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Iron-based nanomaterials, such as nZVI, are often used in environmental remediation of
soils or groundwater polluted with heavy metals, chlorinated organic compounds, and
inorganic compounds due to their high reactivity and considerable specific surface area.
However, the reactivity and effectiveness of nZVI are compromised by the rapid
aggregation of nZVI, resulting in a significant reduction in surface area. Various nZVI
modification methods have been proposed to address these limitations. Among these
methods, the chemical modification of nZVI using sulfur compounds has received the
most attention. The resulting sulfided nZVI (SnZVI) is highly effective mitigating the
issues of nZVI aggregation, surface passivation, short reaction lifetime, and non-selective
response to pollutants. The hydrophobic nature of SnZVI minimizes its reaction with
water, thereby prolonging the reaction time of SnZVI. Furthermore, the reaction

selectivity towards hydrophobic pollutants, such as TCE, is enhanced.

Compared to traditional chemical methods of SnZVI synthesis, the electrochemical
sulfidation procedure proposed in this study for SnZVI preparation offers greater
environmental friendliness and aligns more closely with the green remediation principles
of the Environmental Protection Agency. Successfully, this study achieved the
preparation of nZVI through an electrochemical process. Both batch and continuous
electrochemical nZVI preparation processes were employed to investigate the influence
of current intensity, form of iron ions, and pH control on the current efficiency and
conversion rate during the nZVI preparation process. Extracting zero-valent iron, due to
its extremely small size, is challenging using a strong magnet. Thus, in this research, the
concentration of dissolved iron ions in the solution was analyzed to calculate the current
efficiency and conversion rate. The experiments carried out using the continuous
electrochemical nZVI preparation process revealed that, at a working current of 2A and a
pH value controlled at 2.0, an operating time of 30 minutes resulted in a 96% current

efficiency, while an operating time of 40 minutes achieved a 98.9% conversion rate.

FeCl> was used as the iron salt in the electrochemical process to prepare SnZVI in
combination with the sulfidation method. With a sulfur-to-iron ratio of 0.1, the analysis
of particle size using a particle size analyzer revealed that the obtained SnZVI particles
were only 61.7 nm in size. When examined by SEM (Scanning Electron Microscopy), the
crystal particle size of SnZVI was approximately 14 nm. Notably, the particle sizes of
SnZVI prepared through the electrochemical process were smaller compared to those

prepared via traditional chemical reduction methods, as reported in the literature (which

12



typically ranged around 100 nm). Energy-dispersive X-ray spectroscopy (EDS) reveals
that the sulfur element is densely distributed on the surface of electrochemically prepared
SnZVI, with an atomic ratio of sulfur to iron of 11.3:88.7. This demonstrates the
successful sulfurization of nZVI using the one-step sulfidation method in the
electrochemical SnZVI production, which effectively covers the active sites of nZVI with
sulfur, enhancing the electron selectivity and hydrophobicity of zero-valent iron. Surface
hydrophobicity analysis wusing contact angle measurements confirms that the
electrochemical sulfidation method significantly increases the contact angle of nZVI
from 67.53 degrees to 115.27 degrees in SnZVI. This indicates a significant increase in
hydrophobic properties compared to SnZVI particles obtained using traditional chemical
methods, which have contact angles between 100-105 degrees. Considering the current
efficiency, operating current, cost of inert electrodes, and cost of sulfidation reagents, the
cost of producing one mole of SnZVI using the electrochemical process is 9.37 NTD. In
contrast, the traditional chemical SnZVI preparation process costs 5391 NTD, making the

electrochemical process proposed by this research team 575.5 times more cost-effective.

The effectiveness of electrochemically prepared SnZVI for TCE (trichloroethylene)
degradation was confirmed in a sandbox experimental simulation. In the sandbox system,
approximately 628 milligrams of SnZVI were injected in three separate doses. One day
after the final injection of SnZVI, the TCE concentration distribution in the sandbox
experimental system was sampled and analyzed. The results showed extremely low TCE
concentrations at the SnZVI injection point, indicating that the SnZVI prepared in this
study exhibited good reactivity towards TCE. Furthermore, the SnZ VI solution diffused
to various locations within the sandbox, resulting in TCE removal rates ranging from
95.2% to 99.9% at all sampling points. Subsequently, five days after the final injection of
SnZVI, the TCE concentration distribution in the sandbox experimental system was
sampled and analyzed. The results showed that the TCE removal rate remained extremely
high at the SnZVI injection point, while the analysis results from other sampling ports

indicated an overall TCE removal rate ranging from 87.5 to 93.1%.
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] 1: Number of publications on the degradation of various contaminants by S(n)ZVI
from 2011 onward [50].
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sulfide or dithionite) > ¥ nZVI i& 7zt » 3> nZVI £ & ;= B H MR & L 7 FeS
B & [39,48.49] ° P % > AR HKK AP B H RehSnZVI & 2k 0 i 5
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Cao et al. [31]48 34 NaBHy/Fe 03 i +¢ 145 # chSnZVI chF it 2 F 8 | ings 35
F %% %R § NaBHo/Fe e i vt 1.5 3 4c 3] 5 483+ B = SnZVI ehig
v 20%K 4e 3 97% ° AT g ¢ M4BAE T ek B (S g/L ehFet) 3 wid - Tk
Bh et G % (S/Fe bt ] % 0.07) 0 FI 0 ¥ NaBHa/Fe cni fi vt 3 4 % 3 7 A gt~
B H = SnZVI end& it & > SnZVI £ o grit ez £+ Ap¥ S o SnZVI % 5 0
S/Fe & f v+ j£.0.15 "% 13 0.02°-SnZVI 4w frit F ez £ B SnZVIH= 5 ¢ ’TJF
ek itoy S/Fe 3 vij8 085841 1625 =3 ¢ Jffﬁ ek iR 4 85 1

(LA l2C S SR 3R ’TJF eE MK _82.8% " 1 64.4% -

22X SnZVI 4tz nZVI * kP BB % 0 & F RE 5 L AIT kS o
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-y BE R SnZVI R F AR A ¢ 4 0 4 ST 2 K- SnZVI A 2
1# o Xu et al.[62]# 3 #1217 E & (chitosan ; CS) & # 47 » ¥ % SnZVI 11 4 &
(biochar; BC) & 4§ °NaBHs /Fe? eni f +* & 5 8.57(0.6M/0.07M))> S/Fe +* & 5 0.07 »
0.14-0.21>0.28 2 0.35°#7 7 & 3 S/Fe +* 5] 5 0.14 pF¥3t Cr(VD) e f" (E3
F 3] 70% o #- SnZVI 2 $ i L 4F 0 g3 BC/Fe shF £ & 0.25 3 Cr(VI)
3 “,ﬁ% FhoiE o &7 90% o T'FJF,Z » g SnZVI > BC/SnZVI > CS/ SnZVI 2%
CS/BC/SnZVI 3 Cr(VI) e “,f F o304 gLev®ET o F REFREZ F & pH R
i P CS/BC/SnZVI 7 11iZ 3] 100%:0 Cr(VD)2 % 5 » @ SnZVI 1 Cr(VI)
4 “,ﬁtt FAHEA5%  c ZFTHTAAURE EHEELFT kR SnZVI 5 4 *ﬁz

L

APFFPALRRNUTERF R GRCFHEF Y TR L L4
W o 2P T E SnZVI W R S R T A Y EH Y B S -
8% SnZVI & § L B8 % 1 SnZVI B TCE 1'% f2 45 o

33nZVI T i - E g & >
Chenetal [63]1]% & - F R RMF R h= BBESHREERF T RS HF

R
ARGk RTRF G BIIEES oA e AT i R e | (cetylpyrldlmum
chloride; CPC)[7 1t & 24 % B4BBIR > 154K o™ 34 ¢

F W

Fe** + e + CPC — Féenano

BT 0 N ETR 20V T A ot A ) 40 1 3] 20 nm i nZVI i o
ZF I WK SnZVIE R A RATEES 0 R T 8B RE T i nZVI
AL HN T BB REK nZVI i FREOREA R PR A T F
BRALA WA SnZVI enda B 2 o ki P MR Tk g (R e TR
Ron S 2 LA RS SHTCFRRWUAR nZVI o i 52 TRk
FenB o @B E e nZVI WK FHis > BFLTFE - H 2 AHE SnZVI- B8
Ny rL%’g@‘@l%ﬁ 4 SnZVI B2idii- ERREUG A4 o0 SnZVI 3= 7
z “TF@EJ‘”{% o

3.4SnZVI yc & 3 =

d > SnZVI eh e <t 224 e > A 2 5 h SnZVI e & 2 i3 22 hFEL o B2 T
TN SnZVIYe k2 2B 2 E - o HA 4 o SnZVIj E 2 Fir s
SAF R e 4T S 2k SnZVI e 2 R SR g

-

Caoetal [31]: % %4 ¢ & T #-18 & 1 SNZVI iF 7k = i % % 3 60°C g 2 4
p
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5 ) P o Xuetal [61]%F %% 7 & 5% SnZVI g 3 7411 2 § DI-kifix
= o B FF R 15 0 SnZVI B *t 80°C ehE F %45 8 ] BF o %4z (s o #- SnZVI
FIRAT B 1S B OVRE A E E 4 o S SR g > T IRET A 4 {860 SnZVI
Tef 2 22 02 F R 2 2 EF L o FHHBY X ARKE 4o SnZVI
PR R e FIt > ARy P B A BRI E - B4 5 115 STt B
fc B nZVI o d >t nZVI e 2bd ] > 7 it iR 3 nZVI &gﬁi%wﬁ;ag 4 BABE
B E o AT S B0 A iR UE S R D T R T OB L FR S
nZVIe B2 2548 § VA0 E F A G F TN g A
pH E4p % ™ (]2 2.0) > FIAFETUB R =~ FM o ¥ V48N T3 F 1 AT
AR e

» e d "",,‘: v
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(2) BT ri22E&E (FLITERYFW)
A1 RS%* B2 R%FH

hET G AT H 2

AT B E o

O R T T o S L NP

F02 REPE LI HN B R 2 CAS ¥

AT EEEr S

BE LR g R CAS No.
Fips I 48 FeS04:7H,0 99+% 7720-78-7
= & 4% FeCls 98% 7705-08-0
F 1 I 4k FeCly'4H,0 99+% 13478-10-9
LA NaBH;4 98% 16940-66-2
B 4 Na>S-9H0 98% 1313-84-4
B 1S e A Na$203 99% 7772-98-7
Tl R N804 99% 7775-14-6
g HCI 37% 7647-01-0
R NaOH 100% 1310-73-2
. f% C>HesO 99.5% 64-17-5
B CoHCl 99.6% 79-01-6
M-1,2-= & ¢ % CoHaCl 97% 156-59-2
E-12-2 % ¢ % CoH,Cl 98% 156-60-5
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4.2 R %&K A
4.2.1 i“ % SnZVI ## &5

A g PR RRZUE ARG B 2 S AL RY KGR o F
EOMAE L 1 o2 > ok 55 20mL/ min> § § 7+ € 5 1L/ min >
AEFT TR Y p it B4 5l - TEepedh (NaxSz Og) o 4t e R4k R S/Fe B f

=00 FFHEFAE AT R I E SnZVI ‘L‘Eis%ﬁr % - b= (one-step
method) °

FOAMRL AR AR S KR BB REFESL R age g
BF4r D E v bleng 1 T4 % (FeCly) » & 1 J“iﬁ;ﬁ»iwﬂi AN BRI L 15
WARY FE N FRFIFEWEIRELZAF [ LB §F b AiFtene
SHERF 15048 F BERSERAIR? a0F AR LSRR A N e B en
LA 2 g ok 7 PR BN f@ TR R  BREFUE }\bﬁga,ﬁ He— =t 0 2T~ 60
BeEZEHP G0% 6 o do R TR FPESFNUEFRF D

CEEY > URPFEF RN <ACaBkBEY T 23X 0

/,,‘,,\l.‘v//,' »
BB 3 ER

~ N T

Syringe pump

Reactor

N

N2 tank

B 20 % B RRZEE SnZVI o LB o
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422 § i & nZVI/SnZVI %% &5

B 3 ;;*{{;ﬂ%SnZVI WRARTREE XA 7 - o7 U TRE 0-30V e
BT 03A PRREE TR LR (GPS-3030DD, Taiwan ) - T ik /s & 1
57%#%1?1‘%\ y HERT R HETRE M HET MR AN T o d 0 ke
THARE L BIETRAE L (L3 3V) JREZ AL R R s o Ft 0 B
,,‘ o SN I @1’3_‘\ » d 3% :“ JLeng e #B@f s FEITT AR P E T R RE
f@iggmﬁx“ HR RO 3A TAERED WS B TR A o o 2@%""
TEAITR T SnZVI WHEEAY R - SVATEE > TR
B R TR s TR

‘ﬂ:

FRtd - aF BB p /2 5.08cm-£ 9 25em #fF ¢ % (PVC) RF @
* o BHAEL S00mLe - #2435 20x5x0.15 em (% x Bx5R) 74k
(Ru-Ir)% & B4 A T 460 &4 B (T BBl & T H Efe ® e e ko
Bifolbtm2 FF e EES 05 cme 30 44] pH F % > @i p & pH ¥4 B
(PC3200 > Suntex Intruments Co., Ltd. > 9;‘%*) Je ~ 5M NaOH 3% > €3 7% &
BB F BEAR Y RdF AT E o KRk BB N2 F g [ L/min SiiE o
RE > T LFERF BERY BBRFIF ALY EET X EAF B ARG
BXABRF BxfF N2 o

DC power

Electric line | |
Gas line ‘
e Mz (97 M

Multimeter @— I pH controller NaOH

i )
N/ (b/
N, tank Reactor

i8] 3: Schematic diagram to produce SnZVI using electrochemical process.

T H nZVI SnZVI B K P E R (~25°C) TiF o PHA LA A
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SRBEAFEARNFE R FoALEFNF e A E Y AFEWT S gk
BAeT B~ Ton B 2 AR LS EHTCE2REAY nZVI 5
Lz ooy e Wl e nZVI QL E Slicts - RHFNT M E - HEUR
SnZVI1 > #-if = L Fnphdh 22 - WAL FRE (S/Fe Af v =0.1) £ BT hUH
SnZVI «

\\\?{y Ej‘-"

PR AT

1. # 04L 97 BT (FeCly/ FeSO4/ FeCly) fefllehain 5 » F LB ¢ o
BT AED SR HEE PR TR HTR

AL TF PR 1S (10 A 4h) 0 R0k TR

Bk R A RE NET Y E BRI - B4 S 115 27 e 4 R4S
JeE nZVI 25 5 Adh e §F 54 B S RINEE B ERE Y -
7 ”‘ﬁ%'e‘&;ﬁxrurnﬁ'—%y % x%iﬁ;%ﬁff;@tmﬁ.

W N

5. %Jﬁﬁﬁi3nm’u&%pmﬁﬁﬁ@ﬁﬁ»:z@%m&mﬂ,wiﬁ
BERY R RR T EE KR R o

6. 4@ E AT 2K F R4S (EC-SnZVI) » RIE d4e » - T Anfadp > 48 g+
/%/&p‘ Oi#’ﬁﬁ:% 2’\"50

7. ﬂ”m*@@@ﬁﬁﬁmﬁt Mﬁ%kf&dﬁf*%WCThi3O¢
ﬁ”ﬁﬂ:\ HZVI m,‘\}iﬁﬁg‘ ° iﬁﬁ ,Z, |9 T ‘L B tl ﬁlL‘ &z 7‘:;:‘/,,14:{'_3: o 1 '—
=k eriR P endd L % ?‘J'r‘h“f—f‘ LoE L § ShZVI1 @i,,g 4 Yoengo ] B e Fla
F 3 FREONZVI G 18 € g P BB IE o Jd 2t nZVI gk by o
1o BT P FRA I nZVI R A AR 5 I@@I@H#ﬁé P EREYERE
AR R o

TE S0 BT

1. % 04L % F4@4S (FeCly FeSOy/ FeCly) fefilénain s » F LEY o

2. RTMBEADEINKFAEL P RLAIETR S RETF RERF S
60 % 45 -

3. WA hE RER B o

4, P~ % /73*%7}-‘ 3 mL - 2045 Hm/ﬁén&ﬁ/a“ﬂ v~ 2 /};/%Fﬁ&ﬁ?xﬂ e <
_»EL;,I%‘ :/\:r/&‘:l m@ﬁﬁ#ﬁ—"‘/}i& ’ )J"— —ﬁ'L i ';F:/n Ii—f‘ °

5. 4eflE A A 2 B4 (EC-SnZVI) > I d24c » i = LAl dh i
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Bk o EAFHI 2~5

6. AI* 54 @iﬁ@h‘#ﬁéémﬁL Pl de » JRFREL 14 > 35 250°C T 4 # 30 A
G FE T nZVI BB E o TEMZ BT HE F R T F o
FEArE Rt F R RS AR 8 SnZVI W k Sehd] B FE o
R ZEMANZVE G 48 €45 BRI E o J 2T nZVI ik by oo
fJ\ B A IMAONZVIRE R AR R BBREEH KR BEREYFBE

423 #itF 2 ToaseF Ly

CAA R RBOE RS SN e T Rleor o B Y Cp AHES Rk 0 C
dERAR A S Jaf?:

Conversion rate (%) = % * 100%
0

2. A AR RBOTIRF AR 2 SN heT FHF o B9 Co BRI RAGER

C ZrRREANDEBREFIRR -V ZE83RPMHF T ZRT8E AT 5 F
R (s)°M ZéihRhFE on sdichy PO F S8 Yk

(Co—C)xV

ITM
nF

* 100%

Current ef ficiency (%) =

v

PR @ R i 2 Tk 3R F SnZVE Wk Seendo & 0 3 5
SR fRuBE RS FAE A T B S B S nZVIe B RS T
IEF AR R F TN A d 3t ks cpH AR F (] 2t 2.0)
Fl R iRl S AT § S BA LT F LB A e s ’T‘w" 11
AR R RN G TV E SnZVI WK kst F 2 Tk p g v

Tins R g P
BT D BB B E 4R R ds pH T(X X5 25)Fe kR L 50
mM > i 5 r;:l,g; 1515 fo 2A $ Rz 2in® A 5 82.64123.96 2 165.29

mA/cm? o
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R A V\r—%ﬁ'—’* g} —EK

37 RBRE LS T FRATR* ERG LTS L
4

ME PR EBR e FHREY Ris pH B AT R AE S 2A HEDRINF
B % 16529 mA/cm? o

423 TCE *% 2§ =%

TCEt € R #

ERYUGEAY o K F & T2 GCMS-purge andtrap 2 kiEty ¢
ﬁj_;g [t A = LI TR P ‘@LVE R R B ’*ﬁ k"% i TCE #ugdg f
A A5 AT el ppb-25 ppb R £ S5 B R EARSRER > HEUF
A}’fﬁ'fnlﬁi’&f'—r .

1. mg k@Elie: #-Diwater #* 15 A48 F 6 > B8 L FALFH T K33 4T

E'-j-’]k]{%g]'é”' C‘ o
2. WERDEEHZRAR ARRKREERDTCE BR3P FHR - He i

IR * 3 PIFER P 3 k2 HFH¥ RS ,ﬁ%ﬁ

#H FpAeT AT e

(1) # 1450 uL =? g&42 4 » 10 yL & TCE » f %l 10,000 mg/L -

(14 I (TCE% &) X 10 ul, X —r XlOOOmg)
Rl K5 21000 uL g

. 0 _L - mg
+ [(1450 (" f%) + 10 (TCE)) uL x TG uL] = 10,000~

(2) B~ 10 UL 2 (1)R% % 37 4c » 990 uL © fE ¢ > A=l 100 mg/L -

(10 Lx—" XlO,OOOmg) : [(990(" #) + 10 (TCE)) uL x L
ST L ' & HE 2 106 uL
mg
= 100—2
L
(3) B 10 UL 2 ()% & ik 4r » 990 UL ® @5 # - el 1 mg/L -
L 100 mg L
10 uL X X )+[990 ? A2 )+ 10 (TCE L X
( ST A (990 (7 7#) + 10 (TCE)) 1 106 ul.
mg
=12
L

3. HEAFE LT 2w 100 mg/L ~ 1 mg/L 2. & 3 7% » L6+ 100 mL
2 4 Coug-kg? » WiTlugL-25 ug/L #FP SBIFERDRER > &
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PRAheT 2 AR o

(1) #®iF1-2ug/L sk E2 B 100l (1 pug/L) ~ 200 uL (2pg/L) 71 mg/L
R A E 100mL MO F ok o Pk 3T 0 g 5]iE 40
mL 13 ¢ gLIFgL 2 % i PTFE #1522 £ 3 *i?f - S S NI A S
TN 4CkHET FAAT e

(2) ®i¥15-20~25ug/L crte £ 8 2 B 15uL (15 ug/L) ~ 20 uL (20 pg/L)
25 uL (25 pg/L) 57 100 mg/L &5 & 7% % i » 28 100 mL =GR % F k@
Pesd el 37 g F:2 40mL 7 ¢ BIFFEL o 2 * i PTFE &L % 20 3 %
% sk F U AT BT 4Tk BFA T o

4, Wi 3 RFXPEFTOTIVREL 4 RBFPBFEFOT IV RICRTF

B ER T PREUSFTER TCER 25 o F AP @ % ghigispst

FEO S ml2 i stk BT FERB RS EAF AL

d B 42 4450452 %% RT3 4309950

23R EBLFEREOT IV R

Concentration (ug/L) X | Response-1 | Response-2 | Response Y
1 3585 2998 32915
2 5508 5584 5546
10 26843 26843
15 41961 38410 40185.5
20 40785 53489 47137

340 R RBAREFEHRPLT VR

Concentration (ug/L) X |Response-1 |Response-2 [Response Y |Percentage error %
1 5471 6370 5920.5 7.592264167
2 12778 11838 12308 3.818654534
15 84880 73270 79075 7.341131837
20 98996 97823 98409.5 0.595979047
25 130244 114409 122326.5 6.472432384
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Response

140000

120000

100000

80000

60000

40000

20000

0

y = 4847.6x + 2528.1 A
R2=0.9982
oA
AT
A 1 1 1 1 1
5 10 15 20 25

Concentration (ug/L)

B 4:TCE# & :
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S+ BpER 2023282 31p = 04:

i £ % # SnZVI * 2 TCE

Py - 29 % SnZVI 9 % *,éfﬁ CRCRTE 1 L8 rRE S o] ’%%ft“ B %
e Bie A0 TCE ™ 29 %k 35 o § £ 2jc B SnZVI s ifiAe » A 1 45 Fopidb
FR s HS 3 o %ﬁﬂ MR 3 R HEARE RE RS £ R
BE(Fitdz 35 L0044 BH LTS LY > - B4 E
PR W E D o B 0 R AR KAXPE-E L 7 #-F LA 2 1 Fe(OH)2 ~ Fe(OH)s % 3¢
F-Acmd) @yt ’JRSF Kbk s = ’ﬁfﬁv%%ﬂﬁﬂﬁﬁ‘:“;t’ R FFeE s B i - SnZVI
T3 At d IR R A 4C kP o

57 M4 SnZVI s eng M1 E > AR - B F RS S DA Y chpE R > SnZVI
WEEUR AR FRE (B o] ) Py DIRRITRE Rkl I TR
FRE R R BB T RS SnZVI hE IR o RE R f‘:’&:}?ﬁﬂﬂ%‘-ﬂ* , 7
GiEEE SnZVI B4p 2 5 L AR o R B S5 ¢ h3 BT L BR
FE 0 A& R P HENABIIRERRER L R R 0 RIS REY o
R ABBRIIHI o M o0 44— 5 50 A B FiTR 6 AR R
e FMAaERI TR R A e gFAF o TR EERF S FEER
B epE R 50 A dap G P e

FEONS FE10548 HES0OH 4

Bl S:/WAXSnZVI® 2 p#EFF2 5 LR R 044810 ~48 7 7 B8
BT EFEIRA Y

BT AB4ETE - X TCE "$ 29 %pF > * E 8/ & 57 SnZVI & »+-70°C k4840
- X {E o RHBEZANITEWICE S ) FREENEEEREREY o d B 6 FIRIE

iSRS B S SRR S B AR B (F 0 X)T F AP AR RS
TASFLP GBER s FA R Bende k (R BB YR BIRT ) Bk Ap3
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S BpER o 2023E82 31p =

@ﬁ%%ésﬁﬁ$ﬂ’%ﬁ6%ﬁ’«%ﬁ5ﬁ%ﬁ0%mﬁw%mﬂ5%“
BRI ZGRGHT o 50 AR MR AT HORATTE R Y g e Htie
AR b mz;g,ﬂf:iﬁt;ﬁ; cd Bl6Y TSR e TS, F g ‘:4&}(30

ki) B R TR fES X g RIS SOk T ERS

AR (30 A 4R) | FLp ET”I(%H'}F Are M Bl 6T [R5 = | FgN RIMIBS L en
A E AR R AT S

9

\%\1

i1

B 6 * & ik

—_\
Sy
o P
—\\
K\‘»

FISNZVI B (7R F 5 "R 5 2 ¥ 2R
EHRY o
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v
e

S BpER o 2023E82 31p =

TR SNZVI S X B B SR EA R T B R 1 A f0R IR -

PRAPFATMAM G SZVI ki i ok (7 A2 AR BHRT 30 A4 R
RAIDHRETRP) KMEfRTCE

Bt Mg ged o AR ERF kY SnZVIER - B 7 5 2 SnZVI %
B A AT ARR o A AT FpdeT

1.

o > w0 DN

AT RS 2 r A 4RI BIRT 30 A 4o 2593 A 47 SnZVIAE

JEJA R P B lmL ek A 34 ¢ 34 2 2mL 2 68%kArfE o
BT B e B L o AL HE T 9545C o
be# 10 4 48 0 FE R SnZVI3E = 2 RA R 1 o

#eif R R D SOmLo A 415 B (AR S) iR kR b
RERE®RP o

rLICP A 47 AR e iR ? R A

BOFR S s LR A fRAMMT B kY SnZVI kR -

& 81 Fp2:
1638 4 SnZVIgy KSR > Ao R105 4 -
KA o
—— -
 —ki# 2% 7+ 68%;R 5 8 :
v . € /2
-L
ERIRE B 12 Aok 4%
P83 54 :
5% 4t;>_7§<7~=:§£ A AT o) R AE
50 %4 - 4-154% - ZICPHHT 2 -

giRt

R MBME HBIME HBLE

Bl 7 SnZVI & & 72 /" 42§
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% 5:% - # SnZVI 2. T & ~ 17

g Fe (mg/L)

ﬁ_ﬁ i 234.350 nm 238.304 nm 259.940 nm
0= 36.34 36.08 36.28
4 = 15.77 15.54 15.89
7 7.54 7.66 7.63

BB LR B SnZVI R Y 9 4 ,gm 2% 2+ SnZVI %8 A #5425 ih
BAE o 12T P SnZVI % 2 TCE _m-*%f ER T ERTEIR

B 8 & ' & TCE ek in AR B] - 3tw o Fdy 4o

1.4 % TCE T%ﬁ%i%i."é*}.% DR RV Esr4NE B~ 300 ul (0.438 g) 99.8% %
BRTCE>ii»3% 30mL? ¢ (fc} PTFE# % 34 ¥+ 2 40 mL %4
BHAI) FBll 146 g/L e Ak > ¥ UL AEFF 3 2y
¥ 4 TCE # #k4z » >> 4Crkdh i3 o

2UERR RIS NI SRR F KK SO mL K Ao KD A RSE
#3 PTFE # % chj 31 E+ F ¢ %%;Bji? ; E,Eu,%»zz—r P & headspace o B % L
TCE "2 TCE 22 2 RlA SEF Pz §F A2 - F B> NAFEF &K
guF R o #-35 uL en TCE 82 % 3 %2 » A5 > P EA 5 10 mg/L
TR Rg Ry dle s m 2 SnZVI (8@ & % 5425 0 — B 40P~ 10 mL 2
%73 SnZVI s § -k (’t*“iu] AIRT BARG 30 2 48) 2~ R AFLP 0 R
fsfedrdlie izt e > LA -Kfoit » 35 uL (o TCE o #dr ]2 -z SnZVI
i HO B T O Tk A 3R B 150 R TR S R fRp A 2
5% o

3R A BRI D AT LR EE SnZVI Gk R BRHIERE D 0 F
T g 4 BB Y > F 30 SRR ARG T KIN 0 LR M e 40 mL
I A FRILE G 5 2o ¥ & | ¥ 5% W pF TCE # %ﬁgz@az ,
3 A BB Al B BRI R E)E 40 mL K R A Eranipdle
B AEILATT B T Y H T W F GC-MS A 45 o
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iR 0202387 31p F = 04:32

F 81 RABTCER th R
(14.6 g'L)

AEREHHH
# PTFE# A
HAEILEF

0TH2ZRE
HROARHR

$ B2 - RERZARD
EAERE B ER2 . RHERT e

AR
\ O =
TCEZ 5%

EP 4 S G

4 SNZVIE) #k & o

R4 L Rk

4 SnZVIHY #x &%

Bl 8 ' 2 TCE chif 8 inz
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4.3 &7 &

WERME BBET 3f( Fa = 3 5k 3 1% & $7(ICP-OES 5110, Agilent Technologies,
Santa Clara, CA, United States) - -k # & 3= )k & 35 #c(pH &)iR] TR 1 T 4802 Bl T
2 (HOTEC, HTC-201U) =

k¥ & S kR T ORIP) &+ kK 47 R (DIONEX/Aquion + AS-DV Chromeleon 7.2
SR4 > Thermo fisher) » #5 fi2 £ 4+ & 47 % = DIONEX IonPac AS9-HC 4X250 mm %
%3 ¥ 4+ DIONEX IonPac AGS-HC £ {7 & 11 o

A2 TCE(Z § ¢ %) 2 BBAF(L,1-2 § ¢ %~ 5-12-2 § ¢ % ~ F-12-=
% 2 %) Rl Oi Analytical Eclipse 4760 ¥X § 3f #i_k Sdgfie § 40 K 47 [ 3¥ &
(Agilent /7890B GC/5977AMSD) :& {7 4 47 ©

% 6 5 GC-MSD 4 45 S o eRf 4 48% Suorid * endf ficg 4192 5 TraplO (p 2
Tenax/Silica gel/cms £ R & 47)> U B H & F # (99.95%14 + ) /i 4043 mL/min &
7 11min PR F > MR R 5 190C > MG 1.5mine § 494 45 &7 * hp 4L
= Agilent J&W, DB-624 > & £ 60m ~ p j2 0.32mm ~ %5 1.8 um o A 47i% & 1 1Y
B R 35 Co %3F 3 40 E02 6 C/min 283 210C » a4 5 ~ 45 -
Forg 4§ o 0.8 mL/min B & 99.99 % oo (Aint 10:1) E R
*MEfF s SmLe =3¢ ’fﬁ ~1,1-- % ¢ ’fﬁ SIE-12-2 % ¢ ’fﬁ s F-12-2 % ¢ Jfﬁm
& € s fe © 12 Accustandard 60 & — 12000 ug/mL &% F-fefl 6 7 F kB etk
ERER o ¥ 07 F kR LGC DR EHRENSTORFER 60 & - 12000 pyg/mL 7
LR TRY FPRE M FropEN - BB (A F 122 % F
-d4 2 4-5.4 F)FR AN
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A RARD ER
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%98 A 190 °C
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5P 1 min

R & 230 C

¥ % PF .8 min
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3|5t DB-624 Wh:1.8 ym
P £:60m R £2:0.32 mm
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6 ‘C/min

i Bl B (Detector)

WAl F 10 & 17 & (Agilent /7890B GC/5977A MSD)
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* 070 ¥ d 45amu FF4 I 265amu> & * EI = '3+ it >R EFT IR E 5
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PIGEE A 4
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] 11. Conversion rate as a function of B/Fe for chemical SnZVI production process.
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B 12. Current efficiency as a function of operational batch under various current
intensity on the production of nZVI using FeCl, as Fe source with Fe concentration of
50 mM. Experimental condition: original pH, N2 purging flow rate = 1 L/min, reaction

time for each batch = 10 min.
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B 13. Average current efficiency and voltage as a function of current intensity on the
production of nZVI using FeCl, as Fe source with Fe concentration of 50 mM.
Experimental condition: original pH, N2 purging flow rate = 1 L/min, reaction time
each batch = 10 min.
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fe] 14. Conversion rate as a function of operational batch under various current
intensity on the production of nZVI using FeCl, as Fe source with Fe concentration of
50 mM. Experimental condition: original pH, N2 purging flow rate = 1 L/min, reaction

time for each batch = 10 min.
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Bl 15. pH profile as a function of operational batch under various current intensity on
the production of nZVI using FeCl, as Fe source with Fe concentration of 50 mM.
Experimental condition: original pH, N2 purging flow rate = 1 L/min, reaction time

each batch = 10 min.
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fe] 16. Effects of Fe source on current efficiency for the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 50 mM, original

pH, N2 purging flow rate = 1 L/min /min, reaction time each batch = 10 min.
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Bl 17. Effects of Fe source on the variation of solution pH during production of nZVI.

Experimental condition: Current intensity = 2 A, Fe concentration = 50 mM, original

pH, N2 purging flow rate = 1 L/min /min, reaction time each batch = 10 min.
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8] 18. Effects of Fe source on the conversion rate during the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 50 mM, original

pH, N2 purging flow rate = 1 L/min /min, reaction time each batch = 10 min.
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@ 19. pH profile as a function of operational batch under the different of Fe sources on
the production of nZVI with Fe concentration of 50 mM. Experimental condition:

original pH, N2 purging flow rate = 1 L/min /min, reaction time each batch = 10 min.
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] 20. The effects of current intensity on current efficiency. Experimental conditions:
voltage = 30V, Fe(Il) = 50 mM, Original pH, N> purging flow rate = 1 L/min.
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fB] 21. The effects of current intensity on conversion rate. Experimental conditions:

voltage = 30V, Fe(Il) = 50 mM, Original pH, N2 purging flow rate = 1 L/min.
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B] 22. The effects of current intensity on nZVI production and pH profiles.
Experimental conditions: voltage = 30V, Fe(Il) = 50 mM, Original pH, N2 purging flow

rate = 1 L/min.
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Bl 23. Effects of Fe source on current efficiency for the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 50 mM, original

pH, N2 purging flow rate = 1 L/min /min.
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fB] 24. Effects of Fe source on conversion rate for the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 50 mM, original

pH, N2 purging flow rate = 1 L/min /min.
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B 25. Effects of Fe source on nZVI production and pH profiles. Experimental
condition: Current intensity = 2 A, Fe concentration = 50 mM, original pH, N2 purging

flow rate = 1 L/min /min.
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Bl 26. Effects of FeClz concentration on current efficiency for the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 25 to 70 mM,

original pH, N2 purging flow rate = 1 L/min /min.
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B 27. Effects of FeCl, concentration on conversion rate for the production of nZVI.
Experimental condition: Current intensity = 2 A, Fe concentration = 25 to 70 mM,

original pH, N2 purging flow rate = 1 L/min /min.
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el 28. Effects of FeCl, concentration on nZVI production and pH profiles.
Experimental condition: Current intensity = 2 A, Fe concentration = 25 to 70 mM,

original pH, N2 purging flow rate = 1 L/min /min.
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B 29. Effects pH control on current efficiency to produce nZVI. Experimental
condition: Current intensity = 2 A, Fe concentration = 50 mM, N2 purging flow rate = 1

L/min /min.
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&l 30. Effects pH control on conversion rate for the production of nZVI. Experimental
condition: Current intensity = 2 A, Fe concentration = 50 mM, N2 purging flow rate = 1

L/min /min.
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B 41 : Comparison of electrochemically produced nZVI/ SnZVI for TCE degradation

under various dosage. Reaction time = 3 days. Initial TCE concetration = 10 mg/L.
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