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Abstract

Circular economy is not a choice but a necessity for every sector with growing demand and
limited resources. Electronic waste (e-waste) is currently one of the most hazardous solid
wastes posing a serious threat to the environment, primarily due to its high generation rate,
further complemented with a low recycling rate. According to a study conducted by United
Nation University (UNU), e-waste is growing at an alarming compounded annual growth rate
(CAGR) of 3-5%, and globally 53.6 million tons of e-waste is produced in 2019 and is
anticipated to reach 74.7 million tons by 2030. Eco-friendly recovery of metals from e-waste
is the need of the hour to protect the environment, conservation of natural resources, and
resource re-utilization. Therefore, e-waste is considered a secondary resource, and recovery
of metals from them is popularly known as “Urban Mining”. The existing popular routes for
recycling metals from e-waste are mainly hydrometallurgical and pyrometallurgical processes
and the metal recovery operations mostly take place in a multistep mode, which may include
recovery of base metals, precious metals, or both. However, the generation of toxic effluents,
high lixiviant consumption, hazardous emissions, and high energy consumptions are major

hiccups in hydrometallurgical and pyrometallurgical processes.

Addressing the above challenges, this study focused on the development of an effective and
environment-friendly method to extract valuable metals from waste printed circuit boards
(PCBs) using low-temperature solid-state chlorination followed by the solvent leaching.
Low-temperature  roasting methods have several advantages over traditional
hydrometallurgical and pyrometallurgical processes. High amount of metals can be recovered
using this technique with high selectivity, low energy consumption, and low cost. In the
present work, both chemical and thermal pre-treatment was used to process the polymeric

fraction. Dimethyl formamide (DMF) was used in chemical pre-treatment to dissolve the



brominated epoxy resin (BER) from PCBs surface. More than 97% of the BER was separated
using DMF at 140 °C. Similarly, through thermal pre-treatment, the polymeric fraction of the
shredded PCBs was converted into oil and combustible gases. However, it was observed that
the thermal pre-treatment method has more advantages compared to chemical pre-treatment.
The yield of solid residuals through thermal pre-treatment was observed to be 77 wt.% solid
residues, 5 wt.% liquid, and 18 wt.% gas under the optimized process condition of 500 °C
temperature and 30 min of pyrolysis time. The metal-rich pyrolysis residue (T-PCBs) was
roasted in presence of NH4Cl as a chlorinating agent to recover metals. The effect of process
parameters like temperature, NH4Cl dose, and time was investigated to optimize the roasting
process. Ammonium chloride at higher temperatures breaks into HCl and NHs, among which
HCl reacts with metals to form metal chlorides. After completion of the chlorination reaction,
the obtained residue was allowed to cool down and subsequently leached with a suitable
solvent. Herein, water was used as a solvent for efficient extraction of base metals, whereas
HCI solution was used for extraction of base as well as precious metals. Characterization
techniques such as XRD and FESEM-EDS provided evidence for the successful conversion
of metal into metal chlorides. This proposed method resulted in the extraction of 93% Cu,
100% Ni, 100% Zn, and 100% Pb using the water leaching technique when T-PCBs was
chlorinated at 300 °C for 4 h with NH4ClI dose of 3 g/g. Similarly, 98% Cu, 86% Ag, and
76% Au were extracted using HCl when T-PCBs was chlorinated at 260 °C for 2.5 h with
NH4Cl dose of 2 g/g. Ultimately, cementation methods were employed for individual
separation of metals from leached solution. Further, a three-step cementation technique was
employed for the separation of Au, Ag, and Cu using Ag, Cu, and Fe as sacrificial metals,
respectively. Finally, all the reagents used in the process were recovered in the form of

NH4Cl and Fe(OH),. Overall, this study demonstrated that low-temperature solid-state



chlorination could represent a promising approach for the recovery of metals from waste

PCBs using a closed-loop process.

\



AR

o SHIAAT Teh faeheq =g Sfcsh Fedl #HiFr 3R AHT FE=T are g &89 &
AT U 3MaTSAT &1 Soaeielh HTT (3-hRT) TadT & qIaRor & fow e
378X WeRT YT ¥el dTel TG glieiehReh ek & § Uah g, S0 7ea &9 & sq@eh
3T 3cUee & 3N FH JARTFAT e HROT § | FoAses AT RS (UNU)
CanT fhU 3T Teh MEATA & IHJHR, $-He 3-5% I glicihReh Tshge el aTiyeh
Jef¥ & (CAGR) ¥ 5g W@ &, 3R dfRas TR W 2019 # 53.6 Ao o &
HI FHT 3cTIe §W%WWW%2OSOW74.7WHWQ§H
SITTaTT | qATEROT T 6T, Tihfdieh FHTLE! & FXETOT 3R FALET & YoT: 3UAIeT &
T $-aaX @ oTI3fl T AR F el JANICT FHI I LIS §1 SHIAT,
ST T Teh Gfacider HAWA AT Sl &, 3R 378 arqsi & e &1 "agd
Geel" & & H ST ST §1 S-FR A UG & GFAIHT & fAU Hior diwa
AET AET & grggiAcrdioine 3R asiAcTe s Tihard § 3R o gadied
FfhAT SARIR AeOET A3 H gld &, S8 3R &g, Fach engsiv a1 et H
qAIIC QA g1 Fehell &1 glefifeh, STediel 3RS &1 3culee!, 3 alel uard &
W9, WA 3c8oid 3R 3Td Fa1 I @Ud grssiaeTdiohd 3R qrsiAerdiorsdhe
uishaT3il & 9H@ cgaur g

30 IAAIT A T P §U, T IS H FA A9 dlel 3F- qerd
FARIAHROT & oG Hiede eNf<iaT & 3UANT hieh IRISC Al Hiche 1S (e
¥ FogdleT T3l T Aol & fv e gemrdr AR qafeaior-3gedher At & faera
R &I hfgd fhar § | TRuRe grsgsierafosnda 3R arsiaeraioha Iisharsil &
el & HA AIA aren U Rt & 3 v §1 56 dehelle @1 3udrer
Feh 3T UTACHDdT, HH Foll @ad IR HH WAETT & G GG H 3T AE
I GeAdTee fehar ST Fepe &1 qéHldmﬁ,WﬁarﬁmT—rW%ﬁU
TErRfAE 3R 9 g9 39AR el @1 39T R aRr an 9l frowag @
SIfACE TIRAT T (FS3R) AT HIT Il & [T SBTHASH BIAAGS (SVHATH)
& 3YART TS qF-399R F forar = 2471 140 °C W SUATE FH ITART Hh
97% & 318 SR I 3791 fohar aram 2

S8 TG, YA [@-39UR & ALIH F, G & Tohs & dlcla 37T & dof 3R
sacleTeliel 3T # aRafda fhar T grefifer, I8 @ 7147 foh qHATh Ja-30aR
I Jolell # U [-3UUR YeHid & e BrIg g1 U [@-3UUR & ACIH &




3 3Nl dr 39 500 °C AR 3R 30 min IRRITARAT FHI I 3fefhiord
gfshar RUfa & T 77 wt.% 31 379V, 5 wt.% Rel 3R 18 wt.% IF wred g
| T3 T geAITd A o [T FARRET Tole & ®T H NH,Cl T 3ufeafa &
U1q @ R GENTATEH 3@V (T-PCBs) 1 AREEar fohar arar | AT gighar
&I 3eThfeid el & Tl draaAT, NH,Cl AT 3R 7T S YihaT-ATdest & Jaiid
&I S HT S| Fed dAGAE W NH,Cl, HCl 3R NHs & e arar g, foad HCl
I3 % Y U] FARGS T & fAv GfAfhar aiar &1 FeRiAenor gfafhar &
T @Il & oG, YTod GRS &l 33T glel fear 1 3R a1 & veh 3UYFd Alede &
A1y (eTTelel fohaT aT| S MR 13l & Ferel Ashyor & foIT arel & 3uieT
Hiede & ®T H fHIAT a7 27, Stefeh HCl NI &7 39ATT MR & ATU-TTY hrecr
a3 & fshyor & fav fhar arm wnl XRD 3R FESEM-EDS SR faeiwer
el & UT] & FARISS H U1 & Ahel TR & T Ted ver= Hel 58
gEdifad fafer & aRRomAEasa 93% Cu, 100% Ni, 100% Zn, 3Rk 100% Pb 9l
T SN Tehefich T 3TAT A gV fAehrel AT 519 T-PCBs T 300 °C W 4
g & TIT NH,Cl &1 3 g/g &1 Gk & ATT Fell{irgFd fhar aam| 33 e, 98%
Cu, 86% Ag, 3R 76% Au &I HCI &l 393197 &ieh feehrell 3T 519 T-PCBs &r
260 °C WX 2.5 h & TolT NH4Cl T 2 g/g T GIH & AT FelReTgerd fohar Irm|
37cTel:, fAetiold Hiede & T3l & Jreler-37c@T gueior & fou e faferat
FI ST fRar s=r a1 g8 3temar, Au, Ag, 3R Cu &I 37T &l & foT
AW Ag, Cu, 3R Fe &I SileT-aTd3i & T H 39T el & fow wh -
TROT AT Tehelich 3TN T 915 AN| 37T #, Ufchar & g @il AfAereihi 1
NH4CI 31R Fe(OH), & &9 & qavTed o arar| Fel AT, 38 3833+ & Jeidid
frar f& fesT-araars Srg-uery FelislaRor Ua dg-od Yfhar &1 39T &l
3RS dIEfer @ i3 f gauiitT & fau v nereiie effemor @ giaftte
I HHhdT Bl
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