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Dismantling of Wasted Printed Circuit Boards
using HCl with Sn*

MOONCHUL JUNG

Department of Ocean Energy & Resources Engineering
Graduate School of Korea Maritime & Ocean University

Abstract

In this study, a noble recycling process for WPCBs was suggested to
enhance the recycling efficiency by dismantling WPCBs with a chemical
method and retrieving tin metal from the spent leach solution using anion
exchange membrane filter. Stannic ions(Sn*), used in this study as an
oxidant to leach tin metal in the solder, were found that it had a strong
oxidation power toward tin metal and leached tin metal with a relatively
low concentration of acid according to the difference of standard electro
potential between tin metal and stannic ion. Moreover, it has a potential to
make the spent solution available to reuse in the leaching process by
electrically oxidizing Sn? ions, which is a reaction product caused by tin
leaching, into Sn*" ions during the electronwinning process.

Experiments were performed by varying agitation speed, temperature, and
concentration of Sn'" ion in the designed experimental system. As for the
effects of agitation speed, varying agitation speed from 100~300rpm rarely
affected the dismantling completion time. However, increasing temperature

_ix_
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and concentration of Sn*, from 30C to 90C and from 7,000mg/L to
13,000mg/L.  respectively, significantly shortened the time required to
complete the dismantling of PCB to 45minutes consequently and the
optimum experimental condition is followed by: agitation speed; 300rpm,
temperature; 90C, concentration of Sn*; 13,000mg/L. When it comes to
regeneration of Sn' during the electrowinning process, experiments were
performed in a self-designed cell equipped with anion membrane filter to
figure out whether Sn* would be reoxidized from Sn?* in the electrowinning
process. After the electrowinning experiments, anolyte which would contain
a certain amount of regenerated Sn* was used to leach tin metal powder.
As a result of leaching tests, it was observed that 84.44%, 81.03%, 79.43%
of Sn* was regenerated from 7,000mg/L, 10,000mg/L, 13,000mg/L of Sn*
anolyte within 3, 4, 6hours. The result indicates that PCBs can be
dismantled effectively with Sn* by dissolving solder and Sn** can be
regenerated during electrowinning process. In conclusion, it is expected to
be a foundation to establish an cost-saving and less environmental
hazardous PCBs dismantling system.

KEY WORDS: PCB(Printed Circuit Board) <143 2 7)%; Stannic chloride

[e=]
3}324]; Dismantling 38iAl; Hydrometallurgy <52/A1¥; Leaching 33
Electrowinning 7 3 =} 3
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Ald A&

L1 9744

A7V AAAE #715(WEEE, wasted electric/electronic equipment) Ar-&-#koll 2|3
g ol AHES dIAl FAU 9 ol Al JsE FHskA X 3117151*‘:
A7IAAAFS SrletH, o7]olls BE 74 FFs 8k st o949 AlF
HlEsle]  skY BE I8 ARE7ZIA sigEtHKahhat et al, 2008). H&
NEEE=e] BAgFoR Qe A7AdAAFe F87F 718kl o, Az 7=
R oJs) MEA AAEE AAFe] FAIEFS dAskE FUI7F TSI QLo
S7kshs WEEES] 2472 A AAAQ #4de Eal Qleklee et al, 2007). = W,
QoA Aysk= WEEES] B&g F3S ZAbeh7| ofg¢-uy, WEEES] A &
A% AT Age] w=w md oF 200025008 =] WEEEZF A AAHo=Z
185193 © M (Robinson, 2009), Balde et al.(2015)¢] Raol w2 Fig. 1o vrehd uhel
7o) 201874 oF 49805k Eo| BT Ao R dZEUTL
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Fig. 1 Worldwide generation of E-waste in 2010~2018
(Balde et al., 2015)
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A3 Z7]FHPCBs, printed circuit boards)e EE  HI|AAAF] AEE
A7VAAAF 42U BEFo 2, 7|3 bare board)ol F A3 =(C, integrated circuit),
87 (resistor), 7N Al El(capacitor), Ttho] 2 =(diode), E#HR| 2H(transistor) & Z+2H2]
71%S st thekdt A7 HARZEECs, electric/electronic components)o] A 4+E o]
shue] Hxog 4 ®tHTohka & Lehto, 2005; Lee et al, 2012). PCBs] Yuhz{9l

< =5 40%, Al 30%, et 30% AEE FAE ow, I FFl met
TAREY] e W 4 dtKTenorio et al, 1997). 71 " 7o
AZNAAREFES 7] 08 55 24S 73 9o Cu, Al Fe, Sn, Ni, Zn 52
Ag F4& et gltiTable 1. 53,
S EHA
Pd 3~5ppmETH B AL 7HA 1 Qo] AAAcE FQF
ATHHavlik et al., 2014).

ook

u 5~7ppm; Ag 5~7ppm;
T4 AUOR AR T

Table 1 Metal composition of different types of PCBs(a. Birloaga et al., 2013; b.
Yang et al., 2009; c. Oishi et al., 2007, d. Behnamfard et al., 2013; e. Monka et al.,

201D
Metallic
a b C d e
element
wt. %
Cu 30.57 25.06 26.0 19.19 10-27
Al 11.69 4.65 3.2 4.01 1.3-4.8
Fe 15.21 0.66 34 1.13 1.2-8.0
Sn 7.36 1.86 4.9 0.69 1.0-5.3
Ni 1.58 0.0024 1.5 0.17 0.3-24
/n 1.86 0.04 2.6 0.84 0.2-2.2
Pb 6.70 0.80 3.0 0.39 1.0-4.2
ppm
Au 238 - - 130.25 80-1,000
Ag 688 - - 704.31 110-3,300
Pd - - - - 10-290
- 2 -
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PCBsell= A-g Al glo] #7712 A5 ES € A0 A4 84e9s =9
= A, AA FE w XHAH 93¢E = 4 &= Cr, Pb, Hg, Be 59 F559]
22 StHSum, 1991; Tenorio et al., 1997; Duan et al., 2011). =3k & 7143 ZH3H

UslaKflame retardant effect)d 7FA3 Q1o PCBsel W74 F3A1717] Sl
AHgEE BE3L JaAA|(brominated flame retardant)®= 42zt 2 wj Polybrominated
diphenyl  ethers(PBDEs),  Polychlorinated  dibenzo-p-dioxins/dibenzofurans(PCDD/Fs),
Polybrominated dibenzo-p-dioxins/dibenzofurans(PBDD/Fs)9} 722 wet B2z EFH
F71eS BEst] &4 2 A 2 dFe vt vy A7 Adso] EA
sicWang et al., 2005; Liu et al., 2008; Leung et al, 2011; Burreau et al., 1997;
McDonald, 2002; Birnbaum et al., 2003). wetx #HAZ| A A F B F STkl wet
FHkE = B 0143 27)3HWPCBs, wasted printed circuit boards)& f7la49] 34+
A 83 Aol B & UASBT ol HTIHANA WY TheT FH LAY
HAE 98 A AL R AR Ut

WPCBs| A& 524A1d 2 AAARLTR O o] FoAm, 3h74f(shredding), 4l
H(separation),  A|H(metallurgy), HalAFH E+= s H(electrowinning  or
electrorefining) A4S AX 42 3Fdozn ASLATKFg 2). AXAEe It
Ho=w WEEEZ T 4 2 A5H9] g F8o% FYgHom AREo gA 2
7] Adulell B2 FAF destd, 34 T A &4, dr1eq, g sl vt
HAEhs T2 Aol EANZTHSum, 1991 cited in Kim, 2005). F=3F, 7]9e] Zghx
gof| H7tEo] WAaxde MEFsr] 98 AHEE @24 dAA|(halogenated flame
retardants)7} Z(furnace)ell Al AZFEAA FAskE dHd f718d 2% 371, WA &
of o g4 =AY oplEh QA AR AFFES 2 & Aol =Y
(Hageltiken et al., 2006; Kumari et al., 2010). 521AHH- A2XAAH I} v w s}
TEE A& 7hsste vHlwd @2 Hgo=w Ao 7led o, 55 7
e 52 &S Algshe Aol A kA WEEES &gl Q1o 71&
of Aol gt A e tgeZ AAXL o, et dFE0] o] Fo|A
$yTHBrandon et al., 2001; Mecucci & Scott, 2002; Kim et al., 2005; Oishi et al., 2007).

FHAAS B9 WPCBse] AL YA 0E Fig 29 2& ¢HE o] Tl 1
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Agste] Bz JErb AopdaE &S0l 559 TR we e HEE
dedhe gtk AN Chancerel et al. (20092 WEEES] Aj&Hg-g $3F AAz
Al 22 S50 tg AFE A3 A7, WPCBsell EAlste A AF<(Ay,
Ag, Pd) F oF 35.95%7F 29Ale] AR w4 FAH(preshredding and shredding
process)oll A =4 El= AL EISFTHTable 2). ©|= Table 39 Yelhd ule} 2o
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Fig. 2 Schematic image of the processes for WPCBs recycling
(Yazici & Deveci, 2009)
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Table 2 Concentration of precious metals in PCBs before and after shredding
(Chancerel et al., 2009)

Concentration of Metal Silver(g/t) ~ Gold(g/t)  Palladium(g/t) Total(g/t)

Unshredded PCBs 669 135 50 854
Preshredded PCBs(<8mm) 562 126 48 736
Shredded PCBs(<2.5mm) 481 48 18 547
Percentage of loss 28.10% 64.44% 64.00% 35.95%

Table 3 Compositions and the intrinsic values of metals containing in PCBs
(Park & Fray, 2009)

Component Wt.% Value*($/kg)
Gold 0.025 43976.08
Palladium 0.010 35803.10
Silver 0.100 557.33
Copper 16.0 6.54
Aluminium 5.0 1.80
[ron 5.0 0.35
Tin 3.0 19.58
Lead 2.0 2.43
Nickel 1.0 10.99
Zinc 1.0 3.09

®Metal values are based on December 2017 London Metal Exchange(LME)
levels.
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olg1gk EAlHS Hebshr] flalA HF20 WPCBse] A& 9lo] PCBs¢t H-#9
AAE ddstes sAl th3 A77F 2Es| o] Fo AL Stk 7] WPCBs A&&
378 T A GANA 718 FE A Al AAH Aoy, FAEE
2] Y FAHANA T ATE E WAE VIS A3, BRI
w2 AwEe 283 & %’4311 =2 5 AgEe HY FEe AEso

=, A 5(2012)2 WPCBs siAl A5 ©]&3f
oz ARdE FFe dAske d7E s AM s

A9l d(infrared), YAf 2 Y& o83 4 WPCBs 34l d+= b=

Hd, A

Y= ATHChen et al. 2013; Park et al, 2015; Zhou & Qiu, 2009). &}8-% WHOZ=
] Eh&Z AHmethanesulfonic acid) =} F2k3}4= A (hydrogen peroxide),
230 28 Kfluoroboric acid)®} #4k8k=4, 8]al WSIL(water soluble ionic liquid)-S

0] .83+ HPHEo] A¢kEATHZeng et al., 2013; Zhang et al., 2015 Zhang et al., 2017).

B dTddAs 719 WPCBso| A&E FANA BAshs S548Y &4
WAsta e e frkaSe s TS VIS 5 e WPCBso| A %
Aggel B ATE A FHAAETHL ISR S o1& A LA
F23 IFL FYPste ASAEA Sn'e o835l WPCBsel siAlel didk A&
7Fe/d€ BrstaL, sjAlgAel wAle gt s Y dFe Bt o
ot siAFANN AHEE HAEAo2RE St AMEE S Fole wehe
o] &g HAHH ATES AN MalAFH F sn"o AYE e Ay a&S
@Es} 1:} olE }%ii <« 7bsd WPCBso| siAl &4 T3 71&9 WPCBs
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12 Aya+

WPCBs¢| afjAllell thet A= 3, £84], 3184 o= o] Fojx gitHTable 4).
97120120 & WPCBs9 siAIE sl et £ o]&3sty EZQ s
5 g2 A7E AAEIGT A" ARl PCBsel 1A, HF9 A2

k= MY FRoE FAE glom, AR WPCBss %
25 me o]EstH sidelA 1o ® 3|Hsk= 479 dAnpalol s
sjA7F o] FolXItHHg. 3). A3 A} dAriAe] 3<% 5500rpm, AvkAde] Eo] 15
mm, WPCBs¢] o]s&% 1m/se] 7oA WPCBsoll A% & A HF & 95.2%7}F
FEES Elsiit. FEe #8 & A= d4hdE ® WPCBs(2,164.1g),
A2H21H439.29), EECS(56059)S Aiom, siA 34 & 24T £4%e 332002
ehst.
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Qe TP AU A8 71Tt EEGsel Y A 08 864
opgoz sldste} §gARORH F1Ra} EECsY] s)AE f=shs F4olh Chen et

al.(2012)2 AollA et HIS o]8ke] WPCBs| sfA|ell 2-8-atarzt d&(hot
an¥ FAAEpuse jehE AR WPCBs siA AWE AFsle  ATE
TR o H(Fig 4, Al dads, dde] &5, Ake A3 HeE A4 St
A3 Azl qdex 120C, d99 && 260C, ARt 4mine] =AM HA BE F
49.12%(SSMCs, small surface mount components), 100%(OSMCs, other surface mount
components), 91.18%(PTHCs, pin through hole components)7} siAE-S Helslgich
Park(2015) && d¥oZ HYM 7F47I(R, infrared heatenNE &8l E|Z<

AdEE Algstr] A 4 BEHAE A WPCBs sjAl A& Alztste] 249
<5, AR FY £ tiF 9 B S3ithig 5. AL 99 2=5
200-275C, ANE FUEEE 033-3cm/s2 A3 AL e A8 A5 <,
A, B dAE 33 RbEste dde YPsid. AFAH 25T 2%, 0.33
cn/se] Az FUAEEE 7P w sjAleo] 94%ol =Esilen, shte] PCBsE
Al HHHoZ 0x7F A89S FRISIMTE Zhou & Qu2009)= £UHE
S8N7IE EY WIAR Afdiesel oiDE ]3] EECs A AES
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Z3Y3IHTHEIE. 6). Al 2Fe WPCBsol| F83 948S A3 &+ ==

2 7] 2 E(electromotor), 3 =#(rotating drum), ¥H3-7](reactor) 52 qE AAE

AZste] HPERon, ¥ el ALY wisiAR] ARt Al WPCBsE

Fdste] 258 A7 Ads st A4d4Ad Ao &% 240T,
% 1,400rpm, HESAIZE 6EolA AR ®H RFo] nF

Slstgey. =3 2 oz WPCBsE &4l & Al 71, HF U= Bt

e 840 WatA &2 JHz dedgoez 371 34& AAA

ofr r
ol
_=)
ofo
do
(it
b

WPCBs¢] siAlE 17+ Fa3 Wy 5 354 WPe 44 d EECsE 7]¥Hbare
board . 25E & 98 AFAC 9T¢ES Fdste EUE FET ASAY
SIS o] &3t sletH o gaAl7lE e HAHOE etk Zhang et al(2015)
2 LCD(iquid crystal display)2&-E #Ast= WPCBsol A4 @ HZFo] A& 23l
AEAR  EsgAHfluoroboric  acid¥  AIAIR BAEStA(H0,,  hydrogen
peroxide)E Z-&ste] A APLS APt A A= A=A FEE 1535
mol/L2 Zdsta, A FEE2 0-08mi/llz FHs M <6 HE AES
A8gstP o, HEA L 2keA] F=zF Z+2F 2.5mol/L, 0.4mol/LolA A2 SA]
&S VKM, giFEY FEo]l AES Sisdth sshd whHo RN oE
ZAE o] &3ty A ATE AT Ayt EAFT) Zhang et al(017)S HEA =
B=E2HCHSO;, Methanesulfonic  acidE  AH3ka, 4tsAIZE= HOE 4831
HA9 A AF 2U& AASATE HEAS} ASAY EE 77 1.5~3.5mollL,
0.2~0.8mol/LZ 43y =g Ag-e 15, 25, 35, 4582 AHs<t 3= A4
35mol/Le] H&EA F=, 05mol/Le] AHshA] FZolA 458 A Al HZF o A

o

gl

ol
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Table 4 Summaries of conventional studies for dismantling WPCBs with various

mechanisms

Classification

Summary

Reference

Physical

An apparatus equipped with 3
units(rotating arms, diamond grinders.
collecting units) was used to remove
EECs from PCBs

A9z =, 2012

Thermal

WPCBs were disassembled with an
equipment  designed for - applying
industrial wasted heat

Chen et al., 2012

A designed  appratus  including
infrared heaters and iron brushes
was applied to dismantle WPCBs

Park et al., 2015

Diesel oil and a designed apparatus
including an electrical motor, a
rotating drum and a reactor was
applied to dismantle WPCBs

Zhou and Qui, 2009

Chemical

Dismantling of PCBs was performed
with fluoroboric acid with hydrogen
peroxide

Zhang et al., 2015

Dismantling of PCBs was performed
with  methanesulfonic acid  with
hydrogen peroxide

Zhang et al., 2017
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Fixing cylinder and
rotating arm

Roller for
Moving PCB

Abrasive/grinding ______ ! abrasive wheels /grinding
part knives

“ collector |

Fig. 3 Schematic diagram and photos of physical dismantling equipment for WPCBs(ZA 9%l -5, 2012)
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Compressed air storage tank Temperature sensors

Frozen compressed air dryer A\ & Eﬁ
// [ — ‘ 9 \ WPCBs
= i Bl H o

: T TS I =

= 70 7 \
S / ,.f
\ Air compressor Air heater Alr tank /

High temperature electro-magnetic valve /

I

e

il
o=

|
e

Fig. 4 Schematic image of experimental system for WPCBs dismantling using hot air(Chen et al., 2013)
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12

O G &

Fig. 5 EECs disassembly apparatus equipped with IR heater and steel
brush(Park et al., 2015), 1. Control Panel(controllable factors: rotating
speed of feeding rod, rotating speed of steel brush, heating temperature),
2. PCBA, 3. Feed hopper, 4. Feeding rod, 5. Steel brush, 6. IR heater, 7,
8. Trapezoidal gear change, 9. Product hopper, 10. Basket, 11, 12.
Motors.(right) Detailed diagram of the disassembly modules. 13. PCBA, 14.
Feed hopper, 15. Feeding rod, 16. Steel brush, 17. IR heater, 18. Product
hopper
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—»  Water outlet

3

Wateh

S0Q0Q 00

co0
sooooooooolll

Po % 0 P 0 P P R S P N IS SN NN
RIS
YT e e e 2 et te e Te Y te tate e le
J '0‘.&0‘0’*‘0‘0‘*‘0‘0"‘0‘0‘0‘0‘*’*“.‘"”
LSO

Fig. 6 Schematic image of the equipment of WPCBs
dismantling and recycling solder(Zhou & Qiu, 2009), 1.
electro-motor, 2. gland cover, 3. water-cooler, 4.
temperature controlled furnace, 5. diesel oil, 6. reactor, 7.
rotating drum, 8. hole, 9. revolving spindle
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13 47 5%

ANAAAN B2 RE WA WPCBs d712& AAA 2 #47e ZwolA
B4 ABE] WPOR oA AW AhELe H5E BHom s
ARG FHAA 712 B AR Ul B gL A4S Zsw vP

Ak 1Rk 7B B4 Sel Bad FYol Bad B 1 $AHE MK
oItk olel@ IANS B s WPCBse] slAlol tigh Thekd F-So] sk
A0 itk Beld, 97, 344 WEe Ee) FUTE WPCBs slAl AT 27
Aelo] wet TR B 23 AW, DA APl 332 Yol 49 M
gl Ee FES e FBAZ ALSE, WA ASHE FSEAE U
204 A7 BahEol Aol A 2AHY] old e SAHe] EATL

B Ao F2 54 WPCBsY siAlE ATt 34542 Wi 5 A= =A%
s el AR ThsAde AAShL, HA S A 21 S AT 4F Wy o
Briske Zelth 71Eo] AdH A wEW Sn"e AR s IM FReo
94HHCI, hydrochloric acidoll Al F-A<&t(ead-free solder) o ZA5}= Sne
gygHoz HENE F J5S FRISIHTHKIm et al, 2016). ©]& F3 HCl &3}
H3}724(SnCly, stannic chloride)s AH8-3te] WPCBs<] sllA] 37go o 2§ 7Fsd<

A F sj|A-&(dismantling ratio)el] ¥ mxE= AH

A& s5, 489 s57F don, 4 W 21S HIAA 7 ARt o)
&5 HE3 ﬂ@«l 24 AABET. o dopl, A AR

Zdo2RE Sn"o AAH L HAEA AL TS ]

wgeHanion membrane filter)S ©]-&3F F49 M3 P& WPst] WPCBs

AgE a4l ol Mz 3hekA siA WS AldstATh
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A2 A o

HNa%e 2 4 e 5o fuz AN F o fujo] BgA

22 Wl 242 At gulo] Ade) glolq BRI
gal=sh Am AAHelm, o folowuE Tk Aol folsli, £7]8
BANFA ke AL Adsis Ao BASTHASY & 044, 2002, dAA PE
W 2 =Y 2ol mekd AE B8-S Rolr] AN AP AEAE Meshs

Aol tiets] Fasit e AMEH= 8o TR wel 24 A

Z, AHE,

A HET 2ol EFT & Atk dityo=m F&o] HE dide] He AS Abs

o] g3te] Fhols SR solg TEHS AT AR B FE0] 4h

SalEe AL ollERR Fiol2Hb H A% FHY AES HidAe o A3
sl & Zhe ASAE ARRSt ok & & QT

Sl e HAE 7R oREE  g¥dide=z Myl HsiAe

EF 22l YA (Standard Gibb” s free energy, AGY) ¥ FFHFHA(ENE AHE

o EEP2AFIUAY “ER M Wge] A= A%, F BEE
MgEEc] EXAUY ANEE MEE me PaAfdud ws =
ol AtkChang, 2009, ol WSO EEA2AFOIUA Wl A} 3T
BEA2AGUA E olgate] Ao AN} o] FRY & AUtk

X9 ok
e 4
s

AR BE 3ok EEFE A o] Fo A= Ao] ofyrz wkg 3ol BEY

Bl7k ohd B¢ REH2AFAUAAG)} obd 2AFAUAAGE AHE3liok 5

H O BAE frEsEE 4Q9} 2ol FA JFssith wrek of| whgo] FEdEH e &
2 A= A5 A2AFeIUAY Mshe AG00IH, W Q= HITrKE 2
7hso ' (37 o] Yehd = ok
AGg =2XnAGBAE) - ZmAG (1-EE) @
AG=AG"+RTInQ @
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AG'=— RTInK 3
o] A7 A AH48.314J/K - mol)

L=(K)

AT G R B
e
olo
>
>,
i\

=

o=
o
il
lo
i
i\

T C“RE §4o] IMoly, EE VAV latmy wl Al dojuhe=
tel whgol dHd e o= HodriChang, 2002). sHAT F A=o2RE A7]=
A9A0l AHgre]l A9 T M=ol Aol gro|m g Zhzke] Ty Ao tiFiAs A

o AaE FAE 4 girk sl F AT Uil g0l s ATe Agste
]

electrode)ole}t &t} AAE B3 F72 7]57“1:—%%‘-‘] AHE-E AL LA, "E!JZ%
AHgHE AFe ®F5AHAZSHE, standard hydrogen electrode)o|ty. ®FFAATo

F29] 9FEHo| latmo| F40]L9 F=T7 1Y u), &5 25CoA PtE =02 3}
1 FHOA WAk FAol 2o SASE Vel 8 skal glom, 11 WS 4
@e} o] AT & ok

2H +2¢”—>H,  E'=0V vs. SHE 4)
T Aol AdEe gelRkgo] dojd rql b AR o] FFASHA] AolE &
FRAASF o= B ol ﬂi%% [
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F: gjzido] AH4%(96485C/mol)

B, AARLV)

ol BHZENA A=A A L] WaE 29 AQ)F BAst] AHHshH 6=
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ggsiFE 4@ 2ol
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AGO7E ol g AT BO7E SO e A HE O whee uiApLA o 2(ig
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oh. WA Sn“E o] g3le Sng HE Al WSS AatsEE 4(13)3 o) 4t
HREET w2 EFASHAE 2 Hol 1 Wee :

AT} Wt ofzl, HA 7 ©E BF 25 ol ASHAIEA ALSSEER o] & A
AAste] AAES ¢ de Aol EASHH, 559 IFE AT FANAM S ¢

a4 MEaitd Bed A9l Fo| Ao FojSo] 4vEE W/E MoKE 4

e Aol AT
S*t +2e =5, E'=—014V ©)
2H +2¢ —Hy,, E'=0V (10)
Sy +2H =S+ Hy,), E°=014V 1D
St H2e oo, E'=0151V (12)
Sni,) + SntTo25m T, E°=0.2011 (13)
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AAAAE BAFE] SAFHAYE S AFAOR o,

)
w5e o5 W(cathode) ol AEste] FHo=z 3Jgdte

O

7141 #de Tl =

Aot el & A2, 2002). LRbHoz Ao Pz gA Add
=% 5 AAS AFE A7shE T A=l AHxp dAsA Aok A9l
o8 AA= +Fo2HEH 45 T TEA HW, sSFHdAMe A5 19
Adafdie] ARoelA A1dek o] s Fo F&HojRo] A Ags| FHo=
a2 Al Ao F&o] AEHe S5 e AR A7 9%
ot AREETE e de 24501280 F& duArt & A5 11| 7PgAe R
MAT] ARE olFH W F45 07 ASHnh AN AFUETF 5 A 2AES

2% FE Asde] Wk Aol £ g 5L 24 T 4 gom, o] gL
208 olgdoz daspincke AYHOE Iy A woues) & wsE,

M: metal ion

2.2.1 Faraday®] 4%
sl A3l QoA Faradaye] W22 oh33 2th
DA EAd= 5 ol T AFd HedHe de AFo2Ry Fid

ANNF, & AFeh AREe w5l mlgRit

@771l 44 < o Asjd=iy HeHe =49 2 1

H] g g,

Ae] s

it
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+ 1FY 27]1%H96,4850)°]
%, & ARG AL ¢ 5

= O
hw olgAoz NEHE 249 %L A ¥ 4 gdom, AR olgd 22

M M [/
WTheoreti(’ul — ﬁ,] hd At — n—/ ]dt (15)
3]

W: |24 =4 3

I AF(Cls)

n: Az}

M: A} g/mol)

F: 3 2 d| 0] "d4%(96,485C/mol)
t: HHE-AIZHD)

ZAFdS(current density)e AsjEgellA F& wr-go| FESA AMEEHE W9
of tgk AFe] Iy)Z AHoFEr) W= Amd, Aldm? Alem?, Afft? 5L A&t
Te A A FHol HEHE &5 2 O Feo] & YIS F,

=
AMEE AY)%e 2AE 8% R40B% EAd U AAF 3he AHEsielcl

Ei
TR < 100 (16)
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244 o] nt

El

Al zhe= olewts Aegdgog E(A7|a 7 =4 & BE3A7]A|
A= 7eE FHST V|4 9] ZEU]el 72 HAE H= o]S co-ionolZh

Ash, widle] s 7HAE o] counter ion¢lgt ot o] 2w EEHS co-iono]
TRl Aspel me} ol wEH gol2 ugHor FRHEUY 5o M=
TE o] ofoledt HeHow FEHAF|A ol udhd}, oo} WitfE ] Haks ¢
gro] ZHg7|= FA o] o2t dEzer BAZIH &

Fig. 7& gol2 m3uto wAzE 2wduto] & co-iond EHE
HjA|sk 2 counter ionths dAviy Z Fd Al g JeAl w1 ARHT o]
AeA(selectivity) S 1 AsS BHrlete AREHR  olLwshute] o] F4(transport
numben® £HL 5 Yk F co-iong] FIEo] 002t I o]FF= 1= ETIH,
co-ion®] EILo] 058+ olFFE (052 FAITE oL AU T uAH
28718 T 9 2 o8 AR, JHI FU|ERE TgE A&
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ECEE R

ol wFofolet etk
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Anion membrane filter

~y AN\ - High selectivity

S 0%%5°% 4

=2 e
Lf *@" ~
Cl- Low selectivity
o Dy B
©
o ©
© © O

Fig. 7 Schematic image of the anion membrane filter
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A3R AF UH

31 439 A=
2 Aol AHEH #H A =27 Q18 HAFE A €A== DDR2 W =g Bl <
A3 2 7|Fo] ALLEHAUTE A5 FIAHL Y& e ARAIA AZE FYI

zde el 4¥e AW Al TR 27 AN, AP,
ANAE 5 o 25001 9l A71AA Bl AHE] Qom, AR el FAE of
42golT). AlRe] 712 B AR Zol: Mommx40mmolw, AE 8710 A= AYL
golspl WE7] Ss) o Tommx40mmz oSEste]l ARE FYstdch AR Ul
EASHe 24 ARl 2ANE Table 59 2Tk alAlel 48R AFARL Aok Fo
HAHJUNSEL ASSAY 35%), @34 +3-&(SnCly - 5HO, JUNSEL, ASSAY 99.9%) Al%F=
Apgstel AlzE,

A oAz B F F 4l Baiso] gl ABA mAY AZE )
ANeFsg9e Sn ELUUNSEL 200mesh, ASSAY 99.0%)3 4HJUNSEL 35%, ASSAY
99.9%)& AR&sAT

Table 5 Major element composition in the PCB

Elements Cu Fe Ni Sn Pb Ag Au
Content(wt. %) 17.1 2.8 2.4 2.2 0.8 0.0162  0.0967
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3.2 PCB 34 23

0

sl APe Fig 83 2ol 500ml 8] A7 WAZ Agsie] AaAaiAT. U
o5 448 943} FHCW-106, JEO TECH Co. LtdE AH&stdon], goe) m
S 98 7FE4] A=EaEk7|(MS300HS, MISUNG SCIENTIFIC Co. Ltd)e} =i a}A-2 A}

shol WMEEE 2ASYT AP0l A48T FFAL M FE G4 Soho] G5y

chis

23
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ofo
N
lo
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S
]
o
=Oé
>
ofo
it
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ri
=)
=
o
olo
e
N

A sk A RE el e Adstl dYskgn

Dismantlingratio(%) = Number of dismantled components

<1
Total number of components 00 a7

=3 A A4F F PCBl ¥ =59 F= Ass BEsy] 98 Al ARbE
2 2mle] 895 FFetion, 0.45m FA] BEHE o83t 3oH &Y T BeE
< AlA stk PCB a4l d3do] 8 ¥ 3d BF2 74 & 23 55 24 2
A #8718, AR 2, A7), AeAE IFe2 ERsh ol 719 A"d
(SM100, Retsch GmbH & Co., Germany), W™= FZF2 x| =dMixer mil, MM400,
Retsch GmbH & Co., Germany)s AR8dtd 4] & S5 ol &3t Eafataitt A&
BAS 98] Sne 1M @4k, Pb, Cu, Ni, Al, Fet 2% A4 o] &3le] 34 & {5
g Zgk=np @ A 7)(ICP-OES, Inductively Coupled Plasma-Optical Emission
Spectrometer, OPTIMA 8300, PerkinElmen)& AF&3te] 54 % £4S& AASIHTH

(ih)
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| -
| |

Fig. 8 Schematic image of the experiment system for PCB
dismantling process, 1. reflux condenser, 2. silicone stopper,
3. water jacketed reactor, 4. thread, 5. PCBA sample, 6.
heating bath circulator, 7, magnetic bar(bar type), 8. heating
and stirring plate

Table 6 Experimental condition for PCB dismantling tests

Experimental condition

Temperature - 30~90C
Concentration of Sn** : 7,000~13,000mg/L
Agitation speed : 300rpm
HCl concentration - 1M
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Fig. 11 Schematic diagram of the experimental system for the leaching test,
1. 500ml pyrex reactor, 2. gas inlet, 3. reflux condenser, 4. impeller, 5. agitator
head, 6. thermostat, 7. sample outlet, 8. heating mantle, 9. egg shaped
magnetic bar

Table 7 Experimental condition for leaching tests

Experimental condition

Temperature : 90C
Nitrogen gas flow rate : 400cc/min
Agitation speed : 400rpm
HCI concentration - IM
Pulp density : 10g/L
Leaching time . Z2hours
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41 PCB 34 43

411 PCB 84 A%

PCBY] sAE F-Fo] A%l AHgHE ETE 8o 2H ojFold 4 Yok ol
Sn'o] Snt AEHoZ WHEEe] F&E ABAZ ks ATAAE WAL

gt AA7A 74 €0 2 £r] Ho|2EREE Snol A HE T wEAH b
PCB A227H Sne 3E f3 d75°] WdHo] fAHHavlk et al, 2010; Jha

et al, 2012; Lee et al, 2015; Kim et al., 2016), AA| FZo] A=A = PCBe 3)A 0
olE AH&3 Al ZZHOW or=c}, wEhs Sn"e o]-&3k PCB afjAle] H&E 7sAS
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Fig. 12 The dismantling ratio and the concentration of Sn and Pb dissolved in the
solution during the test(Experimental condition: HCI 1M, agitation speed 300rpm,
concentration of Sn* 10,000mg/L, temperature 50°C)
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Fig. 13 Photos of PCB sample before(A) and after(B) the dismantling experiment and types of electric and electronic
components dismantled from PCB with time
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Fig. 14 Effects of agitation speed on the dismantling ratio of the PCB(Experimental
condition: concentration of Sn** 10,000mg/L, temperature 50°C, concentration of HCI

1M)
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Fig. 15 Effects of agitation speed on the leaching behavior of tin(Experimental
condition: concentration of Sn** 10,000mg/L, temperature 50°C, concentration of HCl

M
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Fig. 16 Effects of initial concentration of Sn* on the dismantling ratio of the PCB
(Experimental condition: temperature 50°C, concentration of HCl 1M, agitation speed
300rpm)
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Fig. 17 Effects of temperature on the dismantling ratio of the PCB
(Experimental condition: concentration of HCl 1M, concentration of Sn* 10,000mg/L,
agitation speed 300rpm)
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Fig. 18 Effects of temperature and concentration of Sn* on the dismantling
completion time(Experimental condition: temperature 30~90°C, concentration of
Sn* 7,000~13,000mg/L, concentration of HCl 1M, agitation speed 300rpm)
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Table 8 Metallic contents in PCB sample and different groups of electric and

electronic components dismantled from the PCB

Elements PCBA Bare PCB IC Resistor ~ Capacitor**
Au 0.096 0.048 0.164 nd* nd*
Ag 0.016 0.012 0.085 3.118 0.599
Cu 17.5 31.7 2.9 nd* 2.9
Ni 2.9 0.5 7.5 1.2 14.8
Fe 2.9 0.1 11.0 0.7 0.1
Sn 1.5 nd* 0.4 0.4 nd*
Pb 1.3 nd* 0.9 0.4 nd*

* nd: not detected
** The capacitor is found to contain 15.4% of Ti
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Fig. 19 Effects of current density on current efficiency
(Experimental condition: concentration of Sn?" 10,000mg/L, concentration of HCl 1M,
room temperature)

Fig. 20 Photos of anode and cathode electrodes
surface after electrowinning
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Fig. 21 Variation of Sn* concentration in catholyte and anolyte from 7,000mg/L Sn*
during electrowinning with time(Experimental condition: concentration of Sn* 7,000mg/L,
concentration of HCl 1M, current density 250A/m?, room temperature)
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Fig. 22 Variation of Sn’* concentration in catholyte and anolyte from 10,000mg/L Sn**
during electrowinning with time(Experimental condition: concentration of Sn
10,000mg/L, concentration of HCl 1M, current density 250A/m? room temperature)
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Fig. 23 Variation of Sn*" concentration in catholyte and anolyte from 13,000mg/L Sn**
during electrowinning with time(Experimental condition: concentration of Sn*
13,000mg/L, concentration of HCl 1M, current density 250A/m? room temperature)
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Table 9 Shape of tin deposit from different concentration of Sn* with time
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Fig. 24 Leaching efficiency of tin metal from different lixiviants(Experimental
condition: concentration of HCl 1M, agitation speed 400rpm, N, gas introduction
400cc/min, temperature 50°C)
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Fig. 25 Effects of different spent time of anolyte from 13,000mg/L of Sn* on Sn
leaching test(Experimental condition: concentration of HCl 1M, agitation speed 400rpm,
N, gas introduction 400cc/min, temperature 50°C, initial concentration of Sn*" of anolyte

13,000mg/L)
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Fig. 26 Relationship between leaching efficiency and electro-deposition efficiency in

13,000mg/L of Sn*(Experimental condition: concentration of HCl 1M, agitation speed

400rpm, N, gas introduction 400cc/min, temperature 50°C, initial concentration of Sn*
of anolyte 13,000mg/L)

Table 10 Regeneration efficiency of Sn** from the 13,000mg/L of Sn** solution with
electrowinning time

Elements 0.5 1 2 3 4 6

Leaching efficiency | 18.01% 29.11% 45.66% 60.86% 74.03% 79.43%

Electrodeposition
15.22% 37.01% 54.24% 69.79% 91.85% 99.78%

efficiency

Regeneration
efficiency

118.37% 78.67% 84.18% 87.19% 80.60% 79.61%
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Fig. 27 Effects of different spent time of anolyte from 10,000mg/L of Sn* on Sn
leaching test(Experimental condition: concentration of HCl 1M, agitation speed 400rpm,
N, gas introduction 400cc/min, temperature 50°C, initial concentration of Sn*" of anolyte

10,000mg/L)

_55_

Collection @ kmou



100%

-#--Leaching efficiency

80% —8—Electrodeposition efficiency '———’..
@ L Z
& T
En 60% -
=
o
=
S 40%
=
@
e

20%

0% .
0 1 2 3 4

Spent time (hr)

Fig. 28 Relationship between leaching efficiency and electro-deposition efficiency in

10,000mg/L of Sn*(Experimental condition: concentration of HCl 1M, agitation speed

400rpm, N gas introduction 400cc/min, temperature 50°C, initial concentration of Sn*
of anolyte 10,000mg/L)

Table 11 Regeneration efficiency of Sn*" from the 10,000mg/L of Sn* solution with
electrowinning time

Elements 0.5 1 2 3 4

Leaching efficiency 15.24%  27.87% 36.42% 65.35% 81.03%
Electrodeposition efficiency | 14.05%  36.65% 62.82%  87.75%  96.97%

Regeneration efficiency 108.47%  74.06% 57.98%  74.48%  83.56%
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Fig. 29 Effects of different spent time of anolyte from 7,000mg/L of Sn*on Sn
leaching test(Experimental condition: concentration of HCl 1M, agitation speed 400rpm,
N; gas introduction 400cc/min, temperature 50°C, initial concentration of Sn** of anolyte

7,000mg/L)
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Fig. 30 Relationship between leaching efficiency and electro-deposition efficiency in

7,000mg/L of Sn*(Experimental condition: concentration of HCl 1M, agitation speed

400rpm, N, gas introduction 400cc/min, temperature 50°C, initial concentration of Sn
of ‘anolyte 7,000mg/L)

2+

Table 12 Regeneration efficiency of Sn*" from the 7,000mg/L of Sn** solution with
electrowinning time

Elements 0.5 1 2 3
Leaching efficiency 21.22% 41.29% 57.77% 84.44%
Electrodeposition
. 20.34% 50.77% 78.91% 94.76%
efficiency
Regeneration efficiency 104.31% 81.33% 73.21% 89.10%
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Fig. 31 Expected PCB recycling system with dismantling step through
reusable Sn**
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