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Supercritical CO2-induced alteration of polymer-metal matrix and 
selective extraction of valuable metals from waste printed circuit 
boards
Peng Peng a,b,c, Ah-Hyung A. Park a,b,c *

The rapidly accumulating amounts of waste electrical and electronic equipment (WEEE) is one of the biggest environmental 
concerns in modern societies, and this problem will be further accelerated in the future. The use of supercritical CO2 (scCO2) 
mixed with acids has been proposed as a greener solvent system compared to conventional cyanide and aqua regia solvents, 
however, the mechanisms of scCO2 in metal extraction from WEEE are still poorly understood. Thus, this study focused on 
the physical, structural, and chemical interactions between scCO2/acid solvents and complex layered components in waste 
printed circuit boards (WPCBs), one of the common WEEEs. Our study showed that the use of scCO2-based pretreatment 
allows faster leaching of metals including copper (Cu) in the subsequent hydrometallurgical process using H2SO4 and H2O2, 
while allowing gold (Au) recovery as hydrometallurgically delaminated solids. This enhancement is due to the selective 
leaching of Ni and unique inner porous structures created by ScCO2/acid treatment via dissolving the Ca-silicate-bearing 
fiberglass within the WPCB. Thus, the scCO2-based pretreatment of WPCBs shows a multifaceted green chemistry potential 
relating to the reduction in solvent usage and targeted recovery of Au prior to shredding or grinding that would reduce any 
loss or dilution of Au in the subsequent waste stream. 

1 Introduction

Due to the fast growth of the electronics industry, waste 
electrical and electronic equipment (WEEE), has become one of the 
most difficult challenges faced by humanity. Despite increasing 
efforts in recycling and reuse, a large fraction of WEEEs, such as 
waste printed circuit boards (WPCBs), are being disposed into the 
environment.1,2 Furthermore, the amount of WEEEs being 
transferred/exchanged between states and countries (particularly to 
developing countries, as shown in Figure 1) are causing significant 
social and economic complications.3-6 The exposed metals, plastics, 
and brominated organic flame retardants have led to various 
environmental and public health concerns around the globe.7 

Spiked brominated organics (e.g. diphenyl ethers) have been 
observed the environment and in animal bodies, thus increasing the 
risk of food chain contamination and species endangerment.8-11 
Furthermore, elevated health risks have been associated with the 
growth and improper disposal of WEEEs, such as the high lead 
content in children’s blood in developing countries.12 

Within the recycling chain of WEEEs, metal recovery from the 
WPCBs are considered as the most valuable stream for urban mining 
due to its higher metal content among WEEEs (Figure 2(a)).13,14 
Metals such as Cu, Ni, and Al are the main building blocks of the 
WPCBs, and precious metals including Ag, Au, and rare earth 
elements (REEs) are often used to build the connectors and various 
electronic components in the WPCBs (Table 1).15-19  Therefore, there 
is a strong need to sustainably recycle the WPCBs and the increased 
significance of urban mining from WPCBs has become comparable to 
virgin mining.20 The recovery of metals from WPCBs could provide a 
sustainable pathway to reduce the conventional mining and the 
landfilling of electronic wastes. The proper recycling of WPCBs could 
bring significant economic benefits since metals are valuable.21,22 

Figure 1 Global generation and transportation of Waste Electrical 
and Electronic Equipment (WEEEs), data and flow information 
extracted from references 3-6

As shown in Figure 2 (b), the metal connectors contain a 
considerable amount of coated Au, which is the most important 
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component within the WPCBs based on its value. In terms of total 
quantity, Cu is the most abundant metal that can be recovered. 
Common processes in the current WPCBs recycling industry start 
with energy-intense shredding and physical (i.e., density) separation 
to produce two crude streams, plastics and metals. The size 
reduction processes for WPCBs include shredding, grinding, and 
homogenization, followed by pneumatic or density separations.23-25 

Figure 2 a) Periodic table of metal and non-metal resources in printed 
circuit boards (data extracted from references 3,15-18,26); b) Average 
concentrations and values of major metals in printed circuit boards 
as well as their locations (data extracted from references15-19)

Subsequently, the metal-rich streams are subjected to further 
refining via pyrometallurgical or hydrometallurgical pathways. 
Pyrometallurgy is considered to be environmentally hazardous due 
to the formation of toxic gas, slag and other insoluble industrial 
residues containing heavy metals.27,28 Hydrometallurgy involves a 
series of acid or caustic leaching steps of WPCBs followed by metal 
recovery techniques such as electrowinning.29 Thus, although 
hydrometallurgy is attractive in terms of its lower operating 
temperature and pressure compared to pyrometallurgical processes, 
it can also produce a large quantity of hazardous solvent wastes that 
need to be treated.30 A majority of the past studies on WPCBs have 
been focused on the extraction of Cu, as it is the most abundant 
metal in WPCBs. 31-33

Researchers have also attempted to develop ways to extract 
inert but precious metals (e.g., Au) from WPCBs, but often strong 
solvent systems have been used. Most well-studied solvents systems 
include cyanide, but has been gradually eliminated due to a number 
of drawbacks 3,34. The disadvantages of cyanide include extremely 
high toxicity and corrosiveness. Further, cyanide has been reported 
to leach both Cu and Au, and thus, the overall cyanide consumption 
is very high if it is used for WPCBs. 29,35 Aqua regia is another 
alternative studied for extracting inert metals from WPCBs.36,37 
Unfortunately, it also shares similar disadvantages with cyanide such 
as environmental and public health concerns, high corrosiveness, 
volatility, toxic emissions, and low selectivity.3 

In addition to the concentrated acids, the precious metal 
extraction from WPCBs using dilute hydrochloric acid has also been 
investigated.38 Although the process was less hazardous compared 
with cyanide, aqua regia, or concentrated nitric acid, dilute acid 
solvents required long treatment times (> 22 hrs) to extract the 
metals.38 Due to these limitations of acid leaching, studies have 
explored other hydrometallurgical routes to extract precious metals, 
utilizing chelating agents including thiosulfates 39-43 and thiourea.44 
Although thiosulfate is a relatively greener and less corrosive 
compared to concentrated nitric acid or aqua regia, the metal 
leaching using thiosulfate is challenged by its slow kinetics.3 

In order to develop a greener alternative to recover the metals 
from WPCBs, we proposed to employ supercritical carbon dioxide 
(scCO2) to enhance the extraction of metal contents from WPCBs.3 
As one of the most significant greenhouse gases, utilizing 
anthropogenic CO2 in the WPCB treatment process could improve its 
overall sustainability. Besides this, the unique benefits of utilizing 
scCO2 can be elaborated in three folds. First, scCO2 can interact with 
various components of WPCBs such as metal layers, fiberglass, and 
polymers and leads to physical and chemical changes. Second, binary 
or trinary scCO2-acid solvent systems (e.g., co-solvents such as water 
and ethanol) may be able to decompose, extract and separate 
halogen-containing polymeric compounds (e.g., Br and Cl in phenols 
and flame retardants45) and reduce the emission of toxic gases during 
the WPCB treatment.46,47 Third, the scCO2-acid treatment could 
extract metals from WPCBs with reduced acid requirement. 

Our prior work with model system mimicking a WPCB, have shown 
that Cu could be effectively extracted from WPCBs using an acid 
(H2SO4) and scCO2 mixture.3 Another recent study has shown similar 
results with the addition of oxidant (H2O2) to the H2SO4/scCO2 and 
ground WPCB system.48 Unfortunately, both studies did not provide 
the fundamental understanding of chemical interactions between 
scCO2 and different layered components of WPCBs and their resulted 
physical and chemical changes. The coupled mechanisms of 
transport and reaction phenomena of scCO2-acid treatment as well 
as subsequent leaching processes should be investigated for the 
development of sustainable metal recovery technologies for WPCBs 
with highly heterogeneous layered structures of metal-polymer 
matrices.
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Therefore, in this study, we aimed to develop a novel, staged 
process using scCO2 with dilute acid and oxidant, and reveal the 
underlying mechanisms of how the novel staged scCO2-acid solvent 
system could selectively extract base (i.e., Cu and Ni) and precious 
(i.e., Au) metals from WPCBs. In addition, the effect of scCO2 on the 
mechanical and structural properties of different WPCB layers was 
investigated.  

2 Experimental section

2.1 Methods and experimental set-up

There are a number of oxidative acids that can be used to leach 
metals from WPCBs, such as HCl and HNO3 

33, and we selected H2SO4 
and H2O2 since they have been reported to be the most cost effective 
for Cu leaching from WPCBs.49 All the experiments were performed 
using H2SO4/H2O2 to be consistent and to isolate the effect of scCO2. 
As shown in Figure 3, the scCO2-acid treatment process investigated 
in this study consisted of two stages: (1st stage) the pre-treatment of 
WPCBs using the scCO2-acid system and (2nd stage) metal leaching 
using the solvent containing acid (H2SO4) and oxidant (H2O2). Since 
the compositions of WPCBs are highly heterogeneous, the connector 
part of the WPCBs, which contains both Cu and precious metals (e.g., 
Au) was selected for this study. The LCD screen modules were 
collected from Columbia University’s E-waste disposal center, and 
were manually dismantled to collect the WPCB connectors. The 
WPCB connector samples were cut to the size of 25 mm  4 mm  × ×
0.8 mm to meet the requirements of various characterization tools 
including the Dynamic Mechanical Analyzer. Figure 3 shows the solid 
and liquid samples collected at each stage. 

Figure 3 A descriptive overview of the proposed two-stage scCO2-
induced waste printed circuit board (WPCB) treatment technology

During the first stage of the treatment, the WPCB sample was 
treated using scCO2 and 1M H2SO4 in a Parr A5179 high pressure high 
temperature reactor, coupled with a Parr 4848 reactor controller for 
temperature control and monitoring (Figure 4). A Teledyne ISCO 
model 500 D syringe pump was used to supply scCO2 to the reactor. 
10 mL of 1M H2SO4 and WPCB samples were placed inside the batch 

reactor, and the system was first flushed with CO2 in order to remove 
any oxygen. Next, the temperature and pressure of the system were 
adjusted to the desired values (150 bar, 120 C), and maintained 
during the treatment while agitating the mixture at a rate of 250 rpm. 
Both liquid and solid samples were analyzed and the solid samples 
(both solid residue and delaminated solid shown in Figure 3) were 
collected for the second stage treatment study.

The second stage treatment, mainly targeting the metal 
extraction, employed 2 M H2SO4 at room temperature in the 
presence of the oxidizer, 0.2 M hydrogen peroxide (H2O2). After each 
stage of treatment, the samples were collected as shown in Figure 3. 

Figure 4 Flow diagram of the experimental setup for the 1st stage 
scCO2 and acid pre-treatment of waste printed circuit boards   

The liquid products from both stages were analyzed using 
Inductively coupled plasma-optical emission spectrometry (ICP-OES, 
Model 5110, Agilent, USA) to obtain the extents of metal extractions. 
The changes in the morphological, mechanical, and surface chemical 
properties of the delaminated solids and solid residue were 
determined using various characterization techniques described in 
Section 2.2. To accurately determine the total extraction efficiencies 
of various metals, solid residue and delaminated solid were ground 
and fully digested using aqua regia for 48 hours, and the resulting 
solutions were analyzed using ICP-OES. 

2.2 Physical and chemical characterizations

Various characterization methods were employed to study the 
scCO2-induced physical and chemical alterations of polymer-metal 
matrix within the WPCBs. First, close-up photos were taken using a 
Canon EOS Rebel SL2 Camera (Tokyo, Japan) to record the visual 
changes of the WPCB samples before and after the treatments. The 
brightfield microscope images (ZEISS AxioScope A1 (Oberkochen, 
Germany)) were also used to provide higher resolution views of 
physical alterations (Figure 5). 

The Atomic force microscopy (AFM) (Model TT, AFM Workshop, 
USA) was employed to study the topological changes of the WPCB 
surface layers before and after the two-step treatments. After rinsing 
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and cleaning, each sample was carbon taped on a steel sample 
holder, which was placed on the magnetic sample holder, with the 
top planner surface facing the tip. Next, the AFM tip was tuned to 
find the maximum amplitude of tip oscillation (resonance frequency 
ranging from 160 to 220 KHz). Then, the AFM was focused, and the 
tip position was adjusted to the proper distance from the sample 
surface so that it could detect Van Der Waals forces from the sample 
surface to start the scan. The AFM was performed on a 50 µm x 50 
µm scan area, with the following test parameters, X Grain 100%, X 
Proportional 256, X integral 4096, Y Gain 100%, Y proportional 256, 
Y integral 4096, and Z setting 3.  The AFM images were analyzed via 
the open-source Gwyddion Software to determine the height profile 
across the measured surface.

 To examine microscopic changes on the surface of WPCB, a 
scanning electron microscope (SEM) (TT-2 manufactured by ZEISS 
SIGMA VP SEM) was used. Both planar and cross-sectional surfaces 
were studied in order to provide insights into the chemical and 
physical interactions between scCO2-acid solvent and different 
WPCB layers. Cross-sectional SEM images were particularly 
interesting in showing how the scCO2-incuded leaching during the 
first stage treatments affected the internal structure of the WPCBs. 
Note that when taking high-quality cross-sectional SEM images 
shown in Figure 6, the samples were coated with Au-Pd to avoid the 
charging effect caused by the lack of conductivity of the cross 
sections with high polymer content.

Flexural modulus was used to characterize and quantify the 
changes of the mechanical strength of the WPCBs. The mechanical 
property measurements were conducted using the DMA 850 
Dynamic Mechanical Analyzer (TA Instruments, USA) based on the 
analysis method described by Licari et al.6 The changes in the 
mechanical strengths were important due to its strong relation to the 

energy consumption during the physical shredding and grinding that 
are often required for e-waste pre-treatment. For the surface 
chemical changes, X-ray photoelectron spectroscopy (XPS) was used 
to identify both metals and non-metals on solid products obtained 
from each treatment stage. The Handbook of XPS by the Physical 
Electronic Division from the Perkin-Elmer Corporation50 was used to 
specify the elements, unless noted. The cross-sectional elemental 
compositions were determined by a Bruker XFlash® 6|30 Energy-
dispersive X-ray spectroscopy (EDS) detector (MA, USA) coupled with 
the SEM analysis. These surface characterization results were 
combined with the ICP-OES data to provide insights into the metal 
extraction mechanisms during the proposed two-step scCO2-acid 
WPCB treatment process. 

3 Results & Discussions
3.1 Physical changes of planar surface of WPCB connector during 
scCO2-acid pre-treatment and the 2nd stage leaching

Most of the recently-manufactured WPCB connectors have a 
surface protective organic layer to enhance the durability and 
longevity of the connector.51 A semi-transparent layer was also 
visibly detected on our WPCB connector samples as shown in the 
brightfield microscope image (Figure 5(a1)). According to the XPS 
analysis shown in Section 3.4 (Figure 10(a1)) and data found in 
literature,52-54 the protective layer is a silicon-based, long-chain 
phenolic epoxy resin that is used to provide blister resistance and 
flame retardancy for the WPCBs. This surface protective organic layer 
experienced swelling after the first stage treatment using scCO2 and 
H2SO4 as evidenced in microscope image (Figure 5(b1)), AFM image 
(Figure 5(b2) and SEM images (Figures 5(b3) and 5(b4)). After the 
second stage treatment using H2SO4 and H2O2, 

Figure 5 Brightfield microscope images (1), AFM topographies (2), and SEM images (3 and 4) of the upper surface of a) untreated waste 
printed circuit board (WPCB); b) WPCB after 1st stage scCO2/acid treatment; c) WPCB after 2nd stage acid/oxidant treatment 

Figure 5(c1) shows further damage on the protective layer. These 
images indicate a strong correlation between the existence of the 
protective layer and the delamination performance of metals, as the 

unextracted Au mostly remained under the residue protective layer 
(Figure 5(a1) versus Figure 5(c1)). 
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While the brightfield microscope images show detailed surface 
changes via color and transparency differences, SEM images provide 
higher resolution characterizations of WPCB connector samples. For 
example, the SEM image in Figure 5(a3) shows that the patches of 
light colored areas where the surface coating is missing (manufacture 
flaws or damages caused by the initial processing of this study). 
These uncoated/unprotected spots may have provided the 
necessary channels for scCO2 or the H2SO4 to penetrate and interact 
with Au and the plastic-metal matrix underneath. 

During the first stage treatment, the organic protective surface 
layer swelled and foams were formed, as indicated in Figure 5(b1)-
5(b3). The thickness of the protective layer almost doubled and 
surface cracks (10 to 40 m in scale) were observed as shown in 
Figure 5(b4). According to our previous study, the foaming, swelling, 
and fracturing of the surface protective silicon-based epoxy resin 
layer were mainly caused by scCO2 via physical alterations via free 
volume expansion and it was not a chemical change.3 These behavior 
are similar to those found in simpler polymer-CO2 systems.55,56 The 
structure underneath the fracture (Figure 5(b4)) was similar to that 
observed at the fractured Au electro-deposited surface reported in 
previous literature.57 

After the second stage acid/oxidizer treatment, the protective 
layer became further fractured, and more importantly delaminated 
(Figure 5(c1)). The fracture propagation and delamination in the 
second stage was caused by the osmotic cracking, as well as the 
interphase and interfacial debonding as the solvent penetrated into 
the plastic matrix through the fractures.58,59 SEM images in Figures 
5(c3) and (c4) also shows the development of fractured structures. 
The analyses of the liquid samples also revealed that the Ni layer 
between the Cu and Au-rich layers was extracted during the first 
stage treatment, and this could be another cause of the partial 
delamination of Au and Cu etching observed in Figures 5(b1)-5(b4). 
More discussions on the metal leaching and its associated effect on 
the morphological changes are given in the subsequent sections. 

The AFM images revealed the 3D surface topography changes of 
the WPCB connectors during each stage of the treatment. Figure 
5(a2) shows that the topography of the untreated WPCB connector 
was relatively smooth, with a small height variation of less than 650 
nm. After the first stage treatment, the distinct swelling features are 
better observed in the topography image shown in Figure 5(b2). The 
AFM topography offered a more quantitative description of the 
foaming and swelling of the surface protective layer, which agreed 
with the surface SEM results shown previously. The largest height 
variation across convex surface increased to over 2 , with smaller μm
bubble-like structures ranging from 200 nm to 1  in heights, which μm
were shown as the swollen irregular surfaces highlighted with red 
circles in Figures 5(b1) and (b2). After the second stage treatment, 
acid-etched deeper surface structures were found (Figure 5(c2)). The 
reported thickness of the organic protective layer is in the range of  
0.2 to 0.4 um 60,61 which are similar to those found in our study. 

3.2 Chemical interactions of scCO2-acid system with different WPCB 
layers creating structural and mechanical changes and altered 
leaching behaviors

The physical and chemical changes of the planar surface of the 
WPCB connector was particularly important in terms of Au recovery 
but most of Cu (the second valuable metal in WPCBs) are embedded 
in the inner layers of WPCB connectors. Thus, the exposed inner 
cross-sectional surface of the WPCB connector was investigated 
throughout the proposed two stage treatment. Both close-up photos 
and SEM images in Figure 6 clear show layered structures of WPCB 
connectors and how they became altered during each treatment 
step. 

The most noticeable differences in the cross-sectional views of 
the WPCB connectors were swelling, disordering of structures and 
the development of large pores. The thickness of the WPCB 
connectors increased by nearly 30 vol.% (examples shown in Figure 
6(a1) of 0.66 mm (untreated) to Figure 6(c1) of 0.84 mm (after the 
second stage treatment)). The internal structure of the untreated 
WPCB connectors consists mainly of two forms of structures, solid 
and rods, with relatively smooth textures (Figures 6(a2) and 6(a3)). 
After the first treatment using scCO2 and H2SO4, the formation of 
micron-scale pores in the cross-sectional region was observed 
(Figure 6(a3) versus 6(b3)). The formation of these pores was critical 
for our proposed enhancement of acid penetration into the metal-
polymer matrix in the presence of scCO2, and the metal recovery data 
in the section 3.3 supports our proposed WPCB treatment scheme.  

Figure 6 Closed up photos (1), cross-sectional SEMs (2 and 3), of the 
a) untreated WPCBs; b) WPCBs after 1st stage treatment; c) WPCBs 
after 2nd stage treatment

But the main fundamental question was how these pores were 
created. The development of these pores was first hypothesized by 
the free volume expansion of the polymeric layer caused by the 
sorption of scCO2. However, the pores found in literature reporting 
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scCO2-polystyrene systems were in the range of nanometers,62 which 
is orders of magnitude smaller than the ones found in our study. 
Thus, overall the sorption of scCO2 would impact the permeability of 
scCO2-acid solvents into the WPCB matrix but would not be the main 
mechanism of the large pore generation.

 The distinct features of large pores (in the scale of 7 to 10 m) 
can be found in the WPCB sample collected after the second stage 
acid/oxidant leaching step (Figure 6(c3)). Comparing the SEM 
images, it was concluded that the pores were likely created due to 
the extraction of the outpointing fiberglass rods during each 
treatment step. According to the literature, the diameter of the 
fiberglass used in the manufacturing of WPCBs is in the range of 7 – 
10 m, which matched the pore diameter. Chemical analyses 
presented in section 3.3 provide additional evidence for these 
findings.

Besides the enhanced extraction and separation of the metals, 
another proposed advantage of the scCO2-based WPCB treatment 
scheme was the reduction in grinding energy. WEEEs including 
WPCBs are complex in terms of materials, and their polymeric and 
metallic parts make them less brittle and more ductile. Therefore, 
the size reduction process that is needed for the physical separation 
and the hydrometallurgical metal extraction is energy intensive and 
different from conventional grinding processes of mineral ores.3,28,63 
The formation of porous structures within the internal volume of the 
WPCBs and potential chemical alteration of polymers in the presence 
of scCO2 and heat were proposed to change in their mechanical 
strength. The negative correlation between the porosity and the 
mechanical strength of plastics such as epoxy was demonstrated in 
previous literature,64,65 which was also observed in this study (Figure 
7). 

Figure 7 Changes in the flexural modulus of WPCBs before and after 
the two-stage scCO2-induced treatment 

One of the ways to characterize the mechanical strength of 
ductile materials under high shear treatment, such as shredding, is 
the use of flexural modulus.6 Equation (1) can be used to estimate 

the flexural modulus as a function of the given load and the 
measured deformation of the material.6

Flexual modulus =
L3F

4wh3d
     (1)

As shown in Figure 7, the measured flexural modulus was reduced by 
up to 60% after the two-stage scCO2-based WPCB treatment. This is 
a very promising result in terms of the overall energy requirement 
for WPCB treatment, and thus, the size reduction of WPCBs should 
be designed and added to the right step considering the changes in 
the mechanical strength.

3.3 Metal recovery from scCO2/acid treated WPCBs

As illustrated in Figure 3, metals in WPCBs are recovered in two 
phases, delaminated solids and dissolved species in the liquid phase. 
The target metals in this study were Au, Ni, and Cu. As mentioned, 
these metals are disproportionately distributed throughout WPCBs, 
but in average, they accounted for 0.01 wt%, 1.1 wt%, and 23 wt% of 
our WPCB samples, respectively.  As expected, Au was recovered as 
solids in the delaminated solid product, while Cu was recovered via 
leaching into the solvent phase. Figure 8 summarizes the recovery 
rates of the major metals (i.e., Au, Cu, and Ni) and the rates from this 
study are compared to those in the literature with solvents with 
different green factors. Interestingly, the extraction rates of Cu and 
Ni were favored in different stages within our process. Cu was 
selectively extracted during the second stage of treatment while Ni 
was mostly extracted in the first stage of the scCO2/acid pre-
treatment. They were different by orders of magnitude suggesting 
that effective separation between Cu and Ni may be possible through 
this two-stage WPCB treatment process. 
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Figure 8 Metal recovery rates normalized to the top plane surface 
area for Au, Ni, and Cu recovery rate determined using the reactive 
cross-sectional area. These surface areas were selected based on 
their distribution within the WPCB. Estimated literature data are 
given as comparison.38,68 

During the first stage scCO2/acid pre-treatment (red circle data 
points in Figure 8, the high extent of Ni recovery in the pre-treatment 
of relatively large WPCB pieces used in this study was because Ni 
mostly exists on the surface of the WPCB along with Au and some 
literature have reported that Ni leaching can be enhanced at high 
temperature and pressure in the presence of acid (e.g., H2SO4).66 The 
extraction of Ni seems to influence the leaching behavior of other 
metals in the subsequent stage. Unlike the metal recovery from 
natural ores, the e-waste processing technologies are challenged by 
the interferences between different metal leaching and separation 
processes.3,63 The selective extraction of Ni and Au, during the first 
stage treatment and delaminated solid, illustrates the benefits and 
potential opportunities for the scCO2-acid pre-treatment process. 

In the second stage (blue circle data points in Figure 8, the pre-
treated WPCB was processed using a typical hydrometallurgical 
process using the acid-oxidizer mixture.67 As expected, Cu extraction 
was significantly enhanced in H2SO4+H2O2 solvent and additional 
debonding of Au coating was observed. The black star in Figure 8 
marks the delamination rate of Au from the surface of WPCB (i.e., 
solid separation product).

As shown in Figure 8, the extraction rates for Cu and Ni, were 
higher than most reported values in literature that investigated the 
extraction of metals from ungrounded WPCB pieces. This was the 
case even compared to the study with the most concentrated acid 
solvent (6M HCl).38 Particularly, the Ni extraction from the WPCB 
surface was very effective. Over 87.5% of Ni was extracted during the 
first stage scCO2/acid treatment, and after the second stage, nearly 
97.4% of Ni was extracted from WPCB. On the other hand, the 
extraction of Au was favored in the second stage. Its leaching was 
minimal in the first stage, but the overall extent of Au recovery after 
the second stage was nearly 96.6%. These results show that Ni and 
Au can be selectively extracted from WPCB. Since Au was recovered 
as delaminated solids, the separation of Au and base metals was 
straightforward.

The time required for full recovery of metals in this study was 
significantly shorter than literature values obtained using oxidative 
acids (i.e., HCl and HNO3 for 10 hours38) and weak organic acids (i.e., 
acetic acid and citric acid for 100 hours38). As shown in Figure 8, only 
prior study performed better than this study in terms of metal 
recovery was the electrochemical treatment of WPCB using HCl/Cl2 
(black open square).68 The main difference between this 
electrochemical treatment and our scCO2-based solvent treatment 
was that the electrochemical treatment continuously produced 
strong oxidant (Cl2) in-situ during the metal extraction and this 
allowed rapid extraction of Au and Cu. The recovered Au was in the 
form of dissolved species in the liquid phase, whereas our process 

recovers Au as solids. It is also important to consider the 
sustainability of each treatment process. Although chlorine leaching 
tends to have faster leaching kinetics, the use of strong oxidant such 
as Cl2 requires extensive corrosion protection and emission controls 
for safety.69,70

As discussed earlier, the selective extraction of Au as 
delaminated solid is one of the benefits and potential opportunities 
for the scCO2-acid pre-treatment technology. Other studies have 
reported that 50% to 90% of precious metals including Au were lost 
through the plastic and particulate waste streams during the size 
reduction and physical separation of WPCBs (e.g., shredding, 
grinding, and density separation).71-73 Since Au mainly exists on the 
surface layer of WPCB,15-19 recovering it before shredding and 
grinding would be more effective instead of diluting it into other 
waste streams.   

Since unlike Au, Cu is widely distributed throughout the volume 
of the WPCB polymer matrix, the treated WPCB was ground once Au 
was recovered. Leaching experiments were performed using ground 
WPCB particles to obtain the reaction kinetics and the total extent of 
Cu extraction behaviors from WPCBs. As shown in Figure 9, the rate 
of Cu leaching from WPCB particles increased 5 times when WPCB 
was pre-treated with the scCO2/acid system, which was also 
significantly higher than the rates achieved by the recently-published 
studies using novel solvent systems (i.e., Fe2(SO4)3 solvent74 and 
NH4OH+H2O2 solvent75). With the scCO2/acid pre-treatment, we 
were able to extract more than 90% of Cu from WPCB particles within 
20 min, which is a very promising result compared to the previously 
reported data. The total Cu recovery from WPCB particles was 
99.998% after the two-hour leaching process. Both the partial 
replacement of strong acid with scCO2 and reduced solvent 
requirement based on faster reaction kinetics would contribute 
positively towards the green chemistry principles.

Figure 9 Effect of the scCO2/acid pre-treatment on leaching kinetics 
of Cu from ground waste printed circuit boards. Solvent contained 
H2SO4+H2O2 and the leaching was performed under room 
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temperature. Inset Figure shows the rate constant (k) of Cu initial 
leaching from WPCB. The data from this study obtained with (red 
data set) and without (blue data set) scCO2/acid pre-treatment were 
compared to two most recent data in literature (i.e., Fe2(SO4)3 
solvent74 (grey bar) and NH4OH+H2O2 solvent75 (orange bar))

3.4 Hydrometallurgical delamination of Au and Leaching behaviors 
of base metals from upper WPCB surface

As discussed earlier, one of the unique features of the two-step 
WPCB treatment involving scCO2 was the recovery of Au a solids. In 
case of leaching experiments performed using larger WPCB pieces, 
most of the leaching occured on the surface of the WPCB sample, 
and thus, the surface chemical characterization was carried out using 
the XPS in order to probe the mechanisms of metal leaching. As 
expected, the Au 4f peaks between 85 to 90 eV was observed (Figure 
10 (a1)). However, the intensity of the peaks were very low. Also note 
that here, a slight peak shift was observed for the C1s peak from 284 
eV, which corresponds to the relatively larger presence of ether, 
ketone, carboxyl, and carbonates, which are often used in epoxy 
resins or plastics in the PCBs. Meanwhile, the carbon peaks, from the 
C1s peak at 288 eV and the C KVV peaks at around 990 eV had strong 
intensities, indicating the high carbon content in the surface 
protective layer. As shown in Figure 10 (a2), for the untreated PCB 
connectors, the Au coating that covered the connectors for 
conductivity and durability purposes was detected. The thickness of 
the silicone-based organic protective layer on the Au layer was 
relatively large to the XPS penetration depth. Therefore, the Au 
peaks were not detected at the protected surface. 

After the first stage of treatment (Figure 10(b1)), the splitted Au 
4f peaks between 85 to 90 eV was replaced by a single peak at 79 eV, 
which represented Cu 3p, and its possible overlapping with Al 2p.[67] 
Besides Au, Cu was observed on the surface of the PCB after the first 
stage scCO2/acid treatment. The exposure of Cu on the surface after 
the first stage treatment was caused by the fracture of the Au coating 
layer.[16] We also characterized the surface of the delaminated solid 
samples obtained from the first stage treatment. Their XPS spectrum 
(shown in Figure 10(b2)) indicated the presence of high 
concentrations of Si and C (i.e., various organic components). These 
fine solid materials were mostly from the exposed cross-sectional 
area, where plastic and fiberglass components exist (shown in Figure 
4(a1) and 6(b1)), during the scCO2/acid treatment. Limited studies 
have shown the interactions between scCO2 and polymers as well as 
fiberglass and potential mechanical degradation of PCBs. [45, 68, 69] 

 All the solid products (both large solid residue and delaminated 
solids) from the first stage scCO2/H2SO4 treatment was used to carry 
out the second stage treatment involving H2SO4+H2O2 solvent. As 
shown in Figure 6, significant amounts of metals (Ni and Cu) were 
extracted in this stage, and thus, the surface concentrations of these 
metals after the second stage treatment were lower. The carbon and 
oxygen peaks were intensified, indicating the major presence of 
organic components in final solid residues. The spectrum for the solid 
residue, Figure 10(c1) showed that the treatment of sulfuric acid and 

hydrogen peroxide revealed more metals underneath the 
delaminated Au, such as Mg and Cu, due to the interfacial fatigue 
crack initiations and adhesional failure in the gold and polymer 
composites mentioned previously. Since Au is not soluble, it 
remained in the delaminated solid, and was confirmed by the Au 4f 
peaks. Its relative intensity was higher than that for the untreated 
PCB surface, concluding that our two-stage treatment was able to 
concentrate Au in the delaminated residue stream, which agreed 
with the ICP-OES results, as discussed in Figure 6(a). 

Figure 10 XPS diagrams of the a) untreated WPCB; b) solid residue 
after 1st stage treatment; c) metallic part of delaminated extracts 
after 2nd stage treatment, and d) the solid residue after 2nd stage 
treatment

3.5 Leaching behaviors of different components in cross-sectional 
WPCB layers 

As discussed in Section 3.2, WPCB has very complex layered 
structures, and thus, their leaching behavior are very different 
depending on what exposed layer contains. Thus, in addition to the 
Au-rich surface area analysed in Section 3.4, the changes in the cross-
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sectional area of WPCB samples during the two-stage treatment was 
studied using EDS mapping matched with the SEM images. 

As shown in Figure 11 (a), parallel distribution patterns between 
the plastic (i.e., Carbon) and Cu layers were visibly identified. Within 
the general design of both traditional and modern WPCBs, the 
internal Cu layer serves as the ground and connections for the 
various electronic parts on the surface and internal structure of the 
WPCBs.82,83 Interestingly, the existence of anti-flame Br-bearing 
compound was uniform across the board rather than a surface layer. 
The removal and capture of Br is very important during WPCB 
treatment and recycling in terms of environmental and health 
concerns. The wide distribution of Br identified in this study 
illustrates the potential challenge of WPCB management 
technologies. The EDS results of the cross-sectional WPCB layers also 
confirmed the existence of the internal vertical and horizontal fiber 
rods mainly consisting of Si, Ca, and Al. Thus, the dense-packed rods 
should be fiberglass and epoxy resins that include CaO and 
aluminosilicate to insulate the internal Cu layers while holding 
different WPCB layers together.84 

The major unique difference observed in Figures 10(a) and 10(b) 
is the disappearance of Ca, Al and Si during the first stage 
scCO2/H2SO4 treatment. The scCO2+acid reacted with fiberglass 
exposed in cross-section surfaces and leached out Ca, Al and Si. 
According to the ICP analysis of the liquid product, a small fraction of 

Ca and Al in the liquid phase re-precipitated out as CaSO4 and 
Al2(SO4)3. The formation of these precipitates were also reported in 
literature.85 The XPS results given in Figure 10(b2) shows the 
derivative peaks of Si 2P (100 eV), indicating the existence of Si from 
fiberglass as SiO2. Also, the relatively strong Si 2S peak at 156 eV 
indicates the presence of siloxane (Si-O-Si).50 The siloxane complex 
Si–O–Si network was also reported in literature during corrosion 
reactions of fiberglass with acids, forming products including H4SiO4 
and SiO2, which were partially soluble in acids and would precipitate 
under low pH conditions.86-88 

These findings confirm our earlier discussion on the development 
of large micron-size pores due to the dissolution of fiberglass. Since 
the arrangements of the fiberglass and metal layers are directional, 
the leached surface continued to show elements including Ca, Si and 
Cu, which were in the exposed inner layer. The main disappearance 
of the Ca and Si in the elemental mapping was associated with the 
horizontal, outpointing fiberglass rods. The second stage treatment 
using H2CO4/H2O2 continued to remove inner Ca, Si and Cu. In the 
case of Br, its wide distribution did not change and it seems that Br 
remained in its original polymeric form and not leached into the 
solution phase. Thus, the capture and separation of Br can be 
focused on the solid residue that was high in polymeric components 
of WPCBs. 

Figure 11 EDS cross-sectional mapping results of the a) untreated WPCB, b) WPCB after the 1st stage treatment; c) WPCB after the 2nd stage 
treatment

3.6 Proposed scheme of metal recovery from WPCBs via 
supercritical CO2 treatment

Based on the delamination and leaching behavior of metals 
found in this study, the alteration and separation mechanisms of the 
WPCBs via the proposed two-stage scCO2-based WPCB treatment 
process are illustrated in Figure 12. First, Ca and Al in the fiberglass 
were extracted into the liquid phase via the dissolution reaction at 

the low pH condition in the scCO2/H2SO4 solvent and the dissolved 
Ca and Al remained in the solvent system or re-precipitated out as 
CaSO4 and Al2(SO4)3. The dissolution of Ca and Al-bearing rods 
created large (micron-sized) directional inner pores, which allowed 
scCO2 and H2SO4 to penetrate the WPCB structure. Factures were 
also observed as vertically aligned Ca and Al-bearing rods were 
dissolved in the solvent environment and fine particles rich in Si 
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(H4SiO4 and SiO2) were collected during the first stage treatment, 
along with some deformed plastics. 

Due to the treatment of scCO2, the organic surface protective 
layer became swollen and fractured, forming a foam-like structure 
on the surface of the WPCB. This allowed the penetration of 
scCO2/acid solutions into the WPCB to interact with the metal 
beneath the organic coating. In this stage, a majority of surface Ni 
was leached into the liquid phase, and the Ni extraction rate 
increased at higher temperature and pressure. 

In the second stage, the surface Cu was extracted into the 
H2SO4+H2O2 solvent, while the coated Au was further delaminated in 
the form of solid residues as shown in Figures 3 and 10. It is important 
to note that the concentrations of H2SO4 and H2O2 used in our 
technology were as much as three times lower than those used in the 
literature with similar extraction rates (discussed in Figure 8. As 
shown in Figure 12, after the two-step WPCB treatment process, 
there will be four major products including solid particulates of Au 
and the first liquid product rich in Ni from the 1st stage treatment as 
well as the second liquid product rich in Cu from the 2nd stage 
treatment. 

Given the physical and chemical alterations of the polymer-metal 
matrix of the WPCB found in this study, we propose to perform the 
scCO2/acid pre-treatment prior to the grinding and homogenization 
processes. After the scCO2-acid treatments described in this study, 
the residue WPCB would have a higher porosity and reduced flexural 
modulus (Figure 7), which may reduce the energy intensity of the 

subsequent grinding and homogenization processes.89 The Cu 
leaching from ground WPCB would also be strongly influenced by the 
size and porosity of the WPCB particles. As shown in Figure 9, after 
Au is hydrometallurgically delaminated, Cu can be rapidly extracted 
from ground WPCB that was treated using scCO2/acid. The final solid 
residue shown at the end of the process in Figure 12 would mainly 
contain polymeric compounds including flame retardant (e.g., Br-
containing polymers). Thus, the subsequent treatment of the solid 
residue such as pyrolysis90,91  should be carefully designed 
considering ultimate environmental and health impacts of the 
developed technology to address any potential toxic emission during 
its conversion.

In terms of the economic feasibility of this technology, scCO2 
should be recycled after its use in the pre-treatment unit.  One of the 
options would be phase separation using the density difference 
between CO2 and acid. By tuning the system pressure, the density of 
CO2 can be controlled to achieve effective phase separation from the 
acid. Compared to other supercritical fluids, temperature and 
pressure conditions required for scCO2 (31 °C and 74 bar) are 
relatively mild (e.g., supercritical water requires 374 °C and 221 
bar).92,93 scCO2 is already being used in a number of successful 
commercial applications including the decaffeination process of 
coffee and tea.94,95 Thus, we believe that the use of scCO2 in metal 
recovery from WPCBs could also be economically beneficial as long 
as CO2 recycling system can be carefully designed. A Detailed techno-
economic analysis as well as life cycle assessment is recommended 
for future studies. 

Figure 12 Summative structural and chemical alteration mechanisms of the two-stage scCO2-induced printed circuit board (PCB) treatment 
technology

4 Conclusions

This study focused on the investigation of the synergistic physical 
and chemical alterations of the polymer-metal matrix in WPCBs via 
two-stage scCO2-based solvent systems. The main chemical and 
physical changes in the first stage scCO2+acid treatment included the 
foaming and fracture of the surface polymeric protective layer, as 

well as the formation of micron-sized pores resulting from the 
dissolution of Ca and Al-bearing fiberglass. The second stage 
acid/oxidant treatment performed under moderate concentrations 
(greener compared to conventional hydrometallurgical solvents) 
resulted in the further delamination of the outer polymer coating 
and beneath Au located on the surface of WPCB. The proposed two-
step treatment allowed selective extractions Ni and Cu in the first 
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and second stages, respectively, and thus, making any subsequent 
separation processes easier (e.g., electrowinning of Ni and Cu). The 
scCO2-based treatment also led to a significant decrease in 
mechanical strength of WPCB, which could potentially reduce the 
energy penalty associated with grinding of WPCBs. The proposed 
scCO2-based treatment technology demonstrated a greener 
pathway to recover metals (e.g., Au, Cu and Ni) from WPCBs by 
replacing highly hazardous conventional cyanide and aqua regia 
solvents with the combination of scCO2, H2SO4 and H2O2 solvents. 
The solvent requirement was minimized by increasing the metal 
recovery rate through the alteration of the structure of surface 
polymer layers and the dissolution of embedded Ca- and Al-bearing 
fiberglass in the presence of scCO2. The fate of Au was also 
significantly different in this scheme. By recovering Au as solids 
rather than dissolved ions, additional separation and recovery steps 
for Au were eliminated making the overall WPCB treatment 
technology more intensified and sustainable. Lastly, the recovery of 
Au before the size reduction step avoided the precious metal loss 
due to the size reduction treatment. Future research should aim to 
reduce the toxicity of the developed solvent systems, to design the 
treatment process for the remaining polymeric residues, as well as 
to perform a detailed process design cost analysis that incorporates 
the solvent recycling and waste management.
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