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Abstract— The generation of e-waste has increased in recent
years due to a decrease in the lifespan of electronic equipment and a
huge increase in supply and demand. Often, inadequate treatment
and disposal practices lead to e-waste being used for landfill and
pollution of the air, soil, and water, rather than being a valuable
source of secondary materials.

Hydrothermal liquefaction (HTL) can be used as an alternative
option to recover these valuable materials. This study aims to
determine the suitability of the HTL process as a treatment method
for locally obtained printed circuit board (PCB) e-waste, co-
processed with lignosulphonate biomass in a batch reactor. The
effect of liquefaction temperature (250-330°C), residence time (20-
80 min), and waste loading (0-100 wt.% of feed) was studied by
analysing the recovery of metals and formation of organic
compounds in the residues, bio-oils, and aqueous phases obtained
during the process.

The formation of organics was established by elemental analysis,
proximate analysis, total phenolic analysis, Fourier-transform
Infrared Spectroscopy (FTIR), Gel Permeation Chromatography
(GPC), and Gas Chromatography-Mass Spectrometry (GC-MS).
Metal recovery was determined through the digestion of reactor
products, followed by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) to determine the concentration of metals
and mineral elements.

Low bio-oil yields were found at all process conditions, with the
oils mostly consisting of phenolic compounds. The residue products
consisted of inorganics, such as ceramics and metals, as well as
unreacted epoxy resin and heavy carbon molecules. It was observed
that temperature influenced the yields and composition of products
more than the residence time. By increasing the waste loading, both
the bio-oil and residue yields increased. Increasing the waste
loadings resulted in a non-linear increase for most metal
concentrations, with the metal concentrations at 90 and 100 wt.%
waste loadings being significantly higher than the original feedstock,
with less than 6 wt.% carbon in the residues.

HTL can thus be a suitable treatment method for waste PCBs.
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1. INTRODUCTION

The ever-growing reliance on technology and the constant
demand for advancements in all sectors of life have become a
norm in modern society. However, these advancements
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continuously render countless electrical products redundant
and significantly reduce their lifecycle [1].

Yearly e-waste generation is currently estimated at roughly
54 million tonnes, with only 17.4% documented and recycled
[2], with forecasts of nearly 75 million tons per year by 2030
[3]. South Africa produced approximately 66.9 million tonnes
of hazardous waste in 2017, with only 6% of this waste reused
or recycled. Additionally, 360,000 tonnes of this hazardous
waste was attributed to waste electrical and -electronic
equipment, otherwise known as e-waste. Only 9.7% of e-
waste was recycled, with the remainder being landfilled [4].
As a result of more disposable income, industrialisation, and
urbanisation in developing countries like South Africa, the
generation of e-waste is set to rise considerably [5].

According to the E-waste Recycling Authority [6], the
South African chain of recovery and recycling consists of
collectors, refurbishers, pre-processors, and end-processors,
where end-processing refers to processes that include bio-
metallurgy, hydrometallurgy, and pyrometallurgy, capable of
recovering valuable metals and/or organic fractions from pre-
processed e-waste. Pyrolysis, a pyrometallurgical process, has
been used for the recovery of metals from e-waste, where the
waste is thermochemical treated for the decomposition of the
organic materials at high temperatures (450°C-1100°C) in the
absence of oxygen; to produce products that can be used as
fuel or chemical feedstock, but produces brominated and other
halogenic compounds, as well as dioxins, which are toxic to
the environment [7]. Consequently, more studies into novel
methods for e-waste treatment are necessary, of which HTL
can be a feasible option.

HTL is a thermochemical depolymerisation process, similar
to pyrolysis, but operates at lower temperatures and high
pressures in the presence of a solvent, such as water, which
serves as a hydrogen donor. It can convert organic materials
into liquid biocrude oil and char, with lesser amounts of gas
emissions [8]. Unfortunately, there is little information
available related to the hydrothermal processing, of e-wastes,
thus, HTL could be a potential option for the treatment of e-
waste, especially when co-processing with biomass. In
addition, PCBs form an estimated 3% to 6% of all e-waste and
are central components in most electrical and electronic
equipment with high concentrations of precious metals, heavy
metals, and other polymer fractions, thus serving as an ideal
feedstock for experimental treatment via HTL [9,10].

The aim of this study is thus to determine the suitability of
direct liquefaction as a treatment method for locally obtained
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PCB e-waste co-processed with lignosulphonate biomass for
the recovery of metals and organic compounds.

II. MATERIALS AND METHODS

Two primary raw materials were obtained, namely waste
PCBs and sodium lignosulphonate.

The waste PCBs were locally sourced from a collection of
discarded computers collected in Potchefstroom and
Klerksdorp, South Africa. The PCBs underwent disassembly,
which included the removal of components such as
motherboards and memory circuits and entailed the milling of
whole PCBs to particle sizes smaller than 2.36 mm and
manually sieving the milled sample to obtain a particle size
smaller than 177 um fit for HTL.

Sodium lignosulphonate, a byproduct of the sulphite
pulping process, was obtained from the SAPPI paper mills in
South Africa. The inclusion of this biomass was motivated by
the potential immobilisation of metals during co-HTL with
metal-containing materials.

To ensure representative results, subsamples were taken
from both feedstocks, the cone-and-quartering method was
employed, in accordance with the [11] standard, and the
samples were stored in airtight containers.

The HTL experiments were conducted within a batch
SS316 autoclave with maximum operational parameters of
450°C and 150 bar, and the schematic layout is depicted in
Figure 1.
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Fig. 1: Schematic diagram of reactor setup

The influence of operating temperature and residence time
on the HTL products, as well as the repeatability and
confidence levels for experiments were determined, using
250, 275, 300 and 330°C as operating temperatures and
residence times that were varied between 20, 40, 60, and 80
min. A 43% volume loading and a 1:1 PCB to
lignosulphonate loading were used for the latter. The solid
and solvent mass loading was selected as 44 wt.% and 56
wt.%, respectively.

The influence of waste PCB loading on the HTL products
was investigated by varying the PCB mass loading of the total
solid input, resulting in a PCB loading of 0, 10, 30, 50, 70, 90,
and 100 wt.%, while maintaining a constant total solid mass
loading.

https://doi.org/10.17758/IICBE6.C1124119

26

The feedstock and final products were characterised and
analysed using a CE-440 elemental analyser from Exeter
Analytical Inc, a Shimadzu UVmini-240 UV-VIS
spectrophotometer, an Agilent Technologies 7890GC
instrument, coupled with a 5975C inert MS detector, a
Shimadzu- IRAffinity-1 FTIR spectrometer, an Agilent
Technologies 725-ES ICP-OES, and a Thermo Scientific ARL
ADVANT'X IntelliPower XRF sequential spectrometer.

III. RESULTS AND DISCUSSION

3.1 EFFECT OF OPERATING PARAMETERS ON PRODUCT YIELDS

The elemental analysis of the milled and sieved waste
PCBs, as well as lignosulphonate was conducted in triplicate,
and the results are presented in Table I.

It was found that high concentrations of metals were
present in the sieved waste PCBs, with Cu, Fe, Al, and Sn the
most abundant, with other metals being Ag, Au, Ni, Pb, Ti,
and Zn. The organic fraction was identified as the epoxy resin
used to manufacture the PCB substrates. The majority of
metals remained in a stable state within the residues, with
only small concentrations detected in the bio-oils and aqueous
phases

The lignosulphonate contained trace amounts of metals,
with Al, Cu and Fe being the most notable. The S and Na are
the predominant mineral elements in the lignosulphonate. The
elevated S-concentration results from introducing sulphonic
groups during the pulping process at the paper mill, while the
high Na-content is attributed to the use of sodium as the salt in
the pulping process[12].

TABLE I. CONCENTRATIONS OF ELEMENTAL MINERALS AND
METALS IN SIEVED WASTE PCB AND LIGNOSULPHONATE
FEEDSTOCK

Waste PCBs
(mg/g)
55.18
0.38
2.62
0.95
224

1.10
61.42
0.62
0.31
83.31
62.33
5.08
4.86
0.57
42.20
2.84
6.45

Element Confidence level ()

(mg/g)
5.23
0.02
0.10
0.06
0.14
0.05
3.23
0.07
0.04
1.57
2.84
0.40
0.37
0.06
1.55
0.31
0.46

Lignosulphonate  Confidence level (+)
(mg/g) (mg/g)
0.35 0.09
2.68 0.22
0.55 0.13
139.43 10.83
200.02 16.15
0.36 0.07
0.01 3.15E-03
0.00
8.14E-04
0.01
0.01
1.50E-03
1.80E-04
1.30E-03
0.00
1.37E-04
3.07E-03

Ca
K
Mg
Na
S

Al
Ag
Au
Cu
Fe
Ni
Pb
Sb
Sn
Ti
Zn

3.54E-04
0.01
0.02
2.12E-03
6.54E-05
1.39E-03

4.49E-04
8.22E-04

The aqueous phases, residues, bio-oils, and gas products for
all HTL experiments were measured and yields were
calculated in terms of mass fractions and shown in Figure 2
illustrating the product yields obtained from HTL experiments
conducted with varying residence times ranging from 20 to 80
min and operating temperatures spanning from 250 to 330°C.

The predominant product fraction obtained was the aqueous
phase, but the yields were below the input mass fraction of
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water, which was 59.60 wt.%. The yields were similar to those
of dos Passos et al [13]. The aqueous phase typically consists
of water and small polar organic products, indicating that
various reactions, such as hydrolysis of the water solvent,
occurred during the HTL process.

A notable quantity of gas was produced which can be
expected since both waste PCBs and lignosulphonate contain
significant amounts of volatiles. The gas production was
favoured by cracking of bio-oils and gasification of residues,
also similar with those documented by Williams & Slaney,
[14].

The solid residue also constituted a substantial fraction of
the product yields, due to reactions like repolymerisation of
intermediates, cracking and condensation of the bio-oils, the
formation of biochar structures in the residue, as well as
gasification of the residues.

The bio-oil yields were very low due to the reference for
biochar formation from the lignin, as reported by Gollakota et

al., [15] and Nizamuddin et al., [16].
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Fig. 2 : Aqueous phase, residue, bio-oil, and gas yields for the HTL
experiments conducted at varying temperatures of 250°C-330°C and
residence times of 20-80 min.

The reaction temperature influenced the product yields and
composition of the HTL products as the bio-oil yield
increased with rising temperatures, reaching a max at 300°C
for both a short and long residence time, but still optimal at 80
min reaction time, after which cracking overtook
repolymerisation reactions.

3.2 EFFECT OF WASTE LOADING ON PRODUCT YIELDS

The optimal reaction conditions at 300°C and 80 min were
fixed, with the combined total solid loading of
lignosulphonate and waste PCBs remaining constant, while
the mass loading of waste PCBs ranged from 0 to 100 wt.% of
the input. Figure 3 presents a visual representation of the
product yield distributions.

No clear trend was observed in the gas yields, suggesting
that both lignosulphonate and epoxy resin produce
comparable amounts of volatile products, irrespective of the
loading. In terms of the aqueous phase, an evident reduction is
observed with increasing waste loadings, primarily attributed
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to the dissolution of lignosulphonate in the water, leading to
an increased aqueous phase yield.

On the contrary, for the bio-oil and the solid residue or char,
a clear trend of increasing yields with increasing waste
loading is observed. At these operating conditions, complex
lignin molecules can undergo cleavage to form intermediate
compounds that appear to favour the formation of heavier
solid molecules and light gaseous products over bio-oil
production.
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Fig. 3: Aqueous phase, residue, bio-oil, and gas yields for HTL
experiments with waste PCB mass loadings between 0 and 100 wt.%

At 0 wt.% waste loading, approximately 18 wt.% of carbon-
rich biochar is produced which could be desirable for metal
adsorption. The residue yield obtained from a 100 wt.% PCB
loading is approximately 33 wt.%, signifying a step towards
the valorisation of e-waste and furthermore confirms the
decomposition of the organic material.

IV. CONCLUSIONS

This study aimed to determine the suitability of HTL as a
treatment method for locally obtained PCB e-waste co-
processed with lignosulphonate biomass. This was achieved
by evaluating the recovery of metals and the formation of
organic compounds in the HTL products at various
temperatures, residence times, and waste loadings. From these
results it was proven that HTL is a suitable treatment method
for waste PCBs through converting waste organics to valuable
phenolic compounds and the producing of metal-rich residues,
with temperature, residence time, and waste loading
influencing the HTL products significantly.
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