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F1 EXRBFEYREBAMR " MEHEE

Table 1 Physico-chemical properties of corn stalk-derived biochars ") and concentration of Naphthalene

ex Ak T fBLTT e -
/s Elements composition (%) Molar ratio Organic functional groups ( emol kg™") Concentration
Biochar i 5 F 788 PN i ik of Naphthalene
C H N 0 H/C  0/C (O0+N) /C phenol hodroxe]  Carboxel Lact - (pegh)
S ydroxyl  Carboxy actones base
C300 60.00 2.80 2.49 29.94 0.56 0.37 0.41 352.00 60.00 48.00 0.30
C400  60.30 249 1.30 30.98 0.50 0.39 0.40 176.00 14.00 41.00 0.55
C500 62.20 2.05 0.81 29.27 0.40 0.35 0.36 36.00 19.00 0.00 1.39
C600 80.50 1.30 0.68 10.36 0.19 0.09 0.10 45.00 0.00 0.00 0.10

. €300, C400. CSO00MIC60043 522 s AS Rl IR B (300,

400, 500F1600°C ) EKREFAY I Note: €300, €400, €500

and C600 stand for corn stalk pyrolysis temperature (300, 400, 500 and 600°C )

1.3 WRMizsh hZstel
W2 o i 6 >R I AR BT 3%, 23 B FRITO mg il
50 mg AJC300, C400. C500F1C600, JiTA10 ml

ZEPNIRWE 25 mg LAY CaCLAER F . 0.01 mol
L™ CaCLIFW N T S0, B3 B 7 BT,
FE30 £2°C . 120 rpm#&fF F 2 B4R 10 min, 1,
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2.1 MR

FIE 10 mg. 50 mghyEY R C300, €400,
C500FICO00XS %% i W Fff 2l Iy 2 45 R ¥l 1a ~ &
b [RIFp AR R 3T A [ 5] o 1) A 40 e X 28 149 - £l
W B 10 mg > 50 mg, X AT RESE A T m = A9 A4
W 1 AV o 1 2B W e A AR T O 22 g W R
1M 75 790 ik 1) A 400 e BT ST R B ARG T R () ) £
AN [ AR SR ok 2 118 £ 0 e %ok 258 1) P-4 R o R ], 2
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TR B2 110 24 0 e WO o L S AR T, B 1 A A7 2 3
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FEAEY R R A F W LIRS, ¥ &AL
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50 mgfif, P I B T S €300 =~ C400 = C600
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YRR R E B R KH89% ~ 100% (K2) . ik,
€300, C400F1C600 M- Mg i & JL-F- A 25 5o
2.2 RBEhhE4FE

FE— S 3h J1 2407 FE R 8l 1 24 05 R 25
(W B 20 g 2 B s AT L, A g e Rl g oA
BB 3LA M2 K 3a ~ 3d, 383k it 28 1 2 26 M2
FEAFEI3h 1% S50 F2, MIK3a ~ 3bFIFR 27 LI
W, YA 10 meht (E3a) , R—%3h
T35 77 R RR R Lr M AU W B R0 R B B, ik 6 T 4B
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Fig.1 Naphthalene sorption value of hiochar relative to dosage [ 10 mg (a) and 50 mg (b) | and corn stalk pyrolysis temperature

(300, 400, 500 and 600°C ) at different time

O 10mg m 50mg

1001

F 2 Removal rate (%)
— [y} (%) & N N ~J o Ne)
(e o (e} (] (e (e} (e} o (e}

S

300 400 500 600
FFIRE Pyrolysis temperature (°C)
K2 10 mgHI50 mg A RFFEEE (300, 400, 500 Fi
600°C ) FRFEFFAEY) BT 25 19 K BRR
Fig.2 Naphthalene removal rate of biochars relative to dosage

(10 mg and 50 mg ) and corn stalk pyrolysis temperature ( 300,
400, 500 and 600°C )

BB 20 T Y A R 50 meht ([&I3b)
i — R 3l g2 7 R ZE W B 7 2 i 400 B
B, 3XRTRE S P R ) R AR Y R BE R AL TR 21
W B e, 3 ek i RO O R . SR —
W JE A, R 3 )2 g R Bl e s
PR IIAEROR T (K3) , RMEFE S, A Mg,
H5 LR g A miEE (£1) , X
AR e 6 25 R W B RE T 5 AR W e L R R AT
S P2k T R R AR R R R A A %

I 2 v 1Y AR W A W R S 3R Bk DL K ) B T R
USRS BTV vy N a1 - o W SO RA B 7 B S D
BAMm e S (F£2) , XEhTFeflE
1) A= ) e R A% 4 At 0 f 19 IR B 7 A o A TR A
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AL VT, A EAE AT . AR A Wk 3 K AL
B 51 S A AL B 3L e 3 AT B R 5% I B & 4 R
EA . C500F1C6003 M i) 7 L B LA K fl £L B 384
Z U7 g R N AL R . CS001
W BhF R AR B K, AT RE S P B R W] T C300H1C400
ATPLR A EVER, HARSLE R LT C600,

2.3 RMAE——BR A BURE

UKL PN 47 RS TR i DL 194 R AE 0 o A
HLAI RIS 1 SR FZORR R i R 20k A 00 I R

Mk FE, Hiq - M8&T, 255057 A A Wk W 25 1
PURLN Y BB 2 o Z 2t (K4) , RBIEY)
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PN G B, R TR A IR R e A P BORL 9 T BOA
Je E— [ RO [N 3R, A7 A H Al 8 W BRI AR o 5
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Fig.3 Kinetic curves of biochars sorbing Naphthalene fitted with the pseudo—first—order (a, b) and pseudo-second-order (¢, d)

kinetic models relative to dosage ( 10 mg and 50 mg ) and corn stalk pyrolysis temperature (300, 400, 500 and 600°C )

A W ) A= 0 e 3% TR A A% Jot R AR AR D B B B o
H T C300F1C400K H A Kt HhRel (£1) LK
KAL) s — B B R AR Y B L R
2 R RFLEEY HL; C500RIC600r R FLER . i fLI%
Z 7 B REMALBY B 8 B T2
FEA B bR, X T AR S TR R B9 AR
B RN B X — B B 1 SRR . T
X — B B A 3 T W B L AR AR R, B PN 2 T
3, Z5Y BRRE s 1 2 ik, s
By B Bos R e TR BB (R3) o il h
50 mgith, S&AHE BB (E4b) , X—FrBh

TR TP 2R 0 W B R UL N T HIGE WSS, X —
B B 19 AR AR AR /N, B I R A RE A,
RS TR | R T S ¥ N T[T = o9t (1 L 9530 N g
(A W e, AR kA 0 e WO R 2% 45 A B B 42 g 1)
A2 T E AL eE (F4) , X5
SR e e B AL BE 2 M B S — 3. IR
PR IS JEARF 5, €300, C400i A2 R JLF
ELE T C500F1C6001 0 FZERE (£3) , £HC300
HIC4003 5728 C500F1C60011 5L JZ Xt 25 W it A 5%
M A, 3 IR T A AR I R 1) v A A e 2k
T S5 J0 M %) 38 9 D R o KPR R AT A 3 i 3 B
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1111

R2 EAE10 mgHI50 mg AR AAREE (300, 400, 500F1600°C) ERFEFLEYR EMRMH DFHESH

Table 2 Kinetic curve parameters of biochar sorbing Naphthalene, relative to dosage ( 10 mg and 50 mg ) and corn stralk pyrolysis

temperature (300, 400, 500 and 600°C )

(e DAy i

- i —2sh 127
it .
(mge) Pseudo-first—order Pseudo-second—order
Addition T(C)
(mg) 9., cale k (h) R 9., cale k (g h (mg R
(mgg™) (mgg™t) (mgh) ™) (gh) ™)
300 13.34 10.14 2.20 0.46 13.55 0.03 4.84 0.99
400 14.29 11.74 1.26 0.78 14.51 0.03 6.01 0.99
10
500 8.77 8.45 0.24 0.93 9.54 0.02 1.66 0.98
600 9.45 8.53 0.42 0.79 9.87 0.03 2.69 0.99
300 3.42 3.20 9.56 0.89 3.45 0.83 9.87 1.00
400 3.46 3.32 6.57 0.95 3.49 1.33 16.10 1.00
50
500 3.24 3.14 0.98 0.96 3.34 0.27 3.01 1.00
600 3.61 3.47 4.95 0.94 3.64 0.87 11.55 1.00

W g o WD SENME g, o A 230 72 0 BRI 80 ) 5 B X W B o i L5 85 e A, A A — SRR — 080 )
2F T RE B W R B Aok R G Bh 2 T R T AR AR WL R Note: g, o Stands for measured value of the sorption; ¢, . for

fitting values of the Pseudo-first-order and Pseudo-second-order kinetic models; k&, and k, for sorption rate constant of the Pseudo-first-

order and Pseudo-second-order kinetic models, respectively; and / for initial sorption rate fitted with the Pseudo-second-order kinetic

model

16
a 10mg

14}

W B i g, (mg g7)
D)

2C300
4l o C400
AC500
2t xC600

]

0 2 4 6 8
195 (h0%)

4
b 50mg
3.5} £ —X
_ 3 A/K&_A_——A
‘o
on L
2 2.5
= o /A
i 2r
-
= 13}
& C300
Lr a C400
A C500
e x C600
0 1 1 1 1
0 2 4 6 8

tU 5 (h(J 5)

K4 10mg (a) F150 mg (b) AREFMEREE (300, 400, 500 F1 600°C ) T KFEFF Az W 55 o 25 05 B %) ks 4 1A 154

Fig.4

Intraparticle diffusion during the process of biochar sorbing Naphthalene, relative to dosage [ 10 mg (a) and 50 mg (b) | and

corn stalk pyrolysis temperature (300, 400, 500 and 600°C )

gt
2.4 WEHINIE—— BoydiEE!

TE UKL N 4™ TR AU 4005 e R 2% 4 2B ) o o It
BB 2o A 5 HL A ) SR AE b, 25 SR Boy d B
STt R R BRI R L R, R R
=AHEBE, BB EREERAR . (1)

15 W) DT R A fi 2 R R J 1 3 T PR TR
(2) 75 Y& W 1 W B 5 LB P 8 a9 J0RE N 7
CRALBL. B, BBt ) 5 (3) i5delfEmk
B S P 3 T Y W B o X T 2 FLBRE A0 W B B, 5 =
B BOd BEAR DR, — A 25 1 Ay 42 ] B BR 5 TR &
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3 10 mg50 mgARIHAMEBE (300, 400, 500 F1600°C) FARFEFFEM R XTI M BRI BURE S

Table 3 Intraparticle diffusion during the process of biochar sorbing of Naphthalene, relative to dosage [ 10mg (a) and 50 mg (b) |
and corn stalk pyrolysis temperature (300, 400, 500 and 600°C )

ORE A TR A
Vit Intraparticle diffusion model
Addition (mg) ree k, . k, , ks ,
(mg (gh™) ™) @ R (mg (gh™) ") © e (mg (gh®™) ™) © &
10 300 1.67 3.94 1.00 1.04 6.04 0.99 — — —
400 2.51 2.84 0.97 0.89 8.00 0.96 — — —
500 1.41 0.57 1.00 0.92 2.60 0.95 — — —
600 1.47 1.63  1.00 0.79 4.08 0.99 — — —
50 300 0.88 1.35 0.98 0.18 2.79  0.96 0.012 3.34 092
400 0.59 2.11  1.00 0.17 292  0.96 0.011 3.39  0.55
500 1.02 0.29 0.96 0.17 246 0091 0.005 3.21  0.95
600 0.67 1.83  1.00 0.15 3.09 1.00 0.004 3.58 0.98
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JEJE Note: k

i kp2 and, kr,3 stands for diffusion rate constant at the first stage, second stage and third stage, respectively; and C,, C,

and Cj; for thickness of the boundary layer at the first stage, second stage and third stage, respectively
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Fig.5 Plots of for the Naphthalene sorption by biochar fitted with the Boyd model relative to dosage [ 10mg (a) and 50 mg (b) ] and

corn stalk pyrolysis temperature (300, 400, 500 and 600°C )
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SORPTION KINETICS AND MECHANISM OF NAPHTHALENE ON CORN-STALK-
DERIVED BIOCHAR WITH DIFFERENT PYROLYSIS TEMPERATURE

Zhang Mo > Jia Mingyun® Bian Yongrong’ Sheng Hongjie’ Liu Guangxia’
Wang Yujunl-r Wang Fangz-r
(1 College of Resources and Environment Shandong Agricultural University, Tai’an, Shandong 271018, China )
(2 State Key Laboratory of Soil and Sustainable Agriculture Institute of Soil Science, Chinese Academy of Sciences, Nanjing

210008, China )

Abstract Biochar is a carbon-rich material produced by pyrolyzing biomass in the absence of oxygen.
Due to the presence of well-developed micro-pores and high specific surface area, biochar displays an
excellent sorption capacity and hence is deemed as green environmental sorbent and has been extensively used
in the field of agriculture and environment. Polycyclic aromatic hydrocarbons ( PAHs ) are a typical kind of
persistent hydrophobic organic pollutants commonly found in soil and sediments. Thanks to the high affinity
of sorbents to PAHs, sorption has become a critical process governing the fate and transport of PAHs in the
environment. An experiment was carried out using biochars prepared through pyrolyzing corn stalks under
different temperatures, to explore kinetics of the biochar sorbing naphthalene, a volatile organic compound
in the PAHs family, and effect of dosage of biochar on the kinetics. So far, reports have been available
demonstrating that sorption kinetics is a useful tool to explain the mechanism of naphthalene sorption. It is,
therefore, essential to have a better understanding of the mechanism of biochar sorbing naphthalene and
select an optimal sorbent, through studying effects of pyrolysis temperatures and dosage of corn-stalk-derived
biochar on sorption kinetics of naphthalene.

The experiment was designed to use the batch processing method. Out of each of the four kinds
of biochars, €300, C400 , C500 and C600, prepared under 300°C, 400°C, 500°C and 600°C,
respectively, in pyrolysis, two portions, 10 mg and 50 mg each, were taken and put into flasks separately.
Into each flask, 10 mL of CaCl, solution containing 25 mg L™ naphthalene was added. A soil ion environment
was simulated with 0.01 mol L™'CaCl, solution as background solution. The mixture was shaken at 30 = 2°C
and 120 rpm for 10 min, 1, 4, 6, 12, 24 and 48 h, separately, in dark and then sampled. Fitting analysis
of the kinetic data was performed with the pseudo-first-order kinetic model, the pseudo-second-order kinetic
model, the intraparticle diffusion model and Boyd model to elucidate the mechanism of biochar sorbing
naphthalene.

Results show that Naphthalene sorption capacity at equilibrium (g, ) of biochars of the same kind

varied with dosage in an order of 10 mg>50 mg, but g, of biochars the same in the dosage did with pyrolysis
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temperature in an order of C400> C300 > C600> C500 with the dosage set at 10 mg and in an order of
C300~C400~C600> C500 with the dosage set at 50 mg. Compared with the pseudo-first-order kinetic
model, the pseudo-second-order kinetic model was much better in fitting the sorption kinetic features of the
biochars regardless of dosage or pyrolysis temperature, suggesting that the sorption is related to sorbing sites
in biochar, rather than simplex single-layer sorption. For biochars of the same kind, both the sorption rate
constant ( k) and the initial sorption rate (k) varied with dosage, and were much higher when the dosage
was 50 mg than when it was 10 mg, but for biochars of different kinds, both & and h were in the order of
C300=C400=C600> C500, regardless of dosage.

Fitting analyses using the intraparticle diffusion model and the Boyd model show that the sorption process
was affected by both film diffusion and intraparticle diffusion. The sorption process consists three steps: (1)
film diffusion of pollutant from its transport solution to external surface of the absorbent; (2) intraparticle
diffusion of pollutant during its transport inside pores of the absorbent; and ( 3) sorption of pollutant on the
interior surface of the absorbent. The sorption process consists of two steps for biochars 10 mg in dosage and
three steps for biochars 50 mg in dosage. For biochars of all kinds, it took a longer time for biochars lower-
in dosage to go through the steps, which is probably because biochars higher in dosage may provide more
absorbing sites. Intraparticle diffusion rate constants of biochars, regardless of kind or dosage, declined with
the time going on. Biochars, C300 and C400, regardless of dosage, both had a boundary layer thicker than
that C500 and C600 had, indicating the boundary layer of the former had a higher impact on the sorption.
The fitting analysis using the Boyd model shows that during the naphthalene sorption process of biochars,
regardless of kind and dosage, film diffusion was the rate-limiting factor. Therefore, it could be concluded
that the sorption of naphthalene on corn-stalk-derived biochars was mainly governed by film diffusion of the
pollutant from its transport solution to the surface of the adsorbent.

Key words Biochar; PAHs; Sorption kinetics; Sorption mechanism
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