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Persulfate-based advanced oxidation processes (AOPs), which are more cost-
effective and less energy-intensive than conventional AOPs, have been explored for in-
situ chemical oxidation to remove recalcitrant organic pollutants in groundwater.
Persulfate-based AOPs can produce sulfate radicals, hydroxyl radicals, surface activated
complex and singlet oxygen after efficient activation of peroxymonosulfate (PMS) or
peroxydisulfate (PDS). Typical activation methods include UV, heat, microwaves and
metal oxides. However, high energy consumption, metal leaching and high cost limit
their practical applications in a large scale. Biochar is an emerging material produced
by pyrolysis of biomass in the absence of oxygen or low oxygen and has been tested to
activate persulfate to improve the removal of organic pollutants. However, the
mechanism for persulfate activation by biochar is not clear, field application is rare and
the influences of groundwater parameters on the process performance are not well

evaluated.

In this study, biochar prepared using rice husk as the raw materials is employed to
activate persulfate for the removal of chlorinated organic pollutants. Preliminary data
showed that pentachlorophenol (PCP) could be degraded in the biochar-activated
persulfate system, while trichloroethylene (TCE) could only be removed by adsorption.
The rate of PCP removal increased with the increasing PMS concentration and biochar
loading, and decreasing solution pH, in which over 85% removal can be achieved in 90
minutes under the optimal reaction condition. The presence of HCOj3 appeared to inhibit
the removal of PCP. Based on the results of quenching experiments and electron
paramagnetic resonance (EPR) analysis, it is concluded that radical and non-radical
were involved in the biochar activated PMS system and singlet oxygen ('O2) was
responsible for the degradation of PCP. Reusability tests showed that the performance
of PCP removal decreased after four cycles but calcination regeneration was efficient
for recovery of biochar to extend its longevity. Transforming rice husks into biochar can

bring benefits for the treatment of agricultural waste and mitigation of climate change.
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i@mﬁiﬁ’ﬁﬁiﬂﬁiﬁuﬁﬂﬁ'“p*%ﬁiibﬁﬁiiﬁﬁ
FIWEY EHHITE IR AL NERKRBLRY Y S F
£;§bﬁﬁ%m%T$§m’&WW&%&P{$%@¢’%?%ﬁﬁén

LB FHYF B BT R =& ¢ Aok Ay 22 12 (Lin et al,
2016; Liang et al., 2009) » B *h 7= 5 f]* % ¥ 4%(Dong et al., 2017; Tang et al., 2021)
oA PR T IF L A KR §a2 5 1 448 (Yan et al,, 2015; Huang et al., 2019) -
Bt AL R ‘= ,:;T e od BB AR - BEFS)BTERER S
NELEATR A ARG AR ehF R4 FIR kP A A G BR R~ F R BeD
F4b (7 5 friﬁcéﬁﬂ“ SRR (TR YR & ¢ and speed - Lietal. (2020) 4%
A Rfrr i s@git S22k T2 AR RBRATHE WEFERRE
gpd é#ﬁ&aﬁfﬁ% AR pd A(O)2 HREF ('02) 5 TCE " f3% fa~ F
BroomHART 9 A HAET 22 SR %%?aw°a%@*ﬂ’
Chang et al. (2018)#-:Errpe @ i€ 910 L/min 2 AF F 2 » X = & ¢ H 3 4 2 5
o MBERBABERIRF PR e AR E T ok R RE R
B0 bR~ 2§ ek E05% o A B P AL S
3.6-45m> ik kY EFEH A4 > ST A RAE I X FEARR L
PRI N F G REARRN T AP R E AR SIS A H R E RS
AP F 0 T FpEntEET @ ¥ R B E 240 432 7 (Fukushima and Tatsumi,
2001; Lan et al., 2008) > Dela Cruz et al. (2012)R| & 4| * # ed® e 440 7 X 3] T
FRAA A E TRE -

AFTEBEATFL T EECARF MR AR EFCRAEERT 2
24-Z F S AP EREEA %ﬁr} pdAFET o FNT RERBKRRAE OE BB
SqeF Al 54 R4 FEERNERF BAHT 0 22 F Rl T K
Y EFT RS SRR e B AR F L RIIME
R AR AT B QAC A 246228 T 2 F)XF T OREEA
Fo®F SEHT A3 RARET T ARLFIMFTE B3R
RFlE A LEMRG gD AN RN EE - AR BRY Y YA e 2
&% 7 B (Choetal, 2020; Cho et al.,, 2022) o Ap44>+ @ * F i 45 i 3 - Fnjik
WA &2 24 g pd H(surface-bound radical)z & 4] - 7 K BLE (F L BT
H2BFT e s Ampd AETIEBZF B 2R T LG 2Bl
TRERLE-ABERAL AR P A A AR RETTFLTIPH o TRAL
48 %+ #& 4% ¥ % (Chen et al., 2021) -

(%]
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332 RpFHEHABFE R
e

4 #ﬂﬁ\ (biochar) % — ATE 2 BB F /oM > L& 425 &5 xR T o £
B fz & 824 F(biomass)HH At @ 8 ¥ O 5 M4 SR~ B et e B F
@“uﬁiﬁ%nﬂﬁ TR H AR i 0 A g £ Red 5 4
#?'(Lehmann etal., 2006; Han et al., 2016; Park et al., 2016) - # 4= & 713 & ~ % {Iﬁi

C©)~3 HAfrx O Fie™zF % (N) e (S)e B¢ HC2Z v E™ "%~ 4
S fxm A A A i:ﬁriﬁ n(conjugatedn)f;ji .s“é"f?}ﬂ'* AEES LY A4 5
7l en¥% T+ 2 g (Zhu et al., 2019a) > @ O/C fe(N+O)/C T %3 2 7 2 F 4 & &L
JoRl ki i gt - B BB RM G HI5 45 e T (T % (Heetal, 2019) -

1

B4 575 4 4 S5 > Puppa et al. (2020) £450°C 4o 750°C T 5 {3 6 1§
%#fﬁﬂﬁéﬁﬁ’¥ﬁﬁéawwi%%1¢ﬁ;§a%,%%ﬁﬁ’@
IV F o @] 0 B G ] iR (50-100 pm) i F R F o E 2 st ds 4 o
peib ey QW?“*@‘**E R E L RPEEE A R B ERR
% (Wu etal 2018; Zhu et al., 2019b; Zou et al.,2020) » 11 4% = 5 #8875 L F 4L "% 2D
mF o FEIBRPLAFHERLE o Wang et al. (2019)% * 2 H = WF 2 5
FIWA R E® 2 7§ F v #(oxygen-containing functional groups) § 854 ;Jf?v fﬂ
#&itav 4 > SOs fr OH 5 "% f# norfloxacin 2. 2 & F 4= B > ¥ P f2F i
4 w3 P Rodan & ERE - Ouyang et al. (2019) 17 > 4*+(pine needle)® # 2. i 3{7'
RECEE mpa@E [l 4-dioxane > d T3 pEEFRFTHR A AT BEIR F
BHAREREY e k2B FFAAR A2 L SRR Hw 0 2
P RE PMS i it ac4 0 5 843 SO47 e OH'994 2 - Miao etal. (2022):}% ar e A

PR EA L RAG T A F AT A IHE Bt R 51000°C F ez 4
PROVASEBERIZZ ARG G FTEAKE R tetracychne 2_ie 4 o
otz # KIp/lg) & PDS iEit ¢ ER&ETEY > Flakak Flahw + £ 374 o JE
MR F T I BAEGLRIMET @ PDS frdp R LG B foE b
F (metastable surface confined reactive species ) » #3824 d A F i 425 » @ * iF
A P Rz I BT Sd 300°C £ 22 o) PES @ P-4k o Sun et al. (2020) i@ *
COy it 22 F R EMmERF RERERI0F i 0 F XPS A 4722 3r4 3 7% 4
fSRE&ESR B 950°C 3R E 245 % %5 2 7 kA (ketone group)z & it
EEH o ML HEGT A KD RS T o G AR e R T
NEECER S FEMAPRT IR IR ATIES > BT I AT R
BRI EMPERAUERES L WP d AP 5 L RFFED N o @ Zouetal
(2020) 7 2K CiF s Rk s P d B HNBRERBTL %ﬁ:{r’v’ﬂ%iﬁfr,]& ; &800°C
B3 W54 s 4 frilit Bl e A2 P RBCERER LR

-
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MRERRFUR AP RECEBRERLRR T kY S E PP

PPEE G pd Afetp o AR a0 B AL R BT 2 8 Fife sph
AATR O MATEREEEF 40 NRER D AR B o FE bt
ML TR 2 REEARR L E A BAPRLZEF A
BRALR ~ R o ff AR EEE RN T BT AP BRI
Bftar 4 e ilit g (Zhao et al, 2021) 0 H T FEH a4 TEEE T HEE G M
(Yuan et al., 2017) o #A@ > &2 F RECEMERZ 25 F L8403 P g
FRF o 4t PDS{r PMS thr + B4 o 2 F 4t PDS v PMS #3417
gt o DA AT RREY DT EIARAEE Y o PR DG AR T RR
T3 8 7% » 4731 (Lee et al., 2020) -
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2_ 4§35

v BERE R T T ARAC T RBl4-1970T o
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43 RHREE RS e
|

B % e eiE %

PR 5
$E ok g

+

AR = # £ iF BTk R pd ARE
4 g R 4 4 F FU:; g - pH ERCR - |
AR E 4R WAL R R N T+ EE R IR
i FEFBPERR - RpLE S

IR/ 3 S A 3 TR B

TR

| | |
ERE T oRRRE

|
SHFRRTEANL LR
|

LR PRl
F s
EEA/E LT
P

% i Bl A
i ARR A 4T

|
FHRSFEH

RIS 4 2 f3oe
A2 KT Rl B
RS8R s

Bl4-1 77 § i A2 ]
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FEpER 202382 31p T= 12:28
RERR S U LSRR BB RE TR §E ] PR

4-2 1 i3 P

EH4F TR R PET R B P SR > ARl § T B ipa iEsE P
-~ AP AHEEE - P RIZE L

AT 2 AR RARNFEERTL R FIHG iR E AT R~ -
0V 0 ZA400 C L et KarBdazoeldaz gzt o
AP REE e Ay 22 #ﬂfi@i%#& FiFRR LRy RE > SRR
800 CT™ i 7 » Mfedifldt = 2 P jk o HF Mg 2 4 Fo k(7§ i
So% PR WEDRTRCL 2 2 P R R E AL B Rk F

e

BB o b gl AT £ 42477 o

~

N

o
%
g
o
ETTNS

s

[

F AT A RBMFEAL R Y & G f A 47 R Brunauer-Emmett-Teller
(BET)™> i ~ 47 & 4 o f# ~ 1445 ;8 T + ¥ #csi(Scanning electron microscopy °
SEM)BLZA 4 A 4 & A i 2 4~ ~ % &8 & A ~ 11 X & %84 ik (X-ray Diffraction
XRD)# % 4 4 R 2 Fh4 A& ~ 13§ L3 k(Raman) 7 22 5 R ALz 7 &
2k 0 I X sHa sk § 3 it 3 R (X-ray photoelectron spectroscopy » XPS)% & 2
ﬁ-ﬁ ¢ iz b S 3% & (Fourier-transform infrared spectroscopy » FTIR) % i 2 4 fk % &
ZFZFFTRAANEE I G N FREI DS ELFRTPET S FRE
AR I 8 f%ﬁ" AP REG BN TR B P RSB
FE oA 2w R)DR T RIF S G0 RGP o

-

B4-2 4 5 R/l & infe
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S PR R h ER T

AFPTHRIPIANFREFI R FA 2P RFCEARBE L 27 F
FHFETHPERSEF(T AL =4 2 )24 %ﬁ—ﬂj o & 1 oRHER R RS
Fode ke TORRBZ AR P 2§ % IR SRidEA22 headspace #ig = il
AR A PN TR EE BTN IACRLA3T 0 T SRS AERER
ZRNF otk &A EA T Z A o

FAOREFAUERZEMEARE VR 2 M@ PRS2 d 2 kA (BE
Fofit ®(PMS)] = [ - £2fik @ (PDS)] =100 mM ~ [T % @ (PCP)] =50 uM ~ [= & ¢
%(TCE)] = 10 mM)) » £ &3 S5 2 ek 3 fr;.jé; e T F AT KRR
TCER Sklem WAl 75 fhie S 2 AF k) AEAT KpHI F Bi%
% 5 B310 mL(et 5 4 o AR TR AL AR ) B 2T 500mL L 0 F OB 4
AR AR E F ‘f\% 2 MAFAKREDO=05S5mg/L 2T FF LY FA
VAT SN TN L SRR NS S SRR 3 EI L R 2 I Y
+* ﬁ%J’ﬁ%J’H?"}—r«‘l\ cH - iERp @Y CA( 2 TCE)S » B4 75 i e
FLF R RAcB4-497T o AR TR ERR F A TR BF A
& M TR R Z A A R EORERNRE R BRIEEAR
P PRSAFER e CARDER AT MBIEHERR ORI o L ANF
BRI U GF D EAFRE o PN F H S pH meter B TR Ok SLpbeg B o
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S+ BpER o 2023£82 31p T 12:28

R ERAF AR LS R EEERE R TR FE T BRI

l 1. Solution preparation . 2. Batch reaction . 3. Analysis

T
(L

N
N

Boric Buffer

N~

50

PMS/PDS ﬁ
- e TCE
M

PMS/PDS

]

Volume =0.5 mL

Sampling %
PCP/TCE
Immediately %

Volume =310 mL Volume =310 mL Volume = 1.5 mL

Adjust pH

Buffer
Biochar

o

Buffer
Biochar

o

N;

Volume=310mL ~—~

Bl4-3 2 P fid AR B ERD ARG R P2 T %R

Bl4-4 =t N F 2 FEF RILE



L2yt r 3% & 3 95 295 28249 %

AELRELEHRE § (DL R AETERER T - APMS I
PDS) iR %2 (2) 4 4 Ris M AT S F B AFT FBEAZE )
SR SR BB P RS CREE G R E FUTTEESE
MR SR 4 and B AE S 3)PMS o PDS § VA2 5 F 5 44
L3 RFCF BRI RFF CMERT P RF i 5 (4) L H
RE BRI R RS G B %o R D R R PRI X
2R B R o B B R SRR 0 0 PMS 2 b R4 %
TEMFRELF R TN B E REER SR RR T F B
MF R AR

2. K F BAEEETHE AR5 RO

Febe1 e08 p i - P2 drdlf o » ETLERBFIEfRLS 2 Em
ﬁﬁiux@mw’$ﬁa%zwﬁr&ﬁ AR B A e~ 2 R E
EGEFWE A P)A AR ER B b St %m%ﬂf’ﬂﬁﬁiﬁ%
R SUNEE B E R SN R S R SR S

T 2 BEE AT L 4-1 77

i 1 AR R 250, 500,
500 500 500
(mg/L) 750, 1000
Sﬁﬁﬁi@ I&E 200, 500,
500 500 500
(M) 750, 1000
E .
2.5,5,
A FRR : g ’
7.5, 10
(M)
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RERDPUR L A ERER RS Tk §E T B

3. PP TARGEFE IS REFCEMRBAEIZZF G WAL ORE

e NEAEBET P & T R RS2 IR B

PEIZER TR ¥R T b EE A2 kY Ad AEFRER

A S ARG A E R AP RS kAE T - 1

Bh iz v SEIFE T k2 /}&)iﬁﬁ”@&i&ﬁk‘“"r KOS HiE (A Y
7 opH~ & B+ ~ AL 14T 2 ARG ) FdE TP K AP T AN

ZENE i o P RS LAY T R AR

At
o+
="

rI.

T o
T

\

4, 758 F B csY 22 pd A

é*ﬁﬁéﬁﬁ&+4#ﬁmﬂﬁfm G2 F R HIT ¢ 5 d A
Zhpd AR il X p D AA SET O R FHAR P RANFE R
P gl k f,@;%}ﬁ%}:'é‘iﬁm- Thoo Ay IE P P oo APEIE R pd A
4 ¥ (Radical quencher)% &% &+ "8 £ & (electron paramagnetic resonance * EPR)
B f8 S VBT #EW o ¥ % ¢ fg(ethanol)¥? = & 7 fE(tert-butanol)| W] SO4™ ¢
OH" » ¥ p(1,4-Benzoquinone)*| =42 ¥ p o K(O2") > M HF & fEp d A¥ 7 7
R ﬁ*m?‘)ﬂq prob F B EA Y £ R (KCnO)HF RT F 0 TS K

L

RGN R S A

@wsa%ﬁﬁﬁ%é»aﬂpw%zwﬁ%ﬁﬁf’Awﬁh»$ka

1éé%ﬁﬁ%% BEIRSAyOF RARS LT 7 R FC¥ - L3 EREL
- fEEEER A d A N 58 DMPO & TEMP 4 % ﬂfrﬁ d A peig A

%{;DMH}MMWDMHH}IJMWOOJKTHMUQ%ﬁﬁmwmm’ﬁ.

dig 2R Ad AMEPF2Z 2 AFT I NFUAFET g A RIE

R Gd NG ATNE > AAFTDRHF TN RRE T AT T A

FR g P o

5. EF & T RGP

By TR T b B AT aﬁlﬁ@,amﬁ%ﬁ°é?
EREAFTARPF RN BB AINE 30 R E 22 TRk A
T««@%pH~%a\Wf4%a~mp%ﬁz§?’H£?%
Aoy FohphI @t B AP EFE Tk Rl ok 2
AP RS EEMBRE R BRI RaE TORATHP RS
R IR R RFEHEEEL A Lk 2 JINEE R ERE LT 5
.f:}_o
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AP RBICREYEHEL AR

w‘35A§gmmﬁ+xﬂ,@wﬁ&ﬁiif£&a~a
oL 2

SEEE b g* b1i2g ik P RBEA 0 BT
PR T A Ak koo T B B RS A chi
fM\a,5§&,3§$2€KA\L§f§;@§.J Slcim b LB BIEE

; [ =
uk—%i%ﬂ@ﬁ%W€4%ﬁ%ﬂﬁﬁmm%évif@?%ﬁ%#f%
”ﬁﬁ@ﬁ%’i?ﬁﬁﬁﬁf4#ﬁ”#$ﬁ&’%??%kié$¢6*
Yoo RE60°C ic% o MiET - w EEICE R Y o FHREALAH AR £
R R AR IR RZ R SRR e - v Ewjz2 2 R IR EBEFRE
HmpBAd s kP T4 B4y R% SERB2EF v E 753874 %2
IR RF A RBETRLFEL RS o RS R G AT
FRTELEEFHRTT AL LR E #4ﬁ AR = A
Tozo 2 0 B150°C T e B304 TR 4 L EHEFT AL RS

”Wiﬂiﬁﬁﬂﬁﬁﬁﬁiﬁ*’?ﬂ*irgﬁﬁﬁéﬁﬁ

B LT R DRR R 17 55 75 g 8
z 2 | (Kambo and Dutta, 2015) » & H & 4% &

CERRERRERIE GRS R A S E
Ppde dF R SHEE T 24 5 R T

22
2

){%w%«ﬂtg ] °§7~19 ”]‘E:'
R H A R

o
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A HREEAH
AT RF BAURANA TR P TR T - m4 LS p B (HPLC-DAD) & Bl 1

FPEZE eGSR BRPEA705-10 pM > T & f51280% i £ 20%
10 mM Fp4 1T 5 indedp > i 21 mL/min > A E254 nm & (78R ; = % ¢ i
r55% 9 Fg & 45% R IF G GRde4p o ik 5 0.75 mL/min 0 fk £ 210 nm & {7 0P o
& * UV-vis spectroscopy 4 17tk &7 B B ER g iV 3, - v @ 5 ¢ 2
BOSmL a2 BB ERZ ZF A2 R 2 kRmE R M2y
BEEAHEFF RS K15AsE 3 2k d (6 # * UV-vis spectroscopy °
™ £ 352 nm iE ﬁk"o)iiln\%fr TR R R Y Bk Rk (Molar
Extinction Coefficient)$% & -k #% ¥ PDS 2 PMS ik & (I3: 26400 M lecm™) - 4% & 2
FE TRk RS 0 B8 * g3 K 47 &k (Ion Chromatography) 4 477k ¥ &+ ;},:z
B(& % ClI~NOs ~SO4») > @& * -k ¥ dk B F T2 (NIEA W449.00B) ip] 3 T -k
2 L E 19k A (HCOs) » P& 7e T k¢ 53 #p(TOC) 4+ - f1* EPR-
plus system (Bruker) %7 i if it T 2457 ST F 2 2 EL I microwave frequency
= 9.8 GHz, modulation frequency = 100 kHz, center field = 3500 G, sweep width = 100
G, power = 31.7 mW, gain = 30 dB and sweep time = 168 s.

AP RECEMBERFR G FTEER A DFETILPIF R E Y
Fanehpd A o w2 B A E BRISEF BIF o AT FIER
B i An K 4T R P Bk T - sk 744 P B(HPLC-DAD) A~ 47 4% 2 4 F 4 § 144
(4rd-F 5 ~24-2 FF 22462 & ) HERER AT (I TRE) 0 Y
%w%%moﬁﬁ%b%‘ Foedfoo xR s KA RAO KR F 45 kA
$FE 152 S TR A S A o 0 P B BR(TOC)S 15 thirl 2ok ® 7
T2 Rz ERE > NBFFRIRLPRSLAPFERHAER -
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TR EdEE®
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AL iF

R A eE 2R

A4 A 1

FEWEER —
BRI 2 A —
1 fFig )i,-v.»_l.-ﬁ,;,\;u
(f‘%ﬁﬁt)1020304055607075859095100
Y%o| % %] %] %] %] %| %| %| %] %| %
Lo 24 WK B R E 27 A A I
Be20 A RARFEET 205 R o
3. HTRKFREMSASEGLEF
LA
1. 2 pd AFEF 3 N k2 F RS
% EFE TR A S RS CEAREE L B
3. AP R ZEITLARAS R
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-~ LFHPGFAREAEFTEZL ) Ao FFLRARNEREA T HAszp I o

1‘rlﬁ@@ﬁ*“Jﬁﬁéﬁgﬁfﬁ%%%’%ﬁﬁ*”%ﬁlﬁﬁﬁﬁ”Tﬂ%ﬁ*%?
TR (DA FRE QAR Q)R E S (DTS P L L KT o

2~ THETAPE o AETR R KEE P A T TAPE LM M FRIE .

e
S 12 EARZ AP F LI RELLFEFTIRGFLASN L HARELF FHTE
BAALSE Y JpiE
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g pER o 202382 31p T

3%}

et

iié%ﬁﬁ%
5134 R4S H

4 $ f‘éi BET +* % & # 4 % 80.8 m?/g > 1235 SEM 2_ A 47 % % (§]5-1) » ¥
2R A P RE T ,@1% G 0 thELA ] 650-200 pm v 2 B R

Jf#ﬁ-ﬁ EDX A {5 - &7 4 ;u%é'ﬁffé“” NECARREE A 3 SEECh BUR
FAR ORI EFET A2020~90%7 % o RpEFREF 0 R 2SR LKET

Ho Bp 7z 7 b 20~30% ° #£Fe SEM-EDX 2. (£ 5-1) Vi@ %kt * 24
Wi ij%ﬁ-’ L o

'SEB Postd,. a0k Q

®5-1 2 4 jx 22 SEM

251 fefRBl % 2 4 R 3 F 2 EDX A 478 %

Element Atom (%)
SEM
C 36.09 84.63 90.49 21.64
0 42.25 11.65 8.63 54.49
Si 21.66 3.72 0.88 23.87
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B5254 4 R2 XRDA$TRE% > 7 a3tk g 02 8 jpi > d 4

P RE 1 R 25 fa A (amorphous) AL © B200~30° i & R G - B AE
EE B AR EE ARG S C00)EH - &2 R
Ll %T§E$ - T4 L frdt A [2(Morales et al., 2021) > &R & &
2 M o @ & R A3040°~50° BF R 5 C(100) %4 > ¥ F pt > 4 g (aromatic lamina)
| ARBEE 0 O(100) U 25 & B AR 0% F kAR £ (F 7 (Yan et al, 2021) o
B5-3% 44 &2 Raman ~ 7.3 % > Dband 2 G band 4 %] % & g4t + 2. 34 K5
(disorder) 52 7 & & @ sp” R F 2 R F e B - ¥ g/ Iptt B4 7

TEAER S ESARY AP A2 Iplg=093

6000

C(002)
5000 A

o

o

o

o
1

3000

Intensuty

2000 C(100)

1000

O T T T T T T T T
0O 10 20 30 40 50 60 70 80 90

2 Theta (°)

BIS5-2 2 F 2. 4 # 2. XRD

D G

I/1g = 0.93

Intensity (a.u)

500 1000 1500 2000 2500
Raman shift (cm)

Bl5-3 A F 2 2 4 jk 2. Raman B ¥
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>

EE
d FTIR 2 #47(RIS-)F A H Hl 22 F k2 26 F i A S 587 il 85k
%802 ~ 1060 ~ 1212 ~ 1377 ~ 1595 ~ 1735 ~ 2851 ~ 2929 ~ 3439 cm’' ™ 2| 2 4 4 &
£ 4 CC-0-C/Si-O-Si ~ C-O ~ OH ~ C=C/C=0 ~ COOH ~ C-H ~ O-H » i XPS z. >
WA TERIP R 22X AE C0-Si (BS5-5 ¥ ewridid sy
d75%~17.7%~62% 37— H 24525t C&E O 2 Faa?): » FHFIR
284.6 eV % 282 ~283.5 eV ¥ » 15 & C-C/C=C &r g i* 4 (¥ & 5 C-Si) (B5-6) > %
B 25314eV353275eVitE > v T AG LG C=0% C-O&iF A(OH)
(RI5-7) -

OHC-O
COOH

55 4
C-H / B C-0-C

< -0-si
Etﬁs - 0;>//ﬁr c=0 Si-O-Si
- '/\\

25 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™1)

B5-4 % 5 2 4 % f 2 FTIR Bl

Cls

Ols

Intensity

Si2p

0 2000 400 600 800 1000 1200 1400
Binding energy (eV)

B5-5 2 A F 2 4 2 XPS 2AF 5L
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kP FE G P

1

Binding energy (eV)

c-c/c=C
=
[7,)
[ =
3
£
295 290 285 280
Binding energy (eV)
B5-6 Cls 2. XPS B3 (* 7 2 2 # &)
- C=0
N
=
(7]
c
]
£
-OH/C-0
M | I \Ml
540 535 530 525

B15-701s 2 XPS Bl (A F B2 24 k)



5-2 4 % gF i EE ? #IR &
5-2-1 3 $ AHEMEBLIHE (6

RIRBEAPRHEEMBRBZ N FARBRAP R A T RER
poE RIHEE m—’@iﬁ(PMS)ﬂ = Fnfh B(PDS)Z s Hfi 4 0 A H TR EHT
i3 W2 BRdeal 4 o Bl5-85 PMS & PDS A w2 4 b il R f@i;;éauﬁfgm%
Rl R AREETER AV ERT 0 kR 5500 uM 2 5 G AL R
4 'a‘?'ﬁwﬁ it i o 2904 P kY WG 10% BRI RALL f o T AR
fee gl oA Fpd Ao FHERLHSE BRIRERS G

1.2

(0]
1-0066%@ A

0.8 o

A PMS
© PDS

0.4 -

PMS/PDS (C/C,)

0.2 -~

0.0 T T T T
0 20 40 60 80 100

Time (min)

BIS-8 2 4= /B AL R T R An =
(Initial [PMS] = [PDS] = 500 uM, biochar = 500 mg/L, initial pH = 7)
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5221 § BF(PCP)E % 2+ R 417 %

EE 21 TE SETNEES S S
ke 7 (D)RFER2ZT FHHEL - (QPMS 2 PDS 2
BOHE IR od T F R AL RAIERY 0 Al %
WWHRAFFERRERZI AR FIPLFTAFTRE A
dB59@)z. FHEFF T T EABLERAPERFER
FiEAEA §EKKY T ARl BRI AR

FF 5o W5-OD)2 (C)~ Wl 5§ - PMS 2 PDS B w| &7 & it {72 4§ it F
Bz BRI d AREETER AC BERT > 41008 F LR 2 B
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1.2
Jﬂ m PCP/BC

1.0 © PCP/BC/PDS

A PCP/BC/PMS
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A
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(a)
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Time (min)
1.2
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R 06 -
o
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§ 0.4 -
= © PCP/BC/PDS
0.2 1
A PCP/BC/PMS
(b)
0.0 T T T T
0 20 40 60 80 100

Time (min)

WS-10 4 4 R BRp @4 4T & AER T 1 2 1) (2) PCP (b) PMS/PDS

(Initial [PCP] =5 uM, initial [PMS] = [PDS] = 500 uM, biochar = 500 mg/L, initial
pH=7)
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1.2
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BIS-11 = & 2 % AR %A &' f2F & (a) TCE (b) PMS
((Initial [TCE] =5 uM, biochar = 500 mg/L, initial [PMS] = 500 uM, initial pH = 7)
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1.2
@ 200 uM PMS
1.0 @ A 500 pM PMS
© 750 uM PMS
__ 08 © 1000 M PMS
o
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g 04-§§ & 5
152 6 o 3
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E 0.6
04 4 @ 200 uM PMS
A 500 pM PMS
0.2 - © 750 uM PMS
(b) © 1000 uM PMS
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Time (min)
100
@ 200 uM PMS (c)
80 44500 UM PMS
. © 750 uM PMS
% 60 | 1000 uM PMS
m §
E 40 - 5 A
:
20 - % $ ? % é é
0 n_% T T T T
0 20 40 60 80 100

Time (min)

B15-12 7 F 4= 45 PMS ik & T (a) PCP % (b) ~ (c) PMS %P5 ¥ % 14 2 3 4= {2

(Initial [PMS] = 200, 500, 750, 1000 puM, initial [PCP] =5 uM, biochar = 500 mg/L,
initial pH = 7)
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1.2
@ 250 mg/L BC
1.0 @ A 500 mg/L BC
© 750 mg/L BC
— 0.8 4 © 1000 mg/L BC
g
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a é A
S 04 o & é =
® 5 N g
0.2 - % ) é 5 g
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0 20 40 60 80 100
Time (min)
1.2
10 @@
3 ? 23 g ;
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< 06 -
o
04 A @250 mg/L BC
A 500 mg/L BC
0.2 A © 750 mg/L BC
(b) © 1000 mg/L BC
0.0 : : , ,
0 20 40 60 80 100
Time (min)

W5-13 % I 2 4 R &£ T (a) PCP 2 (b) PMS “g P 7 & 1 -3

(Biochar = 250, 500, 750, 1000 mg/L, initial [PMS] = 500 uM, initial [PCP] =5 uM,
initial pH = 7)
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PCP(C/C,)

PMS (C/C,)
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(b) © 10 uM PCP
20 40 60 80 100
Time (min)

initial pH = 7)

BI5-14 72 FA4~4-7 % kR T (a) PCP 2 (b) PMS HgpF FF 5 it 7)
(Initial [PCP] =2.5, 5, 7.5, 10 uM, initial [PMS] = 500 uM, biochar = 500 mg/L,



\44

+

547 3 T ok FEH D B ST EAE D %ﬁ5$;#m4#
s 5

FTEEFE TORRBOEREE B BEPFTRPN FRRELET R
%E#]ﬁm’K?ﬁ%}g{ P MFER PR GRS AR et fRa 4 o
5-4-1 7~ 4 pH

BIS-155 7 & fo &7 I Av 4o pH ™ nd ok 22 5 PMS R R SEPF T 9 1 i
FEiEERTE pHSpH7 ~pH 9 d F S5 v BLET] > %ﬁ)?ié“ﬁ%
PRF Yk A pH et A T o G pHSE T A R A AR f R
93% > ¥ pH A B9 » 5 50% 2 bt 404 % > i PG 7 it 220k ¢ pH i
RoPF 2P RAe 2T B PRI IR AFREAR 20 TR
R PMS 2 Fita4 - BS-1652 P REiG 23T 8P 22387 =
(pHpzc) 5 7% 9.6 » ~ 4 % F & -k pH M>29.65%F » 447'fiz\m$&¥ FrT R
2 B F Rk pHB?96F > 4 p R A wm L F LT od I ¥ fr 2 PhfEY
ﬁfﬁx(pKa).f‘ef]é 47 LR T 2 %xm»lﬁfﬂv’7§ﬁz’bﬁ4ﬁ%’rﬁﬂ:m‘%&’%%\%
?*m¢+*ﬁ’%§*%@ﬁdrﬂsp4 pH 9> F14 4 f % 5 ¥ T 4
rié Bl o RIZEFEEAFRZGSITFpFTOPEIS > BRI FRAF
B H At 4 %faﬁ%\»ﬂimnb IRCAL - ;;52 fis R end K,!rt;;% o L FEHREE
AP RETE PMS ik i kLl G I AP R R TR Y 0 S0 H
fl@?*ﬁa%l:‘f_gmp\ 2L - o

73



RERDPUR L A ERER RS Tk §E T B
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S 06 A
a.
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®pH9
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0 20 40 60 80 100
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B5-15 % I pH A %5 ™ (a) PCP 2 (b) PMS SEpF [ % 1t {57
(Initial [PCP] =5 uM, initial [PMS] = 500 uM, biochar = 500 mg/L, initial pH = 5, 7, 9)
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(a) _
1.0 1 ©0mg/LCl
A5mg/LCI”
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(72]
E 0.4 - o 0mg/LCI”
0.2 A A5 mg/L cl
(b) 050 mg/L CI”
0.0 T T T T
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Time (min)
FI5-17 7 F & 45 k& A FRE T () PCP 2 (b) PMS SEPF I 5 it 3

(Initial [PCP] = 5 uM, initial [PMS] = 500 uM, biochar = 500 mg/L, [CI'] =0, 5, 50 mg/L,
initial pH = 7)
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1.0 O A 20 mg/L HCO;5~
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BI5-18 7 P aifed 134+ kR A FHR B ™ (a) PCP 2 (b) PMS EPFF % 1t 7
(Initial [PCP] = 5 uM, initial [PMS] = 500 uM, biochar = 500 mg/L, [HCO57] = 0, 20, 200

mg/L, initial pH = 7)
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(b) 05 mgC/L HA
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BI5-19 2 X 225 € A FHRHE T (a) PCP 2 (b) PMS HgpF /7 5 it 17
(Initial [PCP] = 5 puM, initial [PMS] = 500 uM, biochar = 500 mg/L, [HA] =0, 0.5, 5 mgC/L,

initial pH =7)
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(Initial [PCP] =5 puM, initial [PMS] = 500 uM, biochar = 500 mg/L, initial pH = 7)
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2019) ) EAP RFTCERERAPEL T F 2 - 0 R ARG 2P R{0T & f i
F@ﬁ ok s? (BCHPCP)2 (s H s SBF B %R? » B LR 2% 7t de

fi PFRs ¥ 2t4 Fo k751t PMS "8 27 & fochbigdp d B - § k39 RG24
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28 DMPO 2 £ i@ 2,4 DMPOX » f % DMPOX 2.4 # 1 &4 f d fehid &
SR pe e b Bz BT A e fReniF 2T o £ @R % T DMPO-OOH(0r"2
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(Initial [PCP] = 5 uM, initial [PMS] = 500 uM, biochar = 500 mg/L, initial pH = 7)
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