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Fig. 1 Biochar preparation process and products during the process
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Fig. 2 Effects of pyrolysis temperature and heating rate on yields of pyrolytic products
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/2 (1:4) extracted for 16 h
Toluene/ethanol (1 :4)

HRINEE (3:1)
Benzene/l-propanol (3 : 1)

HRICHE (3:2)
Benzene/ethanol (3 :2)

IEC KB (3:1)

Hexane/acetone (3 : 1)

2K

Toluene
T

Dichloromethane

http: //pedologica. issas. ac. cn

65% ~ 97%

45% ~ 94%

61% ~91%

61% ~ 81%

16% ~ 100%

38% ~93%

6 1] ZERGP . AR T 2 R0 R T E PR XU S e 1361
#1 E£YRKFPAHsR 2RIAZE
Table 1 Methods for extracting total PAHs in biochars
PRI ,
. ) BB WA [l 5 SCTk
xtraction
hod Extractant Details for extraction Recovery Reference
methods
R IOL wr: 0.02~4.0 g ¥, 70 mHEEGH, $RIU h >70% [36]
Ultrasonic Hexane 70 ml extractant, 0.02 ~4.0 g biochar,
extraction extracted for 1 h
R R ZETP R PR (4:1) 5 mHEHGH, EERRBW, HK0.5h 45% ~ 106% [37]
Ultrasonic Dichloromethane/ 5 ml extractant, extracted three times,
extraction methanol (4 : 1) each for 0.5 h period
R PR WE/A Sk (1:1) 1.0 g FEfh, 20 mIREGH, $2HX 30 min 0.4% ~ 9% [33]
Ultrasonic Acetone/cyclohexane (1 : 1) 20 ml extractant, 1.0 g biochar, extracted
extraction for 30 min
RIHBUE RS 0.1~1.0 g Ffh, $2H36 h 71% ~ 105% (8]
Soxhlet extraction Toluene 0.1 ~ 1.0 g biochar, extracted for 36 h
KCRBOLY F e e PEHL8 h Extracted for 8 h ot M [9]
Soxhlet extraction Hexane Not mentioned
REREHGE  HWE/ERSH (1: 1) Acetone/ 1.0 g KR, 160 mHERGH, $#H36 h 67% ~ 88% [33]
Soxhlet extraction cyclohexane (1 : 1) 1.0 g biochar, 160 ml extractant,
extracted for 36 h
PRI 1.0 g KM, 160 mIBEHUGH, $EHLI8 h 39% ~ 84%
Acetone 1.0 g biochar, 160 ml extractant,
HHE/H Ok (5:1) extracted for 18 h 10% ~ 76%
Acetone/cyclohexane (5:1)
B S HE (12 1) 29% ~ 75%
Acetone/cyclohexane (1:1)
ARk FoR/mE (3:7) #2816 h Extracted for 16 h Fe 4 K [45]
Soxhlet extraction Toluene/ethanol (3 :7) Not mentioned
ENE N ZE T $I16 h Extracted for 16 h KR [46]
Soxhlet extraction Dichloromethane Not mentioned
RICHE L AR (1:6) 10 ~ 40 mg £, 70 mEIGH], 216 h 61% ~ 100% [31]
Soxhlet extraction Toluene/methanol (1 : 6) 10 ~ 40 mg soot, 70 ml extractant,
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S
f:iii FHGH PRI EbES Sk
nethods Extractant Details for extraction Recovery Reference
RICHEUE CiE S 0.5 g B, 90 mIRHH, 160°C, 42HX6 h 56% ~ 719% [43]
Soxhlet extraction Toluene 0.5 g biochar, 90 ml extractant,
160 °C, extracted for 6 h
RICHRIGEY N 50g kR, 150 mBEEGH], 195°C, $2HU.5h 85% ~ 105% [32]
Soxhlet extraction Acetonitrile 5.0 g biochar, 150 ml extractant,
at 195 °C, extracted for 1.5 h
1] i A B 3 PIHER/ERCL G (12 1) 2.0 g FEAL, 80 mIEREUH, #2114 h 7% ~ 80% [33]
Reflux extraction  Acetone/cyclohexane (1: 1) 2.0 g biochar, 80 ml extractant, extracted
PER/ERCLE (1:5) for 4 h 7% ~ 56%
Acetone/cyclohexane (1 :5)
A 11% ~ 83%
Dichloromethane
HIR 58% ~ 68%
Toluene
T3 ) A HE/HEE (1:1) 0.1g ki, 100°C, HE3E6.9 MPa, #&H(3 5% ~94%, FICERHEG%E  [14]
Accelerated Toluene/methanol W, HU10 ml JEURHIN ) 5 U BE A 5 WA T 22
solvent extraction 0.1g biochar, at 100 °C, 6.9 MPa, U EIPN
extracted 3 times and 10 ml exractant each 5% ~ 94%, highly varied
time due to difference in feedstock
resource and pyrolysis
temperature
S R A R s 5.0 g BEdh, 100°C, JE3£10.3 MPa, 56% R A% T 460 iR [34]
Accelerated Dichloromethane 60 mIEZIGA . 5 minffA4RAL, $RIMIK 56% of the tested PAHs

solvent extraction

I R AL
Accelerated

solvent extraction

ZER R (12 1)
Dichloromethane/acetone

(1:1)

IECBE/NER (1:1)

Hexane/acetone (1 :1)

T P T R
(1:1) Dichloromethane/

acetone (1:1)

LS

Toluene

/B (1:6) Toluene/

methanol

(1:6)

5.0 g biochar, 100°C, 10.3 MPa. 60 ml

were lower than the limit of
detection

88% H A4 1 T ) R
88% of the tested PAHs

exractant, 5 min static extraction, 1

static cycle

were lower than the limit of
detection
819% F AR P Ik T BR
81% of the tested PAHs
were lower than the limit of

detection

ASE MR IR 55 TR IT
BUR, ELO AT
(/375228 ) MIPAHSTE
VI The performance of

1.0 g B4, 100 °C, JHEi%13.8 MPa, it
A5 min, QK
1.0 g biochar, 100°C and 13.8 MPa. 5 min

static extraction for twice

1.0 g BESY, 100°C, JE#E10.3 MPa, #5745 ASE was consistently inferior
FEELS min, 2K

1.0 g biochar, 100 °C and 10.3 MPa. 5

tosoxhlet extraction, ASE
was not capable of extracting
min static extraction for twice any of the PAHs heavier than

chrysene in molecular weight
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S
P 1
, S SRR AT e S
Extraction
Extractant Details for extraction Recovery Reference
methods
I 7 0 A i PIBR/E e (12 1) 5.0 g BESh, 100°C, JE#%10.3 MPa. ##7s 26.2% ~ 102% [35]
Accelerated Acetone/hexane (1 : 1) $LHLS min, FEEGK
solvent extraction 5.0 g biochar, 100Cand 10.3 MPa. 5 min
static extraction, 3 static cycles
AL IR 1ECBE/ T = 5 g FEAh, 20 mlM4RHUG RN [13]
Microwave (10:9:1) 5 g biochar, 20 ml exractant Not mentioned

accelerated Hexane/acetone/triethylamine

(10:9:1)

W 1) T AR R A6 & W A 2 AR EEREE 5 2) F T mas mIBCR L& 98 16FVEPA PAHs; 3) F T mAw Bl % (1
&M RIE-d,. F-d,FIE-d,; 4) FTMARFEBCRGMAS YRR T2 EHFE LS I3FEPA PAHs, HEHXFE SRS
M2 BRI A RMRRBE I L BER L BERAIAR TR 5) AT IR R A A E-d,,, -d,, #IF [a] BE-d,,, It
[a] tE-dy,, #IF [g, h, i] -dy; 6) W HEARAEFI AL Note: 1) The compounds used for determination of recovery

rate were perdeuteratedphenanthrene and perdeuteratedpyrene; 2) The compounds used for determination of recovery rate were 16 EPA

reaction

PAHs; 3) The compounds used for determination of recovery rate were acenaphthene—d,,, phenenthrene—d,,, chrysene—d,,; 4) The
compounds used for determination of recovery rate werel3 EPA PAHs with naphthalene, acenaphtylene and acenaphthene excluded.
The tested carbonaceous samples included traffic soot, oil soot, wood soot, coal soot, coal and charcoal; 5) The compounds used for

determination of recovery rate were phenenthrene—d,,, pyrene—d,, benz [ a | anthracene-d,, benzo [ a ] pyrene-dandbenzo [ g, h,

i | perylene—d,,; 6) solvents were mixed in volume ratio

A= 1) J5 ¢ AR AR R I RO BSOnT REAT B T4 v 4
G D SR = RN =M= BNt ;S A
B, BAREAT, BBCSCRIE T s gk
FUEE A 4RI 2 ER, RO A T A of
( European Biochar Certificate ) 1 [E R A=) 5 % P
2> (International Biochar Initiative, IBI) %%
MR A Bk R S BUE Y Bk HPAHs, BTk HTHY
W 100% g R 4T (B, B4 B AT S (0 bR
WAL T 1, HOORT EH ZIRAMIBITE, Hl)
S AN [R] 512 FUAN [7) £ B 0 P J5 4% S 1) A= ) ot
B S EAT bR 3 Mo A i, 2R R8I A 1) i
BEREA S, [ I 225 R B ) 5 JRURE | ) A A AR
T RN R R R0

3 AW T PAHS i K e R 3R

TEXT A= W) 5 7% P A Hs 18 30 555 XU 178 17 PEAY
B, B T RPAHSHY R, H AT A9 ik
PAHSHI SRR, S Z R K. —8EE N
VAT PAHS T AR, AR LLGE RS X
Ko 10, HaleZE " I5E 7250 ~ 900°C i 12750 ik
JET, MBEGRME . KB . BT, 5 mmAs

Z R B 2 950 AR W B U PAHS & i, 45
RAEW], XL 16FPAHsH S (X 16PAHs)
L N0.07 ~3.27 mgkg™', KT 4 R B T
e Singh%[%]u*}%\ E41 AN U = v (]
SEMREAS0 CRISS50 °C 1 B IR EE R 4 T LR
EYIBT, HHi X 16 PAHs & i IR T4 = 14 =
FARFERAE ( <0.5 mg kg_l) L47 o Fernandes#l
Brooks ' W 5T T Bl RS FE I A 45 1 2 9
#e, HY 16 PAHs #FHE WK T0.2 mg kg™'o i Fh
—LEfF TR, PAHSHI S i LA R . #IA0, Fabbri
a5 VDU R R R R KO A5 bR 45 T 207
YR, H X 16 PAHsEHEA1.2~19 mg kg'o
Quilliam% " E450 CHl & RS R W B, H
> 16 PAHs & & £64.65 mg kg_lo Zhurinsh % (48]
DN 24 T 20 s AR AR, Hoh iy £ 16 PAHS
SR IA145 mg kg™'s MfESchimmelpfennig#l
Glaser !°! BIarsE s, AK#S4E (wood gasifier) FA ¢
F1316 PAHs S, 5502 945 mg kg™'c K T2E
Yy e A S A 22 A, [ PR AR P B B2 A
Wi A=y R bR IERLE , AR Y X 16PAH s 4]
5386 ~20 mg kg™ ' F112 mg kg™ 1707,
AL, AW B TR R PAHSs BIE R A
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WAR . fE—Leffgy 5 270 9 S 2
A ) S R B R R U PAH . W FabbriZe 13
WroErh, ZRM &R, HIREIE, MiNakajima
a5 TS, SRR RS, ORI
Bl FETHEREMME, AMIECERBUEY R
IF [a] AW, HRSETNS, #IF [a] EH
WEIE AR . B, FabbriZs P pymiseh, K
I [a] EEHIHIE 50.01 ~0.67 mg kg™, SBrown
i U B ORI . AR R R TP PAHSH
A7 A BEORE L 2L TR R R LR AT R Y R
g L0 TR I 2 PR R R AR A
3.1 FIEER

il £ JEURE S A W 3 R P A HLs 75 2 Y 5 I AT
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Progress of the Research on Potential Environmental Risk of Polycyclic
Aromatic Hydrocarbons ( PAHs ) in Biochar

LI Zengbo' WANG Congying” " JIANG Xin> WANG Fang’
(1 School of Chemical and Biological Engineering, Taiyuan University of Science and Technology, Taiyuan 030021, China )

(2 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing
210008, China )

(3 College of Environmental & Resource Sciences, Shanxi University, Taiyuan 030006, China )

Abstract Biochar is a kind of highly aromatic carbonized material produced through thermal
decomposition of biomass under reductive conditions (i.e. in the absence of or with a limited supply of
oxygen ) . Biochar is found to be able to play an important role in mitigating global climate change, removing
pollutants from water and soil, as well as maintaining functions of ecosystems. During the pyrolytic processes
of biological materials, a certain amount of organic pollutants, such as polycyclic aromatic hydrocarbons

(PAHs) , would form and remain on the surface of the biochar. Consequently, increasing application
of biochar may bring about a certain risk to the environment. Current researches pay much attention to the
positive effects biochar may have, while ignoring its potential hazards to the ecosystem.

To assess environmental risk of the PAHs in biochar, it is necessary to determine the contents of
total and bioavailable PAHs in biochar. At present, the following four methods, i.e. Soxhlet extraction,
accelerated solvent exiraction ( ASE ) , ultrasonication extraction and thermal extraction, are available for
determining total PAHs in biochar. However, the four methods were often used to determine semivolatile
organic compounds in solid matrix ( soil or sediment ) . Among the four methods, the Soxhlet extraction and
ASE methods are the most commonly used ones, because of their higher recoveries of target compounds.
However, when they are used to extract PAHs in biochar, PAHs recoveries depend highly on solvents and
the biochar per se. In the case of determining bioavailable PAHs, limited information is available besides the
polyoxymethylene ( POM ) passive sampling method.

Altough PAHs in biochar are formed mainly through two pathways, i.e. low temperature pyrolysis

( < 500°%C ) and high temperature pyrolysis ( > 500°C ) , the formation process is still very complicated,
because there are a lot of factors that affect yield and composition of PAHs in biochar, including feedstock
resource, pyrolysis temperature, heating rate, holding time, etc. With the respect of feedstock, little
information is available concerning relationship between content of lignin and/or cellulose and PAHs in
biochar. As regards pyrolysis temperature, biochar out of low-temperature pyrolysis generally contains more
low-molecule-weight/high-vapor-pressure PAHs, whereas biochar out of high-temperature pyrolysis contains

more high-molecule-weight /lower-vapor-pressure PAHs. However, the relationship between temperature
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and PAHs yield is still controversial. Heating rate and holding time of the pyrolysis are two important factors
influencing PAHs yield in biochar. Generally speaking, during the process of slow pyrolysis with long holding
time, PAHs are more likely to escape into the atmosphere as gas whereas during the process of fast pyrolysis,
they are more likely to get condensed and adsorbed onto the surface of biochar. The other factors that influence
PAHs content in biochar include ash content and moisture content of the feedstock, and presence of oxygen
during the process of pyrolysis or the post-pyrolysis cooling process. Researches demonstrate that feedstock is
high in ash and moisture content plus presence of a little oxygen facilitates formation of more PAHs in biochar.

To minimize environmental risk of the PAHs in biochar, it is recommended firstly that feedstock free
of PAHs contamination should be used for biochar preparation, and secondly that the technology of slow
pyrolysis (heating rate < 100 K min™' and pyrolysis temperature <400°C ) could reduce apparent total PAHs
and bioavailable PAHs concentration in biochar. However, it should be noticed that high-temperature biochar
is much higher than low-temperature biochar in specific surface area and adsorption capacity, and hence in
applicability to pollutant removal, moreover, the PAHs in high-temperature biochar is lower in bioavailability
and therefore in environmental risk, too. Obviously, high-temperature biochar ( > 600°C ) is a better option.

In order to find a professional and standardized protocol for quantitative analysis of PAHs or other toxic
organic compounds in biochar, it is essential to do more researches that should lay more emphasis on pollutant
yield relative to property variability of the biochar per se. In addtion, in-depth studies should also be done
on long—term impacts of biochar on ecological environment. Both laboratory researches and field experiments
should work jointly to deepen our understanding of how various biological and non-biological factors influence
environmental behavior of PAHs in biochar.
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