mL F (A ke Sl | 75 AW
J& 40 mL &4 0.01 mol-L™" CaCl,( #24LE 758 EF ) A1 200 mg-L™" NaN, (B ) A 7K AT 16 I A Z5H
B2k 3—30 mg- L™, fifi 1 BC200,BC400 ,BC600 Xif 35 25985 /R #E A7 0 B s, 35 283 IR 1A 00 4 ik B 14 oy 2—
20 mg- L™, ffi I BC700 W8] 1 #e B K 0.5—5 mg -+ L7, 5> v B A0 A A7, 5OBUE THE IR | LU
180 r-min”' YRR IR 2 d, WSLER R, 2 d AT IK 5 R0 i1
1.3 ¥k

TKAHRG 2538 S R 25 e 85 8 1) 26 AS0RORH 5,38 ( HPLC, Agilent 1200, USA) ll5E , R H 4.6 mmx150 mmx
5 pm SAH XDB-C18 (i 1 259 /R A FH A G R 2% , 0k A & K 43 1 R 228 nm 1345 nm,
WA R 35:65(V:V) B ZAEAT 10 mmol - L' EEEREE /KA, N 1 mL-min™" . 7K AHZ5 4k B 28 460
AU K%K R 275 nm, P shAH ZEFUK A LLE R 90:10, #2471 mL-min™".
1.4 B0

53 ] Freundlich #E8  Langmuir AR — oA R 47 W A5 IR Z U5

Freundlich J5 2 Q. =K xC!
. Q, xbxC,
Langmuir J7#2; Q, = m
— R, 0.=K x ¢, + X0 XG
: S

A, €, R W RSP I KA E AR IR BE (mg - L) 5 Q, b W B 67 I, A% RS 5901 i B 285 s 0 9 2
(mg-g_l) ;Kfﬂﬂ Freundlich 3 F1 & %% ( (mg-g_l) - ( mg-L_l )™") ;n A Freundlich ﬁ%%%ﬁ?‘éﬁ,[(pﬂy%@a
FE(L-g™") 50 F1 Q23 M F R EM R E(Lomg™ ) Al KRR A (mg-g™").

2 5 R 5178 (Results and discussion)

2.1 FRFEFFAEY R A FRAE

AR IR Sy TCR AR LR TR FLAR 0 A WL 2. F RS FF AR % (7= 3 Fi BC200 119 79.2% 4
J R3] BCA00 1) 35.9%. FKFEFFAEMIIRAE 700 °C 2= 5%H 25.9% LT SCHR] 17 ] AR R TR
FIEREY T H(29% ) , i TR R B SR A B A 77 4. (22% ) .

Bt % SR B B TR, KA Bl 12.6% 36 E] 29.3% . kTG K £ B 1 49.19% 34 13 60.4% , R i 4
TLE FRAEITTE ST 5.50%F1 30.8% 18/ 0 F 1.12%F1 7.73% , Ui B AE Rt B v A T B AURN
SN, AE ) e B AL R FE RN H/C nl R R AEAT AL 19 05 & (LR H/C LR (B RRAIG, 5 & AL R JE
1o Bl A Wy e SRR R W R, D5 AR A H/C 0N SR WAL EE 9 &, AR e O A AR B T 5. BC200
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AR S H/CE(H/C> 1), RUURIEA Y o th A A Kt s A A W e R 3 A7, LR SR 4
HeITAR AR B R BT R X S 4] o e A U KB A BT S, 55 T G AR A AL T L
WPEFEEL(O+N) /C L BE R A= ) o 24 U B 1) s T /), 6 WA W e v — SERPE 1 B R AT AR 2 7%
FLAED D K PEB AR T .

BC200 A2 1 AR AL E LA TR/ 514 1.99 m™ g™ F1 3.85%107° em® g~ ', SALAARFR 1 5 2] s ALK TR Y
11.9% , 7581 200 °C A JE LLAE A 2% be 26 1 AR FIFL. BC400 2 BC600 5 BC200 #H Lt , He 36 i FHLA B L A4
FEOE I — R 0, X S R M 98 A G (BT — 8B 5 #7 MR 5 B ZEAE L . T BCT700 1Y A
JREERFR SRR JE R A B R AT 9k FLIE B, e 2 v AR 8 b v AR AL AR AR )k #)
289 m>g ' 1 0.147 cm™g™".

K2 AEWIHRIITER

Table 2 Selective parameters of biochars

TRHAN 1 LR HA B PALIRAR

5 j$ 51 PR Elemental composition/ % Atomic ratios BET surface Total pore Micropore
Sorbents  Yield/% area/ volume/ volume/

Ash N C H 0 H/C 0/C  (O0+N)/C (m2g™) (embg ) (emtg™)

BC200  79.2%  12.6 1.98 49.1 5.50 30.8 1.34 0470 0.567 1.99 3.85x107? 4.58x107*

BC400  35.9%  23.6 1.04 5217 3.10 19.5 0706  0.277 0.327 55.6 3.16x1072 2.01x1072

BC600  30.6%  26.2 1.91 58.9 1.76 1.8 0363 0.152 0.178 71.6 3.40x1072 2.85x1072

BC700  25.9%  29.3 1.45 60.4 1.12 773 0222 0.096 0.111 289 0.147 0.11

1 kAo 0 B AR LT AR L B B 1 AT RUER ARk EEES A 0—H(3339 em™') .C—
H(2927 em™ ) XA~ B B 0 B REHT, 73 AMAA D5 & BRI/ R (C =0,1704 em™ ) A B REH (C—N/
N—H, 1332 em™ ) ZEH B BEAT , 78 500—900 em ™ i 7776 — 86 5 i B 95 F K18 19 C—H BUA Y
JINIE Ot 25 SR T B T sk S 14 5 R TR 55 | 5 0 3R AT B 4 A — 2L

3339 2927 1600/1704 1170
O—H CfH C:C_/C_ :_O C.—O—C

BC700

Absorbance

ERE
C—N/N—H

1 L 1 L 1 L S/ f—1 1 1 | 1 | J
4000 3500 3000 2000 1500 1000 500
Wavenumbers/cm ™!

B 1 AR EEY R AL NS R

Fig.1 Diffuse-reflectance FTIR spectra of biochars derived from different pyrolytic temperatures

2.2 W ZRIK SRR ZEAEAS )R R R T2 4 b iy W f

R IR RN ZETE N R A7 R B A= b B4 W R DL 1] 2. 38 2898 JR TN ZE AR W B T LAFH Freundlich #5575
REFILE B SR 3N 1K, AT AR Y, Z8 IS 2536 IR 0 WL 08 it o A= 40 e 2 fik 1 B8 1) - v 1T 34
5. Z57E BC400 ,BC600 F1 BC700 - 4 I B 225 T8 289 /K, (HE- 258 /R 7 BC200 b Ay W B ok T 2% 5 2%
I8 IRFNZEE A % b B W iR 2R S AL (n< 1), U6 22 Fh L) S [l ke 2 £ W o P VR

VR R B 1K, HEAThRE (1K, /1eK,,) , LHEBR BLK /I s2 . an 2R 1gK, /1K, =1, TR 2 2L
R AKAVER a4 1gK, /1K, > 1, REBRBUK /RO, 0 A L EEH (A8 m-m BT 2 IR EEAERSE) 5
WA gk, /gK, <1, MBI A=W e %k H BR 0 00 W BFRE 7 Lo~ B 55, A7 e BLAT A DL S B AR AR

FTETIR AT W 2SR BB TR 5 5 99.6% DAL 281K IR A pH =7 I (92 B8/ 7K 43 it R
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B0.45 ST FR AL 16K (B 2508 IR0 1gK /1K, {E 6.40—8.63 ZIA] it KT 1, FeMWHE AR X3 2%
18 IRAE AW e L W BREVE FE SRS /N T 250 1K /1K, FE 0.806—1.4 22 [] , 7 7K A FH X6 25 fty Wit i ki )
BN ZEE BC200 L) M BC400 Tk E 1Y 1K, /1gK, <1, Ui A AT BEA 0 Z57E AU A Wy o b e £
BILTR 5 1717 it o 2 Ul B B 5 1K /1K, AT 57, 76 BCT700 |-, 2 1.40 Fi1 1.23 156 B 2% 187 W2 B S LI
FEHLH B WG R M - B AR SZ VR RS AL 1 2 e 5 LI ST AL

e BC200 A BC400 #BC600 vwBC700

120 - r
L Z Naphthalene v 167 %ZE&/R Propranolol
100 |- v 14F
v v
- v v o vv ’
=~ 80 v ~ 12r v . *
N T v
PO v L0F oy .
2 ol v H .
< i = 8F ve
<l Qi a A
40 6 VY A A A
L P A °
4F v o ®
WE 4 0 o o ¢ o @ L g e @
e A A 2 _A o
A A A A A .A PPy ° v )
0_1‘.1.1.1.1?.11 PR 01.11.1.1.1.1.111
0 5 10 15 20 25 0 2 4 6 8 10 12 14 16
Cd(mg-L™h CJ(mg-L7h

2 W ERRIRNZEAE AW I L W B

Fig.2 Sorption of propranolol and naphthalene onto biochars

T3 HIREIRMZEN Freundlich FEEILE& S50
Table 3 Sorption isotherm parameters for propranolol and naphthalene fitted by Freundlich model

e %5 ¥ W 5 K/ R Ig K. 1gK,./18K,,
Sorbate Sorbent  ((mg-g™") (mg-L7")™") " K R BE  RIREE fIRUKREE BRIk
BC200 0.991+0.118 0.571+0.052 0.964 3.10 2.88 6.89 6.40
W L5 IR Propranolol  BC400 2.00£0.14 0.428+0.037  0.978 3.31 3.01 7.35 6.68
BC600 5.62+0.42 0.341+0.038 0.956 3.67 3.32 8.14 7.38
BC700 7.33+0.43 0.585+0.066 0.949 3.89 3.67 8.63 8.15
BC200 0.314+0.061 0.868+0.067 0.978 2.74 2.65 0.834 0.806
%% Naphthalene BC400 2.19+0.28 0.459+0.047 0.965 3.36 2.98 1.02 0.906
BC600 13.5£0.5 0.138+0.015 0.951 3.95 3.35 1.20 1.02
BC700 55.5+2.1 0.225+0.017 0.971 4.59 4.05 1.40 1.23

T 1gK, M 1gK, /1K, TR AR C, =3 mg- L7 BTG Bk B 2506 K 1 €, = 10 mg- L7 BHFEE, 284F €, =15 mg- L7 B3]

%, Note: Values of 1gK,, and 1gK, /1gK,, were calculated at low solute concentration of 3 mg-L™" and high solute concentration of 10 mg-L™" for

propranolol and 15 mg+L™" for naphthalene.

2.3 WRBRALHIEET

it — A TRV AS TR PR BT B AR P W B ALER, BT R KA FH XT3 25 9 2K W B A Bk 5 /0N, 40 i)
Langmuir £ 801 — JTREBIS 38 258 /R FZR O BT S R 2R AT 05 B SR 4. T K % C./Q 315
ZRAEWIA KA AR (3 g« L7'FT 15 mg- L") T HIKAVER di S B 9 5 43 Ee, vT DL H 2878 BC200
e BEKAE S EEW LA, 53 73.6% (3 mg-L7') F191.1% (15 mg-L™")  FEZS A7k FE A mt | B
KA FH ) T AR e AU o . 1T e 22 T 1) 8, 3R T R B A FLIEL S BT o BB K #E BC700 I, 43
Ve BT 5 B 5Tk R 5 9.50% (3 mg-L™") F133.1% (15 mg-L™") .78 BC200 |, %% &% 28 ok 7 B TE
A A HLBT M R T AR Mk b 1eK /1K, /T 1(3R 3) , AT BE-S AR AR Tt A= 4 ¢ 3 T A A2 1Y AR P
HREHIA O, X S E R AT HAT 2K M (A AR e 3R 1T SR 2, 28 XA A 0 e P 30 114 — S i 7K M
DL AT BEARSS . 53 A1, AW e 3% 1T TCAILAT ) X6F 25 A6 T R A ALV R A6 b 1% R T -t A 58] BHL A% £
FH PO BB A W 5 SRR B BT R R AR RN 28 A 2 e KR RE 1 Q32 T K, 5 b R T AL A 4 K
FIA W Bt PR 1 1 i, 3R 1T O o A FLFT e/ P i A O
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R4 EZHKIRM Langmuir BAUFIZE ) o5 280

Table 4 Sorption isotherm parameters for propranolol by Langmuir model and naphthalene fitted by Dual-mode model

) W Langmuir #%! Langmuir model [KXC/0Q.1/% Quru/
Sorbate Sorbent 0 /(mg-g™")  b/(Lemg™h) R? 3mg:L”" 15 mg-L! (pmol -m™?)
BC200 6.83£0.44 0.124£0.017 0.988 133
LIEHIR Propranolol  BCA00 7.8820.12 0.399£0.023 0.994 0.551
BC600 14.1£0.6 0.5380.079 0.976 0.766
BC700 22.1£2.2 0.2290.109 0.971 0.298
W W 31 ZJCHE Dual-mode model [KXC/Q.1/% Qurn/
Sorbate Sorbent K /(L-g™)  Q./(mgrg™)  b/(Lemg™h) R 3mgL'  15mglL” (pmol+m™2)
BC200  0.200£0.014 0.200£0.250 0.148:0.454  0.984 73.6 91.1 0.785
%% Naphthalene BC400  0.253x0.046 3.7821.14 1.19+2.23 0.983 20.9 50.0 0531
BC600  0.223£0.030 16.1£0.5 8.001.53 0.981 426 17.1 176
BC700 2.25:0.78 71.0£4.0 3.49+1.47 0.986 9.50 3.1 1.92

R b — 2R T B R ALIFCTEAE T 5 R A 9 M R T AR O 28, TR T B Tl AR W e B3R
T R Q, |, , HF EARSEA AL B PR B, THI T 3 258 ZK M 2% B SR HE A I, B A7 1 AR B s i R WA A

% QA,m'

Qvw = 2 (1)

Krp, vV ERIR A T IRER. THEAS 21038 2838 K RN 25 0 567 T AR B S S5 R B 540510 2.16 pumol - m ™ I
3.33 pmol+m ™, AT LUE ), Z87E A= 9 ok L 118y BN T A 30 T e A IR BFF /N 1 B 9 B 1 R A R B, 6
HH B2 R B 25 118 32 3 1 W B AT A 25 0% 55 A 8 A ] A Ay vl AR 5 A g e 3 T 1 S H T 0 A 45 A
B mom 2R ER Y

T 3 2595 SRR, 78 BC200 = Al W J 22 378 A T B3 BA7 T RPN B, 78 Chen 25 f 5
H - e BRI 1A i 3 R R B i SR A e 118 S B 3 T s R I B R 1 LS B R B, At
AT TRF A 5T DR P 0 5 5 A TR E e 26 T W P RE AT ER VR T FE S 45 1, 3 2898 IR LU BH B8 IR A7
TE A e 2 iy 1R, AT R AR G 5. O/ C AT F R R AE A W e () PH S T~ A8 i (CEC) |, HE R,
T P T A bl A i 4 FH S - A o ekt A T8 1 T v T ARG, 3% P % 2598 R 78 BC200
FE R A ER AR, 5 2508 /R A AT 38 Ao 3 1 SR A 5 AR e 3 1T B W BURERAVE D, A A P
W > (A R R 2 R T B W B 3 250 R 45 A P S ZE IR A Y 2 L T —OR %
,SEEER T B E AR, BT S5 s R B T 95 F A B - B A2 AR A L 5 A
T ZEIE R T —OR W4, T LIME R S Az 1, 55 AR ) 3R 1T 7 20U RE AT L &V 8. BC200 K 1f & A
F B R EAAL, o RT DI R SR AZ U 5 1 SR A A 2 2806 R 2 T A S I i S Sun 251 E S
LRI H R i A 4 S W A 0 e 1R W o, e B A A B i 1 215 0K — R — TR AE 200 C AWk i
W2 220 T AR R — T EE AR OR —H R TR IR, Wk T BR B K AR AN A A AE. B 3
C—O0—C EREHIMER A C =0/C =C B REAI M , Wil 1 T 3% 253 IR AR W e & S Re AT IV
K - B AR AR F B A7 Wb B R A AOAFAE , fol 3 2596 O AT USRI B 26 e e i, 0
TV 18, 22 )2 W o, e 45 512 o 2 T A A 2 v T L1 2 1 WO f 4

3 4512 ( Conclusion)

(1) A0 B 4K 5 E R I Y ST 2 25 1, WA T 600 BEOE B 1. B4R FE 05
TORBEFF L MU 05 7 (H/C) 38 T HEBERE ( (O+N) /C) ) W5 , WA T BRI K

(2) B 205 0L BRI 0 5L E 0 T T 13

(3) BRI 2572 BC200 19 5 HL . BB IRLIE 0 75 , T 2 AL BT R A 1
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1596~ BC700+Propranolol
Al AN

1615
<
E f\’w 1160
2| 1596 BC200+Propranolol
<

J\m/{vww
/\;o:/\f 1169 BC200
C=0/C=C co=<c
1 1 1 1 1 1
2000 1500 1000 500
Wavenumbers/cm ™!

B3 AR W R 253 IR IR B LD MR SR

Fig.3 Diffuse-reflectance FTIR spectra of biochars before and after the sorption of propranolol

(4) BR T 1K IC 3% 2508 /R T 3d o 0 A T e AR T SR R 2 0 e 3 T ) A0 e 5 AT A
PR A=W, el 2 A BC200 AR I 5 [ 5 AP Y, mTHE FlC A A i R 2 J R T, e i o o T i
KPR AR 2508 IR 1T R N FLIECTE AR FH 220 ¥ 004 5, (05 o PR 1 5 | 5 MR P A P oy, o FS B2 FER T
O35 RO/ INTIT A K e O 25
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